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Abstract

In this paper a nonlinear finite element analysis is presented to simulate the fire resistance of
reinforced concrete slabs at elevated temperatures. An eight node layered degenerated shell element
utilizing Mindlin/Reissner thick plate theory with initial stiffness technique is employed. The
proposed model considered cracking, crushing, and yielding of concrete and steel at high
temperatures. More complicated phenomena like concrete transient thermal strain and concrete
spalling are excluded in the present analysis. The validation of the proposed model is examined
against experimental data of previous researches and shows good agreement.
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اﻟﺘﺤﻠﻴﻞ اﻟﻼﺧﻄﻲ ﻟﻠﺴﻘﻮف اﳋﺮﺳﺎﻧﻴﺔ اﳌﺴﻠﺤﺔ ﻋﻨﺪ ادلرﺟﺎت اﳊﺮارﻳﺔ اﻟﻌﺎﻟﻴﺔ
أﲪﺪ ﻫﺎدي ﺳﻌﻴﺪ

أايد اﳎﺪ ﻋﺒﺪ اﻟﺮزاق

ﻃﺎﻟﺐ ﻣﺎﺟﺴـﺘﲑ ﰲ ﻗﺴﻢ اﻟﻬﻨﺪﺳﺔ اﳌﺪﻧﻴﺔ
ﺟﺎﻣﻌﺔ اﳌﻮﺻﻞ

أﺳـﺘﺎذ ﻣﺴﺎﻋﺪ ﰲ ﻗﺴﻢ اﻟﻬﻨﺪﺳﺔ اﳌﺪﻧﻴﺔ
ﺟﺎﻣﻌﺔ اﳌﻮﺻﻞ

اﳋﻼﺻﺔ
 ﻣﺴــﺘﺨﺪﻣﺎ ﻧﻈﺮﻳـﺔ اﻟﺼـﻔﺎﰁ،(اﺳـﺘﺨﺪم اﻟﺘﺤﻠﻴﻞ اﻟﻼﺧﻄﻲ ﺑﻄﺮﻳﻘﺔ اﻟﻌﻨﺎﴏ اﶈﺪدة ﶈﺎﰷة ﻣﻘﺎوﻣﺔ اﻟﺴﻘﻮف اﳋﺮﺳﺎﻧﻴﺔ اﳌﺴﻠﺤﺔ اﳌﺘﻌﺮﺿﺔ دلرﺟـﺎت ﺣـﺮارة ﻋﺎﻟﻴـﺔ )اﳊﺮاﺋـﻖ
 اﻟﻌﺪﻳﺪ ﻣـﻦ اﻟﻈـﻮاﻫﺮ،  ﺗﻀﻤﻦ اﻟﳮﻮذج اﳌﻘﱰح ﰲ ادلراﺳﺔ ﺣﺎةل اﻟﺘﺸﻘﻖ واﻟﺴﺤﻖ ﻟﻠﺨﺮﺳﺎﻧﺔ وﻛﺬكل ﺣﺎةل اﳋﻀﻮع ﳊﺪﻳﺪ اﻟﺘﺴﻠﻴﺢ.اﻟﺴﻤﻴﻜﺔ ﻣﻊ ﺗﻘﻨﻴﺔ اﻟﺼﻼﺑﺔ الاﺑﺘﺪاﺋﻴﺔ
 ﰎ ﻣﻘﺎرﻧﺔ ﻧﺘﺎﰀ اﻟﳮﻮذج اﳌﻘﱰح ﻣﻊ اﻟﻌﺪﻳﺪ ﻣﻦ ادلراﺳﺎت اﻟﺴﺎﺑﻘﺔ واﻇﻬـﺮ اﻟﳮـﻮذج ﺗﻮاﻓﻘـﺎ،اﳌﻌﻘﺪة ﻣﺜﻞ ﻇﺎﻫﺮة اﻧﺘﻘﺎل اﻧﻔﻌﺎل اﳊﺮارة ﻟﻠﺨﺮﺳﺎﻧﺔ ﱂ ﺗﺸﻤﻞ ﰲ ادلراﺳﺔ اﳊﺎﻟﻴﺔ
.ﺟﻴﺪا ﻣﻊ اﻟﻨﺘﺎﰀ اﻟﻌﻤﻠﻴﺔ ﻟدلراﺳﺎت اﻟﺴﺎﺑﻘﺔ

