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Abstract: Very little information is available on the behavior of FRP materials and FRP-

strengthened concrete members in fire, and this is a primary factor hindering the widespread 

implementation of FRP strengthening technologies in the construction industry.  This paper 

presents a numerical model for evaluating the fire behavior of conventionally reinforced circular 

concrete columns, FRP-wrapped reinforced concrete columns, and insulated FRP-wrapped 

reinforced concrete columns.  The model is validated against data available in the literature from 

full-scale fire endurance tests on conventionally-reinforced concrete columns, and preliminary 

predictions of the model are presented and discussed.  It is demonstrated that the model agrees 

reasonably well with experimental data obtained from tests on circular reinforced concrete 

columns, that it is unlikely that the structural effectiveness of FRP materials can be maintained 

during fire, and that the fire behavior of FRP-wrapped columns can be dramatically improved by 

providing supplemental insulation to the FRP. 
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INTRODUCTION 

Fibre-reinforced polymer (FRP) materials are rapidly gaining acceptance as structural 

materials for a range of civil engineering applications.  This is particularly true for FRP as 

external strengthening reinforcement for concrete members. Until now, the majority of 

applications of these materials have been for bridges, or other structures, where performance in 

fire is not a primary design consideration.  There is a potentially much larger market for the use 

of FRP materials in multi-storey buildings, parking garages, and industrial structures, where fire-

safety is a key design parameter (Kodur and Baingo, 1998).  Research in the area of FRP-

confined concrete has advanced to the point that design guidelines are available (under ambient 

conditions) (ACI, 2002; ISIS, 2001) and widespread acceptance of this promising strengthening 

technique seems inevitable. Indeed, many existing structures have been strengthened or 

rehabilitated with external FRP wraps in recent years.  However, before FRP reinforcement can 

be used with confidence in buildings, the performance of these materials during fire, and their 

ability to meet the fire endurance criteria set out in building codes, must be evaluated.  Current 

design methodologies to ensure fire-safety when using FRP materials (ACI, 2002) are based on 

conservative assumptions and are not well founded in research.  Thus, a more complete 

understanding of the fire behavior of FRP-confined concrete columns is required before FRP can 

be used with confidence in buildings.   

Full-scale fire endurance tests on FRP-confined reinforced concrete columns are time-

consuming and expensive.  While a limited number of such tests will certainly be required for 

the purposes of model validation, accurate numerical models can significantly reduce the time 

and cost of fire endurance for FRP-confined columns.  Once validated, numerical models can be 
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used to conduct parametric studies to investigate the effects of varying a wide range of 

parameters on member performance in fire.  Design guidelines can then be suggested.  

This paper presents and discusses a unique numerical model that can be used to evaluate 

the fire behavior of conventionally reinforced concrete columns, FRP-confined reinforced 

concrete columns, and insulated FRP-confined reinforced concrete columns. 

BACKGROUND 

 Several important concerns are associated with the high-temperature behavior of FRP 

materials for use in buildings, and these can be grouped into two broad categories: environmental 

and structural.  Environmental concerns are generally associated with the potential combustion 

of the polymer matrix component of the FRP.  Most FRP matrix materials are combustible and 

will burn when subjected to a sufficiently high heat flux.  Combustion of FRP materials is thus a 

major concern in buildings, because it could potentially result in increased flame spread, 

increased fuel load, or generation of thick, black, toxic smoke (Sorathia et al., 1992).  Traditional 

construction materials such as concrete and steel are non-combustible, and so there are typically 

few concerns (such as smoke generation) associated with their use in buildings.  Structural 

concerns are associated with thermally induced degradation in the strength and stiffness of FRP 

materials, which can be severe at only mildly increased temperatures (Blontrock et al., 1999).  

Potential damage to the FRP-concrete bond is another structural concern, since bond relies 

heavily on the shear strength of the polymer matrix, which is severely degraded at temperatures 

beyond its glass transition temperature (GTT) (Katz and Berman, 2000).  GTTs for common FRP 

used in concrete reinforcing applications typically range from 65 to 150˚C.  In addition, severe 

differential thermal expansion between FRP and the substrate concrete could result in the 

development of large thermal stresses and could damage the integrity of the FRP-concrete bond. 
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 While environmental concerns are important considerations for the use of FRP materials 

in structures, and a complete investigation of the hazards they may potentially create is both 

warranted and required, the focus of the current study is on structural fire endurance, with an 

emphasis on the deterioration of strength and stiffness of FRP materials at high temperature, and 

the consequences for FRP-confined reinforced concrete columns subjected to fire. 

Material Behavior at High Temperature 

 Research conducted during the past 50 years has resulted in a relatively complete 

understanding of the variation in the thermal and mechanical properties of both steel and 

concrete at elevated temperature, and validated mathematical relationships to describe the 

observed trends are widely available (Lie, 1992).  This is not true for FRP materials used in 

structural engineering applications.   In particular, information on the high temperature behavior 

of FRP is essential for accurate numerical modeling of fire behavior, and is extremely scarce.  

