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Abstract: This paper investigates the behavior of reinforced concrete continuous flat slabs after exposure to
fire through experimental and theoretical analysis investigations were made. In the experimental part a series
of tests carried out, to evaluate the effect of fire on the mechanical properties of concrete including a number
of cubs and cylinders. Indirect fire exposure experiments are performed in accordance to ASTM 119-95a fire
exposure curve. Three levels of temperature were investigated of 200°C, 400°C and 600°C. Exposure durations
were 30, 45 and 60 minutes. Hence, structural-thermal Finite Elements analysis as a theoretical study on
reinforced concrete continuous flat slabs, were carried out to study the behavior of flat slab. The mechanical
properties of concrete dropped with increasing fire and endurance. The loss of failure load and bending rigidity
are reduced due to the effect of fire. These losses were found to be slight in 200°C and dramatic at 600 °C. The
exposure of concrete to fire has a significant influence on the mechanical properties of the continuous members.
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INTRODUCTION To assess the fire effect on continuous reinforced

Flat slab construction is economical for heavy live evaluate the fire effect on concrete mix was introduced.
loads and large spans, construction height for each floor The main mechanical properties (compressive strength,
is held to the absolute minimum, which resultant saving in modulus of elasticity and tensile strength) were tested.
the overall height of the building. It relatively requires a Two commonly shapes were used in this study. Cubes
simple formwork and provides complete freedom for with dimensions of 15×15×15 cm used to calculate the
placement of partition. Fire is considered one of the most compressive strength and cylinders with dimensions of
serious potential risks for buildings and structures. But 15×30 cm tested to record the tensile strength.
concrete is generally considered to have an acceptable Pronounced differences were observed within the
resistance to fire in comparison with other construction temperature range of 25 to 600°C at exposure times of 30,
materials such as wood or steel [1-5]. When concrete 45 and 60 minutes. A structural-thermal analysis using
remains exposed for long time to high temperature, finite element method was performed on reinforced
mechanical losses of its properties take place [4-10]. concrete flat slab based on the experimental results of
Laboratory experiences show that in the case of concrete properties. The finite element model used in this
unprotected concrete the mechanical properties decrease research was verified in previous work reported by
drastically when the concrete exposed to temperature Ibrahim et al. [15] as shown in Fig 1. In the previous
above 300ºC [7, 8]. The thermal similitude effect was study, the  results  obtained  from  theoretical  analysis
clearly identified in a previous work [11]. Extensive were found 5% over the obtained results by Ibrahim et al.
research was performed on half and quarter scale samples [15].
[12], in which the scale factor equation introduced by The slab  model  is  exposed   to  different
ASTM 119-95a was adopted [13]. There was a reduction temperatures of 25°C (control slab), 200°C, 400°C and
in the fire resistance rating in the reduced cross-section, 600°C. Slab model subjected to different exposure
i.e., ¼ of the exposure time of that for the full-scale durations times of 30, 45, 60 minutes. The centre
specimens, based on the small scale specimens’ elevated deflections of field strip and failure load were investigated
temperature exposure testing in a furnace [14]. in this term.

concrete flat slabs, firstly an experimental program to
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Table 1: Cement Properties.
Property Result Specification Limits
Water standard 34.55% 26% – 30%
Fineness 3860 mm /mg Not less than 2750 mm  /mg2 2

Setting time initial (Vicat) final 90 minutes Not less than 45 minutes
200 minutes Not greater than 10 hours

Compression strength of mortar (1:3) by weight 363 kg/cm  after 3 days Not less than 183 kg/cm2 2

460 kg/cm  after 3 days Not less than 275 kg/cm2 2

Soundness 1 mm Not greater than 10 mm 

Table 2: Results of sieve analysis of gravel
Sieve size 40 20 10 4.75 2.8 1.4 0.71 0.3 0.18
% passing (gravel) 100 92.66 7.36 0.09 -- -- -- -- --
% Passing (sand) 100 100 100 99 95.7 88.2 51 15.6 3.2

Table 3: Physical properties of gravel
Property Result Specification Limits
Specific gravity 2.55 2.5-2.7
Volume weight (t/m ) 1.55 1.4-1.73

Fineness modulus 7 5-8
Voids ratio % 35% 27%-40%

Table 4: Physical properties of the sand
Property Result Specification
Limits
Specific gravity 2.6 2.5-2.7
Volume weight (kg/m ) 1.65 1.4-1.73

