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Abstract 

In general, it is expected that concrete structures using Glass Fibre Reinforced 

Plastic (GFRP) rebars as reinforcement could have improved durability compared to 

normal steel reinforcement because of the corrosion resistance of the rebar. 

However, there are some aspects of the behaviour of the GFRP bars under high 

temperature that must be explored. The aims of this work are to predict the fire rating 

of the GFRP rebars when embedded in concrete elements by creating a model and to 

validate the model by full-scale experiments. 

The first part of this work evaluates the effects of alkaline environments on the rebar 

itself, the bond strength at interface between the concrete and the rebar, and the 

strength of the GFRP rebars at a range of different temperatures (20-120°C). The 

three types of GFRP rods investigated in this work were subjected to alkaline 

solutions at 60°C for three different exposure times i. e. 30 days, 120 days and 240 

days. Tensile and flexural tests were carried out for the physico-mechanical 

characterisation on the treated GFRP rebars specimens. As the immersion period and 

temperature increased, the strength of the rebars decreased. Data obtained from the 

first part of the work were used to predict long-term performance of the GFRP rebar 

in fire. The effects of higher temperatures with time on GFRP reinforced concrete 

members were also studied experimentally in this work. As a result equations were 

developed. These were validated with the help of the fire tests carried out in second 

phase of this work on two full-scale GFRP reinforced concrete beams. The first 

beam was reinforced with GFRP made from thermoset resin and in the second GFRP 

made from thermoplastic resin was used. Shear reinforcement for the first beam were 

GFRP stirrups and for the second beam steel stirrups were used. Degradation of 

flexural and shear capacities due to fire was evaluated using the modified design 

codes which is based on assessment of the reduction in the initial strengths of 

concrete and GFRP reinforcement, resulting from the high temperatures developed 

inside the beam. A comparison of the results for each beam is presented. Fire 

resistance (load bearing capacity) of GFRP RC beams complied with British 

Standard BS 478. These results are published for the first time in this work. The 

predicted failure time using the model compares well with the fire test results. The 
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result also indicated that the basic fire model needed adjustment mainly due to a 
difference in the assumed and observed failure modes. The importance of data 

necessary for a more accurate model has been identified as a programme for future 

work. 
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1 INTRODUCTION 

The use of a composite reinforcing bar in concrete as an alternative to traditional 

steel reinforcing bar has many potential advantages. The material is relatively light 

and corrosion resistant. The long-term cost of ownership of structures based on 

composite rebar may be significantly less than that of steel reinforced structures even 
if the initial capital costs are increased. A rigorous financial assessment of the value 

of using this alternative material must, however, have representative data on the long 

term durability of concrete reinforced with composite rebar, and must be able to 

assess the performance of the structures under non standard conditions which have to 

be considered in the design and regulation process. 

Composite rebars are usually based on glass fibre reinforcement, which, in some 

forms, is known to be degraded by alkaline environments 1,2. Furthermore, the 

composite is typically produced with a thermosetting polymer matrix, which has 

mechanical properties that are seriously compromised at elevated temperatures. An 

assessment of the durability of a composite rebar reinforced structure must take into 

account the long term effects of moisture and alkaline environment on the rebar itself 

and on the interface between rebar and concrete. If the reinforced concrete structure 

is to be used in a building this information must also be included in any assessment 

made of the fire properties of the structure. Most building structures must satisfy the 

requirements of building codes, which relate to the behaviour of those structures in a 
fire. Fire ratings for buildings refer to the time available in a fire before the structure 

collapses. The relevant property of the composite rebar is not its flammability or 

reaction to fire, but rather its ability to continue to sustain loads in an environment of 

rapidly rising temperatures. The properties of steel at different temperatures are well 
known as are the thermal properties of the material and this allows the modelling of 

structures with some degree of accuracy to predict a time scale for the ultimate loss 

of structural integrity. Data is required for glass fibre reinforced plastic (GFRP) rebar 
in order for similar calculations to be made. 
It is possible that despite the well-known disastrous effects of high temperatures on 

the properties of polymer composites (the matrix will degrade at temperatures over 
120°C) the material will perform well in a fire. The thermal conductivity of a 

15 



Chanter 1 Introduction 

composite is very poor leading to the possibility that the temperature rise in the 

reinforcing bars will be slow and compensate for the reduced operating temperature 

threshold for the materials relative to steel. 

The first part of this programme of work has examined the properties of composite 

rebar over the temperature range of 20 to 120°C, with and without long term 

exposure to alkaline environments. The alkaline exposure has also been undertaken 

at elevated temperatures in order to accelerate the effect of any attack that might be 

forthcoming in the real environment of the concrete medium. 

Stiffness and strength properties have been measured, as both are considered relevant 

to the structural integrity of reinforced concrete beams. In addition the interfacial 

strength between rebar and concrete has been assessed under similar conditions as 

above and after similar long-term exposure. 

GFRP rebar has a wide range of potential applications but its advantages and 

limitations must be ascertained so it can be used appropriately. This research gives a 

greater understanding of the advantages and shortcomings of GFRP bar in terms of 
its behaviour under temperature. GFRP rebar could be used to reinforce building 

structures which have to satisfy various regulations relating to safety. Fire 

regulations are a key consideration. The performance of GFRP as a material in a fire 

is now well understood but little consideration has been given to the situation where 
GFRP is exposed to a fire while encased in concrete. In these situations the key 

properties of the composite are those which determine how long the material can 

support load under rising temperature. 

Samples of the GFRP rebars-concrete members were exposed to the high 

temperatures 100°C to 310 T. The temperature at the concrete surface and interface 

were measured at timed intervals in order to develop a semi-empirical model to give 

the prediction of GFRP rebars temperature when exposed to fire. 

Fire tests on two full-scale (350mm x 400mm x 4400mm) GFRP rebar reinforced 

concrete beams were carried out. The temperature distribution in the concrete section 
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was evaluated using an FE model. GFRP rebars manufactured with thermoset resin 

were used for reinforcing beam 1 and GFRP rebars manufactured with thermoplastic 

resin were used for reinforcing beam 2. Shear reinforcement for beam 1 was GFRP 

stirrups and for beam 2 steel stirrups were used. The reduction of flexural and shear 

capacities of the beams when they were exposed to fire were evaluated based on a 
design methodology which gives the reduction of strength of the composite beam 

due to elevated temperature. In addition another full-scale beam with the same 
dimensions and GFRP reinforcement ratio was tested as a control under normal 

temperature. The results of these tests are included. 

1.1 Philosophy of a Model to predict the lifetime of a GFRP-RC beam 

The objective of this research is to create a model that will predict the time to failure 

of a concrete beam reinforced with composite rebar. In order to achieve this 

objective the first stage is to define what is meant by failure, and to postulate what 

event will lead to failure in a fire. The reinforced beams are designed according to 

recognised standard codes and are deemed to have failed when a critical deflection is 

exceeded. This criterion for failure will be adopted as the failure point in 

development of the model and subsequent experimental studies. 

A well designed beam will exhibit a deflection well below the critical deflection on 
initial loading at stresses representative of service conditions. The progressive 
deterioration of the beam under fire conditions to the point that failure occurs could 

take place via two mechanisms. Either the composite rebars and/or the concrete itself 

looses stiffness due to the temperature increase, or the rebars and/or concrete looses 

strength due to the temperature. The latter case presumes that the strength loss 

results in cracking or local failure of constituents of the beam which in turn leads to 

an overall loss of beam stiffness and the critical deflection being exceed. 

The route to developing a model to predict the lifetime of a reinforced beam in a fire 

is therefore based on modification of the design codes to incorporate 

time/temperature dependent stiffness and strength properties for the various 

components of the beam. 
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The specific design equations for the relevant load bearing capacities of the beam (in 

bend and shear) will initially be re-drafted to incorporate temperature dependent 

material properties with the various safety factors built into the code removed. The 

removal of safety factors in the design code is an essential step if the equations are to 

predict the point of failure rather than to guarantee a condition under which failure 

does NOT occur (which is the raison d' etre of the Code). Once these modified 

equations have been produced the next stage will be to develop expressions for the 

temperature dependent properties of the constituents that allow these properties to be 

calculated for a specific beam design, subjected to a specific fire threat as a function 

of time. 

This would require, in an extreme case, the stiffness and strength properties of the 

concrete to be calculated at every position within the beam, as a function of time for 

any beam geometry, and where the temperature distribution profile within the beam 

is a function of both beam geometry and external temperature. For simplicity, 

without compromising the value of the model, it will be assumed that the stiffness of 

the concrete is not affected by the temperature rise and that only the strength 

reduction of the concrete at the surface near the maximum temperature is relevant - 
as this area is where tensile cracks might be generated. 

The degradation of the properties of the rebar is assumed to be more critical to the 

deterioration of the overall beam stiffness. Experiments will be conducted that 

measure the change in properties of the rebar, stiffness and strength, with time. The 

model must allow for a temperature distribution within the beam in order to specify 

the strength and stiffness of these rebars at any one time. 

An equation will be developed that predicts the temperature profile at any depth 

within the beams as a function of beam geometry. This will be approached by 

developing expressions from the literature and utilising empirical methods to 

validate an accurate general purpose equation. In order to use these expressions it 

will be necessary to determine experimentally certain key thermal properties of the 

concrete and rebar including the thermal diffusivity and conductivity, heat capacity 

and various empirical constants related to beam geometry. 
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Ideally the final stage of the model development would be to manipulate the various 

expressions that are developed to create a single equation that specifies time to 
failure (as a result of either bending or shear loading) as a function of the following 

test variables, applied load and furnace/fire temperature, that takes into account the 

beam geometry and beam design. 

In reality it may be that such a single expression is too cumbersome to use due to the 

multitude of variables associated with the beam design. Hence a lifetime prediction 

approach may be based around design charts. Such charts would plot the reduction 
for example, in flexural capacity with time for beams with a fixed reinforcement 

ratio as a function of a geometric parameter. Geometric parameters and 

reinforcement ratios and critical flexural capacity to be determined in a separate 

exercise from supplementary design charts. Reading the time to failure to reach the 

critical flexural capacity from the primary design chart would then identify time to 
failure. 
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1.2 Definitions 

The following are definitions of terms used in this research work 

-A- 
Accelerator -A material that increases the rate of a chemical reaction. 
Adhesives - The group of materials used to join or bond together similar or 
dissimilar materials; for example, in concrete work, the epoxy resins. 
AFRP - Aramid-fibre-reinforced plastic. 
Aging - The process of exposing materials to an environment for an interval of time. 

Alkalinity - The condition of having or containing hydroxyl (OH-) ions; containing 

alkaline substances. In concrete, the alkaline environment has a pH above 12. 

-B- 
Balanced FRP reinforcement ratio - The reinforcement ratio in a flexural member 

that causes the ultimate strain of FRP bars and the ultimate compressive strain of 

concrete (assumed to be 0.003 to 0.0035) to be simultaneously attained. 
Bond strength at temperature - Mechanical interlock between the FRP and 

concrete at evaluated temperature. Bond strength is usually evaluated by pull - out 

testing. 

Braiding -A process whereby two or more systems of yarn are intertwined in the 

bias direction to form an integrated structure. Braided material differs from woven 

and knitted fabrics in the method of yarn introduction into the fabric and the manner 
by which the yarns are interlaced. 

-C- 
Carbon - Element that provides the backbone for all organic polymers. Diamond is 

the densest crystalline form of carbon. 
Catalyst -A substance whose presence increases the rate of a chemical reaction. In 

some cases the catalyst is consumed and regenerated, in other cases the catalyst 

seems not to enter into the reaction, but functions by virtue of some other 

characteristic. 
CFRP - Carbon-fibre-reinforced polymer. 
Composite -A combination of one or more materials differing in form or 

composition on a macroscale. Note: The constituents retain their identities, that is, 

they do not dissolve or merge completely into one another, although they act in 
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concert. Normally the components can be physically identified and exhibit an 
interface between one another. 
Cross-link -A chemical bond between polymer molecules. Note: an increased 

number of cross-links per polymer molecule increases strength and modulus at the 

expense of ductility. 

-D- 
Degradation -A decline in the quality of the mechanical properties of material. 

-E- 
E-glass -a family of glass with a calcium alumina borosilicate composition and a 

maximum alkali content of 2%. 

Endurance limit - the number of cycles of deformation or load required to bring 

about failure of a material, test specimen, or structural member. 

-F- 
Fatigue strength - the greatest stress which can be sustained for a given number of 
load cycles without failure. 

Fibre - any fine thread-like natural or synthetic object of mineral or organic origin. 
This term is generally used for materials whose length is at least 100 times their 

diameter. 

Fibre, aramid - highly oriented organic fibre derived from polyamide incorporating 

into aromatic ring structure. 
Fibre, carbon - Fibre produced by heating organic precursor materials containing a 

substantial amount of carbon, such as rayon, polyacrylonitrile (PAN), or pitch in an 

inert environment. 

Fibre, glass - Fibre drawn from an inorganic product of fusion that has cooled 

without crystallising. 
Fibre content - The amount of fibre present in a composite. This is usually 

expressed as a percentage volume fraction or weight fraction of the composite. 
Fibre reinforced polymer (FRP) - Composite material consisting of fibre 

impregnated with a fibre-binding polymer then moulded and hardened in the 

intended shape. 
Fibre volume fraction - The ratio of the volume of fibres to the volume of the 

composite. 
Fibre weight fraction - The ratio of the weight of fibres to the weight of the 

composite. 
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Filament -A single fibre. 

-G- 
GFRP - Glass-fibre-reinforced polymer. 
Glass transition temperature - Temperature around which the properties of the 

polymers show a quite sudden change. 
Grid -a two dimensional (planar) or three-dimensional (spatial) rigid array of 
interconnected FRP bars that form a contiguous lattice that can be used to reinforce 

concrete. The lattice can be manufactured with integrally connected bars or made of 

mechanically connected individual bars. 

-H- 
Heating under load test - Testing FRP-RC beam by applying heat while the beam 

is under sustained loading. 

High temperature tensile test - Tensile test on the FRP specimen under high 

temperature produced by heating chamber. 
Hybrid -A combination of two or more different fibres, such as carbon and glass or 

carbon and aramid, into a structure. 
4, 

Impregnate - In fibre-reinforced polymers, to saturate the fibres with resin. 

-K- 
Kevlar - Trade name of aramid. 

-M- 
Matrix - In the case of fibre-reinforced polymers, the materials that serve to bind the 

fibres together, transfer load to the fibres, and protect them against environmental 

attack and damage due to handling. 

. P. 

Pitch -A black residue from the distillation of petroleum and coal. 
Polymer -A high molecular weight organic compound, natural or synthetic, 

containing repeating units. 
Precursor - The rayon, PAN, or pitch fibres from which carbon fibres are derived. 

Pultrusion -A continuous process for manufacturing composites that have a cross 

sectional shape. The process consists of pulling a fibre-reinforcing material through a 

resin impregnation bath and through a shaping die where the resin is subsequently 

cured. 
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-R- 
Rebar, FRP -A composite material formed into a long, slender structural shape 

suitable for the internal reinforcement of concrete and consisting of primarily 
longitudinal unidirectional fibres bound and shaped by a rigid polymer resin 

material. The bar may have a cross section of variable shape (commonly circular or 

rectangular) and may have a deformed or roughened surface to enhance bonding 

with concrete. 
Resin - Polymeric material that is rigid or semi-rigid at room temperature, usually 

with a melting point or glass transition temperature above room temperature. 

-S- 
Sustained stress - stress caused by un-factored sustained loads including dead loads 

and the sustained portion of the live load. 

-T- 
Thermoplastic - Resin is not cross-linked; generally it can be re-melted and 

recycled. 
Thermoset - Resin that is formed by cross-linking polymer chains. A thermoset 

cannot be melted and recycled because the polymer chains form a three-dimensional 

network. 

"VI 
Vinyl ester -A class of thermosetting resins containing ester or acrylic, methacrylic 

acids or both, many of which have been made from epoxy resin. 

-W- 
Wet lay-up - Procedure consists of high strength fibres that are matted or woven 
into an epoxy matrix. 
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1.3 Notation 

a depth of equivalent rectangular stress block, mm. 

A the effective tension area of concrete, defined as the area of concrete having 

the same centroid as that of tensile reinforcement, divided by number of bars, 

mm2. 

Af area of tensile reinforcement, mm`. 

A1 
, bar area of one GFRP bar, mm2. 

Af ,;,, minimum area of GFRP reinforcement needed to prevent failure of flexural 

cracking, mm2. 

A f, amount of GFRP shear reinforcement within spacing s, mm2. 

A,,,,, area of cross-section of stirrups, mm2. 

b width of rectangular cross section, mm2. 

bT width of the GFRP RC beam at temperature at T°C, mm. 

c specific heat capacity (Chapter 3), W/m/°C. 

c distance from extreme compression fibre to the neutral axis, mm. 

C, distance from extreme compression zone to the neutral axis at balanced strain 

condition, mm. 
CTE coefficient of thermal expansion, /°C. 

d distance from extreme compression fibre to centroid of tension 

reinforcement, mm. 

db diameter of reinforcing bar, mm. 

dc thickness of the concrete cover measured from extreme tension fibre to centre 

of bar location closest thereto, mm. 

Ec modulus of elasticity of concrete, GPa. 

Ef modulus of elasticity of GFRP, GPa. 

E fr modulus of elasticity of GFRP at temperature T°C, GPa. 

E3 modulus of elasticity of steel, GPa. 

EST modulus of elasticity of steel at temperature T°C, GPa. 
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ET the transverse modulus of the composite bar, GPa. 

h overall height of flexural member, mm. 
I moment of inertia, mm4. 

'Cr moment of inertia of transformed crack section, mm4. 

Ie effective moment of inertia, mm4. 

I8 gross moment of inertia, mm4. 

k thermal conductivity (Chapter 3), W/m/°C. 

k ratio of the depth of neutral axis to reinforcement depth. 

Mcr moment of the beam in crack state, kN-m. 

Mn nominal flexural capacity of the beam, kN-m. 

Mn,. nominal flexural capacity of the beam at temperature T°C, kN-m. 

Msd design value of bending moment of the beam, kN-m. 

ma normalised bending moment of the beam = 
cr'bd c 

M. factored moment at section, kN-m. 

nf ratio of the modulus of elasticity of FRP bars to the modulus of elasticity of 

concrete. 

rb internal radius of bend in FRP reinforcement, mm. 

2r diameter of the composite rebar, mm. 

P the pressure across the boundary of FRPRC member. 

s Spacing between shear reinforcement, mm. 

S,,,, average crack spacing in the beam. 

t time exposure to temperature, minutes. 

T8 glass transition temperature, °C. 

T external temperature supplied by the heating chamber, °C. 

of volume fraction of fibre in the composite rod 

ww cracks width in the beam. 

a thermal diffusivity (Chapter 3), m2/sec. 

a° the CTE of concrete, 1/°C. 

aL the longitudinal CTE of the composite FRP rod, 1/°C 
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(XT the transverse CTE of the composite FRP rod, 1/°C. 

the shape coefficient of FRP rod (Section 5.2). 

A gradient of the curve of the of ln changing temperature via time (Chapter 5 ). 

ßd reduction coefficient used in calculating deflection. 

ý1 concrete strength factor taken here as 0.8. 

6 interface temperature calculated by the developed equation °C. 

AT the change in temperature, °C. 

EC strain in concrete. 

CC" ultimate strain in concrete. 

Ef strain in FRP reinforcement. 

EL the longitudinal strain in the composite reinforcement. 

Eh� main strain in GFRP bars. 

ýsd neutral axis depth coefficient. 

VC Poisson ratio of the concrete. 

VLT major Poisson ratio of the FRP bar. 

vu in-plane Poisson ratio of the composite. 

YG partial safety factor for self load (dead load) taken as 1.35. 

YQ partial safety factor for imposed load (live load) taken as 1.50. 

YGFRP factor of safety of GFRP rebar. 

pfb GFRP reinforcing ratio producing balanced strain conditions 

Pf ratio of GFRP reinforcement = 
Abd 

oC concrete compressive strength, MPa. 

oCI tensile strength of concrete, MPa. 

o cT compressive strength at temperature T°C, MPa. 

QC, specified compressive strength of concrete, MPa. 

Q' a square root of specified compressive strength, MPa. 

of stress in the FRP reinforcement in tension, MPa. 

o f, b the strength of the bent portion of the FRP stirrups, MPa. 
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a fr stress in the FRP reinforcement in tension at temperature T°C, MPa 

o f, vT tensile strength of FRP for shear design, taken as the smaller 0.002 Ef, MPa. 

a yd yield strength of steel stirrups, MPa 

IC nominal shear strength provided by concrete with steel flexural 

reinforcement. 

2C, f nominal shear strength provided by concrete with FRP flexural 

reinforcement. 

It f shear resistance provided by FRP stirrups. 

a� nominal shear strength at section. 

ZnT nominal shear strength at section at temperature T°C. 

bond strength MPa. 
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1.4 Application and use 3 

The material characteristics of FRP reinforcement need to be considered when 
determining whether FRP reinforcement is appropriate in a particular structure. 
The material characteristics are given in Chapter 2 and the evaluation of the thermal 

properties is described in Chapters 3,4 and 5. Chapter 6 gives the evaluation of the 

flexural and shear strength of GFRP- RC beams under normal temperature and fire. 

Table 1.1 gives the advantages and disadvantages of FRP reinforcement for concrete 

structures. 

Table 1.1 Advantages and disadvantages of FRP reinforcement 3 

Advantages of FRP reinforcement I Disadvantages of FRP reinforcement 

"High longitudinal strength (varies with I *Low transverse strength (varies with 

sign and direction of loading relative to sign and direction of loading relative to 

fibres) fibres) 

"Corrosion resistance (not dependent on aI *Low modulus of elasticity (varies with 

coating) type of reinforcing fibre) 

"Nonmagnetic "Susceptibility to damage of polymeric 

"Light weight (about 1/5 the weight of resins and fibres under ultra violet 

steel) 

"High fatigue endurance (varies with type 

of reinforcing fibre) 

*Low thermal and electric conductivity 

for glass and aramid fibres 

radiation exposure 

"High coefficient of thermal expansion 

perpendicular to fibres, relative to 

concrete 

'No yielding before brittle rupture 

Susceptible to fire depending on matrix 

type and concrete cover thickness 

'Lack of durability of glass fibres in a 

moist environment 

'Lack of durability of some glass and 

aramid fibres in an alkaline environment 
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The corrosion-resistant nature of FRP reinforcement is a significant benefit for 

structures in highly corrosive environments such as sea walls and other marine 

structures, bridge decks, super structures and pavements exposed to de-icing salts. 
In structures supporting magnetic resonance imaging (MRI) units or other equipment 

sensitive to electromagnetic field, the nonmagnetic properties of FRP reinforcement 

are significantly beneficial. 

In general, compressive strengths are higher for bars with higher tensile strengths, 

except in the case of AFRP where the fibres exhibit non-linear behaviour in 

compression at a relatively low level of stress 3. Because of the relatively low 

modulus of FRP compared to steel, the maximum contribution in compression of the 

FRP reinforcement (calculated at crushing strain of concrete typically at ec� =0.003) 

is small. Therefore, FRP reinforcement should not be used as reinforcement in 

columns or other compression members. 

1.5 The need for research 

As pointed out in the list reported by ACI committee 4403 in 5 January 2001, future 

research is needed to provide information in areas that are still unclear or need 

additional evidence to validate performance. 
Some of these research areas are strength and stiffness degradation of FRP rebars in 

harsh environments, behaviour of FRP reinforced members under elevated 

temperature, minimum cover requirements for fire resistance and fire rating of 

concrete members reinforced with FRP rebars. 
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1.6 Outline of the research 

The relevant literature on glass fibre reinforcement used in the construction industry 

is presented in Chapter 2. The first part of Chapter 2 mainly describes some research 

work which was carried out on the use of glass and carbon fibre sheets for wrapping 

(strengthening) concrete elements. The durability, and thermal compatibility of the 

FRP rebar-concrete bond and test methods used in their characterisation are 

comprehensively described in the second part of this Chapter. At the end of Chapter 

2, the effect of fire on the properties of the composite materials and a review and 

analysis of the available fire test results are presented. 

In Chapter 3 heat transfer in the material and the methods of the measurement of 
thermal diffusivity, heat capacity and thermal conductivity are presented. Also the 

analytical models for the evaluation of the bond strength are reviewed in this chapter. 

In Chapter 4 experimental testing on GFRP rebars is reported. Detailed descriptions 

of pull - out, tensile and flexural tests over a range of temperatures and microscopic 

examination after testing, are included. Samples of GFRP rebars were subjected to 

an aggressive environment to simulate the alkaline action of the pore solution in 

concrete. A range of temperatures was produced using a water bath. Results of this 

investigation are also given in this chapter. The data obtained from these results 

were used as a baseline to set a model for the prediction of the fire ratings of the 

GFRP RC elements. 

In Chapter 5a study of thermal compatibility in the composite reinforcements is 

described. Also, an experimental study of heat transfer at the interface of GFRP- 

concrete elements is under taken. Prediction of the temperature at the interface of the 

GFRP bar-concrete is given by using equations developed from the sets of test 

results. A design method for estimating the residual flexural and shear capacities of 
GFRP RC beams when exposed to fire is described. Description of a model adopted 
in this work is presented at the end of this chapter. 

In Chapter 6 the fire tests on the two full scale GFRP RC beams are described. 

Flexural behaviour of a GFRP RC beam was also tested under normal temperature as 
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control. The data obtained from these fire tests were used for validation of the model 

and the design method which is based on reduction of stiffness and strength in the 

material due to increasing temperature. 

Summary, discussion and conclusions of the results are given in Chapter 7. 

Analysis of the temperature developed in the beam due to fire exposure was carried 

out using an FE model. Results are presented in Appendix 1. Detail calculations of 

the residual flexural and shear capacity of the beam are presented in Appendix 2. 

Outline/diagram using model for the failure time prediction is given in Appendix 3. 
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2 BACKGROUND INFORMATION 

2.1 Historical development 

The development of FRP reinforcement can be traced to the expanded use of 

composites after World War II3. The aerospace industry had long recognised the 

advantages of the high strength and lightweight of composite materials, and during 

the Cold War the advances in the aerospace and defence industries increased the use 

of composites. Furthermore, the United States' rapidly expanding economy 

demanded inexpensive materials to meet consumer demands. Pultrusion offered a 

fast and economical method of forming constant profile parts, and pultruded 

composites were being used to make fishing rods and golf clubs 3. 

In the 1960s composites were first-used as reinforcement in concrete in the United 

States. In 1983, the first project funded by the United States Department of 

Transportation (USDOT) was on "Transfer of Composite Technology to Design and 

Construction of Bridges" 3. 

Marshall-Vega Inc. led the initial development of GFRP reinforcing bar in the 

United States. GFRP bars were considered a viable alternative to steel as 

reinforcement for polymer concrete due to incompatibility of the coefficient of 

thermal expansion between concrete and steel. 

The 1980s market demanded non-metallic reinforcement for specific advanced 

technology. The largest demand for electrically non-conductive reinforcement was in 

facilities for MRI medical equipment. FRP reinforcement became the standard in this 

type of construction. Also FRP is used in sea wall construction, substation reactor 
3 bases, airport runways, and electronics laboratories 'a 

During the 1990s concern increased in the United States as the deterioration of aging 

bridges due to corrosion became more apparent. Additionally, detection of corrosion 

in the commonly used epoxy-coated reinforcing bars increased interest in alternative 

methods of avoiding corrosion. Once again, FRP reinforcement began to be 
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considered as general solution to address problems of corrosion in bridge decks and 

other structures 3. 

Since the 1980's much research has been carried out in Japan into the utilisation of 

FRP as a concrete reinforcement, especially for pre-stressed tendons. As FRP does 

not corrode even in a chloride environment it is the best material for the 

reinforcement of concrete used in Japan, where most of the people live close to the 
5 coast due to the location of mountains at the centre of the Japanese islands . 

Many structures including railways and highways are located at the coast and de- 

icing salt is used in wintertime. Chlorides are present continuously in this region 

from seawater and de-icing salt. In order to deal with this FRP is used for reinforced 

concrete not only in new structures but also in existing structures following a 

recommendation by the Japan Society of Civil Engineers (JSCE) research committee 

(1997) 5. 

2.2 Commercially available FRP rebars 

Commercially available FRP reinforcing materials are made of continuous aramid 

(AFRP) carbon (CFRP), or glass (GFRP) fibre embedded in a resin matrix. Typical 

FRP reinforcement products are grids, bars, fabrics and ropes. 

The bars have various types of cross sectional shapes (i. e. square, round, solid, and 

hollow) and deformation systems (i. e., exterior wound fibres, sand coating, and 
formed deformations). 

2.3 History of use 

For many years there has been great interest in FRP reinforcement for concrete in 

Europe and it was there that some of the pioneering work in this field was done. 

However, early developments were not as commercially successful as had been 

hoped and today FRP reinforcement for concrete is used less in Europe than in North 

America and Japan 3, a 
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Nevertheless, many research and application projects have been undertaken in 

Europe and there have been developments in the use of advanced composites for 

construction. As information about FRP and its uses has become more widely 

known, and a large range of types and shapes of FRP reinforcement has become 

available, its use in construction is expanding rapidly. 

Considerable interest is being shown in the use of FRP in the repair and 

strengthening of existing structures. The use of externally bonded FRP reinforcement 

(FRP EBR) is well documented and it is becoming a standard technique in some 

countries. Recently some companies have been using FRP reinforcement in 

reinforced concrete (RC) and prestressed concrete (PC). One of the main advantages 
a of these new materials is their durability ,s 

The use of FRP reinforcement in Europe began in Germany with the construction of 

a prestressed FRP highway bridge in 1986. Since the construction of this bridge, 

programmes have been implemented to increase the research and use of FRP 

reinforcement in other applications 4. 

The Japanese have the most FRP reinforcement applications with more than 100 

demonstration or commercial projects. FRP design provisions have been included in 

the design and construction recommendations of the Japan Society of Civil 

Engineers 5. 

2.4 Outline of the literature review 

The relevant literature on glass fibres reinforcement used in the construction industry 

is reviewed in this chapter. 

In the first part glass and carbon fibres sheets used for wrapping (strengthening) the 

concrete elements are reviewed. Also the characteristics and durability of FRP rebars 

and the degradation of composites in the wet environment are reviewed. A review of 

the compatibility of FRP bars and concrete and test methods at high temperature are 
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described in the second part of this chapter. The effect of fire on the FRP reinforced 

concrete, stated by the other researchers is discussed at the end of this chapter. 

2.5 General review of combining FRP with concrete 

2.5.1 Wrapping columns with FRP 

Fibre reinforced polymers (FRP) are materials consisting of high strength fibres 

immersed in a structural matrix such as epoxy or other durable resin. The most 

common fibres used in FRP technology are glass, carbon, and aramid (more 

commonly known by its trade name Kevlar) 6,7 

In the mid-1980s bridge engineers began to realise the potential of FRP for columns 
in areas prone to seismic activity 7. Research at the University of California at San 

Diego (UCSD) revealed that FRP applied externally to reinforced concrete columns 

provided a significant increase in shear strength, enhanced the column ductility and 
inhibited the rebar lap splice failure which is common in seismic events. 

