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Abstract: Fiber reinforced polymer (FRP) composites are high performing materials and offer a wide range of
applications. This has led to an increased use of FRP rebars in new construction with concrete as an alternative to steel in
buildings. In building applications, FRP rebars need to conform to fire endurance ratings. Unfortunately, there has been
very limited effort for understanding the fire endurance of FRP rebars in concrete structures. This limited effort is only
available for glass conversion (kinetic parameter) in the glassy state. There is none available for decomposed state (kinetic
parameter) and viscosity based parameters influencing the fire endurance of FRP rebars. Moreover, understanding the fire
endurance of FRP composite rebars through the standard fire tests is expensive and time consuming. Therefore, this
research makes an attempt to develop models that incorporate various transition states of FRP rebars at elevated
temperatures to study kinetic and viscosity based parameters. The kinetic parameter in the glassy state is compared with a
limitedly available approach in literature. In addition, a parametric study involving decomposed state, and viscosity based
parameters in rubbery and leathery states is also carried out to provide some understanding of rebars endurance in fire. A
basic understanding is obtained. In order to highlight basic implications on design approaches, a design model is also
developed that incorporates the useful transition states in predicting the creep behavior of FRP reinforced concrete
structures. This model can serve as a first step in the future design approaches for the construction industry in an
economical way.
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develop with time. This is due to the fact that the water
layers in the concrete tend to become thinner between gel
particles, which are providing compressive stress . This
change in strains is at first very rapid and then slows down
with time. Creep strains are generally one to five times the
immediate strains and lead to increase in deflection with
time and may also lead to redistribution of stresses within
the section. However, its behavior at higher temperatures is
relatively unknown. At higher temperatures, the concrete
gets de-moisturized rapidly and produces shrinkage cracks.
This causes the FRP composite rebar in the beam to be
compromised [3]. The FRP rebar starts to soften and
reaches glass transition, leathery, rubbery and finally
decomposed state. At higher temperatures, the resin is no
longer able to transfer stresses from concrete to fibers. This
is because FRP becomes less viscous. As a result kinetic
and viscosity based parameters are affected with

1. Introduction

The use of FRP rebars with concrete in new construction
as an alternative to steel has been on rise.High strength to
weight ratio and its corrosion resisting properties are
superior advantage over steel. FRP reinforcement is used in
bridges, multi-storied buildings, parking garages,
commercial structures, industrial structures and different
types of foundations. Evaluation of kinetic and viscosity
based parameters is important at elevated temperatures.
This may provide some insight into the stability of rebars to
withstand tensile stresses at elevated temperature [1,2]. The
behavior of FRP is quite satisfactory and well known at
ambient temperatures. At ambient temperatures, when
concrete is loaded, an immediate elastic strain develops.
However, if this load remains on the structure, creep strains
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temperature increase. This leads to increased crack-width
and deflections at higher temperatures [4,5]. This study is
about the elevated temperatures only. Therefore, for the
specific examined composite, the viscous flow at ambient
temperature is not relevant. However, it may be of interest
at elevated temperatures. Unfortunately, these topics have
received little attention from research community and
therefore lacks insight. This research makes an attempt to
develop models that incorporate various transition states of
FRP composite rebars in fire to study this. An analytical
creep based design approach that incorporates practical
transition states is also developed. Figure 1 shows
approximate states and polymer transitions at elevated
temperatures [6]
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Figure 1. Approximate states and transitions of a polymer at elevated
temperatures.

gs: glassy state < 100 °C; gt: glass transition zone (approximate); 100 °C <
gt < 117 °C; Is: leathery state and glass transition temperature (= 117 °C);
1t: leathery zone; rs: rubbery state; rt: rubbery zone; 250 °C < rt <300 °C;
ds: decomposed state>300°C.

2. Material and Experimental Setup for
Glass Conversion Parameter

The test setup was reported by Bai et al. [6]. A brief
description is provided here for the convenience of the
readers. Dynamic mechanical analysis experiments on a
pultruded glass fiber-reinforced polyester laminate were
performed. The glass transition temperature was reported to
be 117 °C. The void content was less than 2%. A 54x12x3
mm’ specimen was subjected to cyclic dynamic loading in
a three point bending test using a Rheometrics Solid
Analyzer. The specimen was scanned using a dynamic
oscillation frequency of 1 Hz. The heating rate was
5 °C/min. The oven was purged with nitrogen during scans.
Further details of the experimental setup and testing can be
found in [6].