Fineness modulus 2.49 2-3.75
Voids ratio % 33% 27%-40%
Percentage of dust and fine materials (by weight) 1.7% Not greater
than 3% by weight

Table 5: Concrete mix proportions (unit: kg/m )3

Component Concrete Mix
Cement 350 kg
Sand 560 kg
Dolomite 1260 kg
Water 158 litres

Fig. 1: Control Slab Setup

Experimental Program
Material Properties: The concrete mixtures were prepared
using ordinary Portland cement (PC), which is equivalent
to ASTM Type I. The results of the cement tests are listed

in Table 1. A coarse aggregate of gravel was used as filler.
Table 2 shows the sieve analysis results of the coarse
aggregate. The results of the main properties of gravel
tests are listed in Table 3. The fine aggregate used was
natural desert sand. Table 4 shows the main properties of
the sand and the corresponding recommended limits of
the standard specification.

Mix Proportions: The proportions of the concrete mix
were designed to give an adequate compressive strength
of 300 kg\cm . The maximum aggregate size was restricted2

to 10 mm to reduce scale effects on the aggregate
interlock action. Concrete mixes were prepared in three
series of different shapes and sizes. Each series comprised
a prepared control mix. The details of the mix proportions
are shown in Table 5.

Specimen Preparation: The aggregate and cement were
first dry mixed for 2 or 3 min and then mixed with water.
The mixing continued for an additional 3 min. All of the
specimens were cast in three layers in moulds and were
compacted using a vibrating table machine. The
specimens were then transferred to the moist-curing room.
The concrete mixtures were prepared in a pan mixer. For
each mix a total of 81 specimens, including 30 specimens
of cubes with dimensions 15*15*15cm, 51 specimens of
cylinders with dimensions of 15*30 cm. The specimens
were removed from the steel moulds after 1 day and the
specimens were then cured in water at 25°C for 28 days.
All  of the  specimens were air dried for 2 days before
being exposed to heat to allow for the moisture to escape.
The casting and curing system was in accordance with
ACI specifications.

Test Procedure: Three cubes and three cylinders were
tested immediately after conditioning and the results
obtained  under normal curing (unheated) will be referred
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Fig. 2: ASTM rate of the furnace temperature Concrete specimens were chosen to study the effect of

to as the control results. The remaining specimens were the modulus of elasticity tested for cylinders of 15×30.
subjected to different temperatures for different durations. The measurements of the modulus of elasticity were made
The rate of temperature increase in the electric furnace according to ASTM specification. The reported values of
was  adjusted  to  be  close  as possible to the ASTM the modulus of elasticity were reported as an average of
E119-95a curve. The maximum temperature of the furnace 3 cylinders. The stiffness of the concrete decreased with
was 1200°C. A programmable control unit was increasing fire endurance. The rate of the decrease in the
manufactured with the furnace, which  allowed    for  the modulus of elasticity increased as the temperature
automatic control of the opening and closing times of the increased from 200°C to 600°C. The modulus of elasticity
furnace door, pre-setting the temperature before decreased to 83% at 200°C after 60 min. At 400°C, the
beginning  the  test  and  temperature control with time. elastic modulus decreased by 71% compared to that at
The furnace was heated to the desired temperature. At the room temperature after 60 min. Finally at 600°C, the
end of the elevated temperature test after the desired time, modulus of elasticity decreased to 59% compared to its
the furnace was turned off and allowed to cool before the original value after 60 min as shown in Fig. 6.
specimens were removed to prevent thermal shock to the
specimens. Three elevated temperatures, 200°C, 400°C and Effect of Fire on the Tensile Strength of Concrete: The
600°C, were tested for each sample type. Three exposure tensile strength of concrete was calculated from a
durations, 30, 45 and 60 minutes, were applied on each Brazilian test to plain concrete cylinders according to
specimen after reaching the desert temperature as shown ASTM specification. The specimens were heated
in Fig. 2. After the temperature test, each group of according to ASTM rate to target temperatures of 400°C,
specimens was subjected to a compression test, modulus which was maintained for 60 minutes and 80 minutes and
of elasticity and indirect tension test to assess the the specimens were then allowed to cool at room
mechanical properties reduction. The tested specimens temperature. Splitting tensile and direct tensile tests were
results were compared with those observed at room performed to obtain the relationship between the
temperature. At least three specimens were tested for each reduction in tensile strength and temperature. Fig. 7
variable and the average was considered for reliability. shows the effect of the elevated temperature on the

RESULTS and nearly linearly with an increase in the temperature.

