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Energy Based Tempefattir® Profile for Heat
Transfer Analysis of Concrete Section Exposed
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Abstract—rFor fire safety purposes, the fire resistance and the
structural behavior of reinforced concrete members are assessed to
satisfy specific fire performance criteria. The available prescribed
provisions are based on standard fire load. Under various fire
scenarios, engineers are in need of both heat transfer analysis and
structural analysis. For heat transfer analysis, the study proposed a
modified finite difference method to evaluate the temperature profile
within a cross section. The research conducted is limited to concrete
sections exposed to a fire on their one side. The method is based on
the energy conservation principle and a pre-determined power
function of the temperature profile. The power vaue of 2.7 is found
to be a suitable value for concrete sections. The temperature profiles
of the proposed method are only slightly deviate from those of the
experiment, the FEM and the FDM for various fire loads such as
ASTM E 119, ASTM 1529, BS EN 1991-1-2 and 550 °C. The
proposed method is useful to avoid incontinence of the large matrix
system of the typical finite difference method to solve the
temperature profile. Furthermore, design engineers can simply apply
the proposed method in regular spreadsheet software.
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I. INTRODUCTION

EINFORCED concrete (RC) members are impacted under

fire due to raising temperatures in their cross sections.
The high temperature significantly reduces the mechanical
properties of concrete and steel [1]. Fire resistance of RC
members are generally specified in codes and standards such
as AS 3600 [2], Eurocode 2 [3] and ACI 216.1 [4]. The
provisions specify minimum cross-section dimensions and
minimum clear cover to the reinforcing bars based on
experimental tests or pre-determined analysis under specific
fire curves such as ASTM E 119 [5], 1SO 834[6] etc. As a
result, they are prescriptive and cannot evaluate the fire
resistance under different fire scenarios and conditions. For
different fire scenarios, engineers are in need of alternative
design tools.

To investigate the structural behavior of concrete structures,
both heat transfer analysis and structural analysis are required.
For heat transfer analysis, the finite element method (FEM)
has proven to be a powerful method to predict the
temperatures in reinforced concrete sections during fire
exposure [7, 8]. Difficulty of using the FEM or cost of finite
element software makes it impractical for design engineers.
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The finite difference method (FDM) is considered as a
simpler method for evaluating temperature profile within a
cross section exposed to fire. The FDM is widely developed
and adopted for RC sections during fire exposure [9-12]. Note
that the effect of the reinforcing steel of RC sections on the
heat transfer analysis is neglected due to its small arearelative
to concrete area [9].
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Fig. 1 Noda network of a section exposed to afire on its one side

The previous researches [9-12] were conducted based on the
typical FDM. In the FDM, the physical system of a cross-
section exposed to a fire on its one side is represented by a
nodal network as shown in Fig. 1. The FDM replaces the
governing equations and corresponding boundary conditions
of heat transfer analysis by a set of algebraic equations. When
the temperatures of al nodal points are known at any
particular time t, the temperatures after a time increment At
can be computed [13]. Size of the grid spacing Ax and the
time increment At depends on geometry of cross sections,
accuracy of the solution and the stable condition of the
method. To compute the temperature profile, the method
establishes a matrix of the temperatures of all nodal points at
each time step. For a case of the large matrix generated, the
method may not be convenient to find its solution
corresponding to the stable condition.

To avoid the incontinent of the large matrix to solve the
temperature profile, this study modified the FDM based on the
pre-determined shape function of the temperature profile and
the energy conservation. The research conducted in this paper
is limited to concrete sections exposed to a fire on their one
side.

Il. ENERGY BASED HEAT TRANSFER ANALYSIS

Consider sections exposed to a fire on their one side which
is infinite in the direction of the y-coordinate, with the
thickness b in direction of the x-coordinate as shown in Fig.
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1. For isotropic and homogeneous media, the coivdubeat

Note that from the forward-difference approximatiof

flux g in the x direction is given by Fourier's heat conductiortime derivative, the solutions are not stable fibrsdauations.

law as

k Y )
where k is the thermal conductivity an@l is the temperature.

