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Abstract
In this the i , the performance of GFRP bar u ed as the main reinforcement for high
strength concrete two-way slabs is inve tigated. A total of ix interior slab-column
connections, were cast and tested to failure at the structural laboratory of MUN. The
dimensions of the simply supported te ted Jab were 1900 x 1900 m111 square and the
thicknesse were 150 and 200 mm.

The reinforcement ratio and the clear concrete covers were the mam variables in this
investigation. A tran verse central load wa applied to the slabs through a central column
stub. The structural behavior of the te t specimens was investigated in terms of loaddeflection, crack pattern and spacing, deflection profile, concr te and GFRP strain ,
failure mode and ultimate carrying capacity. Six slabs made of high trength concrete
were constructed and reinforced with 16 111111 GFRP bars. One lab wa cast as a reference
specimen using high strength concrete reinforced with traditional steel rebars.

The test results revealed that the slabs reinforced with GFRP bar
deflection and wider crack width compared to

imilar slab

exhibit higher

with conventional steel

rebars. The load carrying capacity of the tested labs was lower than the reference slab
reinforced with steel rebars. However, slab performance can be improved by increa ing
slab depth.

The use of high trength concrete improved the slab ultimate load capacity and reduced
the total deflection of the slab. High strength two-way slabs reinforced with GFRP show
more ductility than the labs reinforced with tradition steel; however, in terms of energy
absorption, the slab reinforced with steel rebars shows higher values than the GFRP slabs.

The existing code limitations for serviceability limit state for crack width and spacing
expressions were compared with the experimental results to verify their applicability in
predicting crack width and spacing.

An existing numerical model and related expressions to calculate the crack width and
spacing were adopted and modified to account for the low modulus of elasticity and weak
bond properties associated with the use of GFRP rebars. The modified model and
expression re ults were compared to the experimental recorded data. The modified crack
model and expressions provide excellent agreement with the experimental results.

Finally, a finite element ABAQUS model was modified and adapted to predict the
structural behaviour of high strength two-way slabs reinforced with GFRP. The finite
elements model provides useful agreement with the experimental results in terms of
ultimate load and maximum deformations.
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Chapter 1
1 Introduction

1.1 General
The use of fiber-reinforced polymer (FRP) materials as new construction materials to
overcome the problem of corrosion ha recently been accompli hed. Several researche
have been conducted to investigate the behavior of high strength concrete slabs reinforced
using Glass Fiber-Reinforced Polymer rods (GFRP). In the meantime, the cracking of
high strength concrete has been given considerable attention.

In spite of the u e of high trength concrete reinforced with GFRP, there still exi t
insufficient information regarding the design philosophy for the identification of the
behavior of high strength concrete reinforced with GFRP used in two-way slabs, such as
cracking criteria and the punching shear. Most of the relevant codes extend the
methodologie of the formulas of the normal strength concrete and apply them to the high
performance concrete. This i expected to lead to uneconomical de ign and the failure
criteria of such structures.

Due to high resistance to corrosion, non conductivity, high tensile strength, and light
weight of the FRP, FRP rebars are the suitable alternative for traditional steel
reinforcement. The cost of GFRP is relatively higher than conventional steel rebars;
however, it can represents the best solution if corrosion is the primary concern.

1.2 Problem Definition

Generally, concrete structures were designed for strength and serviceability. The strength
of a structure can be defined as the ability of the structure to resist the ultimate design
load without collapsing. The serviceability is the ability of the structure to resist the
working load conditions, in terms of deformation. The main concern at the serviceability
limit state for designers and engineers will be deflection and crack control.

GFRP rebars have different mechanical properties than traditional steel bars. The lower
modulus of elasticity and bond properties are major drawbacks for the GFRP a a material
that can be used in reinforced concrete structures.

The lower modulus of elasticity for GFRP a reinforcing material for concrete members
will result in higher deflections compared to the ones reinforced with the conventional
steel rebars. The lower bond properties will affect cracking behavior and crack width for
structural members reinforced with GFRP.
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It is vital to evaluate the behavior of concrete reinforced with GFRP at the serviceability
limit state.

1.3 Scope and Objectives

The primary objective of this investigation is to study the behavior of high strength
concrete (HSC) reinforced with glass fiber reinforced polymer (GFRP), the flexural
cracking behavior of concrete slabs, deflection and ultimate load.

In this study, high strength two-way slabs reinforced with GFRP are tested up to the
failure. The most important variable that would affect the flexural and the cracking
behavior are considered and examined. The reinforcement ratio and the clear concrete
cover are the main variables in this inve tigation. The performance of the high strength
two-way slabs reinforced with GFRP in terms of ultimate load, crack pattern and width,
type of failure, concrete strain, GFRP strain and the load-deflection relation are
investigated with more attention to the cracking behavior.

The scope of this study is limited to one type of GFRP material , the glas fiber reinforced
polymer (GFRP), commercially known a A Jan 100 Vinly Ester Matrix GFRP Rebars.
Furthermore, only the interior labs under central load are inve tigated.

3

1.4 Thesis Outline

Chapter 2 contain

the literature rev1ew that is relevant to thi

inve tigation. In this

chapter, some of the previous work concerning the cracking behavior of concrete, model
and expressions developed to estimate the crack width are presented. FRP properties a a
new construction material and previous work and code limitations for FRP use in
concrete design are discussed.

Chapter 3 explain the experimental program in detail. Detail

of the setup, loading,

spec1men preparation, material used and concrete mix design, in trumentation and the
data acquisition ystem are provided.

Chapter 4 contain

the test results and observations obtained from the experimental

program. Load-deflection relationship, crack width, cracks spacing, concrete train, and
GFRP strain are presented at the serviceability limit state and failure.

Chapter 5 contains the numerical verifications for the test re ult . An existing model to
calculate the crack width and existing code expression to estimate the crack spacing are
adopted and modified to account for GFRP's different performance. AI o, a finite element
model is adopted and modified to verify the ultimate capacity and the maximum
deflection of the tested specimens.

4

Chapter 6 summarizes the findings from thi investigation and present recommendations
for future research.
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Chapter 2

2 Literature Review

2.1 Introduction

Recently, the u e of Fiber Reinforced Plastics (FRP) composite material in con truction
has been growing to solve traditional civil engineering problem , uch as corrosion of
steel. The use of Glass Fiber Reinforced Plastics (GFRP), one of the mo t common type
of FRP composite material, is not only limited to reinforcing concrete structures in a
aggressive environment, but it can also be u ed in strengthening existing concrete and
masonry structures. The non-corrosive, high trength, and light weight of the GFRP bar
would be beneficial to concrete structure

uch as bridges, marine tructure , and parking

structures.

Cracks in reinforced concrete structures are expected to occur due to concrete's weakness
in tension at low tre se . Since cracks would affect the stiffne
member , contribute to reinforcement'

corrosion, and the

of concrete structure
tructure serviceability
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purposes, the cracking behavior of concrete structure and crack controlling are vital

111

design.

Cracks can be induced by either external or internal forces. Concrete cracks when the
tensile strength of concrete is exceeded. In order to control the crack width due to external
loads, reinforcement can be placed on the tension side and by implementing code
minimum requirements. However, in the case of high strength concrete (HSC) reinforced
with fiberglass reinforced polymer (GFRP), very little information is available.

Due to movement restrictions, internal forces, temperature, shrinkage, and the settlement
of supports, reinforced concrete structural members develop micro cracks; however, it is
not the focus of this study.

2.2 Concrete Cracking Behavior

Concrete structural members that are subjected to loading develop different type of
cracks, which are mainly due to direct tension, flexure, and shear. In this thesis, flexural
crack behavior will be the main focus.

7

2.2.1 Flexural Cracking Mechanism

Two types of stresses act on the tension side of reinforced concrete slab member :
longitudinal and lateral sets of stresses. As the longitudinal stresses act, the tensile zone
undergoes a lateral contraction before cracking, resulting in lateral compression between
the concrete and reinforcing bars.

When the concrete stresses reach the tensile strength, the ten ile tre s i just enough to
form the first crack. To maintain the equilibrium of the section, a shown in Figure 2-1,
the biaxial lateral compression has to disappear because the tension stress at the crack
location is assumed to be zero.

AU of the tension forces have to transfer from the concrete to the reinforcement, which
will cause a jump in steel stress and slippage. This will affect the bond between the
reinforcement and sun·ounding concrete and will bring the bond stresses to zero at the
crack location.

This process will continue until no further cracks can be formed, and can be referred to as
a stabilized crack section. The relationship between the crack spacing and the crack width
can be demonstrated by the graph shown in Figure 2-2. This is a typical concrete
member' behavior acting in one-way or beam action. However, according to Nawy' s
work in 1971, two-way slabs and plate would behave completely different than beams.

8

c

I

Bond
stress

,-

long;tud;nal sttess ;n oonnetJ
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longitudianl stress in steel

ft
Figure 2-1 Crack section analysis

Crack spacing
N o c rack initia tio n
afte r this
load
Stabi lized
c rack sectio n

___..,... Crack width
Figure 2-2 Crack width vs. Crack spacing relation hip for Two- way slabs
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Excessive cracking is the most common cause of damage in structures, and besides the
fact that prediction of crack width is not possible; many studies have been conducted in
order to develop expressions to determine the crack width and crack spacing, merely
empirical or semi empirical in nature.

A different approach to estimate the cracking behavior problem is to develop a numerical
model using concrete fracture mechanism. In this thesis, both approaches will be
discussed.

2. 3 Empirical Cracking Forrnulas
2.3.1 Gergely and Lutz (1968)

Gergely and Lutz derived the following equation to estimate maximum crack widths
based on a statistical analysis of crack widths measured on the tension face of steelreinforced concrete beams and one way slabs.

w max = llxl0-6 -hh 2 z = ll x l0-6 -hh2
I

cr

Vd:A
d A

(2.1)

3

sr

c

I

where h 1 is the distance from the extreme tension surface to the neutral axis, h2 is the
distance from the tension reinforcement centroid to the neutral axis,

crsr

is the steel stress

JO

at the crack, d

IS

the concrete cover measured from the centroid of the tension

reinforcement to the extreme tension surface, and A is the effective concrete area m
tension surrounding the reinforcement having the same centroid as the reinforcement
divided by the number of bar , as demonstrated in the Figure below:

A•

shaded area _
number of bars

Figure 2-3: Crack width parameter

According to their extensive statistical evaluation, Gergely and Lutz conclude the
following;
•

The reinforcing steel tre s is the most important variable

•

The thickne

•

The area of the concrete surrounding the reinforcing tee!

of the concrete cover is an important variable
al o an important

geometric variable.
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In their study, Gergely and Lutz conclude that steel stress is the most important variable,
though the expre sion does not include the bar diameter size affect, and the bond stres e
between the reinforcement and the

urrounding concrete. Due to lower bond

characteristic for the GFRP, the bond tresses hould be one of the variables that mu t be
considered in uch expre sions.

2.3.2 Broms Method

Based on the experimental testing of 37 ten ion members and 10 flexural member ,
Broms concludes that the concrete cover i the most important factor in concrete cracking
be havior. He developed the foJlowing equation for predicting crack width and spacing:

(2.2)

s ave = 2t

(2.3)

where,
w ave = average crack width at the reinforcement level, in.
t = concrete cover thickness, in.
s ave =average crack pacmg,
Es

111.

=steel trai n
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The relationship introduced by Broms for predicting crack width and spacing is valid only
when the steel stress exceeds 138 to 207 MPa (20,000 to 30,000 psi), and when the
concrete cover thickness ranges from 38.1 to 76.2 mm (1.5 to 3.0 in). To coincide with
the test results, Broms has changed the expression from Wave= 1.5t to Wave = 2t.

In order to obtain the crack width at the extreme concrete tension fibers, Broms assumed
that the elongation at any particular level will be proportional to the distance from the
neutral axis. Based on the "flexural theory", the plane cross sections will remain plane.
Hence, if the depth to the reinforcement and the bottom of the concrete are h 1 and h2
from the neutral axis, the average crack spacing at the concrete tension surface level is
equal to:

w

ave,conc

h

= 2t£s xh-2

(2.4)

I

The method that was presented by Broms has its own limitations. It is only valid at
certain levels of steel stresses and particular ranges of concrete cover. Also, the
expression does not include any other variables, such as bond stresses, which might affect
cracking behavior.
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2.3.3 Relation between Crack Spacing, Crack Width and
Steel Stress

The cracking behavior of concrete members ubj ected to pure tension in the presence of
transverse reinforcements has been studied; Rizkalla et al. (1982) tested 16 concrete
specimens, which were divided into two groups with different concrete covers. In each
group, all of the specime ns were identical except for the transverse steel spaci ng. Also, as
a part of this experimental program, 18 pecimens were tested to investigate existing
expressions presented by Beeby (1 972) and (1979).

Leonhardt (1977) presented expressiOnS for crack width and spacmg, including all
important variables that affect concrete cracki ng behavior,

uch as steel stress, bar

di ameter, concrete cover and thickness. Leonhardt assumed the minimum possible crack
spacing can be found from:

(2.5)

where,

L.

= the region of lost bond, calculated according to Equation (2.6)

L. =

fs2,cr X d
45

(2.6)
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where,
f 52 cr =the stress in the steel at the crack at the crack immediately after cracking
L 1 =the transfer length, which represents the length of the active bond stresses
d =the reinforcement diameter

(2.7)

k 1 =is a factor that depends on concrete cover c and longitudinal bar spacing a.
p =the percentage of reinforcement ratio

Then the crack width in a fully stabilized cracked section can be calculated as

(2.8)

(2.9)

where,
f s 2,cr

= the steel stress at the crack immediately after cracking

f 52 = the steel stress at the crack.
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£
52

£ 111

= the steel strain at the cracked section
=the average gross strain measured over the cracks including the concrete
contribution within the transfer length calculated according to Equation (2.9)

In the same manner, Beeby (1972) and (1979) suggests the following expressions

d

sb = 1.33c + 0.08-

(2.10)

w mb-s b xcem

(2.11)

p

where,
Wmb

= the average crack width, and

Sb = the average crack spacing as per Equation (2.1 0)
£ 111

=the average strain measured over the cracks including the concrete contribution
within the transfer length, calculated according to Equation (2.12) below:

(2.12)

where,
k = a constant that depends on the type of reinforcement
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( =the concrete tensile strength
E s =the modulus of elasticity of steel.

Rizkalla, in his study, concludes that Beeby's expression shows an underestimation when
compared to the measured values. On the other hand, Leonhardt was showing an
overestimation; hence, the investigator introduced a refined expression based on the
experiment results.

L om = lO(d - 7.5)

(2.13)

where,
L om =the modified almost no bond length equivalent to L odefined in Equation (2.6)
d =the reinforcement diameter in mm.

