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Abstract: Concrete columns reinforced with Fibre Reinforced Polymer (FRP) rebar have been increasingly used in civil engineering

applications, while the research on fire resistance of such structural members is still very limited. In this paper, attempts are made to predict

temperature distribution and mechanical performance of FRP rebar reinforced concrete columns in fire. The effect of concrete cover and

section size on fire resistance time is studied by the finite element method. Based on a parametric study, a simple empirical formula to

predict fire resistance time is proposed for possible adoption in fire resistance design.
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1. Introduction

Compared with steel, Fibre Reinforced Polymer (FRP) has the

advantages of low mass to volume ratio, high strength, corrosion

resistance, fatigue resistance and electromagnetic interference

resistance.
16

 The use of FRP rebar in concrete as an alternative to

the traditional steel ones can effectively solve the rust induced

durability problems, resulting in an enhanced structure service life,

and hence has wide applications in civil engineering structures.

However, due to the unfavorable thermal properties of FRP mate-

rials, fire resistance of FRP reinforced member is inevitably

reduced. Some preliminary studies revealed the fact that the

behaviour of FRP rebar reinforced concrete under fire exposure is

quite different from conventional steel reinforced concrete. When

embedded in concrete, the lack of oxygen will inhibit the burning

of FRP reinforcement, but the resin will soften. The critical time

will occur when the resin on the surface of the FRP bar reaches its

glass transition temperature. At this point, the resin will no longer

be able to transfer stresses from the concrete to the fibre, i.e. the

bond will fail. Locally this may result in increased crack width

hence increased deformation. There is therefore an urgent need to

carry out extensive research, so that fire resistance performance of

FRP reinforced members can be better understood and FRP mate-

rials can be used in civil engineering applications more efficiently

and more effectively.

Experimental and theoretical studies on the strength, bond-slip,

crack and durability of FRP rebar reinforced concrete have been

carried out worldwide for a few decades.
2,6,11

 In 1993 the world’s

first concrete structural design guidelines on using FRP materials

were produced in Japan. However, the research on fire resistance

of FRP reinforced concrete has merely started rather recently.
2,4

The investigations on this field are extremely essential, not only in

terms of fundamental understanding of structural behavior under

fire conditions, but also contributing to the fire resistance standard

and guiding practical designs. In this paper, the finite element

method is used to simulate thermal and mechanical behavior of

FRP reinforced concrete columns. Parametric studies are carried

out to evaluate the influence of concrete cover thickness and sec-

tion size on the fire resistance performance of FRP rebar rein-

forced concrete columns. On the basis of the results, an approximate

formula is proposed to predict fire resistance time in terms of

cover thickness and section size.

2. Finite element modeling

2.1 The constitutive law of materials 
To increase the strength and stiffness of a concrete column, steel

rebar are normally used as reinforcement in the axial direction.

This reinforcement can now be replaced by pre-fabricated FRP

rebar. The concrete of a column is normally subjected to compres-

sion and exhibits a nonlinear strain-stress relationship as shown in

Fig. 1.

Under a fire condition, the material properties of the concrete

shown in Figure 1 are taken as temperature dependent and the

temperature dependent properties are presented in Table 1.
9,14

FRP rebar is normally assumed as a linear elastic material, with-

out a significant yield stage. The constitutive law of FRP is shown

in Fig. 2. In this paper, glass fibre reinforced polymer (GFRP) is

used as the reinforcement in the finite element analysis. 

Under a fire condition, the strength and the elastic modulus of

GFRP change with temperature. The reduced ultimate strength

and elastic modulus of the FRP rebar due to elevated temperature
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can be obtained from the following equations
13)

(1)

(2)

where ffu20 and ffuT are the ultimate tensile strength of GFRP rebar

at 20
o 
and an elevated temperature T, respectively; Ef20 and EfT are

the respective elastic modulus; kf and kE are temperature reduction

factors of tensile strength and elastic modulus. The reduction fac-

tors, kf and kE, as a function of temperature are calculated as fol-

lows.

(3)

(4)

2.2 Thermal properties of materials
The thermal conductivity, specific heat capacity and thermal

expansion coefficient of concrete are taken as follows.
12

(5)

where kc is thermal conductivity of concrete and T is the time

dependent temperature of concrete.

