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Abstract

In this thesis, the performance of G. .\P bars used as the main reinforcement for high
strength concrete two-way slabs is investigated. A total of six interior slab-column
connections, were cast and tested to failure at the structural laboratory of MUN. The
dimensions of the simply supported tested slabs were 1900 x 1900 mm square and the

thicknesses were 150 and 200 mm.

The reinforcement ratio and the clear concrete covers were the main variables in this
investigation. A transverse central load was applied to the slabs through a central column
stub. The structural behavior of the test specimens was investigated in terms of load-
deflection, crack pattern and spacing, deflection profile, concrete and GFRP strains,
failure mode and ultimate carrying capacity. Six slabs made of high strength concrete
were constructed and reinforced with 16 mm GFRP bars. One slab was cast as a reference

specimen using high strength concrete reinforced with traditional steel rebars.

The test results revealed that the slabs reinforced with GFRP bars exhibit higher
deflection and wider crack width compared to similar slabs with conventional steel
rebars. The load carrying capacity of the tested slabs was lower than the reference slab
reinforced with steel rebars. However, slab performance can be improved by increasing

slab depth.



The use of high strength ¢ crete improved the slab ultimate load capacity and reduced
the total deflection of the slab. H™ "1 strength two-way slabs reinforced with GFRP show
more ductility than the slabs reinforced with tradition steel; however, in terms of energy

absorption, the slab reinfor | 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 results were comp: 1 to the experimental recorded data. The modified crack

model and expressions provide « ellent agreement with the experimental results.

Finally, a finite element ABAQUS model was modified and adapted to predict the
structural behaviour of h 1 stret  h two-way slabs reinforced with GFRP. The finite
elements model provides useful agreement with the experimental results in terms of

ultimate load and maximum defc ations.
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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 has recently been accomplished. Several researches
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 use of high strength concrete reinforced with GFRP, there still exists
insufficient information regarding the design philosophy for the identification of the
behavior of high strer  h concrete reinforced with GFRP used in two-way slabs, such as
cracking criteria and the punching shear. Most of the relevant codes extend the
methodologics of the formulas of the normal strength ¢ zrete and apply them to the high
performance concrete. This is expected to lead to uneconomical design 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 structu  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

‘t state for des iers anc 1gineers will be deflection and ¢. s control.

GFRP rebars have different mechanical properties than traditional steel bars. The lower
modulus of elasticity and b 1 properties are major drawbacks for the GFRP as a material

that can be used in reinforced concrete structures.

The lower modulus of elasticity for GFRP as 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.



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 arc 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 investigation. 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 st n, GFRP strain and the load-detlection relation are

investigated with more attention to the cracking behavior.

The scope of this study is limited to one type of GFRP material, the glass tiber reinforced
polymer (GFRP), commercially known as Aslan 100 Vinly Ester Matrix GFRP Rebars.

Furthermore, only the interior slabs under central load are investigated.



1.4 Thesis Outline

Chapter 2 contains the literature review that is relevant to this investigation. In this
chapter, some of the previous work concerning the cracking behavior of concrete, models
and expressions developed to estimate the crack width are presented. FRP properties as a
new construction material and previous work and code limitations for FRP usc in

concrete design are discussed.

Chapter 3 explains the experimental program in detail. Details of the setup, loading,
specimen preparation, material used and concrete mix design, instrumentation and the

data acquisition system are provided.

Chapter 4 contains the test results and observations obtained from the experimental

g, concrete strain, and

program. Load-deflection relationship, crack width, cracks spacing,

GFRP strain are presented at the serviceability limit state and failure.

Chapter 5 contains the numerical verifications for the test results. An existing model to
calculate the crack wic 1 and existing code expression to estimate ¢ crack spacing are
adopted and modified to account for GFRP's different performance. Also, a finitc element
model is adopted and modified to verify the ultimate capacity and the maximum

deflection of the tested specimens.



Chapter 6 summarizes the findings from this investigation and presents recommendations

for future research.



Chapter 2

2 Literature Review

2.1 Introduction

Recently, the use of Fiber Reinforced Plastics (FRP) composite material in construction
has been growing to solve ‘aditional civil engineering problems, such as corrosion of
steel. The use of Glass Fiber Reinforced Plastics (GFRP), one of the most common types
of FRP composite material, is not only limited to rei orcing concrete structures in a
aggressive environment, but it can also be used in strengthening existing concrete and
masonry structures. The non-corrosive, high strength, a | light weight of the GFRP bars
would be beneficial to concrete structures such as bridges, marine structt s, and parking

structures.
Cracks in reinforced concrete structures are expected to occur due to concrete's weakness

in tension at low stresses. Since cracks would affect the stiffness of concrete structure

members, contribute to reinforcement’s corrosion, and the structure serviceability
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purposes, the cracking behavior of concrete structure and crack controlling are vital in

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 : le 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 1s

not the focus of this study.

2.2 Concrete Cracking Behavior

Concrete structural members that are subjected to loading develc different types of
cracks, which are mainly due to d :t tension, flexure, and shear. In this thesis, flexural

crack behavior will be the main focus.



2.2.1 Flexural Cracking Mechanism

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

the concrete and reinforcing ars.

When the concrete stresses reach the tensile strength, the tensile stress is just enough to
form the first crack. To maintain the equilibrium of the section, as shown in Figure 2-1,
the biaxial lateral compression has to disappear because the tension stress at the crack

location i1s assumed to be zero.

All 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 surroundir  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 ~ ween the crack spacing and the crack width
can be demonstrated by the graph shown in Figure 2-2. This is a typical concrete
member’s behavior acting in one-way or be ¢ on. However, according to Nawy’s

work in 1971, two-way slabs and plates would behave completely differcent than beams.






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 Formulas

2.3.1 Gergely and " 1tz (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 steel-

reinforced concrete beams and one way slabs.

h, . h
W ZIIX1076—_ ZIIXIO(‘—hAG“B dLA (21)
[ 1
where h, i1s the distance { the extreme tension surface to the neutral axis, h, is the

distance from the tension reinforcement centroid to the neutral axis, ¢_ 1s the steel stress

Sr






In their study, Gergely and Lutz conclude that steel stress is the most important variable,
though the expression does not include the bar diameter size affect, and the bond stresses
between the reinforcement and the surrounding concrete. Due to lower bond
characteristics for the GFRP, the bond stresses should be one of the variables that must be

considered in such expressions.

2.3.2 Broms Method

Based on the experimental testing of 37 tension members and 10 flexural members,
Broms concludes that the concrete cover is the most important factor in concrete cracking

behavior. He developed the followit  equation for predicting crack width and spacing:

S, =2t z"

ave

W.. =S, x¢e =2tg, (2.3)

ave b

where,

W .= average crack width at the reinforcement level, in.
t = concrete cover thickness, in.

S,.. =average crack spacing, in.

£, =steel strain



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 W, = [.5tto W, =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 arec hl and h2
from the neutral axis, the average crack spacing at the concrete tension surface level is

equal to:

h,
W =2tg, X— (2.4)

ave.conc
|

The method that was presented ;I 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.



2.3.3 Rclation between Crack Spacing, Crack Width and

Steel Stress

The cracking behavior of conc = members subjected to pure tension in the prescnce 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 specimens were identical except for the ansverse steel spacing. Also, as
a part of this experimental prc 18 specimens were tested to investigate existing

expressions presented by Beeby (1972) and (1979).

Leonhardt (1977) presented exp sions for crack width and spacing, including all
important variables that affect concrete cracking behavior, such as steel stress, bar
diameter, concrete cover and thickness. Leonhardt assumed the minimum possible crack

spacing can be found from:

S, =007 +7 (2.5)
where,

L, = the region of lost bond, calcula | according to Equation (2.6)

fﬁ’ cr X d i~
= 6)
45
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where,
f,,.. = the stress in the steel at the crack at the crack immediately after cracking
L, =the transfer length, which represents the length of the active bond stresses

d = the reinforcement diameter

L, :k,(a,c)+0.19 (2.7)
P

k, =is a factor that depends on concrete cover ¢ 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

WmL = Lr:em + Ltem (28)
fo. Y
g, =g |l-|~- (2.9)
‘ tSZ
where,
f., . =the steel stress at the crack immediately after cracking

f., =the steel stress at thec k.



g = the steel strain at the cracked section

g, = 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

S, = 1.33c+0.08 % (2.10)
p

me = Sh ><8m (2 l 1 )

where,
W, = the average crack width, and
S, = the average crack spacing as per Equation (2.10)
g, = the average strain measured over the cracks including the concrete contribution
within the transfer length, calculated according to Equation (2.12) below:
kf f

- — tos2er (212)

Elll s
» E s pst

where,

k = a constant that depends on the type of reinforcement



f, =the concrete tensile strength

E, = the modulus of elasticity of steel.