And the average crack spacing in a fully developed cracked section is

(2.14)

where,

Sb =is the same expression that was introduced by Beeby
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d

sm =5(d-7.5)+1.33c+0.08 p

(2.15)

And in the presence of transverse steel

(2.16)
~= 0.96
RO.Q2

R=~

(2.17)

Sm

where,
R =a dimensionles parameter representing the ratio of the transverse reinforcement
spacing to the average crack spacing

sr

= the spacing of the transverse reinforcement

Rizkalla proposes the following equations to relate both the minimum and maximum
crack width to the average crack width:

Wmin = Q.67Wave

(2.18)

W,mx = 1.55Wave

(2.19)
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Rizkalla's investigations lead to the conclusion that crack spacing is influenced by the
presence of the transverse reinforcement, which is the same as previous studies by Beeby
(1972 and 1979), Nawy and Blair (1971), and McGregor et al. (1980).

2.3.4 Cracking Formula for Glass Reinforcing Rods
(GFRP)

In a very extensive experimental program carried out by Nawy in 1977 to study the
behavior of normal strength concrete reinforced with glass reinforcing rod, twelve square
slabs fully restrained in all four boundaries were tested to failure; in addition, fourteen
simply supported beams were investigated and tested to failure. At that time, little
information was available about fiberglass reinforcement and its feasibility as main
reinforcement.

The test results indicate that the behavior of fiberglass reinforced slabs and beams
regarding to cracking, ultimate load, and deflection could be predicted with the same
accuracy used in current structural practice for concrete reinforced with steel.

A mathematical model was proposed by Nawy for predicting the crack pattern in steel
reinforced concrete two-way slabs and plates. The model defines the crack width, w, in
terms of the crack spacing, a c and the reinforcement strain £ 5 , giving
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(2.20)

The above general expression for crack width can be redefined in the same manner as a
function of the geometric properties of the slab or plate, the strain in the reinforcement
and the grid index I

(2.21 )

where,
R = cover ratio= distance from the neutral axis to tensile face I distance from the neutral

axis to the center of gravity of the reinforcement 1
£s

=unit strain in the reinforcement at the various level ; and a,~, 'Y = constants to be
evaluated from test results.

The grid index is calculated according the following expression:

_ dbs _ s s 8
I - - 1-2 - -1-2 Pti
d b, n

(2.21)

where,
P 11 =active steel ratio
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s,,

2

=spacing of reinforcement in direction 1 and 2 respectively.

The same approach and expressiOn developed by Nawy to calculate the crack width
reinforced with traditional steel , were u ed in fibergla s reinforced concrete slab
specimens; a statistical regression analysi was performed in order to obtain the constant .
Hence, the maximum crack width can be expressed as

(2.22)

in which fr

= the stress level, in the fibergla

s reinforcement.

From test observation, Nawy reported that the cracking in two-way slabs con isted of
orthogonal cracking which followed the reinforcement pacing in both direction .

For concrete beams reinforced with fiberglass, Nawy readjusted the ACI 38 1-71
developed from Gergely and Lutz's work, considering the difference in the you ng'
modulus of the two material ; in the case of the fiberglass reinforcement, the crack width
IS

W

= 0.002fr VdcA

(2.23)
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2.4 Semi-empirical Expressions

Some investigators adopted different approaches aimed at solving the cracking problem
by introducing physical models. Some of the previous work will be presented in this
thesis.

2.4.1 Robert J. Frosch (1999)

Frosch (1999) presented the following model, giving an expression to calculate crack
width at both the steel and concrete level,

A
j\

r

..c

I

_/..___

L

Sc

Figure 2-4: Cracked section, Strain gradient
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(2.24)
where,

we = crack width
£5

=reinforcement train

fs = reinforcing teel tress
Es =reinforcing teel young's modulus

Sc = the crack spacing

The above expression calculates crack width at the steel level. In ord r to obtain the crack
width at bottom of the concrete, the strain gradient factor

~

was introduced.

~ =..S_ = h - e
£2
d- c

The crack

pacmg Sc m equation (2.24) should be calculated from the following

ex pres JOn:

(2.25)

where,
d • = is the controlling cover distance
'V = is the crack spaci ng factor (= 1.0 fo r mm1mum, 1.5 for average, and 2.0 for

maximum crack pacing).
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d * =is calculated as illustrated in the Figure 2-4 below according to the expression;

•
s

J

Figure 2-5: Controlling cover distance calculation

(2.26)

In his expressiOn, Frosch relates crack width to reinforcement spacmg; thus, crack
controlling can be achieved by limiting reinforcement spacing in concrete members, and
he suggests the following design recommendations which have been adopted by the ACI
code (1999).

(2.27)
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a, =[!~}

(2.28)

where,

'Y =the reinforcing coating factor= 1.0 for uncoated bars, 0.5 for epoxy coated bars.

2.4.2 R.I. Gilbert (2004)

In his study, Gilbert adopt the tension chord model of Marti et al. (1998) to develop an
expression for crack width and spacing for both in tantaneou

and

ustai ned service

loads. For flexure members, the concrete and steel stresses can be expressed as follows:

J -x
S/2

Crack

'

_J_ , -

T-

J_

~

~~I

- T

I

S/2

-J"

1

Crack

Figure 2-6: Cracked section, concrete and steel stre es after cracking
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T
4t bx
--A
<I>

= -

(J
SI

(2.29)

(2.30)

where,
tbx

= Bond stress
A

p= -

SI

A ct
<P = Bar diameter
when,
s
2

x =-

(2.3 1)

(2.32)

The maximum crack spacing is equal to

S
max

= fct<P

2 t bp

(2.33)

when,
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Gilbert defines crack width as the difference between the elongation of the steel and the
elongation of the concrete between the cracks.

w= - s[T
- - -tbs( l+np )]

E s As

(2.34)

<)>

The researcher includes in his expression the factors necessary to predict crack width,
including those which affect the cracks in a reinforced concrete member, such as steel
stresses, bond stresses, bar diameter and reinforcement ratio, which are agreed upon by
most of investigators. Bond stresses would be one of the important variables in the case of
u ing GFRP as main reinforcement.

2.4.3 The Tension Chord Model

This model is set up in terms of a simple yet complete formulation of the deformation
process undergone by a reinforced concrete member by integrating the actual steel and
concrete strains between cracks. Earlier formulations of the procedure were pre ented by
Leonhardt (1977). Concepts from these procedures constitute the basis of the crack width
calculation design rules for reinforced concrete members in CEB/FIP MC 90. The model
has lately been the subject of considerable refinement and simplification by Sigrist and
Marti (1994), Alvarez (1998), and Marti et al. (1998), who developed the "Tension Chord
Model" name.
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One major feature of the tension chord model is the bond-slip constitutive relationship for
steel. Acknowledging that the exact distribution of tresses in concrete and steel is not of
primary interest as long as the resulting steel stres es and overall member train refl ect
governing influences and match experimental data, Marti et al. (1998) used a rigid
perfectly plastic bond-slip relation hip with a stepped descending branch that depends on
the yielding of tee!.

Since the amount of slip in steel-reinforced concrete member is not significant at ervice
load level , CEB/FIP MC90 proposes a rigid-perfectly plastic bond-slip relationship for
the serviceability desi gn of steel-reinforced concrete members:

't b

= 1.8fctm

(2.35)

where,
fctm

= is defined as the mean tensile strength of concrete.

The model assumes that if the concrete stres e between cracks under maximum crack
spacing conditions reach fct, a new crack will form midway between those spaced at
max . As a result, the mean crack spacing in the stabilized crack formation stage is
bounded by the following limits:
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or

0.5 ::;; A = _

s

m
_

::;;

1.0

smax

where A is defined as a parameter introduced by Marti et al. (1998)

The mean crack spacing is

(2.36)

The tension chord model overcomes this problem by assuming that the mean crack width
in the stabilized cracking stage can be calculated as

(2.37)

where sm is the mean crack spacing, £ 5111 is the mean steel strain, both at the given load
level, and

£ em

is the mean concrete strain at the end of the single crack formation phase.

Based on the concrete stress distributions the mean concrete strain is

£

A fet

em

= --

2E

(2.38)

e
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That leads to

(2.39)

The above equation evaluates the crack width at the reinforcement level. However, for
slab sections, the cracks that matter are those at the tension face. These crack widths can

d-xdxd] (as recommended by Broms,

be obtained by multiplying the same equation by [h-

1965), where x d is the neutral axis depth, as shown in Figure 2-7.

Crack spacing

Figure 2-7: Concrete cracked section
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2.5 Concrete Fracture Mechanics Approach

Investigators and scientists use this approach mainly in developing expressions for crack
width and spacing for reinforced and plain concrete members subj ected to tension cracks.
This approach is mainly used for tensile cracking, in general the cracks that are fo rmed on
reinforced or plain concrete specimens can be characterized by the stress- deformation
curve which exhibits linear and non-linear paths before the peak stre s, and a nonlinear
strai n-softening branch after peak stress.

The accurate definition of this curve is very important and difficult to obtain
experimentally, especially the softening part of the curve. In al l previous work,
investigators have been agreed upon defining not only the fracture energy G r , but also the
characteristic length lc for both normal and high strength concrete, with a very slight
difference in some of the fracture mechanics properties, such as concrete brittleness.

2.6 Tension Stiffening Models for High Strength
Concrete

Forty plain concrete specimens with different w/c ratios varying from 0.3 to 0.6 were
tested by Phillips and Binsheng (1993), in order to examine different factors that might
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affect the plain concrete behavior under direct tension. The total deformation of the
specimen can be expressed as

(2.40)

Where <>eand <>. are defined as the elastic deformations, and w is the crack width. Al o, a
relationship between feuand ft was obtained from the test results as

ft

= 0.45f li
cu

(2.41)

Form this set of tested specimens, a full stress-deformation curve has been developed,
which can be divided clearly to four different stages: linear, nonlinear strain-stiffening,
rapid strain-softening and slow strain-softening. These stages can be represented with
four characteristic points: the nonlinear point, the cracking point, the strain-softening
characteristic point, and the failure point. In this study, a brittleness parameter B.is
proposed which can be expressed as the ratio of the maximum elastic deformation <>e to
the total deformation at failure () F, for a specified length L where a crack has been
formed:

(2.42)
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The brittleness parameter will increase with the strength and the length, and this coincides
with the fact that high strength concrete is very brittle material.

In a unique test setup conducted by Marzouk and Chen (1995), consisting of a straincontrolled mode through a close-loop testing machine, plain high strength concrete wa
tested under direct uniaxial tension. A total of 48 specimens with dimensions of
20 x 75 x 300mm were tested to determine the fracture energy, and characteristic length.
Load-deformation curves, a relationship between tensile and compressive strength, and a
softening model for high strength concrete were presented.

The softening model proposed by Marzouk and Chen (1993) describes a constitutive
relationship for plain high strength concrete in uniaxial tension governed by the following
expresswn:

-2X y-

2

<1 . 0
X ,X_
X

y=

(

u x-1

)~

+x

,X ~

(2.43)

1.0

where,
y

= relative stress

f, / (
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The hi gh strength concrete load deformation curves clearly show the brittleness of the
material, very high strength before cracking, relatively high young modulus, and sharp
descending portion after the high tensile strength was reached and the specimens tarted
to crack. The tensile strength of high strength concrete is 4% of the maximum
compressive trength reported by the investigator.

A value of 3.5 MPa was reported for the tensile strength for plain high strength concrete,
which will be adopted in this current study for crack width calculations.

2. 7 Code Restrictions for Crack Estimation
2.7.1 CSA A23.3-04

The CSA A23.3-04 method is based on the Gergely and Lutz re earch investigation . CSA
A23.3-04 does not limit the crack width directly. Instead, it limits the magnitude of the
term z. For thin one-way slabs, the maximum z values are 30000 and 25000 N/mm for
interior and exterior exposure, respectively. These limits correspond to crack widths of
0.4 and 0.33 mm, respectively. The term <J 5, is calculated based on the naked

tee]

response or is assumed to be equal to 60 % of steel yield strength.
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2.7.2 ACI 318-99

Crack control provisions in ACI 318-99 vary a little from the Gergely-Lutz approach that
was adopted in previous code versions. The maximum bar spacing is now specified
directly as a function of the concrete cover and the level of stress in the steel
reinforcement. The new provisions are intended to control surface cracks to a width that
is generally acceptable in practice but may vary widely in a given structure. ACI 318- 05
has also abandoned the distinction between interior and exterior exposure conditions.

2.7.3 ISIS M04-00 (2001)

The majority of design provisions to calculate crack widths in members with FRP are
based on modifications made to the Gergely-Lutz equation. The expression that ISIS
M04-00 (2001) recommends the following expression to be used for calculating crack
width for concrete members reinforced with FRP

(2.44)

where,
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Kb

= is

a bond coefficient, taken as J .0 for GFRP bars with bond propertie similar to

those of steel, greater than 1.0 for GFRP bars with inferior bond quality, and less than 1.0
for GFRP bars with superior bond quality.

2.7.4 CSA S806-02

The Canadian Standard for the design of GFRP-reinforced concrete structures, CSA
S806-00, control crack widths by limiting a factor, z, which is defined as

z=K b .S.cr
E
fr

Vd A
c

(2.45)

f

The maximum values for z are 45000 and 38000 N/mrn, for interior and exterior
exposure, respectively, Er is FRP modulus of elasticity, and Kb is a bond coefficient
equal to 1.2 for deformed FRP bar . These z values are equivalent to maximum allowable
crack widths of about J .5 times greater than those allowed for both interior and exterior
exposure condition

by CSA A23.3-04 for the design of steel-reinforced concrete

members. The increase in the allowable crack width limits for GFRP-reinforced concrete
member has been driven by the superior conosion resistance of GFRP reinforcement.
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2.8 Bond between GFRP Bars and Concrete

In general, reinforced concrete members resist loading in such a way that compression
will be resisted by concrete and tension will be taken by the reinforcement bars. In order
for this process to be completed, a force transfer must exist: the bond. For flexure
concrete members, bond stresses are the transfer media between concrete and rebars. If
the bond stresses vanish or disappear, the tension in reinforcement drops to zero and the
bars pull out and, as a result, the member will fail.

Bond stress develops in the surrounding surface area of the bar embedded in concrete by
chemical adhesion, friction and mechanical interaction between concrete and deformed
bars (ribs).