The governing differential equation of the heatdation
is considered based on the energy conservatiooofoduction
through an elemental volume.
consists of net rate of heat entering by conductrate of
energy generated internally and rate of increaséntfnal
energy. In one-dimensional Cartesian coordinaths, full
conduction equation is derived as

The energy consemwvati -k—=—=s1 =q"
Ax q

To avoid the violation of the second law of theryramics,
the stable condition of(k/pc)(AtAx2)50.5 has to be

satisfied [13].
The finite difference form of the boundary conditiat
i =s, (4) may be expressed as

n

(6)
where

q" = —h(Tfn —TS”) —ea((Tf”)4 - (Tsn)4) )

92T aT Due to the intervals ofAx in the FDM, the effect of the heat
k pYa tg= ch (2)  capacity of the system next to the boundary mushbleded
where g is the heat generation armds the specific heat. n (?F)" [1$]nas —

For a system of the one dimensional with the ceomsta-k—=——=2-q" :pcg; (8)
thermal properties and without the heat generatjoa., ) Ax _ 2 At
g = 0), unsteady-state conduction problem is governed by This equation can be rearranged as
o _pedt @ :ﬂ{—k@—qq”ﬁ )
kot PebX Ax

This equation is employed to compute temperatufeth®
internal section as a function of time. Once a eatien and
radiation boundary condition exists such as in cddee, the

Therefore, TSn+1 can be solved based on temperature of the
previous step.
If T, is an increasing functions, the value " must be

boundary has to be considered separately. For the o

dimensional system, the boundary conditiorxatb is

~k=—=q=-h(T, -T, )-eo (T} -T2) 4)

ox
T, is the fire temperature which is a function ofdinBased

on (3) and (4), the temperature profile in the isectvith a
convection and radiation boundary condition
complicatedly be solved. The FEM can be used ttuata the
solution.

A. Finite Difference Method

The finite difference method is a numerical techeigvhich
can be applied to the partial differential equagiofihe finite
difference of derivatives involves the approximatiof a
differential equation by algebraic equations. Theations are
pointwise continuous which is applicable throughabe
region and space considered.

To apply the FDM, a network of grid points by divig x
and t domains into small intervals aix, as shown in Fig. 1,
and At. According to the network,T" represents the

temperature at locatior =iAx att =nAt. i is the number of

a grid point whereas is the number of a time step. If the

forward-difference approximation is used in (3)eg tfinite-
difference equation is represented as

TL+TL-2T" _ K Tim1 -T"
() e

The finite difference equation in (5) is employeccbompute
temperatures of the internal grid points as a fonabf time.

®)

larger than the value off’. As a result, another stable

condition has to be satisfied:
-l—n _-I—n
_k S s-1 _qn > O
AX
To compute the temperature profile, the method eyspa
matrix of the temperatures of all nodal pointsathetime step.

(10)

Caor a case of the large matrix, the method mayitieudt to

find its solution corresponding to the stable ctindi

B. Modified Finite Difference Method

To simplify the FDM, this study adopts the energy
conservation principle and a pre-determined shapetibn of
the temperature profile. Based on the energy cuatien
principle, the provided heat energy from fire 10Qg balances

the received heat enerd®,, which is the internal energy in

the fire-exposed section. The internal energyisake into
consideration the heat capacity of the system amel t
temperature profile as shown in Fig. 2. The enagyations
are describes as follows:

Q"=Q" (11)
Q= Z A(-a")at (12)
Q" = [ pcA(T"() T, Jex (13)

Ais the surface area. Due to a uniform temperatoes |
through out the fire-exposed surface is assumes stiiface
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area can be considered as unit area (Re=1). T"(x) is the
energy based temperature profile within the crestiegn.

that due to the pre-determined shape function dariatate of
the second law of thermodynamics within the sestiche

stable condition c(fk/pc)(Atsz)sO.S is omitted in the

Y proposed method. When the value ofis pre-determined,
- Time stepn only T" and T are unknown variables to solN&in (17).
Q" _>TS” . Therefore, the large matrix system of the FDM caraboided.
F— v Q To specifyT"(x) in (14), T.' can be obtained from (17) of
X < — T'(¥ T=T the previous step whereag can be compute through the
ﬁ'ﬁl energy conservation equation (11) and (13). Twesad the
(a) AY energy based temperature profile as shown in Figqar@
considered as follows:
—> T Time stepn 1) Low energy casel, =T, and
QT v MENCAL (19)
p n
e Tn(x) T ,OC(TS —Tr)
X «—= | o 2) High energy casef >T., b’ =band
- b'=b n
(®) T, :i[(awl)[(?—"+'|'r]—TS"]2Tr (20)
o pch

Fig. 2 Energy conservation of the fire-exposedisac{a) Low
energy case; (b) High energy case

whereT, is the room temperaturdy’
The procedure to predict the temperature profiléhanfire