For the purposes of the numerical modeling presented herein, a series of semi-empirical 

analytical relationships were derived to describe the deterioration of strength and stiffness of 

FRP with increasing temperature.  The relationships are based on multi-variable least-squares 

regression analyses of data from tensile tests on FRP at high temperature available in the 

literature.  The data were fitted using a sigmoid function that was used previously (Katz and 

Berman, 2000) to describe deterioration of the FRP-concrete bond at elevated temperature.  

Details of the analytical equation development will be published elsewhere. 

 For the purposes of illustration, Fig. 1 shows the approximate variation in strength, with 

increasing temperature, of concrete, reinforcing steel, and carbon/epoxy FRP.  FRP are 

considerably more sensitive to the effects of elevated temperature, with severe degradation of 
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tensile strength and elastic modulus at temperatures below 400°C.  This highlights the need for 

research into the unique high-temperature structural behavior FRP-reinforced concrete members. 

NUMERICAL MODEL 

 Fire safety engineering is primarily concerned with the protection of life and property 

from fire (Lie, 1992).  As such, structural fire design criteria are generally based on the 

minimization of fire spread, the ability to safely evacuate a structure, and the prevention of 

catastrophic collapse.  Fire is traditionally defined in terms of a standard fire, which is a time-

temperature profile chosen to represent the conditions to which a member might be subjected in 

the event of a severe building fire (ASTM, 2001).  Thus, any model to predict the behavior of a 

structure or member during fire must be capable of accurately predicting temperatures within the 

member, and subsequently using that information to estimate the load capacity of said member.  

In an effort to study the heat transfer behavior and load carrying capacity of circular FRP-

confined reinforced concrete columns during fire, a numerical procedure was developed and 

programmed for computer.  The analysis consists of two main portions: a finite-difference heat 

transfer analysis, and a strain-equilibrium load capacity analysis. 

Heat Transfer Analysis 

The heat transfer analysis uses a methodology that is similar to previous work performed 

at the National Research Council of Canada (NRCC) for modeling the fire endurance behavior of 

conventionally reinforced concrete columns (Lie and Celikkol, 1991; Lie et al., 1992).  The 

analysis uses an explicit finite-difference formulation, based on an elemental energy balance, to 

calculate the temperatures inside concrete members when subjected to a specified standard time-

temperature curve (ASTM, 2001).  It is assumed in the analysis that the column is infinitely long 

and that the contribution of the internal reinforcing steel to the overall heat transfer within the 
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member is minimal and can be neglected.  Both of these assumptions have been used with 

success in the past (Lie and Celikkol, 1991). 

The analysis is carried out by dividing the column cross-section into a series of circular 

elemental layers.  This is shown in Fig. 2 for a quarter-section of an FRP-confined reinforced 

concrete column without supplemental insulation.  For each layer, an energy balance is 

formulated, based on conservation of thermal energy, and the resulting equations are combined 

to yield a series of explicit finite difference equations.  As an example of the equation derivation 

for a specific element in the cross-section, for a ring element in the interior of the FRP wrap, the 

change in energy stored in the element, ∆Qst, during a time interval ∆t, must be equal to the 

difference between the heat into the element due to conduction, Q , and the heat out of the 

element due to conduction, , thus: 

in

outQ

outinst QQQ −=∆       (1) 

The heat stored in the elemental layer can be described in Cartesian coordinates using: 

dxdydz
t

T
CQst ∂

∂=∆ ρ      (2) 

If the volume of the element is taken as Vlay, and the time interval is taken as ∆t, then for 

some overall change in temperature, ∆T, the above equation can be expressed approximately as: 

t

T
VCQ laywwst ∆

∆=∆ ρ                (3) 

where wwCρ  is the heat capacity of the FRP wrap material (the product of density and specific 

heat).  For a column discretized as shown in Fig. 2, Eqn. 3 can be rewritten as: 

( )( )[ ] [ ]
t

TT
xxmRCQ

i

m

i

m
wwwwwst ∆

−∆∆−−=∆
−1

12πρ           (4) 
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where  is the temperature of element m at the current time step and T  is the element 

temperature at the previous time step.   

i

mT 1−i
m

For a differential volume element, again in Cartesian coordinates, the heat conduction 

equation in one of the three orthogonal directions can be described using: 

dydz
x

T
kQx ∂

∂−=       (5) 

Because the current heat transfer problem is one-dimensional due to radial symmetry, the heat 

out of an elemental layer of material per unit time, with thermal conductivity k, surface area Asurf, 

and thickness L, by conduction can be approximated as: 

L

T
kAQ surfout

∆−=       (6) 

In the case of a circular elemental layer with variable thermal conductivity: 
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where  is the temperature of the adjacent element at the previous time step, and k  and 

 are the thermal conductivities of the current and adjacent elements at their previous time 

step temperatures.  The energy transferred into the element can be obtained similarly. 
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 Substituting Eqns. 4 and 7 into Eqn. 1, and rearranging to isolate the temperature at the 

current time step, yields the finite-difference heat transfer equation for an element in the interior 

of the FRP wrap: 
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The temperature in the interior of the FRP wrap is thus expressed in terms of thermal properties 

and temperatures at the previous time step in the adjacent elements, which, for a given instant in 

time are all known. 