The process used to apply FRP to test columns has been the wet lay-up procedure. 
This procedure consists of high strength fibres in a mat or woven fibre form 

impregnated by epoxy matrix. This impregnated fibre sheet is then applied to the 

column like wallpaper. 

Another benefit of FRP retrofit is an increase in axial or vertical load capacity of the 

column. Tests carried out by other researchers showed that a two-layer application of 

glass FRP on standard concrete cylinders increased axial capacity by a margin of 135 

percent. With the research showing clear benefits from the use of FRP in protecting 

structures from the harmful effects of strong ground motions bridge engineers 
decided to use FRP materials on actual bridge columns. 

In Los Angles, in the autumn of 1991, twelve 1.8-m diameter and three 1.2-m 

diameter columns ranging from 5.5m to 15.2 m high, were wrapped with glass FRP. 

In this project, the number of layers of FRP varied from one to sixteen. The project 
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was completed in three weeks at a cost that was significantly less than a comparable 

steel jacket retrofit 7. 

On January 17,1994, the Northridge earthquake, with a Richter scale magnitude of 

6.7, rocked southern California. This massive tremor resulted in the collapse of the I- 

5/Highway 14 Interchange Northwest of Los Angles. Columns on the Santa Monica 

Freeway just east of the town that had not yet been retrofitted exhibited classical 

failure modes resulting from inadequate confinement steel 7. The columns retrofitted 

with FRP on 1-5 were undamaged by the Northridge earthquake. This shows that 

FRP can effectively strengthen columns to withstand the harmful effects of strong 

ground motions. 

In the USA 39 out of 50 states have to design their bridges for the possibility of 

earthquakes. As a result, many states are now evaluating their existing life-line 

structures for susceptibility to earthquake damage. 

The use of FRP to retrofit the columns has the following advantages; cost saving, 

speed of application and it is non-corrosive 7,8. 

With the successful applications of FRP in the seismic retrofit arena, engineers soon 

realised the potential for non-seismic repairs and upgrades of highway bridges. One 

such area is the repair of reinforced concrete columns in the regions where high 

levels of de-icing chloride ions are applied to keep the bridge decks free from ice in 

winter. The unfortunate side effect of this practice is the penetration of this chloride 
into the concrete where it attacks and corrodes the reinforcing steel resulting in the 

cracking and spalling of the concrete surface 7. 

A typical repair method for this problem is to first remove all loose and delaminated 

concrete followed by a tedious chipping procedure to facilitate the repair material 
flowing in and around the reinforcement steel in order to achieve a mechanical bond. 

Many bridge maintenance engineers perform this task on a regular basis only to find 

that in a short period of time (typically two years or less) the repairs spall off due to 

continued rebar oxidation. 
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The use of FRP applied externally via the wet lay-up method to columns after the 

repairs are made achieves three additional benefits: 

i) Provides confinement for the repair material to stay in place. 
ii) Protects the concrete with an impervious barrier that will prevent de-icing 

chlorides from attacking the steel rebar. 
iii) Strengthens the column by providing hoop strength to compensate for the 

section loss of the corroded rebar. 

Many states in North America are now employing this technique on a regular basis 

to prolong the life of their structures. FRP is also being implemented in bridge 

rehabilitation on concrete beams. 

In the summer of 1996, the prestressed reinforced concrete beam of a bridge at the 

interchange in Spartanburg in America, was impacted by oversized vehicles resulting 

in significant damage to the extent where beam replacement seemed unavoidable. 

The estimated cost for beam replacement was $250,000, and there were the problems 

of redecking the bridge above the beam and traffic control 7. FRP repair and 

strengthening procedures were used whereby carbon FRP was applied longitudinally 

to the underside of the beam to restore the flexural strength. The project was 

completed in approximately three weeks, and included re-forming the concrete beam 

with an approved repair material prior to the FRP application. The saving to the state 

was over $150,000, compared to the cost of beam replacement 7. 

FRP reinforcement and prestressing materials for concrete are starting to be used in 

place of steel. Several states in USA, have installed pultruded FRP bridge deck 

sections that promise long term performance due to the non-corrosive features of 

these materials 8. 

2.5.2 Upgrading concrete elements using CFRP sheets 

Strengthening and rehabilitating reinforced concrete (RC) structural elements 

through adhesive bonding of external steel reinforcement plates is a technology 

which has been researched extensively during the past decade 9. Application of this 
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plate bonding technology to many real structures has shown that this technique is 

structurally sound and economically efficient, to a prestressing problem. 

More recently, however, non-metallic fibre-reinforced polymer (FRP) materials are 
being considered as external reinforcement, as an alternative to conventional steel, 

with numerous advantages such as high strength-to-weight ratio, corrosion 

resistance, ease of handling and economic cost-effectiveness with appropriate 
design. 

At present, the most commonly available FRPs are glass-fibre-reinforced polymer 
(GFRP) and carbon-fibre-reinforced polymer (CFRP) sheets 8'9'l0GFRP has lower 

elastic modulus than steel but is economically very attractive. On the other hand, 

CFRP is costly but can have an elastic modulus comparable with that of steel, and 

ultimate strength which can be as much as five times that of steel 8. 

In general, FRPs are linearly elastic up to failure, and the ultimate failure strain is 

much higher than the yield strain of steel. These are two very important material 

characteristics which have serious implications for overall load response of the 

strengthened composite structure and the optimum use of the plate material 8. The 

linear elastic behaviour of the FRPs right up to failure could lead to undesirable 

brittle failures of the strengthened structure, while loss of integrity at the plate 

adhesive- concrete joint at high plate strain could hinder the optimum use of the plate 

material as well as the achievement of a ductile failure. The research carried out by 

Swamy and Mukhopadhyaya10 examines the above factors which influence the 

effectiveness of CFRP plate bonding of RC beams. 

The observed nature of the primary failure modes of CFRP-laminate-bonded 

composite RC beams was diverse and included several phenomena such as: 

a) laminate rupture (only in very special circumstances) 
b) crushing of compression concrete 

c) laminate peel-off from the uneven concrete surface 
d) laminate debonding from the point of origin of the diagonal shear crack. 

Figure 2.1 describes the fourth failure type 10. In this mode of failure the CFRP 

laminate debonded from the point of origin of the inclined shear crack, far away 
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from the plate cut-off end, and then propagated further leading to complete 
debonding of the plate up to the plate end. 

Shear 
cracks T 

. nnrl 

xural crack 

Relative displacement 

Peeling of 
laminate 

Fig 2.1 CFRP Plate de-bonding 10 
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With the mode of failure presented in Figure 2.1, it could not be said that the crack 
development and plate de-bonding were due to lack of plate anchorage at the plate 

end, although local constraints could influence the initiation of this type of failure. 

Apparently, plate de-bonding was triggered by the development of the shear crack. 

A fifth type of failure which is identical to the type of failure observed with steel 

plates 10 also occurs with CFRP sheets. This consists of debonding of the CFRP 

laminate from the plate cut-off point near the end support. 

The fact that this type of failure occurs with both steel and FRP plates confirms the 

existence of complex normal and interface shear stresses at plate cut-off section, 

which are far more critical to the overall stability and integrity of the strengthened 

structural member than any other mode of failure. End anchorage then becomes 

essential in order to resist and delay this type of failure, and consequently to increase 

the failure load, utilising more of the strengthening capacity of the CFRP plate lo. 

In conclusion, CFRP plate bonding increases the overall stiffness of RC beam 

elements, reduces crack width, delays the appearance of the first crack and extends 

the ultimate load bearing capacity. The method is equally effective in strengthening 

pre-cracked and un-cracked beams, as shown for steel-plate-bonded beams. 

The work carried out by Swamy and Mukhopadhyaya12 investigated the phenomenon 

of debonding when CFRP plates are used as externally bonded additional 

reinforcement to strengthen structures, and the parameters which influence the 

debonding process. 

The main variables investigated, in the above paper, were 

a) concrete strength 
b) amount of shear reinforcement 

c) amount of internal tension reinforcement 
d) the location and arrangement of externally bonded anchorages. 

Six plate-bonded beams were tested in total, which were designed to optimise both 

the ultimate load capacity and their failure behaviour. The results emphasised the 

40 



Chanter 2 Literature review 

need for externally bonded anchorages to prevent ductile flexural failure of such 

strengthened beams. The structural behaviour of composite RC beams with 

externally bonded CFRP was also studied by Spada et al. 8. In this work the overall 

objective was to establish the structural behaviour of reinforced concrete (RC) beams 

strengthened with externally bonded carbon-fibre-reinforced plastic (CFRP) sheets. 

Four beams, three with bonded CFRP plates on the tension face, two of which were 

provided with carefully designed external anchorages at the ends of the plates and 

along the span, were tested under four-point bending over a span of 4.8m. 

2.5.3 Upgrading concrete elements using GFRP sheets 

Glass fibre reinforced plastics (GFRP) also offer an attractive alternative to steel for 

use as external reinforcement. Tests on beams with bonded GFRP plate 

(Saadatmensh and Ehsani) 11 show that it can enhance the ultimate flexural strength 

considerably when the steel reinforcement ratio is much lower than the balanced 

steel ratio, and in most cases the concrete fails long before the GFRP plate reaches 

its ultimate load capacity. 

However, imperfect composite action and slip between the plate and concrete often 

lead to premature failure, and a reduction of structural ductility occurs, both of which 

are of considerable concern to the engineer and need to be assessed further (Swamy 

and Mukhopadhaya12, Swamy et al. 13). All of the available test results seem to 

indicate that plate anchorage details and plate width-thickness ratio are critical in 

determining the mode of failure of the beam. 

In experimental work carried out by Mukhopadhyaya et al. " on reinforced concrete 
(RC) beams strengthened externally by GFRP plates full-scale beams were tested in 

the laboratory to identify the differences in behaviour of a GFRP-plated RC beam 

from that of a steel-plated material. This work addressed the structural implications 

when a glass fibre reinforced plastic (GFRP) plate is bonded to a reinforced concrete 
(RC) beam for flexural strengthening. The design technique that was adopted 
improves the ultimate load capacity of the strengthened composite beams and 

enhances its ductility in terms of deflection at midspan, energy absorption capacity, 

and curvature in the pure bending region. Preservation of the plate-adhesive-concrete 
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interface bond and strengthening the compression concrete by confinement through 

the use of bonded plates onto the beam web are two critical features of this design 

approach. In the conclusions of the above work, it was mentioned that the beam 

strengthened with GFRP plates could be designed to fail in flexure with structural 
ductility higher than that of the un-plated control beam. Also when GFRP plate is 

used as tension plate material for plate bonding, special attention should be paid to 

retain the plate-adhesive-concrete interface integrity in the composite beam until 
failure. 

2.6 Glass-fibre reinforcing rebars 

The manufacture of FRP rebars is generally undertaken by the pultrusion technique. 

Although, strictly, a description of this method and the types of FRP bars (Section 

2.7) are not a part of the review procedure, an explanation of these items is necessary 
for an appreciation of the following review. FRP rebars consists of strands of one or 

more types of reinforcing fibres which are bonded together through resin or matrix 

systems. The pultrusion technique for the manufacture of FRP is a fast process with 

good quality control and low equipment cost. This technique is shown in Figure 2.2 
15 

Cut-off 
Surfacing saw 
material 

Forming & 
Curing die ý'ýýý' 
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Pull 
blocks 

Fig. 2.2 Pultrusion Process 
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2.6.1 Pultrusion Process 

The process starts with several spools of fibre in the form of strands. Although glass 

is the fibre most commonly used it is possible to combine different fibres at this 

stage to obtain the desired physical characteristics for the finished product. In some 

cases, the strands are first passed over a series of heaters to remove any moisture 

condensation from the fibres. The fibres are then pulled through a series of guides 

where they are formed in to the desired shapes. Next, the material is passed through 

a resin bath for impregnation. The resin is mixed with the necessary accelerators, 

catalysts, filler materials and other required additives 1s. During the last stage, the 

resin impregnated fibres are passed through the final heated dies where the excess 

resin is squeezed out of the rebar. If the resin system is a thermoset (e. g. epoxies and 

polyesters), the heated dies initiate the curing process. The dies also insure 

uniformity of finished dimensions and maintain the desired volume of resin in the 

rebar. As the completed rebar is pulled out of the production line, it can be cut with a 

saw to the desired length. Some manufacturers have proprietary techniques where, 

before the bar is cured, a set of strands is helically wrapped around the rebar. The 

deformation thus formed on the surface of the rebar improves its bond strength to 

concrete. Figure 2.3 shows the stress/strain curve for the GFRP bar and steel. 
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Fig. 2.3 Stress versus strain relation ship for steel and GFRP rebars 

Table 2.1 show comparison of properties of steel and GFRP rebar. 
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Table 2.1 Comparison of properties of steel and GFRP rebars3,15 

Steel rebar GFRP rebar 
Tensile strength (MPa) 483-690 583-1600 

Yield strength (MPa) 276-517 N/A 

Elastic modulus (GPa) 200 35-51a 

Compressive strength (MPa) 500-700 320-470 

Coefficient of thermal expansion (x 10 '6/ °C) 11.7 10.0 

Specific gravity 7.9 1.5-2.0 

Rupture strain (%) 6.0 to 12.0 1.2 to 3.1 

Note: (a) for samples having tensile strength ranging from 550-900 MPa 

2.7 Types of the FRP bars 

Surface geometries of the FRP reinforcements commercially available include 

ribbed, sand coated then wrapped and sand coated again. The physical characteristics 

of the surface of the FRP rebars are an important property for mechanical bonding to 

concrete. There is no standardised classification of surface deformation patterns 3 
. 

Twelve standard sizes of FRP bar are classified according to ASTM, they are 
illustrated in Table 2.2, which includes the metric conversion. The nominal diameter 

of a deformed FRP bar is equivalent to that of a plain round bar having the same area 

as the deformed bar. 

When the FRP bar is not of the conventional solid round shape (that is, rectangular 

or hollow), the outside diameter of the bar or the maximum outside dimension of the 
bar will be provided in addition to the equivalent nominal diameter. 
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Table 2.2 ASTM standard reinforcing bars 3 

Bar size designation 

Standard Metric 

conversion 

Nominal diameter, 

in. (mm) 

Area 

in2 (mm2) 

No. 2 No. 6 0.250 (6.4) 0.05 (31.6) 

No. 3 No. 10 0.375 (9.5) 0.11 (71) 

No. 4 No. 13 0.500 (12.7) 0.20 (129) 

No. 5 No. 16 0.625 (15.9) 0.31 (199) 

No. 6 No. 19 0.750 (19.1) 0.44 (284) 

No. 7 No. 22 0.875 (22.2) 0.60 (387) 

No. 8 No. 25 1.000 (25.4) 0.79 (510) 

No. 9 No. 29 1.128 (28.7) 1.00 (645) 

No. 10 No. 32 1.270 (32.3) 1.27 (819) 

No. 11 No. 36 1.410 (35.8) 1.56 (1006) 

No. 14 No. 43 1.693 (43.0) 2.25 (1452) 

No. 18 No. 57 2.257 (57.3) 4.00 (2581) 

FRP bars made of continuous fibres (aramid, carbon, glass, or any combination) 

should conform to quality standards. FRP reinforcing bars are available in different 

grades of tensile strength and modulus of elasticity. The tensile strength grades are 
based on the tensile strength of the bar with the lowest grade being 414 MPa or 
60,000 psi (grade F60) and the highest strength of 2,069 MPa or 300,000 psi (grade 

F300)3. 

For the modulus of elasticity grade the minimum value is prescribed depending on 
the fibre type. For design purposes, the engineer can select the minimum modulus of 

elasticity grade that corresponds to the chosen fibre type for the member or project. 
For example, an FRP bar specified with a modulus grade of E5.7 indicates that the 

modulus of the bar should be at least 39.3GPa (5,700 ksi ) 3. 

The modulus of elasticity grades for different types of FRP bar are given in Table 

2.3. 
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Table 2.3 Minimum modulus of elasticity by fibre type for reinforcing bars 

Modulus rade GPa, x10 ksi 
GFRP bars 39.3 (E5.7) 

AFRP bars 68.9 (E10.0) 

CFRP bars 110.3 (E16.0) 

2.8 Classification of the FRP rebars 22,23 

Three main types of the rebars are used in the construction industry; these are 

aramid, carbon and glass fibres continuous bars. Figure 2.4 gives the classification of 

the continuous fibre bars in terms of their fibre and binding types. 

47 



Chapter 2 Literature review 

Classification by material 

1. Classification by fibre 
PAN-Carbon 

Carbon 
Fibre 

Inorganic Pitch-Carbon 

fibre 
Glass fibre Alkali resistance 

glass 

E-glass 

Aramid fibre 
Organic 

Fibre 
Polymeric fibre 

2. Classification by binding material 

Organic 
Material 

Epoxy 

Vinyl ester 

Unsaturated Polyester 

Others 
Inorganic Material Special Cement etc. 
Classification according to surface condition 

Straight (smooth surface) 

deformed (bumpy surface) 

circular section 

rectangular section 

flat section 

braided sanded 

spiral 
b stranded unsanded 

twilled 
rolled 

Fig 2.4 Classification of the FRP rebars 
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2.9 Bond action 

The bond between concrete and FRP reinforcing bars is the key to understanding the 

composite action of FRP reinforced concrete and ought to be adequately understood 

before FRP materials can be accepted widely in the construction industry. To secure 

composite action, a sufficiently strong bond is required between reinforcement and 

concrete for successful transfer of forces from one to the other. Particular areas of 

attention include splices and end anchorage regions, since hook anchorages (by 

bending of the bar) are not always possible with FRP bars. 

The FRP bar to concrete interaction is best described by using the bond versus 

loaded end slip response curve for short embedment length subjected to pull - out, as 

shown in Figure 2.5 16. 

tsd 

Average 

bond, ,r 
TI 

Ta 

Fig 2.5 Typical average bond stress versus loaded end slip curve of an FRP short 

embedment 

Section OA: At the beginning of loading, the main mechanism that resists the 

external load is the chemical adhesion between the two materials. No measurable 

slip is observed at this stage. 
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Section AB: As the load increases, adhesion breaks down and the bond mechanism 

changes. The slip at the loaded end of the bar gradually increases and the 

deformation of the bar develops bearing stresses due to reaction against the 

surrounding concrete. The principal stress caused by bond stresses reaches the tensile 

strength of concrete and microcracks initiate at the tips of bar deformations, this 

allows the bar to slip. However, since the surface deformations of FRP bars are much 

"smaller" than the deformation of steel bars, it is believed that the initiation of 

transverse microcracks is relatively delayed. It is also believed the bond behaviour of 

FRP bars, at this stage, is better than that of steel deformed bars 16 

Section BC: At this stage, the bearing stresses from the bar deformation to the 

surrounding concrete increase considerably, as the slip of the bar increases. The 

principal direction of these stresses is assumed to subtend an angle a to the 

horizontal plane which depends on the value of the elastic modulus of the bar, the 

shear strength of concrete at the location of the microcracks 16, and the type of the 

bar surface. The radial component from the bond forces is balanced against rings of 

tensile stresses developed in the surrounding concrete Figure 2.6. 

Fig 2.6 Schematic representation of how the radial components of the bond force are 
balanced against tensile stress rings in the concrete in the anchorage zone16 

The splitting resistance of the concrete surrounding the bar is decisive at this stage. 
The possible ultimate cracking pattern giving minimum splitting resistance against 

the radial pressure generated by bond force determines the anchorage capacity. 
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Confinements by the surrounding concrete mass, transverse reinforcement and 

pressure, applied externally to the anchorage zone, influence the splitting resistance. 

Section CD: If sufficient resistance to splitting can be provided by the surrounding 

concrete, as for example in the case of short embedment in pull - out cube tests, then 

the bond stress can reach the maximum bond strength, ti*. At this stage, both the 

loaded and unloaded ends of the bar are slipping and bond stiffness is significantly 

decreased. 

Section DE: After attaining the maximum bond stress, the bearing mechanism 

between bar deformation and concrete breaks down and the bond stress decreases 

considerably. The residual bond strength mainly depends on the frictional resistance, 

ir, at the failure interface. The roughness of this interface determines the magnitude 

16 of Tr 

2.10 Characteristics of the material systems 

The use of processes such as wet lay-up, pultrusion, wet winding and resin infusion 

require that the resin have a sufficiently low viscosity so as to be able to infuse the 

reinforcing structure of fibres cost effectively 19,21. Both polyesters and vinyl esters 

are likely to be widely used with preference being given to vinyl esters because of 

their greater durability. For components fabricated with vinyl esters it is likely that 

the performance characteristics would change with time. It is important that the 

designer uses values characteristic of the material (after a reasonable period of time), 

rather than values based on testing conducted immediately after fabrication 18. 

E-glass fibre is susceptible to moisture and alkali induced damage, therefore it is 

necessary for appropriate selection of the resin system to serve not only as binder but 

also as protective layer that would reduce diffusion and ultra violet induced 

degradation 19. Due to the high potential for use in the field of processes such as wet 
lay - up and resin infusion in the presence of moisture, the use of anhydrite cured 

epoxies would not be recommended 18. 
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Changes in glass transition temperatures of the composite materials due to the 

absorption of moisture is considered in other fields but it is particularly striking in 

civil infrastructure because initial T. is low due to the predominance of ambient cure 

especially in structural rehabilitation applications 18. 

Although it has been shown that T. will recover after drying, this can be affected by 

the geographical location of the structure 18,21. In areas with a humid climate where 

there are continuously high levels of humidity and/or moisture there is little chance 

that the moisture content of the composite will decrease. 

2.10.1 Interface aspects 

In many cases the fibre reinforced composite component will be in contact with or 

adjacent to concrete substrate. In such cases one must consider that concrete is a 

porous and chemically active material with pH of pore water being as high as 13.5 . 
5 

Existing concrete can also contain high levels of chlorides, carbonates, and 

sulphates, all of which can be brought to the concrete-composite interface through 

moisture that diffuses through the concrete. Figure 2.7 emphasises the various levels 

of interaction that need to be considered to use the composite in applications such as 

external strengthening, wherein a relatively thin composite layer is adhesively 
bonded to the surface of active concrete 18. 
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Internal Influence 
Alkali content and pH level 
Stress 
Moisture infiltration 
Chemical activity 
Electro mechanical activity 
Transport of solutions, salt... 

External Influences 
Temperature 
Moisture 
Humidity 
Temperature Cycling (daily, seasonal) 
Ultra-Violet rays 
Aggressive natural and manmade agents 

Fig 2.7 Systems level interactions 18 

Interfacial Influences 
Moisture diffusion 
Moisture entrappment 
Thermal and elastic mismatch 
Selective transport of chemical 

The strength and effectiveness of the composite used for external strengthening 

depends on the cohesive strength of the adhesive and the degree of adhesion between 

the two adherents. The method of surface pre-treatment of the adherents prior to the 

application of the adhesive influences the efficiency of the adhesive 18 

Surface pre-treatment plays an important role in all bonding operations. However, in 

a civil infrastructure environment, this can often be restricted to the removal of loose 

and unsound material and the drying of the concrete surface to the best degree 

possible 19. 
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2.10.2 Alkali effects 

When FRP is embedded in concrete and used as reinforcement, it must be durable 

enough to resist the alkali which comes from hydrated cement. Although the solution 

in the pores of concrete is not identical to pure NaOH solution, the alkali resistance 

of FRP can be estimated by accelerated tests using NaOH solution 5. Figure 2.8 gives 

test results from Uomoto 2001, which shows the relationship between the tensile 

strength of GFRP, CFRP, AFRP rebars and the immersion period. 

2000 

1500 
". - AFRP 

an " 
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CFRP 
' "" -----GFRP 

500 _ 

Temperature 40°C 
0 

0 20 40 60 80 100 120 

Immersion time (days) 

Fig. 2.8 Effect of alkali on the tensile strength of FRP rebars immersed in NaOH 

solution (1 mol/litre) after Uomoto (2001). 

Figure 2.8 shows that in the case of CFRP and AFRP rods, there is no special change 
in strength even when they are immersed for 1000 hours. But in the case of GFRP 

rebars, the strength reduces abruptly as the period of immersion increases. The 

remaining strength of GFRP rod is less than 40% at 120 days. From Figure 2.9, 

alkali resistance of the FRP rods is recorded as CFRP 100%, AFRP 98 % and GFRP 

29% after 120 days treatment. Effect of the alkaline environment on the GFRP rebars 

was investigated further in this work and results are presented in Chapter 4. 
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the geometry of the interface 26. A rod with an uneven surface must undergo 

transverse compression and shear deformation in order to be pulled through the 

surrounding concrete. The associated anisotropic components of stiffness and 

strength need to be measured in order to properly model the pull - out phenomenon. 

The major source of pull - out resistance is friction as there may be little or no 

chemical bond at the interface. The frictional forces depend on the normal stress, 

which is why radial stresses need to be measured and modelled 26 

Vijay and Gangarao 1997 30 identified the accelerated ageing factors of FRP as pH, 

sustained stress, temperature and humidity variations. In addition an accelerated 

testing procedure correlating strength and stiffness degradation is presented in terms 

of master curves for the durability of structural composites. 

Durability of composites is a major requirement for their long-term success in 

construction. Mechanical properties of composites primarily depend on the physical 

and chemical structure of fibres and resins 26. During processing, composites do not 

attain a constant and stable physical or chemical equilibrium with respect to 

environmental variations (temperature, moisture, chemical and others) that occur 
during their service life. 

Physical aging occurs in a composite due to thermal effects, while chemical ageing 

occurs upon environmental exposure, which changes chemical equilibria. Chemical 

aging results in oxidation and hydrolysis resulting in chain scission or cross linking 

20,21. Degradation rates depend upon factors such as the nature and duration of stress, 

exposure time, temperature, moisture and pressure, chemical reaction at interface 

and the molecular (physical) structure of resins and fibres 2. Accelerated tests with 

GFRP rebars indicated that strength reduction was more of a problem than stiffness 

reduction 20,21 

The accelerated aging methodology can be used for predicting the long-term 

mechanical properties of FRP rebar embedded in concrete. Work carried out by 

Gangarao and Vijay 1999 2 showed the correlation of accelerated and natural 

weathering using a curve of temperature versus accelerated number of day/ days of 
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chamber condition. As a result the following equation was used for their work to 

estimate the influence of temperature on the accelerated ageing for UK weathering Z. 

N/C = 0.101 exp. (0.0558T) (2.1) 

Where 

N= age in natural days 

T= conditioning temperature in °F 

C= days of accelerated exposure at temperature T 
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2.11 Design guideline for FRPRC elements 

A simple design guideline was introduced by Pesic and Pilakoutis24 on the section 

reinforced by FRP as is shown in Figure 2.9. 
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Strain in compression 
FRP=0.0035(d-a')/d 

a' 
O Af O 

(If required)________ 
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x=ýd 
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Centeroid of 
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FRP tension force 

For a=0.85, 
compression force is 
Fc=bO. 8td 0.856cd 

Equilibrium conditions 
Msd = Fz=Ffz 
FF=Fr 

Where ßdis the design value of concrete compressive strength 

Fig 2.9 FRP reinforced concrete section and associated stress-strain diagrams 

Simplified design equations and chart for FRP-RC beams were derived and 

demonstrated through a design example that was based on the assumption of 

sectional concrete compression failure. This guideline is used in the design of the 

GFRP-RC beams in this work and is further described in chapter 6. 

7'L'qqr- 

--------------- 
Lever arm 
z=d-0.4x 
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2.12 Testing of the thermo-mechanical properties 

A fibre laminate consists of two different components: Fibre and matrix. 
Two kinds of matrix material are used: thermosetting materials such as epoxies, 

polyesters, vinyl esters, and polyimides, or thermoplastic materials including 

polyethylene, nylon, polyamide, polyurethane etc. Thermosetting matrices are 

always used for structural purposes 23. 

In this part of the work the influence of elevated temperatures on the thermo - 

mechanical properties of composite laminates and bars will be discussed. Different 

test procedures can be proposed for the determination of the residual strength of 

composite laminates. A specimen can be heated to a predetermined temperature for a 

selected period of time. The residual ultimate strength and E-modulus can be tested 

after cooling down 31 

Another test method used for the determination of the residual strength of a laminate 

is heating and stressing the test specimen simultaneously and testing the residual 

characteristics after cooling. This latter test procedure is again recommendable 
because the conditions correspond better with the conditions of the laminates during 

a fire. The laminate is stressed while it is being subjected to a fire 31 

2.12.1 Thermo-mechanical properties of the fibres 

The tensile strength of the aramid fibre is more dependent on the temperature than 

the tensile strength of glass fibre 31. The tensile strength of carbon fibre on the 

contrary seems to be affected only very little by elevated temperatures up to 1000°C 

perhaps 2000°C 5. 

To evaluate the residual strength of the glass fibres a series of glass fibres was kept 

unstressed for two hours at a temperature of T °C, a second series of glass fibres was 

simultaneously stressed and heated for two hours to a temperature of T °C31. After 

cooling down to room temperature the glass fibres were tested to failure. The test 
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results clearly show the influence of the applied stress during heating on the value of 
31 the residual strength at room temperature 

2.12.2 Thermo-mechanical properties of the matrix 

The glass transition temperature T. is a very important property of the polymers. It is 

the temperature around which the properties of the polymer show a quite sudden 

change. The mechanical properties such as elastic modulus and shear modulus 
decrease by a factor 10 to 100 in temperature intervals of 10 to 20 degrees around Tg. 

At a higher temperature the thermoset polymer becomes rubbery. 

The amount of decrease in mechanical properties around TB for thermosetting 

materials depends on the netting of the polymer chains 31. The maximum admissible 

temperature for a thermosetting material is its decomposition temperature at which 

the material degrades 31 

2.12.3 Thermo-mechanical properties of the composite element 

Two main factors influence the behaviour of the FRP rebars at elevated temperature: 

on one hand the thermo-mechanical properties of the constituent materials, which 

depend upon the chemical composition and production process of the fibres and 

matrix, and on the other the geometrical factors such as the shape of the element and 

the surface texture of the bars (straight or braided fibres, strands or fibre bundles,... ) 

32,33 

Tanano et al. 32 tested composite rods at elevated temperatures in order to simulate 

the deflection of an FRP reinforced concrete beam at high-temperature loading. 

Carbon fibre rods and aramid fibre rods were tested. The geometric textures of the 

tested rods were again different: rods with straight fibres and with braided fibres and 

strands of fibre bundles. The results of these experiments reveal very clearly the 

influence of fibre texture on the mechanical properties. The elastic modulus for rods 

with straight fibres is quasi independent of the temperature in the range of 0 to 

60 



Chanter 2 Literature review 

400°C, while the results for the elastic modulus for the rods with braided fibres and 
for the strands show wide scattering. 