In comparison between steel deformed bars and GFRP, beside the lower GFRP modulus
of elasticity, the deformations in rebars play a major role in bond stresses. Since the
GFRP bars have no deformation ribs, bond stresses mainly depend on chemical adhesion
and friction. This will result in lower bond stresses, which might affect the cracking
behavior of concrete members reinforced with GFRP.
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2.8.1 GFRP Bond Influential Paratneters

The most intluential para meters on the bond interactio n be tween FRP and concrete are:
I)

Cro s- -ectional shape o f GFRP reinfo rcement

2)

GFRP' e la tic modulus in both axial and trans verse direction

3)

Bar diameter or cross-sectional size

4)

Surface conditions

5)

Re in type

6)

Concr t

7)

Confinement conditions

8)

Pois on's ratio of GFRP

9)

Positio n o f the bar in the structural me mber's c ro s- ection

I 0)

Concre te cover

trength

2.8.2 Bond of GFRP Relative to Steel

The bo nd strength o f FRP is expected to be le. s than that of conventional tee! becau e :
i)

The modulus of elasticity of GFRP in both radial and longitudinal directions i
lower than that of steel.

ii)

The resin matrix ha a lower hear -rre ngth, and

iii )

The shear tiffne

of GFRP i lower than that of steel.
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In order to measure the bond stresses in a reinforced concrete member, two different
types of te t can be conducted: the pull out test and the beam test.

The pull out test has been used exten ively to determine bond strength. In this test, a
tensile force i applied to the bars to pull out of concrete. The concrete will be in
compression and does not crack. The results obtained using the pull out te t does not
simulate the actual behavior of flexural concrete members. Engineers and scientists have
found that the beam test is more representative to the actual behavior of reinforced
concrete members in flexure.

Tastani and Pantazopoulou (2002) designed a new way to test the bond of GFRP bars; in
the new test, the concrete is under tension, which reflects the real behavior of reinforced
concrete and imulate the real force developed in the bars and the urrounding concrete.
There exist a limited amount of research in FRP bond propertie , and all inve tigators
have agreed on the expression below to obtain the bond trength for concrete member
reinforced with FRP:

T

j.l = - -

(2.46)

n:.d b .I

where,
11

= bond strength in MPa.

T

= applied load
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db =bar diameter
1 =embedded length

The express1on above can be used in both pullout and beam te ts. Tastani and
Pantazopoulou (2002) report a 5 MPa value for bond strength. Ehsani (1996) reports a
value of 4.9 MPa from both beam and pullout tests. Benmokrane ( 1993) reports a value
of7.3 MPa, obtained from the beam test, as a maximum bond strength of 15.9 mm GFRP
bars, which is con idered a very high value for bond strength for GFRP.

2.9 Tension Stiffening Effect in FRP-reinforced

Concrete Members

According to the tension chord model fundamentals, the strain correction due to
concrete' tension stiffening is highly influenced by the amount of reinforcement and the
ela tic modulus of the reinforcement. The effect of these variables in members with
GFRP could be more influential than in steel-reinforced concrete member . If the ten ion
stiffening effect is important in the context of teel-reinforced concrete memb rs, it does
not seem sensible to neglect it for the serviceability design of GFRP-reinforced concrete
members.
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2.10 GFRP Reinforcement for Concrete Structures

Recently, GFRP became the center of the attention of scientist and engineers both as a
new material used in reinforcing concrete, and as an alternative for conventional steel in
corrosive environment. GFRP is a non-corrosive and non-magnetic material.

Glass Fiber Reinforced Plastics (GFRP) are the most common type of FRP and other
types of FRP were examined, like carbon (CFRP) and Aramid (AFRP). Compared to
conventional tee] reinforcement rebars, GFRP has different phy ical properties. The
lower modulus of elasticity is a major draw back in using GFRP as a reinforcing material.

The use of FRP is limited to corrosive, non-magnetic environments, due the high co t of
this material and the limited performance and research data base available. Nevertheless,
FRP has a wide range of applications as a construction material for new and exi ting
structures, especial] y for strengthening.

Widespread research has been done on FRP as reinforcement for tructural members. The
desirability for GFRP usage as reinforcement to overcome the problem of corrosion in
structural members reinforced with conventional steel rebars was the main concern of
most investigators. The applications of GFRP are bridge decks, parking structures, MRI
rooms, marine structures, and the strengthening of masonry buildings and concrete
members to resist flexure and shear.
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The potential of using GFRP as strengthening material on two-way slabs to increase the
flexural and shear strength motivates the research that has been conducted at MUN by
Ebead and Marzouk (2004 ).

Most of the previous investigations were conducted in beams and one-way slabs
reinforced with GFRP. Very little research has been conducted in two-way slabs
reinforced with GFRP as the main reinforcement. Some of the research on two-way slabs
will be presented in the following section.

2.11 Previous Work on Two-way Slabs Reinforced
with FRP

A total of 17 square slabs, 1000 mm in dimension, were tested by Matthys and Taerwe
(2000 b) for punching resistance of concrete members reinforced with FRP grids. The
slabs were cut from one-way slabs that had the following geometric properties : 1000 mm
width, 120 or 150 depth, a span of 4 m, and a total length of 4.5 m. Originally, the labs
were tested in a four-point one-way bending experiment by Matthys and Taerwe (2000 a).
As a result, the specimens were already cracked and showing between 3 to 5 cracks on
the tension side.
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Matthys and Taerwe's slabs were divided into three series according to the reinforcement
types; series 1 was reinforced with steel used as reference slabs, series 2 was reinforced
with different types of carbon FRP (CFRP) grids, and the third series was reinforced with
a hybrid type of FRP comprising both glass and carbon fibers. All tested slabs were made
with normal strength concrete except for one, made with high strength concrete.

The test results were presented in terms of ultimate load, failure mode, punching cone
shape, and deflections. The experimental results, the ultimate load, were verified with
different codes of expression for the ultimate punching capacity. The punching capacity
according to CEB-FIP Model Code 1990 (MC90), Eurocode 2 (EC2), the Japanese
Society of Civil Engineers (JSCE) (Recommendation 1997), and ACI 318-95 were
calculated and compared to the ultimate load obtained from the experiments. In order to
obtain comparable results to the experiment results, the investigators suggested a
modification for the reinforcement ratio, and this modified reinforcement ratio is:

where,
p =the reinforcement ratio
Er =the FRP modulus of elasticity
E s = the steel modulus of elasticity
The same modification has been recommended earlier by the JSCE in 1997.
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Matthys and Taerwe also adopted and modified existing models to calculate the ultimate
shear capacity for the tested slabs. The following modifications were introduced to the
Hallgren (1996) and Menetrey (1996) models to account for the different physical
properties of the FRP:

l. Implement the elastic behavior for the FRP in the model

2. Ignore the dowel action
3. Take the radius of the punching cone as 1.8d
4. Take the modified reinforcement ratio as p_S_

Es

In conclusion, Matthys and Taerwe strongly recommended that the modified
reinforcement ratio be used in the ultimate load calculations for concrete member
reinforced with FRP, which accounts for the lower FRP modulu of elasticity, though it
does not consider the lower bond propertie of the FRP.

Banthia et al. (1995) tested four concrete slabs that were 600x 600x 75 mm in dimension
to study the behavior of concrete slabs reinforced with a fiber-reinforced pia tic grid.
Three slabs reinforced with FRP grid

(NEFMAC, manufactured by Shimizu

Corporation, Japan) were compared to a similar slab reinforced with conventional teel
reinforcement. Normal strength, high strength and normal strength concrete with fiber
were used to manufacture the slabs. The FRP grid had a tensile trength of 1200 MPa and
an elastic modulus of 100 GPa based on the manufacturer specifications. The test results
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were presented in terms of load-displacement curves and energy and load-reinforcement
strain plots.

Banthia also verified the experimental results with existing codes equations, and
concluded in this study that no significant changes for the codes equation were needed.
Also, the use of the fiber reinforced concrete improved the ultimate carrying capacity and
energy-absorption capability of the tested labs.

El-Ghandour et al. (2002) tested a total of eight slabs in a two-pha e experimental
program. The normal concrete two-way labs tested were reinforced with CFRP and
GFRP, and CFRP shear reinforcement were used in two slabs. In the first phase of the
experimental program, problems of bond slip and crack localization were encountered. To
overcome the e problem , the author increased the reinforcement ratio.

A model to predict the shear capacity of two-way slabs reinforced with FRP wa
proposed and verified. ACI 318-95, ACI 440-98, and BS 8110 punching shear equations
were modified to account for the difference in FRP properties. Also a strain limit of
0.0045 was recommended by the re earcher as the maximum train for reinforcement in
the propo ed model for shear capacity calculations.

El-Ghandour applied the strain approach proposed by Clarke (1996) and the stress
approach combined with BS 8110 (1985) hear capacity equation to calculate the shear
capacity for reinforced concrete two-way slab reinforced with FRP. The two different
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approaches used by the investigator resulted in lower and upper bound solutions, and thus
the researcher proposed a modification to the strain approach.

The investigator proposed a correction factor to the equivalent steel area calculated as per
the strain approach equal to 1.8, and thus the equivalent steel area used in the calculation
can be obtained using the following equation

(2.47)

where
A s =equivalent area of steel
A FRP = area of FRP
EFRr = FRP modulus of elasticity
E s =steel modulus of elasticity

¢E = (ErRr / EY) = 1.8 =correction factor

El-Ghandour suggested a strain limit of 0.0045 for the GFRP and used 0.0025 for the
yield strain for the steel according to the BS 8110 ( 1985) to obtain the COITection factor.
Even though the modified model predicted the shear capacity for the tested slabs with
good agreement with the experimental results, the 0.0045 strain limit for the FRP had no
experimental evidence to provide justification for its use.
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Ospina et al. (2001) carried out an experimental program to investigate the punching
shear behavior of two-way slabs reinforced with GFRP. The experimental program
consisted of four slabs; two slabs were reinforced with GFRP, one with GFRP 2-D grid
(NEFMAC) and one with traditional steel. Mechanical end anchorage was provided to
prevent any premature bar lippage.

The investigator presented a comprehensive investigation on the implementation of FRP
reinforcement in

lab construction. The main variables were the

lab reinforcement

material, the type of the reinforcement mat, and the flexural reinforcement stiffness.

Based on the load-deflection behavior, the strain in the tension reinforcement and the bar
force gradients, the investigator concludes that the punching failure in FRP reinforced
slabs was affected by the elastic stiffness of the FRP mat and its bond characteristics. The
researcher also found that tension stiffening affects the behavior of GFRP reinforced
slabs.

0 pin a examined the existing code design provisions (ACI 318 and BS811 0) and
equations that were recently proposed by other investigators (Matthy and Taerwe 2000b
and EI-Ghandour et al. (1999). The author concludes that the equation proposed by
Matthys and Taerwe (2000) provided the best estimation for the punching capacity of
two-way slabs reinforced with FRP.
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The investigator also proposed a rational model to calculate the punching capacity for
two-way slabs reinforced with FRP. The model was modified from the strip model
originally proposed by Alexander and Simmonds (1992) for steel reinforced slabs.

Rashid (2004) inve tigated the performance of GFRP bars as the main reinforcement for
two-way slabs. A total of nine interior slabs, including a reference slab reinforced with
conventional steel bars, were constructed and tested at the structural laboratory at
Memorial University of Newfoundland (MUN). The investigation' main variables were
the reinforcement ratio, concrete strength, and slab depth. The influence of high strength
concrete on the punching strength of the GFRP reinforced slabs wa investigated.

The test results reveal that normal strength concrete two-way slabs reinforced with GFRP
exhibit higher deflection, greater crack width and lower punching loads compared to
similar slabs with traditional steel bars. The investigator concludes that increasing the
concrete strength or the slab depth improves the performance of the tested slabs; however,
only two lab made with high strength concrete were tested. That was enough motivation
to carry out the current investigation, to obtain a better understanding of the behavior of
high strength concrete two-way slabs reinforced with GFRP.

Rashid adopted and modified a rational model originally proposed by Marzouk and
Hussein (1993) for two-way slabs reinforced with traditional steel bar . Some limitation
in the original model due to the a sumed failure geometry were eliminated and the GFRP
properties were incorporated into the modified model.
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The same modeling assumptions were used to describe the slab behavior, the failure
mechanism and the failure criteria. The main assumptions of the original model were kept
unchanged, and thus the modified model produced good predictions of the punching
capacity of slabs reinforced with GFRP.

A simple and reliable model was presented by Dimitrios (2007) for the punching shear
strength analysis of slabs reinforced with GFRP bars or grids based on shear-moment
interaction. The model was originally developed by the investigator to calculate the shear
capacity of reinforced concrete slabs with conventional teel rebars.

In the analysis of the steel reinforced slabs, the punching failure load is calculated using
the following equation:

(2.48)

where the limiting shear stress in the compression zone is given by

vc

= 0 27f 213
•

cu

(2.49)

where, m represents a coefficient equal to 1.00 and 0.80 for normal weight and
lightweight concrete, respectively.
8 =the angle of failure of the fracture cone surface, taken as 30 degrees
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bP =a larger control perimeter recommended by BS 8110-97 to account for the concrete
interlock and the steel dowel action, and is given by

bP

= 4c + 12d

(2.50)

where,
c =is diameter side or the column width
d =the effective depth of the slab

The combined neutral axis depth X of the slab is calculated as

(2.51)

where,

Xs =is the neutral axis depth of the shear section
Xf =is the neutral axis depth of the flexural section

In the case of the GFRP, the investigator concludes that the calculations of the flexural
neutral axis depth would be affected by the lower bond properties of the FRP
reinforcement. The same observation was recognized by Ospina et al (2001). To

so

overcome the problem, Dirnitrio et al. propo ed a reduction factor of 45 % of the FRP
strain that wa calculated assuming that the FRP has a perfect bond with the surrounding
concrete by applying the equilibrium and compatibility condition .
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Chapter 3

3 Experimental Program

3.1 Introduction

This chapter describes in detail the experimental program carried out at the structural
laboratory of Memorial University of Newfoundland (MUN) to investigate the behavior
of high strength concrete (HSC) reinforced with glas fiber-reinforced polymer (GFRP)
bars. The experimental program consists of the casting, testing and evaluation of six twoway slabs reinforced with GFRP bars and one reference specimen reinforced with
traditional steel reinforcement.

The primary objective of this investigation is to develop a better understanding of the
structural behavior of high strength concrete two-way slabs reinforced with GFRP, with a
special focus on flexural cracking behavior. The effects of the clear concrete cover and
the reinforcement percentage were considered in this program as major variables that

52

could affect cracking behavior. The

pecific test procedure, spec1men detail

and

materials used to carry out this research are presented in this chapter.

3.2 Materials
3.2.1 Concrete

The original mix de ign was developed at (MUN) (Marzouk and Hu em 199 1) u ing
type 10 Normal Portland Cement. In thi inve tigation, the cement type u ed i Type lOESF-Normal Portland cement with silica fume at 8 %addition by weight, which complies
with CSA A3000-03 Blended Hydraulic Cement GUb, 8SF. The target compres ive
trength is 70 MPa.