The complete suite of heat transfer equations used in the analysis is complicated and 

lengthy, and the derivation of the equations has not been included here.  Similar equations to 

those used in the current analysis have been presented previously for the thermal analysis of 

concrete filled circular HSS columns (Lie et al., 1992).  In the current study, the equations 

developed by Lie et al. (1992) have been reprogrammed and extended to account for differences 

in the thermal and mechanical properties of FRP in comparison with steel, and to allow for the 

inclusion in the analysis of a layer of insulation applied to the exterior of the FRP wrap. 

At any instant in time, the heat transfer equations can be used to determine the current 

temperature at any location in the column cross-section based on the thermal properties and 

temperatures of the adjacent elements at the previous time step.  In this manner, the complete 

temperature history throughout the column can be obtained. 

Load Carrying Capacity Analysis 

Once the distribution of temperatures throughout the cross-section of the column during 

exposure to fire is known, the axial load carrying capacity of the column can be approximated.  

The procedure employed is essentially a strain-equilibrium analysis that approximates the 

buckling strength of the column by discretizing the column cross-section into a series of annular 

elements with corresponding strain and temperature values.  Again, a similar approach has been 

used by previous authors to estimate the load carrying capacity, during fire, of circular (Lie and 

Celikkol, 1991) and rectangular reinforced concrete columns, and concrete-filled steel hollow 

structural sections (Lie et al., 1992).   
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The load capacity of a column during exposure to fire depends to a great extent on the 

compressive stress-strain behavior of the concrete in the cross-section, which in turn depends on 

the temperature of the concrete at that particular location and time, and on the confining pressure 

applied by the FRP wrap.  The confining pressure is important because it places the concrete in a 

state of triaxial compressive stress, which increases both its strength and ductility (Spolestra and 

Monti, 1999).  However, the confinement pressure depends in turn on the temperature of the 

wrap and the lateral dilation of the concrete, so a complex iterative analysis is required. 

The load capacity analysis relies on the assumptions that plane sections before bending 

remain plane after bending, concrete has no strength in tension, there is no slip between the 

internal reinforcing steel and the concrete, and the deterioration of mechanical properties for 

confined concrete with temperature can be treated in the same manner as the deterioration of 

mechanical properties for unconfined concrete. 

Overall Procedure 

The column is subdivided into a series of annular elements, as shown in Fig. 3.  Neither 

the FRP wrap nor the insulation, in cases where insulation is included in the heat transfer 

analysis, are included in the discretization of the column for the purposes of calculating its load 

capacity.  The FRP wrap is assumed to have fibres in the circumferential direction only, and its 

direct contribution to the axial strength of the column is assumed to be negligible.  However, the 

effect of the confinement provided by the FRP, which increases the axial strength and ductility of 

the concrete, is included in the analysis using an iterative confinement model, as described later.  

The insulation is assumed to provide thermal protection only and has negligible strength. 
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The curvature of the column is assumed to vary linearly from inflection points to mid-

height, as shown in Fig. 4, so for any assumed curvature, χ , the mid-height deflection, y, of the 

column, with effective length KL, can be calculated using: 

( )
12

2
KL

y χ=            (9) 

For each element in the column’s cross-section, the temperature, stress, and strain are 

assumed to be represented by those at the centroid of the element.  The axial strain that causes 

stress in any element is equal to the sum of the free thermal strain, ( )
eTε , the bending strain, 

χed , and the overall (average) axial strain, aε , since all elements are subjected to both axial and 

flexural loads.  Thus, for an element on the left-hand side of the column centreline, the axial 

strain causing stress is calculated from: 

( ) ( ) χεεε eaeTle h++−=      (10) 

where  is the distance from the element centroid to the column centerline (refer to Fig. 4).  A 

similar procedure is used on the right-hand side of the column centerline, with the sign of the 

bending strain is reversed.  Once the strain in each element is determined, the stress-strain 

characteristics at its current temperature, determined using the iterative confinement routine 

described below in combination with concrete thermomechanical subroutines, can be used to 

determine the stress.  In this manner the elemental force due to each element can be obtained. 

eh

 The strains and temperatures in the longitudinal reinforcing bars are assumed to be the 

same as the concrete elements that the bars lie within.  The stress in the steel is determined using 

thermomechanical subroutines for steel, and the force due to each bar can thus be calculated. 

At each instant in time, the overall axial strain in the column is varied until the internal 

moment at mid-height, due to the contributions of each of the annular elements and reinforcing 
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bars about the centreline of the column, is equal to the external moment at mid-height, due to the 

product of applied load and mid-height deflection.  The internal moment at mid-height is 

calculated by summing the contributions of each of the elements, whereas the external moment is 

calculated as the product of the total vertical force at mid-height, and the horizontal (lateral) 

deflection of the column at that location.  To facilitate the numerical analysis, an initial 

eccentricity of axial load must be assumed.  In the current studies, the initial eccentricity, eo, has 

been assumed as e , with edo 03.015 += o in mm, where d is the column diameter (also in mm).  

This value is in accordance with the minimum eccentricity recommended as per Clause 10.12.3.2 

of ACI 318 (ACI, 1995) for the design of conventionally-reinforced concrete columns. 