The specific heat capacity Cc and the density of concrete ρc sat-

isfy the following equations：

(6)

where ρc is taken as 2,350 kg/m
3
 in this paper. The thermal expan-

sion coefficient of concrete is calculated by

(7)

The thermal expansion coefficient of the FRP rebar is taken as

3.3 × 10
-5

m/(m.o
C). It is found that the information about ther-

ffuT

ffu20

---------- kf=

EfT

Ef20

--------- kE=

kf 1 0.0025T          0 T 400≤ ≤–=

kf 0           400 T≤=

kE 1          0 T 100≤ ≤=

kE 1.25 0.0025T           100 T 300≤ ≤–=

kE 2 0.005T          300 T 400≤ ≤–=

kE 0           400 T≤=

0°C T 293°C: kc≤ ≤ 1.355                        W/ m °C⋅( )[ ]=

293°C T:           kc< 1.7162 0.001241T W/ m °C⋅( )[ ]–=⎩
⎨
⎧

0°C T 400°C:ρccc≤ ≤ 2.566 10
6
                            ×=

                                                             J/ m
3 °C⋅( )[ ]

400°C T< 410°C:ρccc≤ 0.1765T 68.034–( ) 10
6
          ×=

                                                             J/ m
3 °C⋅( )[ ]

410°C T< 445°C:ρccc≤ 0.05043T– 25.00671+( ) 10
6
 ×=
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3 °C⋅( )[ ]

445°C T< 500°C:ρccc≤ 2.566 10
6
                                ×=
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3 °C⋅( )[ ]
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6
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6
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3 °C⋅( )[ ]
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3 °C⋅( )[ ]
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αc 0.008T 6+( ) 10
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  m/ m °C⋅( )[ ]×=

Fig. 1 The constitutive law of concrete.

Table 1 Material properties of concrete viz temperature variation.

Temperature (
o
C) kC = fC,T / fC εcu,T × 10

3
εult,T × 10

3

20 1.0 2.5 20.0 

100 0.95 3.5 22.5 

200 0.90 4.5 25.0 

300 0.85 6.0 27.5 

400 0.75 7.5 30.0 

500 0.60 9.5 32.5 

600 0.45 12.5 35.0 

700 0.30 14.0 37.5 

800 0.15 14.5 40.0 

900 0.08 15.0 42.5 

1,000 0.04 15.0 45.0 

1,100 0.01 15.0 47.5 

1,200 0.0 15.0 50.0 

Fig. 2 The constitutive law of FRP.
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mal conductivity, specific heat capacity of FRP rebar is very lim-

ited. Becker, et al
3
 suggested that if the area of rebar in concrete is

less than 4 percent of the total area of the reinforced cross section,

the temperature of the rebar in concrete is approximately equal to

the temperature at the same locations by assuming that the section

is of plain concrete. In the following calculations, this approxima-

tion is adopted.

2.3 Finite element model
This paper uses the finite element analysis software ABAQUS

to simulate the performance of FRP rebar reinforced concrete col-

umns subjected to externally applied axial load and elevated tem-

perature. The following assumptions are made in the calculations:

1) No relative slip exists between FRP rebar and concrete. The

displacements of FRP rebar and concrete are continuous across

the interface. 

2) Creep is not considered. Since creep is not a dominating fac-

tor in fire resistance analysis, it is ignored in the following study

without introducing significant errors.

3) Due to the fact that the deformation of the column is very

small, the influence of the strain on the temperature distribution is

ignored. However, the influence of the strain on temperature must

be considered when the deformation has great influence on heat

flux
5

4) The thermal contact at the interface between concrete and

FRP is ‘perfect’, and a continuous temperature field across the

interface is considered. 

Fig. 3 shows the finite element model of a FRP rebar reinforced

concrete column. Both ends are fixed, and only axial displacement

at the top of the column is permitted. Eight-node solid elements

are used for both thermal and mechanical analyses. A concentrated

load is applied through an imaginary rigid plate attached to the top

end, by which a uniform end displacement is achieved. The analy-

sis of fire resistance of the FRP rebar reinforced concrete column is

a complicated process, involving the analysis of temperature distri-

bution, heat transfer and structural responses that are all time

dependent. The material properties, such as thermal conductivity,

specific heat capacity, thermal expansion coefficient, variations of

the mechanical properties with temperature have to be taken into

account in the calculation. At each time instance, the temperature

distribution is calculated first by the heat transfer analysis. The tem-

perature at all the nodes of the finite element meshes are recorded

and then is taken as nodal temperature in the mechanical analysis. 

