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ABSTRACT 

The performance of non-ferrous reinforcing material, in the form of GFRP bars, as the 
primary reinforcement of flat plates is investigated. In total, nine interior slab-column 
connections, that represent full scale specimens, were made and tested to failure at the 
structural laboratory of MUN. The 1900 x 1900 mm square slabs were simply supported 
along the four edges. The reinforcement ratio, concrete strength and effective depth were 
the main variables. Transverse central load was applied to the slabs through a central 
column stub. The load was applied in displacement control. The structural behaviour of 
the test specimens was investigated in terms of load-deflection relationship, crack pattern 
and width, deflection profile, concrete and FRP strains, failure mode and ultimate failure 
load. The effects of those variables on the behaviour were examined. Eight slabs were 
made with GFRP bars commercially known as ISOROD®. One slab was made with 
traditional steel bars. Two slabs were with high strength concrete, over 85 MPa. The rest 
of the slabs were made with normal strength concrete. Two slabs were 200 mm thick with 
an effective depth of 150 mm. The other slabs were 150 mm thick with an effective depth 
of 100 mm. All GFRP slabs were designed with over reinforced section capacity. 

The test results revealed that slabs reinforced with GFRP bars exhibit higher deflection 
and greater crack width compared to similar slabs with traditional steel bars. The failure 
loads are also lower than those of slabs with traditional reinforcement. Nevertheless, the 
structural performance of the GFRP reinforced slabs can be improved by increasing the 
slab depth. High strength concrete increases the ultimate failure load but does not 
significantly improve the serviceability of the slabs. 

The existing code formulas were examined to check their applicability in predicting the 
shear capacity of two-way slabs reinforced with GFRP bars. Elastic plate theory was used 
in an attempt to calculate the flexural capacity of such slabs. The results revealed that, 
with proper modifications, the equations that use a cubic root relationship for concrete 
strength and include the effect of the reinforcement ratio are able to predict the capacity 
of the slabs with reasonable accuracy. 

An existing mechanical model was adopted and modified. That model had an 
unidentified limitation. The limitation is described and removed by modification of 
model geometry. Further modification is made to incorporate FRP's properties and 
structural behaviours and thus the model is made applicable for slabs reinforced with 
FRP as well as for slabs reinforced with traditional steel bars. The model results were 
compared to the slab test results available in literature with both steel and FRP 
reinforcement. The model gives a fairly good agreement between the predicted and 
experimental punching failure loads. 
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Chapter 1 

Introduction 

1.1 General 

Reinforced Cement Concrete (RCC) is a composite material. Any material with higher 

tensile strength can be provided in the tension zone of the concrete as a reinforcing 

material. Normally, mild steel bars are used as reinforcing material for concrete. Steel 

reinforcement has good bond with concrete and show yielding phenomena at a certain 

level of stress. It is an important property of steel. RCC design philosophy considers this 

property of steel in all design formulas. All concrete structures are designed as under 

reinforced members so that they will not exhibit catastrophic failure when a member is 

overstressed. Nevertheless, mild steel is highly corrosive and has heavy weight. 

Corrosion of steel reduces the lifetime of a structure. Repairing or rebuilding of the 

structure would be costly. For these reasons, engineers are looking for suitable 

alternatives of mild steel reinforcing bars. 

Fibre Reinforced Plastic or Fibre-Reinforced Polymer (FRP) bars may be a suitable 

alternative of mild steel. "Fibre" or "filament" is the basic constituent of FRP. Fibres and 

matrix are the two major constituents of FRP. In FRP, the fibre or filament is used as the 

reinforcing material. Various kinds of resin are used as binder for the fibres in FRP and 

are also known as the matrix. 
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FRP products are now available in various shapes, such as FRP sheets, FRP grid (2-D 

and 3-D), FRP bars, pipes, tubes and other various shapes according to the needs. FRP 

bar is the form of FRP which is the focus of this research program. FRP bars comes in 

different forms such as smooth surface, sanded surface, twisted, glued surface, ribbed or 

indented rebar. These surface preparations are made to increase the bond capacity of FRP 

bars. Sanded surface GFRP bars that are commercially known as ISOROD® are used in 

this experimental program. 