2.12.4 Tensile test under high temperature 

FRP bars are made from combustible materials. In order to evaluate their properties 

under high temperature Tanano et al. 32 carried out tensile tests at a furnace. 

The test specimens were 1000mm long, and 200mm long anchorage sections were 

provided at both ends so that the test sections were 600mm (heating section: 

400mm). To prevent pull - out due to high temperature, the anchorage sections were 

fixed with expansive mortar. 

Expansive 
mortar Specimen 

High temperature clip gauge 

Iting furnace 

Fig 2.10 Set up of specimen for tensile test under temperature 

The test specimen was mounted on a 10-ton fatigue machine equipped with a 550 °C 

heating furnace. The set up of the specimen for tensile test under high temperature is 

shown in Figure 2.10. 
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Elongation of the specimen was measured at its centre using a high-temperature clip 

gauge (gage length: 25mm), and displacement was measured between the cross 

heads of the testing machine, surface temperature was measured with thermocouples 

installed at the centre of the specimen. 

As a result high temperature tensile modulus and tensile strength of the carbon and 

aramid FRP rebars were evaluated. The results indicated that the carbon fibre bars 

have little decrease in tensile elastic modulus due to temperature rise. The aramid 
fibres showed marked decreases in tensile elastic modulus due to temperature rise. 
This was because the heat resistance of aramid fibres is much lower than that of 

carbon fibres. The melting point of aramid fibres is even lower than that of the epoxy 

resin used as binder. The ratio of maximum tensile load at 350°C to that at normal 

temperature for the stranded carbon fibre bars and braided aramid fibre bars has 

decreased to about 35% and 15% respectively, while the ratio of the tensile elastic 

modulus at normal temperature to that at 350°C for carbon fibre bars and aramid 

bars was about 50% and 40% respectively. Thus the rate of decrease in tensile elastic 

modulus was about half of that in breaking load (maximum tensile load)32. 

2.13 Effects of fire on the concrete and composite structures 

Research related to fire exposure 35,36 has identified the following as factors 

concerned in the reduction in strength of heated concrete members; 

a) Temperature level, 

b) Loads acting on the member 

c) Type of aggregate used. Concrete made with calcareous or lightweight 

aggregate is more vulnerable to the action of fire than silicious aggregate 
concrete 

35 

The initial effect of heat on concrete is to cause the evaporation of free moisture. If 

the fire continues to heat the concrete, it may cause a reduction in its strength, 
because the hydrated cement paste shrinks and the aggregate and reinforcement bars 
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tend to expand. Table 2.4 describes the effect of the temperature range on the 

properties of the concrete. 

Structural composites are vulnerable to fire in two respects 
1) their resin content may ignite and enable the spread of flames over the 

surface of the structures; 

2) the resin may degrade from the heat of a localized fire exposure thus 

weakening the composite structures 36 

The composite exhibits anisotropic heat transfer due to the directionality of the fibre 

reinforcement. In composite material heated to temperatures higher than the glass 

transition temperature, the composite exhibits a corresponding loss of modulus. 

Below the temperature required for chemical degradation, this loss in modulus is 

reversible. Further increases in temperature, such as above 232°C for glass/Vinyl 

ester, result in the degradation of the chemical structure of the resin. This thermal 

damage results in an irreversible loss of load bearing characteristics. The use of FRP 

reinforcement is not recommended for structures in which fire resistance is essential 

to maintain structural integrity. Because FRP reinforcement is embedded in concrete, 

the reinforcement cannot burn due to lack of oxygen; however, the polymers will 

soften above the glass transition temperature 36 
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Table 2.4 Effect of high temperature on concrete 35 

Temperature Effects on concrete 

(°C) 

150 Release of water, which is chemically bound in the hydrated 

calcium silicates. This loss of water weakens the concrete and 

causes reduction in its strength, as the hydrated cement paste 

shrinks and the aggregate and the reinforcement bars tend to 

expand. In certain cases, the pressure generated by conversion of 

moisture into steam may be too high for the surface layer of 

concrete to resist and it may spall. 

300+ Further reduction in the compressive, tensile strength and the 

modulus of elasticity due to the appearance of micro cracks at 

temperatures above 300°C. 

400+, 535 Crystals of calcium hydroxide begins to decompose and convert 

into calcium oxide and water. This process is at its highest intensity 

at 535°C. 

575+ Volume expansion of 1% could take place as a result of change in 

the structure of quartz. 

650 Chemical reactions result in release of carbon dioxide from 

limestone if the concrete contains limestone aggregate. 

715 Rate of decomposition of calcium silicate is intense and maximum. 

1150 Quartz may decompose and certain aggregate made from burnt 

clay may melt at 1150°C. 
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2.14 Results of fire tests on elements strengthened and/or reinforced with 

FRP elements 

Japanese researchers have challenged the fire resistance of the FRP reinforcement by 

subjecting the FRP pre-stressed concrete members to standard fire tests. They drew 

no firm conclusions but some of their data would suggest that FRP pre-stressed 

members came close to meeting a2 hour fire rating 34. Additional research on FRP at 

elevated temperatures indicated that below 250 degrees centigrade, FRP 

reinforcement regains it full tensile strength after cooling ". 

Other Japanese researchers Fujisaki et al. 33 subjected a precast concrete curtain 

element reinforced with a mixed GFRP/CFRP grid to a standard fire test during 30 

minutes. The element was not loaded during the fire test (only its dead weight). After 

the fire test it was loaded in four-point bending with the heated side subjected to 

tension. A comparison with a control element (which had not been subjected to 

heating) revealed no significant difference in structural behaviour between the two 

elements. 

Nakagawa et al. 34 had applied 60 minutes of fire testing on a CFRP reinforced 

curtain wall element. The element was not loaded during testing. Temperatures on 

the composite rebars were monitored by glued thermocouples. Tests to determine the 

residual strength of the composite rods were also executed. Measured temperatures 

and residual strengths were simultaneously evaluated in order to estimate how 

strongly the element was affected by the fire. A fire resistance of at least 60 minutes 

was achieved. Damage of the FRP bars is expected when the temperature of the bars 

passes 400°C. 

Tanano et al. 34 tested a series of beams reinforced with different types of composite 

rods. The heating of the furnace was performed in such a way that the lower 

reinforcement was subjected to a fixed temperature history. After cooling, the beams 

were tested in four-point bending and the residual strength and stiffness were 

measured. A decrease in stiffness and strength of the beam was observed. Results are 

represented in Figure 2.11 and Figure 2.12. 
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Fig 2.11 Relationship between the rate of decrease in stiffness and temperature 
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Fig 2.12 Relationship between the rate of decrease in strength and temperature 

As is shown in Figure 2.11 and Figure 2.12 for most beams except for strength of the 

carbon bar with inorganic material both strength and stiffness decreased as heating 

temperatures rose but the rate of decrease varied depending on the type of 

reinforcing material. The rates of decrease of both strength and stiffness of concrete 

with reinforcement using an epoxy resin binder were higher than those of steel 

reinforced concrete. Concrete reinforced with glass fibre retained its strength and 
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stiffness relatively well at higher temperatures. The stiffness of concrete using an 
inorganic binder decreased slightly at 250°C. The yield strength and maximum 

strength of steel reinforced concrete that had experienced 450°C was about 87% of 

the original strength level. The residual tensile strength of reinforcement decreased 

as heating temperature rose, and the mode of failure changed from the crushing 
failure of concrete to fracture of reinforcement. 

Sakashita et al. " tested a number of FRP reinforced beams with dimensions of 200 x 
300 x 4860mm in a fire test (CFRP rods as well as GFRP and AFRP rods with 
different configurations). The comparison was made between the structural 
behaviour of these beams with that of steel beam. The central deflection was 

measured during the test. General specimen configuration tested is shown in Figure 

2.13. The heating were implemented in accordance with the standard heating 

temperature curve specified in fire resistance tests on structural parts of buildings 

(Japanese Industrial standard JIS). The designed strength of the concrete was 36 

MPa. The results are represented in table 2.5. It was concluded that beams with 
braided aramid and carbon fibre rods performed worse, in terms of the flexural 

resistance, than conventionally reinforced steel beams, while beams with straight 

glass and carbon fibre performed better. However a direct comparison of the test 

results is not possible because the lower reinforcing composite rods are arranged in 

two layers while the steel is reinforced in one single layer. The temperature of both 

layers of the reinforcement will not be identical. 

')d1cN nr 161cN 200 
10 

30 

Fig 2.13 Specimen configuration tested by Sakashita et al. 33 

0o 

00 cli 
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Table 2.5 Results of loading heating test" 

Symbol of Load Heating Failure Heating Deflection Average temp. 

specimen (kN) time time temp. at at centre at on bottom 

(min) (min) sudden the end of reinforcement 
increase heating at end of 
deflection (mm) heating (°C) 

(°C) 

AF 012 24 100 100 350 81.4 521 

AF 08 24 74 74 250 107.2 388 

CFM-012 24 194 194 350 95.2 720 

CFM-08 24 84 84 250 112.2 413 

CFM-08 36 44 44 250 81.6 294 

GF-012 24 161 161 
_ 

146.1 680 

GF-08 24 166 166 
_ 

171.8 682 

CFIO 15 24 180 Failure 27.7 746 

CFTD 12 24 180 did not 33.9 658 

occurred 

CFK- 012 24 180 Failure 
_ 

14.7 719 

CFK--48 24 180 did not _ 
30.2 673 

occurred 

SD-D10 24 180 Failure 98.7 682 

did not 

occurred 

Note: AF aramid fibre, CFM carbon fibre braided, GF glass fibre, CFT carbon fibre 

straight, CFK carbon fibre spiral, SD steel reinforcement 
Note a Failure modes were either the flexural failure of the bottom reinforcement or 
flexural damage due to elongation. Explosive rupture was observed in the AF 

specimen. 
Note b Thermocouples were attached to the bottom reinforcement at the mid length 

of the beam 

Research into the published fire test results data indicated the behaviour of FRPRC 

reinforced concrete under fire condition. These data will be compared in chapter 6 

with the fire test results from this work. 
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3. THERMAL PROPERTIES OF REBAR AND 

CONCRETE 

3.1 Introduction 

In this chapter theoretical and experimental studies are presented for evaluating the 

thermal diffusivity, thermal conductivity and heat capacity of the materials which 

were used in this work. An easy and inexpensive method for the evaluation of 

concrete thermal diffusivity and conductivity is presented. This method is based on 
the information obtained in a paper by Beatty et al. in 1950 ". A rapid method was 
described for the direct determination of thermal conductivity of concrete under 

unsteady-state conditions. 
Also, pull - out tests at high temperature, and the models used for the analytical 

study of the bond strength are reviewed in this chapter. 

3.2 Measurement of Thermal Diffusivity 

Thermal diffusivity in a material, a is analogous to mass diffusivity 38 It has units 

(m2 s"1). Thermal diffusivity is related to thermal conductivity by: 

k 
a=- 

Pc 
(3.1) 

where k is thermal conductivity, p is density and c is the mass specific heat. 

Dimensionally the equation 3.1 is; 

m2s-1 = (3.2) 
kgm-3JK-Ikg-I 

Note that the denominator is the volumetric specific heat. By multiplying c by 

density we convert it from Jkg-'K'' to Jm-3K'1. 

In mass transport 

J= -DA (3.3) 

J is in kgs'l while C is concentration in kgm-3. But for heat flows; 

Q= -kA (3.4) 
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Equation 3.4 connects heat flow (Q) and T because it multiplies a by the amount of 

heat (J) needed to raise the unit cube by a temperature of 1K. If pc=1 (volumetric 

specific heat = 1Jm3k'1) then a=k. All the equations for mass and heat flow can be 

used with k and a interchanged. 

3.3 Method used in this work to measure thermal conductivity of the 

concrete 

3.3.1 Transient Heat Flow in a semi-infinite solid 39,40,41 

Consider a semi-infinite solid as shown in Figure 3.1 maintained at some initial 

temperature Ti. The surface temperature is suddenly changed and maintained at 

temperature To, an expression for the temperature distribution as a function of time 

. 
39 and position in the solid can be expressed as follows. , 40,41 

a2T_1T 
ate a at 

(3.5) 

the boundary and initial conditions are 
T(x, O) = Ti 

T(O, t) = To for t>0 

This is a problem which may be solved by the Laplace-transform technique. The 

solution is given in Ref. 41 as 
T (T't) To 

= erf 
x (3.6) 

T, To 2(a)(t) 

er. 
x_2r xlz caxt>e-n2 dtl (3.7) 

2 (a)(t) J 
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Surf 
at T, 

90 = -kA( 

ox 

Fig. 3.1 Nomenclature for transient heat flow in a semi-infinite solid 

It should be noted that in the Eq. 3.7 definition r is a dummy variable and the 

integral is a function of its upper limit. When a definition of error function (i. e. 

erf (x) =2f1 e-` dt which is used in study of heat conduction, this integral cannot J 

be evaluated directly. A value for erf(x) for different x values can be obtained from 

Table 3.1)40, " and if this is inserted in Eq. 3.7, the expression for the temperature 

distribution becomes 

T(x, t)-To 2 fx/2 (a)(r) 
e-'1 d 77 (3.8) 

Ti - To o 

Performing the partial differentiation of Eq. 3.8 gives 

aT 
= (T -TO) 

ý e-r= 14(a)(t) ax 
äx ax 2 (a)(t ) 
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_ 
T1 -7'o e-x214 t) (3.9) 
; r(a)(t ) 

At the surface (x = 0) the heat flow is 

90 = 
kA(To -Ti) (3.10) 

J2r(a)(t) 

The surface heat flux is determined by evaluating the temperature gradient at x=0 
from equation (3.9). A plot of the temperature distribution in a semi-infinite solid is 

given in Figure 3.2. 

T(x, t)-To 
T. -To 

Heat conduction in a semi-infinite solid 

1 

0.8 

0.6 

0.4 

0.2 

0 
0 0.4 0.8 1.2 1.6 2 

2 at 

Fig. 3.2 Temperature distribution T(x, t) in a semi-infinite solid which is initially at 

TI; for t>O the surface at x=0 is maintained at T040. 

The physical significant of Figure 3.2 is as follows: For a given value of x, the 

Figure represents the variation in temperature with time at that particular location x. 
Conversely, for a given value of t, the Figure represents the variation of temperature 

with position within the solid at that particular time t. 
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This method is used to verify the time required for a certain temperature to be 

reached at interface of GFRP rebar-concrete elements. For example assume the 

concrete used in the pull out test has thermal diffusivity, a, (= 5.6 x 10-7 m2/s as is 

calculated in section 3.3.2) is initially at uniform temperature Ti = 25°C, and surface 

temperature is raised to To = 120°C and maintained at that temperature. By treating 

the concrete cube as a semi-infinite solid, the calculation of the temperature at 
interface (i. e. x= 0.044m in this case) is as follows: 

After 3 hours (t= 10800 seconds) heat exposure 

_x=0.044 =0.28 2 (a)(t) )25.6x10-'t 

Refer to Table 3.1 to obtain a value of 0.30 for the expression 
T(x, t) -120 = 0.30 

25-120 

Therefore the temperature at the interface after 3 hours temperature exposure is 

T(x, t) = 93°C 

After 4 hours (t = 14400 seconds) heat exposure 

x_0,044 
=0.24 2 (a)(t) 2 5.6x10-'t 

T(x, t)-To 
_ 

T(x, t)-120 
= 0.26 (see Table 3.1) 

T -To 25-120 

The temperature at the interface after 4 hours temperature exposure is 

T(x, t) = 96°C 

It is apparent from these calculations that 120 °C temperature has not penetrated to 

the interface in 4 hours. 
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Table 3.1 Error function table used in transient heat flow 40'" 

erf (ý) =fö e-" Zdq where =2 (a)(t) 

erf ( 4) erf (4) erf (ý) 
0.00 0.00000 0.80 0.74210 1.60 0.97636 
0.02 0.02256 0.82 0.75381 1.62 0.97804 
0.04 0.04511 0.84 0.76514 1.64 0.97962 
0.06 0.06762 0.86 0.77610 1.66 0.98110 
0.08 0.09008 0.88 0.78669 1.68 0.98249 

0.10 0.11246 0.90 0.79691 1.70 0.98379 
0.12 0.13476 0.92 0.80677 1.72 0.98500 
0.14 0.15695 0.94 0.81627 1.74 0.98613 
0.16 0.17901 0.96 0.82542 1.76 0.98719 
0.18 0.20094 0.98 0.83423 1.78 0.98817 

0.20 0.22270 1.00 0.84270 1.80 0.98909 
0.22 0.24430 1.02 0.85084 1.82 0.98994 
0.24 0.26570 1.04 0.85865 1.84 0.99074 
0.26 0.28690 1.06 0.86614 1.86 0.99147 
0.28 0.30788 1.08 0.87333 1.88 0.99216 

0.30 0.32863 1.10 0.88020 1.90 0.99279 
0.32 0.34913 1.12 0.88079 2.00 0.99532 
0.34 0.36936 1.14 0.89308 2.10 0.99702 
0.36 0.38933 1.16 0.89910 2.20 0.99813 
0.38 0.40901 1.18 0.90484 2.30 0.99885 

0.40 0.42839 1.20 0.91031 2.40 0.99931 
0.42 0.44749 1.22 0.91553 2.50 0.99959 
0.44 0.46622 1.24 0.92050 2.60 0.999764 
0.46 0.48466 1.26 0.92524 2.70 0.999866 
0.48 0.50275 1.28 0.92973 2.80 0.999925 

0.50 0.52050 1.30 0.93401 2.90 0.999959 
0.52 0.53790 1.32 0.93806 3.00 0.999978 
0.54 0.55494 1.34 0.94191 3.20 0.999994 
0.56 0.57162 1.36 0.94556 3.40 0.999998 
0.58 0.58792 1.38 0.94902 3.60 1.000000 

0.60 0.60386 1.40 0.95228 
0.62 0.61941 1.42 0.95538 
0.64 0.63459 1.44 0.95830 
0.66 0.64938 1.46 0.96105 
0.68 0.66278 1.48 0.96365 

0.70 0.67780 1.50 0.96610 
0.72 0.69143 1.52 0.96841 
0.74 0.70468 1.54 0.97059 
0.76 0.71754 1.56 0.97263 
0.78 0.73001 1.58 0.97455 
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3.3.2 Thermal conductivity measurement 

Measurement of thermal diffusivity in the concrete is based on the method 
introduced by Beatty et al. 1950 37. The method was used for the determination of 

the thermal conductivity of materials such as plastics from data taken under 

unsteady-state conditions. An apparatus described in Figure 3.3 can be used to 

determine thermal diffusivity. Two plastic specimens were placed between the 

steam-heated steel platens of a small hydraulic press under an effective pressure of 

approximately 200 pounds per square inch. A thermocouple placed between them 

measured the mid plane temperatures. Equation 3.11 gives the thermal diffusivity (a) 

obtained from this test. 

Steam heated platen 

astic specimen hermocouple at interface Glass wool 
Insulation specimen 

lation 

Steam heated platen 

Fig. 3.3 Thermal diffusivity assembly 

- 4L2m2.303 

;r2 
_ -0.932L2m 

(3.11) 

Where L is the thickness of the material and m is the sloe of a lot of lo 
To -t slope g'o 
T-t 0o 

(as function of time (t)) and L the material thickness. To = constant temperature, to = 
initial temperature and t= time per second. 

This method is an inexpensive and fast way to determine the thermal diffusivity of 

plastic materials, and it was used by Evans of QMUL38 to determine the thermal 
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diffusivity of the other materials. A thermocouple was embedded at the centre of a 

polystyrene disc of thickness 2a. Initially it was at room temperature to. It was then 

placed in boiling water (temperature To) and the temperature of the thermocouple 

was recorded as a function of time (t). The average thermal diffusivity over the 

temperature range was found using Equation 3.11. 

In the current work a concrete disc sample (radius = 200mm, depth = 20mm) was 

cast with a thermocouple embedded at its centre see Figure 3.4. The concrete had 

40MPa compressive strength and consisted of 160kg/m3 of water, 372 kg/m3 of 

cement, 466 kg/m3 of sand and 1333 kg/m3 of coarse aggregate. Concrete density 

mass/volume was measured as 2331 kg/m3. After air curing for 28 days the concrete 
disc was sealed with unsaturated polyester resin. Temperature t° was 22°C then the 

concrete disc was immersed in the hot water at constant temperature of To = 98.7°C 

and the temperature of the thermocouple was recorded as a function of time. Results 

are presented in Table 3.2 and Figure 3.5. 

400 mm 

20mm t 

r/d? 10 

Fig 3.4 Concrete disc sample used for evaluation of thermal properties 

zermocouple 

Table 3.2 Results of the tests for evaluating the thermal diffusivity of the concrete 
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Time interval 

(sec) 

t (°C) 

thermocouple 

reading 

To _t log10 
To - ro 

0 37.70 -0.09947 
60 66.00 -0.37025 
90 77.50 -0.55846 
105 82.00 -0.66208 
120 83.50 -0.70295 
135 86.60 -0.80201 
150 88.80 -0.88916 
165 89.90 -0.94031 
180 91.00 -0.99830 
195 91.70 -1.03970 
210 92.50 -1.09240 
225 94.00 -1.21270 
240 94.90 -1.30501 
255 95.20 -1.34073 

270 95.60 -1.39343 
285 96.40 -1.52307 
300 96.90 -1.62952 
315 97.30 -1.73867 
330 97.60 -1.84340 
345 97.90 -1.98171 
360 98.20 -2.18583 
375 98.30 -2.28274 
390 98.40 -2.40767 
405 98.60 -2.88480 

The results are presented in Figure 3.5 in order to evaluate (m). 
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Fig 3.5 logio 
T° -t versus time for evaluating a 
T-t 00 

As a result m= -0.006 and the value of the a using Equation 3.11 is obtained as 5.6 

x 10"7 m2/s. This value compares well with the range of typical values of diffusivity 

of ordinary concrete, which is between (5.56x10-7 - 1.67 x 10-6 m2 /s) 42. 

By substituting a in Equation 3.1 the thermal conductivity (k) of the concrete is 

calculated as k= 1.53 W/m/°C which is between the range of the thermal 

conductivity of ordinary concrete 1.4 and 3.6 W/m/°C given by Neville 1995 42. 

Specific heat for ordinary concrete is between 840 and 1170 W/m/°C 42. 

Thermal conductivity (kL) of the GFRP rebars in a longitudinal direction can be 

obtained from the rule of mixture described as; 

kGFRP rebar = kglass fibre x mglass + kresin x mresin (3.12) 

where mgj. s is the mass fraction of the glass in a GFRP rebar and mres;. is the mass 

fraction of the polyester resin in the GFRP rebar. k for glass fibres 0.8-1 W/m/°C and 

k for polyester resin 0.24 W/m/°C are given in the literature 43. The mass fraction of 

glass fibre and polyester resin in the GFRP sample was measured as 71% and 29% 
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respectively. By substituting these values in Equation 3.12 the thermal conductivity 

of a GFRP rebar is obtained as 0.78 W/m/°C. 

The transverse coefficient, kT, can be computed by invoking an analogy from 

classical physics between the in-plane shear field equation and the boundary 

conditions to the transverse transport phenomenon 43. Thus kT can be computed as: 

kT 
-1+ý77V 

f 
km 1-r7Vf 

(3.13) 

1kf 
-1 

where rý = 
k'" 

(3.14) 
f)+ 

km 

1ogj = log b (3.15) 

where kf and km are the appropriate transfer coefficients for fibre and matrix and a 

and b are the dimensions of the fibre along and perpendicular to the direction of 

measurement of the transfer coefficient. For circular cross-sectional fibres, the ratio 

a/b =1 if transverse coefficients are to be estimated. 

Using the Equations 3.13,3.14 and 3.15 the thermal conductivity in transverse 

direction kT of the GFRP rebar used in this work can be calculated as follows; 

4=1 

_(1.0%24_1_0.612 77 1 

kT 
-1 

+ lxO. 612xo. 71 
= 2.54 

km 1-0.612x0.71 

kT= 0.61 W/m/°C 

Table 3.3 gives the thermal properties of the material used in this work. 
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Table 3.3 thermal properties of the materials 
Material Thermal Specific heat Thermal 

diffusivity (a) c conductivity (k) 

m2/sec W/kg. °C W/m/°C 

GFRP rebar - 1100 T: 0.61 L: 0.78 

Concrete 5.6 x 10" 1140 1.53 

L= in longitudinal direction T= in transverse direction 

3.4 Bond between FRP and concrete at elevated temperature 

Full interaction between the concrete and the FRP element is needed for satisfactory 
behaviour of a structure strengthened with externally glued laminates, as well as for 

concrete elements reinforced with FRP elements 49. This means that a sufficiently 

high shear force must be developed and transferred by the interface layer between 

concrete and FRP element. 

However the capability of developing and transferring shear force in the interface 

layer will decrease at higher temperature as is demonstrated in Chapter 4 where the 

pull - out tests under temperature were carried out. 

Other researchers comprehensively investigated bond strength between concrete and 

steel at room temperature as was described in Chapter 2. Here a survey of research 

works into the bond strength at high temperatures is presented. 

Diederichs and Schneider 45 have developed a test apparatus for carrying out the pull 

- out experiment on cylindrical concrete specimens with short embedment lengths. 

During the tests the slip at the non-loaded end of the concrete specimen and the pull - 

out force were measured. In the temperature range 20 to 800°C the pull -out system 

enabled two different types of experiment to be carried out: force-slip measurement 

at thermal steady state and at non-steady state conditions. One type of concrete and 
different types of the reinforcing steel (ribbed steel bars, plain round bars and 
deformed prestressing bars) were used. 
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It was concluded that the apparent bond strength depends not only upon temperature 

level, but also upon the test procedure and the shape of the bar. The tests show that 

the loss of bond strength for ribbed bars at constant elevated temperatures is of the 

same order of magnitude as the loss of high temperature compressive strength of 

concrete. At the same temperatures, plain round bars show a sharper decrease in 

bond strength. 

Further work by the same authors describes the stress-slip characteristics derived 

from pull - out tests which were performed at steady state temperature conditions. 

Parameters investigated were the type of steel used, ribbed steel bars, plain round 

bars and deformed prestressing bars, and different types of normal concrete made 

from Portland cement and several types of aggregate. Special attention was paid to 

the causes of the temperature dependence of bond characteristics. The changes in the 

microstructure at steel concrete interface were studied. As a result it became evident 

that the ultimate permissible bond stress decreases with increasing temperatures. 

Also the adhesion (bond stress permissible without any slip) observed decreased 

with increasing temperature. 

The loads which can be carried by reinforced structures after a fire were investigated 

by Reichel 46. The purpose of Reichel's research was to ascertain the reduction of the 

bond between concrete and steel in test samples subjected to temperatures of 300°C 

and 500°C, as compared with the bond of a sample at room temperature of 20°C. 

Prism samples 150x150x450mm with embedded thermocouples were cast for this 

test. The concrete prisms with embedded reinforcement were placed into a horizontal 

furnace in which the temperature was increased in accordance with standard 

equation 3.16 given by ISO, which determined the dependence of the heat T and 

time t during a fire. 

T= To + 345 log (8t + 1) (3.16) 

Where To is the initial temperature (about 20 deg. C). 
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As a result of the Reichel test the bond strength of steel and concrete rapidly reduced 

after high temperature. It was concluded that in assessing reinforced concrete 

structures after a fire, it is necessary to consider the considerable reduction in the 

bond between concrete and steel reinforcement. Although the strength of steel, or its 

yield limit after cooling, does not undergo any substantial change in comparison with 

its strength before the fire, the bond strength can be reduced to a fraction of its 

original magnitude and therefore may represent the decisive factor for further 

behaviour of the reinforced concrete member. 

More recent work on the pull - out test under temperature was carried out by Katz et 

al. 47 on the effect of high temperature on the bond strength of FRP rebars. 

Temperatures ranging from 20°C to 250°C were applied to the four types of FRP 

rebars -concrete with different surface treatment and compared with a deformed steel 

bar. Test results showed a reduction of between 80% and 90% in the bond strength 

as temperature increased from 20 to 250°C. In comparison, ordinary deformed steel 

bars showed a reduction of only 38% in the same temperature range. The results also 

showed a severe reduction in the bond strength as the temperature was raised to 180- 

200°C. A reduction of 92% (i. e. 13.2 dropped to 1.1 MPa) was seen for a rebar 

which was made with urethane modified vinyl ester resin. In helically wrapped glass 

fibre rebars the reduction in bond strength was smaller 85% (i. e. 10.9 dropped to 

1.6), though small bond values were obtained at high temperature for all of the FRP 

rebars. Bond stiffness in this work was determined from the slope of the ascending 

branch of the pull - out load versus slip curve. The bond stiffness is also reduced as 

the temperature increased. The descending curve of the FRP rebars becomes more 

linear as the temperature increases, indicating a degradation in the polymeric surface 

treatment that supports the bond, leaving the rebar with only a friction mechanism to 
47 create a bond . 
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3.5 Analytical modelling of bond between FRP rebars and concrete 

Analytical models of bond-slip are essential for the determination of structural 

performance of FRP reinforced concrete structures by means of numerical analysis. 
Some of the work published on analytical modelling is reviewed in the following 

sections. 

Malvar 48 has experimentally evaluated the bond characteristics of four different 

types of GFRP rebars with different surface profiles and proposed a refined model of 

the overall bond behaviour depending on two empirical constants. These constants 

are determined by curve-fitting the experimental i-s curve. Malvar's model is 

represented by the following relationship: 

F. (S)+(G-1). (S)2 
Sm sm 

(3.17) 
zm 1 +'(F - 2). (S) + G. (S )z 

S. S. 

where, 

ttm, sn, = peak bond stress, slip (displacement) at peak bond stress; 

F, G= empirical constants determined for each rebar type. 

F= 11 for FRP rebars with an external helicoidal tow which provides both a 

protruding deformation and a small indentation on the bar surface (named Type A 

rebars); 

F= 13 for FRP rebars with indentation given by pressing the outer surface during 

fabrication (named Type D rebars); 

G=1.2 for Type A rebars; 

G=0.5 for Type D rebars 

Cosenza, Manfredi & Realfonzo 50 have successfully applied the well-known model 
for deformed steel rebars by Eligehausen, Popov & Berbeto (B. P. E. model) 49 to 

FRP rebars. The ascending branch of this bond slip (s: 5 sm) relationship is given by: 

a, 
S 

im Sm 
(3.18) 
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where, a, is a curve-fitting parameter that must be not larger than 1 to be physically 

meaningful ((X, =0.40 in case of steel reinforcements). 

Cosenza, Manfredi & Realfonza 50 proposed a modified model called "double branch 

model" in order to model FRP-concrete bond (Figure 3.6). The ascending branch is 

the same as in the B. P. E. model, while the softening branch is given by: 

Z 1_ P(s-S, �) 
T. S. 

(3.19) 

Where, im is the peak bond stress, sm the respective slip as shown in Figure 3.6, a. 

and p are parameters based on available experimental data. 

T T. 