Effect of Fire on Concrete Compressive Strength: 30 minutes. While, at 60 minutes, the tensile strength
Compressive strength was determined using cubs of decreased by 79%. For 80 minutes, these reductions were
15×15×15 cm. The specimens subjected to different found 71%. The failure of the indirect tension test is
temperature 200°C, 400°C and 600°C for different duration shown in Fig. 8.
time 30, 45 and 60 minutes. Load deflection curve was
recorded by testing machine to evaluate the reduction in Finite Element Simulation: The finite element method has
compressive strength. The control specimen compressive emerged as the most powerful general numerical method
strength without fire exposure was reached to 285 kg/cm . for solving problems in engineering and mathematical2

Fig. 3 shows load deflection curve reduction after exposed physics. Material properties can be input for either a
to 200°C. The compression failure load for concrete group  of  elements or each individual element, if needed.

specimens starts to decrease when subjected to 200°C at
30 min. Reduction in compression failure load reaches to
85% at 60 min. The compression failure load of concrete
cube subjected to 400°C reduces to 90%, 75% and 68% at
30 min, 45 min and 60 min respectively as shown in Fig. 4.
The specimens subjected to 600°C at the beginning of fire
test the compression failure load starts to reduce up to
61% compared to the control cubs after 60 min as shown
in Fig. 5.

Effect of Fire on the Modulus of Elasticity of Concrete:

fire on the modulus of elasticity. The measured values of

tensile strength. The tensile strength decreased similarly

The  tensile  strengths  for  15 cm  cylinders  were  87% at



World Appl. Sci. J., 23 (6): 788-794, 2013

791

Fig. 3: Reduction on load-deflection curve after 200°C Fig. 6: Reduction in the modulus of elasticity under

Fig. 4: Reduction on load-deflection curve after 400°C

Fig. 5: Reduction on load-deflection curve after 600°C

For different phenomena to be simulated, different sets of
material properties are required. For example, the Young's
modulus and strength are required for the stress analysis Fig. 8: Brazilian test to plain concrete cylinders according
of solids and structures, whereas the thermal conductivity to the ACI specification
coefficient and density are required for a thermal analysis.
However, obtaining these properties is not always easy
and experiments are generally required to accurately Element Types
determine the property of the materials to be used in the Reinforced Concrete (Solid 65): Solid 65 is used for the
model. The reinforced concrete model is simulated by three-dimensional modeling of solids with or without
selecting elements suitable for structural thermal analysis. reinforcing bars (re-bars). The solid is capable of cracking

different temperatures 

Fig. 7: Reduction in the tensile strength under different
temperatures for 60 min
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in tension and crushing in compression. In concrete
applications, for example, the solid capability of the
element  may  be  used to  model  the  concrete while the
re-bar capability is available for modeling reinforcement
behavior. Other cases for which the element is also
applicable would be reinforced composites and geological
materials (such as rock). Eight nodes having three degrees
of freedom at each node define the element translations in
the nodal x, y and z directions. The most important aspect
of  this  element  is  the  treatment  of nonlinear material. Fig. 9: Solid 65 3-D Reinforced Concrete Element.
The element is capable for plastic deformation, cracking in
three orthogonal directions and crushing. The geometry
and node locations are shown in Fig. 9.

Link 8: A Link 8 element was used in ANSYS to model
the steel reinforcement. Two nodes are required for this
element. Each node has three degrees of freedom,
translations in the nodal x, z and y directions. The three
dimensional spar elements is a uniaxial tension-
compression element. As in a pin-jointed structure, no Fig.10:  Link 8 3-D Spar
bending of the element is considered. Plasticity, creep,
swelling and stress stiffening capabilities are included.
The geometry and node locations are shown in Fig. 10.

Models Analyzed by Using ANSYS Program: Continues
flat slab models were prepared by ANSYS program to
simulate the control slab. The dimensions of the tested
slab are 200-cm length, 100-cm width and 6-cm thickness.
The slab reinforcement is 5 Ø 6 /m in both directions top
and bottom mesh. The slab is supported to six columns in
three rows. Central load in each panel distributed on area
of 20 ×20cm was used as shown in Fig. 11. The slab Fig. 11: Reduction of Load- deflection curve for slabs
solutions help to check the effect of fire on slab behavior exposed to 200°C
and the reduction in ultimate loads. In each solution the
Load at each increment and failure load and deflections
were recorded. The slab model consists of five layers.
Three of them are Solid 65 between them two meshes of
Link 8 as steel.