By repeating the above procedure for increasing curvatures, load versus mid-height 

deflection plots for the column can be obtained for a range of times during exposure to fire.  

From these plots, the maximum load capacity of the column can determined, and a plot of load 

capacity versus fire exposure time can be developed.  The above model can also be used to 

predict the axial expansion/contraction of circular FRP-confined columns during fire exposure, 

as well as the pure axial (crushing) strength of short circular FRP-confined columns. 

Confinement Modeling at High Temperature 

A unique aspect of the numerical model described herein is that it accounts for the 

beneficial effects of FRP confinement on the strength of FRP-confined reinforced concrete 

columns exposed to fire.  The confinement effect has been incorporated in the analysis using a 

modified version of the iterative confinement procedure developed by Spolestra and Monti 

(1999).  This specific model was chosen for the current numerical development because it is one 

of the few available confinement models that can rationally calculate the confining pressure 

exerted by an FRP wrap for any level of compressive strain in the concrete (Bisby et al., 2003). 
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Applying the Spolestra and Monti confinement model to the numerical analysis presented 

herein is complicated by the fact that the mechanical properties of the concrete in the column 

(required as inputs for the model) are non-uniform over the column cross-section due to material 

deterioration at increased temperature.  Thus, an extension of the model was required to account 

for the damaging effect of fire on the properties of both the concrete and the FRP wrap.    

With the overall axial strain in the concrete assumed, and the temperatures throughout the 

cross-section known, the maximum unconfined concrete stress and strain for each ring of the 

column, and the modulus and ultimate tensile strength of the wrap (based on its average 

temperature) are obtained from thermomechanical subroutines.  These mechanical properties are 

used as inputs for the Spolestra and Monti model, and the confining pressure is determined.  The 

procedure for calculation of the confinement pressure at any instant in time is as follows: 

1. The column is discretized into a series of ring elements (refer to Fig. 2). 

2. The overall axial strain in the column, aε , is assumed. 

3. The confining pressure applied by the wrap, , is assumed. latf

4. The average temperature of the FRP wrap, T , at time step, i, is calculated using: i

wrap

1

1

1

M

T
T

i

m

M

mi

wrap

∑ ==      (11) 

and the stress-strain characteristics of the wrap at the current temperature are obtained from 

thermomechanical subroutines. 

5. For each ring of the column, the confined concrete strength, , is obtained, using: '

ccf
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where  is the compressive strength of the unconfined concrete at the current temperature 

of the element in question. 

'

cof

6. The confined compressive strength of the element is used, along with the concrete stress-

strain curve of Popovics (1973), to determine the current element stress, , at the current 

strain, 

cf

aε : 

r

cc
c

xr

rxf
f

+−
⋅⋅=

1

'

      (13) 
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sec =  (14a, b, c, d) 

In the above equations  is the initial modulus for the unconfined concrete, taken as cE

'5700 cof  (Spolestra and Monti, 1999). 

7. The lateral strain, latε , for each ring element is determined using an equation developed by 

Spolestra and Monti (1999), which gives dilation as a function of axial strain and concrete 

stress: 

c

cac
lat

f

fE

β
εε
2

−=  where 500
5700

'
−=

cof
β     (15) 

8. The lateral strain in each ring due to thermal expansion, Tε , is determined assuming that all 

elements are free to expand laterally, and the total lateral strain in each concrete ring is 

calculated by summing the dilation and thermal strains over the cross-section. 

9. The overall lateral stain of the column, totε , is approximated by averaging the lateral strain 

contributions from each elemental concrete ring over the cross-section: 
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( )
12

2

1

MM

M

Mm
mTlat

tot −

+
=
∑
=

εε
ε        (16) 

10. The overall lateral strain is used to determine the strain in the FRP wrap, and hence to update 

the lateral confinement pressure, which is calculated using a modification to the Spolestra 

and Monti confinement procedure suggested by Manfredi and Realfonzo (2001): 

w

totww
lat

d

Et
f

ε2
685.0 ⋅=         (17) 

In the above equation, t  is the overall thickness of the FRP wrap,  is the modulus of the 

FRP wrap at the current average wrap temperature, and d  is the average diameter of the 

wrap. 

w wE

w

11. The confinement pressure obtained above is used as the new value assumed in step 3, and 

steps 3 to 10 are repeated until convergence of the confining pressure is achieved. 

The confinement model as implemented here essentially assumes that the wrap is 

unbonded, since it suggests a constant confining pressure at all points in the column cross 

section.  Tests have indicated that, for columns subjected to both axial and flexural loads, a 

bonded wrap will actually provide a higher level of confinement in the regions of the cross 

section subjected to compressive flexural strains.  The assumption of a constant confining 

pressure is thus conservative in the current analysis. 

Thermomechanical Subroutines 

To accurately model the effects of fire on structural members, a detailed knowledge of 

the thermal and physical properties of the constituent materials is required.  In the numerical 

model presented herein, the variation in thermal and physical properties of the constituent 

materials with temperature is accounted for by updating the temperatures of constituent materials 
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in thermomechanical subroutines.  These subroutines compute thermal and mechanical 

properties at the updated temperatures and transfer this information back to the main program. 