The mix design for high strength concrete used local material and Silica Fume Portland
Ce ment, known commercially as HSF, and is produced by StLawrence Cement,
Mississauga, Ontario. The mix also contai ned a low water-cement ratio (w/c) of 0.3, and
water reducing admixtures were added to the mix. Also, a superpla ticizer wa added to
the mix to enhance the workability. To delay the concrete setting and cement hydration to
obtain a homogenous mix, a retarder was also used in the concrete mi x.
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The superplasticizer used in the mix is commonly known as EUCON 3 and it meets all
the requirements of the ASTM C494 type F. It is comprised of an aqueous solution of
sodium salt of poly-naphthalene sulfuric acid used as a superplasticizer for concrete. It is
usually used to enhance the workability of the concrete without affecting the strength.

The superplasticizer helps to control the hydration rate of the cement to maintain
optimum fluidity over time. It makes the concrete easier to handle without any
segregation; it

IS

possible to reduce the water cement ratio with the addition of

superplasticizer and hence allow for the production of concrete with an increased
compressive strength.

The water reducing admixture that was used to produce the high strength concrete in this
experimental program is commercially known as EUCON DX. This is a strength
increasing water reducing agent, which meets all the requirements of CSA A266.2
specification for types WN and SN. It is an aqueous solution of hydroxyl-carboxilic acid
and a catalyst that provides better hydration for cement.

The set retarding agent that was used in the mix is known as EUCON 727 admixture.
This agent is used to enhance the compressive strength of the concrete by reducing water
and to retard setting. It is a double metallo-organic salt deri ved from hydroxycarboxylic
acid, that complies with CSA-A266.2 type R, RX and SR standards.
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3.2.2 Mix Design

All of the seven test specimens were cast using high strength concrete produced at the
concrete laboratory at MUN. The table below provides the mix proportions of the
concrete used:

Table 3-1: High strength concrete mix proportions

Ingredients

High performance concrete

Cement (kg)

40

Coarse aggregate (kg)

107

Fine aggregate (kg)

65

Water (L)

12

Super plasticizer (ml)

1200

Water reducer (ml)

200

Retarding agent (ml)

40

Target Compressive

70MPa

strength, f ~

55

3.2.3 Mixing Procedure

In order to achieve the target strength, the following mix procedure was u ed:
•

Charge 100% of coarse aggregate;

•

Batch 100% of cement;

•

Batch 100% of sand;

•

Mix dry for 1-2 minutes in order to obtain homogeneous concrete mix;

•

Mix for 5 minute after adding 50% of e timated water with upper pla ticizer
(1200 mJ);

•

Mix for 3 minutes after adding 25% of water with water reducing agents and the
retarder agent;

•

Mix for 2-3 minutes with there t of th water dose to target lump.

3.2.4 Reinforcement Properties

All six specimens tested in this study were reinforced with fiberglas reinforced polymer
(GFRP), 16 mm, commercially known a A lan 100 Vinly Ester Matrix GFRP Rebar. A
tension test was performed to obtain the actual stress-strain relation for GFRP bar u ed
in this current investigation. Only the modulus of elasticity wa obtained from the ten ion
test data.

56

The physical properties of GFRP bars are presented in Table 3-2.

Table 3-2: GFRP physical properties provided by the manufacturer

Bar size

Cross

Nominal

Tensile

Modulus of

(mm)

Sectional Area

Diameter

Strength

Elasticity

(mm 2)

(mm)

(MPa)

(GPa)

Manufacturer

16

217.56

15.88

655

40.8

Experiment

16

217.56

15.88

-

43.5

Figures 3-1 and 3-2 show the typical behavior of glass fiber reinforced polymer rebars in
terms of the stress/ strain relationship.

Typ·cal Stress I S1rain Curve for GFRP Rebar
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Figure 3-1: Stress-Strain curve for GFRP rebars provided by the manufacturer
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Figure 3-2: Stress-Strain curve for GFRP rebars test results

Based on the pullout test provided by the manufacturer, the maximum bond stress i 11.6
MPa. The bond stress is one of the most important factors affecting the cracking behavior
of concrete members, especially in crack width calculations.
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3.3 Details of Test Specimens:

A total of six specimens reinforced with GFRP, plus a reference steel reinforced slab,
were tested in thi inve tigation. The specime ns were divided into two groups, whereby
each group consisted of three specimens. The main variable

con idered in this

investigation are the reinforcement ratio and the clear concrete cover.

The experimental program was divided into two sen es according to the variables
considered to carry out this investigation, as mentioned earlier; the slabs in Series 1 have
the same geometrical properties with different reinforcement ratios. The slabs in Series 2
have the same reinforcement ratio and different concrete clear covers. The reference slab
was made of high stre ngth concrete reinforced steel rebars, with the same reinforcement
ratio and with identical geometrical properties.

All of the tested specimens were 1900x 1900 mm slabs constructed and tested to failure
in this study. All specimens were ca t u ing high-strength concrete produced at the
concrete laboratory (MUN), reinforced with GFRP rebars.

A reference slab reinforced with conventional steel rebars wa con tructed and tested to
failure for comparison purposes. The details of all specimens were presented in the
following table:
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Table 3-3: Properties for all tested specimens

Specimen

(

Slab

Effective

Slab

Column

Reinforcement

No

MPa

thickness

depth

cover

width

ratio p %

(mm)

(mm)

(mm)

(mm)

1-

66.8

150

110

30

250

1.0

2-

62

150

110

30

250

1.2

3-

64

150

110

30

250

1.5

4-

64

200

160

30

250

1.2

5-

70.06

200

145

45

250

1.2

6-

67.58

200

135

55

250

1.2

7-

70

150

135

30

250

1.2

Remarks

Steel
Ref slab

In this study, the balanced reinforcement ratio was calculated assuming that the crushing
of concrete is the failure cause, u ing the following formula adopted from ISIS 2000.
Figure 3-3 shows the strain stress distribution for concrete member reinforced with
GFRP,
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(3.1)

where
P bal

= the reinforcement balanced ratio

( =concrete compressive stress MPa
f ru

= FRP ultimate stress MPa

Ecu

= concrete ultimate strain

Eru

= FRP ultimate strain

~~

=stress block constant defined according to CSA A23-04, and it can be calculated by
the following expression
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~I

= 0.97- 0.0025f~

(3.2)

All of the te ted specimens were designed to fail in punching shear ; all slabs were over
reinforced concrete members. To achieve this phenomenon, the following val ues were
substituted in the above expression:
£ cu

= 0.0035

£fu

=

0.018

Fru

=

630 MPa

(c =

70MPa

The designed reinforcement ratio obtained is:
P bal

= 1.2%

3.4 Test Set-up and Instrumentation:

A 10-ton crane was used to lift and install the specimens inside the loading frame and to

remove them after testing. The loading frame used for testing wa a large teel reaction
frame. The slabs were rested vertically on the frame; rubber packing was in talled
between the specimens and the steel frame. The boundary condition in this case i a
simply supported slab with the corner free to lift, which coincide with the election of
the isolated column-slab to represent the interior panel of a continuous slab.
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,-------------------------------------------------- -----

A central manual-hydraulic jack, commercially known as ENERPAC Double-Acting,
High Tonnage Cylinders, CLRG-3001 2, was u ed to apply the load in all test . The
capacity of the hydraulic jack that was used to carry the experimental program is 300 tons
(600 kips), 0.305 m (1 2 inches) stroke and a m aximum operating pres ure of 69 MPa
(1 0000 psi), see Figure 3.4.

LPDTs were used to record the deflection at the slab centers, and a total of five point
besides the central deflection was measured from the distance that the ram traveled up the
failure.

El ectrical resistance strain gauges having a re istance of 120 ± 0.3% ohms were used to
measure the variations of the concrete strains on the compression side; for the strai n
gauge locations, see Figure 3-5.

The specimens were loaded until two visible cracks appeared, and then the test was
stopped to install LPDTs, which were used as crack gauges. These LPDTs were placed on
the tension face of the slab in order to record the crack width; for the crack gauge
locations, see Figure 3-6.

Similarly, a total of fi ve strain gauges were installed and glued to the main reinfo rcement.
Strain gauges 1 to 4 were installed on the main reinforcement; however, strain gauge 5
was installed on the transverse reinforcement. For ali tested specimens, the locations of
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the strain gauges were exactly the same; for the reinforcement strain gauge locations, see
Figure 3-7.

The electronic strain gauges, LPDTs and the load reading were connected to a
computerized data acquisition system. The measurements were recorded for all
experiment results using Lab VIEW software version 8, and the scanning rate was taken as
one reading every second for all tested specimens. All data obtained was saved to a
personal computer.

Figure 3-4: Test setup and Data acquisition system
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3.5 Test Procedure

The slabs were placed on the testing frame, and the load was first applied up to 45 kN (10
Kips) then released to make sure the slab edges were completely resting on the frame.
The load was then applied gradually using a manual-hydraulic jack up to the cracking
load; the tests were stopped immediately after the appearance of visible cracks to install
crack gauges. Crack gauges were installed and glued to the tension surface in order to
measure crack width.

The load continues up to failure in intervals of 45 kN (10 Kips). For each load interval,
the cracks were mapped and photographed as shown in Figure 3-8.

All of the strain gauges on the concrete, GFRP, and LPDTs, as well as the load readings,
were connected into the data acquisition system, which scanned readings at a rate of one
reading for every second interval.

This procedure was repeated in all tests up to the failure of the test specimens, and all data
was recorded and stored in a personal computer.
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Figure 3-6: GFRP strain gauges arrangement used in all specimens
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Figure 3-7: Crack gauge location

Figure 3-8: Crack mapping
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Chapter 4

4 Test Results and Discussion
4.1 Introduction

The test re ults and ob ervations obtained from the experimental program are given in
this chapter. Six high strength GFRP reinforced slabs were divided into two groups. The
influences of the reinforcement ratio and the clear concrete cover on the behaviour of
two-way slabs reinforced with GFRP bar were examined. The behaviour of the slabs are
presented in term of the load-deflection relationship at service load and ultimate load, the
concrete strains, GFRP reinforcement strains, crack patterns and failure modes. Due to
the large quantity of experimental data, only representative results are shown in thi
chapter.
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4.2 Strains in Slab:
4.2.1 Concrete Strains:

In general, the concrete strains in the tangential direction were higher than those in the
radial direction. The tangential direction represents the direction pru·allel to the column
face and the radial direction represents the direction perpendicular to the column face.
Concrete strain gauges in the radial direction were mounted at differen t locations on the
compression side of the slab , as explained in the previous chapter. Therefore, the
maximum concrete strain in the radial direction was considered and measured on the
compression urface of the slabs at distance of around 50 to 450 mm, 100 mm apart,
from the middle of the column face. The concrete strains were much lower than 3500 1-L£,
which is the recommended cru hing train limit according to CSA-A23 .3 (CSA, 2004).

The radial concrete strain profiles at different load levels ru·e shown in Figure. 4-1 for
Specimen 4 of Series 2 of the test slabs. The highe t strain in each diagram shows the
radial train di tribution at or close to the ultimate load. The maximum radial concrete
strain generally developed at a certain distance very close to the column face. The strai ns
then dropped quickly with an increa e in the distance from the slab centre. This
phenomenon was more pronounced in slabs with a higher reinforcement ratio and slab
depth. Thi observation was also reported in some of the tests on high trength concrete
slab-column connections by Hallgren (1996).
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Figure 4-1: Concrete Strain vs Load Specimen 4 Series 2

4.2.2 Reinforcement Strains:

The strains in the reinforcement were measured at different locations. The maximum
strains occurred around the column perimeter and the values are reported. The recorded
maximum strain in the GFRP bars was 7076 j.l£ in Specimen 2 of Series 1, which had a
1.2% reinforcement ratio and 150 mm slab depth. This value is lower than the ultimate
tensile strength of GFRP bars, around 16000 j.l£ . Based on the reinforcement strain values
provided by the manufacturer of the GFRP, there was no rupture of the GFRP bars in any
of the test slabs.
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Figure 4-2 shows the relation hip between the load and the reinforcement strains just

below the column stub. The lowest curve m each diagram show

the radial

train

distribution at or close to ultimate load. According to those fi gures, the higher
reinforcement ratio and the higher slab depth led to a steeper load-rei nforcement train
response; however, it also resulted in a decrea e of the maximum reinforcement strain .
The highe r concrete strength not only resu lted in a stiffer load-reinforcement strain
response but also a hig her ultimate rei nforcement strain.
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The reinforcement strain of the GFRP bars was significantly affected by the cracking of
concrete. Reinforcement is assumed to carry all of the tensile force at the crack ;
however, concrete would continue to carry the tensile load between the cracks through
bond between the reinforcement and the concrete; this is called tension stiffening. As
Figure 4-3 shows, the GFRP strain was linear before cracking and dramatically changed
after the cracking in a non-linear manner affected by the gauge location and the crack
width.

The tension stiffening effects of the concrete on the slab rei nforcement could be assessed
using the concave parts of the load-strain curves as suggested by Hallgren (1996). This
phenomenon is very important in understanding the behaviour of GFRP reinforced slabs
and requires further investigation.
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4.3 Load-deflection Characteristics:

The central load-defl ection relationship was obtained from the LPDTs pl aced at the centre
of the slab. The load defl ection curves are shown in Figures 4-4 and 4-5 for both series.
At the time of testing, the load was paused at certain intervals to map the cracks. When
the system was put on hold, the load's readin gs were decreased slightl y due to the
relaxation of the lab 's internal stresses. Thu , the load defl ection graphs are not very
mooth. However, this will not affect the slab's capacity.

The load-defl ection curve of the GFRP reinforced slabs consisted of two linear
characteristic portions with an initial crack formation, showing a completely different
behavior than the steel reinforced slabs. The tested slab load-defl ection characteristics are
similar to previous normal strength concrete labs reinforced with GF RP bars (Ra hid,
2004). The slope of the load-defl ection curve was normally steep before the formation of
the first crack. This indicates the higher stiffness of the uncracked slab.

As the applied load was increased, the initial cracks formed and the lab experienced a
slight gradual loss in stiffness at this transition stage. At the end of the transition stage,
the stiffness of the slab decreased dramatically compared to that in the uncracked stage.
Afterwards, the slope of the load-defl ection curve was almost constant and started to
decrease close to failure as shown in Figure 4-6.
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The deflection profiles shown in th]s chapter are similar for all the te ted slabs; two
specimens' re ults, one from each series, are shown in Figures 4-7 and 4-8. The
deflection profile curves show acceptable deflections within the erviceability limit, and
the service load is represented by the third curve in both graph . The slabs showed
excessive deflection after cracking, which indicates the lower tiffnes of the cracked
slabs.
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The load- deflection curve can indicate the failure mode for the lab, as defined by
M arzouk and Hussein (1991). In the load-deflection graphs shown above, a positive slope
up to the failure load is indicated, and the failure appears uddenl y. This phenomenon i
a clear sign of punching shear failure; this confirm the fact that all the slabs were
designed to fail under punching shear, as explained in the experimental program.