2.4 Model of fire temperature
It is assumed that heat is transferred to the surface of the column

from fire by convection and radiation in the calculation. The heat

transferred satisfies the following equation:

(8)

where, h is the heat transfer coefficient for convection, taken as

25 W/m
2
; ε is emissivity, taken as 0.7; and σ is the Boltzmann

constant, taken as 5.67 × 10
－8

 W/m
2
T

4
. Tf is the Celsius tempera-

ture of fire and Ts the surface temperature of column; θf is the

absolute temperature of fire and θs the absolute surface tempera-

ture of the column. 

3. Test verification

In order to verify the finite element analysis of temperature dis-

tribution within FRP reinforced concrete columns, the computed

distributions are compared with the test results from Sakashita, et

q h Tf Ts–( ) εσ θf
4

θs
4

–( )+=

Fig. 3 Finite element model of FRP rebar reinforced concrete

column.

Fig. 4 Verification of the temperature field.

Fig. 5 Verification of the mechanical properties in fire.
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al
14

 for two columns that are 4m long with a cross-sectional area

of 400 × 350 mm
2
. The columns were reinforced symmetrically

by two FRP bars. The concrete cover thicknesses of the two mem-

bers are 30 mm and 105 mm, respectively. The external tempera-

ture T is assumed to follow the standard temperature curve

specified by ISO-834. Fig. 4 compares the temperature-time curves

of the FRP rebar from the FEM calculation with those from the

tests. It can be seen that the temperature field from the FE calculation

agrees reasonably well with the experimental results for both cases. 

To validate the FEM analysis of deformation for a FRP rein-

forced concrete member subjected to both mechanical and tem-

perature loads, the calculated results are compared with the test

results from Elzaroug, et al.
7
 Fig. 5 presents the comparisons for

mid-span deflection of a concrete beam reinforced with FRP

rebar. Again, the computed results agree well with the experimen-

tal data. The above validations show that the established finite ele-

ment model can stimulate both thermal and mechanical behavior

of FRP reinforced members satisfactorily.

4. Results and discussion

After successful comparison, the finite element model is applied

further to investigate fire resistance performance of FRP rebar

reinforced columns. All the reinforced concrete columns are 2 m

long and of square cross-sections. Four 15 × 15 mm square FRP

rebar are symmetrically placed with a variable cover thickness c.

Figure 6 shows the reinforced section.

4.1 Analysis of fire temperature field
The external temperature T is assumed to follow the standard

temperature curve ISO-834. All the FRP rebar reinforced concrete

columns are considered to be exposed to all-around fire. The com-

puted temperature distribution over a typical cross-section is pre-

sented in Fig. 7. Figure 8 shows the temperature distribution along

the axis of symmetry of the section at six different time instances.

It is noted that the temperature of the materials near the column

surface increases much faster than those near the centre of the col-

umn during the fire exposure.

Figures 9 and 10, respectively, show the temperature history of

the FRP rebar for different concrete cover thickness and section

sizes. As expected, the results given in the two figures demon-

strate that for a given section the thicker the concrete cover is, the

lower the temperature of FRP rebar will be. It is noticed that the

temperature-time curves alter only marginally when the size of the

section changes. Obviously, the influence of concrete cover on the

temperature of FRP rebar is much greater than that of the overall

size of section.
Fig. 6 The cross section of FRP rebar reinforced concrete

column.

Fig. 8 Temperature distribution profiles along the axis of

symmetry at various times (side length b = 500 mm,

concrete cover c = 50 mm).

Fig. 7 Temperature distribution on the cross-section of the

FRP reinforced concrete column at 180 min (side length

b = 500mm,concrete cover c = 50 mm).

Fig. 9 Temperature-time curve of the FRP rebar for various

cover thickness (b = 500 mm).
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4.2 Top end displacement of the column in fire
To compute deformation of the columns under fire, axis loads

applied on the top end are assumed to be about 50 percent of the

ultimate bearing capacity of the columns at normal temperature

(20
o
C). The columns are completely fixed at the bottom ends and

partially fixed at the top ends to allow vertical displacement. The

reinforcements are located as shown in Fig. 6 with a variable

thicknesss of concrete cover, i.e., 30, 40, 50, 60 and 70 mm,

respectively. The tensile strength of the FRP and the cube com-

pressive strength of the concrete are taken as 640 MPa and 30 MPa,

respectively. According to the sizes of the cross-section, the loads

applied on the top ends of the columns are presented in Table 2.