Subroutines for reinforcing steel and concrete were developed using mathematical 

relationships that are relatively well established for numerical fire modeling (Lie, 1992).  For 

FRP, the density, thermal conductivity, and specific heat were modeled using data presented by 

Griffis et al. (1984), and the mechanical properties were modeled using semi-empirical analytical 

relationships derived by the authors (Bisby, 2003).  Only thermal property subroutines describing 

thermal conductivity and heat capacity were required for the supplementary thermal insulation. 

MODEL VALIDATION 

Test data are not currently available on the fire behavior of FRP-confined reinforced 

concrete columns.  It is instructive, however, to compare predictions of the model with 

experimental data from fire endurance tests on conventional reinforced concrete members, such 

that the model can be used with relative confidence to conduct preliminary qualitative studies 

investigating the fire behavior of FRP-confined columns.  Few test results from fire endurance 

tests on circular reinforced concrete columns are available in the literature, and to the knowledge 

of the authors, only two such studies have been performed.  Lie and Celikkol (1991) reported the 

results of two full-scale fire endurance tests on circular spirally-reinforced concrete columns, and 

Franssen and Dotreppe (2003) reported the results of four full-scale fire endurance tests on tied 

circular reinforced concrete columns.  The Lie and Celikkol (1991) columns were 3810 mm long 

with a diameter of 356 mm.  Their 28-day concrete cylinder compressive strength was 42 MPa, 

and their longitudinal reinforcement consisted of six 20 mm diameter bars with a yield strength 

of 414 MPa.  The columns were tested with fixed-fixed end conditions.  The Franssen and 

Dotreppe (2003) columns were 2100 mm long with a diameter of 300 mm.  Their 28-day 
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concrete cube compressive strength was 60 MPa, and their longitudinal reinforcement consisted 

of six 20 mm diameter or six 12 mm diameter bars with yield strengths of 500 MPa.  These 

columns were tested with pinned-pinned end conditions.  In both studies the columns were cast 

using siliceous aggregate concrete.  Details of the columns are presented in Table 1. 

Prediction of Temperatures 

The numerical model presented herein was used to evaluate the fire behavior of the Lie 

and Celikkol (1991) columns, and a comparison was made between the experimental results and 

the predictions of the model.  Fig. 5 shows experimental and predicted temperatures in the 

concrete at various depths as a function of fire exposure time.  Significant variability is observed 

in the experimental data, likely due to slight dislocation of the thermocouples in the concrete 

during concrete pouring operations, and due an incomplete understanding of the variation in 

material properties with temperature.  At a depth of 25 mm, there is generally good agreement 

between the experimental and predicted temperatures, although the model tends to under-predict 

temperatures within the first hour of fire exposure.  At depths of 64 and 178 mm, the 

experimental curves are characterized by rapid increases in temperature followed by regions of 

relatively constant temperature.  This behavior is more pronounced at greater depths, and has 

been attributed by previous authors (Lie and Celikkol, 1991; Lie et al., 1992) to thermally 

induced moisture migration in the concrete, which is not accounted for in the model.  While the 

model accounts for evaporation of moisture at a temperature of 100ºC, it does not account for its 

migration toward the centre of the column during heating.  Hence, the numerical model tends to 

under-predict concrete temperatures early in the fire exposure, with closer agreement 

demonstrated at later stages.  It is important to recognize that the late-stage temperatures are 
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those that play an important role in determining the fire endurance of the columns, and hence the 

initial discrepancy is not of major concern.   

Axial Deformation 

Fig. 6 shows the measured and predicted axial deformation of the Lie and Celikkol 

(1991) columns, as a function of fire exposure time, using an applied axial load of 1431 kN (as 

was applied during the fire endurance tests).  Within the first two hours of fire exposure, the 

calculated deformation is generally slightly greater than that observed in tests.  This could be due 

to short term creep of the concrete or seating effects not accounted for in the model, both of 

which would tend to decrease the observed deformation.  However, both the maximum 

deformation and the point of failure are predicted reasonably well by the model.  The greatest 

difference between predicted and measured axial deformation is in the order of 1.5 mm, which is 

small in comparison to the overall length of the columns (3810 mm).  Axial deformation of the 

members is due to a number of factors, including thermal expansion, load effects, short-term 

thermally induced creep, and bending, some of which cannot (at this point) be completely 

accounted for by the model.  Nonetheless, the model adequately predicts the overall magnitude 

of elongation as compared with test data. 

Load Capacity 

Fig. 7a shows the predicted axial strength of the Lie and Celikkol (1991) columns as a 

function of fire exposure time, and Figs. 7b and 7c show similar plots for the Franssen and 

Dotreppe (2003) columns.  Also included in Fig. 7 are horizontal lines showing the sustained 

axial load that was applied to the various columns during fire endurance tests.  The fire 

endurance of the members is defined as the point where load capacity drops below the applied 

axial load.  Fire endurances, as observed in tests, are included as points in Fig. 7.  The reader will 
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note excellent agreement between the model predictions and experimentally observed fire 

endurance times.  Table 1 gives a comparison of predicted and observed fire endurances for all 

six columns examined.  It is evident that the numerical model generally performs well at 

predicting the fire endurance of conventionally reinforced circular concrete columns, and that it 

is slightly conservative (from 3% to 16%) for all six columns used in the comparison.   