S 

Fig 3.6 Modified B. P. E model by Cosenza, Manfredi & Realfonzo 50 

The value of parameter a,, which determines the ascending branch, is derived by 

equating the area, AT , under ascending branch of the experimental curve to the area 

corresponding to the analytical curve: 

ZmSm 
AT 

(l+a, ) 
(3.20) 

The value `p', which determines the descending branch, is evaluated by a similar 

philosophy for the area underneath the experimental and analytical curves within 

softening range. Moreover, Cosenza, Manfredi & Realfonza proposed a law to model 

the first branch of i -s curve (C. M. R. model): 
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Z 
=(1-exp{-s/s, })ß(3.21) 

Where im is the peak bond stress, while st and P. are parameters based on curve- 

fitting of the experimental data. In an investigation by Cosenza, Manfredi & 

Realfonzo the Malvar model, the modified B. P. E model and the C. M. R. model were 

compared. The three models were evaluated against experimental results gathered 

from various research projects. The authors suggested that the Malvar model was 

able to reproduce the entire constitutive bond-slip curve by means of a single 

equation, but it seemed to be less reliable than the modified version of the B. P. E 

model. Meanwhile, the C. M. R model seemed to be the most suitable in the 

modelling of the ascending branch. The analysis of the experimental data showed 

that it is possible to obtain bond strengths in FRP bars of similar or greater 

magnitude than from steel, the bond performance of FRP bars depends on the 

characteristics of the outer surface and, for the same type of surface, depends on the 

manufacturing process. Indented and grain covered rebars seem to provide the best 

results in terms of bond strength. 

The bond properties of FRP reinforcing rebars at temperatures ranging from 20°C - 
250°C was discussed by Katz et al. 47. The effect of temperature on the load P- 

displacement s relationships in the elastic zone was described by a model presented 
by Katz et al. that was developed for the pull - out of a rod (fibre in this case) that is 

perfectly bonded to a surrounding matrix. 

T(X) = 
2ý [sinh(ßx) - coth(ß) cosh(, Qx)] 

0.5 
_ 

2G; 

b; rE 

where r= radius of the rod, 
b; = effective width of the interface, 

E= longitudinal modulus of elasticity of the rod, 
G; = shear modulus of the interface, 

l= embedded length and 

P= pull - out load 

(3.22) 
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4 TEST PROGRAMME ON GFRP REBARS AT 

ELEVATED TEMPERATURE 

Experimental work on GFRP rebars reinforced concrete was undertaken in order to 
investigate the degradation of the GFRP rebars under alkaline conditions and at 

elevated temperatures. Specimens used in this programme are in many cases 

subjected to environmental exposure, alkaline solutions and water prior to testing. 

Alkali exposure to lmol/litre NaOH was intended to simulate exposure to the 

alkaline pore solution in concrete. 
Immersion testing in either water or alkali was conducted for durations of 30 days, 

120 days and 240 days prior to testing and mechanical tests were conducted on the 

conditioned specimens at temperatures of 20-25,40,60,80,100 or 120°C. 

Immersion baths were set at 25°C, 60°C and 80°C with the temperature controlled 

by a thermostatically controlled heater. Specimens were tested immediately after 
immersion in order to avoid any drying of the samples. 

4.1 Materials 

4.1.1 GFRP rebars 

Three types of glass fibres reinforced plastic (GFRP) rebars were used in this 

programme G1, G2 and G3, Figure 4.1 shows these rods and details are given in 

Table 4.1. The G1 rod consisted of a helically wrapped unidirectional E-glass fibre 

core, reinforced in high-grade isopthalic polyester resin and were sand coated. The 

G2 rods were manufactured with vinyl ester resin. The glass content measured in 

both G1 and G2 rods were 72-75%. Hughes Brothers, Inc supplied both G1 and G2 

rods. 
G3 rod has continuous E-glass fibre with volume fraction of 60%. The matrix 

material of the G3 rod was composed of urethane modified vinyl ester with a volume 
fraction of 35%. Ceramic fibres with a volume fraction of 3% of the total composite 

rebar were used to reinforce ribs on the surface of G3 rods. The G3 rods, called C- 

bar, were supplied by Marshall Industries Composites, Inc. 
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Table 4.1 Characteristics of the GFRP rebars used in this work, manufacturers data 

GFRP rod Diameter 

(mm) 

Shape Binder Tensile strength 

(MPa) 

Elastic 

modulus 

(MPa) 

G1 12.7 Round Polyester 655 40800 

G2 12.7 Round Vinyl ester 690 40800 

G3 12.7 Round Vinyl ester 800 42000 

Figure 4.1 shows the types of the GFRP rebars which were used in this work. 

Fig. 4.1 Types of the GFRP rebars used in this work. 
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4.1.2 Concrete 

The composition per m3 of the concrete cast was 372 kg of ordinary Portland cement, 
542 kg sharp sand, 1333 kg coarse aggregate and 160 litres of water this gives a 

compressive strength at 28 days of 40 MPa. 

A concrete mixer with a maximum capacity of 0.1 m3 was used for the mixing. The 

mixing sequence was as follows. 

First the coarse and the fine aggregates and two thirds of the water were loaded into 

the mixer and mixed for 1 minute to allow for the absorption of the water. Then the 

cement and the remaining water were added and the concrete mixed for a further 5 

minutes. 

4.2 Pull - out tests 

4.2.1 Specimen preparation 

The GFRP rods were cut into 400mm lengths for the pull - out test and embedded in 

concrete. The bonded length was 5x diameter of the GFRP rods (see Figure 4.2). 

Pull - out tests were carried out to evaluate the bond strength of the GFRP rebars 

under the various conditions. 

Five samples were tested at each temperature range. In all a total of 180 samples 

were made and tested. Pull - out tests were carried out at temperatures of 20-25,40, 

60,80,100 or 120°C. 

The rebars were held by a retort stand at the centre of 100mm cubic moulds while 

concrete was cast inside the moulds to provide samples for the pull out test. 

Samples remained in the moulds for one day then one half of the samples were 
immersed in water and the other half in alkaline solution with pH 12.5 at room 

temperature. 

The date of the pull out tests was 30 days, 120days and 240 days after casting and 

curing at room temperature. Testing was carried out at a range of temperatures (i. e. 
20-25,40,60,80,100,120°C). 

The GFRP bars for the pull out test were from two separate batches from the 

manufacturer Hughes Brothers. In order to find the glass fibre content in the bars 

four small samples of each batch were weighed and then the matrix burned off in air. 
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After burning the sample was weighed again in accordance with ASTM D 2584-68 
4°. As a result glass fibre contents of 72% and 75 % by weight were obtained 

respectively for each bar. This compared with the manufacturer's data of 70% of 

glass fibre content by weight. 
The standard diameter, maximum diameter and nominal cross section of the GFRP 

bar were 12mm, 12.7mm, 144.85 mm2 respectively. 
After the curing period samples were placed in an electrically heated environmental 

chamber mounted on a mechanical testing frame and the temperature was gradually 

raised at the rate of 5°C/min. 

Pull - out was performed when the calculated temperature at the centre of the 

specimen (shown as TC in Figure 4.2) reached the desired temperature for the test. 

Three LVDT's (linear variable displacement transducers) were used to measure the 

relative movement of the bars and the concrete during testing. Two LVDT's were set 

at the top and one at the bottom. See Figure 4.3. 

The LVDT's at the top measured the movement of the concrete cube. If bending 

occurred it would be detected from the readings of the two LVDT's which would be 

different. The average reading of the two LVDT's was recorded as loaded end slip. 

The LVDT at the bottom indicated when bonding failure was initiated. 

A computer-controlled programme recorded load displacement data continuously. 

The G1 rebars used in the pull - out test had helically wrapped, unidirectional core E 

glass fibres reinforcement in high-grade isopthalic polyester resin and were sand 

coated. Space between winding at the surface of the rebar was measured as 20mm. In 

order to control the embedded length within the concrete cube, the rods were 

prepared with a bond breaker which consisted of soft temperature resistance plastic 

tape wrapped around the rods to prevent contact between the rod and concrete. The 

embedment length as is shown in Figure 4.2 is 5 bar diameters. 
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concrete 

Fig. 4.2 
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LVDT at the bottom of the cube (vertical 
section) 

Fig 4.3 Relative movement measurement points of the GFRP rebars in the pull - out test 
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The following procedure and chart were used to estimate the time required for the 

sample to reach the specified temperature. First, the thermal diffusivity ((x) of the 

concrete was obtained using the method described in Section 3.2 of Chapter 3. 

Having found a, (i. e. 5.6 x 10'7 m2/sec) for the concrete used in this work, the time 

required for each specimen to reach the desired temperature was calculated using the 

chart given in Figure 3.2 (Ozisik) 40 or Table 3.1. 

The use of this method enabled the pull - out test to be performed in-situ while 
heating the specimen. Concrete cube specimens were confined using nuts and 

studding to prevent the concrete splitting. At each specific temperature five samples 

were tested. 

Figure 4.4 and Figure 4.5 show the experimental set up for the pull - out test in the 

electric heating chamber. 
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I (itKY rebar 

2 Top LVDTs 
3 Mounting LVDTs to the rebar 
4 loading plate 
5 PTFE to reduce friction between concrete and loading plate 
6 concrete cube 
7 bottom LVDT 
8 studding & nuts 
9 heating chamber 

Fig. 4.4 Pull - out Test arrangement under temperature 
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Fig 4.5 Pull - out test arrangement in the heating chamber 
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4.2.2 Pull out test results 

The load - relative movement curve of a typical pull out test is presented in Figure 

4.6. Results of the pull - out tests for each set of samples are given in Table 4.2. 

Loads were measured by the electronic load cell of a test frame and slip between rod 

and concrete was measured by three DC voltage LVDT's two at the loaded end and 

one at the free end. The transducers indicated relative movement of the bar in case of 

any grip slip which might have occurred during testing. 

While the free end LVDT's measurement gave a direct indication of free end slip, 

the loaded end measurement needed to be adjusted for elongation of the rod between 

the actual loaded end of the embedment length and the attachment point of LVDT's. 

Actual slip = measured slip - 
Load. Length (4.1) 

Exr 2 

Where nr2 is the effective cross sectional area of the rod. 

The bond stress was calculated by equation 4.2. 

u=P (4.2) 
; r2rlb 

Where P is the bond force, 

2r is the diameter, 

lb is the bond length. 

The stress distribution due to the pull - out force from the rebar to the surrounding 

concrete is not uniform because the modulus of the rebar is different from that of the 

concrete. The bond strength calculated by equation 4.2 is the average bond stress in 

the anchored region, for comparison purposes. Different lengths will also give 

different values, but here l /d ratio was kept constant. 

Average relative movements recorded from the two LVDTs at the top of the 

specimen were calculated for the slip at the loaded end. Elastic extension is 

subtracted from this average reading in order to obtain the real loaded end slip using 

equation 4.1 this is explained as follows. 
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The elastic extension is the amount by which the bar extends between the bonded 

part and the locations of the LVDTs are fixed on the bar i. e. 100mm. The extension 
is equal to strain e, multiplied by 100 mm. The strain c, is equal to the stress in the 

bar at each loading stage divided by the modulus of the bar. Stress is calculated by 

dividing the force by the cross sectional area. 
Figure 4.6 shows typical bond stress via movement with variation of slip at the free 

end and loaded end. The elastic extension has been subtracted from the loaded end 

slip. 
Figure 4.7 represents variations in bond strength due to temperature for those 

samples which were treated in water in comparison to the samples treated in alkaline 

solution for 28 days, 120 days or 240 days. 

Types of failure observed in some specimens after pull out testing are shown in 

Figure 4.8a and Figure 4.8b. 

A. S. 1202C, 240days 

8' bond strength = 7.34 MPa 18 
7 16 

IL 6 14 
12 

U) 
4 

10 - -ý- loaded end slip 

36ö 
free end slip 

ä24 

2 
00 

0246 

displacement (mm) 

Fig 4.6 Typical bond strength via relative movement for a GFRP sample which was 
immersed in alkaline solution for 240 days prior testing at 120°C. 
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As is shown in the Figure 4.6, there is no movement until after 50% of the maximum 
load this was observed in almost all the graphs which were drawn for each set of 

tests. 

Pull - out test results are given in Table 4.2. 

Table 4.2 Pull - out test results at temperatures of 20 -120 °C and different immersion 

periods 
Samples 

environment 
Prior test 

Temp. 

(°C) 

During 

testing 

Average Bond 

strength (MPa) 

after 28 days 

curing at room 

temperature 

Average Bond 

strength (MPa) 

after 120 days 

curing at room 

temperature 

Average Bond 

strength (MPa) 

after 240 days 

curing at room 

temperature 

Water 20-25 9.90 (2.5) 14.36 (1.2) 16.37 (2.0) 

Water 40 9.71 (1.3) 12.09 (1.3) 15.57 (1.4) 

Water 60 9.11 (2.0) 11.27 (1.4) 14.11 (1.1) 

Water 80 9.02 (1.9) 9.70 (1.5) 13.33 (0.4) 

Water 100 6.39(l. 2) 8.83(1.1) 11.67 (2.0) 
Water 120 6.13 (1.5) 6.76(1.2) 8.73 (2.0) 

Alkaline 

solution 

pH 12.5 20-25 10.14 (1.5) 13.65 (2.0) 15.07 (1.9) 

pH 12.5 40 9.17 (2.1) 12.27 (1.8) 14.17 (2.0) 

pH 12.5 60 9.33 (2.3) 11.65 (2.1) 14.11(1.3) 

pH 12.5 80 9.13 (1.9) 10.11(1.9) 12.93 (2.0) 

pH 12.5 100 4.83 (2.0) 9.04 (0.9) 10.33 (1.6) 

pH 12.5 120 5.02 (1.5) 6.56 (0.7) 7.34 (1.2) 

*values in brackets are standard deviations 
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Bond strength versus temperature for different conditions 
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Fig 4.7 Comparison of pull - out test results with error bars on the samples of GFRP 

rebars-concrete at various environments 

4.2.3 Discussion of the pull out test results 

Results of the pull - out tests on the GFRP rebar (G1 rod) show that the bond 

strength decreased as pull - out test temperature increased. Two types of failure were 

mainly observed, friction pull - out and concrete splitting along the embedded bar. 

If splitting occurred the failure was a cohesive failure in the matrix and not a bond 

failure. In the results presented in Figure 4.7 splitting failure was not considered to 

be bond failure. 
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Fig 4.8a Splitting crack developed at interface of concrete cube after rod pull - out 

Fig 4.8b Splitting type of failure 
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The splitting type of failure (Figure 4.8a and Figure 4.8b) occurred for a few of the 

pull - out specimens. However, in structural applications, splitting-type failures do 

occur that limit the bond strength. The failure pattern was characterized by cracks on 

the bottom-loaded face and also on the side faces of the concrete cube. 

The effects of the immersion period i. e. one month, four months and eight months, 

are also shown in this work. Increasing the immersion period increases the bond 

strength. 
Tests at lower temperature i. e. 20-25°C, 40°C and 60°C showed an increase in the 

bond strength of more than 40% after eight months immersion compared to one 

month immersion of both sets. At higher temperatures (i. e. 80°C, 100°C and 120°C) 

the bond strengths of the two sets of samples cured for 240 days were 10-30% 

greater than for those samples cured for one month. However the results, which are 

presented in Table 4.2, show that there is no significant difference between the 

average bond strength obtained for water cured specimens and for those cured in 

alkaline solution. It can be said that the cement compounds are stable at those pH 

levels and this is why similar results can be expected. 

The values of reduced bond strength of the GFRP rebars due to temperature can be 

obtained from the following proposed equation: 

k_ uwr 
u uu20°C 

(4.3) 

where UU20°c and u�T are the ultimate bond strength of GFRP rebars at 20°C and T°C 

respectively. 
The proposed k� reduction factors as a function of temperature are shown in Figures 

4.9a, 4.9b and Figure 4.9c after 28 days, 120 days and 240 days specimen immersion 

in water and alkaline solution respectively. The bond at the interface degrades in the 

same manner in both sets of the specimens. All the pull out test results are 

represented in Figure 4.9d. 

The reduction factors k. is proposed as follow: 

kw =1.084-0.0042T for 28 days exposure and 20ST5120 

k� =1.098-0.0049T for 120 days exposure and 20STS120 

k,, =1.088-0.0044T for 240 days exposure and 20<_T_<120, T in °C 
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Based on the above equations at temperature TZ 258°C, the bond strength will be 

zero. This compares with the results obtained by Katz47 and was discussed in chapter 
3. 

As is depicted in Figure 4.9d, equation k� =-0.00003T2 -0.00004T+1.0128 gives 

a best-fit line equation for the average normalised bond strength reduction factors for 

all exposure times. 
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Fig 4.9a Temperature dependent bond properties between GFRP rebar and concrete 

after 28 days immersion periods 
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Fig 4.9b Temperature dependent bond properties between GFRP rebar and concrete 

after 120 days immersion periods 
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Fig 4.9c Temperature dependent bond properties between GFRP rebar and concrete 

after 240 days immersion periods 
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Fig 4.9d Temperature dependent bond properties between GFRP rebar and concrete 

The pull - out test results were further investigated at the bonded length using a 

scanning electron microscope. Some of photographs of this observation are shown in 

Figure 4.10, Figure 4.11 and Figure 4.12 for temperature tests at 40°C, 80°C and 

120°C respectively. Progressive damage to the surface of the rebars was seen in the 
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form of peeling of the external layer and ripping of the helix as temperature 

increased. When the temperature at pull - out increased to 120°C the external layer 

was completely stripped from the core, exposing the longitudinal fibres. At 40°C 

temperature the outer layer of the rod was abraded and some concrete residues had 

adhered to the surface. 

Fig 4.10 Polymeric layer at the bonded length is abraded at 40 :C pull - out test 

Fig 4.11 1 in the I:,.. 1 ihrc, : rt ht riJcLI Icn_th . 1ttcI pulp glut ft t it Stt 
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Fig 4.12 Failure of the polyester resin and glass fibres at the bonded length of the 

GFRP bar after pull - out test at 120 °C 
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4.3 Tensile test 

4.3.1 Introduction to testing of alkali exposed GFRP composite specimens 

A discussion will now be made on the evaluation of the effects of alkaline 

environment on the GFRP rebar. Accelerated tests were performed to rapidly 

increase the rate of any possible degradation effects. In addition, specimens which 

were not exposed to the alkali solution were placed under the same accelerated 

conditions as the exposed samples in order to observe any effects due to the 

acceleration procedure. 

Tensile tests were undertaken according to the procedures of the Japan Society of 

Civil Engineer JSCE22. Tests were carried out on the treated and untreated samples of 

GFRP rebars under a temperature range of 20-25°C, 80°C or 120°C. Three samples 

were tested at each temperature. In total ninety samples were tested. 

These tests were carried out on three types of GFRP rods, in order to evaluate the 

tensile strength and tensile modulus of the rebars and to obtain the basic data needed 

to construct a model for the prediction of the long-term properties of the rebars at 

higher temperatures. The three alkaline exposure time of 30,120 and 240 days in I 

mole NaOH at 60°C are defined as Al, A2 and A3 respectively Table 4.3. 

Table 4.3 Condition and number of specimens for the tensile testing 

Specimens Alkaline exposure Untreated control specimens tested at 

Al* A2** A3*** 25°C 80°C 120°C 

G1 rod 9 9 9 3 3 3 

G2 rod 9 9 - 3 3 3 

G3 rod 9 9 - 3 3 3 

A I* = 30 days @ 60°C in alkaline solution 

A2** = 120 days @ 60°C in alkaline solution 

A3*** = 240 days @ 60°C in alkaline solution 

The tensile testing of the rods was carried out after immersion in the alkaline 

solution at a specified temperature for a specified time. Both ends of the test pieces 
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were covered with epoxy resin in order to prevent infiltration of the solution via the 

ends of the test pieces during immersion. The bar length, was 40 times diameter plus 

100mm i. e. 580mm as in JSCE `2. For the GI rods, specimens were kept for 30 days, 

120 days and 240 days in alkaline solution at 60°C. G2 and G3 type rods were kept 

for 30 days and 120 days. Then the specimens were taken for tensile tests which 

were carried out at 20-25°C, 80°C and 120°C temperature. For comparison untreated 

rods were also tested at the same temperatures. The elongation of the rods was 

measured by a 25mm clip extensometer attached at the centre of the rod (Figure 

4.13) and by a strain gauge with a gauge length of 2mm. Thus, strain was measured 

and verified simultaneously by the two methods of measurement. 

The tensile load was applied with a 10-ton Shenck testing machine equipped with a 

250°C heating chamber. The load was applied at rate of 1 mm/min. Surface 

temperatures of the specimen were measured with a thermocouple installed at the 

mid length of the specimen. 

460 
mm 

strain 
gauge 

specimer 

;h temperature clip 
ge 

Fig. 4.13 Tensile test arrangement in the heating chamber the strain gauge and 

extensometer were attached to the snecimen 
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A copper tube was fixed at each end of the samples to prevent breakage at the jaw. 

Which is a common problem in the tensile testing of FRP rebars 22 and can result in 

inaccurate readings for the tensile strength. The fixing of bonded copper tubes over 

the anchorage length used in conjunction with round shaped jaw grips overcame this 

problem. In this work most breakage occurred at the mid length of the rebars. 

At each temperature the elongation of the bars was recorded by two digital display 

monitors at 1 kN load increments, and the tensile elastic modulus at each 

temperature was calculated from the stress-strain relationships. 

The tensile test was carried out after the surface temperature of the specimen reached 

a predetermined level and the specimen was allowed to stand for 12 minutes until the 

surface temperature became equal to the rebar core temperature. In the test the 

breaking loads under tension and strain were measured. 
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4.3.1 Tensile test results and discussion 

The elastic modulus is defined as the gradient of the linear relationship between 

stress and strain, estimated by least squares method. Typical calculation of the 

elastic modulus is shown in Figure 4.14 and Figure 4.15. 

Figures 4.16,4.17 and Figure 4.18 show the maximum tensile force applied to the 

rebars at temperatures of 20°C, 80°C and 120°C respectively. As immersion time 

and testing temperature increased the tensile load decreased for all three types of 

rebars. Results of the tensile tests of the treated GFRP bars are given in comparison 

to untreated bars in Table 4.3a, 4.3b and 4.3c. The results in terms of ultimate 

strength and elastic modulus collected after tensile tests are given in these Tables. 

All the numbers shown represent average values plus/minus the coefficient of 

variation. The values of standard deviation were very low, for example for control 

specimens of G1, G2 and G3 rods they were 18.30,20.80 and 11.88 MPa 

respectively. All tensile test specimens showed fibre rupture in the test length region. 

This confirmed that the alignment of the rods and the adopted grip system worked 

successfully. 

The degradation of the tensile strength of the G1 rebar due to environmental 

conditioning is depicted in Figure 4.19. 

Figure 4.20 and Figure 4.21 represents the normalised tensile strength of G1, G2 and 

G3 rebars after immersion (exposed) to Al condition and without immersion 

(unexposed) Table 4.3. As a result equations were developed that give the predicted 

strength of each rebar. 
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Fig 4.14 Tensile modulus of G2 rod treated in Al condition from stress/strain curve 

gives E= 26.36 GPa. 

Fig 4.15 Tensile modulus of the untreated G3 rod tested at 80°C from stress strain 

stress curve gives E=34.5 GPa. 
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25°C 
® untreated control rebar 
 A1 
13 

60  A3 
55 
50 
45 see page 104 

35 for definition 

30 Al, A2, A3 
25 
20 
15 
10 
5 
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G1 G2 G3 
Rebars type 

Fig 4.16 Maximum tensile load on the GFRP rod at 25 °C for various conditions 

80°C 

® untreated control rebar 50  Al 45 13 A2 40 - 35 2 
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Fig 4.17 Maximum tensile load on the GFRP rods at 80°C for various conditions 

120°C 

50 ® untreated control bar 

40 
 AI 
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S 20 
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Fig 4.18 Maximum tensile load on the GFRP rods at 120 °C for various conditions 
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Table 4.3a Tensile test result at 25°C 

Rod Untreated 

control bar no 

exposure 

Al* A2** A3*** 

6. 

(MPa) 

E 

(GPa) 
ßý 

(MPa) 

E 

(GPa) (MPa) 

E 

(GPa) (MPa) 

E 

(GPa) 

G1 366±5% 39±3% 346±5% 36±2% 326±5% 27±3% 286±7% 22±5% 

G2 416±5% 37±5% 349±7% 31±5% 333±9% 29±9% - - 

G3 396±3% 41±8% 375±9% 39±5% 299±5% 33±5% - - 

Table 4.3b Tensile test result at 80°C 

Rod Untreated 

control bar 

Al* A2** A3*** 

Q. 

(MPa) 

E 

(GPa) 
aý 

(MPa) 

E 

(GPa) 
6. 

(MPa) 

E 

(GPa) (MPa) 

E 

(GPa) 

G1 277±9% 27±5% 252±5% 20±2% 242±5% 19±13% 236±7% 18±5% 

G2 362±5% 33±5% 289±9% 28±5% 280±11% 26±8% - - 

G3 330±7% 35±5% 295±7% 32±5% 260±5% 31±12% - - 

110 



Chapter 4 Characterisation of rebars 

Table 4.3c Tensile test result at 120°C 

Rod Untreated 

control bar 

Al* A2** A)*** 

CY, 

(MPa) 

E 

(GPa) (MPa) 

E 

(GPa) 

a� 

(MPa) 

E 

(GPa) 

a� 

(MPa) 

E 

(GPa) 

GI 223±5% 18±5% 193±8% 18±6% 186±9% 19±3% 174±7% 18±5% 

G2 332±9% 31±5% 268±9% 26±7% 223±5% 24±15% - - 

G3 246±11% 22±9% 240±8% 21±5% 210±9% 17±10% - - 

6� = ultimate strength ± coefficient of variation 

E= elastic modulus ± coefficient of variation 

400 

350 

300 

250 

200 

) 150 

100 

50 

0 

25°C 

CIO Co 

DG1 rebar 

Fig 4.19 Degradation of the tensile strength of the GI rebar due to environmental 

conditions 
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Reduction factors for the tensile strength of the G1 rod, G2 rod and G3 rod due to 

temperature are presented in Figure 4.20 and Figure 4.21 for the unexposed and 

exposed GFRP rebars respectively. 

The value of reduced ultimate tensile strength as a function of temperature can be 

obtained from the following equations: 

0 JuT =k a afi420°C 
(4.5) 

where 0 fu , ooc and 0 fuT are the ultimate tensile strength of GFRP rebar at 20°C and 

T°C respectively. The reduction factor k, from Figure 4.20 and Figure 4.21 is given 

as follows for the unexposed rebar specimens (control rebars tested under 

temperature) and exposed rebars (the rebars were in Al condition prior to test) . 

G1 rod (unexposed rebars) 

k6 = 1.078 - 0.0039T for 20<_ T! 5 120 (T in °C) (4.6) 

G2 rod (unexposed rebars) 

k, = 1.040 - 0.002T for 20 T <_ 120 (4.7) 

G3 rod (unexposed rebars) 

ka =1.072-0.0036T for 20 T <_ 120 (4.8) 

G1 rod (Al condition exposed rebars) 

k, = 1.088 - 0.0044T for 20<_T<_ 120 (4.9) 

G2 rod (Al condition exposed rebars) 

kQ = 1.048 - 0.0024T for 20 <_ T< 120 (4.10) 

G3 rod (Al condition exposed rebars) 

k6 = 1.074- 0.0037T for 20 <_ T<_ 120 (4.11) 

The rebar strength reduction factors for A2 and A3 conditions are given as follows 

using the data presented in Table 4.3a to Table 4.3c. 

G1 rod (A2 condition exposed rebars) 

kß = 1.086 - 0.0043T (T in °C) for 20<_ T<_ 120 (4.12) 

G2 rod (A2 condition exposed rebars) 

k, = 1.066 - 0.0033T for 20 <_ T <_ 120 (4.13) 
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G3 rod (A2 condition exposed rebars) 

k, = 1.080- 0.004T for 20<_ T< 
_ 

120 (4.14) 

G1 rod (A3 condition exposed rebars) 

kQ = 1.082- 0.0041T for 205 T< 
_ 

120 (4.15) 

The results obtained from this work are comparable with those quoted in "Properties 

of fibre reinforced plastic at elevated temperatures with regard to fire resistance of 

reinforced concrete members" by Blontrock et al. " i. e. k, = 1.05- 0.0025T for 20 <_ 

T <_ 400. Equation 4.10 for exposed G2 rod compares well with the Blontrock et al. 

equation. 

Based on the equations (4.6 to 4.11) the temperature at which the rebars have no 

strength can be calculated when k,, = 0. Results are presented in Table 4.4. 

Table 4.4 Prediction of the temperature at which there is no strength in the rebars 

Rebar type Condition Temperature at no strength 

(°C) 

G1 Exposed 247 

Unexposed 276 

G2 Exposed 435 

Unexposed 520 

G3 Exposed 291 

Unexposed 298 

These results provide a baseline set of data, which can be used in conjunction with 

the thermal properties of the material, presented in chapter 3, and the other available 

results at higher temperature presented in Chapter 5 to facilitate the modelling of the 

long-term properties of the composite reinforcement. 
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1.2 

G1=-0.0039T+ 1.078 
b 

0 .8 
G2 = -0.002T + 1.040 

0.6 XG1 rebar G3= -0.0036T + 1.072 

0.4 G2 rebar Unexposed rebar 

0.2 
0 G3 rebar 

0 
20 40 60 80 100 120 140 

Temperature (°C) 

Fig 4.20 Temperature dependent tensile strength of the unexposed GFRP rebars 

1.2 

G 1= -0.0044T+ 1.0869 

0.8 G2= -0.0024T+ 1.048 

0.6 
GI rebar G3= -0.0037T-- 1.074 

0.4 A G2 rebar 
O G3 rebar 

0.2 
Exposed rebar 
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Fig 4.21 Temperature dependent tensile strength of the exposed GFRP rebars 

The effect of the elevated temperature on the strength reduction of the exposed and 

unexposed rebars is compared as follows. The strength reduction relationship in the 

unexposed and exposed rebars (Al condition) due to temperature is given in 

equations 4.6 to 4.11. Using these equations Figure 4.22a was drawn, this shows a 

greater strength reduction in the exposed rebar than in the unexposed rebar tested at 

the same temperature. The equations depicted in Figure 4.22a give the comparison 

between exposed (Al condition) and unexposed sample of each rebar. Figure 4.22b 
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depicted results for A2 condition in comparison with un-exposed rebars using 

equations 4.12 to 4.14. 