3. Temperature Dependent Kinetic
Conversion Factors

In this analysis, a constant heating rate is assumed. Using
Arrhenius equation [7], glassy and decomposed states can

be expressed as:
a.  Glassy state:

da,/dT = (A/P) exp (-E J/RT)(1-0,)" (1)
b. Decomposed state:
day/dT = (Ay/B) exp (-ga I/RT)(1-09)" (2)
3.1. Kinetic Parameters at the Glassy State

The kinetic parameters in the glassy state can be
estimated using an extension of Arrhenius equation. A
constant heating rate is assumed. This yields:

S, dog /(1-0) = (A/B) [ e“Fag/RTdT  (3)

0

To simplify the prediction of o,, we linearize equation (3)
using Taylor series, and for n= 1 ando, < 1 the equation
becomes:

-In(1-a,)/T* = (AR/BE, ) *(1-2RT/E, o) *exp(-E, /RT) (4)
Considering ‘In’ of both sides of equation (4) provides:
In(-In(1-ag)/T2) = In[(AgR/BEA,g)*

(1-2RT/EA,g)*exp (-EA,g/RT)] 5)

Various constants for use in later calculations can be
obtained from [6,7].

They are: E5 , = 74.30 kJ/ mol;

A, = (141 1.52)*10"; R = 8.314 J/mol K and B =
3.65*%10° J/min

Taylor’s series expression can be used to expand In(1-a).
This yields:

In(l-0p) = - 0 - 0,7 2 - a3+ (6)

if-1<o,<1
Multiplying both sides of equation (6) by —1, provides:

-In(1-0p) = o, + 0,7/ 2 + 0 /3 + ---- (7)
Ignoring higher order of o, provides:
-In(1-a,) = a, )

Again considering ‘In’ of both sides of equation (8)
yields:

In(-In(1-0,)) = In(a,) 9)

The right-hand side of equation(9) after expansion by
Taylor series provides:

In(o,) = 2[(ag-1)/ (0, +1) + 1/3{((1g-1)/((1g+1)}3 +

1/5{(0g-1)/(0gt1)}> + ==mmmmmee ]fora,>0  (10)

Neglecting higher order of the expansion in equation (10)
and simplifying yields:

In(a,) = 2[(0,-1)/(a,+1)] =
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- 2[(1- a)/(1+ ax)] = - 2[(1- a )(1+ ag)'l] (11
Expansion of (1+ ()Lg)'1 into equation (11) yields:
(I+a)' =1—-0,— 0 — 0 — - (12)

Neglecting the higher orders of o, in equation (12)
provides:

(1+ ag)'IZ(l — 0) (13)

Substituting equation (13) into equation (11) provides the
following:

In(a,) = -2(1- o)’ (14)
Equating equation (5) and (9) provides:

In(a, ) = In[(ART?/BE, )*(1-2RT/E, o) *exp(-E, /RT)] (15)
Equating equations (14) and (15) yields:
—2(1-a,)*=In[(A,RT*/BE, ))* (1-2RT/E, ,)]-(E4 //RT) (16)

The values of a, are computed and a comparison is
shown in Figure 2.
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Figure 2. Glass conversion degree ratios vs.temperature.
3.2. Kinetic Parameters at the Decomposed State

The kinetic parameters in the decomposition state are
estimated using:

dag/dt = (Aq/ B) exp (-Ep g/ RT) (1-0)" (17)

To predict conversion degree (o4) at decomposed state,
we apply Taylor’s series to equation (17). Considering n =

1.0 for a single order equation yields:
dog/ (1-04) = (Ay/B) e “Eaa/RT dT (18)

Integrating left-hand side from rubbery to decomposed
state and right-hand side from the actual time to the
decomposition at infinity provides:

St dag /(1-a)=(AyB) ;e “Eaa/RTdT (19)

Equation (19) after simplification yields:

In [(1-04) / (1-a,)] = (AQRT?/BE, o)*
(1-2RT/E, 9)*exp(-E, o/RT) (20)

At the decomposed state, rubbery conversion degree
does no longer exists. Therefore, it can be assumed that o, =
0 and Ex ¢ = 80.1 kJ/mol K and B = 4.265*10° J/min [7].