With the above discussion in mind, the model was deemed to satisfactorily predict the 

fire behavior of circular reinforced concrete columns, although the above comparisons provide 

no validation of the model for the confining effect of an FRP wrap during fire.  Full-scale fire 

endurance tests on loaded FRP-confined reinforced concrete columns are currently underway.  

These tests will provide data that can be used to more completely validate the numerical model. 

PRELIMINARY MODEL PREDICTIONS 

 The numerical model can be used to make preliminary predictions and provide insight 

into the behavior of FRP-confined columns during fire.  It was used to predict the behavior in 

fire of the Lie and Celikkol (1991) columns with four different configurations: the unconfined 

reinforced concrete column as described in Table 1 (column No. 1 or 2), the same column 

confined with a single layer of a typical carbon FRP sheet, and the confined column with either a 

10 mm or 25 mm thick layer of supplemental insulation applied to the exterior of the FRP wrap.  

For the purposes of illustration, the insulation is assumed to have a constant thermal conductivity 

of 0.2 W/m·K and a constant heat capacity of 1360 kJ/m
3
·K, properties which are equivalent to 

those of a typical gypsum plaster at room temperature (Buchanan, 2001).  The FRP wrap is 

assumed to have a thickness of 0.76 mm, an ultimate tensile strength of 1510 MPa, and an elastic 

modulus of 90.2 GPa.  Details of the columns used in the preliminary comparative analysis are 

included in Table 2. 
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 Fig. 8 shows the predicted temperatures at the wrap/concrete interface all four columns 

analyzed.  The effect of supplemental insulation is clearly evident in the predictions, with much 

lower temperatures predicted at the level of the FRP for the two insulated cases, as should be 

expected.  It has been suggested in the past that satisfactory performance of FRP wrapping 

systems in fire could be defined as maintenance of the FRP wrap temperature below the GTT of 

the polymer matrix, the rationale being that the wrap should presumably maintain some 

effectiveness at temperatures below its GTT.  It is likely that such a criterion is highly-

conservative, given the life-safety objectives of fire design, and the more holistic structural 

approach that is preferable.  However, it is interesting to consider what the consequences of such 

a criterion might be.   

Most polymer matrices for use in external plating of reinforced concrete structures have 

GTTs in the range of 65ºC to 150ºC (ACI, 2002).  If the GTT is taken to be 100ºC, for the 

purposes of illustration, then Fig. 8 and Table 2 suggest that, even with a 25 mm thick coating of 

insulation (with the thermal properties of gypsum plaster) applied to the exterior of the FRP 

wrap, the fire endurance of the FRP-confined column examined here would only be about 33 

minutes, far less than is generally required for concrete columns in conventional structures.  This 

suggests that maintaining the FRP below the GTT will be difficult, if not impossible (for 

insulation thicknesses that could be used in practice).  In any case, the fire endurance of FRP-

confined columns should be defined in terms of load carrying capacity during exposure, rather 

than the temperature at some specific location.  

Fig. 9 shows the predicted load carrying capacity of the four columns as a function of fire 

exposure time.  It is evident that the capacity of all four columns decreases with increasing fire 

exposure.  The initial strength of the unconfined column is slightly less than the confined 
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columns due to the confining effect of the FRP wrap.  It is interesting to note that the increase in 

strength due to FRP wrapping is predicted to be relatively small (only about 4%).  This can be 

explained by considering that the load capacity analysis is essentially a buckling strength 

analysis, and FRP confinement cannot be expected to significantly increase the modulus of 

elasticity of the concrete in the column.  Hence, the room temperature strength of the columns is 

increased only slightly by FRP wrapping. 

 The unconfined column is predicted to fail, at the instant when the load capacity of the 

column drops below its applied service load, at 164 minutes of fire exposure.  The service load 

has been approximated by back-calculating from the ACI-318 (ACI, 1995) design strength 

assuming a 1-to-1 live-to-dead load ratio.  The FRP-confined column, which has an increased 

service load as a consequence of its increased design strength due to FRP confinement, is 

predicted to fail at 117 minutes based on a service load back-calculated from the ultimate design 

strength predicted by ACI-440.2R-02 (ACI, 2002).  Load calculations have been included in the 

appendix.  However, the FRP-confined and insulated columns have much higher fire endurances, 

even though the effectiveness of the wrap is likely lost in the early stages of fire exposure (when 

the GTT is exceeded).  Thus, thermal insulation, applied to the exterior of the FRP wrap, results 

in superior fire performance for the FRP-confined column, even if the effectiveness of the FRP 

wrap is lost early in the fire exposure.  This can be explained by considering that concrete and 

reinforcing steel, unlike FRP, are relatively unaffected by temperatures up to 400ºC.  Thus, it is 

thermal protection of the existing column that contributes to enhanced fire endurance.  Of course, 

full-scale fire resistance tests are required to verify this result and to ensure that any specific 

insulation used will stay in place during fire.  Such tests on FRP-confined and insulated 
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reinforced concrete columns are currently underway, and the results of this test program will be 

reported at a later date. 