Rizkalla, in his study, conc les 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, =10(d-7.5) (2.13)

om

where,

L. . = the modified almost no bond le. h equivalent to L. defined in Equation (2.6)

om

d = the reinforcement diameter in n

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

S, =05L_ +S, (2.14)

om

where,

S, =1s the same expression that was introduced by Beeby



S, =5(d-75 | 33c+0.082 (2.15)
p

And in the presence of transverse steel

S. =BS,, (2.16)
0.96
B: R(),OZ
o (2.17)
I;l — T
S

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

S, =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:

W, ).6TW, . (2.18)

nn

W =1.55W (2.19)

max ° ave
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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 Crackin- For 1ula 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 invest” ited 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_ and the reinforcement straing_, giving

19



w=oag) (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 |

w=o R(I)e’ (2.21)

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

axis to the center of gravity of the reinforcement 1

€, =unit strain in the reinforcement at the various level; and o,3,y= constants to be

evaluated from test results.

The grid index is calculated accordir  the following expression:

[= Smb 552 8 (2.21)

where,

p, active steel ratio

20



$,,S,= spacing of reinforcement in direction | and 2 respectively.

The same approach and expression developed by Nawy to calculate the crack width
reinforced with traditional steel, were used in fiberglass reinforced concrete slabs
specimens; a statistical regression analysis was performed in order to obtain the constants.

Hence, the maximum crack width can be expressed as

w =2.8x10 *RWIf, (2.22)

in which f, = the stress leve  in the fiberglass reinforcement.

From test observation, Nawy reported that the cracking in two-way slabs consisted of

orthogonal crackir  which followed the nforcement «cing in both directions.

For concrete beams reinforced with fiberglass, Nawy readjusted the ACI 381-71
developed from Gergely and Lutz's work, considering the difference in the young's
modulus of the two materials; in the case of the fiberglass reinforcement, the crack width

Iy

w =0.002f, }/d_A (2.23)







W, =¢S5, (2.24)
where,
W, = crack width
€= reinforcement strain
fs =reinforcing stecl stress
Es =reinforcing steel young’s modulus

S, = the crack spacing

The above expression calculates crack width at the steel level. In order to obtain the crack

width at bottom of the concrete, the strain gradient factor B was introduced.

=
|
[

The crack spacing S_ in equation (2.24) should be calculated from the following

expression:
S, =yxd’ (2.25)
where,
d” =is the controlling cover distance
vy =is the crack st = 7 or (= 1.0 for mi “num, 1.5 for aver: : and 2.0 for

maximum crack spacing).

b2
(98]



d" =is calculated as illustrated in the Figure 2-4 below according to the expression;

Figure 2-5: Controlling cover distance calculation

d' = [d? +(ij (2.26)

In his expression, Frosch relates crack width to reinforcement spacing; 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).
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W (2.29)
As 0
o, = HoPX (2.30)
¢
where,
t,, = Bond stress
_ ASI
p ACI
¢ = Bar diameter
when,
S
X =—
2
G“:_’I;__ZIhS "31)
vy o
2t. N8
.= ™ (2.32)
o
The n  imum crack spacing is equal to
, _fa0 (2.33)
max 2thp
when,
O.
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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.
s| T t.s
w =L[——f(]+np)} (234)

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 d° 1eter and reinforcement ratio, which are agreed upon by
most of investigators. Bond stresses would be one of the important variables in the case of

using GFRP as main reinforcement.

2.4.3 The Tension «hord Model

This model is set up in ter s 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 prescented 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.



One major feature of the tension chord model is the bond-slip constitutive relationship for
steel. Acknowledging that the exact distribution of stresses in concrete and steel is not of
primary interest as long as the resulting steel stresses and overall member strains reflect
governing influences and match experimental data, Marti et al. (1998) used 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 me bers is not significant at service
load levels, CEB/FIP MC90 proposes a rigid-perfectly plastic bond-slip relationship for
the serviceability design of steel-reinforced concrete members:

T, = 1.8f (2.35)

ctm

where,

.. =1s defined as the mean tensile strength of concrete.

ctm
The model assumes that if the concrete stresses between cracks under maximum crack

spacing conditions reach f_,, a new crack will form 1 dway between those spaced at

As a result, the mean crack spacing in the stabilized crack formation stage is

S max *

bounded by the following limits:



S
. _ Ymax . .
(Smin - 7 ) < bm < sm.'lx

or

0.5<A=—"<1.0

\S max

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

The mean crack spacing is

S As,. = M[ﬂ}o.s <A<1.0 (2.36)
“ 0 ps

The tension chord model overcomes this problem by assuming that the mean crack width

in the stabilized cracking st : can be calculated as
wl“ = Sm (ESH] —gCl“) (2-37)

where s 1s the mean crack spacing, € 1s the mean steel strain, both at the given load

O sm

level, and €, is the mean concrete strain at the end of the single crack formation phase.

cm

Based on the concrete stress distributions the mean concrete strain is

g =—-—=- (2.38)
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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 me1 ers subjected to tension cracks.
This approach is mainly use for tensile cracking, in general the cracks that are formed on
reinforced or plain concrete specimens can be characterized by the stress- deformation
curve which exhibits linear and non-linear paths before the peak stress, and a nonlinear

strain-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 all previous work,
investigators have been agreed upon defining not only the fracture energy G, , but also the
characteristic length 1, 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 specii :ns 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



affect the plain concrete behavior under direct tension. The total deformation of the

specimen can be expressed as

8=0,+0,+w (2.40)

Where §,and 8, are defined  the elastic deformations, and w is the crack width. Also, a

relationship between f_ and f, was obtained from the test results as

f, =0.45f * (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 . d 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 J_to
the total deformation at failured,, for a specified length L where a crack has been

formed:

B =n,Lf’/EG, -n,B (2.42)
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The brittleness parameter w  increase with the strength and the length, and this coincides

with the fact that high stren; 1 concrete is very brittle material.

In a unique test setup conducted by Marzouk and Chen (1995), consisting of a strain-
controlled mode through a close-loop testing machine, plain high strength concrete was
tested under direct uniaxial tension. A total of 48 specimens with dimensions of
20x75x300mm were sted to determine the fracture energy, and characteristic length.
Load-deformation curves, a relationship betv n 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

expression:
y:2x—x2,x <1.0
2.43
y = X 5 x21.0 ( )
afx —1) +x
where,

y =relative stress f /ft'

x =relative strain €, /€,

33



The high 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 started
to crack. The tensile strength of high strength concrete is 4% of the maximum

compressive strength 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-t method . based on the Gergely and Lutz research investigation. CSA
A23.3-04 does not limit the crack width directly. Inste 1, 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, re _ ctively. These lim . correspond to crack widths of

0.4 and 0.33 mm, respectively. The termo, is calculated based on the naked steel

response or 1s assumed to be equal to 60 % of steel yield strength.




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.

™ 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 men ers reinforced with FRP

h,
w:l]XIO‘f’GﬁKbh—‘{/a_A (2.44)

¢
I

where,



K, = 1s a bond coefficient, taken as 1.0 for GFRP bars with bond properties 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, controls crack widths by limiting a factor, z, which 1s defined as

E,
2=K, 250, d A (2.45)

,
The maximum values for z are 45000 and 38000 N/mm, for interior and exterior
exposure, respectively, E; is FRP modulus of elasticity, and K, is a bond coefficient
equal to 1.2 for deformed FRP bars. These z values are equivalent to maximum allowable
crack widths of about 1.5 times eater than those allowed for both interior and exterior
exposure conditions 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

members has been driven by the superior corrosion resistance of GFRP reinforcement.
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2.8 Bond between GrrRP 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 con eted, a force transfer must exist: the bond. For tlexure
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, eside the lower GFRP modulus
of elasticity, the deformations in rebars play a major »>le in bond stresses. Since the
GFRP bars have no deformation ribs, bond stresses mainly depend on chemical adhesion
and friction. This will rest  in lower bond stresses, which might affect the cracking

behavior of concrete members reinforced with GFRP.