Nowadays, FRP bars are used in RCC instead of mild-steel. The cost of FRP bars is 

relatively higher than the traditional mild steel bars. Nevertheless, FRP bars are used in 

high value-added applications where corrosion is the primary concern. 

More than 40% of the existing bridges in Canada were built more than 30 years ago. A 

significant number of these existing bridges are now in need of strengthening, 

rehabilitation or replacement. Canada's adverse climate and extensive use of de-icing 

salts have very adverse effects on the traditional concrete structures, in an exposed 

environment. Besides this, underground, costal and offshore structures all over the world 

are always affected by environmental effects. In traditional concrete structures, mild 

steel are used as reinforcing materials, which is very vulnerable to corrosion, and 

consequently concrete structures become very deteriorated. The traditional approaches of 

protecting steel from corrosion effects are; using large clear cover, high cement ratio in 

concrete, limited crack width, epoxy-coated steel reinforcing bars, etc. However, these 

traditional approaches may not be very effective. Maintaining, repairing and rebuilding of 
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the concrete structures are expensive. These huge costs could incline the owners of 

infrastructures toward the use of a more effective and affordable solution, such as, using 

FRP which is corrosion resistive, durable and easy to install. Thus, it is possible to 

increase the service life of infrastructure and reduce maintenance costs, although the 

initial building or installation cost is higher. 

1.2 Problem definition 

The modulus of elasticity of FRP bars is lower than steel bars and it depends on its 

constituents. FRP bars made with carbon fibres have higher modulus of elasticity than 

FRP bars made with glass fibres. Carbon FRP bars could be made with a modulus of 

elasticity that is very close to that of steel. However, this is very costly. Generally 

available FRP bars have a modulus of elasticity lower than that of steel bars. This lower 

modulus of elasticity leads to higher strains i.e. higher deflection in loaded structures, 

which can exceed the acceptable serviceability limits. Another problem involved in using 

FRP bars as reinforcing material in concrete structures is its lower bond strength. This 

bond strength also depends on the surface finishing. FRP bars may have smooth surface, 

sanded surface, glued surface or various kinds of deformed surfaces. Depending on 

surface finish, its bond capacity can vary from 0.69 MPa to 23.02 MPa [Cosenza (1997)]. 

An FRP bar does not show any yield phenomena like steel bars; it shows elastic 

behaviour up to rupture. 

Slab column joint is a critical part of some concrete structures. A structure may fail at the 

slab-column joint. This failure could either be a flexural failure or a shear failure. The 
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shear failure is known as punching shear failure. It is a premature sudden failure and is 

catastrophic in nature. Design engineers have to design a structure in such as way that the 

punching shear capacity is higher than the shear forces that develop. The shear stress are 

normally measured on an assumed failure surface (critical surface) when the structure is 

fully loaded with the design loads. Traditional slabs are designed for flexure so that the 

slabs fail, in flexure, by yielding of the reinforcement. In addition, punching shear failure 

must be avoided. 

It is hard to determine the failure surface or critical surface for punching failure. The 

position and inclination of the failure surface are not very well defined. Engineers use 

different empirical formulae that are described in various codes to design slabs for 

punching shear. For example, the British code (BS 8ll0) assumes a critical surface at a 

distance 1.5d (d = effective depth of slab) away from column face and also considers that 

the reinforcement has some effect on the punching shear capacity. The North American 

codes take the critical surface at a distance 0.5d away from the column face and do not 

consider any effects for the reinforcement on the punching shear capacity. Also, these 

existing empirical code formulas are developed for RCC slabs with traditional mild steel 

bars. If FRP is used in RCC, there may be a need to revise the existing empirical 

formulas and to develop new rational models. Therefore, further research is needed and 

experimental data are required to establish applicable empirical formulas or rational 

models for punching shear capacity of RCC slab-column joint reinforced with FRP bars. 
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1.3 Scope and objectives 

The main objective of this experimental research program is to study the behaviour of 

two-way slabs reinforced with FRP bars. The second objective is to develop a rational 

mechanical model to calculate the punching shear capacity of such slabs. 