1. Introduction

The Research into the effect of fire on concrete, steel, and reinforced concrete structures has been
conducted since at least 1922 (as shown by Schneider [1]). The main areas of interest are [2]: the
understanding of the complex behaviour of the material itself, and the structural safety and integrity
of the building during and after the fire. The analytical prediction of reinforced concrete structures
at high temperatures back to 1970s. The thermal and structural analysis are interfaced and not
integrated. In other words, the temperatures distribution within the structural element due to
temperature rise is first calculated for the entire duration of temperature exposure, and then fed into
the structural analysis program to produce the stresses and strains for the structures [2].
The Nizamuddin and Bresler [3] presented a nonlinear finite element computer program FIRESSL for the analysis of reinforced concrete slabs at fire. The analysis based on Kirchhoff thin plate
theory and includes the coupling of bending and membrane action. Borst and Peeters [4] developed
an algorithm which simultaneously considers the effects of thermal dilatation, degradation of the
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elastic properties with increasing temperature, transient thermal strain, and smeared cracking to
simulate plain and reinforced concrete at high temperatures. Results of the presented model show a
good agreement with experimental tests for both plain and reinforced concrete models. Huang et al
[5] developed a nonlinear finite element approach to enable practical modelling of fairly large
composite steel/concrete frames under the influence of compartment fire and external loading.
Again the validity of the proposed models show a good agreement with experimental results.
Ahmed and Al-Zubaedi [6] used the finite difference method to study the nonlinear structural
behaviour of reinforced concrete plates. Large deflection theory and dynamic relaxation technique
were used to calculate the strains and stresses in the plate at elevated temperature.
Ahmed and Hasan [7] study the effect of cyclic heating and cooling on the nonlinear behaviour
of reinforced concrete slabs at different load conditions before and after cracking up to failure.
Finite difference method with dynamic relaxation technique was used in the solution of the
differential equations.
The structural response involves the behaviour of reinforced concrete slabs which it’s constitutes
were affected by temperature rise under the applied load. In the present work, the combined effect
of the two responses is systematically evaluated using computer software presented by Owen and
Figueiras [8]. The software is modified in order to accommodate the evaluation of temperature
exposure as well as the structural response. Transient thermal strain which is a function of
temperature rise and applied load [9] and greatly affected the overall response of concrete slabs at
high temperature, and concrete spalling which can expose steel reinforcement to much higher
temperatures, causing further degradation of slab strength and stiffness, these two phenomena were
especially excluded from the present research.

2. Problem Material Constitutive Relationships at
Elevated Temperature
2.1 Biaxial Concrete State

At present, there is still little data and few theoretical models available concerning the constitutive
modelling of concrete under biaxial stress state at elevated temperatures [5]. Therefore in this paper
the failure envelope at ambient temperature is extended to elevated temperature taking into account
the changes into its related parameters with temperature rise. So at each temperature level there is a
failure envelope having the same characteristics of the failure envelope at ambient temperature. The
formulation of the failure envelope proposed by Hinton and Owen [8] which is slightly differs from
Kupfer et al. [10] was adopted in the present study.

2.2 Uniaxial Compressive Strength of Concrete

As shown by many researches, the concrete compressive strength deteriorate with temperature rise,
the rate of deterioration varies considerably with temperature levels. The model in Figure 1 is used
in the present study. Concrete is assumed to loss all stiffness after crushing.

2.3 Modulus of Elasticity

At elevated temperature a decrease in modulus of elasticity is mostly affected by the aggregate
types [11]. The relationship between the modulus of elasticity and temperatures rise used in the
present study shown in Figure 2 and used by Said [12] and indicates almost a constant rate of
decrease in elasticity with increasing temperatures.
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Figure
1. Va
ariation off concrete compressive
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e strength with tempe
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Figure
e 2. Variatio
on of modu
ulus of elas
sticity with temperatu
ure rise.