CONCLUSIONS 

 In this paper, a numerical model was described that can be used to evaluate the endurance 

of circular FRP-confined reinforced concrete columns to exposure to a standard fire.  The model 

has been validated against data from fire endurance tests on reinforced concrete columns 

available in the literature, and has been found to agree reasonably well with experimental results.  

The model was subsequently used to conduct a preliminary numerical investigation of the fire 

endurance of FRP-confined reinforced concrete columns, and suggests that: 

• If the fire endurance of an FRP-confined reinforced concrete column is defined in terms of 

the temperature at the level of the FRP wrap, then supplemental fire insulation, applied to the 

exterior of the FRP wrap, is essential to maintain temperatures below prescribed values.  The 

limiting temperatures would likely be the GTT or ignition temperature of the polymer matrix. 

• It will likely be very difficult, within the practical range of insulation thicknesses, to maintain 

the confining effectiveness of an FRP wrap during fire.  If fire endurance is defined in terms 

of the load-carrying capacity of the column – as it should be according to current fire 

endurance testing guidelines (ASTM, 2001) – then the FRP wrap should be considered 

ineffective during fire.  However, supplemental insulation applied to the exterior of the wrap 

is capable of dramatically improving the fire endurance of the overall column. 
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APPENDIX III. NOTATION 

The following are symbols used in this paper: 

Ag  gross cross-sectional area of concrete; 

Ast  cross-sectional area of steel; 

C  specific heat; 

CE  environmental reduction factor for FRP; 

d  diameter; 

h  moment lever arm for an element about the column centerline; 

E  elastic modulus; 

eo  initial eccentricity; 

f’  concrete stress; 

f  stress; 

h  moment lever arm for an element about the column centerline; 

i  time step counter; 

K  effective length factor; 

k  thermal conductivity; 

L  layer thickness; 

M1  element counter at the wrap-fire interface; 

M2  element counter at the wrap-concrete interface; 

m  element counter; 

n  number of layers of FRP wrap; 
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Pmax  maximum allowable axial load on an FRP-wrapped column; 

Q  thermal energy (heat); 

R  radius; 

r  parameter described by Eqn. 14c; 

DLS   service dead load after FRP wrapping; 

LLS   service live load after FRP wrapping; 

T  temperature; 

t  time; 

tf  thickness of a single play of FRP wrap; 

V  volume; 

x  radial distance ordinate; 

y  column deflection at mid-height;  

β  parameter described by Eqn. 15; 

∆Q  change in thermal energy (heat); 

∆t   time interval; 

ε  strain; 

κa  confinement effectiveness coefficient; 

π  3.14159; 

ρ  density; 

ρf  FRP reinforcement ratio; 

φ   strength reduction factor; 

(max)nPφ   maximum axial design strength of column; 

( )
existingnRφ  existing strength of a concrete column before wrapping; 
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  column curvature at mid-height; and 

f  additional strength reduction coefficient for confined concrete. 

Subscripts 

a  axial; 

c  in the concrete; 

cc  of the confined concrete; 

co  of the unconfined concrete; 

e  of the element; 

fe  effective, for the FRP wrap; 

fu  at ultimate, for the FRP wrap; 

in  into an element; 

l  to the left of the column centerline; 

lat  lateral; 

lay  of a layer; 

out  out of an element; 

sec  secant; 

st  stored in an element; 

surf  of the surface; 

T  thermal; 

tot  total; 

w  of an element in the FRP wrap; 

wrap  of the entire FRP wrap; and 

y  steel yield. 
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APPENDIX IV. LOAD CALCULATIONS 

Fire endurance test loads were calculated in accordance with ASTM E119 (ASTM, 

1998).  The actual tested properties for the Lie and Celikkol (1991) columns have been used, as 

an example, in all calculations.  Thus, a concrete compressive strength of 42 MPa and a yield 

strength of 414 MPa in the longitudinal reinforcing steel have been assumed.  The maximum 

design strength, (max)nPφ , for a spirally-reinforced unwrapped concrete column according to ACI 

318 is taken as (Cl. 10.3.5.1): 

( )[ ]stystgcn AfAAfP +−= '

(max) 85.085.0 φφ     (18) 

where φ is equal to 0.75 for spiral columns, Ag is the gross cross-sectional area of concrete, and 

Ast is the area of longitudinal reinforcing steel in compression.  Thus, for the current discussion: 

( ) ( ) ( ) ( )( ) ( )[ ]
kN2699

300641430061784285.075.085.0
2

(max)

=

⋅+−= πφ nP
  (19) 

The wrap is assumed to have an ultimate tensile strength of 1510 MPa and a thickness of 

0.76 mm per layer.  The confining pressure provided by an FRP jacket installed around a circular 

member with a diameter, d, can be found using the ACI 440.2 procedure (Cl. 11.1):  