2.8.1 GFRP Bond Influential Parameters

The most influential parameters on the bond interaction betwecn FRP and concrete are:

[} Cross-sectional shape of GFRP reinforcement

2) GFRP's elastic modi s in both axial and transverse directions
3) Bar diameter or cross-sectional size

4) Surface conditic

5) Resin type

6) Concrete strength
7) Confinement conditions

8) Poisson's ratio of GFRP
9) Position of the bar in the structural member's cross-section

10) Concrete cover

2.8.2 Bond of GFRP Relative to Steel

The bond strength of FRP is expected to be less than that of conventional steel because:

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

i) The resin matrix has a lower shear strength, and

it) The shear stiffness of GFRP 1s 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 test can be conducted: the pull out test and the beam test.

The pull out test has been used extensively to determine bond strength. In this test, a
tensile force is 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 test does not
simulate the actual behavior of flexural concrete members. Engincers and scientists have
found that the beam test is more representative to the actual behavior of reinforced

concrete members in flexure.

Tastani and Pantazopor Hu (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 reinforeed
concrete and simulates the real force developed in the bars and the surrounding concrete.

There exists a limited amc it of research in FRP bond properties, and all investigators
have agreed on the expression below to obtain the bond strength for concrete members

reinforced with FRP:

(2.46)

where,
K = bond strength in MPa.

T = applied load
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d, =bar diameter

| = embedded length

The expression above can be u | in both pullout and beam tests. 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
of 7.3 MPa, obtained from the beam test, as a maximum bond strength of 15.9 mm GFRP

bars, which is considered a very high value for bond strength for GFRP.

2.9 Tension Stiff.ning Effect in rRP-reinforced

Concrete Members

According to the tension chord model fundamentals, the strain correction due to
concrete's tension stiffening is h™ " ly influenced by the amount of reinforcement and the
elastic modulus of the reinforcement. The effect of these variables in members with
GFRP could be more influential than in steel-reinforced concrete members. If the tension
stiffening effect is important in the context of steel-reinforced concrete members, 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 scientists 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 examii |, like carbon (CFRP) and Aramid (AFRP). Compared to
conventional steel reinforcement rebars, GFRP has d ‘erent physical properties. The

lower modulus of elasticity 1s a major draw back in using GFRP as a reinforcing material.

The use of FRP is limited to cc  sive, non-magnetic environments, duc the high cost of
this material and the limited performance and research data base available. Nevertheless,
FRP has a wide range of applications as a constructic  material for new and existing

structures, especially for st gthening.

Widespread rescarch has been dot  on FRP as reinforcement for structural members. The
desirability for GFRP usage as reinforcement to overc ne 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 moti  es 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, )00 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 slabs
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 S 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 | 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 1 imate 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
E, = the FRP modulus of elasticity
E. = the steel modulus of elasticity

The same modification has been recommended earlier by the JSCE in 1997.



Matthys and Taerwe also adopted and modified existing models to calculate the ultimate
shear capacity for the tested slabs. The following mod cations were introduced to the
Hallgren (1996) and Menétrey (1996) models to account for the different physical

properties of the FRP:

I. 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

r

4. Take the modified reinfc  >ment ratio as p

S

In conclusion, Matthys and .uerwe strongly recommended that the modified
reinforcement ratio be used in the ultimate load calculations for concrete members
reinforced with FRP, which accounts for the lower FRP modulus of elasticity, though it

does not consider the lower bond | -operties of the FRP.

Banthia et al. (1995) tested four concrete slabs that v e 600x 600 i ‘nsion
to study the behavior of ¢t crete slabs reinforced with a fiber-reinforced plastic grid.
Three slabs reinforced with FRP grids (NEFM/ ', manufactured by Shimizu
Corporation, Japan) were compared to a similar slab reinforced with conventional steel
reinforcement. Normal strength, high strength and normal strength concrete with fiber
were used to manufacture the slabs. ...e . 2P grid had a tensile strength 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 <perimental results with existing codes equations, and
concluded in this study that no significant changes for the codes equation were necded.
Also, the usc of the fiber reinforced concrete improved the ultimate carrying capacity and

energy-absorption capability of the tested slabs.

El-Ghandour et al. (2002) tested a total of eight slabs in a two-phase experimental
program. The normal concrete two-way slabs 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 these problems, the authors increased the reinforcement ratio.

A model to predict the shear capacity of two-way slabs reinforced with FRP was
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 researcher as the maximum strain for reinforcement in

the proposed model for shear capacity calculations.

El-Ghandour applied the strain approach proposed by Clarke (1996) and the stress
approach combined with BS 8110 (1985) shear capacity equations to calculate the shear

capacity for reinforced concrete two-way slabs reinforced with FRP. The two different



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

A, = App(Eip /E J01) (2.47)

where

A =equivalent area of steel

A p = area of FRP

E s = FRP modulus of elasticity
E_ = steel modulus of elasticity

o, = (8,,.,{,)/8y): 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 accordii  to the BS 8110 (1985) to obtain the correction 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 slippage.

The investigator presented a comprehensive investigatic  on the implementation of FRP
reinforcement in slab construction. The main variables were the slab reinforcement

material, the type of the reinforcement mat, and the flexi |l 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.

Ospina examined the existing code design provisions (ACI 318 and BS8110) and
equations that were recently proposed by other investigators (Matthys and Taerwe 2000b
and El-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) investigated 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's 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 was investigated.

The test results reveal that normal strength concrete two-way slabs reinforced with GFRP
exhibit higher deflection, = ater crack width and lower punching loads compared to
similar slabs with traditional steel bars. The nvestigator concludes that increasing the
concrete strength or the slab depth improves the performance of the tested slabs; however,
only two slabs made with h™ "1 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 mod :d a rational model originally proposed by Marzouk and
Hussein (1993) for two-way slabs reinforced with traditional steel bars. Some limitations
in the original model due to the assumed failure geometry were eliminated and the GFRP

properties were incorporate into the modified model.
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The same modeling assumptions were used to describe the slab behavior, the failure
mechanism and the failt : 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 steel rebars.

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

the following equation:

V,=mv_b X.cot8 (2.48)

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

v, =027 " 49)

cu

where, m represents a coefficient equal to 1.00 and 0.80 for normal weight and
lightweight concrete, respectively.

0 = the angle of failure of the fracture cone surface, taken as 30 degrees
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b, =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,
¢ = 1s diameter side or the column width

d = the effective depth « the slab

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

27X X
X = (2.51)
X, + X,

where,

X, =is the neutral axis depth of the shear section

X, 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 ¢ «cted - : low b | rtiecs of the P

reinforcement. The same ob on v cc by Ospina et al (2001). To
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overcome the problem, Dimitrios et al. proposed a reduction factor of 45% of the FRP
strain that was calculated assuming that the FRP has a perfect bond with the surrounding

concrete by applying the equilibrium and compatibility conditions.



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 (I JN) to investigate the behavior
of high strength concrete (HSC) reinforced with glass fiber-reinforced polymer (GFRP)
bars. The experimental program consists of the casting, testing and evaluation of six two-
way 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  ength 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 percenti  we¢  considered in this program as major variables that

¥,
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could affect cracking behavior. The specific test procedure, specimen details and

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

3.2 Materials

3.2.1 Concrete

The original mix design was developed at (MUN) (Marzouk and Hussein 1991) using
type 10 Normal Portland Cement. In this investigation, the cement type used is Type 10E-
SF-Normal Portland cement with silica fume at 8 % addition by weight, which complies
with CSA A3000-03 Blended Hydraulic Cement GUb, 8SF. The target compressive

strength is 70 MPa.

The mix design for high strength concrete used local material and Silica Fume Portland
Cement, known commerc ly as HSF, and is produced by St.Lawrence Cement,
Mississauga, Ontario. The mix also contained a low water-cement "o (w/c) of 0.3, and
water reducing admixtures were added to the mix. Also, a superplasticizer was 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 mix.