Exposed kß = 1.1282* (Unexposed kß) - 0.1282 G1 rod 

Exposed kß = 1.2* (Unexposed ka) - 0.2 G2 rod 

1.2 Exposed ka = 1.0278* (Unexposed kß) - 0.0278 G3 rod 
0 

0.8 
0.6 -G l rod 
0.4 0 G2 rod 
0.2 ------ G3 rod 

1.2 

Fig 4.22a The strength reduction relationship between exposed (Al condition) and 

unexposed rebars due to temperature 

Exposed ks = 1.1026* (Unexposed ks) - 0.1026 GI rod 1.2 
Exposed ks = 1.65* (Unexposed ks) - 0.65,62 rod 

Exposed ks = 1.1026* (Unexposed ks) -6 G3 rod 
70 0.8 

0.6 

0 0.4 
CL 

0.2 

0 
0 0.2 0.4 0.6 0.8 1 

Unexposed condition 

1.2 

0 G2 Rod 

-GI rod 

-A G3 rod 

Fig 4.22b The strength reduction relationship between exposed (A2 condition) and 

unexposed rebars due to temperature 
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As a result of the above investigation the equations depicted in Figures 4.22a and 

4.22b gives the strength reduction factors for the exposed rebar in relation to un- 

exposed rebars for conditions Al and A2 respectively. 

Figure 4.22c presents the relationship between exposed GI rods in A3 condition 

(worst case scenario) using the data presented in comparison with the unexposed rod. 

1.2 

b1 
ö 0.8 
b 
ö 0.6 
U 

ö 0.4 
a K 
°' 0.2 

0 

G1 Rod. A3 Condition 

exposed kß = 1.05 13*(unexposed ka) - 0.0513 

0 0.2 0.4 0.6 0.8 1 1.2 

Unexposed condition kß 

Fig 4.22c The strength reduction relationship between exposed (A3 condition) and 

unexposed rebars due to temperature. 

4.4 Flexural test 

The flexural three point bending tests on the GFRP rebars were undertaken in 

accordance with the ASTM D 790M 51 and Composite Dowel Bars 52 test standards. 

Five samples of the GI rod were immersed in alkaline solution pH 12.5 at 80°C for 

30 days. As a result of this test, ruptures occurred on the surface of the rebars and the 

rebar sections were swollen by 5mm. For comparison another two sets of the same 

rebar were immersed in alkaline solution at 80°C, for 3 days and for 7 days 

Flexural tests were carried out at room temperature on each set of samples. The bar 

samples length was 380mm and their average diameter was 15mm therefore, the 

supports span was 16 x 15 = 240mm. The test machine used was an Instron 1122. 
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As the standard does not recommend an exact rate of cross head motion for the 

machine, testing was initially performed at lmm/min and 2mm/min using four 

samples of untreated G1 bar. 

The results indicated no significant difference at these settings. The rate of cross 

head motion of the machine was subsequently set at 2mm/min for subsequent tests. 

11-11' 

71 

GFRP 
bar 

im 

Fig 4.23 Loading nose and support diagram three point loading test arrangement 

4.3.2 Flexural test results 

The results indicated that the stiffness of the GFRP rods reduced abruptly as the 

period of immersion increased. Modulus of elasticity in bending of the rods is 

calculated in accordance with ASTM D790M - 86 51. The modulus of the rods on 

average was measured as 35.9 GPa, 32.5 GPa and 1.9 GPa at 30days, 7 days and 3 

days of immersion respectively. This is compared with the stiffness of the unexposed 

specimens which was 46.2 GPa see Figure 4.24. 

This significant difference shows the effects of heat and the period of immersion on 

the flexural properties of the GFRP bars. Figure 4.25 shows the surface of the bar 

which was immersed in 80°C alkaline solution in comparison with untreated bar. 

Figure 4.26 shows the surface difference between two bars. 
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Load/displacement for the GFRP rebar 

4000 E unexposed = 46.2GPa, 30days exposure = 1.98GPa, 

3500 
7 days osure= 32.5GPa, Mays exposure = 35.8GPa 
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'4 1500 3days 
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Fig 4.24 Flexural strength of the G1 bar after being in alkaline solution at 80°C 

for 3 days, 7days and 30days compared with unexposed sample 
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temperature for 30 days 

Fig 4.26 Comparison between treated and untreated GFRP bars 
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4.4 Microscopic examination 

After mechanical testing and environmental exposure selected samples were 

examined using scanning electron microscopy to identify any visible signs of 

deterioration in the material and to identify failure modes in the materials. 

Observation was carried out to define the cause of deterioration of the GFRP rods, 

when they had been subjected to the immersion tests in alkaline solution and 

temperatures ranging from 60°C and 80°C for the different time periods. Sections of 

the immersed bars were viewed by scanning electron microscope (SEM) to compare 

them with the section which had not been immersed. Also the respective section of 

the bonded bars was observed microscopically, after the pull - out test in order to 

evaluate the cause of bond failure on the bonded length at that specific time. 

Results of the microscopic observation of the fracture surfaces of GFRP rebar which 

had been in an aggressive environment (in alkaline solution with 80°C heat) for 30 

days and then subjected to the three point bending test are depicted in Figure 4.27 

and Figure 4.28. The results indicate that the durability of the GFRP rod used in the 

experiment decreased with the increase in immersion time in the alkaline solution 

and the temperature. 
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Fig 4.27 Cross section of the fracture surface of glass fibres of GI rod which had 

been an aggressive environment (alkaline and heat 80°C) for 30 days 

;. 1 
"wý, 

Fig 4.28 Cracks in the cross section of the glass fibres of GI rod after exposure to 

80°C alkaline solution and flexural testing 
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5 THERMAL BEHAVIOUR OF CONCRETE 

COMPOSITE REINFORCEMENT 

5.1 Introduction 

This section investigates the thermal properties of the composite rebars and the effect 

of the depth of concrete cover has on its performance at elevated temperatures. It is 

expected that in reinforcing applications the longitudinal strength of FRP will not be 

affected by temperatures up to 300°C. However, the strength of the bond between the 

FRP rebars and the surrounding concrete is primarily dependent on the properties of 
the polymer at the surface of the rod, mainly, its shear strength 47. Therefore, it is 

expected that when the reinforced concrete is subjected to the fire or high 

temperature, the bond strength of FRP rebars will be effected first. 

5.1.1 Thermal stress in FRP-reinforced concrete 

The thermal deformation coefficients of fibre-reinforced plastic (FRP) can be 

significantly different from that of concrete. Therefore, de-bonding of the rebar from 

the concrete due to large changes in temperature is a major concern. The high 

transverse coefficient of the FRP bar causes the bar to exert a radial force on the 

surrounding concrete. This radial force is compressive when temperature rises and is 

tensile when the temperature drops (Rahman et al)27. 

The radial force causes tension cracks in the concrete when the temperature rises and 
these cracks cause de-bonding. When the temperature drops the bond may be 

affected as the FRP shrinks away from the surrounding concrete 28,25 

A method described by Gentry and Husain 29 shows how, by using the theory of 

elasticity (i. e. the coefficient of linear thermal expansion (CLTE)) and the modulus 

of elasticity (MOE), thermal stresses in concrete around typical FRP reinforcing bars 

can be calculated. 
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5.1.2 Transverse CLTE, modulus and Poisson's ratio of FRP rebars 

The transverse CLTE of an FRP bar is usually much higher than the longitudinal 

CLTE because the CLTE of the resin is much higher than that of the fibre. The fibres 

have little moderating effect in the transverse direction compared to that in the 
longitudinal direction. In the research carried out by Gentry and Hudak 199628, the 

transverse CTE of E-glass/vinylester composite rebar was shown to be 3 times 

higher than that of concrete. This transverse thermal incompatibility may cause 

significant bursting-type stresses within concrete 

The transverse modulus of elasticity (MOE) of FRP bars is much less than the 
longitudinal modulus mainly because the fibres are aligned only along the bar axis. 
In the case of carbon-fibre FRP bars, CLTE has a relatively much higher value in the 

transverse direction than in the longitudinal direction and the modulus of carbon 
fibre is much lower in the transverse than in the longitudinal direction. The 

Poisson's ratios of transversely isotropic materials have three independent values 

related to direction of loading and lateral strain: VLT , vu and vTT , where L indicates 

the longitudinal (axial) and T the transverse direction 27,3 1. The first superscript 
denotes the direction of loading and the second the lateral strain. Inaccuracy of the 

Poisson's ratios has much smaller effect on the internal stress than that of the CLTE 

and MOE. Therefore, theoretical estimates of the ratio given by the rule of mixture 
(Agarwal et. al) 43 were deemed to be sufficiently accurate. For composites with 
fibre volume fractions less than 80%, the value of vTr is very close to that of the 

resin 27. The Poisson ratio is typically 0.2 for the fibres and 0.35 for resin 27. 

5.2 Analytical and numerical prediction 

Gentry and Husain29 proposed a numerical prediction solution for the stress 

compatibility of composite reinforcing rebars, both bare and embedded in concrete, 

which were subject to a uniform temperature increase. In this section their work is 
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described and analysed in order to determine the possible internal lateral stresses that 

could arise in composite rebars subjected to elevated temperatures. 

Elastic solutions presented in this work were used to predict that the thermal 

swelling of the composite reinforcements under moderate temperature increases 

could be sufficient to bring the concrete to its tensile strength (generally taken to be 

around 10% of its compressive strength). The elastic solution for transverse 

expansion of wrapped unidirectional rods is described and numerical simulations of 

unidirectional composite rods embedded in concrete are presented. Timoshenko56 

gives the basis for a closed-form solution for the axisymmetric problem of a round 

rod embedded in a cylinder of a second material with different thermoelastic 

constants. According to Timoshenko the normal stress component in radial direction, 

Q, , and normal stress component in circumferential direction, o, in a hollow 

cylinder submitted to uniform pressure on the inner and outer surfaces (Figure 5.1a) 

is given as 

Q, =A+2C 
r (5.1) 

QB=-+2C 
r2 

where A and C are constant and r is radius of the member. 

Let a and b denote the inner and outer radii of the cylinder, and p; and po the 

uniform internal and external pressures. 

Then the boundary conditions are 

°r) r-a = -Pi (Or)r=b = -p0 (5.2) 

Substituting in Equation 5.1, we obtain the following equations to determine A and 
C: 

A 
+2C=-p, 

A 
+ 2C = -Po 

from which 

(5.3) 
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A= a2b2(Po -P; ) 
b2 -a2 

2C = 
Pga2 -Pob2 

b2 -a 2 

(5.4) 

Substituting these in Equation 5.1 the following expressions. for the stress 

components are obtained: 

zz zz ab (Po - p, ) 1 P, a - Pob 
ý' b2 -a 2 r2 

+ b2 -a 2 

iz 2z 
=_a 

b (Po - P; ) 1 Aa - Pob 
ýB 

b2 
-a 

2 
r2 

+ 
b2 -a 

2 (5.5) 

In the particular cases when po =0 and the cylinder is submitted to internal pressure 

only equation 5.6 will be used 
ii 

Q, = b2 
pa2 (1- 

b2 
) 

QB=b2-a2(1+b2) 

Po 

(5.6) 

Fig 5.1a Stress distribution in a hollow cylinder submitted to uniform pressure on 

the inner and outer surfaces after Timoshenko 
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The above solution was modified by Gentry and Husain29 in the 'case of a 

unidirectional composite rod taking into account longitudinal strain in the composite 

rod due to mechanical loading of the bar. 

According to Gentry and Husain29 the differential pressure generated across the 

boundary of the two materials is: 

P= 
(a. - aC)AT - vLT8L (5.7) 

(, ß+v, )/EE +(1-v, T. )/E,. 

P= the pressure across the boundary, 

aT = the transverse CTE of the composite rod, 

a, = the CTE of concrete, 

AT= the change in temperature, 

vLT= the major Poisson ratio of the rod, 

CL = the longitudinal strain in the composite reinforcement, 

,ß= the shape coefficient see Figure 5.1b, 

v= the Poisson ratio of the concrete, 

E, = the modulus of elasticity of the concrete, 

yam. = the in-plane Poisson ratio of the composite rod, and 

ET = the transverse modulus of the composite bar 

Note that in equation 5.7 the aT should have a different value from that of a, to 

generate the stress due to elevated temperature. 

Tangential or hoop stress in the concrete can be calculated using equation 5.6 as: 

at 
0.25d2 

1+ 
0.5d+c 2P 

(5.8) 
c(d + c) x 

d is the diameter of the composite rod, 

c is the concrete cover distance, and 
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x is the distance at which the hoop stress is calculated (x_d/2). 

The maximum stress in the concrete occurs at the surface of the composite rod, i. e. 

where x--d/2 in Equation 5.8. Therefore the maximum stress in the concrete is given 
by: 

a- 
(a1. -aC)OT -VLTSL (5.9) 

`'ý" (, 13+vv)IEE +(1-v7T)/ET 

Radial distance 
(x) 

r=1+2c d 

_r2+1 
r2 -1 

Fig 5.1b Axisymmetric model of unidirectional composite rod embedded in concrete 
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The stress predicted by equation 5.8 is depicted in Figure 5.2 for composite rods of 

12 mm diameter for various clear cover distances at a specific temperature of AT = 

40 °C. The composite properties given in the Figure 5.2 are for a smooth vinyl ester 

rod. 

The tension cracks in concrete occurred when the stress exceeded 3 MPa (about 10% 

of the compressive strength of the concrete)29.3 MPa was substituted in Equation 5.9 

in order to calculate the temperature rise, AT, that causes tension cracks for different 

concrete cover depths. The results are depicted in Figure 5.3. The results indicated 

that by increasing the concrete cover the AT is increased. Equation 5.9 is also used to 

calculate the stress in concrete versus temperature rise for temperatures ranging from 

20°C to 100°C and covers of 10mm, 20mm and 50mm. The results depicted in 

Figure 5.4 indicate that the stress generated to the concrete increased with the rise in 

temperature. 
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6789 10 11 

Distance from Centriod "x" (mm) 

12 

Fig. 5.2 stress in concrete at various concrete covers from non-helix composite 

reinforcement 
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Fig. 5.3 Temperature rise at which the composite reinforcement can generate the 3 

MPa necessary to cause tensile cracks in the concrete. 
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5.2.1 Thermoelastic solution of wrapped unidirectional rod 

Gentry, et al. 29 also worked on wrapped unidirectional rods. The helical or spiral 

wrapping used by some manufacturers of composite reinforcements is typically an 

E-glass roving. The mechanical (E,, ) and thermal (cc, ) properties of helical wrap 

will be dominated by its longitudinal properties. Due to its helical nature, the 

wrapping has a component that is parallel to the longitudinal axis of the rod and a 

component that is transverse. 

Therefore an inclination factor, denoted i, is introduced to resolve the transverse 

component of the helical wrapping: 

2 

1+ 0.025 
h; 

(5.10) 

where hW is the pitch of the helix and r' is the radius of the composite rod. 

A closed-form solution of the helically wrapped composite bar under thermoelastic 

loading is unavailable. The wrapping was considered uniformly distributed around 

the bar in a smeared fashion (Figure 5.5). The solution therefore represents the 

average restraint provided by the helical wrap. Measurements taken on bars wrapped 

with E-glass roving confirm that the restraint is highest immediately adjacent to the 

wrap and is reduced away from the wrap. The transverse coefficient of thermal 

expansion (CTE) is significantly reduced by the presence of wrapping. 
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Spiral Wrap 

h,,, (pitch) 

E,,,, modulus 

aw, Coefficient of Thermal spy - ------- wrap 
Expansion longitudinal (CTE) 

t,, (thickness) =h 
w 

t 
r,,, (volumetric ratio)= 

r 

AW(area) 

n= 
E' 

ET 

Unidirectional Core 

aT (transverse CTE) 

ET (transverse modulus) 

vTT(transverse Poisson's ratio) 

Composite rebar 

Fig 5.5 Schematic of wrapped composite rod after Gentry, et al. 29 

wrapping 

The thickness of the wrapping is taken as the cross-sectional area of the wrapping 

fibres (A,, ) divided by the pitch of the helix: 

tw 
h 

w 
(5.11) 

Using the same deformation compatibility rules, which were used to generate the 

Equation (5.7), the thermoelastic pressure generated by the "smeared" helix can be 

derived: 
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P= ar - a, V 
)E, 

YOT (5.12) 
jr t+ (1- v2T )Ew I ET 
tw 

By finding a solution for the transverse displacement due to the pressure P, which is 

in turn due to temperature rise AT, and comparing the displacement using the wrap 

to the displacement without the wrap, the overall restraining, R, effect of the wrap 

can be considered: 

R=aw+ 
1-ax, /aT 

(5.13) 
aT 1+r,, n(1-V 1. )li 

where 

rW is equal to t�, /r and denotes the "wrapping volumetric ratio", a measure of the 

volume of fibre used to wrap the unidirectional rod. 

The variable n is equal to and denotes the "wrapping stiffness ratio", a measure 
T 

of stiffness of the helical wrap considered as transverse stiffness of the unidirectional 

rod. A value of R equal to 1 indicates a condition where the wrapping provides no 

thermal restraint; values below 1 indicate a restrained condition. 

For E glass/vinyl ester rods with an E glass roving helix, the wrapping stiffness ratio 
29 is approximately 8 

For E glass/vinyl ester rods with a carbon fibre helix, the wrapping stiffness ratio is 

approximately 25 29. 

In order to evaluate the restrained condition of the wrapping of the GFRP rebars (G2 

rod) used in this work and for reinforcement the full scale beams, the mechanical and 
thermal properties of the rebar are substituted into the Equation 5.13. 

aq, = 6.58 x 10-6 1°C CTE for spiral wrap. 
A single roving of E glass fibre used for helical wrap. 
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aT = 33.7 x 10-6/°C manufacturer's data 

hw 25.8° pitch of wrapping measured on the rebar specimen 

Aw 3.67 x 0.37 = 1.36 mm2 (3.67 mm is the width of wrapping and 0.37 mm is the 

thickness of wrapping, these were measured). 

r=12.7=6.35 mm 2 

rw _ 
A,,, 

_ 
1.36 

_ 0.053 mm 2/° 
h,, 25.8 

_t _0.053_ r'" 
r 6.35 = 0.0083 

n=E pe 8 for E glass /vinyl ester, 
T 

if ET = 6.2 GPa then Ew, = 49.6 GPa. vTT = 0.35 

Inclination factor (i) = 1+ 0.025 
25.8 2=1.41 

6.35 

By substituting the above values in Equation 5.13, R= 0.976 is obtained and 

indicates that a slight thermal restraint condition is provided by wrapping. 

The relationship between Equation 5.7 and Equation 5.12 that gives the thermostatic 

pressure on the non-helix and helix GFRP rebar respectively is further analysed by 

substituting the properties of the rebars into these equations. 

Consider a 12.7mm GFRP helix rebar used in this work compared with 12.7mm 

GFRP non-helix (smooth) rebar. The properties of the GFRP rebar used in this work 

are given earlier. The cover is 44mm. 

By substituting the relevant values into the Equations 5.7 and 5.12 the P non-helix = 

0.1540T and P helix = 0.0077AT are obtained. This calculation indicated that the 
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pressure generated by non-helix rebar due to the temperature rise is approximately 
23 times greater than that generated by helix rebar. 

The transverse CTE, aT = 33.7 x 10-6 1°C was taken for both non-helix bar and helix 

bar. 

The wrapping volumetric ratio (t"') can be increased by increasing the size of the 
r 

roving used to wrap the unidirectional rod or by decreasing the pitch of the spiral. 
Reinforcement designs using a filament wound exterior around a pultruded 

unidirectional interior might be tailored to limit the thermal expansion in the 

reinforcement to that of concrete 29. 

In Figure 5.6 and Figure 5.7 a parametric study depicts the effect of varying the 

volumetric and stiffness ratios respectively. An increase in volume of wrap and an 
increase in stiffness of the wrap lead to a reduction in the apparent thermal expansion 

of the composite reinforcements as are shown in the Figures 5.6 and Figure 5.7. 

Reductions of 50% are possible, however the quantity of wrapping required will be 

high. 
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In this section, thermoelastic solutions of plain and spirally wrapped composite 

rebar, embedded in concrete and subject to a uniform temperature increase were 

presented. Comparisons were made between bars with no spiral wrapping and those 

produced with a spiral wrap of unidirectional rovings. Results show that the spiral 

wrapping, included primarily to improve the bond between the concrete and the 

composite rebar, also aids in the reduction of overall thermal expansion of the rebar. 
Thermoelastic solutions of unidirectional composite rods and concrete predict that 

the tensile stresses in the concrete surrounding the rebar will exceed the tensile 

strength of the concrete for relatively small temperature increase. 

It can be concluded from the above analysis that composite reinforcements currently 

available will generate some cracking due to transverse thermal expansion. The 

helically wrapped bars induced less stress to the surrounding concrete than non-helix 
bar. However, for application of current composite bars the selection of large cover 
distances and wide bar spacing should help reduce the potential for thermally 

induced cracking. 
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5.3 Study of heat transfer on the GFRP rebar-concrete elements 

5.3.1 Introduction 

The heat transfer within Glass Fibre Reinforced Plastic (GFRP) rebars Reinforced 

Concrete (RC) elements when they are exposed to elevated external temperatures is 

evaluated in this section. The temperature at the interface between the GFRP rebar 

and the concrete at a given external temperature is a principal concern. Two methods 
for the evaluation of heat transfer are introduced in this work. Experimental tests 

were carried out for validation of these methods. In the first method the element was 

assumed to be a semi-infinite solid and transient heat flow was applied to the 

element. The second method was a semi empirical approach which was developed in 

this work. 

Limited data are available on the time to failure in a fire of real FRP rebar reinforced 

concrete beams. The aim of this part of the work is to obtain an equation that will 

predict the rise in temperature throughout a reinforced beam as a result of a rise in 

temperature at the surface. By predicting the temperature at the interface it is 

possible to assess (a) the initiation of the cracks at the interface, which cause de- 

bonding and (b) to evaluate the reduction of the strength and stiffness of the rebars 
due to temperature. The heat capacity and thermal conductivity of the constituent 

materials were evaluated in Chapter 3. 

Specimens comprising GFRP-rebars in concrete with different cover thicknesses 

were exposed to high temperatures 110°C to 250 °C. Also a model specimen was 

constructed with the same cross section, bottom reinforcement ratio and concrete 

cover as that fire tested by JIS researchers (chapter 2 Section 2.15) and was exposed 

to a high temperature of 310°C. The temperature at the concrete surface and 
interface were measured at timed intervals and as a result equations were developed 

which predicted the rebar- concrete interface temperature. 
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5.4 Thermal tests 

Samples of 12.7mm GFRP rebar embedded in concrete with a cover of 20mm, 

30mm, 44mm and 60mm were made as shown in Figure 5.8. The mechanical 

properties of the reinforcement and the concrete utilized were presented in Table 3.3 

in Chapter 3. 

A thermocouple was attached to each rebar prior to concrete casting. The samples 

were exposed to a set of temperatures at 110.140,150.160.170,180.200.240 and 

250 °C. The temperature of the oven was set to the chosen temperature and then the 

specimen was inserted in to the hot oven. The temperatures at the concrete surface 

and the interface were recorded at 15minute intervals based on JIS (Japanese 

Industrial Standard) 33. As a result temperature / time curves were drawn for each set 

of tests. see Figure 5.9. The heating chamber was a 2000-watt electric oven with a 

maximum temperature of 250°C. 

c=20mm 

Fig. 5.8 GFRP rebar - concrete specimens used for thermal test 
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Fig. 5.9 Time versus temperature curves measured at the interface and concrete 

surface for set temperatures with clear cover of 44mm 

The following form of equation is proposed for the best equation through 

experimental data to give predictions of the interface temperature. 

T-6=Te-ft +90 fort>0 (5.14) 

Where T= exposed or external temperature 

8= interface temperature, 

t= time in minutes, 

(3 = is obtained from the gradient of ln(Ts - 0) versus (t) where Ts is the 

concrete surface temperature derived from experimental data 

90 = initial temperature. 

The relationship between the 
TS 

with the exposure time t is obtained from 

experimental tests and can be estimated using equation 5.15 as depicted in Figure 

5.10. 

TS 
T=0.0851n(t) + 0.5513 (5.15) 
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From 5.14,0 = T(1- e-P) + 90 (5.16) 

As an example, value of ß is evaluated for a temperature of T= 250°C on the 

100mm cube specimen with a concrete cover of 60mm as is depicted in Figure 5.11, 

, 
6= 0.0137 is obtained from gradient of the curve ln(Ts-0) versus t. This value is 

substituted into the Equation (5.16) for the calculation of the interface temperature. 

Figures 5.12 gives the comparison between the measured and calculated interface 

temperatures using Equation 5.16 and the method introduced in section 3.3.1 of 

chapter 3 for transient heat flow in a semi-infinite solid, for temperatures set of 

250°C and cover of 60mm. As can be seen in Figure 5.12, the calculated and 

measured interface temperatures compared well. This close agreement between the 

calculation and measured results was obtained for all the temperature settings and 

covers. Based on the experimental results the relationship between ß, the exposed 

temperature T and concrete depth cover was evaluated for the set of temperatures of 
110°C, 170°C, NOT and 250°C which is presented in a chart in Figure 5.13. 

Fig 5.10 Relationship between the exposed temperature T and surface temperature 
Ts with time 
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Fig 5.11 Evaluation of ß from ln(Ts-0) versus (t) for 60mm cover gives ß =0.0137 
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Fig 5.12 Comparison of the interface temperature measured with the transient 

method (described in Chapter 3) and the equation calculation for 60mm cover 
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Fig. 5.13 Relationship between ß and concrete cube covers for T= 110,170, NOT 

and 250°C. 

5.4.1 Thermal test on the model specimen 

A 310°C temperature test was carried out on a model of GFRP rebar RC with 

dimensions of 200x300x410mm, see Figure 5.14. The cross section, bottom 

reinforcements and cover of this model were identical to the full size beams (200 x 
300 x 4860mm) which were fire tested to Japanese Standard in 199733 and were 
described in chapter . 2. Five thermocouples were attached at the bottom 

reinforcement and one thermocouple at the concrete surface. The GFRP rebars used 
for the reinforcement specimen were 12.7mm C-bar (G3 rods). For the 310°C 

temperature an oven was used with 2135-watt heating power. 
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200 
mm 

300 
mm 

30 

Thermocouples 

00 000 1 to 5 Measurement points of heating temperature at bars 

6 Measurement point of the concrete surface 
Fig 5.14 GFRP-RC model configuration and measurement points of temperatures 

Figure 5.15 shows a curve of the temperature at the rebar interface versus time from 

the experimental test results. The effect of the dimensions of the specimen was 

observed in this work as the rebar temperature rose faster in the small specimen in 

comparison to the larger sample this was also affected to the value of ý8 as 

illustrated below. By taking In of surface temperature minus average interface 

temperature versus time the value of ß was obtained as 0.0027 as is depicted in 

Figure 5.16.6 = 0.0027 was inserted into the equation 5.16 to calculate the interface 

temperature. 

Comparison between the average recorded temperature and the calculated interface 

temperature is shown in Figure 5.17. 
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Fig 5.17 Comparison between the measured temperature at the interface of the 

specimen model and that calculated using equation 5.16 

In summary, the heat transfer at the GFRP rebar- concrete interface when exposed to 

external temperature was semi-empirically verified. The value of ß is the function of 

the concrete surface temperature, concrete covers and size of the 

specimen /3 = f' (T, ). f 2 (cov er). f3 (size) . 

It can be concluded from this work that equation 5.16 gives a good prediction of the 

interface temperature from the external temperature. The relationship between ß, the 

concrete covers and the exposed temperature for cube specimens can be obtained 

using the chart presented in Figure 5.13. The value of ß was less for larger samples. 
Once the interface temperature has been predicted, the failure of the rebars due to 

applied temperature at the GFRP RC elements can be evaluated. This will be further 

described in this work. 

Equation 5.16 is also validated by the fire test results obtained by Japanese 

researchers. Result is given in chapter 6. 
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5.5 Adoption of a design method for GFRP RC beams under fire conditions 

5.5.1 Review of research related to fire exposure conditions 

Saafi 61 has investigated the reduction of stiffness and strength of both concrete and 
FRP rebars in reinforced concrete when they are exposed to fire. He introduced a 
design methodology based on an assessment of the reduction in the initial strengths 

of concrete and FRP reinforcement which resulted from high temperatures which 
developed inside the beam. The design method was based on the information 

provided by Eurocode 2 58, ACI 440 3, Lin et al. 59, Desai 35,60 and Blontrock et al. 31 

for steel and FRP reinforced concrete under fire conditions. The method estimated 

the residual flexural strength and shear capacities of FRP reinforced concrete beams 

when exposed to fire for a certain duration of time. Figure 5.18 shows Saafi's 

predicted reduction of the strength due to increasing temperature in steel, concrete 

and GFRP rebars. 

1.2 1 1 

0.8 

steel 
0.6 

concrete 
0.4 

GFRP rebar 
0.2 

0 
0 100 200 300 400 500 600 700 800 900 1000 1100 1200 

Temperature (°C) 

Fig 5.18 Strength reduction in concrete, steel and GFRP rebar due to temperature 62 

The values of reduced concrete strength were estimated using the concrete 

compressive strength a, ' at normal temperature and concrete reduction factors k,, 

using the following equations presented in Eurocode 2: (1992). 
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CT = k, k°=1 for T_<100 (Tin °C) 

k, _ (1.067-0.00067T) for 100-<r-<400 (5.17) 

k, = (1.44-0.0016T) for 400<_T<_900 (5.18) 

ký= 0 for 900_<T (5.19) 

The value of reduced ultimate tensile strength in GFRP and steel were obtained from 

the following equations: 

Cf4T 
- ka 

afu20*C 

(5.20) 
E1, 

= kE 
EfiO0C 

where O"f, ZOve and a fuT are the ultimate tensile strength of FRP rebar at 20°C and 

T°C respectively, Ef20, c and Efl are the modulus of elasticity of FRP rebar at 20°C 

and T°C respectively, and kQ and kE are reduction factors for tensile strength and 

modulus of elasticity, respectively. Figure 5.19 shows Saafi's stiffness reduction kE 

for steel and GFRP due to temperature. 
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Fig. 5.19 Temperature reduction factor for modulus of elasticity in GFRP and steel 
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The proposed reduction factor kQ and kE was given by Saafi as: 

GFRP rebars 
kß=1.05-0.0025T for 20<_T<_400 (Tin °C) (5.21) 

kQ =0 for 4005T (5.22) 

kE =1 for 0<_T<_100 (5.23) 

kE=1.25 - 0.0025T for 100<_T<-300 (5.24) 

kE= 2-0.005T for 300<_T<-400 (5.25) 

kE= 0 for 400<_T (5.26) 

Steel Rebar 

kQ= 1 for 0<_T<-350 (5.27) 

kQ= 1.899-0.00257T for 350<_T<_700 (5.28) 

k6 = 0.24-0.0002T for 700-<r: 51200 (5.29) 

ka= 0 for 1200<_T (5.30) 

kE =1 for 0SF<100 (5.31) 

kE =1.10 - 0.001T for 100<_T<-500 (5.32) 

kE = 2.05 - 0.0029T for 500: 5T<600 (5.33) 

kE = 1.39 - 0.0018T for 600_-<T_<700 (5.34) 

kE = 0.41 - 0.0004T for 700<_T<_800 (5.35) 

kE = 0.27 - 0.000225T for 800: 5T<1200 (5.36) 

kE =0 for 1200-<T (5.37) 

The equations for GFRP rebars were based on the experimental results collected by 

Blontrok et al 31 and the reduction factor of steel rebar was proposed by ENV EC 
58 Part 1.2. 
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5.5.2 Temperature profile in FRP reinforced rectangular beams 

The application of the equation 5.17 to 5.37 to predict residual properties of a 

reinforced concrete beam, requires the estimation of temperatures which would 
developed within the cross section of a beam at end of a certain fire exposure. The 

rise in temperature inside beams, as a response to this exposure, depends on a large 

number of factors for example the moisture content of the concrete and the 

composition of the cement and the aggregate. Also, the development of temperature 

within a beam depends on the heating conditions and the heat transfer characteristics 

of the environment. However, these factors cannot be obtained conveniently and 

used with confidence in any general design. Desai35'6o exposed concrete beams to 

fire on three sides using the British Standard fire curve62, which is similar to the 

ASTM E119 fire test standard63. He used his experimental results and other results 

collected from literature to develop an equation to predict the temperature profiles in 

rectangular concrete beams. The temperature contours were assumed to be parallel to 

the vertical faces and the soffit of the beam exposed to fire on these three faces. 