Multiplying both sides of equation (20) by -1 yields:

-In (1-0) = - (AQRT?/BE  o)*(1-2RT/E, ) *exp(-E5 o/RT) (21)

Linearizing left side of equation (21), ignoring high
order of a4, and equating with equation (20), provides:

0g = ~(AgRT?/BE 0)*(1-2RT/E, o) *exp(-Eo /RT) (22)

Considering ‘In’ of both sides of equation (22) and
simplifying yields:

Ln(ag) = In[- {(ART?/BE, ) *(1-2RT/Ep ¢)* {exp(-Ex #/RT)}] (23)

Depending on the nature of fire, the decomposed state of
FRP material usually occurs between 90-120 minutes of
fire [8-10]. A parametric plot is shown in Figure 3.
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Figure 3. Temperature, time, and decomposed state conversion degree.

4. Viscosity

Viscosity is an indicator of the resistance to flow. All
plastics are non-Newtonian. This means that their viscosity
does not remain constant over a given range of shear.

4.1. Estimation of Volume Changes with the Rise in
Temperature

Assuming a unit volume of initial material at a specified
temperature, the volume of the material at the different
states can be expressed as follows [6,7,8]:

Ag=(1-a,) (24)
A=a,(1- ) (25)
A= 0,0, (1- ag) (26)
Ag= 0,0, 04 @27)
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4.2. Modeling of Temperature-Time Dependent Viscosity

As the temperature rises, four different material states
may be found at different temperature regimes. The
material viscosity is a function of temperature and time and
as a result viscosity in the four states is different. In other
words, p, = f(T, t)

These states are characterized as follows:

Km = l’lg + (l’ll - Hg)ag +(}'lr 'ul) agar + (l’ld - ur) U'g 0,0 (28)

The maximum value of viscosity can be obtained by
partial differentiation of the material viscosity with respect
to temperature and time. Partially differentiating equation
(28) with respect to temperature and time, and considering
Wi > K 5 > peand g > pg yields:

O, /(0Tot) = azocg/(aT,at) -
0% (00, )/(OTOt)—1,0%(010,019)/(OT ) (29)

Maximum viscosityat a specific temperature and time
domain is provided by:

Ou,/(0Tot) = 0 (30)
Therefore, equation 29 yields the following:
W Oa,/(OT0t) - py O(0,a,)/(OTOt) — p,o(a,0.04)/(OTOL) = 0;
This simplifies to:

o” {og(1-0,)}/(0Tot) — po*(0,0,00)/(T) =0 (31)

Substitution from equations (24) and (26) into (31) and
dividing by pyu, yields:

(1/ ) B*AJ@Tat) —(1/ ) PASOTo) = 0 (32)

Integrating equation (32) with respect to time and
temperature provides:

(/) ft’z ) AA;{aZAl/aTat}det

— (U [ [ @2 AgoTan dTde =0 (33)

From a practical design scenario, the glass to leathery
state occurs between 30 to 60 minutes of heating and
rubbery to decomposed state in the range of 90 to 120
minutes. The heating rate ranges from 2.5°C/minute to 5
°C/minute [9, 10-11]. Therefore,

)y | ,fg’{azAl/aTat}det

120

- (l/ul)fgo

Integration, simplification, and re-arranging of equation
(34) yields:

402 Ay0TotdTdt=0 (34)

/e = (Aa = A (A= Ay) (35)

Volume fractions at glassy state is about 30%. For

leathery, rubbery, and decomposed states, it respectively
varies from 60% to 75%, 75% to 90%, and 100% [9,12-13].
The viscosity at leathery state is approximately
around1.6%¥10° Poise [6, 8]. Basic parametric comparisons
are shown in Figures 4, 5, and 6.
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Figure 4. Rubbery viscosity and the ratio of rubbery viscosity to leathery
vs. temperature.
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Figure 5. Rate of change of material viscosity with respect to time and
temperature.
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Figure 6. Ratios of leathery to rubbery viscosity and rubbery to leathery
volume vs. temperature.