N
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The superplasticizer used in the mix i1s commonly knoyv as EUCON 3 and it meets all
the requirements of the ASTM C4  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  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 pos »Hle 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
specifications 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 derived from hydroxycarboxylic

acid, that complies with CSA-A266.2 type R, RX and SR standards.
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3.2.3 Mixing Procedure

In order to achieve the target strength, the following mix procedure was used:

e Charge 100% of coarse aggregate;

e Batch 100% of cement;

e Batch 100% of sand;

e Mix dry for 1-2 minv s in order to obtain homogeneous concrete mix;

e Mix for 5 minutes after adding 50% of estimated water with supper plasticizer
(1200 mly;

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

e Mix for 2-3 minutes with the rest of the water dose to target slump.

3 ™ 4 Reinforcement Properties

All six specimens tested in s study were reinforced with fiber glass reinforced poly  r
(GFRP), 16 mm, commerci.  y known as Aslan 100 Vinly Ester Matrix GFRP Rebar. A
tension test was performed to obtain the actual stress-strain relation Hr GFRP bars used

in this current investigation. Only the modulus of elasticity was obtained from the tension

test data.
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Figure 3-2: Stress-Strain curve for GFRP rebars test results

Based on the pullout test provided by the manufacturer, 1e maximum bond stress is 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.



3.3 Details of Test Specimens:

A total of six specimens reinforced with GFRP, plus a reference steel reinforced slab,
were tested in this investigation. The specimens were divided into two groups, whereby
each group consisted of ree specimens. The main variables considered in this

investigation are the reinforcement ratio and the clear concrete cover.

The experimental program was divided into two series according to the variables
considered to carry out this invest” 1tion, as mentioned earlier; the slabs in Series | 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 strength concrete reinforced steel rebars, with the same reinforcement

ratio and with identical geor trical properties.

All of the tested specimens were 1900x 1900 mm slabs constructed and tested to failure
in this study. All specimens were cast using high-strength concrete produced at the

concrete laboratory (MUN), reinforced with G. .\P rebars.

A reference slab reinforced with conventional steel rebars was constructed and tested to
failure for comparison purposes. The details of all specimens were presented in the

following table:









B, =0.97 - 0.0025f, (3.2)

All of the tested specimens were designed to fail in punching shear; all slabs were over
reinforced concrete members. To achieve this phenomenon, the following values were

substituted in the above expression:

e, = 0.0035
g, = 00I8

f, = 630MPa
tL = 70 MPa

The designed reinforcement ratio obtained is:

phul = 12%

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 was a large steel reaction
frame. The slabs were rested vertically on the frame; rubber packing was installed
between the specimens and the steel frame. The boundary condition in this case s a
simply supported slab with the corner free to lift, which coincides with the selection of

the isolated column-slabtore; 5  theinte >t nel of a continuous slab.
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A central manual-hydraulic jack, commercially known as ENERPAC Double-Acting,
High Tonnage Cylinders, CLRG-30012, was used to apply the load in all tests. The
capacity of the hydraulic jack that was used to carry the experimental program is 300 tons
(600 kips), 0.305 m (12 inches) stroke and a maximum operating pressure of 69 MPa

(10000 pst), sce Figure 3.4.

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

failure.

Electrical resistance strain gauges having a resistance ¢ 120+ 0.3% ohms were used to
measure the variations of the concrete strains on the compression side: for the strain

gauge locations, sce 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 five strain gauges were installed and glued to the main reinforcement.
Strain  a s | to 4 were installed on the main reinforcement; however, strain gauge 5

was installed on the transverse  nft :ement. For ™ tested specimens, the locations of







3.5 Test 'rocedure

The slabs were placed on the testing frame, and the load was first applied up to 45 kN (10
Kips) then released to  ike 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 cor nues up to fa 1re in intervals of 45 kN (10 Kips). For each load interval,

the cracks were mapped and hotographed 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.









Chapter 4

4 Test Results and Discussion

4.1 Introduction

The test results and observations obtained from the experimental program arc 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 G. P bars were examined. The behaviour of the slabs arc
presented in terms 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 this

chapter.
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4.2 Strains 1n 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 parallel to the column
face and the radial direction represents the direction perpendicular to the column face.
Concrete strain gauges in the radial direction were mor ted at different locations on the
compression side of the slabs, as explained in the previous chapter. Therefore, the
maximum concrete strain in the radial direction was considered and measured on the
compression surface of the slabs at distances of around 50 to 450 mm, 100 mm apart,

from the middle of the column face. The concrete strains were much lower than 3500 e,

which is the recommended crushing strain limit according to CSA-A23.3 (CSA, 2004).

The radial concrete st n profiles at different load levels are shown in Figure. 4-1 for
Specimen 4 of Series 2 of the  : slabs. The highest strain in each diagram shows the
radial strain distribution at or clo  to the ultimate load. The maximum radial concrete
strain generally developed at a certain distance very close to the column face. The strains
then dropped quickly with an increase in the distance from the slab centre. This
phenomenon was more pronounced in slabs with a higher reinforcement ratio and slab
depth. This observation was also 1 | orted in some of the tests on high strength concrete

slab-column connections by Hallgren (1996).
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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 cracks;
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 ¢ gauge location and the crack

width.

The tension stiffening effects of the concrete on the slab reinforcement could be assessed
using the concave parts of the load-strain curves as suggested by Hallgren (1996). This
phenomenon 1s very in ortant in understanding the behaviour of GFRP reinforced slabs

and requires further investigation.
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Figure 4-2: GFRP Strain Profile Specimen 3 Series |
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4.3 Load-deflection Characteristics:

The central load-deflection relationship was obtained frc  the LPDTs placed at the centre
of the slab. The load detlection 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 readings were decreased slightly due to the
relaxation of the slab’s internal stresses. Thus, the loa deflection graphs are not very

smooth. However, this will not ““ect the slab’s capacity.

The load-deflection curve of the GFRP reinforced slabs consisted of two lincar
characteristic portions with an initial crack formation, showing a completely different
behavior than the steel reinforced slabs. The tested slab load-deflection characteristics are
similar to previous normal strength concrete slabs reinforced with GFRP bars (Rashid,
2004). The slope of the load-deflection curve was norir  ly steep before the formation of

the first crack. This indicates the h™ "ier stiffness of the 1 cracked slab.

As the applied load was increased, the initial cracks formed and the slab 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-detlection curve was almost constant and started to

decrease close to failure as shown in F' re 4-6.
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Figure 4-6: Load vs. Central Deflection Specimen |

The deflection profiles shown in this chapter are similar for all the tested slabs; two
specimens’ results, one from each series, are shown in Figures 4-7 and 4-8. The
deflection profile curves show acceptable deflections within the serviceability limit, and
the service load is represented by the third curve in both graphs. The slabs showed
excessive deflection after crac  ng, which indicates the lower stiffness of the cracked

slabs.






The load- deflection curve can indicate the failure mode for the slab, as detined by
Marzouk and Hussein ¢ J91). In the load-deflection graphs shown above, a positive slope
up to the failure load is indicated, and the failure appears suddenly. This phenomenon is
a clear sign of punching shear failure; this confirms the fact that all the slabs were

designed to fail under punchii  shear, as explained in the cxperimental program.

The stiftness of the slabs in Series | increases as the reinforcement ratio increases.
Observation of the experiment shows that, for Series I, the slabs with a lower
reinforcement ratio de :cted more, showing more ductility. When increasing the slab
thickness, as in Series 2, the slab stiffness shows an increase that is accompanied by less

deflection and higher section capacity.

The effect of the slab thickness and the clear concrete  ver can indicate that the higher
the thickness of the slab the h™ "er the stiffness. However, more ductility was recorded
for the slab that has the same reinforcement ratio and different thickness, as shown in

Figure 4-9.
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4 .4 Crack Width Measurements:

The first crack formed 1 the slabs at a load ranging from 50 to 192 kN (11 to 45 Kips),
which is 18 to 39% of the ultimate load as shown in Table 4-1. The crack width was
measured using LPDTs as crack width mcasurement gauge, as mentioned previously. The
slab was initially loaded, and as soon as hair cracks started to appear, the loading was
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 monitor 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 ea

around the column circumference.

load increment was observed

The values of the crack width at service loads, w_ and the ultimate loads, w are also

reordered in Table 4-1. The load-crack width curve seems 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 Deflecuion w IVIAX.