In this investigation, two-way slabs reinforced with FRP bars are tested up to failure. The 

effects of the different parameters on the slab behaviour are been examined. Sand coated 

Glass Fibre Reinforced Polymer (GFRP) bars are used as reinforcement. The concrete 

strength, slab effective depth and reinforcement ratio are the main variables. The 

structural behaviour in terms of load-deflection relation, crack pattern and crack width, 

failure nature, ultimate failure load, concrete strain and FRP bars strain in radial and 

tangential direction is investigated. 

The observed behaviour of the FRP-reinforced slabs is compared with the behaviour of 

slabs with traditional steel reinforcement. The ultimate punching loads are compared with 

the existing code recommendations. Some existing rational models are also studied to 

examine if they are capable of predicting the capacity of slabs reinforced with FRP 

reinforcement. 

The scope of this study is limited to only one type of FRP reinforcement, that is, a GFRP 

bar which is commercially known as ISOROD®. Furthermore, only interior slabs under 

central load are investigated. 
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1.4 Thesis outline 

Chapter 2 contains the literature review. At the beginning of the chapter, the properties of 

FRP are explained. The different code recommendations that are available to predict the 

punching capacity of slabs with traditional steel reinforcement are presented. The 

research conducted on two-way slabs with FRP reinforcement is described 

chronologically. Finally, some mechanical models for two-way slabs, that are available in 

the literature, are discussed. 

Chapter 3 describes the details of the experimental program. Details of the test setup, 

instruments used and testing procedure are presented. 

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

program. The results are described, analysed and discussed. The experiment results are 

compared with the different code predictions in this chapter. 

In Chapter 5, an existing mechanical model was adopted and modified. In the model, the 

FRP properties are incorporated to make it applicable for slabs with FRP reinforcement. 

The proposed modified model is verified with existing test results from this experimental 

program as well as the test results available in the literature. 

Chapter 6 contains the findings from this research program and the recommendations for 

further research. 
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Chapter 2 

Literature Review 

2.1 Introduction 

The focus of this research program is on punching shear of flat slabs and column 

connections reinforced with FRP bars. Slabs with traditional reinforcement have been the 

subject of numerous studies for almost a century. However, experimental work on 

punching shear of slabs with FRP bars is scarce. Very few experimental studies were 

conducted on this topic. Initially, some problems were faced by the researchers as the 

properties of FRP are different than traditional steel reinforcement. Also, the problem of 

predicting the punching capacity of the slab arose. Some researchers proposed to modify 

the existing code equations by introducing the properties of FRP bars into the equations. 

However, none of the equations are widely accepted. A literature review on the slab­

column connections reinforced with FRP reinforcement is presented in this chapter. 

2.2 FRP reinforcement 

A material with a length that is at least 100 times of its diameter is known as "filament". 

The term "filament" is often used synonymously with "fibre". This "fibre" or "filament" 

is the basic constituent of Fibre Reinforced Plastic or Fibre-Reinforced Polymer (FRP). 

Reinforcement and matrix are the two major constituents of FRP. 

A fibre or filament is used as reinforcing material and various kinds of matrix are used as 

binders of the fibres in FRP. Carbon, Aramid, Glass, Ceramic and other polymer fibres 
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(a) Common glass and carbon fibres and FRP 
products used in structural engineering 

(b) Electron micrograph of partial cross 
section Glass cFRP composite 

Fibres 

Matrix 

Fig. 2.1: FRP products and cross sectional view of FRP composite [Chung (2002)] 
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are used as reinforcing fibres. Polyester resin, Vinyl Ester resin, Epoxy resin, Polyimide 

resin and thermoplastic resins are used as Matrix. Fibres are used as reinforcement in 

FRP for strength, stiffness and dimensional stability. 

The matrix is used to provide lateral support to the fibres and to protect the fibre from 

physical and chemical trauma due to the surroundings. In addition, the matrix provides 

some important physical characteristic to the FRP such as stiffness, strength, fracture 

toughness, diffusivity, thermal susceptibility etc. 

Some resin additives are used to enhancing the resistance of the matrix, and thus FRP 

products, to flames, smoke generation, moisture, microbial degradation, oxidation, heat, 

chemicals, shrinkage, surface roughness and ultraviolet radiation. 