The stiffness of the slabs in Series 1 increases a the reinforcement ratio mcreases.
Observation of the experiment shows that, for Series 1, the slabs with a lower
reinforcement ratio deflected more, howing more ductility. When increasing the slab
thickness, as in Series 2, the slab tiffness shows an increase that is accompanied by les
deflection and higher section capacity.

The effect of the slab thickness and the clear concrete cover can indicate that the higher
the thickness of the slab the higher the stiffnes . However, more ductility was recorded
for the slab that has the same reinforcement ratio and different thickness, a shown in
Figure 4-9.
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4.4 Crack Width Measurements:

The first crack formed in the slabs at a load ranging from 50 to 192 kN (1 1 to 45 Kips),
which is 18 to 39% of the ultimate load as hown in Table 4- 1. The crack width was
measured using LPDTs as crack width measurement gauge, as mentioned previou ly. The
slab was initiaJJy loaded , and as soon as hair cracks started to appear, the loading wa
stopped and crack gauges were glued to the slabs' tension side. At each load increment,
the cracks were recorded and mapped, and pictures were taken to moni tor the cracks'
progress spacing measurement.
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The accuracy of the measurements improved as the cracks started to widen after the
end of each loading step. The load that corresponds to the first visible crack is tabulated in
Table 4-1. The maximum recorded crack width at each load increment was observed
around the column circumference.

The values of the crack width at service loads, w s and the ultimate loads, w" are also
reordered in Table 4-1. The load-crack width curve seem

to develop in a similar

manner as the load-deflection relationship for all the tested specimens. The largest
measured crack width approached 4.22 mm and was obtained from Specimen 1, the
slab with the least reinforcement and thickness .
Table 4-1 : Cracking characteristics of the test slabs
Specimen

Service

Crack

Deflection @

First

Deflection @

Max.

No

Load

Width@

Service Load

Crack

First Crack

Crack

(kN)

Service

(mm)

Load

(mm)

Width

(KN)

Load

w" (mm)

w s (mm)
1-

114

0.3766

09.200

50.00

3.942

4.2126

2-

154

0.4544

09.487

100.00

4.821

2.8340

3-

150

0.4170

07.867

120.00

7.867

1.1813

4-

340

0.4677

12.776

172.00

6.594

2.0753

5-

339

1.0247

10.537

192.00

4.231

2.5190

6-

256

0.5557

08.545

169.00

4.991

2.4929
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4.5 Serviceability:
ACI 318-02 specifies the serviceability criteria in terms of the deflection and crack width
for steel reinforcement specimens as follows:

1. A serviceability deflection limit of l/ 180, where l is the member span.

2. A crack width limit of 0.4 mm. It is generally accepted that stresses in the steel
reinforcement should be around 0.6 fY at the service loads. This would correspond to
a strain of approximately 1200 micro-strains (!l c) for grade 400 steel.

These criteria are set to control the width of the crack and to limit it to a value of
approximately 0.4 mm. ISIS (2001) recommends that the strain at service loads for
GFRP reinforced beams or one-way slabs,

Er

should not exceed 2000 ~. Table 4-1

shows the service loads, P, the crack width, w, and the service deflection, at a strain
of 2000 !J.E for the test slabs.

The service load of the test slabs were in range of load 114 to 340 kN that corresponded
to 2000 micro strains. The values of the service loads reported were at the range of 28%
of the ultimate strain reported for Specimen 2, reinforced with pb, to 50% for the other
specimens.
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The service deflections varied from 8.55 to 12.78 mm. As shown in Table 4-2, the
corresponding crack widths at the service load were in the range of 0.38 to 0.56 mm.
These values satisfy the cracking requirements at the service loads recommended by
ACI committee 440 (2003). ACI 440.1 R-03 recommendations state that the maximum
crack width of GFRP reinforced members could be about 1.5 to 1.7 times the value
allowed for steel reinforced members (0.6- 0.7 mm).

The service load of the GFRP reinforced slabs is very sensitive to slab depth. The average
service load of the low depth slabs was about 45% lower than that of the high depth slabs.
The reinforcement ratio had little influence on the serviceability of the slabs of Series 1.

4.6 Ultimate Capacity:

Table 4-2 shows the ultimate load, P, and the corresponding ul6mate deflection for the
test slabs. A comparison of the ultimate capacity of slab Specimen 1 and the reference
slab, having the same geometry, reveals that using GFRP bars dramatically decreases the
capacity. The ultimate load of the GFRP slab was 47% lower than the reference specimen
ultimate capacity; the maximum deflection of the GFRP slab was 55% higher than the
deflection of the reference slab. This behavior can be easily explained by the lower
modulus of elasticity of the GFRP.
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The test results reveal that reinforcement ratio has a slight effect on the load carrying
capacity of the GFRP reinforced slabs. Ignoring the small variation of the concrete
strength of the two Series tested, it can be seen that increasing the reinforcement ratio
increased the ultimate load-carrying capacity of slabs of Series 1 by 12% and 37 % when
the reinforcement ratio increased by of 25 % and 50%, respectively, over the slab of
Specimen 1 designed with reinforcement ratio of 1%. The ultimate deflection decreased
as the reinforcement ratio was increased. A significant decrease of 48% of the ultimate
deflection was observed in the GFRP concrete slabs when the reinforcement ratio was
increased by 25 %.

The slabs of Series 2 have a constant reinforcement ratio of 1.2% and different concrete
covers, whereby the clear concrete covers were 30, 45 and 60 mm. Specimens 5 and 6 in
Series 2 show decreases of 15% and 35% of the ultimate carrying capacity compared to
Specimen 4. From this observation, one can conclude that the clear concrete cover has an
inverse effect on the slabs' carrying capacity.

On the other hand, the effective slab depth had a significant effect on the ultimate
capacity. With an increase of the effective slab depth from 150 to 200 mm, the load
carrying capacity of the slab specimen 4 in Series 2 increased by 85 %, combined with a
decrease in the ultimate deflection of 23 %, compared to Specimen 2 in Series 1; see
Figure 4-9.
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Table 4-2: Deflection characteristics of the test slabs

Series No

1

2

Experiment No

Ultimate Load (kN)

Ultimate Deflection (mm)

1

282

46.000

2

319

33.128

3

384

36.765

4

589

29.500

5

487

24.216

6

437

30.173

4.7 Stiffness, Ductility and Energy Absorption
Characteristics:

As mentioned earlier, the stiffness of a slab represents the amount of load needed to
produce a unit displacement at the centre of a slab. The initial stiffness K, i

the

tangential value of the slope of the load-deflection curve at the uncracked stage. The
cracked stiffness Kcr is calculated as the average tangential value of the slope of the loaddeflection curve after the transition stage has ended.
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The values of K, and Kc, are tabulated in Table 4-3. From the table, it is apparent that
the slabs had a stiffer response before and after cracking when the reinforcement ratio
and the slab depth were increased. Among all variables, the changing of the slab depth
yielded the most prominent influence on the stiffness.

Ductility is traditionally defined as the ratio of the deflection at the ultimate load to that at
the yield load for structures with traditional steel reinforcement. Ductility also
describes the deformation ability of a structure from the service limit state to the
ultimate limit state. Since GFRP bars do not exhibit any yield characteristics, a service
load strain could be used instead of the traditional definition. ISIS (2001) recommends an
allowable strain at service load of 200011£. Thus, this value is adopted to define the
ductility index for the test slabs.

The values of the ductility indexes of all test slabs are summarized in Table 4-3.
The results show that the ductility of the GFPR reinforced slabs is considerably affected
by the reinforcement ratio and the slab effective depth. The ductility of slabs in
Series 1 decreased by 45% and 63% when the reinforcement ratio was increased by
25 and 50 %, making clear that the reinforcement ratio seems to have a strong influence
on the ductility.
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Table 4-3: Stiffness, ductility, energy absorption

Series

Experiment

Kt

Kcr

Ductility index

Energy

No

No

kN/mm

kN/mm

L111 / L1 y

Absorption
kN.mm

1

2

1

21.204

5.845

12.7

7173

2

25.910

7.495

6.9

6042

3

31.988

9.464

4.67

8184

4

39.414

18.882

4.23

10332

5

46.563

21.20

5.54

8382

6

42.067

21.25

4.52

8501

The clear concrete cover has a slight effect on the ductility index; in Series 2, the
ductility index increased by 30% and 7% when the clear concrete cover increased from
30 mm to 45 mm and 60 mm, respectively. On the other hand, the slab thickness
decreased the ductility index by 40% when the slab depth increased from 150 mm to 200
mm.

The energy absorption capacity is defined as the area under the load-deflection curve. The
values of the energy absorption are shown in Table 4-4. The energy absorption capacity
of the GFRP reinforced slabs increased as the reinforcement ratio was increased.
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A comparison of slabs Specimen 1 and Specimen 3 in Series 1 indicates that the energy
absorption capacity increased by approximately 14% as the reinforcement ratio was
increased by 50%. The energy absorption capacity slightly decreased with increa ing of
the slab effective depth.

A comparison of slabs Specimens 4, 5 and 6 of Series 2 shows that there was an 18%
decrease in this capacity when the clear concrete cover was increased. T he effect of the
slab thickness on the energy absorption capacity i clearl y noticeable; an increase of 7 1%
was experienced when the slab thickness was increased from 150 m m to 200 mm.

4.8 Cracking and Failure Characteristics:

The developing cracks were traced on the test slabs as the load was applied. T he first
cracks were ob erved along Jines parallel to the hori zontal reinforcement passing through
the column stub on the tension surface of the slabs. These crack were followed by the
formation of similar cracks in the vertical direction. As the load wa increased, crack
running roughl y around the column circumference were formed , fo llowed by the first
diagonal crack that reached the corner of the labs.

Normally, yield-line craciGng patterns occur in a steel reinforced lab due to the yield
characteristics of the steel reinforcement. However, as for the GFRP specimens, when the
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load reached approximately 60% of the ultimate load of the GFRP reinforced slab , the
diagonal cracks reached all four corners and a pattern similar to flexural yield-line
patterns clearly formed, especially for the slabs with low rei nforcement ratio and high
strength concrete.

As the load increased to failure, there were few new cracks appearing on the surface
of the slab. Approaching the ultimate load, orne audible sounds were heard for all te t
slabs. This could be due to the separation of the flexural reinforcement mesh from the
sun·ounding concrete at that point. Spalling was observed in all of the te ted labs. As the
ultimate load wa reached, a punching cone developed for all the slabs.

The crack patterns at failure are shown in Figure 4-11 to Figure 4-15. Within the outline
of the punching cone at failure, the crack patterns of the GFRP reinforced slabs exhibited
a pattern that vaguely matched the layout of the GFRP bar , whjle the crack patterns of
the reference slab closely matched the layout of the steel bars.

Figures 4-11 to 4-15 show the crack patterns of the tested slabs of Serie 1 and 2. The
formation of orthogonal cracks matched the reinforcement mesh and th yield line crack
pattern in all

lab of Series 1. This ob ervation reveal

that bar spacing has a

significant effect on the formation of the crack patterns and the development of the
flexural behaviour of the slab.

87

350
300
250
,.--...

~
..__,

200

"0
<;<j

0
......:)

150
100
50
0 '
0

0.5

1.5

2

2.5

3

Crack Width (mm)

1-- Specimen 2]
Figure 4-4: Load vs. Crack Width Specimen 2 Serie 1

4.9 Failure Modes:

The failure modes of any reinforced two-way slab can be divided into two main modes,
as defined by Marzouk and Hussein (1990). The first mode is the flexural failure mode
that represents the exhaustion of the flexural capacity of the slab at fai lure and the yield of
the steel or bond slip fai lure.

88

Figure 4-5: Crack pattern of Specimen 1

Figure 4-6: Crack pattern of Specimen 2
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Figure 4-7: Crack pattern of Specimen 4

Figure 4-8: Crack pattern of Specimen 5
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Figure 4-9: Crack pattern of Specimen 6

This flexural mode of failure should not occur in GFRP reinforced slabs due to the code
recommendation that all GFRP flexural members should be over-reinforced (ISIS 2001;
ACI 440.1 R-03). On the other hand, flexural failure could also occur as a result of
concrete crushing that is characterized as a flexural failure in compres ion. This
compression flexure failure is allowed by the code for GFRP reinforced members.
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The second mode of failure in a two-way slab is the punching shear failure mode that i
triggered by the diagonal tension cracks developing inside the concrete around the
column vicinity prior to the rupture of the reinforcement or crushing of the concrete.

Punching shear failure can be also subdivided into two types based on ductility and crack
patterns. One type would be defined as a ductile punching failure or the flexural punching
failure. The pronounced flexural behaviour in terms of yield-line crack patterns and the
gradual load-deflection development can be observed in this type of failure. Nonetheless,
the slab would fail before its flexural capacity is reached. The econd type is the pure
punching failure that leads to localized crack patterns and a sudden failure.

In the current study, punching cones were formed in all slab without clear evidence of
concrete crushing at the compression

ide. Also, no rupture of the GFRP bars was

observed. This indicates that punching shear failure occurred in all slabs. However, the
reference slab with steel reinforcement failed in flexure. On the other hand, the GFRP
reinforced slabs showed a ductile punching failure.

The cracks in the tested slabs matched the reinforcement layout, and in particular, in the
punching cone. Thi could be attributed to the small bar spacing of labs. In all of the
tested slabs, the cracks formed in a fashion similar to a yield-line crack pattern
mechanism, and few localized cracks were observed.
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Typically, as the ultimate load was reached, the slab started to fail due to the colum n
penetrating through it. The strains in the GFRP bars did not reach the ultimate strain
value, and therefore, the GFRP bar did not rupture. The strain reading from the conc rete
gauges on the compression side indicated that the concrete did not reach the cru bing
strain limit of approximately 0.0035.

However, a crack was observed around the column on the compression surface of slabs. It
i difficult to differentiate whethe r the crack was formed because of flexure compression
failure or due to the column punching through the slab. T he same observation wa
reported by Hussein and Rashid (2004) for two-way slabs reinforced with GFRP bars, and
was also reported by Hussein and Zhang (2006) for two-way slabs reinforced with CFRP.