No Load Width @ | Service Load Crack First Crack Crack

(kN) Service (mm) Load (mm) Width

Load (KN) w , (mm)
w_ (mm)
1- 114 0.3766 uy.200 50.00 5.942 4.2126
2- 154 | O.4d44 uv.45 / 1UU.UU 4.821 2.8340
3- 150 0.4170 07.867 120.00 7.867 1.1813
4- 340 0.4677 12.776 17 00 6.594 2.0753
s 339 1.0247 10.537 192.00 4.251 2190 |

6- 256 0.5557 08.545 991 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:
[. A serviceability deflection limit of /180, where [ is the member span.

2. A crack width limit of 0.4 mm. It is generally accepted that stresses in the steel

reinforcement should I around 0.6 f at the service loads. This would correspond to

a strain of approximately 1200« s ns(une) 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, €, should not exceed 2000pE. Table 4-1
shows the service loads, P, the crack width, w, and the service deflection, at a strain

of 2000 LE for the test slabs.

The service load of the test slabs we  1n range of load 114 to 340 kN that cor  ponded
to 2000 micro strains.  ne vali . of the service loads reported were at the range of 28%

of the ultimate strain reported for Specimen 2, nf :ed with p,, 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 crackir  requirements at the service loads recommended by
ACI committee 440 (2003). ACI 440.1 R-03 recomm dations state that the maximum
crack width of Gi P 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 pth slabs was about 45% lower than that of the high depth slabs.

The reinforcement ratio had ttle 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 ultimate deflection for the
test slabs. A comparison of the ultimate capacity of slab Specimen | and the reference
slab, having the same geometry, reals that using GFRP bars dramatically decrcases 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 | by 12% and 37% when
the reinforcement ratio increased by of 25% and 50%, respectively, over the slab of
Specimen | 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 e 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 etfective slab depth from 150 to 200 mm, the load
carrying capacity of the slab specimen 4 in Series 2 in :ased by 85%, combined with a
decrease in the ultimate deflection of 23%, compared to Specimen 2 in Series |; see

Figure 4-9.
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Table 4-2: Deflection characteristics ¢ the test slabs

Series No | Experiment No ultimate Load (KIN) Ultimate Deflection (mm)
1 282 a 40,000 N
1 2 319 33.128
3 | 384 36.765
B 4 | 589 29500
2 S5 | 4%/ 24.216
0 } 437 30.173

4.7 Stiffness, vuctility and Energy Absorption

Characteristics:

As mentioned earlier, the stiffness of a slab represents the amou  of load needed to
produce a unit displacement at the centre of a slab. The initial stiffness K, is the
tangential value of the slope of the load-detlection c1 /e at the uncracked stage. The
cracked stiffness K ts calculated as the average tangential value of the slope of the load-

deflection curve after the transition stage has ended.



The values of K, and K _ 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 fro 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 “J00pe. 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 .able 4-3.
The results show that the ductility of the GFPR reinforced slabs is considerably affected
by the reinforcement 1tio 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 ¢ ar that the reinforcement ratio scems to have a strong influence

on the ductility.
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Table 4-3: Stiffness, ductility, energy absorption

Series Experiment K, B K. Ductility index Encrgy
No No kKN/mm | kN/mm A“/A‘_ Absorption
kN.mm
| 21.204 | 5.845 12.7 7173
l 2 25910 | 7.495 6.9 6042
3 s1uss | 9464 |
| | 23 10332
2 5 40003 | 2120 | 3.04 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, spectively. On the other hand, the slab thickness
decreased the ductility index by 40% when the slab depth increased from 150 mm to 200

mim.

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 in¢  sed as the reinforcement ratio was increased.
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A comparison of slabs Spec nen 1 and Specimen 3 in Series | indicates that the energy
absorption capacity increased by approximately 14% as the reinforcement ratio was
increased by 50%. The energy absorption capacity sI” tly decreased with increasing of

the slab effective depth.

A comparison of slabs Specimens 4, 5 and 6 of Series 2 shows that there was an 8%
decrease in this capacity when the clear concrete cover was increased. The effect of the
slab thickness on the ene 7 absorption capacity is clearly noticeable; an increase of 71%

was experienced when the s thickness was increased from 150 mm to 200 mm.

4.8 Cracking and . ailure Characteristics:

The developing cracks were traced on the test slabs as the load was applied. The first
cracks were observed along lines parallel to the horizontal reinforcement passing through
the column stub on the tension surface of the slabs. These cracks were followed by the
formation of similar cracks in the vertical direction. As the load was increased, cracks
running roughly around the colu 1 circumference w. : formed, followed by the first

diagonal crack that reached the corner of the slabs.

Normally, yield-line crackii  patterns occur in a steel reinforced slab due to the yield

characteristics of the steel reinforcen  t. However, as for the GFRP specimens, when the
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load reached approxim zly 60% of the ultimate load « the GFRP reinforced slabs, the
diagonal cracks reach a four corners and a pattern similar to flexural yicld-line
patterns clearly formed, especially for the slabs with low reinforcement 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, some audible sounds were heard for all test
slabs. This could be due to the separation of the flexural reinforcement mesh from the
surrounding concrete at that point. Spalling was observed in all of the tested slabs. As the

ultimate load was 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 bars, while 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 Series 1 and 2. The
formation of orthogonal cracks matched the reinforcement mesh and the yield line crack
pattern in all slab of Series 1. This observation reveals that bar spacing has a
significant cffect on the formation of the crack patterns and the development of the

flexural behaviour of the slab.
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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 1s the flexural failure mode
that represents the exhaustion of the tlexural capacity of the slab at failure and the yield of

the steel or bond slip failure.
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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 a  C. ..P flexural members should be over-reinforced (ISIS 2001;
ACI 440.1R-03). On the other hand, flexural failure could also occur as a result of
concrete crushing that is charactert: as a flexural failure in compression. This

compression flexure failure is allow | by the code tor GFRP reinforced members.
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The second mode of failure in a two-way slab is the pi  ching shear failure mode that is
triggered by the diagonal :nsion cracks developing inside the concrete around the

column vicinity prior to the  pture of the reinforcement or crushing of the conc  e.

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 . flexural capacity is reached. The second type is the pure

punching failure th leads to localized crack patterns and a sudden failure.

In the current study, punching cones were formed in all slabs without clear evidence of
concrete crushing at the compression side. Also, no rupture of the GFRP bars was
observed. ..is 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 teste  slabs matched the reinforcement layout, and in particular, in the
punching cone. This could be attributed to the small bar spacing of slabs. 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.



Typically, as the ultimate Joad was reached, the slab started to fail due to the column
penetrating through it. The strains in the GFRP bars did not reach the ultimate strain
value, and thercfore, the GFRP bar did not rupture. The strain readings from the concrete
gauges on the compression side indicated that the concrete did not reach the crushing

strain limit of approximately 0.0035.

However, a crack was ¢ served around the column on the compression surface of slabs. It
1s difficult to differentiate whether the crack was forme because of flexure compression
failure or due to the column punching through the slab. The same observation was
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 section, the results of two slabs tested in the present investigation will be
compared to the results of two slabs from previous research. GS2, a normal strength
concrete slab reinforced with GFRP, was tested by previous investigators (Rashid, 2004).
NS, a normal strength concrete slab reinforced with conventional steel, was tested by
Marzouk and Ebead (2004). Both s :imens : constructed and tested at MUN’s

structural laboratory.



The compared slabs have the same gcometry and reinforcement ratio, but were reinforced
with different reinforcement types (GFRP and Ster and have different concrete
compressive streng s (High and Normal); see Table 4-4. Only Specimen 2 in Series |
had a slightly higher reinforcement ratio of 1.2%, comp ed to NS a normal strength slab

reinforced with steel.

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

Lie f) pv% | Reinforcement | Ultimate | Max.Deflection Encrgy
MPa Type Load (mm) Absorption
(kN) kN.mm
[ Specimen | | 66.5 | 1L.UO | UEPKP 282 46.00 7173
Specimen 2 | 62 1.2 GFRP 319 32.128 6024
Reference | 70.0 | 1.00 SIEEL oU3 35.00 12128
Slab
I RP 218 38.00 5886
|
NS~ 36.0 | 1 420 24.50 5950
|

:I:Rashied (2()04)
**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 strengtt  oncrete slab was reinforced with

the same ratc of 1.00% of Gl ..P, the ultimate loc was only 218 kKN and 38mm
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deflection; when high strength concrete was used with GFRP at the same reinforcement
ratio, the slab ultimate load capacity improved to 282 kN and the maximum deflection
increased to 46mm. When the reinforcement ratio w  increased to 1.2% with high
strength concrete, the ultimate load capacity improved to 319 kN and the maximum

deflection decreased to 32mm.