2.2.1 Properties of FRP 

Properties of FRP can be divided in to two categories: 1) Physical properties such as 

mass properties, geometric properties, chemical properties, thermal properties and 

transport properties, etc, 2) Mechanical properties such as elastic stiffness properties, 

failure properties, etc. Some of the mechanical properties of FRP are: 

• The longitudinal shear modulus of FRP is generally low compared with steel 

reinforcement. 

• Failure modes of FRP can be divided into two parts, the matrix dominated failure 

modes and the fibre dominated failure modes. The failure strain of the fibre is less 
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than the failure strain of the matrix. Under tensile loading, the composite fails when 

the fibre reaches its failure tensile strain. 

• Compressive failure properties may be significantly less than the tensile failure 

properties of FRP. 

• Fatigue properties of FRP are good when it is loaded in the fibre direction. 

• The impact properties of FRP are expected to be higher in longitudinal direction than 

transverse direction and shear direction. 

stress 
[MPa] 

1800-4900 

600- 3000 

34- 130 

I 

0.4- 4.8% 

matrix 

I 

>10% 

Fig. 2.2: Typical stress-strain relationships of fibre, matrix and FRP 
[ISIS Canada (2001)] 
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The fibres are stronger than the matrix. The strength of FRP composite depends on the 

strength of the fibre and matrix both. The mechanical properties of the fmal FRP product 

depend on the fibre quality, orientation, shape, volumetric ratio, adhesion to the matrix 

and on the manufacturing process. A qualitative stress-strain relations of fibre, matrix and 

FRP are depicted in Fig. 2.2. 

2.2.2 Types of FRP 

Based on the fibre type, FRP can be classified as Glass, Carbon, Ararnid and Hybrid 

Fibre Reinforced Polymer products. Based on the shape of the finished FRP product, FRP 

can be designated as FRP sheets, FRP grids (2-D and 3-D), FRP bars, pipes and tubes and 

other various shapes according to the different needs. FRP bars in the form of GFRP, is 

the main focus of the current experimental program. 

2.2.3 Properties of FRP bars as reinforcement for concrete 

FRP bars could be used as reinforcement for reinforced concrete members instead of the 

traditional mild-steel reinforcement. The main advantages of such a selection are: 1) 

corrosion resistance, 2) high tensile strength, 3) low mechanical relaxation, 4) good 

toughness, 5) high fatigue resistance, 6) dimensional stability, 7) particular electrical and 

magnetic properties (transparent to electromagnetic emissions), and 8) light weight 

(specific gravity 1.8 x10-3 g/mm3 compared to 2.8 x 10-3 for the Aluminium and 7.6 x 

10-3 for Steel). 
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Depending on those parameters, the modulus of elasticity can vary from 37 GPa to 43 

GPa for GFRP and from 100 to 147 GPa for CFRP [ISIS Canada Corporation (2001)]. 

This lower modulus of elasticity leads to higher strains i.e. higher deflections and crack 

width in structures under load. 

FRP bars do not show any yield phenomena like steel bars. They show elastic behaviours 

up to rupture. Thus, failure is brittle in nature. Note that all existing design philosophy 

and code equations in reinforced concrete design and analysis depend on the yield 

properties of steel reinforcement. To illustrate the different properties of FRP and steel 

reinforcement, typical stress-strain relations are shown in Fig. 2.3. 

Another disadvantage when using the FRP bars as reinforcement for concrete structures 

could be the lower bond strength. The bond strength mainly depends on the surface 

finishing. FRP bars may be with smooth surface, sanded surface, glued surface or 

deformed surface (twisted, ribbed, indented and braided or braided and sanded). Other 

parameters that influence the bond strength are chemical bond, mechanical interlocking 

of FRP reinforcement and concrete, hydrostatic pressure against the FRP reinforcement 

due to the shrinkage of hardened concrete, swelling of FRP reinforcement due to 

temperature change and moisture absorption, bar diameter, position of bar (top or 

bottom), embedment length and shear strength of the matrix. Depending on these factors, 

the bond capacity of FRP bars can vary from 0.69 MPa to 23.02 MPa [Cosenza (1997)], 

as mentioned earlier in the previous chapter. Sand coated bars are used in the current test 

program. These bars have excellent bond strength. The bond strength of such bars, in 
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normal concrete, ranges between 11 to 15 MPa. [ISIS Canada Corporation (2001)]. 