Through the energy conservation principlg,™ in (9) and  exposed section under a fire load can be summarized
the temperature profile can simply be solved whenghape illustrated in Fig. 3.
function of T"(x) is known. In the study, the shape function is

assumed to be a power function as Q" by Eq (12)
X .

a is the power of the function; and
b' is described in Fig.2.
Equation (9) can be modified by substituting themteof

(Ts’ll—Ts”)/ Ax  with the derivative function of (14) as
described in (16). The equation of™* in (9) and the stable

n+l

T q " byEq.(7)

T"(X) =Cx" +Ty w ST+ —=1
" i =
T -T) : J :

C —_s 0 15 : y :
b 4o [Q, by Eq. (2] »[T by Ea. 2G-c [T () byEq. 9] |

Fig. 3 Procedure to predict the temperature prafile section at time
stepn+1

condition in (10) can be rewritten in (17) and (18)
respectively. Ill.  INVESTIGATION OF THE PRE-DETERMINED SHAPE
T T T () S FUNCTION
%:T = USTO (16) The research conducted is limited to concrete @etiTo
x=b investigate the suitable value of the powerfor concrete
T = 2t {—ka’ T -T,) ”}+T” (17) sections, the temperature profile of concrete sestanalyzed
s 7 pchx b’ q s by the FEM, ANSYS software, is compared with thepmsed
oo method with different values of the power. The cete
—ka@—q” >0 (18) sections exposed to the standard fire of ASTM E [E]1%n

b their one side as shown in Fig. 4 are specifiedtha
For eachit, the difference betweef;! and T varies. comparison. The sections have a thickness of 10Gnth800
mm. To analyze temperature profile in the sectignthe

) ) i ] Y ANSYS model [14], the sections are modeled withe¢hr
not enough to satisfy (18). The dissatisfaction e&ist in any  gimensional solid elements, Solid70, having eigitas with a
time step in both typical FDM and proposed mett@uce the  gjngie degree of freedom (i.e., temperature) ah @ade. The
dissatisfaction is foundAt should be increase otherwise Suc@urface element. Surfl52

step should be neglected and postponed to thestext Note  conyection and radiation of the fire temperature.

When the difference is narrow, the value efy" in (7) may

is used to account foat he
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The thermal properties of concrete as shown in Figre 0
specified in accordance with BS EN 1992-1-2 (200%J. To 1200
simplify the computation and due to the valuecoless varies
with temperature, the value afis assumed to be a constant 1000

Thickness of 100 an

value of 1x16 J/kg°K for the proposed method. The concrete ——a=20
density of 2400 kg/ftis specified to be constant for both FEM 800 1 o 3'5
and proposed method. The coefficient of heat femns 600 a=o.
convectionhof 25 W/nf°K, Stefan Boltzmann constant of — FEM

5.67 x 10° W/in™°K* and the resultant emissivity of 0.56 are 400
used according to BS EN 1991-1-2 (2002) [3].

200 -

0
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1200
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Fig. 4 Concrete sections exposed to the stand&odfiASTM E 119 200 | 0 mir. N NN

and temperature profile by the FEM N\ R
0 —
2000 —
Thermal conductivit 0 50 100 150 200 250 30C
1600 (W/m*K) Distance form the exposed fire surface (mm)
—— Specific heat (J/kg°K)
1200 Fig. 6 comparison of the temperature profile betwixe FEM and
the proposed method with different valuesmof
800
400 TABLE |
POSITIONS OFTHE COMPARED TEMPERATURE ANDTHEIR SYMBOLS
0 ‘ ‘ ‘ Symbol
0 300 600 900 1200 Positi
Temperature °C osttion Section of 100  Section of 300
Fig. 5 Thermal properties of concrete mm thickness mm thickness
Fire exposed surface
Size of the nodal spacing\x= 10 mm and the time F-100 F-300
increment At= 2 min is specified in the computation of the42 mm from the fire M-100 M-300

proposed method and the FEM. For the proposed methe exposed surfar

stable condition at the fire exposed surface ir) {§&hecked Non-fire exposed N-100 N-300
at each time step. If the dissatisfaction exists itime step, _surfact

such step is neglected and postponed to the mestsiep.