Load (kN)

0 10 20 30 40 50 60

Deflection (mm)

--+-- Referenre Specimen - ®- Specimen | GS2 NS

Figure 4-10: Load-Deflection Curves Reference Slab, Specimen I, NS, and GS2

The ultimate load capacity was lowered from 603 kN to 218 kN when GFRP was used as
the main reinforcement instead of conventional steel. However, for Specimen 1, when
high strength concrete slab that reinforced with GFRP from the current study was used,

the ultimate lc " increased to 287 kN from ™8 kN for the normal strength concrete slab.



Load (kN)
%

0 5 10 15 20 25 30 35 40
Deflection (mm)
e NQ? —=— Specimen 2

F' ire 11: Load-Deflection Curves Specimen 2 and NS

When the reinforcement ratio increased to 1.2% for GFRP with the use of high strength
concrete, the ultimate load carrying capacity is improved further as recorded, with

Specimen 2 reaching 319 kN.

The ultimate capacity « 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 1e 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 1 the previous chapter.

The cracking behavior of the high strength two-way slabs reinforced with GFRP rebars 1s
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, this study adopts the formula used for concrete members
reinforced with conventional steel rebars, according to the Canadian Standard Association
S 474-04 clause 9.3.5, and the . > expression was previously recommended by NSF,
the Norwegian Standards Association, NS 3473E (1992).

The average crack spacing, s, , of cracks normal to the reinforcement shall be calculated

m?

usit  the following equation:

s, = c+0.1s  kk,d h, b/A (5.1)

m
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where,
¢ = concrete cover mm
s = bar spacing of the « ter layer of the bars, mm

d,. =equivalent bar diameter of the outer layer of the bars
h, =effective embedment thickness taken as shown in Figure 5-1

b = width of the sectic

A . = area of reinforcement within the effective embedment thickness

k, = coefficient that characterize the bond properties of the reinforcement

k, = coefficient that account for the strain gradient

The above expression addresses the most important variables considered to aftect the
cracking behavior ¢ the reinforced concrete mem s agreed upon. The factors that have
the most influence ont :crac’”  behavior, according to scientists 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 « :ar concrete cover and the reinforcement ratio reflected in the bar
spacing, assuming a perfect bond condition, and the second term addresses the bond

effect on the cracking behavior, assuming a bond slip condition.

As mentioned earli ¢ used suc  sfully to calculate the mean crack

spacing for concrete membc 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 ongoing research at Memorial University of Newfoundland, Sabrah et al. (2007)
recognized the effe  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 4 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, assumir  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 mo fication adopted and used in the

crack spacing calculation in the present investigation.

For simplicity of calculation, the product of the constants k, and k, is taken as 0.1,

according to the Canad 1S 1dard Association CSA 474-94.

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

following steps:

1. The effective embedment thickness would be calculated as per Figure 5-1, and
then the aforementioned reduction to 40% would be applied.

2. Theconstant k, and , are taken as 0.1

! 3. The aforementioned modification and simplification to equation would be

incorporated (5.1)

Thus, the new equation for FRP slabs i1s:

s, =2(c+0.1s)+0.04d, h  b/A, (5.2)

m

Comparison between calcul. :d using the above mentioned equation and measured mean

crack spacing is presented in T. e 5-1.




7.5dpe

Figure 5-1: The effective embedment thickness

5.2.2 Crack Width Calculations for GFRP Reinforcement:

The current expressions used in calculating the crack width for concrete members are
merely empirical in nature. The majority of design prov ions to calculate crack width in
members with FRP are based on modifications of statistical models made according to the
Gergely-Lutz equation. The ew expression by ISIS M04-00 (2001) suggests calculating

crack width for members reinforced with FRP using the llowing equation:

h,
w=11x10 "o K, . Yd A (5.3)

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

E, = modulus of elasticity of the steel, MPa



Oy, = stress in the tension FRP reinforcement at location of the crack, MPa

h, = the distance from the extreme tension surface to the neutral axis, mm

h, = the distance from =z centroid of tension reinforcement to the extreme tension
surface, mm

d. = concrete cover measured 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,
mm”

K, =a bond coefficient, taken as 1.0 for FRP bars with bond properties similar to

those of steel, greater than 1.0 for . .«P 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 conerete structures, CSA S806-

02, controls crack widths by limitii  a factor, z, which is defined as

E
=K, o, A[d A (5.4)

where,

o, = stress in the tension nforcement at location of the crack, MPa

frp

E. = modulus of clasticity of the steel, MPa
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E, modulus of elasticity of the FRP, MPa
d. = concrete cover measured from the centroid of tension reinforcement to the extreme
tension surface, mm
A = effective tension area of concrete surrounding the flexural tension reinforcement and
having the same centroid as that reinforcement, divided by the number of rebars,
2
mm
K, =a bond coefficient, taken as 1.2 for FRP bars 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, is a bond coefficient equal

to 1.2 for FRP bars with bond properties similar to steel :formed bars,

These z values are equivalent to maximum allowable crack widths of about 1.5 times
greater than those allowed for both interior and exterior exposure conditions by CSA
A23.3-04 for the des 1 of steel-reinforced concrete members. The increase in the
allowable crack width limits for FRP-reinforced concrete members has been driven by the

superior corrosion resistance of FRP reinforcement.

In this investigation, the tension chord model was modified to account 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 re  orced concrete member by integrating the actual steel and
concrete strains between cracks. Earlier formulations of the procedure were presented 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 been lately the subject of considerable refinement and simplification by Sigrist and
Marti (1994), Alvarez (1998), and Marti et al. (1998), who adopted the "Tension Chord

Model" nanie.

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

the yielding of steel.

Since the amount of slip in steel-reinforced concrete members is not significant at service

load levels, CEB/FIB MC90 proposes a rigid-perfectly plastic bond-slip relationship for

the serviceability design of steel-reinforced concrete members:
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1, = 1.8, (5.5)

where,

f ., = defined as the mean tensile strength of concrete

ctm

T, = bond stress, MPa

The model assumes that if the concrete stresses between cracks under maximum crack

spacing conditions reachf  , a new crack will form midway between those spaced ats

nmax *
As a result, the mean crack spacing in the stabilized crack formation stage is bounded by

the following limits:

S
. _ max . .
(‘smin - o ) S Sm <s max

or

05<h=—m <10

Smux
where,
A = a parameter introduced by M i et al. (1998)
s, = mean crack spacing, mm

ny

S

Y max

= maximum crack spacing, mm

The mean crack spacing is

7\‘fcl(t)h l - ps

,0.5<A<1.0 (5.6)
2Th0 ps

Y m S max
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s,, = mean crack spacing, mm

m

¢, = bar diameter, mm

f., = concrete tensile strength, MPa

ct

p, = reinforcement ratio

T,, = bond stress, MPa

The tension chord model overcomes this problem by assuming that the mean crack width

in the stabilized cracking stage can be calculated as

Wm = Sl]l (ESH] _EL‘IH) (5'7)

where s 1s the mean crack spacing, €, is the mean steel strain, both at the given load
level, and €_, 1s the mean concrete strain at the end of the single crack formation phase.

cm

Based on the concrete stress distributions,

Af
g =" 5.8)
cm 2 EC (
That leads to
f. (1 {n—1
Wm = Sm gsr _& :l ( +pg(n )) (5'9)
2 P,
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The above cquation evaluates crack width at the reinforcement level. In slabs reinforced

with traditional steel, however, the cracks that matter are those at the tension face. These

h-x.
crack widths can be obtaine by multiplying the same equation by L]—X } where x Is
- Xd

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 expressic  used in this study 1s as follows:

where,

E_ = the modulus of elasticity of the concrete.

f., = the concrete tensile strength, MPa

The mean crack spacings,, is calculated as mentioned g /iously.

f,, = defined as the concrete tensile strength computed according the following formula:

r,=0.3(f)" (5.11)
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The service load limit for ¢ RP reinforcement has been defined in the previous chapter,

which corresponds to the reinforcement strain limit of 2000x10™ g, .