00854.0
356

76.0144
=⋅⋅==

d

nt f

fρ     (20) 

where n is the number of layers of FRP, tf is the wrap thickness per layer, and d is the column 

diameter.  The effective ultimate strength of the FRP wrap is taken as the product of the ultimate 

strength and an environmental reduction coefficient, CE:  

MPa5.1283151085.0 =⋅== fuEfe fCf       (21) 
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In the above expression, CE is equal to 0.85 for CFRP with an interior conditioned exposure 

(ACI, 2002).  The confining pressure at ultimate can be determined as (with aκ = 1.0 for a 

circular column): 

MPa96.10
2

5.128300854.00.1

2
=⋅⋅== fefa

lat

f
f

ρκ
  (22) 

The confined ultimate strength of the concrete is calculated using: 

MPa2.9125.1
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,, =
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f
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Finally, the ultimate strength of the FRP-wrapped RC column can thus be determined as: 

( )[ ]
( ) ( ) ( ) ( )( ) ([ ]

kN5064

300641430061782.9195.085.075.085.0

85.085.0

2

'

(max)

=
⋅+−⋅=

+−=

π

ψφφ stystgccfn AfAAfP

)             (24) 

ACI 440.2 (Cl. 8.2) states that careful consideration should be given to determine 

reasonable strengthening limits.  These limits must be imposed to guard against collapse of the 

structure should some compete failure of the FRP system occur due to unforeseen circumstances.  

As such, the existing strength of the structure should satisfy: 

( ) ( )
newLLDLexistingn SSR 85.02.1 +≥φ                (25) 

In the above expression, ( )
existingnRφ  is the existing strength of the member,  is the 

strengthened service dead load, and S is the strengthened service live load. 

DLS

LL

Assuming that the factored design load is 50% due to live load and 50% due to dead load, 

and using the ACI load factors of 1.4 and 1.7 for dead and live loads, respectively, the maximum 

allowable axial design strength, Pmax, can be calculated for the FRP-wrapped column as follows: 
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Thus, with a 1-to-1 dead-to-live load ratio the maximum allowable service load is: 

kN2589
7.1

5.0

4.1

5.0 maxmax =
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Table 1: Details of columns used for validation of the numerical model 

No. 

(1) 

Diameter 

(mm) 

(2) 

Principal 

reinforcement 

(3) 

Clear 

cover 

(mm) 

(4) 

Concrete 

strength 

(MPa) 

(5) 

Steel 

yield 

strength 

(MPa) 

(6) 

Applied 

load 

(kN) 

(7) 

F.E. 

test 

(min) 

(8) 

F.E. 

model 

(min) 

(9) 

F.E.model 

F.E.test 

(10) 

1
1
 356 6 Ø 20 mm 48 42 414 1431 220 209 0.95 

2
1
 356 6 Ø 20 mm 48 42 414 1431 245 209 0.85 

3
2
 300 6 Ø 12 mm 38 60 500 1260 156 152 0.97 

4
2
 300 6 Ø 12 mm 38 60 500 1770 131 119 0.91 

5
2
 300 6 Ø 20 mm 38 60 500 1450 187 146 0.78 

6
2
 300 6 Ø 20 mm 38 60 500 1900 163 120 0.74 

 

1  test reported by Lie and Celikkol (1991) 

2  test reported by Franssen and Dotreppe (2003) 
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Table 2: Details of columns used in numerical studies 

No. 

(1) 

FRP 

wrap 

details 

(2) 

Insulation 

thickness 

(mm) 

(3) 

Service 

load
1
 

(kN) 

(4) 

Ultimate 

load
1
 

(kN) 

(5) 

Fire 

endurance
2
 

(min) 

(6) 

Fire 

endurance
3
 

(min) 

(7) 

% difference
2
  

vs.  

unwrapped 

(8) 

1 None 0 mm 1758 2699 4 164 -- 

2 1 layer 0 mm 2589 3977 4 117 -29% 

3 1 layer 10 mm 2589 3977 27 284 73% 

4 1 layer 25 mm 2589 3977 33 >300 >100% 

 

1  refer to the appendix for load calculations 

2  based on reaching the critical temperature of the matrix GTT (100ºC) at the FRP/concrete interface 

3  based on the load carrying capacity of the column during fire 
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Figure 1: Variation in tensile strength of concrete, steel, and FRP at elevated temperature 
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Figure 2: Discretization of column cross-section for heat transfer analysis 
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Figure 3: Discretization of column cross-section for load capacity analysis 
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Figure 4: Assumed variation in column curvature and deflection used in load-capacity analysis 
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Figure 5: Predicted and observed temperatures at various locations in the columns tested by Lie 

and Celikkol (1991) 
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Figure 6: Predicted and observed elongation of columns tested by Lie and Celikkol (1991) 
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Figure 7: Predicted and observed load carrying capacity of the validation columns  

(a) columns No. 1 and 2 tested by Lie and Celikkol (1991) 

(b) columns No. 3 and 4 tested by Franssen and Dotreppe (2003) 

(c) columns No. 5 and 6 tested by Franssen and Dotreppe (2003) 
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Figure 8: Predicted temperature at the outside surface of the concrete for various column and 

wrap configurations 
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Figure 9: Predicted load-carrying capacity for various column and wrap configurations 
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