Effect of Fire on Slab Behaviour: The slab models are
structurally and thermally loaded according to the ASTM
elevated temperature test curve. The slab models are
subjected to different temperatures of 200°C, 400°C and
600°C for different durations. The exposure durations are
30, 45 and 60 minutes. The central deflections in field strip Fig. 12: Reduction of Load- deflection curve for slabs
were recorded to study the slab behaviour under fire exposed to 400°C
effect. The response of the control slab to the load
increment will be demonstrated by describing the span area and propagated from the centre towards both
observed behaviour. Initial cracks were observed on the edges, roughly parallel to lines of support in longitudinal
centre of bottom surface on the longitudinal direction at direction (Z-direction). After 3.19 ton the load decreased,
0.517 of control slab failure load.   Cracks  started  in  mid so this load was considered the failure load.
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Fig. 13: Reduction of Load- deflection curve for slabs in terms of the concept of fire resistance, which is the
exposed to 600°C period of time under exposure to a standard fire time-

Effect of Fire on Central Deflection on Field Strip: In this limiting behavior occurs. Most real fires heat the floor
section, slab deflections reflect the fire effect on flat slab from below, leading to a regime in which temperature
behaviour. Central deflections are chosen for flat slab differentials develop between the upper and lower
concrete model to study the effect of fire on the flat slab surfaces. These differentials lead to thermally induced
behaviour. The slab deflections were located at the centre bending or thermal bowing, which can increase
of span at 50 cm from slab edge under static load directly. deflections. High temperatures will result in loss of
The stiffness of the concrete also decreased with strength both yield and ultimate strengths.
increasing temperature. Fig. 8 shows the results of flat
slab load deflection curve under 200°C. 200°C have CONCLUSION
slightly effect on load deflection curve. The ultimate load
decreased to 92% at 200°C after 60 min. the slab deflection The following conclusions are drawn from the
all models have the same deflection approximately as investigation on the size and shape effects of concrete
shown in Fig. 12. At 400°C, the slab failure load decreased cube and cylinder specimens under elevated
at a faster rate to 92%, 84% and 74 % at 30, 45 and 60 min, temperatures:
respectively. Slab deflection decreased to 64 % as shown
in Fig. 13. At 600°C, the slab failure load decreased to The compressive strengths of the concrete were
84%, 71% and 60 % at 30, 45 and 60 min, respectively as reduced at high temperatures approximately 15% at
reported in Fig. 13. The reduction in ultimate load reached 200°C, 31% at 400°C whereas the compressive
to 8% after 60 min under the control slab. strength decreased approximately 39% at 600°C.

DISCUSSION 60 min decreased by 16% from the unheated

All the main mechanical properties of concrete elasticity decreased by 41% at the same condition.
decreased at an elevated temperature, except at After 400°C, the tensile strength of concert reduced
approximately 200°C. The strength of concrete decreased by 79% and 71% at 60 min and 80 minutes
after 200°C. This decrease is attributed to the fact that respectively.
chemically bound water begins to disintegrate. When the The experimental and theoretical studies have the
temperature reaches about 400°C, the calcium hydroxide same trend.
in the cement will begin to dehydrate, generating more High temperatures will result in loss of strength both
water vapor and also bringing about a significant yield and ultimate strengths.
reduction in the physical strength of the material. There is Flat slab failure load were reduced at high
a decrease in the compressive strength under an elevated temperatures approximately by 9% at 200°C, 26% at
temperature. The compressive, tensile strength and 400°C whereas this reduction reach to 41% at 600°C.
modulus of elasticity tests were performed at the same Flat slab deflections do not have a significant
temperature range after 28 days. The overall results of the reduction after subjected to 200°C and 600°C.

compressive and tensile tests were somewhat similar to
those of the modulus of elasticity. The concrete
specimens were stronger at lower temperatures and
weaker at higher temperatures. The compressive strength,
modulus of elasticity and tensile strength decreased
noticeably in all of the specimens with rising temperature.
After fire the assessment of slab deterioration is needed
in order to identify the level of damage induced by the
chemical  transformation  and   cracking,  both
contributing to losses in mechanical strength. The
behavior of flat slab exposed to fire is usually described

temperature curve at which some prescribed form of

The modulus of elasticity of concrete at 200°C after

specimens. At 600°C after 60, the modulus of
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