4.10 Performance Evaluation of using High-Strength
Concrete for GFRP Reinforced Slabs:

In the following ection, the results of two slabs tested in the present inve tigation will be
compared to the results of two slab from previous researc h. GS2, a normal trength
concrete slab reinforced with GFRP, was tested by previous inve tigators (Rashid, 2004).
NS , a normal strength concrete Jab reinforced with conventional teel, was te ted by
Marzouk and Ebead (2004). Both specimens were constructed and tested at MUN's
structural laboratory.
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The compared slabs have the same geometry and reinforcement ratio, but were reinforced
with different reinforcement types (GFRP and Steel) and have different concrete
compressive strength (High and Normal); see Table 4-4. Only Specimen 2 in Series 1
had a slightly higher reinforcement ratio of 1.2%, compared toNS a normal strength slab
reinforced with teel.

Table 4-4: Deflection characteristic of the reference slabs, and energy absorption

Title

f~

p%

Reinforcement

Ultimate

Max.Deflection

Energy

Type

Load

(mm)

Ab orption

MPa

(kN)

kN.mm

Specimen 1

66.8

1.00

GFRP

282

46.00

7173

Specimen 2

62

1.2

GFRP

319

32. 128

6024

Reference

70.0

1.00

STEEL

603

35.00

12128

GS2

35.0

1.05

GFRP

2 18

38.00

5886

NS

36.0

1.00

STEEL

420

24.50

5950

Slab

*Rashied (2004)
**Ebead and Marzouk (2004)

A normal strength concrete slab with a steel ratio of 1.00% provided an ultimate load of
603 kN and 24.75mm deflection. When normal strength concrete slab was reinforced with
the same rate of 1.00% of GFRP, the ultimate load was onl y 218 kN and 38mm
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deflection; when high strength concrete was used with GFRP at the arne reinforcement
ratio, the lab ultimate load capacity improved to 282 kN and the maximum deflection
increased to 46mm. When the reinforcement ratio was increased to 1.2% with high
strength concrete, the ultimate load capacity improved to 319 kN and the maxtmum
deflection decreased to 32mm.
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Figure 4-10: Load-Deflection Curves Refere nce Slab, Specimen 1, NS, and GS2

The ultimate load capacity was lowered from 603 kN to 218 kN when GFRP was us d as
the main reinforcement instead of conventional steel. However, for Specimen 1, when
high strength concrete slab that reinforced with GFRP from the current tudy was u ed,
the ultimate load increased to 282 kN from 218 kN for the normal strength concrete slab.
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When the reinforcement ratio increased to 1.2% for GFRP with the use of high trength
concrete, the ultimate load carrying capacity is improved further as recorded, with
Specimen 2 reaching 319 kN.

The ultimate capacity of Specimen 2 is comparable with the NS slab; the reduction in the
ultimate load was only 30%, and the maximum deflection of Specimen 2 was more than
NS by 35%. However, the energy absorption was the same for both specimens. The
failure mode was punching shear for both specimens, though it was more ductile for the
specimen reinforced with GFRP.
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Therefore, it can be concluded that in order to achieve a good structural performance
comparable with a normal strength slab reinforced with steel, high strength concrete with
a higher GFRP reinforcement ratio is recommended.
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Chapter 5
5 Numerical Investigation

5.1 Introduction:

The main objective of this chapter is to develop a cracking model for two way plates
reinforced with GFRP under flexure loads and to verify the experimental results. A total
of seven slabs were tested at MUN's structural lab. The results of all the tested slabs were
analyzed and presented in the previous chapter.

The cracking behavior of the high strength two-way slabs reinforced with GFRP rebars is
one of the main objectives of this research. A modified expression for the crack spacing
and crack width formula is recommended to compensate for the differences in GFRP
physical properties. In this chapter also, a finite element model using ABAQUS (version
6.5) was used to verify the load deflection response.
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5.2 Crack Width and Crack Spacing Calculation
Procedures:

The formation and evolution of cracks due to imposed tension or flexure for GFRP
reinforced concrete members is conceptually similar to that in steel-reinforced members.
However, major differences are expected due to GFRP's lower stiffness and brittle nature.
This reflects in the bond behavior of GFRP and on concrete's tension stiffening effect. In
this study, only flexure cracking will be considered.

5.2.1 Crack Spacing Calculations:

To calculate crack spacing, thi study adopts the formula used for concrete members
reinforced with conventional steel rebars, according to the Canadian Standard As ociation
S 474-04 clause 9.3.5, and the same expression wa previously recommended by NSF,
the Norwegian Standard Association, NS 3473E (1992).

The average crack spacing, S

111

,

of cracks normal to the reinforcem nt shall be calculated

using the following equation:

(5. 1)
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where,
c = concrete cover rnm
s = bar spacing of the outer layer of the bars, mm
d~ =equivalent bar diameter of the outer layer of the bars

h er = effective embedment thickness taken as shown in Figure 5-l
b = width of the section
A s =area of reinforcement within the effective embedment thickne s
k 1 =coefficient that characterize the bond properties of the reinforcement
k 2 =coefficient that account for the strain gradient

The above expre sion addresses the most important variables considered to affect the
cracking behavior of the reinforced concrete members agreed upon. The factors that have
the most influence on the cracking behavior, according to scientist and engineers, are the
clear concrete covers, the reinforcement ratio and the bond stresses.

The above expression can be divided into two terms, where the first part of the equation
takes into account the clear concrete cover and the reinforcement ratio reflected in the bar
spacing, assuming a perfect bond condition, and the second term addre e the bond
effect on the cracking behavior, assuming a bond lip condition.

As mentioned earlier, the equation has been u ed successfully to calculate the mean crack
spacing for concrete members reinforced with conventional steel rebars. In order to be
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used in calculating the mean crack spacing for concrete members reinforced with GFRP
as the main reinforcement, some modifications were applied to the second term to
compensate for the difference of GFRP's physical properties, as compared to steel rebars.

The effect of the bond on the behavior of reinforced concrete members was recognized by
Ospina et al. (2001) and Dimitrios (2007), and their studies resulted in the application of a
45% reduction for the bond value calculated, assuming a perfect bond condition.

In ongomg research at Memorial University of Newfoundland, Sabrah et al. (2007)
recognized the effect of lower bond properties on reinforced concrete panels tested under
direct tension. With strong experimental evidence, Sabrah et al. (2007) concludes that the
effective tension zone for a GFRP bar is only 3 to 3.5 times the bar diameter. The tension
zone, as defined and recommended by the present codes of practice for concrete members
reinforced with traditional steel, is 7.5 times the bar diameter.

The effective embedment thickness for concrete members reinforced with steel, as
defined by the Canadian Standard Association CSA 474-04, is shown in Figure 5-1. To
compensate for the lower bond properties of GFRP, the effective embedment area was
reduced to 40% of the value calculated, assuming a perfect bond condition.

The recommended modification was obtained by dividing the effective tension zone for
the GFRP bars by the one for steel rebars, when the effective tension zone for GFRP was
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taken as 3 times the bar diameter, which leads to the modification adopted and used in the
crack spacing calculation in the present investigation.

For simplicity of calculation, the product of the constants k 1 and k 2 is taken as 0.1 ,
according to the Canadian Standard Association CSA 474-94.

The analytical procedure to calculate the mean crack spacing of FRP slabs consists of the
following teps:

l. The effective embedment thickness would be calculated a per Figure 5-1, and

then the aforementioned reduction to 40% would be applied.
2. The constant k 1 and k 2 are taken a 0.1
3. The aforementioned modification and simplification to equation would be
incorporated (5.1)

Thus, the new equation for FRP slabs is:

(5.2)

Comparison between calculated using the above mentioned equation and measured mean
crack spacing is presented in Table 5- 1.

102

y

Figure 5- 1: The effective embedment thickness

5.2.2 Crack Width Calculations for GFRP Reinforcement:

The current expres ion used in calculating the crack width for concrete members are
merely empirical in nature. The maj ority of design provisions to calculate crack width in
members with FRP are based on modifications of statistical models made according to the
Gergely-Lutz equation. The new expression by ISIS M04-00 (2001) suggests calculating
crack width for members reinforced with FRP using the following equation:

(5 .3)

where,
w =the crack width at the tensile face of the beam, mm

Es =modulus of ela ticity of the steel, MPa
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crfrp = stre sin the tension FRP reinforcement at location of the crack, MPa
h 2 = the distance from the extreme tension surface to the neutral axis, mm
h 1 = the di tance from the centroid of ten ion reinforcement to the extreme tension
surface, mm
de =concrete cover mea ured from the centroid of tension reinforcement to the extreme
tension surface, mm
A =effective tension area of concrete surrounding the flexural tension reinforcement,

having the same centroid as that reinforcement, divided by the number of rebars,
mm2

Kb =a bond coefficient, taken as 1.0 for FRP bars with bond properties simjlar to
tho e of steel, greater than 1.0 for FRP bars with inferior bond quality, and less
than 1.0 for FRP bars with superior bond qualities.

The Canadian Standard for the design of FRP-reinforced concrete structures, CSA S80602, controls crack widths by limiting a factor, z, which is defined as

(5.4)

where,
cr r., = stre s in the tension FRP reinforcement at location of the crack, MPa

Es = modulus of elasticity of the steel, MPa
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Er =modulus of ela ticity of the FRP, MPa

de =concrete cover measured from the centroid of tension reinforcement to the extreme
tension surface, mm
A =effective ten ion area of concrete surrounding the flexural ten ion reinforcement and
havi ng the same centroid as that reinforcement, divided by the numb r of rebar ,
mm

2

K b =a bond coefficient, taken as 1.2 for FRP bar with bond properties similar to
those of steel

The maximum values recommended by the CSA S80602 for z are 45000 and 38000
N/mm, for interior and exterior exposure, respectively, and K b i a bond coefficient equal
to 1.2 for FRP bars with bond properties similar to steel deformed bars.

These z values are equivalent to max imum allowable crack widths of about 1.5 times
greater than those allowed for both interior and exterior expo ure conditions by CSA
A23.3-04 for the design of steel-reinfo rced co ncrete member . The increase in the
allowable crack width limit for FRP-rei nforced concrete member has been driven by the
uperi or corrosion resistance of FRP reinforcement.

In this investigation, the tension chord mode l was modified to accou nt for the lower bond
properties of the GFRP used as main reinforcement.
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5.2.3 Modified Tension Chord Model:

This model is set up in terms of a simple yet complete formulation of the deformation
process undergone by a reinforced concrete member by integrating th actual steel and
concrete trains between cracks. Earlier formulations of the procedure were presented by
Leonhardt (1977). Concepts from thee procedures constitute the basis of the crack width
calculation de ign rule for reinforced concrete members in CEB/FIP MC 90. The model
has been lately the ubject of considerable refinement and simplification by Sigri t and
Marti (1994), Alvarez (1998), and Marti et al. (1998), who adopted the "Tension Chord
Model" name.

One major feature of the tension chord model is the bond-slip con titutive relationship for
teel. Acknowledging that the exact distribution of stresses in concrete and teel i not of
primary intere t, as long as the resulting steel stres es and overall member strains reflect
governing influences and match experimental data, Marti et al. ( 1998) use a rigid
perfectly plastic bond-slip relationship with a stepped descending branch that depends on
the yielding of steel.

Since the amount of slip in steel-reinforced concrete member i not significant at service
load levels, CEB/FIB MC90 proposes a rigid-perfectly plastic bond-s lip relationship for
the serviceability de ign of steel-reinforced concrete members:
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(5.5)

where,
fctm =defined as the mean tensile strength of concrete
tb = bond stress, MPa

The model assumes that if the concrete stresse between cracks under maximum crack
spacing conditions reach fc1 , a new crack will form midway between those spaced at smax.
As a result, the mean crack spacing in the stabilized crack formation stage is bounded by
the following limits:
(slllin -- slllaX ) <
-Sill <
- Smax
2

or
0 .5 ~ A =~~ 1.0
S max

where,
A =a parameter introduced by Marti et al. (1998)
sill =mean crack spacing, mm
s,nax =maximum crack spacing, mm
The mean crack spacing is

sm = AS max = Afct<l> b [ l - Ps
2tb0
Ps

l·

0.5

~A~ 1.0

(5.6)
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sm =mean crack spacing, mm
<l>b =bar diameter, mm

fct =concrete tensile strength, MPa

Ps =reinforcement ratio
'tbo

=bond stre s, MPa

The tension chord model overcomes this problem by assuming that the mean crack width
in the stabilized cracking stage can be calculated as

(5.7)

where sm is the mean crack spacing,
level, and

£ em

£ 5m

is the mean steel strain, both at the given load

is the mean concrete strain at the end of the single crack formation phase.

Based on the concrete stress distributions,

£

A fet

em

= --

2E

(5.8)

c

That leads to

(5.9)
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The above equation evaluates crack width at the reinforce ment level. In slabs reinforced
with traditional steel, however, the cracks that matter are those at the tension face. These

crack widths can be obtained by multiplying the same equation by[ h -xd ] , where x d
d- x d

IS

the neutral axis depth.

Implementing the tension chord model to high strength concrete two-way slabs reinforced
with GFRP as the main tension reinforcement to calculate the crack width at the service
load level, the expression used in this study is as follow :

wm

/....fct]
= srn [ £ sm -2E:"

(5 .l0)

where,
E c =the modulus of elasticity of the concrete.
fct

= the concrete tensile strength, MPa

The mean crack spacing s"' is calculated as mentioned previous) y.
fct =defined as the concrete tensile strength computed according the following formu la:

fct = 0.3 (fc•)%
3

(5. 11 )
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The service load limit for GFRP reinforcement ha been defined in the previous chapter,
which corresponds to the reinforcement strain limit of2000x 10-6 Er.