Also, he assumed that, for beams exposed to fire on three sides, the following factors 

govern the temperature, T°C, inside the beam, along a contour x mm away from 

three sides: 

the ambient temperature, a function of the fire exposure period (t, in minutes) 
b, the width of cross section (mm) and 

r, the ratio of the overall height to the width 

Desai equation states: 

T=(D-Ax+Bx2-Cx3)h0.25 (5.38) 

Where the values of A, B, C and D were obtained as follows: 

A=3.33(3+0.0033t+(100-t)J (5.39) 
bJ 

B=0.085 (5.40) 

C=0.000221 (5.41) 
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D= 475r' 112 - (b -105t'' 3) (5.42) 

The equation gives a standard relationship where the constants A, B, C, D and r were 
35 empirically evaluated for one specific situation , 60. 

In order to generate a single value for residual concrete compressive strength Desai 

takes an average of the strength across the relative section. This is calculated by 

dividing the section into strips, each with a well defined temperature given by the 

temperature contour. The area of each strip is multiplied by temperature dependent 

concrete strength. The sum of the products is divided by the total area of the beam to 

obtain the average concrete strength ocT (the area outside the 700°C contour is 

included with its average concrete strength as zero). 

Calculation of the QcT using the temperature contour presented in Figure 5.20 is 

given below. 

1 CcT1O + CcT9 

, areal + 
(o-cT9 + CcT 8 

areal + ...... + C`T' + CcT 2 
)areaiO] 

°T -A 222 
(5.43) 

A= beam area 
ocrlto acrlo were calculated based on the equations 5.17 to 5.19 given on page 147 

for each concrete beam temperature at the certain time. 

This method is developed essentially as a practical step leading to the assessment of 

the reduced strengths of the constituents of a beam which was exposed to fire and it 

is not claimed to provide accurate and theoretical predictions of temperatures 

developed inside the beam. 
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Fig. 5.20 Temperature contours in a FRP reinforced beam estimated at t= 90min 
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5.5.3 Flexural capacity of FRP RC beams at high temperature 

ACI committee 440 200 13 suggested that the FRP reinforced concrete beams must 
be over reinforced to obtain a failure by concrete crushing rather than the rupture of 

FRP reinforcement. In this failure mode type, the tensile stress in the FRP of is less 

than the ultimate tensile strength o. In the case of a fire, the temperature will 

decrease the tensile strength of FRP significantly, and when it reaches the stress in 

the FRP reinforcement af, the failure mode will change from concrete crushing to 

FRP rupture accompanied by concrete crushing. Figure 5.21 shows the temperature 

tensile strength reduction factor k, as a function of the FRP temperature T. 
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Fig 5.21 Effect of fire temperature on the failure mode of reinforced concrete beams 
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The ratio 
fr 

= kr,; is also represented in Figure 5.21. As can be seen, when the 
Cf. 

temperature tensile strength reduction factor kQ is greater than the critical reduction 

factor k,,,, the beam will fail by concrete crushing, and the nominal flexural capacity 

can be calculated using the equilibrium of forces, strain compatibility and reduced 

mechanical properties of FRP and concrete. However, when the temperature tensile 

strength reduction factor k, is less than the critical reduction factor kcri, the beam 

will fail by rupture of FRP reinforcement and both rupture of FRP and concrete 

crushing. However, for design purposes, rupture of FRP with concrete crushing will 
be considered as the failure mode. In this case, the flexural capacity will be 

calculated using the balanced condition, the reduced tensile modulus of FRP, the 

reduced compressive strength of concrete, and the reduced beam width bT. 

5.5.4 Failure mode 

The flexural capacity of an FRP reinforced flexural member is dependent on whether 

the failure is governed by concrete crushing or FRP rupture. The failure mode can be 

determined by comparing the FRP reinforcement ratio to the balanced reinforcement 

ratio (i. e., a ratio where concrete crushing and FRP rupture occur simultaneously). 
Since FRP does not yield, the balanced ratio of FRP reinforcement is computed 

using its design tensile strength. The FRP reinforcement ratio (p1) can be computed 

from Equation 5.44 and the balanced FRP reinforcement ratio (p, ) can be 

computed from Equation 5.45. 

pJ -Abä 

Where 

Af = area of the tensile reinforcement 
b= width of the beam 

d= effective depth of the beam section 

(5.44) 
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0.85Qý a` Ef 
Pý =o E1e 

,+ aý 
(ACI 440)3 (5.45) 

Where 

ß1= concrete strength factor taken as 0.8 (ACI 440)3 

cr = design concrete strength 

Qf, = design tensile strength of FRP, considering reduction for service environment 

Ef= elastic modulus of FRP 

E, � = ultimate strain in concrete taken as 0.0035 (ACI 440)3 

If the reinforcement ratio is below the balanced ratio (p f< pp), FRP rupture 

failure mode governs and the beam section is under reinforced. Otherwise, 

(p f> pft) concrete crushing governs and the beam section is over reinforced. When 

(p f>p. ) the failure of the member is initiated by crushing of the concrete and the 

stress distribution in the concrete can be approximated with the ACI rectangular 

stress block represented in Figure 5.22. 
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c) Failure governed by FRP rupture (concrete stress may be non-linear) 

Fig 5.22 Strain and stress distribution at ultimate condition' 
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Based on the equilibrium of forces and strain compatibility the following can be derived: 

Moment at the section gives: M. = Af Qf (d - 
2) (5.46a) 
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Equilibrium of the forces gives: a= 
Af af (5.46b) 

0.85Q'b 

Q' 
o. = Efcý 

d-a 
(5.46c) 

a 

Substituting "a" from Equation 5.46b into Equation 5.46c and solving for af gives: 

ýf- 

[(EfSc)2 

+ 
O. 85/. 1E 

fsý, - 0.5E f<_ a f. (ACI 440)3 (5.46d) 
Pf 

The nominal flexural strength at normal temperature can be determined from 

Equations 5.46a, 5.46b and 5.46d. FRP reinforcement is linearly elastic at the 

stresses imposed during concrete crushing failure so the stress level in the rebar can 

be found from Equation 5.46c. 

Alternatively, the nominal flexural capacity can be expressed in terms of the FRP 

reinforcement ratio as given in Equation 5.47 to replace Equation 5.46a. 

M. = pfaf 1-0.59pfQ01 
Jbd2 

c 
(ACI440)3 (5.47) 

In the case of fire, Equations 5.46d and 5.47 can be expressed as Equations 5.48 and 
5.49 respectively. 

u fr _ 

(I(E 
4ý, 

+ 
0.85 1 Eý Ems, - O. SEý sue, (5.48) 

Pf 

M�T =p fc, 1- 0.59 
pf 'fr bd 2 (5.49) 

c"r 

Where 

a fr = stress in FRP reinforcement in tension at temperature T°C 
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M,,,. = nominal flexural capacity in FRP at temperature T°C 

En. = modulus of elasticity in FRP at temperature T°C, 

acT = concrete compressive strength at temperature T°C, 

Equation 5.49 on its own is used when a beam is under reinforced (p f< pjb). 

When a beam is over reinforced (p f>p. ), the stress in the FRP bars should be 

calculated first by using Equation 5.48 and then this value substituted for o ,. in 

equation 5.49 to find MT 

5.5.5 Shear capacity of FRP reinforced concrete beams 

The shear design philosophy of FRP shear reinforcement is based on the strength 
design method. The strength-reduction factor given for reducing the nominal shear 

capacity of steel reinforced concrete members should be used for FRP as well. 

Nominal shear strength of any reinforced concrete cross section, r,,, is the sum of 

the shear resistance provided by concrete, r,, and the shear resistance provided by 

stirrups, rf. 

The nominal shear capacity, rT , of an FRP reinforced concrete beam at high 

temperatures can be estimated using the ACI Committee 440 20013 shear equation: 

__ 
PE cT 

A o1, vzd ýnT 90ýQ' 6 
bT d+fS (5.50) 

1c 

where EI,. = modulus of elasticity of FRP at temperature T°C, 

acz = concrete compressive strength at temperature T°C, 

bT = is the width of the beam at temperature T°C, 

d= effective depth of the beam, 

A f, I, 
= total cross-sectional area of web reinforcement within a spacing s, 
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C f, v,. 
is the FRP tensile strength for shear design at temperature T°C = 0.002 Efi. and 

strength of bent portion of FRP stirrups 

U f, bT = 0.05 +F0.3 a fr :5 ajuT (5.51) 
db 

where Q fßl. = design tensile strength of the bend of FRP bar at temperature T°C 

r= radius of the bend, 

db = diameter of reinforcing bar, 

Qf, T = design tensile strength at temperature T°C. 

The residual width bT at temperatures in excess of 700°C is obtained by ignoring the 

concrete strip see Figure 5.20. The residual concrete compressive strength 'oT is the 

strength based on the temperature values obtained from the temperature contours 

equation 5.43. This will be explained further in Chapter 6 where temperature 

contours were drawn for the beams subjected to fire. - 

Saafi 2001 also investigates the effect of concrete cover on the temperature of the 

FRP when the FRP RC element is exposed to temperature. As the exposure time 

increases, the temperature in the FRP reinforcement increases, and it is decreased by 

increasing the concrete cover. Saafi has recommended the minimum concrete cover 
for fire resistance is 64mm (2.5 in) for FRP and 30mm (1.2in) for steel. 
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5.6 Proposed design method and model used in this work 

5.6.1 General procedure 

The procedure for calculating the flexural and shear capacities of GFRP RC beams is 

generally based on the method described earlier in section 5.5.3 and 5.5.5. 

In order to predict the time to failure of GFRP-RC beams when exposed to fire a 

model is proposed based on the reduction of strength and stiffness in GFRP rebars 

and strength reduction in concrete with respect to exposure time. This model uses the 

baseline set of data obtained from the tests carried out in this work as presented on 

pages 112-113 of chapter 4, and an FE model for predicting the temperature 

distribution in the concrete beams and at the location of the rebars. 

Rebar resin degrades at temperatures above 120°C (ACI 440)3. In a composite rebar 

the fibres, which exhibit better thermal properties than the resin, can continue to 

support some load in the longitudinal direction; however, the tensile properties of the 

overall composite rebar are reduced due to the reduction in stress transfer between 

fibres and resin as a result of deterioration in bonding. 

5.6.2 Reduction factors in the rebars strength and stiffness 

Based on the experimental results the value of reduced ultimate tensile strength and 

modulus of elasticity of GFRP rebar due to temperature can be obtained from the 

following proposed equations: 

0fiT 
=k v °fr2OC 

Ef 
_kE Ef,, zo^c 

(5.52) 

where Crfi20. c and Q f,,. are the ultimate tensile strength of GFRP rebar at 20°C and 

T°C respectively, Ef200 and E fr are the modulus of elasticity of GFRP rebar at 20°C 
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and T°C respectively, and ka and kE the reduction factors for the tensile strength and 

modulus of elasticity, respectively. 

The empirical reduction factors k, and kE obtained from the experimental data for 

the exposed G2 rods are given as follows. 

k, =1.048 - 0.0024T for 20: 5 T <_ 120 (T in °C) (5.53) 

kQ =0 120< T (5.54) 

kE = 1.050 - 0.0025T for 20:: 5 T <_ 120 

kE =0 120<_ T 

(5.55) 
(5.56) 

G2 rods are helically wrapped GFRP rebars made with vinyl ester resin which are 

used as reinforcement in the full-scale beam fire tests carried out in this work the 

results of which are reported in chapter 6. The k, and kE reduction factors as a 

function of GFRP temperatures are also shown in Figure 5.23. 

1.2 1 

1 

0.8  r 
b 'r 

0.6 Ve rr 
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0.2- 

0 
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T (°C) 

Fig 5.23 Temperature reduction factors of tensile strength and stiffness of GFRP 

rebars 
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Prediction of the rebar temperature 

Two methods are presented for the prediction the temperature of rebars when they 

are imbedded in concrete beams. One is based on the simple equation 5.16 and the 

other on a finite element simulation model. They are described as follows. 

The temperature of the rebars and stirrups can be predicted using 

8=T (1- exp. (-ßt)) + 6o (5.16) 

Equation 5.16 is obtained from the set of tests on GFRP RC elements described 

earlier in Section 5.4. 

Where 
0= rebar temperature 

T= Oo + 345log(8t +1) standard equation for furnace temperature given in ISO 

P is a function of concrete cover over reinforcement which is depicted in Figure 5.24 

it can be calculated as 

ß= -0.0048 In (cover) + 0.0229. 

This equation is obtained using data available from fire tests on beams with various 

covers and rectangular geometry with a ratio of overall height/width of between 1 

and 3. 

0.007 

------- ------------------------- 0.006 --------------- ---------------ý---------------- 
0.005 ---------------I--------------- -------------- ----------------- --------------- I----------------- 

0.004 --------------------------------- ---------- --------------- --------------------------------- 
0.003 --------------------------------I ------------------------------- --------------------------- 
0.002 --------------ß ° -Q. 0Q48Ln(cQyer)_ 0,0229----------- 

---------------- 
RZ 0.9967 

0.001 --------------------------------- --------------- ---------------- 
0 

20 30 40 50 60 70 80 

concrete cover (mm) 

Fig 5.24 Relationship between ß and concrete covers over reinforcement for 

rectangular beams 
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FE Model for the evaluation of the temperature profile 

i) Temperature at location of the rebars 

In this work a finite element simulation model was also carried out in order to 

predict the temperature at the location of the rebars and temperature distribution in 

the concrete. The temperature profile was evaluated using a finite element model in 

commercial FEMLAB software as is described in Appendix 1. Input to the mode 

was obtained by direct experimental measurement of the normal weight concrete 

with a density of 23.6 kN/m3 with thermal conductivity of 1.53 J/m°C (as was 

measured in section 3.3.2 of chapter 3) and specific heat capacity of 1140 J/kg°C. A 

concrete section of 350 x 400 mm was considered for analysis. Time / temperature 

data of BS 476 Part 2062 were entered. The temperature was measured at 41 

equidistant (i. e. 9.75mm) points at the beam cross section and the simulation was run 
by applying the domain heat transfer equation and boundary conditions. The rebar 
temperature versus time exposure curves for different concrete covers using FE 

simulation is presented in Figure 5.25. 
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Fig 5.25 Relationship between the rebar temperature and the concrete covers over 

reinforcement for rectangular beams 
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Using the chart provided in Figure 5.25 the rebar temperature for different concrete 

covers can be predicted for each exposure time. 

ii) Temperature in concrete section 

Using the FE simulation the following equations were obtained which give the 

temperature distribution along the width of the beam, x, at each time exposure. The 

result of this simulation is presented in Table Al-2 in Appendix 1. Typical results of 

this simulation for temperatures measured 68 mm from the bottom of the beam are 

presented in Table 5.1. 

Table 5.1 Temperature contour equations obtained from the simulation model 

Time (min) Equations 

30 T=0.0044x2 -1.5343x + 172 

60 T=0.0083x2 - 2.9084x + 334 

90 T=0.016x2 - 5.5886x + 640 

120 T=0.0158x2 -5.5373x+735 
135 T=0.0146x2 - 5.1015x + 742 

Temperature contours were set using the above equations in order to predict 

temperature distribution in the concrete section. From temperature contours the 

reduction of concrete strength due to temperature can be calculated using equation 

5.43. 

5.6.3 Results of the calculation of reduction factors in concrete strength 

The reduction of strength in concrete as a function of fire exposure time presented in 

Figure 5.26 is based on the calculation of temperature profile developed in GFRP 

RC rectangular beams. The reduction value is applied to a rectangular beam where 1 

5r53 and r is the ratio of the overall height to the width. 
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The reduction in concrete beam strength (k,, ) in terms of the exposure time in fire can 
be estimated using equation 5.57. 

kC = 
cr' (5.57) 

0Comin 

where a, 0 min and Q' are the designed concrete strength at 0 minutes and t minutes 

respectively and k, is the exposure time reduction factor for concrete beam strength. 

The proposed reduction factor k as a function of time from Figure 5.26 can be 

estimated using equation 5.58. 

ký =1- 0.003t t in minute (5.58) 
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Fig 5.26 Reduction factor in concrete strength of beam versus time exposure 

5.6.4 Failure time prediction 

Once the GFRP rebar strength at T °C (ow), the rebar stiffness at T °C (E fl. ) and 

the concrete strength at the estimated failure time (QM or QT) are predicted from the 

relevant equations the values are substituted in the modified standard equations 5.60 

to 5.62 to estimate flexural and shear capacities of the beam. The factors of safety of 
the standard shear and flexural capacities have been removed because the aim is to 

predict the beams failure due to fire exposure. After obtaining the flexural 
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capacity/time curve the next step is to calculate factored bending moment of the 
beam. The factored bending moment, Msd, of a beam simply supported under 

uniformly distributed loading is 

Msd _ 
(SD)(LZ) 

8 
(5.59) 

where SD is the factored sustained load plus dead load 

L= effective span 

The calculated moment of the beam can be set into the flexural capacity/time curve 

to estimate the failure time (fire rating) of the beam in flexure. 

Other parameters in equations 5.60 to 5.62, as was described earlier, have the 

following values and definitions 

the ultimate concrete strain Ems, = 0.0035, 

stress level in the GFRP shear reinforcement 0f 
, vT = 0.0 02 E fr and area of shear 

reinforcement is denoted as Af.,. This model will be used in chapter 6 to evaluate 

the flexural and shear failures of the full-scale GFRP concrete beams due to fire 

exposure and to estimate the fire rating. 

afr 
(EJT 

+ al Efr Ems, - 0.5E fEms, (5.60) 
4 Pf 

M�T = Pf Qn. 1- Pf 0fr bd 2 (5.61) 
CcT 

pE acT A Qf, vTd Z"T 90Qý 6 
bTd +fs (5.62) 

cT 

Outline diagram of using the above model is given in Appendix 3. 
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6 FULL SCALE BEAM TESTING 

6.1 Introduction 

The experimental work presented'in this Chapter includes the fabrication and testing 

of two concrete beams reinforced with 7 #4 (12mm) Aslan GFRP Rebar provided by 

Hughes Brothers, Inc. and a concrete beam reinforced with 7 #4 (12mm) GFRP rebar 

provided by the Dow Chemical Company. A flexural six point bending test was 

carried out on a concrete beam as a control at normal temperature, in order to 

evaluate the flexural load needed to cause failure of the beam. 45% of the allowable 
load was selected as the sustained load for fire testing. Test on the control beam and 

the fire tests were carried out at the Building Research Establishment (BRE) in 

Watford U. K. The fire tests in this work were performed in accordance with BS 476. 

Details of the specimens, fabrication, material properties, design calculation, test set 

up and instrumentation and experimental results are described. 

6.2 Material 

The test programme comprised 2 tests under fire exposure conditions and a beam 

under normal temperature as control. The reinforced concrete beam specimens were 

cast at the Queen Mary University of London, using marine gravel as coarse 

aggregate. The dimensions of the beams were 350 x 400mm in cross section, 
4400mm overall length and 4250mm supported span. The concrete composition for 

these beams is given in Table 6.1. 

Table 6.1 Concrete composition used for casting the testing beams 

Item kg/n' 

Ordinary Portland Cement 

(OPC) 

380 

20mm aggregate 700 

10mm aggregate 360 

Sand 735 

Water 148 

Water reducing admixture (1% of OPC) 3.8 kg/m 
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In addition, three 100mm concrete cubes were cast using the same concrete. The 

cubes were stored by the side of each specimen for ascertaining the concrete strength 

at the time of testing. These gave an average compressive strength of a,.,, = 42MPa 

MPa. Slump testing of the concrete gave 75mm42. The beams were wet cured for the 

first 4 days and then were air cured for further 80 days. 

6.2.1 Control beam and beam 1 

GFRP rebar reinforcements (G2 rods) for control and beam 1 was supplied by 

Hughes Brothers, Inc. Figure 6.1 illustrates the various GFRP pieces provided by 

Hughes Brothers, Inc. From left to right; L-shaped #7 (22mm) rebar, U-shaped #3 

(9mm) bars and a cut piece of #4 (12mm) GFRP rebar. 

Fig 6.1 GFRP rebar shapes used as reinforcement for beam 1 

6.2.2 Beam 2 

Beam 2 specimen was reinforced by GFRP rebar manufactured by the Dow 

Chemical Company. This rebar utilised a thermoplastic polyurethane resin matrix. 

Figure 6.2 illustrates the various pieces provided used for the construction of beam 2. 
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From left to right; L-shaped #4 rebar, steel stirrup and a cut piece of #4 (12mm) 

GFRP rebar. 

Fig 6.2 GFRP rebar shapes and steel stirrup used as reinforcement for beam 2 

Table 6.2, Table 6.3 and Table 6.4 provide the reinforcement specifications used in 

this work. 

Table 6.2 GFRP rebars specifications for control beam, beam 1 and beam 2 

Specimens 

j 

Bar size 

(mm) 

Cross sectional 

Area (mm') 

Nominal 

Diameter 

(mm) 

*Tensile 

strength 

(MPa) 

*Modulus 

of Elasticity 

(GPa) 

Control & 9 84.32 9.53 760 40.8 

Beaml 12 144.85 12.70 690 40.8 

22 382.73 22.23 586 40.8 

Beam2 12 130.69 12.8 =1000 =41 
* Manufactures data 

The 10mm steel stirrups used for fabrication in beam 2 has tensile strength of 

414MPa at yield and a Young's modulus of 200GPa. 
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Table 6.3 Control beam, beam 1 and beam 2 

Tension Top Width of Effective Height of Balance Ratio of Pf 

reinforcement reinforcement the beam depth of the beam reinforcement GFRP ý 

(b) the beam (h) ratio (P ) 

(d) (Pf, ) 

Bar No. of Bar No. (mm) (mm) (mm) % % 

size bars size of 
bars 

12 7 12mm 2 350 325 400 0.45 0.89 1.98 

mm 

Table 6.4 Specimens characteristics 
Specimen Main reinforcement Tensile main A, * Tensile 

Type of 

fibre 

External 

profile 

Binder reinforcement (cm) reinforcement 

ratio 

Control Glass Spiral Vinyl ester 7 of 012 10.14 0.89 

Beam 1 Glass 

(G2 rod) 

Spiral Vinyl ester 7 of 012 10.14 0.89 

Beam 2 Glass Molded 

surface 

Polyurethane 

thermoplastic 

7 of 012 10.14 0.89 

* Total cross sectional area of tensile main reinforcement 
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6.3 Test arrangement and design calculation for the beams 

The sectional properties of the cross section such as the reinforcement ratio were 

calculated according to the design guideline introduced in Chapter 2 section 2.12 

which is based on Eurocode 2 (1992)'9 and ACI-440 (2001)' to determine various 

characteristics of the beams. The calculation ignores the effect of top reinforcement 
in compression since the top reinforcement was placed for stability of the section 

rather than strength. 

The design process, which is carried out for a beam under normal temperature, 

consists of the following steps: 

a) defining the appropriate dimensions for the cross section of the beam: 

b) calculation of the required amount of tensile GFRP reinforcement; 

c) stress verification for the GFRP reinforcement in tension and concrete in 

comparison for un-factored loading; 

d) shear design - calculation of required vertical GFRP shear links; 

e) calculation of short - long term deflections 

f) calculation of average crack width 

The beams were simply supported with an effective span of 4.250m as is shown in 

Figure 6.3. The following shows the detail of the design calculation. 

Outside 
furnace Load 40 kN 

auoauý, ýwuuý. ý. 

625 / 1000 1000 loon 625 
7 71 

5; Supporting span = 4250 mm 175 

Deflection at 
centre 

Fig 6.3 Load arrangement for a simply supported GFRP RC beam 
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Span length =4.250 m 

Overall length = 4.400m 

9mm diameter U bars with based dimension of 270mm are used instead of stirrups 

concrete properties: 

design compressive strength for cube compressive strength, c r, tested at 28 days 

o,.,, =42 MPa and aI1.5 
250 

cylinder strength Qck =2Q,, � = 28MPa 
3 

modulus of elasticity Ecr, = 28 GPa; 

GFRP reinforcement (manufacturer data): 

Modulus of elasticity Ef= 40.8 GPa. 

where ac. k is characteristic 

Characteristic tensile strength o= 690 MPa for main bars; o= 760 MPa for 

stirrups 

(partial safety factors) y,,, = 1.3 (long bars), YFR. = 2.0 (shear links) 

Partial safety factors for loading 

yý_ 1.35 (dead load), yß= 1.50 (live load) 

a) Section dimensions 

Assuming L/d = 12-14 adopted cross section dimension b/d/h= 350/325/400mm as 

shown in Figure 6.4. The flexural capacity of the beam is calculated on the basis of 

stress-strain diagram shown in Figure 6.5. 
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Fig 6.4 Cross- Section geometry 
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0.0035 

strain limit 
pli 14 

epth of 
neutral axis 

11 

Fig 6.5 Stress and strain diagram for rectangular beams 

Design of the GFRPRC beam is based on principles of equilibrium and 

compatibility. The design is based on the assumption that concrete crushing in 

compression is the desired mode of failure. 

b) Required area of tensile GFRP reinforcement (Eurocode approach) 

Self load (g) =[Volume of the beam] (Concrete density) 

_ [(0.350)(0.400)(4.400)](23.54) 

= 14.5 kN 

14.5/4.25= 3.4 kN/m distributed self load over span 
Assume live load (q) as 40 kN 

Design (factored) loading: So = 1.35(3.4 kN/m) + 1.5 (40/4.25 kN/m = 18.72 kN/m 

(18.72)(4.25)' 
Design value of bending moment: M,,, =8= 42.3 kN. m 

By using non-dimensional bending moment coefficient: md=m= 

the neutral axis ratio _ can be obtained from 
d 

ý,,, = 1.25 -0.5.6.25 - (14 706)(0.069) = 0.11. 

M'" 
= 0.069 

a'bd'` 
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When the neutral axis depth coefficient 4 is determined, the required GFRP 

reinforcement ratio pf= 
Abf 

can be calculated by using section equilibrium as: 

__0.68 
2 o' P1. req 1- JE '-ct, u 

= 0.107% 

The minimum GFRP reinforcement ratio given in ACI-440 

Q. ý P1. niin _ 
0.45 

> 
2.5 Pr. n, in = 0.35% 

01k CA 

Adopted reinforcing bars in tension zone: 

Select 70 12.7mm GFRP bars area of tensile reinforcement. Al = 1014 mm2, 

Af 
p, 

bd = 0.89%. 

Compute the balance GFRP reinforcement ratio 

pý _ 
a` O. 85. ß, 

. 

Ef 
cl, = 0.45% (ACI 440) 

0.8. Q, ß Ef . E, u + 0.8. afk 

(over-reinforced section since p., <pf concrete crushing governed )' /i factor 

taken as 0.85 for concrete strength o, up to 28 MPa in accordance with ACI 440'. 

Stress in the GFRP reinforcement in tension, of, and nominal flexural capacity, 

M� 
, of the beam can be approximated with the ACI rectangular stress block 

presented in chapter 5 page 157. 

+ Ej 0.5Ef Eý� = 360 MPa (ACI 440) 
4 Pf 

Mn =p fa f 1- 0.59 
Pf affd2= 

105 kN. m (ACI 440) 

Because a reinforcement ratio between p. and 1.4 p, is used the strength reduction 

factor 0 should be computed from the following expression in accordance to ACI 

440'. 
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_ 
Pf 

2p, h 
0.0089 

= 0.99 
2(0.0045) 

OMý = (0.99)(105) = 103 >_ M 
st, 

C) Stress of the beam under service load Eurocode 2 approach 

Under service load with out factor of safety the stress in concrete and GFRP rebars is 

evaluated in accordance with Eurocode 2 as follows. 

Bending moment (un-factored): M= 
(40 + 14.5) 42502 

4250 8= 
28.95 kN. m 

Normalised un-factored bending moment and the neutral axis coefficient: 

m=M, =0.047 and = 1.25 -0.5.6.25 - (14.706)(0.047) = 0.071. 
Q' bd 

Average stress in concrete: o'. =M= 11.8 MPa<- Q' = 16.6 MPa 
b. ý. d 2. (1- ) 

Designed tensile strength of GFRP bars: Q f,, = 
0)" 

= 531 MPa 
Y FRP 

When the area of tensile GFRP reinforcement is determined, the stress in GFRP bars 

should be checked against the design tensile strength of the GFRP reinforcement, 

Tensile stress in GFRP bars: af=M= 90 MPa<531 
Af. d. (1-0.4ý) 

d) Shear design - required vertical GFRP links ACI 2001 

According to ACI 440 (2001) the nominal shear strength of any reinforced concrete 

cross section, zn is the sum of shear resistance provided by concrete, z, ; and the 

shear resistance provided by stirrups, if. 

pfEf 
V; ý- A Qf .d z� = bd + ACI Committee 440 (2001) shear equation 90ßo 6s 
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Determine the factored shear demand at a distance d from the support 

Design (factored) shear force is 

zý = Sd 
2- 

Sdd = (18.72) 
(4 2 5) 

- (18.72)(0.325) = 33.7kN 

The shear contribution of the concrete for an FRP reinforced member is 

z,. r = 
pf Ef a` bd = 22.1 kN 

90ß1Q 6 

U shaped bars with diameter of 9 mm for shear reinforcement was used. 

In order to determine the amount of FRP shear reinforcement the effective stress 
level in the FRP shear reinforcement must be determined. This stress level may be 

governed by the allowable stress in the stirrup at the location of a bend, which is 

computed as follows: 

Q- 
1O. 

O5--- 
(0"05"3(lOmm) 

+03 (0.8)(760) = 273.6 MPa 
db ý' (10mm) 

Note that the minimum radius of the bend is 3 bar diameter. o f, is the rupture 

strength of the GFRP rebar and based on ACI 2001, o f, is taken as 0.8(760) = 608 

MPa. 