2.4 Tensile Sttrength
h

There is paucity
p
of experimenta
e
al date withh regard to the dependdence of concrete tensiile strengthh
with tempeerature, Figgure 3 show
ws the modeel used in th
he analysis. Furthermorre a graduaal release off
the concreete stress coomponent normal
n
to the
t cracked
d plane has been used to model the tensionn
stiffening phenomena
p
a [8]. Unloaading and reloading
r
off cracked concrete is aassumed to follow thee
linear behaaviour show
wn with a ficctitious elassticity modu
ulus Ei givenn by

Ei = α ft' (1 − ε i / ε m ) / ε i
t
stifffening,
where (α , ε m ) are paraameters of tension
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Figure 3. Variation of concrette tensile sttrength witth tempera
ature rise.

2.5 Poiisson’s Ratio

As reported by many researches [1], the resuults of relattion between Poisson’ss ratio and temperature
t
e
increase arre erratic annd no generral trend of effect of teemperature was
w clearlyy evident. As
A a result a
constant vaalue of 0.199 of Poissonn’s ratio at all
a temperatu
ure levels iss adopted inn the present research.

2.6 Co
oncrete Strain

The failuree of concrette may be deetermined by
b the maximum of attainable com
mpressive sttrain ε ≤ ε u
which havee been estabblished in a total deforrmation test. A single unique
u
relatiion between
n strain andd
temperaturre reported by
b Schneider [1] as shown in Figu
ure 4 is useed by Said [12] and ado
opted in thee
present stuudy.

Figure 4. Variation
V
o Strain wiith Temper
of
rature Rise..
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2.7 Ste
eel Rein
nforcem
ment

The reinforrcing bars are
a considerred as steel layers of eq
quivalent thickness in tthe present study.
s
Eachh
steel layer has a uniaxxial behavioour resistingg only the axial
a
force in
i bar directtion. The prroperties off
reinforcem
ment (yield strength
s
andd modulus of
o elasticity)) are presennted in Figurres 5 and 6 [13].

Fig
gure 5. Variiation of stteel modulu
us with tem
mperature r
rise.

Figure
e 6. Variatiion of steell yield stren
ngth with temperatur
t
re rise.

3. Structura
al Resp
ponse and Finite
Fi
E
Elemen
nt
ation
Discretisa

Structural response iss defined inn terms of transient deformations
d
s, forces, m
moments, an
nd materiall
degradation (crackingg, crushingg, and yieldding) throu
ughout the slab. These factors account
a
forr
material beehavior at varying
v
tem
mperatures, including dimensiona
d
al changes ccaused by temperature
t
e
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variation, changes in mechanical properties with changes in temperature, degradation of section
through cracking and crushing, and inelastic deformations associated with nonlinear stress, strain
characteristics. An eight node thick shell Ahmad element with layer model which subdivide the slab
into concrete and steel layers to allow the consideration of temperature variation and the consequent
materials properties through slab depth. Slabs are modeled as an assemblage of finite elements
connected at nodal points, each element is considered to be made up of number of layers
representing plain concrete or reinforcing steel. Each layer can have a different temperature, but
with same layer the temperature is constant, therefore material properties within each layer is
uniform. The basic analytical problems is to determine the deformation history of the nodes r(t)
when external loading at the nodes R(t) is applied while the temperature increases. A finite element
method using nonlinear initial stiffness formulation coupled with time step integration is used to
predict the structural response as shown in Figure 7.
Load

δRi1

Ri

δRi2

ki1

δRi3
Solution at end of time
step ti

ki2

kio

Δ Ri

Drop due to crushing of some concrete
layers

Ri-1
Solution at start of time step ti-1

ri-1

ri

ri2

ri3

Displacement

Figure 7. Solution of time dependent nonlinear equilibrium equation.

A time step begins when a time increment Δti and external load increment ΔRi are read. These
values are added to the previous time and load values to obtain the current time ti and load vector Ri.
The first iteration in a time step is initiated with the assumption that the current deformation ri is
equal to the deformation at the end of the previous time step ri-1. The current tangent stiffness kij and
the current internal forces are calculated. If equilibrium not satisfied i.e., the difference between the
external applied load and the internal forces greater than the permissible tolerance a correction
deformation is calculated and added to the current deformation and thereby a more accurate
deformation shape is determined. The iterative cycle is repeated, a new tangent stiffness and
internal forces is calculated on the basis of the new deformation shape. Iteration continues until
equilibrium is satisfied within the permissible tolerance.