In conclusion, FRP bars differ from traditional steel bars significantly. Therefore, the 

code provisions and design formulas available for traditional concrete structure may not 

be completely applicable to concrete structure reinforced with FRP bars. The existing 

code provisions and philosophy need to be re-examined and, if necessary, they should be 

revised and modified before they could be applied to concrete structures reinforced with 

FRPbars. 

Finally, FRP bars are one kind of thermosetting material. So it is not possible to bend 

them to various shapes according to needs in a construction site. The bars have to be 

fabricated in a certain shape that could not be altered once they are manufactured. 

2.3 Failure of slab column joints 

Failure of slab-column joints can be classified to two distinct types: 

a) Flexure mode: where failure is initiated by the yielding of the reinforcement or 

crushing of concrete. 

b) Shear mode: where failure is initiated by internal diagonal cracking (pure punching). 

Flexural failure can be classified to three types [Rankin and Long (1987)]: 

a) Full-yielding failure (very lightly reinforced slabs). 

b) Localized compression failure (balanced or over reinforced slabs). 

c) Partial yielding failure (intermediate reinforcement). 
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(a) Full yield (b) Partial yield (c) Compression 

Fig. 2.4: Various types of flexural failure by Rankin and Long (1987) 

Critical 
Section 

Fig. 2.5: Punching shear failure 
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If the slab is lightly reinforced, the yielding of traditional steel reinforcement spreads 

throughout the slab and yielding approaches the full yield pattern as shown in Fig. 2.4(a). 

Conversely, in highly reinforced slabs, yielding becomes more localized and the failure 

mode approaches that of localized compression failure of the concrete around the column 

face as depicted in Fig. 2.4(c). Flexural failure may occur in between these two modes i.e. 

yielding of reinforcement spread a certain distance from the column face but not 

throughout the slab. This could be designated as partial yield failure. The failure pattern 

for this case is illustrated in Fig. 2.4(b ). 

A slab may fail at the column vicinity without yielding of reinforcement or crushing of 

concrete. This kind of failure is initiated by diagonal tension cracking in concrete and the 

failure surface form a cone shape as shown in Fig. 2.5. This type of premature failure is 

known as punching shear failure or pure punching failure. 

The shape of the punching cone, i.e. the angle of the cone, and the starting point of the 

cone, is not always well defined. Therefore, it is not easy to derive a formula to calculate 

the punching shear failure load. In design, engineers have to depend on empirical 

formulas to calculate the punching load. Numerous investigations have been conducted 

on this topic, and several of empirical formulas have been proposed for slabs with 

traditional steel reinforcement. However, different researchers do not agree on any 

unique position of the critical section for punching shear failure. Different codes have 

adopted different empirical formulas with different locations of the critical section. For 

example, British code (BS 8110) assumes a critical surface at a distance 1.5d away from 
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column face, where dis the effective depth. It also assumes that the reinforcement has 

some effect on the punching shear capacity. The North American codes (CSA A23.3 and 

ACI-318) take a critical perimeter that is 0.5d away from column face and they do not 

consider the influence of reinforcement on the punching shear capacity. 

Different locations of the critical sections that are adopted by the various codes are shown 

in Fig. 2.6. All of these critical sections and the related formulas are developed for slabs 

reinforced with traditional steel reinforcement. The failure modes, discussed in this 

section, and the corresponding formulas (empirical or rational) are well developed for 

concrete slabs reinforced with traditional steel. The existing formulas and models should 

be examined and revised, if necessary, before they could be applied to FRP reinforced 

slab-column connections. 

Some research work has been carried out by a number of researchers on this topic. It is 

very important to establish an empirical formula, mechanical or mathematical model to 

predict the flexural and punching failure loads. This is very essential to understand how 

to design such slab column systems in a safe and economic way. The research work on 

this topic and the outcome of such research is discussed later in this chapter. 