5. Creep Based Design

Long-term deflections under sustained loads (creep or
viscous flow) of FRP reinforced concrete structures at
elevated temperatures can have some implications on
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design approaches. Temperature is a factor as the FRP
rebars must stay below the glass transition temperature to
hold its properties.

5.1. Formulation of E-Modulus

The E-modulus of FRP can be calculated as follows: A
unidirectional composite can be modeled by assuming
fibers to be continuous and parallel throughout the
composite. This model is shown in Figure 7.

Figure 7. Model of unidirectional composite.

Otip= O Ay Ap) + O (An/Agip) (36)

Equating area fractions to volume fractions,
differentiating with respect to strain, substituting E-moduli,
and substituting Ey; V|, for E;, V,,, due to temperature effects
into equation (36).

Egp = EfVe+ E; Vi (37)

5.2. Development of Creep Model at Elevated
Temperatures

At higher temperatures and sustained loads, the concrete
shrinks, and produces cracks. This causes the FRP rebars in
the beam to be compromised. This creep deflection depends
on creep curvature and the support conditions of FRP
reinforced concrete system.

This can be expressed as:

Ay =S Ay L (39)
Aer = 3.5 Tpe/( Econe Ler) 39)
T,= Afrp &n Ergp (40)
Substitution of Ty, and A, into equation (40)
Ao ={3.58L/Ieqr } [{Agip & Egip}/Econc | (41)

Material volume [6] at a practical state can be obtained
as:

Vi=(1-0,) and V= (1- a,) (42)
Substituting the volumes provides:
Ep, = E¢(1-0 ) T Ey (1-0y) (43)
Placing equation (43) into equation (41) provides:
Ay = [{3.55L Ag & /Teq]*
[{E¢ (105 ) + Ey (1- oy ) }/Econc] (44)

6. Comparison of Results and
Discussion

A parametric study and a design approach is carried out.
The results of glass conversion are shown in Figures 2.
Decomposed conversion is shown in Figure 3. In Figure 2,
the glass conversion degree ratios predicted using the
model are closer to experimental values as opposed to the
literature model. The model and literature ratios
respectively range from 0.52 to 0.90 and 4 to 2.8 for a
temperature range of 0 to 300 °C. In Figure 3, as the
temperature  increases, the conversion degree at
decomposed state also increases. At a temperature of about
550 °C and a time of about 118 minutes, the decomposed
conversion degree reaches about 88% of de-gradation. This
implies that most of the resin is burnt out.

The results of viscosity based analysis are shown in
Figures 4, 5, and 6. In Figure 4, as the temperature increases
the rubbery viscosity exhibits lower viscosity. Accordingly,
the rubbery and leathery viscosity ratio increase. This ratio
ranges from 0.22 to 0.82 for a temperature range of 300 to
600 °C. An inflection point (concavity of the curve) is
formed at a temperature of approximately 435 °C and p, =
3.67 x 10° Poise. Using basic graph geometry, approximate
slopes before and after the inflection points for the rubbery
viscosity are found to be respectively 2.2 and 1.1 %. This
shows that the conversion rate of rubbery viscosity to being
less viscous (more fluidity) is much higher before the
inflection point and starts to decrease after an approximate
temperature of 435 °C. Figure 5 shows the rate of change of
material viscosity with respect to time and temperature. The
approximate rate decreases from 3.33 to 0.45 *10° Poise/
°C/min respectively before and after inflection point. The
rate at the inflection point is about 1.58*10° Poise/ °C/min
corresponding to an approximate temperature and time of
430 °C and 80 minutes. The rate of change of material
viscosity seems to be lower after the inflection point with
temperature increase. This can be attributed to the fact that
most of the composite material is already in liquid form
before the inflection point and as a result the conversion rate
slows down. Figure 6 shows the ratios of leathery to rubbery
viscosity and rubbery to leathery volume with respect to
temperature. Approximate slopes for the ratios of leathery to
rubbery viscosities are respectively 1.61 and 0.61% before
and after the inflection point of curve. The approximate
inflection point for this plot is 450 °C. This again shows the
conversion rate seems to slow down within the vicinity of
inflection point. The opposite is true for the ratios of rubbery
to leathery volume.