The comparisons of the temperature profile in thetisns To simply apply the energy based temperature prdiir
between the FEM and the proposed method with éiffier the heat transfer analysis, thevalue is assumed to be a
values of ¢ are illustrated in Fig 6. It is found that theconstant value of 2.7. Accuracy of the temperapnedicted
temperature profiles can be approximately represeby the with the a assumption is investigated by comparing with the
power function. Furthermore, the good agreementsdsn FEM. The temperature profiles of the sections (ig. )
the temperatures at the fire exposed surface aatafrom exposed to the standard fire of ASTM E 1529 [16je t
FEM and the proposed method are observed. The \&luestandard fire of ASTM E 119 [5] and the temperatofé&50
aless affects the temperature of the fire exposethgelt °C are investigated. The comparisons as shown gn7Fare

However, the value ofr is not constant but approximately inillustrated in terms of the temperature variatioithwime at
range of 2 to 3.5. the specific points in the sections as describelhinle 1. Note
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that the temperature of 550 °C represents casdswofire T(°C)

load. The position of 30 mm is specified as theegah 1200
position of the reinforcing steel in RC members.

The good agreements of the temperature variatitimedire 10001

ASTM E 152¢

exposed surface are observed. Comparing with thd, e
temperature variations of the proposed method atater
points, except the case of N-300, tends to slightl ggg-
overestimate. In an overall picture, the proposethod with

800

the a value of 2.7 can be used to predict the temperatu 400

profile of concrete sections under various fire@yres.
200+

IV. VALIDATION

0

The proposed method is validated by comparing it 0
prediction of the temperature variations with tixperimental
variation [17], the analytical variation of the FE&hd the  T(°C)

Vfﬁﬁlloo and
F-300 _ Mm100_
~=—M-300
=—N-10C
—N-30C
‘60 | 120 EI.80

Fire exposed duration (min.)

analytical variation of the FDM. The previous rasha[17] 1206

investigated the temperature in post-tensioned rebacslabs 1000

ASTM E 115_~\‘,

having a thickness of 160 mm and exposed to thelatd fire
of BS EN 1991-1-2 [15] on their one side. Thermgies  ggg |
were used to measure temperature at the fire edpaséace,

the non-fire exposed surface and the positions2ainh from 600

fire exposed surface. The comparison of the tentpera
variation with time is illustrated in Fig. 8. Fronthe 400+
illustration, it is seen that the results of thegwsed method

/ B‘—M 300
R_N-100

only slightly deviate from the results of the expemt, the 200
FEM and the FDM. The energy based temperaturel@redin o gz N-300
thus be used to approximate the temperature \@amiaith 0 60 120 130

concrete sections exposed to fire loads.

V. CONCLUSION AND DISCUSSION T(C)

Fire exposed duration (min.)

1200
This paper simplifies the FDM to predict the tengtere

profile within concrete sections exposed to a firetheir one 1000

side. The proposed method is based on the ener

conservation principle and a pre-determined shapetibn of 800

the temperature profile. According to the energgsesvation 550 °C— /—E:%%gg anc /_M-llac.zoo
principle, the provided heat energy from the boupda 600 A v f—1
balances the received heat energy in a fire-expssetion. 400 o VAN

The heat energy in the section is to take into idemation the
heat capacity of the system and the temperaturdilgpro ,qq]
function. In the study, the shape function is assito be a

~—_N-100 )£z —N-300

power function. The specific function is derivedséd on the 0

energy conservation principle. 0
To investigate the suitable value of the power for
concrete sections, the temperature profiles of dbecrete
sections computed by the proposed method usingrdift
power number is compared with those computed byFEM.
It is found that the value ofa less affects the predicted
temperature at fire exposed surface. The valuexd$ not
constant but approximately in range of 2 to 3.5weleer, the
temperature profiles of the proposed method withdhvalue
of 2.7 slightly deviate from those of the experimehe FEM
and the FDM for various fire loads.

60 120 180
Fire exposed duration (min.)

— FEM — Proposed Method

Fig. 7 Comparison of the temperature profile betwiébe proposed

method with thea value of 2.7 and the FEM
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1200

1000
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600 y _
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400 N_surface exposed surface

200

Non-fire-expose

—— g—suface _ _ _
45 60 75 90
Fire exposed duration (min.)

FDM
Proposed Metho|

Experiment— —
—— FEM

Fig. 8 Comparison of the predicted temperatureatian with the
experiments, the FEM and the FDM

By using the energy based temperature profile,
temperature matrix of the FDM nodal network carabeided.
The method is also useful to manipulate the stabilitions
of the FDM in the section and at the fire exposadase.
Therefore, design engineers can simply apply thepgsed
method to evaluate the temperature profile by usegular
spreadsheet software. The proposed method faedité¢sign
engineers analyzing the heat transfer which iscassary part
to investigate the fire resistance and the strattoehavior of
concrete structures under fire scenarios. The megponethod
is potential to develop for other cases of fireasyre.
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