2.4 Punching shear capacity of interior slab-column connections 
according to different codes 

The focus of the current experimental study is on the punching shear capacity of interior 

slab-column connection. Such slabs are not supported on beams, have no drop panel and 
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no shear reinforcement. The recommendations of the different existing building codes to 

calculate the punching capacity are presented in this section. 

2.4.1 Canadian Code 

According to the current Canadian code CSA A23.3-94 (1994), the critical section is at a 

distance d/2 away from the face of column and is in the same shape as the column. The 

punching resistance depends on the concrete strength, the column geometry and the 

length of the control perimeter. The well known dependence of the punching shear 

strength on the flexural reinforcement ratio is not considered. The design philosophy is: 

where: v1 = factored shear stress due to factored design loads 

Vr = shear stress resistance capacity 

The factored shear stress resistance, Vn at the critical surface is the smallest of: 

(a) 

(2.1) 

(2.2) 

where flc is the ratio of long side to short side of the column, concentrated load or 

reaction area. Parameter ¢c is the resistance reduction factor for concrete which is 0.6 

and v c is the shear resistance of concrete. 

(b) (2.3) 

where as= 4 for interior columns, 3 for edge column and 2 for comer column. 
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prestressed concrete reinforced with fibre-glass. In the meantime, the quality of 

commercially available fibre-glass was improved. The levels of both the ultimate tensile 

strength of fibre glass rods and the Young's modulus were raised. 

The first well developed FRP rod was used in non-prestressed concrete by U. S. Army 

Corps of Engineers at the U. S. army Engineer Waterways Experiment Station, 

Vicksburg, Mississippi [Wines et al. (1966)]. Some experimental and theoretical works 

were conducted on concrete beams. The researchers concluded that the bars suffer from 

the lower modulus of elasticity and lower bond capacity. The final comment was that the 

bars may be good for prestressed concrete but not for reinforced concrete. 

Presently the FRP bars are more developed in terms of bond capacity, modulus of 

elasticity and strength. From the beginning until today, numerous research works have 

been conducted on various types of FRP products. But most of the work concentrated on 

one-way flexure, that means, either on beams or on one-way slabs. Based on those works, 

some design guidelines and codes are now available for designing concrete members. In 

the next section, some design guidelines and code recommendations for members in 

bending are described. 

2.5.2 Design recommendations for members in bending 

ACI Committee 440 (2001) provides guidelines for the flexural design of concrete 

structures reinforced with FRP. The guidelines are based on experimental studies on 
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rectangular flexural sections with single layer of one type of FRP bars. For different 

geometric sections, or different kinds of FRP in the same flexural member or for multiple 

layers, the recommended guidelines should be applicable but may need to be confirmed 

by experimental results. 

Unlike traditional steel reinforcement, FRP shows elastic behaviour up to rupture. The 

material properties of FRP are discussed in Section 2.2. As FRP doesn't show yielding, 

i.e. ductile behaviour, failure of any flexural member by FRP rupture is a catastrophic 

one. On the other hand, concrete crushing failure mode could be marginally more 

desirable for flexural members reinforced with FRP bars. Members may exhibit some 

plastic behaviour before failure in case of concrete crushing failure. 

Nevertheless, both types of failure modes (FRP rupture or concrete crushing) are 

accepted in the governing criteria used for the design of flexural members reinforced with 

FRP bars. To compensate for the lake of ductility, the flexural members should satisfy 

strength and serviceability criteria. In addition, the margin of safety should be higher than 

that used in the design of concrete members reinforced with traditional steel 

reinforcement. 

According to ACI 440, the computation of the strength of a cross sections should be 

performed based on of the following assumptions: 

• Strains in the concrete and the FRP reinforcement are proportional to the distance 

" from the neutral axis. 
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shall be proportioned so that M r > 1.5M cr, where the cracking moment, Men is 

calculated using the modulus of rupture, fr· For slabs, the minimum area of reinforcement 

should be 400EF!Ag (mrn2
) in each of the two direction. This reinforcement shall be 

greater than 0.0025Ag and shall be spaced no farther apart than four times the slab 

thickness or 400 mrn, whichever is less. The material strength reduction factor ¢c is 0.60 

for cast in situ concrete and 0.65 for precast concrete. Material strength reduction factor 

for FRP is 0.7 for AFRP and 0.85 for CFRP (for prestressed reinforcement). 