To account for concrete tension stiffening, the following term is introduced to the formula
that is used to calculate crack width;

(5.1 2)

where,
'tb

= bond stress, MPa

s rn = the mean crack spacing, mm
Er = the modulus of elasticity for the reinforcement, MPa
<Pb =bar diameter, mm

To account for the lower bond properties of FRP, a reduction to 40% is recommended to
equation (5.12). Applying the aforementioned modification to the calculated bond
strength and incorporating equation (5.12) into expression (5.10) to account for the
tension stiffening effect, the new expression u ed to calculate the crack width at the
reinforcement level for GFRP slab is as follows:

110

(5.13)

where,
'tb

=bond stress, MPa

sm =the mean crack spacing, mm
Er =the modulus of elasticity for the reinforcement, MPa
<l>b =bar diameter, mm

E c = the modulus of elasticity of the concrete.
fct =the concrete tensile strength
Esm = the mean steel strain

Finally, the crack on the concrete tension face is calculated by multiplying the expression

above by the factor,

h -x d
[ d-xd

j

The characteristic crack width should be calculated according to the formula below:

wk =1.7wm

(5.14)

The above equation was used to calculate the crack width at the serviceability limit tate
and compared to those ones measured at the laboratory. Table 5-2 shows the results
obtained using the formulas mentioned above compared with the laboratory results.
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Table 5-2: Crack width calculation results and comparison

Specimen

f~

fCI

Ec

Crack

Modified

Crack

Crack

Modified/

ISIS

No

(MPa)

(MPa)

(MPa)

width

crack

width

width

Measured

2001/

calculated

width

ISIS

Measured

(mm)

(mm)

2001

(mm)

Mea ured

(mm)
1

2

66.80
62.00

4.94

37E3

0.342

0.473

0.56

0.377

1.26

1.48

4.70

35E3

0.327

0.453

0.53

0.454

1.00

1.17

3

64.00

4.80

36E3

0.289

0.403

0.50

0.417

0.97

1.19

4

64.00

4.80

36E3

0.307

0.392

0.42

0.468

0.84

0.90

5

70.06

5.10

37E3

0.426

0.604

0.60

1.025

0.59

0.58

6

67.58

4.98

37E3

0.418

0.664

0.82

0.556

L.2

1.47

0.97

1. 13

Average

11 2

Table 5-1: Crack spacing calculations results and comparison

Specimen Concrete

Effective

Bar

reinforcement Number diameter Reinforcement

Effective

Crack

Crack

Crack

Effective

Depth

Spacing

Spacing

Spacing

Depth

reduced

(mm)

(mm)

(calculated/

Specimen

width

cover

No

(mm)

(mm)

area

of bars

(mm)

spacing (mm)

(mm)

(mm)

1

1900

30

2179.51

11

15.88

167.00

164.98

65.99

184.76

175

1.06

2

1900

30

2575.78

13

15.88

141.00

164.98

65.99

165.50

167

0.99

3

1900

30

3170.19

16

15.88

115.00

164.98

65.99

145.81

148

0.99

4

1900

30

3764.60

19

15.88

96.80

164.98

65.99

132.25

157

0.84

5

1900

45

3368.33

17

15.88

108.00

179.98

71.99

176.09

218

0.81

6

1900

60

2972.06

15

15.88

123.00

194.98

77.99

223.78

214

1.05

calculated measured

Measured)

Average

0.95
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5.3 Ultimate Load Calculations:

The ultimate load capacity of the high-strength two-way slabs reinforced with GFRP was
verified with a finite element model using ABAQUS version 6.5.1.

5.3.1 Finite Element Analysis:

The lack of research and numerical models that describe the behavior of High-strength
concrete reinforced with Fiber-glass reinforced polymer (GFRP) is the primary
motivation of this study.

The nonlinear analysis of Reinforced-Concrete (RC) slabs represents an inherently
complex problem caused by the following factors:
i)

Nonlinear relationships of concrete and reinforcement.

ii)

Cracking of concrete.

iii)

Imperfect bond between reinforcement and concrete.

The experimental measurements from High-Strength Concrete and reinforcing bars tested
in the laboratory were incorporated into a plasticity-based material model implemented in
a finite element analysis code. The analysis is based on a smeared crack model , where
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constituti ve calculations are performed independentl y at each integration poi nt of the
finite element model.

5.3.2 Geometric Modeling:

One quarter of the slab is modeled due to geometrical and loading symmetry with an
8 x 8 mesh using an 8-node quadrilateral shear flexible element (thick shell) with six
degrees of freedo m at each node. A 2 x 2 reduced Gaussian integration rule is used over
the element plane, and nine Simpson-type integration points are u ed through the
thickness of the concrete slab.

5.3.3 Material Modeling:

A plasticity-based concrete constituti ve model usmg a simple form of yield surface
written in terms of the first two stre s invariants is used for both materials. The model
adopts the classical concepts of plasticity theory: strain rate decomposition into ela tic
and inelastic strain rates, elasticity, yield, flow, and hardening. The po t cracking
behavior is assumed based on the brittle fracture concept of H illerborg et al. (1976),
where the fracture energy is required to form a unit area of crack surface. The adopted
material model is described in full detail by AB AQUS 6.5.
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Cracking dominates the material behavior in the case of the tensile state of stress. A crack
detection plasticity surface is u ed to determine the location of the crack and the
orientation of the crack. The analysis is based on the smeared crack model, where
constitutive calculations are performed autonomou Jy at each integration point of the
finite element model.

Once the concrete has cracked, three phenomena are evident. Namely, aggregate
interlock, dowel action, and tension tiffening. Shear friction account for the transfer of
the shear forces across a crack. As the crack width increases, the contact area of the
concrete on the two sides of the crack decreases. Thus, the shear forces transferred by the
aggregate interlock or the shear friction mechanism decreases.

In reinforced concrete structures, reinforcement that crosses the cracks tends to prevent
the cracked pieces from separating (bond), and thus enhance the aggregate-interlock
mechanisms. Moreover, any movement of cracked pieces of concrete parallel to the crack
causes the reinforcement crossing the crack to transfer shear forces by dowel action. On
the other hand, due to the bond effect, concrete is still capable of carrying tensile stresses
in the concrete after the formation of primary cracks. As the load increa es, more
secondary cracks appear and tensile stresses in the concrete are related gradually.

The smeared crack model imagines the crack regiOn to remain a

a continuum but

switches its initial isotropic properties over to an orthotropic medium with orthotropic
properties on crack initiation. The two aspects of crack behavior that have received most
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attention are the possibility of the crack changing orientation during propagation and
tension stiffening.

Tension stiffening does play an important role in filling in the deflection curve by cutting
out sharp stiffness drops associated with the initiation of cracking. The stiffness reflects
the presence of regions of uncracked concrete as well as the cracked ones in the domain
of integration. In the vicinity of the crack, the bond is completely destroyed and the
tension stiffening should e sentially disappear; the figure below presents the tension
stiffening model used in this study.

u

Strain,e

Figure 5-2 Tension Stiffening Model
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5.3.4 Finite Element Analysis Assumptions:

The analytical program was carried out u mg ABAQUS 6.5.1 (2003) finite element
program. The material properties of high- trength concrete implemented in the analysis
were taken from the experimental data of an experimental program of ongoing research
on

high strength concrete

reinforced

with GFRP at Memorial

University of

Newfoundland.

The cylinder concrete compressive strength f ~ values used in thi study were obtained
from experimental data obtained at Memorial University of Newfoundland's laboratory.
The concrete modulus of elasticity is calculated using the expression below:
E c = 4500./f:, ba ed on CSA-A23.3-04(CI.8.6.2.2).

The mechanical properties of the GFRP as main reinforcement are given below:

Table 5- l: Summary of GFRP propertie

Material

Bar Diameter

Area

Elastic

(mm)

(mm 2)

Modulus

Yield Stre
(MPa)

15.88

198

40.8

Stress
(MPa)

(GPa)
GFRP

Ultimate

-

600

11 8

In finite element modeling, the smeared crack model of ABAQUS 6.5.1 (2003) was u ed.
The material model adopted for this study was explained earlier, and the post failure for
high strength concrete is modeled with the tension stiffening model shown in Fig 5-2,
which allow the user to define the strain- softening- behavior for cracked concrete.

One quarter of the slab was modeled, due to the geometrical symmetry, and loaded in the
transverse direction incrementally up to failure. The boundary condition of the simple
support slab was represented by spring elements allowing the free corner to lift after
loading.

GFRP rebar were modeled as reinforcement layers embedded in the concrete element;
the e layers are embedded in the concrete and located at the centerline of the actual
reinforcing bars in the slabs. The layers are smeared with a con tant thicknes that is
equal to the area of each bar multiplied by the number of bars u eel in each direction
divided by the slab width. The GFRP, as the main reinforcing bars, were assumed to
behave in a linearly e lastic manner up to the failure stress, which is the ultimate tensile
strength shown in Table 5-3.

The Riks algorithm is used to effectively obtain the static equilibrium solution for
unstable response encountered in concrete due to concrete cracking in tension. The Rik
algorithm is based on an attempt to step along the equilibrium path (the loaddisplacement curve) by prescribing the path (arc) length along the curve to be traver eel in
each increment, with the load mag nitude included as unknown .
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A real time monitoring of the central node that represents the tested s labs central
deflection was maintained for all tested specimens, and the nonlinear behaviour of the
concrete from the deflected path of the central node can be clearly noticed

Spring element were used on the slab edges to simulate the simply supported boundary
conditions. The resultant deflected shapes obtained using the model coincides with the
experimental ones in terms of the central deflection and the slabs' corners lifting up.

5.3.5 Results of the Finite Element Analysis:

The results obtained usmg the finite eleme nt model were ultimate load, maximum
deflection, and principle stresses.

Due to the symmetry of the lab geometry and loading, the principle tres es obtai ned
were the same in both directions, a typical two-way

lab re pon e with the same

reinforcement pacing in both directions. The principle stresses are presented as stress
contour.

The ultimate load and maximum deflection results obtained using FEM were presented in
Table 5-4 and compared to the results obtained from the experiment . The maximum
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principle stresses and the load-deflection curves for all tested specimens are pre ented in
Figures 5-3 to 5-8.

The load-deflection curves obtained using the finite element model followed the same
trend as the experimental ones. However, the transition zone between the uncracked and
cracked specimen was very smooth on the FEM results. The difference between the FEM
and experimental results can be easily explained, due to the use of the smeared crack
constituti ve model in this analysis, which re ults in a situation where the cracking point is
not exactly identified.

Table 5-2: Finite element results and comparison

Specimen

Load (KN)

Deflection (mm)

FEM/Ex peri men tal

No

FEM

Experimental

FEM

Experimental

Load

Deflection

1

292

282

32.56

48.00

1.04

0.68

2

340

319

34.00

33.13

1.07

1.03

3

412

384

34.00

36.77

1.08

0.92

4

620

589

20.34

29.50

1.05

0.69

s

516

487

2 1.00

24.22

1.06

0.87

6

468

437

25 .30

37.20

1.07

0.68
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Figure 5-3: FEM re ult Specimen L
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Figure 5-4: FEM results Specimen 2
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Figure 5-5: FEM results Specimen 3
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Figure 5-6: FEM results Specimen 4
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Figure 5-8: FEM results Specimen 6
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In the following section, the test results obtained using the finite element analysis are
compared to the experimental results and presented in terms of load-deflection graphs, as
per Figures 5-9 and 5-l 0. The load-deflection curves obtained using the finite element
model follow the same trend as the experimental ones that are bilinear in nature.

The finite element model estimated the load-deflection response with fairly good
agreement. The model slightly over-estimated load deflection response for all slabs,
especially before cracking; however, the model was in agreement with the experimental
results.

The principle stress contours pre ented above are close to failure, and the maximum
stresses were recorded around the columns, which indicates that the column penetrated
the slab at failure.

Based on the comparison of the finite element model predictions to the experimental
results presented in Table 5-4, the finite element model estimated the ultimate capacity
and the maximum deflection of the high strength concrete two-way slab with reasonable
accuracy with the experimental results. Therefore, it can be concluded that FE analy is
can be used with confidence to predict the behavior of such slabs.
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Chapter 6

6 Summary and Conclusion

6.1 Summary:

A comprehensive experimental and theoretical investigation on high strength concrete
slabs reinforced with GFRP is presented. The research work is divided into two main
phases: experimental and numerical investigations.

The experimental investigation was conducted on the flexural behavior of high strength
two-way slabs reinforced with GFRP, with an emphasis on cracking behavior. The
experimental work was focused on the effect of the reinforcement ratio and concrete clear
cover on the structural and cracking behavior of high strength two-way slabs reinforced
with GFRP.

The numerical investigation consisted of two parts. The first part was on the development
of modified expressions to calculate crack width and spacing. The second part was
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devoted to adopting a finite element model that can predict the structural behavior in
terms of the slab's ultimate capacity and maximum deformation.

6.2 Behavior of Two-way Slabs Reinforced with
GFRP:

Due to the different mechanical properties of GFRP and conventional steel rebar, the
flexural behavior of two-way slabs reinforced with GFRP is completely different than
those reinforced with steel rebars.

As expected, the use of GFRP lowered slab ultimate carrying capacity by 47% and
increased maximum slab deformation by 55%, when it is compared with a slab made of
high strength concrete and conventional steel reinforcement.

The load deflection curve of the slab reinforced with GFRP is bilinear in nature, and
completely different than the steel reinforced slabs. The first line represents the stiffness
of uncracked slab. The second line corresponds to the stiffne s of the cracked ection.
There is a smooth transition between the two lines, which indicates that the slabs do not
completely or suddenly lose their uncracked stiffness once the first crack is formed.
Increasing the reinforcement ratio resulted in increasing the load ultimate load carrying
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r----------------------------------------------------------------------- ----

capacity of the slab, the slab stiffness, and on the other hand, increasing the reinforcement
ratio, which resulted in a lower maximum deflection

Increasing the reinforcement ratio from 1% to 1.5% increased the ultimate load from 280
to 385 kN . Therefore, an increa e of 50% in the reinforcement ratio re ulted in a 37%
increase in the ultimate load carrying capacity of the slab. Increasing the concrete clear
cover resulted in lowering the load carrying capacity and the maximum deflection for the
tested slabs. Increasing the concrete clear cover from 45 to 60 mm decreased the ultimate
load by 35%.

The service load for the tested slabs ranges between 114 to 340 kN, which is about 28 to
50% of the ultimate load recorded. The conesponding deflection for the service loads
recorded range from 8.55 to 12.78 mm. All the recorded deflections satisfy the
requirements for the serviceability limit state of the existing codes.

The service load cracks were measured and recorded for all tested slabs, as per the code
definitions for the service load. The values of the crack widths measured were in the
range of 0.38 to 0.56 mm. These values satisfy the cracking requirements at the service
loads recommended by ACI committee 440 (2003). ACI 440.1 R-03 recommendations
state that the maximum crack width of GFRP reinforced members could be about 1.5 to
1.7 times the value allowed for steel reinforced members (0.6- 0.7 mm).
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Service load is very sensitive to slab depth, and so increasing slab depth from 150 mm
to 200 increased the service load by 50%. The reinforcement ratio had no influence on
the service load.

The results indicate that the ductility of the GFPR reinforced slabs is considerably
affected by the reinforcement ratio and the slab effective depth. The ductility of slabs
in Series 1 decreased by 45 % and 63 % when the reinforcement ratio was increased
by 25 and 50 %, indicating that reinforcement ratio has a strong influence on ductility.

The clear concrete cover has a slight effect on the ductility index. In Series 2, the
ductility index increased by 30% and 7% when the clear concrete cover increased from
the usual 30 mm cover to 45 mm and 60 mm, respectively. On the other hand, an
increase in slab thickness decreased the ductility index by 40% when the slab depth
increased from 150 mm to 200 mm.