The effective stress in FRP stirrups is 

o f, = 0.002E f50 jb = (0.002) (40800) = 81.6: 5 273.6 MPa and for steel stirrups 

s= 
OAfofvd 

= 255 mm where 0 =0.85, use 27 stirrups at centre to centre of (r -Ors, f) 
160mm. 

zf= 
A''' f 'yd = 27.95 kN therefore Z� = 27.95 + 22.1=50.05 kN 

S 

e) Deflection under service loading 

In this section, the results from the Eurocode 2 serviceability limit state verification 
(deflections and crack widths) are compared to the ACI-440 solution. 
Eurocode 2 (1992) approach 

The total long-term deflection: f" = fl (1- 4) + f� (4) 
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2 

The load distribution coefficient: =1- ß(3 ßß 
M" 

1" 2M 

The coefficient ß, and ß2: ß, = 1.0 and P. = 1.0 (for bond and loading) 

350.4002 
First moment of area for concrete: wg =6=9.33x106mm3 

The bending moment corresponding to the appearance of the first crack, Mc, 

Ma = W. . o,, = 25.8 kN. m, where Q,, r = 0.3[3 (42)]213= 2.77 MPa Concrete 

properties (1995)42 
2 

The distribution coefficient is now: =1- /31. /32" = 0.206 

Gross moment of inertia I. = b. h'/12 = 1.87 x 10"' m` 
A nominal deflection f, due to dead load and live load at un-cracked section = 

5(9 + S)L4 
= 1.04 mm 384EI8 

The second moment of area for cracked section, IC, , shown in Figure 6.6 is as 

follows 
3 

'Cr _ 
(b)(x) 

+(b)(x)(Yc - 
x)2 + 

Ef 
(Af)(d yC)z 

12 2 Ec 

Neutral axis depth x= 4d = 0.071(325) = 23.1 mm neutral axis depth 

yC = 
bam' 

= 120.4 mm 

Ia = 1.59 x 108 mm` 

A nominal deflection on the basis of the cracked section 

5 (g + q)(L4) 
= 12.3mm 

. 
fig = 384 Ec(Icr) 

The final long-term deflection: f (1.04)(1-0.206) + (12.3)(0.206) = 3.3mm < 

L1250 = 17 mm. 
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23ý 
mm Neutral axis 

7 $12mm 
GFRP bars 

O A, --1014 mm= O 

0 000 0 
----------------- ---- 

124 mm 

dk 325mm 

b=350mm 

Fig. 6.6 Geometry of the cracked cross-section 

Deflection under load. ACI approach for cracked sections 
The effective moment of inertia for the cracked beam 

1 
cr, e = M' 

3. 
ßd 

. 18 I 

9d = ab 
E- 

+1=0.5 [40.8/200+1]= 0.602 
s 

The parameter 1d is the reduction coefficient used in calculating deflection which 

takes into account bond properties for GFRP and oc -- bond dependent coefficient 

used in calculating deflection, taken as 0.5 
3 

Icr = 
b. d 

k3 + nf. Af. dx (1-k)2 

Efnf==2.11; 
pff= 

EE 4750 16.5 I= 

k=2. p7 f +(pf. nf)x - pf. nf-0.176 

1cr= 1.76x 108 mm` 

1cr. 
e = 6.8 x 108 mm 4 

Total deflection = 4.09 mm < L1250 (4250/250=17). 

f) Serviceability limit state of cracking 
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Eurocode 2 design crack width wk = (1.5)( E f�)(S,. ) 

The main strain in GFRP bars: 
(4)(o f) (0.206)(90) 

= 0.00045 
Ef 40800 

0.25(k, )(k2)(Of ) 
The average crack spacing: S, 

�, = 50 + 
Pf 

., ff 

Pf - 
Af 

- 
1014 

= 0.0154; Of = 12.7mm; k, = 0.8 (for [b(2.5)(h 
-d )] [350(2.5)(400 - 325)] 

bond); kZ = 0.5 (for bending) 

S= 50+ 
0.25(0.5)(0.8)(12.7) 

= 132 mm "" 0.0154 

The final (factored) crack width: wk = 1.5(0.00045)(132) = 0.089 mm 

ACI-440 (2001) design crack width w=2 (ß)(kb )of 3 dc. A 
2. 

s 

_M arf - 90 MPa; 
Ar . d. (1-0.4ý) 

The kb term is a coefficient that accounts for degree of bond between GFRP bar and 

surrounding concrete. For GFRP bar having bond behaviour inferior to steel, kb is 

larger than 1.0, and for GFRP bars having bond behaviour superior to steel, kb is 

smaller than 1.0 in accordance with ACI 440. Here kb = 1.2 because the bond 

strength value of the GFRP tested in this work (i. e. 9.9 MPa) in chapter 4 is less than 

steel rebar (i. e. 11.2 MPa) with the same diameter tested by Katz ". 

With k the ratio of the depth of the neutral axis to the reinforcement depth = 0.148 

_h-k. 
d 

= 1.27; dc =h -d = 400 -325 = 75 
d- k2 

The effective area of concrete in tension per one FRP bar: 

A_ 
2(b)(d, ) 

= 
2(350)(75) 

= 7500mm2 
nbars 7 
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The final crack width w=2.2 40800 
(1.27)(1.2)(90)V(75)(7500) = 0.61mm < 0.71mm 

(0.71 mm is given in ACI code) OK. Crack width limitation controls design of the 

amount of reinforcement. 

6.3 Fabrication Details 57 

U-shaped #3 (10mm) GFRP rebars was used as stirrups for shear reinforcement. 

Figure 6.7 illustrates the combination of two U-shaped bent #3 GFRP rebars lapped 

together to form a stirrup. To complete the GFRP rebar cage two #4 (12.7mm) rebar 

were used as top reinforcement to stabilize the cage. The longitudinal 

reinforcements and the stirrups were tied together with tie wire to form a rigid cage. 

Figure 6.8 shows a complete FRP cage ready to be placed in a mould. Figure 6.9 

through Figure 6.12 shows the process of the fabrication of the cage, shuttering, 

installation of the thermocouples and concrete casting of the beams specimens for 

testing. 

Figure 6.9 shows the fabricated cage placed in the wooden mould, Figure 6.10 shows 

the early period after concrete was cast inside the mould, Figure 6.11 shows the three 

beams after de-moulding, Figure 6.12 shows the group of thermocouples protruding 

from the end of the beam. 

Fig 6.7 U-shaped GFRP bars used as stirrups for shear reinforcement 
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Fig 6.8 Fabricated GFRP rebar and steel stirrup cage 

Fig 6.9 The fabricated cage with the thermocouples placed in mould 
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Fig 6.10 View of the fresh concrete, which was cast inside the mould 

Fig 6.11 Top view of whole length of the three beams after de-moulding 
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Fig 6.12 Group of 23 thermocouples protruding from the beam end to be attached to 

the data logger 

6.3.1 Flexural test on control beam 

In order to evaluate the flexural behaviour of the proposed beam the flexural six 

point bending test was carried out at normal temperature, Figure 6.13. The beam 

was subjected to increasing load in increments of 5-10kN, until final failure. The 

load was stopped at each increment for two minutes for observation. Load was 

applied with an hydraulic jack at four points on the beam as shown in Figure 6.14. 

The beams were simply supported. Vertical deflection was measured at mid centre 

using an LVDT transducer. Figure 6.15 shows the control beam during loading 

process and Figure 6.16 shows the beam at its maximum deflection. On unloading 

the beam returned to a zero deflection state Figure 6.17. 
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6.4 Results and observations on the flexural test on the control beam 

Observations made during the control test are described in Table 6.5. 

Load/deflection data obtained from this test are given in Table 6.6. At 90 kN of 
loading the deflection exceeded the limiting value of IJ250.45% of 90kN i. e. 40kN 

was considered to be the suitable sustained load for the fire test. The predicted 
deflection values at each loading range were calculated using the method (ACI 440) 

explained in Part 6.3 of this work. Table 6.7 gives the calculated deflections 

compared with experimental results, good agreement between calculated and 

experimental results was observed, this show that the code has some validity and that 

the predictions are accurate. The results are also presented in Figure 6.18. Note that 

the sustained load value of 40kN is below the cracking threshold of the beams. 

When load was increased to 310 kN deflection of the beam was 98.1mm. At this 

stage the test was stopped. During unloading the whole beam moved back to the 

same position as prior to loading. This shows the beam is very elastic and recovery is 

not impeded by plastic deformation of the rebar as would be the case with steel 

reinforced beams. 

Modulus of elasticity in bending (E) of the control beam can be calculated from 

experimental results using Equation 6.1 given in ASTM D790M (1995)5'. 

_Lam EB 
4bd3 

(6.1) 

Where 

EB= modulus of elasticity in bending 

L= support span, 4250mm 

b= width of beam, 350mm 

d= depth of beam, 325mm 

m= slope of the tangent to the initial straight-line portion of the load-deflection 

curve, N/mm of deflection 

From the load/deflection curve obtained from the experimental results presented in 

Figure 6.18 the slope to the initial loading is obtained as 27972 N/mm and the slope 
for the second part of the curve is obtained as 2793 N/mm. 
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By substituting the above in Equation 6.1 initial and secondary beam modulus is 

obtained as 4468OMPa and 4461MPa respectively. The results give the initial 

modulus, in un-cracked state, of the beam as approximately 10 times the cracked 

state or secondary modulus values. 

625 1000 1 1000 / 625 

Load 
LVDT 

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

... 

Stifrups at 
16ßmm c/c 

i 

Spreader beam 1 

I- Iý 

aakýl a1=a1=91=9rt 
III II u II Il III 

uII 
III II II 11 II III 
III II II III 1 
III 11 II III 
II II II II 11 III 
III 11 II II II II 11 

11 11 II II III 

II II 11 
-a. III I 

-cri rr-n- 
=ý=:. C 

I 
1 

II 

I1 
II 

1 
1 

1 

425©mm !, 

End rebars 
Roller 
support 

I 

Fig 6.13 Typical six point bending test set up 
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Table 6.5 Test report and observation on control beam 

t (min) Observations 
0 Test started IOKN applied 
1 35KN applied 
3 38KN applied Small amount of s allin at centre 
4 40KN applied 
6 45KN applied 
8 50KN applied 
10 55KN applied, noise from beam heard 
12 60KN applied 
14 65KN applied 200mm long vertical hairline crack showing 200mm to left of 

centre 
16 70KN applied 250mm long vertical hairline crack showing 300mm to left of 

centre on oosite side 
18 75KN applied Two more vertical hairline cracks 300mm long 500mm to right and 

750mm to left of centre, the first crack widened 
20 80KN applied first visible crack has formed branched shape at 150mm height 
22 85KN applied four 200mm long cracks on oosite side have appeared at centre 
24 90KN applied loud cracking noise, central cracks on both sides lengthening and 

have width of 0.5mm 
27 95KN applied 
29 100KN applied 
31 105KN applied 
32 11OKN applied Ten cracks evident on near side and 8 on opposite side all 300mm 

lon deflection reached about 30mm 
35 115KN applied Two 300mm long cracks to right-hand side of centre on opposite 

side widening, concrete s allin occurred at mid centre of the beam 
37 120KN applied Crack approximately 1 mm wide at bottom 
39 125KN applied 
41 130KN applied 
43 135KN applied 
45 140KN applied 10 cracks evident on near side all 30-35mm in length running 

vertically but none within lm of either end 
47 150KN applied 
49 160KN applied 
51 170KN applied 
54 190KN applied Spalling from cracks at bottom of beam at mid-length, noise heard 
56 200KN applied 15 cracks showing on near side and 14 on opposite side none of 

the cracks reached to the top 
60 220KN applied, noise from beam heard 
62 230KN applied 16 cracks showing on near side and 19 on oosite side 
64 240KN applied 
68 260KN applied 
70 270KN applied 
72 280KN applied 
74 290KN applied, deflection reached to 83mm and 16 visible cracks on the near side 

of the beam and 19 cracks on oosite side 
78 31OKN applied Test stopped 
In addition of theses observations the deflection of the beam was observed in relation 

to the increasing load over time as shown in Table 6.6. 
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Table 6.6 Load/deflection values of the control beam 

Load 

(kN) 

Deflection 

Experimental 

(mm) 

Deflection calculated 

using the design method 

described (ACI) in 

Section 6.3 

(mm) 

Defl. 
rxP/Defl..., _ 

0 0 0 0 
40 2.9 4.1 0.71 
45 3.4 5.4 0.63 
50 3.7 6.9 0.54 
55 4.4 8.5 0.52 
60 5.9 10.2 0.58 
65 6.8 12.1 0.62 
70 8.0 14.0 0.73 
75 9.9 15.9 0.83 
80 13.1 17.9 0.86 
85 16.5 19.8 0.91 
90 18.7 21.8 0.94 
95 21.7 23.7 0.94 
100 24.1 25.7 0.96 
105 25.9 27.6 0.96 
110 28.3 29.5 0.95 
115 30.1 31.4 0.98 
120 31.6 33.2 0.99 
125 34.6 35.0 1.00 
130 36.8 36.8 1.00 
135 38.8 38.6 1.01 
140 40.7 40.4 1.02 
150 44.5 43.8 1.03 
160 48.4 47.3 1.03 
170 52.0 50.6 1.03 
180 55.5 53.9 1.04 
190 59.2 57.2 1.04 
200 62.6 60.4 1.03 
210 65.4 63.6 1.01 
220 67.5 66.7 1.02 
230 71.1 69.8 1.01 
240 74.0 73.0 1.02 
250 77.9 76.1 1.01 
260 81.5 79.2 1.02 
270 86.5 82.5 1.03 
280 89.7 85.3 1.05 
290 93.1 88.3 1.05 
300 96.9 91.4 1.06 
310 98.1 94.4 1.04 
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Fig 6.14 Experimental set up for testing the control beam 

Fig 6.15 Control beam during loading 
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Fig 6.16 Deflected control beam under four points load 

ýº 

Fig 6.17 Unloading control beam after test shows the similar position of the beam 

prior to loading 
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Fig 6.18 Load- mid span deflection for control beam experimental and calculated 
deflections 

6.4.1 Discussion of the results 

As there is no standard recommendation for the loading rate on GFRP rebar 

reinforced concrete beams the load was applied in increments of 5-lOkN as is shown 
in Table 6.6. There was no significant visible change in the beam formation until 
loading reached 65kN at which point flexural cracks were observed. The length of 

the cracks was 300mm at high load but they did not reach the extreme compression 

zone of the beam. 

Seventy-eight minutes after the start of test with a load of 31OkN the beam was 
deflected as much as 98. lmm ; --L/43 and 19 cracks were seen along the beam mostly 

near the mid-span. Elastic behaviour of the GFRPRC beam was demonstrated in this 

test as the beam on unloading recovered to zero deflection. However, with a load of 
90kN the beam was deflected by 17mm, which was more than the limited value of 
L/250 for final mid-span deflection, and it was decided to choose 45% of this load 

for the sustained load in the fire test as recommended by JIS (Japanese Industrial 

Standard). 
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Nineteen visible cracks were observed after maximum load was applied on the beam 

as reported in Table 6.5 about 200mm spacing along the beam. The crack 

spacing, S,,,, calculation based on the Eurocode approach (page 181) was as follow. 

0.25(k, )(k2)(c f) 0.25(0.5)(0.8)(12.7) 
Ste� = 50 += Sr� = 50 += 132 mm 

pf, eff 
0.0154 

Where k, used for bond and k2 used for bending. 

The calculation gives approximately the same spacing between the cracks as that 

observed in the experiment. This would suggest that the calculation based on 
Eurocode gives reasonably accurate prediction of crack spacing. 
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6.5 Details of fire exposure test on beams 

Specimens for the fire test were provided with thermocouples, as shown in Figure 

6.19 and Figure 6.20. The thermocouples were attached to the concrete to obtain 

temperature distribution in beams. The thermocouples used were "PTFE insulated k 

type twisted cables". The ends of the thermocouples were precisely located by 

placing them in 20x3Omm miniature columns 400mm long, cast in the formwork 

prior to concreting the beam itself. Thermocouples were also attached to the rebars 

and links for beam 1 and beam 2. Figure 6.20, Figure 6.21 and Figure 6.22 show the 

thermocouples (TC's) attached to the rebars and stirrups. In total 23 thermocouples 

were used for each beam. Twelve to the concrete were attached (four at position A, 

four at position B and four at position Q. Nine thermocouples to the rebars at 
location shown in Figure 6.19, three at each location. Two thermocouples were also 

attached to the links at locations B and C. This is the region where the maximum 
flexural and shear stresses were expected to occur. 

After casting and curing the concrete for more than twenty-eight days the beams 

were taken to the furnace. The experimental set up for the fire tests are shown in 

Figure 6.23 and Figure 6.24. Figure 6.25 is a side view of the furnace and shows the 

pipes of the air and gas entering the furnace chamber. 

6.5.1 Test procedure 

About one week prior to each fire test, the test beam was taken to the furnace room 
for instrumentation. The 40kN was applied at four points load lm apart uniformly 

placed on the span. This was kept constant during each test. The deflection was 

measured at mid-span point, using "Linear Voltage Deflection Transducers"(LVDT). 

The LVDT activated via a taut fine steel wire attached to the mid span of the beam 

recorded the central deflection of the beam during test. 

The beam was placed centrally at the roof level of the furnace see Figure 6.26 for 

beam 1 and Figure 6.36 for beam 2. The walls of the furnace were constructed with 
bricks. The roof was made with precast prestressed slabs, which were painted with 
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fire resistant paint with insulation at the top. The gap between the slab-insulation and 

the beam was carefully packed with insulation, rock wool and ceramic wool, to 

protect the instrumentation above the slabs and to allow the beam to deflect freely 

under load. The four point loads were applied to the beam through four pre-made 
holes in the pre-stressed slab. The loading rig was the same loading rig that was used 
for the testing the control beam. Ten TC's inside ceramic tubes were hung from the 

ceiling of the furnace to measure the temperature near the surface of the beam during 

the fire test. It was decided that the test should be terminated when the specimen 

attained a large deflection, or it was judged as incapable of sustaining the applied 
load or showed signs of instability, whichever occurred earlier. 

The beginning of the fire exposure on beam 1 while the sustained load is controlled 
from outside the furnace is shown in Figure 6.27. Figure 6.28 shows the flame 

emitted from beam 1 through cracks after fire test. 

6.5.2 Furnace details and furnace temperature 

Furnace details used in this work are as follows; the internal dimensions of the 

furnace 4m wide x 4m long x 2m deep. Two sides walls contain the burners. One 

end wall has a door; the other end wall is modular and can be moved. 

The flue exit is in the floor at one end of the furnace. The top of the furnace is closed 

off with a test specimen, or a set of refractory-lined steel cover slabs. The furnace is 

lined with 1400 grade insulating brick (density approx. 880 kg/m) to comply with 
British Standard, ISO and EN requirements. 

Burners were gas-fired nozzle mix burners. A total of 20 burners, arranged with 10 

along two opposite sides of the furnace, approximately 1200mm above the floor. The 

loading rig sat above the furnace, running centrally along the length, parallel with the 

walls containing the burners. The rig provides a span of 4.25m for the beams. The 

load to a beam is applied hydraulically from above with four points of loading. The 

beam specimens were heated on three sides. 
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The furnace temperatures were recorded, monitored and controlled to follow the 

standard fire curve in accordance with BS 476: Part 20. 

The temperatures were measured at ten points in the furnace near the beam surface. 
The average values for the furnace temperature in testing beam 1 and beam 2 and the 

corresponding values given by the standard time-temperature curve are shown in 

Table 6.7. 

Table 6.7 Furnace temperature 

Time minutes Standard curve Average of the 

reading beam 1 

Average of the 

reading beam 2 

15 727 734 739 

30 830 843 840 

45 890 900 915 

60 933 939 947 

75 967 986 983 
90 994 1008 1013 

105 1017 1037 1034 

120 1037 1050 - 
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6.6 Fire test results 

6.6.1 Observation on the fire tests 

Test observation is described in Table 6.8 on beam 1 and in Table 6.9 on beam 2. 

Figure 6.29 and Figure 6.30 are also illustrated the observation in beam 1 and beam 

2 respectively. 

Table 6.8 Observation of fire test on beam! 

Time 

(min) 

Observations 

0 Test started 
1 Load of 40KN is applied 
12 Small amount of spalling at bottom corners of beam 

75 400mm long crack evident longitudinally along bottom of beam 

approximately 300mm in from left hand edge of beam. Flaming from near 

end on bottom and side of beam 

100 Crack has grown to approximately 800mm long and another has formed 

40mm up the side, 100mm long 

127 Large chunks have fallen off and a large crack 35mm wide has formed 

around the whole perimeter at mid length. Cracks are showing all over the 

beam 

132 Load removed 

140 Large chunk fallen off bottom corner at mid length 

143 Test stopped 
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Table 6.9 Observation of fire test on beam 2 

Time 

(min) 

Observations 

0 Test started 
14 Small amount of liquid dripping from bottom of beam 

25 Small amount of spalling from corners of beam 

50 Spalling evident from top of beam 

80 300mm long longitudinal cracks have appeared mid way up near side of 
beam at left-hand end. Flickering flame on far side of beam 

88 Crack on bottom of beam (tension face) opened approximately 2mm wide 
92 More flaming from other parts of beam and 100mm long longitudinal 

cracks appeared mid length on bottom and near side 
94 Rate exceeded for deflection 

101 Rate of deflection was exceeded 
104 Test Stopped 

The mode of failure of beam 1 is via flexural-shear cracks and spalling of the 

concrete are shown in Figure 6.31 and Figure 6.32. After the fire testing the beam 

was removed from the furnace. It was observed to be splitting in two Figure 6.33. 

Figure 6.34 shows the cross section of the beam with large cracks at concrete 

surface, rupture of the main rebars and stirrups. Figure 6.35 shows the shear 

reinforcement rupture along the beam 1. 
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Figure 6.37 shows beam 2 after fire test flames were emitted through cracks at near 

the mid length of the beam. The mode of failure of beam 2 is shown in Figure 6.38 

flexural cracks developed near the mid length and spalling of the concrete occurred 

at centre and near the end of the beam exposing the reinforcements. The steel 

stirrups yielded. Figure 6.39 shows beam 2 after removal from the furnace. 

6.6.2 Temperature profile in the cross section of concrete beams 

The rise in temperature in a concrete cross section, in response to high external 

temperatures, depends on a large number of factors. These factors include the 

moisture content of the concrete and the chemical composition of the aggregate and 

cement. Also, the development of temperature in a beam depends on the heating 

conditions and the heat transfer characteristics of the environment. However, these 
factors cannot be conveniently evaluated for the purposes of developing a general 
design rule. 

A finite element-simulating model described in section 5.6.2 in Chapter 5 and the 

enclosed Appendix 1 was used to estimate the surface temperature of the beam and 
temperature distribution along the centreline cross-section. Figure 6.40 to Figure 

6.44 shows the estimated temperature distribution across the cross section of the 

beam from this simulation. The concrete surface temperature was estimated using 

this simulation. In Figure 6.44 the temperatures measured at the mid centre of the 
beam in positions A, B and C, 80mm from bottom of the beam were also depicted. 

The temperature increases with time. 

Using the model equation given in Table 5.1 in chapter 5 for 90 minutes exposure 

the temperature profile for the concrete section is constructed as shown in Figure 

6.45. Average temperature readings by thermocouples at the mid section are also 
depicted in the figure. Close agreements between the temperature values obtained 
from the model and measured temperature were observed. The temperature contours, 

are assumed to be parallel to the vertical faces and the soffit of the exposed beam. 

Figure 6.46 shows the average temperature measured at the rebar at each time 
interval in comparison with model equation. The data excludes some readings, which 
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showed sudden, erratic and abrupt changes. This may be attributed to a possible 

shorting of a PTFE coated wire and the record showing temperature at a location 

other than the end of the thermocouple. 

The stirrups temperature/time curve in beam 1 and beam 2 is compared with the 

estimated curve using equation 5.16 and the results are depicted in Figure 6.47. 

The furnace temperature in beam 1 and beam 2 is shown in Figure 6.48. Figure 6.49 

shows the comparison between JIS specimen (described in chapter 2 section 2.15) 

and the estimated rebars temperature. 

The heating time- central deflection curve with the fire resistance values is presented 
in Figure 6.50 for beam 1 and beam 2, also the relationship between the temperature 

of the rebar and deflection of the beams is presented in Figure 6.51. A sudden 
increase deflection occurred in beam 1 after 132 minutes fire exposure and in beam 2 

after 94 minutes of fire exposure. The heating time in beam 1 was 143 minutes and 
104 minutes for beam 2. 
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Thermocouples in the concrete 
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Fig 6.19 Group of thermocouples at A, B and C in concrete Nos. 1-4 at centre line 

80mm c/c (3x4=12), two thermocouples were also attached to the link at position B 

and C and 9 thermocouples attached to the position A, B and C of the three main 

bars for each beam 
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Thermocouples attached to the rebars and the stirrups 
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Fig 6.20 Specimen configuration and measurement points of temperature at the 

rebars 
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end of the cage 

Fig 6.22 Thermocouples were attached to the rebars at tension zone 
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Fig 6.21 Attachment of the thermocouples to the rebars. Labelled thermocouples at 
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Fig. 6.23 Exterior view of the furnace during fire test 

I Furnace chamber 
2 Thermocouples channels 

3 Load cell controller 

4 Loading rig 
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Concrete 
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Fig 6.24 General arrangement of loaded beam 
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Fig 6.25 Side view of the furnace shows the air and gas pipes entered into furnace 

for burner 

I: 1 $U 
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Fig 6.26 Beam was set in an insulated furnace and prepared for fire test 
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Fig 6.27 Fire test on beam 1 

Fig 6.28 Flames were emitted from the end side of the beam 1 where the GFRP 

rebars are concentrated 
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i) After 12 minutes 

Spalling at the soffit corner 

ii) After 75 minutes 

00 
Crack and emitted flames 

iii) After 100 minutes 

Second crack and emitted flames 

iv) After 127 minutes 

Fig 6.29 Observation of test on beam 1 
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i) After 25 minutes 

Spalling at the top of the beam 

ii) After 80 minutes 

Crack and emitted 

iii) After 88 minutes 

Second crack and emitted flames on 
both end iv) After 92 minutes 

Concrete spalling, perimeter cracks 
and emitted flames 

Fig 6.30 Observation of test on beam 2 
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Fig 6.31 Rupture at the mid centre of the concrete beam due to fire 
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Fig 6.32 Close view of concrete rupture at the mid length of beam I after fire test 

Fig 6.33 Splitting shear of the beam at mid length after fire test on beam 1 
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Fig 6.34 Cross section of beam I after fire test shows reinforcement rupture and 

cracks in concrete 

Fig 6.35 Half of beam I after fire test shows rupture on the shear reinforcements 

with spalling 
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Fig 6.36 Beam 2 set in the insulated furnace with thermocouples hung from the 

furnace roof ready for fire test 
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Fig 6.37 Fire emitting through developed cracks along the beam 2 after fire testing 

had ceased 
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Fig 6.38 Failure of beam 2 after fire test inside the furnace shows a wide flexural 

crack, concrete spalling and exposing of reinforcements 
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Fig 6.39 Beam 2 after fire test view from the bottom face of the beam 
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Fig 6.40 Temperature profile in beam 1 at different fire exposure periods estimated 

using FE model at 80mm from bottom. 
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Fig 6.41 Temperature profile in beam 1 at different fire exposure periods estimated 

using FE model at 160mm from bottom. 
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Fig 6.42 Temperature profile of beam 1 at different fire exposure periods estimated 

using FE model at 240mm from bottom. 
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Fig 6.43 Temperature profile in beam 1 at different fire exposure periods estimated 

using FE model at 320mm from bottom. 
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Temperature profile in beam 1 (80mm from bottom) 
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Fig 6.44 Temperature profile along the width of the beam at different fire exposure 

periods estimated at 80mm from bottom. 

* Average of thermocouples reading at each exposure time 
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Fig 6.45 Estimated temperature distribution in the beam at t= 90 minutes 80mm 

from bottom using FE model equations 
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Fig 6.46 Experimental heating time/average temperature in the rebars for beaml and 
beam 2 and estimated using model (FE method) 
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Fig 6.47 Stirrup temperature experimentally determined in beam 1 and beam 2 in 

comparison with predicted temperature using equation 5.16. 
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Fig 6.48 Average temperature of ten thermocouples located at the roof of the furnace 

near to the specimen versus time for beam 1 and beam 2 (BS 476 temperature/ time 

curve) 
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Fig 6.49 Measured and calculated temperatures for the GFRP JIS specimens 
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Fig 6.51 Relationship between bottom reinforcement temperature and deflection of 

centre 

The maximum deflection to failure required by BS 476 code is L/20 = 212 mm. As it 

can be observed from Figure 6.51 the maximum deflection for beam 1 was 185 mm 
and beam 2 was 157.5. The bottom reinforcement temperature at maximum 
deflection was recorded as 505°C for beaml and 206°C for beam 2. 
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6.63 Flexural and shear capacity of the GFRP reinforced beams 

The flexural capacity and shear capacity of the beams were calculated based on the 

model which was described in section 5.6 of Chapter 5. The full calculation results 

are presented in Table A2-1 in Appendix 2. Figure 6.52 represents the calculated 

residual flexural capacity of the beam at each exposure time and Figures 6.53 to 6.55 

represent the calculated residual shear capacity of the beams. 

Flexural capacity 

As is shown in Figure 6.52, the effect of elevated temperatures on the behaviour of 
GFRP reinforced beams is to decrease the flexural capacity of the members with 

time. This degradation is proportional to the change in the properties of reinforcing 

GFRP due to the elevated temperatures. 

Failure is defined by the residual strength of the beam, as measured by the flexural 

capacity equation 5.60 and 5.61, to the level of the applied flexural moment which 

was calculated as Msd =S DV 
Z_ (18.72)$4.250)2 

= 42.3 kN-m 

where SD = factored dead load plus sustained load = 18.72 kN/m and 

L= effective span length = 4.25m 

This value is depicted in Figure 6.52 to a predict duration time of 140 minutes. The 

results compare well with the results obtained from the fire tests i. e. 132 minutes this 

shows the validity of the model. 

The fire rating or load bearing capacity based on BS 476 part 21(M} was132 minutes 
for beam 1 because sudden failure beam deflection occurred at this time and 
therefore the sustained load was removed. 
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Fig 6.52 The flexural capacity of the beam estimated by model with prediction of 
failure time 

Shear capacity 

The calculated shear capacity results with time during the fire test are illustrated in 

Figures 6.53,6.54 and 6.55 for beam 1, beam 2 and beam 1 in comparison with 
beam 2 respectively. Figures 6.53 and 6.54 show the estimated shear resistance 

contribution of the components of beam 1 and beam 2 respectively. Time (minutes) 

is marked on the x-axis. Nominal shear strength provided by concrete with GFRP 

flexural reinforcement, Zc, f, shear resistance provided by GFRP stirrups ,2f, shear 

resistance provided by steel stirrups , z3 , and znz. (total shear resistance 2c, f+ if for 

beam 1 at temperature and Zc f+is for beam 2) are marked as kilonewtons on the y 

axis. 