2.6 Previous work on two-way slabs reinforced with FRP bars 

Nawy and Neuwerth (1976) conducted an experimental program on beam and two-way 

slab specimens with fibre-glass reinforcing rods. The FRP rods used in the study were 

made of fibre-glass filament tendons impregnated with resin. The resin content was 

approximately 40%, producing rods of 1/4" nominal diameter. The beam specimens were 

tested in bending, i.e. as a flexural member. However, the slab specimens were the focus 

of the study. In particular, the flexural behaviours of two-way slabs were investigated. 

The two-way slabs were tested under uniform applied load. The study did not cover any 

concentrated load to investigate the punching resistance and behaviour of the slabs. This 

study is the first work on two way slabs with FRP bars available in the literature. The 

experimental results covered the flexural cracking characteristics of the test specimens, 

their deformation and their load capacity up to failure. They tested 12 slabs. The slabs 

had different reinforcement ratio. The author reported that the frrst 6 slabs with lower 

reinforcement ratio (0.210% to 0.384%) showed major yield line diagonal cracks. The 
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remaining 6 slabs with higher reinforcement ratio (0.463% to 0.769%) had orthogonal 

cracks dominating up to 30% to 60% of the ultimate load. The yield line diagonal cracks 

started to be fully developed beyond that stage. 

In conclusion, the authors stated that this type of fibre-glass rods could be a potential 

reinforcing material for concrete. The results revealed that the ultimate strength of the 

fibre-glass rods could not be fully developed when used as reinforcement for concrete. 

This could be attributed to the low modulus of elasticity of the bars. Due to the service 

load limitations of the code, the rod remained as at much lower stress level than its 

ultimate stress. As a result, a slab can absorb any unusual excessive loads by increasing 

the deflection and crack width and the reinforcement would remain in an elastic state. 

The slab can return to its previous position after the removal of excessive load. Finally, 

the authors recommended two separate models to calculate the slab deflection and crack 

width. 

Punching shear tests on slabs reinforced with non-metallic reinforcement was carried out 

by Ahmad et al. (1994). In the study, a 3-D Carbon Fibre Fabric was used as reinforcing 

material for the concrete slabs. This was considered to be a pilot study in this field. The 

experiment included six square slabs reinforced with 3-D continuous carbon fabric and 

two reference slabs reinforced with traditional steel reinforcement. The crack pattern, 

load-deflection response and ultimate load capacity were investigated. The slabs 

reinforced with 3-D carbon fibre showed significant non-linear behaviour before the 

maximum load and a deflection softening behaviour after the maximum load. This 
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softening was considered to be a relative measure of ductility and redistribution of stress 

after the maximum load. The ultimate load capacity was compared with the punching 

capacity predicted by ACI 318-89 and BS 8110-85 code equations. It was found that the 

ACI code prediction was conservative in all cases. The BS 8110 overestimated the 

punching capacity. 

Banthia et al. ( 1995) carried out an experimental investigation on the punching shear of 

concrete slabs reinforced with FRP grid (NEFMAC) as flexure reinforcement. The 

authors tested 3 slabs with FRP reinforcement and one reference slab with traditional 

steel reinforcement. Among the three FRP slabs, one was made with normal strength 

concrete, the second with high strength concrete, and the third slab was made with fibre­

reinforced normal strength concrete. Hooked-end fibres 28 mm long and 0.5 mm in 

diameter were used. All slabs were tested for punching by applying a concentrated load at 

the center. The reinforcement failed in all slabs. The steel-reinforced slab failed in a 

ductile mode with a cup and cone mechanism. The failure in FRP was brittle and was 

precipitated mainly by fibre fracture. The use of high strength concrete increased the 

initial stiffness somewhat and exhibited a nominal increase in total energy-absorption 

capacity. The use of fibre reinforcement in the concrete led to an improvement in the 

ultimate load-carrying capacity as well as in the overall energy-absorption capacity. The 

strain gauges at all locations indicated unloading prior to attaining the peak load, except 

in the fibre-reinforced slab. The authors compared the results with the predicted values of 

different code equations. It was concluded that significant changes to the code equations 
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