4. Numerical Verification

For validation of the proposed model, a simply supported (4900 × 1900 mm) reinforced concrete
slab subjected to fire test at University of Gent and analyzed by Brost and Peeters [4] is considered
here. The slab was simply supported on the short sides while the displacements at the other two
sides were free. The slab thickness is 150 mm loaded by two jacks over the full width. Slab
geometry, loading, and material properties are summarized in Table 1. Only one-quarter of the slab
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was analyzed since both slab and them heated area were symmetrical. The slab response under the
applied load at fire environment is presented in terms of time-deflection. As shown in Figure 9,
there is good agreement between the results of the present study with experimental results
especially from time 25 minutes until failure. But the differences between the present analysis and
the experimental data are larger than that between [4] and experimental results especially at the first
stage of heating and this can attributed to the neglecting of geometrical nonlinearity analysis and
transient thermal strain in the present analysis which proved to take major part during the first
heating of concrete [2].
Table 1. Material properties and reinforcement of the slab in Figure 8.
E
MPa

fc
MPa

ft
MPa

υ

45200

42.7

2.6

0.2

Es
MPa

α
C-1

o

0.000012 215000

fsy
MPa

Reinforce
ment
(mm2)

Selfweight
kN/m

Load
weight
kN/m

504

1178

6.29

14.5

14.5 kN/m line load

1900

CL

150

d= 15 mm

2250 mm

200

Figure 8. The slab analysed by Brost and Peeters.
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Figure 9. Comparison between experimental and predicted time-deflection.
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Another comparison made with full scale fire test on slab specimen tested by the PCA [3] as a
part of a research programme on the response of reinforced concrete slabs at fire. The slab was 2.7
m square, 100 mm thick Figure 10 reinforced with 10 mm steel bars top and bottom spaced at 150
mm in both directions. Slab material properties are shown in Table 2. The central (840 mm × 840
mm) area of the slab was exposed to the ASTM E119 standard fire, the remaining portion of the
slab was outside the furnace. The slab was supported vertically near the corners of the heated area
while the outer edges were free. Since both the slab and the heated area were symmetry, only onequarter of the slab is analyzed in the present analysis. The variation of central deflection with time
is shown in Figure 11. Differences between the experimental results and the present analysis are
quite large especially at first stage of heating until 0.3 hour, after which, good agreement between
the results of the present study and the experimental results, is found.
The difference at the first stage of heating could be related to the constitutive models adopted in
the present analysis especially the tensile strength model which greatly influences the response of
concrete at high temperature under applied load.
Table 2. Material properties at ambient temperature of the slab in Figure 10.
E (MPa)
fc (MPa)
ft (MPa)
Es(MPa)
α oC-1
υ
27590
32.35
5.17
0.19
0.000012
20700
Φ 10 @ 150mm c/c Top and Bot.
Reinforcing steel

Symmetry

fsy (MPa)
415

7.62 cm

Φ 10 @ 150mm c/cTop and
Bot. Reinforcing steel
Vertical
Support

Fire Area
Symmetry
50.75 cm

86.31 cm

Plan View of PCA Slab
1.905 cm
10.16 cm
1.905 cm
Φ 10 @ 150mm c/c
Section View
Figure 10. The slab analysed by Brost and Peeters.
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Time (hrs)
0.00
0.00

0.10

0.20

0.30

0.50

0.60

0.70

Present study

-0.10

Expremental

-0.20

Deflection (mm)*10

0.40

Refrence[3]

-0.30
-0.40
-0.50
-0.60
-0.70
-0.80
-0.90
-1.00
-1.10

Figure 11. Experimental and calculated time-central deflection of reinforced concrete slab.

5. Conclusion

In this paper models and algorithms have been presented for analysis of reinforced concrete slabs at
elevated temperatures. Models of concrete and steel behavior at elevated temperature are adopted
from experimental studies of previous researches. These models yet need to be further studied and
developed especially concrete biaxial failure envelope, concrete tensile strength, and Poisson ratio.
The present model is verified with the available experimental tests, and the differences between the
results could be attributed to the fact that structural fire testing even under laboratory conditions, is
subjected to considerable uncertainty, it is difficult to determine the growth of fire and its
temperature distribution at any time within the structure elements, control of the applied load, the
degree of restraint at supports, concrete and steel degradation with temperature rise, however, even
with the above mentioned factors, the numerical models give reasonable prediction of reinforced
concrete slabs behaviour at elevated temperature.
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