To account for concrete tension stiftening, the following :rm is introduced to the formula

that is used to calculate crack width;

where,

T,, = bond stress, MPa

s,, = the mean crack spacing, mm

E, =the modulus of elasticity for the reinforcement, MPa

¢, = 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 mod :ation to the calculated bond
strength and incorporating equation (5.12) into expression (5.10) to account for the
tension stiffening effect, the new exp sion used to calculate the crack width at the

reinforcement level for GFRP slabs is as follows:
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_ S, A (5.13)

where,

T, = bond stress, MPa

s,, =the mean crack spacing, mm

E; = the modulus of elasticity for the reinforcement, MPa
0, = bar diameter, mm

E_. = the modulus of elasticity of the concrete.

f., = the concrete tensile strength

€. = the mean steel strain

sm

Finally, the crack on the concrete tension face is calculated by multiplying the expression
h—x.
above by the factor, 4
d

The characteristic crack width should be calculated according to the formula below:
w, =1L7w (5.14)
The above equation was used to calculate the crack width at the serviceability limit state

and compared to those ones measured at the laboratt ;. Table 5-2 shows the results

obtained using the formulas mentioned above compared with the laboratory results.
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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 cause by the following factors:

i) Nonlinear relationships of concrete and reinforcement.
i) Cracking of concrete.
1) 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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constitutive calculations are performed independently  each integration point 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
8x8 mesh using an 8-node quadrilateral shear flexible element (thick shell) with six
degrees of freedom at each node. A 2x2 reduced Gaussian integration rule is used over
the element plane, and nine Simpson-type integration points arc used through the

thickness of the concrete slab.

5.3.3 Material Modeling:

A plasticity-based concrete constitutive model using a simple form of yield surface
written in terms of e first two stress invariants is used for both materials. The model
adopts the classical concepts of plasticity theory: strain rate decomposition into elastic
and inelastic strain rates, elasticity, yield, tflow, and hardening. The post cracking
behavior is assumed based on the brittle fracture concept of Hillerborg 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 ABAQUS 6.5.



Cracking dominates 1e material behavior in the case of e tensile state ot stress. A crack
detection plasticity surface is used 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 autonomously 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 stiffening. Shear friction accounts 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 picces from separating (bond), and thus enhances 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 e ct, concrete is still capable of carrying tensile stresses
in the concrete after the formation of p ary cracks. As the load increases, more

secondary cracks appear and tens st ses in the concrete are retated gradually.

The smeared crack model imagines the crack region to remain as 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 ot the crack changing orientation during propagation and

tension stiffening.

Tension stiffening does play an important role in fillir in the deflection curve by cutting
out sharp stiffness drops associated with the initiation « 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 stiftening should essentially disappear; the figure below prescnts the tension

stiffening model used in this study.

e poit

stiffenme arve

{

,

ile stress.

Tc

Shamne

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

The analytical program was carried out using ABAQUS 6.5.1 (2003) finite element
program. The material properties of high-strength concrete implemented in the analysis
were taken from the experimental data of an experimer 1l 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 this 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_ =4500f. . based on CSA-A23.3-04(C1.8.6.2.2).

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

Table 5-1: Summary of C.. ... | Hperties

Material Bar Diameter Area Elastic Yield Stress Ultimate
(mm) (mn12) Modulus (MPa) Stress
(GPa) (MPa)
GFRP 15.88 19% avs | - 600
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In finite element modeling, the smeared crack model of ABAQUS 6.5.1 (2003) was used.
The material model adopted for this study was explained earlicr, and the post failure for
high strength concrete 1s modeled with the tension stiffening model shown in Fig 5-2,

which allows 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 rebars werc modeled as reinforcement layers embedded in the concrete element:
these 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 constant thickness that is
equal to the area of each bar multiplied by the number of bars used in each direction
divided by the slab width. The GFRP, as the main 1 forcing bars, were assumed to
behave in a linearly elastic 1anner up to the failure stress, which is the ultimate tensile

strength shown  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 Riks
algorithm is based on an attempt to step along the equilibrium path (the load-
displacement curve) by prescribing the path (arc) length along the curve to be traversed in

each increment, with the load magnituc  included as unknown.
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A real time monitoring of the central node that represents the tested slabs central
deflection was maintained for all tested specimens, and the nonlincar behaviour of the

concrete from the deflected path of the central node can be clearly noticed

Spring clements were used «  the slabs edges to simulate the simply supported boundary
condittons. 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 using the finite element model were ultimate load, maximum

detlection, and principle stresses.

Due to the symmetry of the slab :ometry and loading, the principle stresses obtained
were the same in both directions, a typical two-way slab response with the same
reinforcement spacii  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 cxperiments. The maximum
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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 t ns of load-deflection graphs, as
per Figures 5-9 and 5-10. 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 presented 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 mod: estimated the ultimate capacity
and the maximum deflection of the high strength concrete two-way slab with rcasonable
accuracy with the experimental  sults. . .erefore, it can be concluded that FE analysis

can be used with confidence to predict the behavior of such slabs.
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Chapter 6

6 Summary and “onclusion

6.1 Summary:

A comprehensive experimental and theoretical investigation on high strength concrete
slabs reinforced wi  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 cused on the cffect of the reinforcement ratio and concrete clear
cover on the structr 1l and crackit  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 sccond part was



o

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 1 wo-way Slabs Reinforced with

GFRP:

Due to the different mechanical properties of GFRP and conventional stecl rebar, the
flexural behavior of two-way slabs reinforced with GFRP is completely difterent than

those reinforced with steel rebars.

As expected, the use of GFRP lowered slab ultimate carrying capacity by 47% and
increased maximum sl 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 stiffness of the cracked section.
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



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 increase of 50% in the reinforcement ratio resulted \n 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 corresponding deflection for the service loads
recorded range from 8.55 to 12.78 mm. All the recorded de :ctions satisfy the

requirements for the serviceability limit state of the existing codes.

The service load cracks were measured and recorded fi  all tested slabs, as per the code
definitions for the service load. \ ~of the ¢k widths measured wcre in the
range of 0.38 to 0.56 mm. ...ese values satisfy the cracking requirements at the service
loads recommended by ACI conr  ttee 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).

132



Service load 1s very sensitive to slab depth, and so increasing slab depth from [50 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 | decreased by 3% 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 eftect on the ductility index. In Serics 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  nforcement
ratio was increa | by 50%. The 1ergy absc _ ion capacity sl tly 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 teste slabs, showing a typical elastic
behavior up to the  lure; 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 ue in slab specimen 2, Series
I, which had a 1.2% reinforcement ratio and 150 mm slab depth. This value is 44% less
than the ultimate tensile strength of GFRP bars, which is approximately 16000ue . Based
on the reinforcement strain values provided by the manufacturer, there was no rupture of

the GFRP bars in any of the test slabs.

The maximum concrete strain  >orded on the compression side of all tested slabs has
never reached the crushing concrete strain, nor were any signs 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 yiel line patterns clearly formed, especially for the slabs with low
reinforcement ratio and high s 1gth concrete. The orthogonal crack formation for all
tested slabs followed the reinforcement spacing, thus the rebar spacing considerably

affected crack patterns for b 1strength concrete two-way slabs reinforced with GFRP.




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. . .e first crack was formed along the middle third
of all tested slabs; the maxi um crack width measured in this experimental investigation

was 4.12 mm.

The effect of the reinforcer 1t 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.



The cracking behavior of the tested slabs was typical in nature, since cracking started
with the first crack for =d at the middle third of the  bs orthogonal cracks appeared
first, then the diagonal cracks formed later. When the load reached 60% of the maximum

load, the diagonal cracks reached the slabs corners, forming a typical yield line pattern.

The crack width slightly changed with the applied load up to point where no new cracks
were formed and the cracked section was stabilized. Then, the applied load was increased
and combined with an  :reasing of the crack width. Increasing the concrete clear cover
affected the crack width in such a way that, as the concrete cover is 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 mentioning that the distribution of

the G. &P 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, accoun g for the different mechanical
ti  oftl top W for 1 / A tc )

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 2 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 . ghtly 1 der-estimated the crack width in the case of higher concrete
clear covers, because the model was originally developed for members with regular

COVET.