The energy absorption capacity increased by approximately 14% as the reinforcement
ratio was increased by 50%. The energy absorption capacity slightly decreased with
increasing of the slab effective depth. Increasing the slabs clear concrete cover inversely
influenced the energy absorption capacity. As the slab cover increased by 50%, there was
an 18% decrease in this capacity.
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GFRP strain was measured and reported from the tested slabs, showing a typical ela tic
behavior up to the failure; however, the strain variation can be divided into two segments
before and after cracking. The maximum strains occurred around the column perimeter.

The recorded maximum strain in the GFRP bars was 7076!-l£ in slab specimen 2, Series
1, which had a 1.2% reinforcement ratio and 150 mm slab depth. This value is 44% Je
than the ultimate tensile strength of GFRP bars, which i approximately 16000!-l£. Based
on the reinforcement train value provided by the manufacturer, there wa no rupture of
the GFRP bars in any of the test slab .

The maximum concrete strain recorded on the compression side of all tested slabs has
never reached the crushing concrete strain, nor were any igns observed during the
experiments indicating that the phenomenon had occurred.

For all GFRP specimens, when the load reached approximately 60% of the ultimate load
of the GFRP reinforced slabs, the diagonal cracks reached all four corners and a pattern
similar to flexural yield-line patterns clearly formed, especially for the lab with low
reinforcement ratio and high strength concrete. The orthogonal crack formation for all
tested slabs followed the reinforcement spacing, thus the rebar spacing considerably
affected crack patterns for high strength concrete two-way slabs reinforced with GFRP.
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As expected, all tested slabs failed in punching shear, as designed. At failure, there were
no signs of reinforcement rapture or concrete crushing.

The use of high strength concrete slab reinforced with GFRP provided good structural
performance, providing the use of a high reinforcement ratio that exceeds that used for
steel reinforcement.

6.3 Cracking Behavior of Two-way Slabs Reinforced
with GFRP:

The cracking behavior was typical in nature for two-way slabs, except that they were
wider for slabs reinforced with GFRP. The first crack was formed along the middle third
of all tested slabs; the maximum crack width measured in this experimental investigation
was 4.12 mm.

The effect of the reinforcement ratio was evident on the cracking width, since increasing
the reinforcement ratio resulted in a reduced crack width. The maximum recorded crack
width of the entire tested specimen was measured for the specimen with the lowest
reinforcement ratio.
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The cracking behavior of the tested slabs was typical in nature, since cracking started
with the first crack formed at the middle third of the slabs orthogonal cracks appeared
first, then the diagonal cracks formed later. When the load reached 60% of the maximum
load, the diagonal cracks reached the slab corners, forming a typical yield line pattern.

The crack width slightly changed with the applied load up to poi nt where no new cracks
we re formed and the cracked section was stabilized. Then, the applied load was increa ed
and combined with an increasing of the crack width. Increasing the concrete clear cover
affected the crack width in such a way that, as the concrete cover i increased, the crack
width is also increased.

The GFRP strain was showing a linear increase up to the cracking, and then the change in
the GFRP strain was dramatically changed. It is worth mentioni ng that the distribution of
the GFRP strain after cracking was dependent on where the crack was formed .

6.4 Numerical Verifications for Crack Width and
Crack Spacing:

A rational model was adopted and modified, accounting for the different mechanical
properties of the GFRP to predict the crack width for two-way labs. A reduction to 40%
of the calculated bond strength was incorporated to the original model equation, and thus
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the new formula used in this investigation to calculate the crack width at reinforcement
level is:

The model was verified against the results of the current experimental program. The
modified model estimated the crack width with excellent agreement with the experiment
results.

The adopted model slightly under-estimated the crack width in the case of higher concrete
cleru- covers, because the model was originally developed for members with regular
cover.

For crack spacing verification, an expression was adopted and modified to account for the
lower bond properties of the GFRP, and the modified equation estimated crack pacing
for high strength two-way slab

reinforced with GFRP in good agreement with the

experimental results.

137

The following equation was used to calculate the mean crack spacmg

In

thi

investigation:

The aforementioned equation was modified from its original format

In

the following

manner:

•

A reduction to 40% for the calculated tension zone, assuming a perfect bond
condition

•

The con tants k 1 and k 2 were taken as 0.1

Finite element is powerful tool in numerical analysi

that can be used to verify the

ultimate load and maximum deformation. The results obtained using the finite element
model include the principle stresses, the ultimate load, and the maximum deflection.

The principle stresses obtained show symmetry in both direction , which i a typical twoslab respon e. The ultimate load and maximum deflection obtained were used in
verification of the experimental results, and the model how a fairly good agreement
with the experimental results.
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6.5 Code Limitations and Crack Width Calculations:

The code of practice CSA S806-02 and ISIS 2000 design manual define the limit state
serviceability for concrete members reinforced with FRP with strain limit of 2000 1-l£, and
the experimental results measured for the crack width were within the code limitations.

In conclusion, ISIS 2001 recommendations for crack spacing, crack width, and service
load limit are in good agreement with the experimental results obtained in this
investigation.

For crack width calculation, the code CSA S806-02 adopts the Gergely-Lutz equation.
The code equation slightly over estimated the crack width, and that can be easily
explained due to the empirical nature of the equation that the code uses.

6.6 Conclusion:

The research focused on investigating the flexural behavior for high strength two way
slabs reinforced with GFRP, with considerable concern for the serviceability limit state.
In conclusion, the behavior of high strength two-way slabs reinforced with GFRP was
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satisfactory within the serviceability limits and provisions of the existing codes, providing
the use of a higher ratio than steel.

A numerical model and related expression were modified to calculate crack width and
crack spacing to account for the lower modulus of elasticity and bond properties for the
GFRP rebars. The modified adopted model e 'timated crack width and crack spacing with
excellent agreement with the laboratory results; however, GFRP bars should not be used
for concrete member with a high clear concrete cover.

A finite element model was adapted and modified to predict the structural behavior of
GFRP two way slabs in terms of the load-deflection relationship. The modified ABAQUS
model was very successful in predicting the behavior within a satisfactory limit.

6.7 Recommendation for Future Research:

1. More in depth investigation for the cracking behavior of high trength concrete
two-way slabs reinforced with GFRP materials under long term loading (Creep
and shrinkage).
2. Research on the behavior of reinforced concrete members reinforced with GFRP
as main reinforcement under dynamic loads is essential.
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3. More comprehensive studies on the bond relations of GFRP reinforcement and
concrete and the dowel action of GFRP in two-way slabs is vital to developing a
better understanding of the failure mechanism for such members.
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Appendix A:
Input File for FEM Specimen 2
*Heading
HSC Two-way Slabs Reinforced with GFRP- Specimen 2
** Job name: Specimen-2 Model name: Plate Model
*Preprint, echo=NO, model=NO, history=NO, contact=NO
**
** PARTS
**
*Part, name=Slab
*End Part
**
**
**ASSEMBLY
**
*Assembly, name=Assembl y
**
*Instance, name=Part-1-1, part=Slab
*Node
*Element, type=S8R
*Nset, nset=L-X
5, 6, 27, 28, 29, 30, 61, 63, 65, 88,200,203,208,210,222,224
225,
*Elser, elset=L-X
2,50,51,54,55,62,63,64
*N set, nset=L-Y
3, 4, 6, 17, 18, 26, 43, 55, 56, 84, 87, 127, 132, 171, 173, 177
181'
*Elset, elset=L-Y
1, 2, 16, 18, 34, 35, 37, 39
*Nset, nset=Part, generate
1, 225, I
*Elset, elset=Part, generate
1, 64, 1
*Nset, nset=_PickedSet7, internal
16,
*Nset, nset=_PickedSet8, internal
14,
*Nset, nset=_PickedSet9, internal
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12,
*Nset, nset=_PickedSetlO, internal
11 '
*Nset, nset=_PickedSet 11, internal
10,
*N et, nset=_PickedSetl2, internal
21,
*N et, nset=_PickedSet13, internal
20,
*Nset, nset=Center

6,
** Region: (Slab:Part)
** Section: Slab
*Shell Section, el et=Part, material=Concrete
150., 9
*Rebar Layer
X-X, 1.3, 1., -38., GFRP, 0., 1
Y-Y , 1.3, 1., -38., GFRP, 90., 1
*Element, type=Spring 1, elset=Springs/Dashpots-1-spring
65, 16
*Spring, elset=Spring /Dashpots-1 -spring
1

lOO.
*Element, type=Spring1, elset=Springs/Dashpots-2-spring

66, 14
*Spring, e1set=Springs/Dashpots-2-spring
1

100.
*E lement, type=Sprin g1, elset=Springs/Da hpots-3-spring
67, 12
*Spring, elset=Springs/Dashpots-3-spring
1
110.
*E lement, type=Spring 1, elset=Spring /Dashpots-4-spring
68, 11
*Spring, e lset=Springs/Dashpots-4-spring
1
120.
*Element, type=Spring 1, elset=Springs/Dashpots-5-spring
69, 10
*Spring, e lset=Springs/Dashpots-5- pring
1
110.

*Element, type=Spring1, elset=Springs/Da hpots-6-spring
70,21
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*Spring, elset=S prings/Dashpots-6-spri ng
1

100.
*Element, type=Spring 1, elset=Springs/Dashpots-7 -spring
71,20
*Spring, elset=Springs/Dashpots-7 -spring
1

100.
*End Instance
**
*Nset, nset=Siab, instance=Part-1-1 , generate
1, 225, 1
*E1 et, elset=Siab, instance=Part-1-1 , generate
1, 64, 1
*Nset, nset=_PickedSet20, internal, instance=Part-1-1
18,
*Nset, nset=_PickedSet21, internal, instance=Part-1-1
30,
*Nset, nset=Center, instance=Part- 1-1
6,
*Nset, nset="Loading Area" , instance=Part-1-1
1' 4, 5, 6, 85, 86, 87, 88
*Elset, elset="Loading Area", instance=Part-1 - 1
2,
*End Assembly
**
** MATERIALS
**
*Material, name=Concrete
*Concrete
0.
28. ,
37 ., 0.00025
45., 0.0005
52., 0.00075
58., 0.001
*Failure Ratios
1.16, 0.04, 0., 0.
*Tension Stiffening
1., 0.
0., 0.004
*Elastic
35000., 0.15
*Material , name=GFRP
*Ela tic
40800., 0.2

153

**
** INTERACTION PROPERTIES
**
*Surface Interaction, name=IntProp- 1
1.,
*Surface Be havio r, augmented Lagrange
**
** BOUNDARY CONDITIONS
**
** Name: BC- 1 Type: Displaceme nt/Rotation
*Boundary
_PickedSet20, 3, 3
** Name: BC-2 Type: Di splaceme nt/Rotati on
*Boundary
_PickedSe t2 1, 3, 3
** Nam e: BC-3 T ype: Sy mme try/Anti ymmetry/E ncastre
*B oundary
Part- 1- l.L-X , YSYMM
** Name: BC-4 T ype: Symmetry/Antisymmetry/E ncastre
*Boundary
Part- 1- l.L-Y, XSYMM
*'~

----------------------------------------------------------------

**
** STEP: Apply Load

**
*Step, nam e="Apply Load", nlgeom= YES
Apply Concentrated Central Load
*Static, riks
0.01 , 1., l e-05 ,, 1. , Center, 3, 50.
**
** LOADS
**
** Name: Co ncentrated Ce ntral Load T ype: Concentrated fo rce
*Cioad
Ce nte r, 3, -85000.

**
** OUTPUT REQUESTS
**
*Restart, write, freque ncy=O
*Monitor, dof=3, node=Center, frequency= I
**
** FIELD OUTPUT: F-Output- 1

**
*Output, fi eld
*Node Output
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CF, RF, U
*Element Output, directions= YES
E,S
*Contact Output
CDISP, CSTRESS
**
** FIELD OUTPUT: F-Output-2
**
*Node Output, nset=Center
U, UR, UT
**
** HISTORY OUTPUT: H-Output-2
**
*Output, history
*Node Output, nset=Center
CF3, Ul, U2, U3
**
** HISTORY OUTPUT: H-Output-1
**
*Output, history, variable=PRESELECT
*End Step
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Appendix B :
Punching shear capacity
The punching shear capacity of two-way slabs is calculated form the following
expression:

v" = ve+ vd
where,
1. Vc =Vee cos8
Vd is the dowel contribution to the shear capacity which is ignored in this study.
Vee

2. f,

= 4(Xcot8+D)~f,
Sin 8

= 0.6-Jf:

3. Ve = 4b Xcot8f,
0

where, bois the critical perimeter for punching shear= 4(Ad +D)
A = 1.0 for square columns
4. X= 2XsXr
X s +Xr
5. X s = Xr = 1.5£eu d
Eeu + Eru

Thus,
6. Ve =4(d+D)Xcot8f,
Substitute
f~

= 64 Mpa
8 = 29°

D =250 mm
d = 112 mm
Calculate f, from equation-2

f,

= 4.8

Mpa

X s = Xr = 27.35 mm
X= 27.35 mm
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Finally,
Vc = 4(112+ 250) x 27.35 x cot30 x 4.8 = 329 kN

Flexural capacity
The flexural moment capacity of two-way slab can be calculated using yield line theory,
originally developed for two-way slabs reinforced with traditional steel, however the
principles were used here as follow:
1. Pnex =8Mb(- S- -0.172)
a-c

Where Mbis the radial moment capacity of slabs, sis the side dimension, and a is the side
dimension between supports of slabs.

4.

Er

d-X

=-

- £cu

X

Substitute
£ cu = 0 .0035
d= 112 mm
f~ = 64 Mpa
a = 0.85- 0.0015( 2 0.67
a = 0.754
p= 0.97- 0.0025f~ 2 0.67

p = 0.81
E r = 40800 Mpa
p = 1.5%
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Thus
X=[- 0 _0035 + ( 0 _0035 2 + 4 x 0.754 x 0.81 x 64
40800 x 0.015

x o_ 0035 )~ ] x 40800 x 112 x 0.015
0.81 x 0.754 x 64

X=46.66mm.
112 46 66
er =
· x 0.0035 = 4.9 x 10- 3
46.66

Mb = 1900 x 112 2 x 0.015 x 40800 x 0.0049[1 -

0 5 0 81 46 66
· x · X ·
112

J

M b = 59.4 kN.m
1900 - 0.172]
1840-250
Pnex = 486.115 kN.
Pnex = 8 X59.4[

Comparing the above results with experiment 3 results
Failure Load = 384 kN
P(theoretical)/P(experiment) =0.86
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