In order to highlight basic implication on design
approaches, a design model is also developed that
incorporates the useful transition states in predicting the
creep behavior of FRP reinforced concrete structures.
Although, it is not the scope of this work to present the
validation, however; this can serve as a first step towards
the future design approaches for the construction industry
in an economical way.
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7. Conclusions and Future Work

In this research paper models that incorporate different
transition states of FRP composite rebars in fire to

parametrically provide

an insight into temperature

dependent kinetic and viscosity based parameters are
developed. An analytical creep based design approach is
also developed. Based on the information presented in this
paper, the following basic conclusions can be drawn:

1.

The predicted glass conversion degree ratios are
conservative.

As the temperature and time increase, the decomposed
conversion degree also increases. At approximately 90
and 118 minutes, the decomposed conversion degrees
are respectively 85% and 88% of the original.

. The conversion rate of rubbery viscosity to being less

viscous is much higher before the inflection point and
starts to decrease after an approximate temperature of
435 °C.

The rate of change of material viscosity seems to be
lower after the inflection point with temperature
increase. The rate at the inflection point is about
1.58*10° Poise/ °C/min.

The ratios of leathery to rubbery viscosity and rubbery
to leathery volume respectively seem to decrease and
increase with temperature increase. The conversion
rate of leathery to rubbery viscosity seems to slow
down within the vicinity of the inflection point. The
approximate inflection point occurs about450 °C.

A basic creep based design approach is developed.
This can serve as a first step in the future design
approaches for the construction industry in an
economical way.

A basic understanding of the behavior of kinetic and
viscosity based parameters together with a first step
creep based design approach can provide some
insights into enhancing the fire endurance of FRP
composite rebars and may be helpful in the future
design approaches for the construction industry in an
economical way. However, there is much room for
refinement to the initial work performed here. Future
work may include to develop 3D nonlinear finite
element models (14) that are capable of predicting
such parameters and using them in an experimentally
verified creep based design approach.

Notations

Area of fibers

Tension reinforcement

Pre-exponential factor of glass state

Area of matrix

Pre-exponential factor of rubbery state
Pre-exponential factor of decomposed state
The activation energy at glass-transition
The activation energy at leather to rubbery
transition

Eag The activation energy at rubbery to decomposed
transition

Econc Young’s modulus of concrete

E¢ Young’s modulus of fibers

Eg Young’s modulus of FRP rebar

Em Young’s Modulus of the material

Eg Young’s Modulus of glassy state

Ey Young’s modulus in the leathery zone

E. Young’s Modulus of rubbery state

E Tension reinforcement to neutral axis distance

Legr Effective moment of inertia

L Beam span

S Support conditions of the FRP system exposed to
elevated temperatures

N The reaction order

R Universal gas constant (8.314 ]/mol K)

T Temperature

T Temperature of the material

Ty Tension force due to creep

T Time

ty Time at glassy state

t Time at leathery state

\' Volume of fibers

Vit Volume in the leathery zone

g Conversion degree of glass-transition (kinetic
parameter at glassy state)

oq Conversion degree of rubbery to decomposed state
(kinetic parameter at decomposed state)

oy The conversion degree of leathery to rubbery state
of polymer

§ Constant heating rate

Ao Creep deflection at elevated temperature

A The content of the material by volume

A, The content of the materials at glassy state

A The content of the materials at leathery state

A, The content of the materials at rubbery state

Aq The content of the materials at decomposed state

€ Concrete strain due to elevated temperature

Aer Creep curvature

M Material viscosity

Mg Viscosity at glassy state

IR Viscosity at rubbery state

W Viscosity at leathery state

[Th Theoretical viscosity at decomposed state

of Stress in fibers

Gfip Stress in FRP rebar

Om Stress in matrix
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