For crack spacing verification, an expression was adopted and modified to account for the
lower bond properties ¢ the Gi P, and the modified equation estimated crack spacing
for high strength two-way slabs reinforced with GFRP in good agrcement with the

cxperimental results.



The following equation was used to calculate the mean crack spacing in this

investigation:

s,, =2(c+0.1s)+0.04d, ,h , b/A,

The aforementioned equation was modified from its original format in the following

manner:

e A reduction to 40% for the calculated tension zo ., assuming a perfect bond
condition

e The constants k, and k, were taken as 0.1

Finite element is powerful tool in numerical analysis that can be used to verify the
ultimate load and maximum deformation. The results obtained using the finite elements

model include the principle stresses, the ultimate load, and the maximum deflection.

The principle stresses obtained show symmetry in both directions, which is a typical two-
slab response. The ultimate load and maximum deflection obtained were used in
verification of the experimental results, and the model shows 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 co rete members reinforced with FRP with strain limit of 2000 pe , and

the experimental results measured for the crack width wi : within the code limitations.

In conclusion, ISIS 2001 recommendations for crack spacing, crack width, and service
load limit are in  »od ¢ eement 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 Conclusio

The research focused on invest” iting the flexural behavior for high strength two way
slabs reinforced with C RP, 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 expressions were modi :d to calculate crack width and
crack spacing to account for the lower modulus of elasticity and bond propertics for the
GFRP rebars. The modified adopted model estimated crack width and crack spacing with
excellent agreement with the laboratory results; however, GFRP bars should not be used

for concrete members 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 rela snship. The modified ABAQUS

model was very successtul in|  licting the behavior within a satisfactory limit.

6.7 Recomn 1dation for Future Research:

1. More in depth investigation for the cracking behavior of high strength concrete
two-way slabs reinforced with GFRP materials under lor  term loading (Creep
and shrink: ).

2. Research on the behavior of  nforced 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
ok

** PARTS

*ok

*Part, name=Slab

*End Part

A4k
3k

** ASSEMBLY

$ok

*Assembly, name=Assembly
kock
*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,
*Elset, elset=L-X
2,50,51,54,55,62,¢ 64
*Nset, 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, |1
*Elset, elset=Part, generate

1,64, 1
*Nset, nset=_PickedSe. ., internal
16,
*Nset, nset=_PickedSet8, internal
14,

*Nset, nse _PickedSet9, in nal
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12,

*Nset, nset=_PickedSet 10, internal

11,

*Nset, nset=_PickedSet 1|, internal

10,

*Nset, nset=_PickedSet12, internal

21,

*Nset, nset=_PickedSet]3, internal

20,

*Nset, nset=Center

0.

*# Region: (Slab:Part)

*# Section: Slab

*Shell Section, elset=Part, material=Concrete

150., 9

*Rebar Layer

X-X, 1.3, 1.,-38,, GFRP. 0., 1

Y-Y, 1.3, 1.,-38., GFRP, 90., |

*Element, type=Springl, else  iprings/Dashpots-1-spri
65, 16

*Spring, else  springs/Dashpots-1-sprit

1

100.

*Element, type=Springl, elset=Springs/Dashpots-2-spring
66, 14

*Spring, else  springs/Das. ots-2-spring

I

100.

*Element, type=Springl, elset=Springs/Dashpots-3-spring
67,12

*Spring, elset=Springs/Dashpots-3-spring

l

110.

*Element, type=Springl, else  iprings/Dashpots-4-spring
68, 11

*Spring, elset=Springs/Dashpots-4-  1g

1

120.

*Element, type=Springl, elset=Springs/Dashpots-5-spr
69, 10

*Spring, elset=Springs ashpots-5-sprir

l

110.

*Element, type=Springl, else iprit :/Dashpots-6-spring
70, 21

to



*Spring, elset=Springs/Dashpots-6-spring
|
100.
*Element, type=Springl, elset=Springs/Dashpots-7-spring
71,20
*Spring, elset=Springs/Dashpots-7-spring
|
100.
*End Instance
*Nset, nset=Slab, instance=Part-1-1, generate
1, 225, 1
*Elset, elset=Slab, 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
kK
*Material, name  Zoncrete
*Concrete
28., 0.
~.., 0.000_
45., 0.0005
52., 0.00075
58., 0.001
*Failure Ratios
1.16,0.04, 0., O.
*Tension Stiffening
1., O.
0., 0.004
“Trastic
35000., 0.15
*Material, name=GFRP
Thastic
40800., 0.2



g

#* INTERACTION PROPERTIES

ok

*Surface Interaction, name=IntProp- |

I,

*Surface Behavior, augmented Lagrange

ok

** BOUNDARY CONDITIONS

e e

*# Name: BC-1 Type: Displacement/Rotation
*Boundary

_PickedSet20, 3, 3

** Name: BC-2 Type: Displacement/Rotation
*Boundary

_PickedSet21, 3,3

** Name: BC-3 Type: Symmetry/Antisymmetry/Encastre
*Boundary

Part-1-1.L-X, YSYMM

** Name: BC-4 Type: Symmetry/Antisymmetry/Encastre
*Boundary

Part-1-1.L.-Y, XSYMM

kg

** STEP: Apply Load

kg

*Step, name 'Apply Load", nlgeom=YES
Apply Concentrated Central Load

*Static, riks

0.01, 1., le-05, . 1., Center, 3, 50.

# ok

** LOADS

* ok

** Name: Concentrated Cent vad Type: Concentrated force
*Cload

Center, 3, -85000.

ok

*# OUTPUT REQUESTS

sk

*Restart, write, frequency=0

*Monitor, dof=3, node=Center,  juency=I
Kok

** FIELD OUTPUT: F-Output-1
kk

*Output, field

*Node Output



CF, RF, U

*Element Output, directions=YES
E,S

*Contact Output

CDISP, CSTRESS

*%

** FIELD OUTPUT: F-Outj t-2
Sk sk

*Node Output, nset=Center

U, UR, UT

4 HISTORY OUTPUT: H-Output-2
*k

*Output, history

*Node Output, nset=Center
CF3,Ul, U2, U3

ek

#* HISTORY OUTPUT: H-Output-]
*Output, history, variable=PRESELECT
*End Step
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Appendix B:

Punching shear capacity

The punching shear capacity of two-w  7slabs is calculated form the following
expression:

Vu = Vc + vd

where,
I. Ve=V,_cosH

V, is the dowel contribution to the shear capacity which is ignored in this study.

V.. =4HXcot®+ D)_ifr

sin©
2. f, = 0.6,f,
3. V. =4b XcotOf

where, b, is the critical perimeter for punching shear = 4(Ad + D)
A = 1.0 for square columns

4. X =*2X“X"
X, +X,
1.5¢
5.X, =X, = 2w g
8cu +8fu
Thus,

6. V. =4(d + D)X cot of,
Substitute

f, =64 Mpa

0=29°

D =250 mm

d=112 mm

Calculate f, from equation-2

f. =4.8 Mpa
X, =X, =27.35 mm
X =27.35 mm



Finally,

Ve = 4(112+250)x27.35xcot 30x 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:

I. P, =8Mh( > —0.172)

a-c
Where M is the radial moment capacity of slabs, s is the side dimension, and a is the side
dimension between supports of slabs.

M, for slabs reinforced with FRP is calculated as follow:

: SBX
2. M, :bd‘pEfe,.( —O—Sdf’—j

" Ep

4. ¢, = d_Xew

X
Substitute
€., =0.0035
d= 112 mm
f, =64 Mpa
o =0.85-0.0015f, >0.67
o=0.754
B=0.97-0.0025f, >0.67
B=0.8I
E, =40800 Mpa
p=15%
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Thus

4x0754%x08R1x A4

12}(40800><112><0.015

0.81x0.754 <64

X= 00035+ [0.00352 +— X 0.0035)
40800x0.015

X=46.66 mm.
g, = 279060, 5 0035 = 4.9x 10
46.66

O.5><O.81><46.66:I

M, :l900><1]22><O.015><40800><0.0049[1— 2

M, =59.4 kN.m

P =8x59.4 —2N o7
1840 — 250
P, =486.115 kN.

tlex
Comparing the above results with experiment 3 results
Failure Load = 384 kN

P(theoretical)/P(experiment) = 0.86
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