Figures 11 and 12 respectively present the vertical displace-

ments of the top ends in terms of fire exposure time for different

concrete covers and section sizes. Fig. 11 shows that the largest

end displacement occurs when c = 30 mm. The displacement

decreases as the thickness of concrete cover increases since the

cover delays the temperature induced stiffness degradation of the

FRP rebar. Fig. 12 shows that the top end displacement is in gen-

eral decreasing as the size of the cross section increases. This can

be explained as that when a column has a larger cross section, it

has a larger ‘centre’ area with much lower temperature. Conse-

quently, this will reduce the temperature related strength and stiff-

ness degradation of the concrete significantly and therefore the

overall section will have a higher average strength and stiffness.

4.3 The effect of concrete cover thickness on fire

resistance time
The fire resistance time is mainly determined by computing the

time when an abrupt increase of the end displacement occurs. Fire

resistance time variations with the thickness of concrete cover for

different sizes of section are presented in Fig. 13. It is noted that

for a given section the thicker the concrete cover is, the longer the

fire resistance time will be. Any increase of concrete cover thick-

ness delays temperature increase within the columns and, thus, the

strength and stiffness degradation of the FRP rebar. As a result, it

improves fire resistance performance of the columns.

4.4 The effect of section size on fire resistance time
Fig. 14 presents the fire resistance time for columns with vari-

ous section sizes and thickness of concrete cover. In general, the

fire resistance time is proportional to the size of section. This is

because FRP rebar have lower thermal stability and fire resistance

than concrete. An increase of section size will reduce its reinforce-

ment ratio and improves the overall all fire resistance perfor-

mance. Also, it is understandable that the larger the section size is,

Fig. 11 Displacement-time curve of the top end for various

concrete cover thickness (b = 700 mm).

Table 2 Axial loads applied on the top of column.

Side length (mm) 300 400 500 600 700

Load on the top of column (kN) 838 1,289 1,868 2,576 3,412

Fig. 13 Fire resistance time viz concrete cover thickness for

various section sizes.

Fig. 10 Temperature-time curve of the FRP rebar for various

section sizes (c = 50 mm).

Fig. 12 Displacement-time curve of the top end for various

section sizes (c = 70 mm).
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the lower the average temperature of the section will be, and,

therefore, the slower the deterioration of the materials will be.

However, compared with concrete cover, the size of section plays

a less important role in improving fire resistance.

4.5 Fire resistance time formula
On the basis of the numerical calculations, an empirical formula

is established from extensive parametric studies, including the

results presented in the previous section. The constants used in the

formula are obtained through statistic correlation between the sim-

ple solution and the finite element results. The formula calculates

fire resistance time of FRP rebar reinforced columns by taking

into account the influence of concrete cover thickness and section

size. The formula is shown below. 

(9)

where c is concrete cover thickness; b denotes side length of a

square section; f(c, b) represents fire resistance time that is a func-

tion of c and b. Table 3 shows application of the formula and com-

pares the computed fire resistance time from Eq. (9) with the FEM

results. It can be seen from the table that the differences between

the two solutions are within 10 percent for most of the cases. The

larger discrepancies occur for columns having either a large sec-

tion size with a small cover thickness or a large cover thickness

with a small section size. The reasonably good agreement sug-

gests that the proposed formula may be further calibrated and veri-

fied for possible adoption in practical design. It is worth

mentioning that for a positive fire resistance time, 

must be satisfied in Eq. (9).

5. Conclusions

This paper studied the performance of FRP rebar reinforced

concrete columns under fire condition by the finite element

method. The temperature dependent strength and stiffness proper-

ties of both concrete and FRP reinforcement were considered in

the calculation. The finite element model was verified by compar-

ing it solution with available test results.

The numerical investigation demonstrated that for a small rein-

forcement ratio, FRP rebar in concrete had limited influence on

the temperature distribution within the columns. The research also

showed that fire resistance of the reinforced columns could be

enhanced by increasing either the thickness of concrete cover or

the cross-section size. It was noticed from the parametric studies

that the thickness of concrete cover had greater influence on fire

resistance than section size. 

Based on the finite element analysis and extensive parametric

studies, a simple empirical formula was proposed to compute fire

resistance time of FRP rebar reinforced concrete columns in terms

of concrete cover and size of section. Comparisons were made

between the empirical and finite element solutions and the initial

results suggested that it was possible to use the simple formula in

practical design to predict fire resistance time, subject to future

research and calibrations.
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