For steel stirrups in beam 2 the following equations were used to calculate the steel 
tensile strength in accordance with ENV EC2 Part 1.258, 

a y,. = ks 
Qyv 

(6.3) 
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where Qy, is tensile strength of steel at T °C (N/mm) and ay, is yield stress for 

reinforcement (N/mm). 

ks = 1.0 for T5350 (6.4) 

kg = (1.899 - 0.00257T) for 350: 5 T5 700 (6.5) 

ks = (0.24 - 0.0002T) for 700<- T: 5 1200 (6.6) 

ks =0 for 12005 T (6.7) 

The results are also compared with residual shear capacity (fire rating) obtained from 

the fire tests as indicated in these figures. It can be seen that the shear resistance of 
the GFRP stirrups in beam 1 is very small in comparison to beam 2. It is suggested 
that more stirrups are used in the future design of the GFRPRC i. e. 100mm stirrups 

spacing (c/c) to increase structural integrity. Note that the GFRP stirrups designed 

for beam 1 were 160mm spacing. 

Adequate concrete shear strength r, f, in beam 1 was retained for 132 minutes of 

fire exposure but the beam failed after this time. Similarly, an adequate shear 

capacity of the concrete in beam 2 was maintained for 94 minutes of fire exposure 
see Figure 6.55. The steel shear reinforcement in beam 2 retained its structural 
integrity until fmal failure. 

Calculations of the beams shear capacities at 15 minutes time exposure is presented 
in Appendix 2. 
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Fig 6.53 Effect of fire exposure time on the shear strength of concrete and GFRP 

reinforcement of beam 1 using model 
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Fig 6.54 Effect of fire exposure time on the shear strength of the concrete and GFRP 

reinforcement of beam 2 predicted by model. 

228 



Chapter 6 Fire test on GFRP RC beams 

160 beam 2 
140- 

120- 

100 Fire rating beam 1 =132 min >, 
Fire rating beam -º 80 
2= 94 min 

60 
beam 1 

cn 40 

20 

0 

15 30 45 60 75 90 105 120 135 150 

Time (min) 

Fig 6.55 Effect of fire exposure time on the shear capacity of beam 1 in comparison 

with beam 2 using model 
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6.7 Discussion and comparison of the results 

Results of loaded heating tests on the beams are summarised in Table 6.10. The 

results obtained from this work are compared with the Japanese Industrial Standard 

(JIS) fire test results on the two beams, one reinforced with 12mm GFRP rebars and 

other reinforced with 10mm steel rebars. In the JIS work, the dimensions of the 

specimens were 200 x 300 x 4860mm over a span of 4260mm and they were 

subjected to 24kN load at 2 points uniformly distributed over the mid length of the 
beam. The first beam had a shear and tensile reinforcement of 0.6% and 1.85% 

respectively. The second beam had a tensile reinforcement ratio of 0.85%. The 

design concrete strength was 36 MPa. The concrete covers for the JIS specimens 

were 30mm. 

The heating failure time for beam 1, based on excess deflection, was 143 minutes 

with a maximum central deflection of 185mm ; ztL/23 and the heating failure time for 

beam 2 was 104minutes with a maximum central deflection of 157.5mm --L/27. In 

the JIS specimen deflection was 146.1mm ;: zL/29 with a failure time of 161 minutes 
for the beam reinforced with GFRP rebar. In the beam with steel reinforcement the 

deflection was 98.7mm ;: tL/43 and after 180 minutes of fire exposure no failure was 

recorded. Comparisons between the results are presented in the heating time/ 
deflection curves given in Figure 6.56 and average bottom reinforcement 
temperature versus deflection is presented in Figure 6.57. The specimens with GFRP 

rebars exhibited similar deflection patterns to those with steel reinforcement, but 

underwent sudden increases in deflection at times beyond 120 minutes for beam 1 

and the GFRP JIS specimen. Sudden deflection in beam 2 was at about 90 minutes 
this may have been due to the fact that the concrete for beam 2 was slightly younger 
than the concrete for the beam 1. 

The deflections of the GFRP RC specimens were greater than that with steel 

reinforcement. The effect of increasing the concrete cover over the reinforcing bars 

i. e. 76mm for the beams tested in this work and 30mm cover for the JIS specimens, 
had a much less pronounced effect on the maximum deflection during the test. The 

temperature of the bottom reinforcements in beam 1, beam 2 and JIS specimens are 
shown in Figure 6.57. It may be seen that with beam 1 and beam 2 the bottom 
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reinforcements temperature increased with the increasing deflection in a similar 

pattern as to that of JIS specimens. Due to the thinner concrete cover in the JIS 

specimens the rebar temperatures were higher than the rebars temperature in beam 1 

and beam 2. During visual observation subsequent to the completion of heating, the 

reinforcements were still seen to emit residual flames, this is thought to be due to the 
high temperature that the fibre rebars had reached which aided ignition. The 

reinforcements which were extracted by chipping away the concrete, were found to 
have undergone thinning and carbonisation due to combustion. It would appear from 

the fire tests using full-scale beams and analysis of the samples remained from the 

tests, that failure was due to fire penetration through the cracks in the concrete, 

which developed during testing. This resulted in burning of the matrix of the rebar, 

which caused interface cracking and de-bonding. This de-bonding resulted in shear 
cracks along the beam. 

In beam 1 in which thermoset rebars reinforcement was used, the beam split in two 

pieces after it was taken out of the furnace. Beam 1 failed in shear mode by rupture 

of the GFRP stirrups. Beam 2 was removed from the furnace in one piece, 30mm 

longitudinal expansion was measured and the beam was deflected at the centre. In 

both beams spalling of the concrete occurred due to the pressure generated by the 

conversion of moisture in the surface layer of concrete to steam. 

After the fire test, samples of the rebars were collected from the tension face in the 

mid-centre of the beam in order to evaluate the effect of fire on the rebars. The 

samples were weighed and compared with unexposed samples. The weight of the 

rebar in beams 1 and 2 had reduced by 22.3% and 33.8% respectively. Results of the 

calculation of the flexural capacity of the beams, in terms of time exposure and the 
temperature of the tension rebars, shows the same pattern of degradation in beam 1 

and beam 2. The model used in this work gives reasonable prediction of the flexural 

and shears capacities of the beams and the prediction of failure time in fire i. e. 140 

minutes. The results obtained from the fire tests i. e. 132min fire resistance for beam1 

and 94 minutes for beam 2, validated the model prediction. The evaluation of the 

results/model indicated that the flexural - shear capacity of concrete structure 
members exposed to fire depends on the duration of fire, the longer the fire duration 

the greater the reduction in load-bearing capacity. The reduction of load-bearing 
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capacity of GFRP RC beams under fire conditions is mainly caused by strength 

reduction of the reinforcement with the increase in temperature. When the 

temperature reached 505°C, which was measured on beam 1 with thermoset rebar, 
the loss of load-bearing capacity was about 84%. The shear capacity of beam 2, 

where the steel stirrups were used, was much higher than that of beam 1 with GFRP 

stirrups. This shows that the fire exposure has a significant effect on the behaviour of 
GFRP reinforced concrete compared to that with conventional steel reinforcement. 
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Fig 6.56 Heating time/deflection curves for beam 1 and beam 2 in comparison with 
JIS specimens 
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As can be observed from Figure 6.57 the maximum temperature that GFRP could 

support before failure was 505°C for beam 1 with and 206°C for beam 2. The 

temperature recorded in the bottom reinforcement of the JIS specimen was 680°C at 

the end of heating this may be attributed to the higher tensile strength of the JIS 

rebars. The ultimate tensile strength reported by the manufacturer of those used in 

JIS specimens was 1350 MPa and for beams tested in this work the ultimate, tensile 

strength of the rebars was 690 MPa. 

Table 6.10 Results of loaded heating tests 

Specimens Load Heating Failure mode Failure Heating Deflection Average 
applied time time or fire time at at centre at temperature 
(kN) (min. ) resistance sudden end of of bottom 

(min. ) increase heating reinforcem 
deflection (mm) ent at end 
(min) of heating 

1, C 
Beam 1 40 143 Flexural-shear 132 128 185 551 

failure and 
residual flames 
emitted from 
reinforcements 

Beam 2 40 104 Flexural 94 90 157.5 377 
failure, large 
cracks at 
tension face of 
the beam and 
residual flames 
emitted from 
reinforcements 

JIS 24 161 Flexural - 120 146.1 680 
(GFRPRC failure of 
beam) bottom 

reinforcement 

JIS (SRC 24 180 Flexural - - 98.7 682 
Beam) damage due to 

elongation of 
bottom 
reinforcement 
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6.8 Summary 

In this programme, two 4.4m long reinforced concrete beams were fire tested. In the 

first beam GFRP rebars and stirrups manufactured with thermoset vinyl ester resin 

were used as reinforcement. GFRP rebars made with thermoplastic polyurethane 

resin and steel stirrups reinforced the second beam. Furnace atmosphere and 

concrete, stirrups and rebar temperatures and deflections were measured in each test. 

Prior to fire testing a control beam was tested in order to evaluate the flexural 

behaviour under normal temperature and to choose a sustained load for the fire test. 

Longitudinal shear cracks developed in beam 1 as early as 75 minutes and in beam 2, 

80 minutes after the start of the fires. After the cracks developed flames were emitted 
from the beams. Flexural cracks formed in the mid length of the beams 

approximately 30 minutes later and extended rapidly. As a result both beams tested 

failed flexurally. In both beams tested spalling of the concrete was observed. Tests 

were terminated when the rate of increase in deflection reached the point where 

flexural failure became imminent. Test duration for beam 1 was 143 minutes and for 

beam 2 was 104 minutes. The test load for both beams was 40 kN. For beaml the 

test load was removed after 132 minutes when failure was imminent (to avoid 

collapse of the beam into the furnace, which might have caused damage to the 

equipment). The test was continued for a further 11 minutes (143 minutes total), 

without load. The fire resistance rating (load bearing capacity) for beam 1 was in 

accordance with BS 476: Part 21" i. e. 132 minutes. 

The maximum allowed rate of deflection was exceeded after 94 minutes in beam 2. 

The test was continued until 104 minutes without load. The fire resistance rating 
(load bearing capacity) was in accordance with BS 476: Part 216` for beam 2 i. e. 94 

minutes. 

Flexural and shear capacity of both beams were calculated based on the proposed 

model which is in terms of the reduction in the strength of GFRP and steel rebars 
due to exposure to fire. As a result both flexural and shear capacity is degraded with 

time. Due to the low mechanical properties of GFRP, the degradation of the shear 

capacity of GFRP stirrups is more pronounced than that of steel stirrups. To predict 

nominal shear capacity at elevated temperatures, it is necessary to know the 

temperatures of the stirrups during the fire test. In each test beam, two stirrups were 
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instrumented with thermocouples to measure the stirrup temperatures located near 

the mid span of the beam. 

The model was used to calculate the residual flexural - shear capacity of the beam 

and from that the failure time could be predicted. The most important factor 

affecting predicted beam behaviour is the calculated temperature increase in the 

reinforcement. The semi empirical equation of the model in this work has 

conservatively predicted the rebar temperature as a function of exposed temperature 

on the beam. The temperature distributions in the beams were also evaluated using 

an FE model carried out in this work. The ability of the analysis to predict structural 
behaviour is limited by the quality of the data available on the effect of elevated 

temperatures on structural materials, and to a lesser extent by the analytical model 

which neglects the effect of localised cracks and spalling of concrete. 
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7 SUMMARY AND CONCLUSIONS 

The effects of alkaline conditions and temperatures up to 120°C on the durability of 

GFRP bars were evaluated in the first part of this work. The strength values 
decreased as immersion periods and temperatures increased. These changes occurred 
in both the GFRP bars with polyester resin and those with vinyl ester resin. 
However, the degree of degradation was greater in the GFRP bars with polyester 

resin. Based on the results obtained from the first part of this study the following 

conclusions may be drawn: 

" In the pull - out tests, the rebars consisted of helically wrapped glass fibre around a 

central core and the rebar surface was sand coated (G1 rod). The concrete was 

normal weight concrete. Similar results for average bond strength were obtained for 

both water and alkaline solution (pH 12.5) cured specimens. The cement compounds 

are stable at those pH levels and this is why similar results can be expected. The 

results showed a reduction in the bond strength as the temperature was raised from 

20 - 120°C. In the specimens treated in water and alkaline solution for 240 days a 

reduction of 47% and 51% respectively was seen (from 16.37 to 8.73 MPa and 15.07 

to 7.34 MPa respectively). This demonstrates the effect of temperature on the 

mechanical interlock between the GFRP bars and the concrete. From SEM 

examination of the bonded length at each specific temperature it is inferred that both 

the glass fibres and the matrix resin failed. Damage to the surface of the rod was 
indicated by whitening of the rebar, degradation of the polymeric surface and 

wrapping, and significant abrasion of the external layer. The amount of deterioration 

increased with the rise in the temperature at which pull - out failure occurred. 

" Tensile tests were carried out under temperature (up to 120 °C) on the three types 

of GFRP rods (G1, G2 and G3 rod). G1 rod was made from longitudinal glass fibres 

with polyester resin binder and G2 and G3 rods from glass fibre with vinyl ester 

resin binder. The GFRP rods were subjected to alkaline solutions (pH 12.5) at 60 °C 

for three different exposure times prior to testing at chamber temperatures of 20 °C, 

80 °C and 120 °C. For control, tensile tests were carried out on the unexposed rebar 

under the same temperature range. The aim of the study is to show that the proposed 

accelerated aging regimen allows clear differentiation between the physical- 
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mechanical properties of different products. The residual tensile strength of the G1 

rod, G2 rod and G3 rod after 30 days exposure to the alkaline solution was about 
56%, 77% and 64% respectively at a temperature of 120 °C in comparison with the 

rebar tested under normal temperature. This shows that the mechanical properties are 

related to the absorption behaviour of the resin as the vinyl ester resin is more 
durable than polyester resin. 

" When the G1 rods were immersed in alkaline solution (pH 12.5) and subjected to 

80°C temperature for 30 days, they deteriorated badly and the bar sections swelled 

by as much as 5mm. Rupture occurred along the length of the bar. This would 

suggest that this GFRP rod is not suitable for use in these conditions. SEM 

examination revealed the effect of the conditioning environment and the extent of 
the deterioration of the rebars. 

" Thermal conductivity and thermal diffusivity of the concrete was evaluated using 

a fast simple method introduced in this work. Thermal compatibility of the GFRP 

rebars i. e. helix rebar and non-helix were also investigated in this work the results 
indicated that the helically wrapped bars induced less pressure to the surrounding 

concrete than non-helix bar. However, for application of current composite bars the 

selection of large cover distances and wide bar spacing should help reduce the 

potential for thermally induced cracking. The interface temperature of the GFRP RC 

elements with various dimensions and depth of concrete cover when exposed to high 

external temperature was semi-empirically verified. As a result a simple equation 

was developed that predicted well the interface temperature. 

" The results obtained from the first part of this work were used as a baseline set of 

data in conjunction with the thermal properties of the material to set a model for the 

prediction of the failure time of GFRP RC beams under fire exposure. 

" The model which is proposed in this work is based on the reduction of stiffness and 

strength of GFRP rebars and reduction of strength in concrete. The equations and 

charts have been provided to estimate the properties of the beams due to fire 

exposure time. The flexural and shear capacities assumed for this model were based 

on the standard equations without factor of safety. Testing the full-scale beams under 
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fire validated this model. It is observed that the estimated failure time compares 
favourably with the fire test results. Therefore the proposed model is considered to 

be suitable for the prediction of failure time. This model is suitable for rectangular 
beams further work is required for other beam geometry. Discussion and comparison 

of the results obtained from the second part of this work in which fire tests were 

carried out on the full-scale GFRP RC beams, are described below. In this 

programme two 4.4m long reinforced concrete beams were fire tested. In the first 

beam GFRP rebars and stirrups manufactured with thermoset vinyl ester resin binder 

were used as reinforcement. GFRP rebars made with thermoplastic polyurethane 

resin binder and steel stirrups reinforced the second beam. The temperature of the 

furnace atmosphere, concrete, stirrups and rebars and the central deflections of the 

beams were measured in each test. Prior to fire testing a GFRPRC control beam was 

tested under normal temperature to evaluate its shear and flexural behaviours in 

order to choose a sustained load for the fire test. Based on the test results presented 

in this work for the full-scale beams with the given geometry and material properties, 

the following conclusion can be drawn: 

" In the fire test, longitudinal shear cracks developed in beam 1 after 75 minutes and 

in beam 2,80 minutes after the start of the fires. After the cracks developed, fire 

penetrated and flames were emitted from the beams. Flexural cracks formed in the 

mid length of the beams after approximately 30 minutes and extended rapidly. As a 

result both beams tested failed in flexure. 

" In both tested beams spalling of the concrete was observed this may have been as a 

results of build up of pressure due to evaporation of water within concrete or 

restrained thermal dilatation. This spalling of the concrete cover exposed the rebars 
directly to the fire reducing the beams capacity. Tests were terminated when the rate 

of increase in deflection reached the point when flexural failure became imminent. 

Test duration for beam 1 was 143 minutes and for beam 2 was 104 minutes. 

" Flexural and shear capacities of both beams were calculated based on the proposed 

model which is in terms of the reduction in the strength of GFRP, concrete and steel 

stirrups due to the exposure time to fire. The results show that both flexural and 

shear capacities are degraded with time. The degradation of the shear capacity of 
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GFRP stirrups is more pronounced than that of steel stirrups this is due to the low 

mechanical properties of GFRP. 

" The most important factor affecting predicted beam behaviour is the calculated 

temperature history in the reinforcement. The semi empirical equations, which were 
developed in this work, have conservatively predicted the rebar temperature as a 
function of exposed temperature on the beam. The temperature contours in the 

beams were also set for each beam at different time exposures, using the FE model, 
in order to evaluate the residual concrete compressive strength. The ability of the 

analysis to predict the structural behaviour is limited by the quality of the data 

available on the structural materials at elevated temperatures, and to a lesser extent 
by the analytical model, which neglects the effect of localised cracks and spalling of 

concrete. 

" Results of the fire tests in comparison with Japanese Industrial Standard (Table 

6.10) demonstrate the same deflection patterns in GFRPRC beams and steel 

reinforcement beams. Beam 1 and GFRP JIS underwent rupture with sudden 
increase of deflection beyond 120 minutes. In beam 2a sudden increase in deflection 

occurred after 90 minutes. 

" The fire resistance rating (load bearing capacity) for beam 1 was 132 minutes and 
for beam 2 was 94 minutes. Both tested beams met the requirements of BS 476 Part 

21: 1987 " for load bearing capacity while supporting their test load. 45% of 

allowable load was applied as service load and the deflection was approximately 
U23 for beam 1 and 1J27 for beam 2. In the criteria for failure under load bearing 

capacity based on BS 476: Part 20 (Section 10)62 the deflection is LJ20. 

9 The fire tests and model carried out in this work provide a great benefit to the 

research community and show that GFRP meets the fire design requirements in 

terms of deflection, service load and fire resistance (fire endurance). 

"A minimum concrete cover of about 6 times bar diameter is recommended for 

future design of GFRP RC beams rebars under fire conditions. Also the maximum 

temperature that the most common GFRP rebars can support before failure is 435°C. 
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Future work 

The model used in this work predicted well the failure time of GFRP RC beams 

under fire conditions however more data are required to validate the model. Future 

work is suggested in order to improve the accuracy of the model in terms of the 

prediction of strength reduction in concrete beams due to fire exposure, including the 

effect of localised cracks and spalling of the concrete. 

Future work is needed to set a model for the prediction of spalling or to amend the 

model in this work in order to predict its occurrence and accurate failure time. A 

better method for the calculation of the concrete compressive strength due to the 

exposure time is needed which includes the modulus and thermal strain properties of 

the beam under load. 

The model is applicable only to rectangular beams, and further research is required 

to extend the limits of its application to include flanged beams and slabs. 
The shear behaviour of the GFRP RC beams under fire needs to be investigated 

further. 
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APPENDIX 1 

Mathematical formulation 

In a real fire, or a fire test, heat will flow to the surface of the structure exposed to 
fire by means of radiation and convection. Then heat will be transferred internally 

away from the surface by means of conduction. Because of the time dependency of 
the gas temperature, this heat transfer is classified as a "transient" temperature 

analysis problem. The Fourier transient heat conduction second order partial 
differential equation for flow in an homogenous medium is represented for the two- 
dimensional situation as follows 

s 
k 

2T+äx T 
+Q=PC 

DT 
(Al) 

y 

where 
k= thermal conductivity of the material (in W/m deg °C) 

T= field variable, or temperature (in deg °C ) 
Q= internally generated heat (in W/m') 

C= the specific heat of the material (in J/kg deg °C) 

p= the density of the material (in kg/m') 

t= the time variable (minutes) 

In problems of structures exposed to fire, the internally generated heat component Q 
is not active. The transient heat flux at the boundary conditions can be constant heat 
flux, or variable convection and radiation heat fluxes. This is represented by the 
following equation: 

9+9, + 9º =k 
äz 

lx + 
äT 

lY (A2) 
y 

1s, 1y= the direction cosines of the normal to the boundary surface 

q= imposed heat flux other than fire 

qý = the convection heat flux from the fire 

q, = the radiation heat flux from the fire 

The convection heat flux can be expressed as follows: 

249 



Appendices 

qc = ß(T, -T, )Y 

where 

convection factor, (in W/m deg C) 

convection power 

T, = environmental or gas temperature, deg C 

T, = average surface temperature, deg C 

The radiation heat flux can be expressed by Stefan's equation: 

(A3) 

ý1ý =a(a,. Ef. T4 -e,. T, 4) (A4) 

where 

a, = absorptivity of the exposed surface 

o= Stefan-Boltzman constant, (5.67 x 10 8 W/m deg K) 

Et = emissivity of the flame 

E=8 emissivity of the surface 

In most heat transfer calculation methods, Equation (A4) is simplified by the use of a 

resultant emissivity as follows: 

9. _ E. Q(T4 _T4) (A5) 

where e is the resultant emissivity of the surface and fire which ideally should be 
temperature dependent. 

The boundary condition for the solution of Equation Al is. 

=h, (T, -T. )+ca(T, °-T°) (AG) -k an 

in which n is the direction of heat flow normal to the boundary, 

he = the convection coefficient 

TSandTA are absolute surface and air temperatures 
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Analysis of temperature development in beams 

In this work a model is proposed based on commercial FEMLAB software in order 
to simulate the temperature contour inside the beam at each exposure time. The 

surface heat transfer coefficient, thermal conductivity, k, and volumetric specific 
heat, pc, of the structural materials govern the temperature distribution in beams. 

In domain equation of the FEMLAB (equation A7) the below values werc 
substituted. 

p*c* 
aT 

- div(k * grad (T )) =0 (Al) 

where 

p= concrete density measured 2331 kg/m3 

c= heat capacity =1140 J/kg °C 

k= thermal conductivity measured (as it was described in chapter 3) 1.53 
W/m °C or ka is linear function = 2.0139 - 0.00096667T 

The boundary condition for top surface is taken 

n* (k * grad(T)) =0 zero heat flux in normal direction where n is normal vcctor. 

Boundary conditions for other surfaces are as follow 

n* (k * grad (T)) =E*a* ((Tambient)4 - (Tsurface)4 ) 

Q= Stefan-Boltzman constant, (5.67 x 10'8 W/m deg K) 

c= resultant emissivity of the flame = 0.94 

Tambient = furnace temperature 

Tsurface = beam surface temperature 

T= dependent variable at surface 
Tambient was interpolated, throughout the simulation in the following, Table Al, 

which was entered into FEMLAB. 
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Table Al-1 Time/furnace temperature 

Time (min) 15 30 45 60 90 105 120 135 150 
Furnace 

temp. (°C) 

733 843 900 939 986 1007 1036 1050 1077 

Initial condition was when To = 20°C at time =0 
h= convection coefficient =0 

The result of the simulation is presented in Table Al-2. In model the temperature 

measured at 41 equidistance points. Each column in Table Al-2 has 41 elements 

corresponding to 41 thermocouples in the experiments. Results are also represented 
in Figure Al-1. 

Figure Al-2 presents the measured temperature (average thermocouples reading at 
each distance from bottom of beam) at various times at the centre line of the beam 1. 
The temperatures obtained from model at centre lines of the beam tended to be quitt 
close to the measured ones as is shown in Figure Al-3 and Figurc A1-4 for 30 

minutes and 135 minutes respectively. 
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Table Al-2 Simulation temperature data obtained from FEMLAB model 

Distance 

Tempera e urT °C 
f 

- 
rom 
bottom of 

Omin 0min 0min 120min 135min t he beam 

exposure exposure exposure xposure exposure mm 
157 30 587 682 694 9.7 
120 24 452 582 60 19.5 

91.7 189 355 493 52 29.2 
70.9 15 283 41 45 39. 
55.8 12 227 351 39 48.71 
44.9 9 184 29 343 58.5 
37.3 79.1 151 25 29 68.3 
32.1 65. 124 211 25 78. 
28.6 55 104 18 22 87.8 
26.3 47.2 87.8 154 19 97.5 
24.9 41.3 75.3 133 17 107.3 

24 3 65.6 11 15 117. 
23.4 33.9 58.1 102 133 126.8 

23 31. 52.3 91. 12 136.5 
22.8 30.1 47.9 82.5 108 146.3 
22.7 28. 44.5 75. 99.5 156. 
22.7 28. 42 70.1 92.2 165.8 
22.6 27. 40.2 65. 86.4 175. 
22.6 27.3 38. 8 62.5 81.8 185.3 
22.6 27. 1 37. 86 78.1 195.1 
22.6 26. 37. 1 58 75. 204.8 
22.6 26. 36. 56.5 73 214. 
22.6 26. 36. 2 55. 71. 224.3 
22.6 26. 35. 9 54.5 69.8 234.1 
22.6 26. 35. 7 53.8 68.8 243.9 
22.6 26. 35. 6 53. 6 253. 
22.6 26. 35. 5 53 67. 263.4 
22.6 26. 35. 5 52.8 66. 273. 
22.6 26. 35. 4 52. 66. 282. 
22.6 26. 35. 4 52.4 66.3 292. 
22.6 26. 35. 4 52.3 66.1 302.4 
22.6 26. 35. 4 52.3 6 312.1 
22.6 26. 35. 4 52. 65. 321.9 
22.6 26. 35. 4 52. 65. 331. 
22.6 26. 35. 4 52. 65.8 341.4 
22.6 26. 35. 4 52. 65.7 351.2 
22.6 26. 35. 4 52.1 65. 360. 
22.6 26. 35. 4 52.1 65. 370. 
22.6 26. 35. 4 52.1 65. 380.4 
22.6 26. 35. 4 52.1 65. 390.2 
22.6 26. 35. 4 52.1 65. 40 
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Fig Al-1 Temperature profile in beam obtained from model 
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Fig Al-2 Temperature measured by thermocouples 
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Fig Al-3 Comparison of predicted and measured temperatures at centre line of cross 
section of beam 1 at 30 minutes test time 
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Fig A1-4 Comparison of predicted and measured temperatures at centre lint of cross 
section of beam 1 at 120 minutes test time 
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APPENDIX 2 

Calculation of flexural and shear capacity in beam 

Details of the flexural and shear capacities calculations due to the temperature at 

each exposure time, using model is presented in Table A2-1. 

Table A2-1 Calculated data of flexural and shear capacity in bcam 1 and bcam 2 

using model 

a) Residual flexural capacity 
Time 
(min) 

. 
(MPa) 

T rebar °C 
(FE Model) 

T rebar °C 
(Eq. 5.16) 

E (MPa ) Q 
MPII 

M 

kN 
"r 
-rp 

0 16.6 20 20 31000 31000 398 103 103 
15 15.7 29 43 30225 29226 383 99 98 
30 15.0 37 72 29660 26988 369 95 92 
45 14.2 56 102 28219 24675 351 90 86 
60 13.4 79 132 26420 22317 330 85 80 
75 12.7 114 164 23754 19803 305 79 74 
90 11.9 151 194 20848 17481 278 72 68 
105 11.1 194 226 17476 15020 248 65 62 
120 10.4 250 255 13175 12766 210 57 56 
135 9.6 296 286 9610 10328 174 48 50 
150 8.8 360 312 4658 8333 119 34 43 

b) Residual shear capacity 

Time 
(min) 

zc, f 
beam 
(kN) 

1 

T 
stirrups 

(FE) 
Model) 

T 
stirrups 
(Eq. 

5.16) 

rf j 
beam 1 
() 

"r 
beam 1 
(W) 

rs a 
beam 2 
(N) 

ýr 
beam 2 
(W) 

0 14.3 14.3 20 20, 21.2 21.2 35.5 35.5 132.1 132.1 146. 146 
15 14.3 13.8 33 51 20.7 20.0 35.0 33.8 132.1 132.1 146. 146 
30 14.3 13.1 45 88 20.3 18.9 34.7 31.8 132.1 132.1 146.3 145 
45 14.0 12.3 70 129 19.3 16.9 33.4 29.2 132.1 132.1 146.1 144 
60 13.5 11.4 97 169 18.1 15.3 31.6 26.6 132.1 132.1 145. ( idd 
75 12.5 10.5 140 209 16.3 13.6 28.8 24.1 132.1 132.1 144. 143 
90 11.3 9.5 184 248 14.3 11.9 25.6 21.5 132.1 132.1 143. 142 
105 9.8 8.5 232 287 11.9 10.4 21.8 18.9 132.1 132.1 141. 141 
120 7.7 7.4 296 325 9.0 8.7 16.7 16.2 132.1 132.1 139. 140 
135 5.8 6.4 343 361 6.6 7.2 12.4 13.5 132.1 127.0 137. 139 
150 2.9 5.2 414 397 3.2 5.6 6.1 10.8 110.3 116.0 113.3 134 

Values in bold are calculated from predicted of the rebar temperatures using equation 
5.16. 
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APPENDIX 3 

Temperature at the 
rebar using Eq. 
5.16 and Fig 5.24 
or Fig 5.25 of 
Section 5.6.2 

Temperature prediction at each I 
exposure time 

Calculation of the 
strength/stiffness of the 
materials due to 
temperature/time using 
Eqs. 5.53-5.56 in page 160 
for the rebars and Eq. 5.58 
in page 164 for the 
concrete 

Calculation and drawing of 
the flexural capacity / time 
and shear capacity / time 
curves of the beam 
using Eqs. 5.60-5.62 in 
page 165 

Calculating the applied 
moment of the beam due to 
self-load and the sustained 
load using Eq. 5.59 in page 
165 falling to the time to 
failure in flexural 
capacity/time curve 

Predicted failure time 

Fig A3-1 Outline/diagram of the model for prediction the failure time 

Temperature 
distributions in the 
beam section using 
Table 5.1 in page 
162 

CSC. 
Lý idCrý, 

"y. 
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