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Abstract

In this study, some mechanical properties and deflection behavior of rectangular reinforced concrete rigid beams under the effect of fire flame exposure is presented. The properties investigated were compressive strength and two non-destructive tests, the ultrasonic pulse velocity and rebound number. The concrete specimens and beams were subjected to fire flame temperatures ranging from (23 – 600 Cº ) at different ages of 30, 60 and 90 days , two temperature levels of 400 Cº and 600 Cº were chosen with two different exposure duration of 0.5 and 1.0 hour. The rectangular reinforced concrete beam (2250 × 375 × 375 mm) (length * width * height respectively) were cast and subjected to fire.


Based on the results of this work, the properties investigated of concrete were very sensitive to fire flame exposure. The beams were  deteriorated when the fire flame intensity was increased, for all ages and periods of exposure. The residual compressive strength ranged between (68-84 %) at 400 Cº and (52-63%) at 600 Cº. Cooling by water caused further reduction in the compressive strength, ultrasonic pulse velocity and rebound number, compared with specimens cooled in air. The percentage reduction in compressive strength, ultrasonic pulse velocity and rebound number of the specimens cooled in water were (2-10 %) more than the specimens cooled in air. Also, it was found that the temperature  distribution through the thickness of beam is similar for all beams, which have the same thickness and exposure period to fire flame.

Introduction 

-General  


Concrete is universally used as a construction material because it can be molded into any shape man desires and it can be provided at a reasonable cost a material that can be designed to ensure high compressive strength(Kadhum, 2003).


Cracking of concrete is perhaps its major disadvantage which results mainly from its low tensile strength and low tensile strain capacity, where concrete is considered as a brittle material and lacks ductility.


In general concrete cracks when there are tensile stresses develop and exceeds in magnitude its tensile strength.


In structural design of buildings, in addition to the normal gravity and lateral loads, it is, in many cases necessary to design the structure to safely resist exposure to fire. However it is usually necessary to guard against structural collapse for a given period of fire exposure (Shettey, 1988).

-Research Significance 


A lot of research on concrete subjected to high temperatures was carried out. The object of these investigations was to determine the strength and deformation properties of concrete at elevated temperatures and to find out the causes of changes that the material suffers in consequence of burning. The researchers exposed the concrete and mortar specimens to high temperatures in special furnaces. 

There are indeed little research about temperature gradient and exposure time of concrete in direct contact with fire flames.

In the present work, there is an attempt to investigate the effect of exposure of concrete  to fire flame on volume change cracking of reinforced concrete beams and some mechanical properties of concrete.

The main goals of this study are :

1. Studying the fire effect on cracking tendency and pattern in reinforced concrete beams before and after exposure to fire flame.

2. Investigating the fire endurance of reinforced concrete beams.

3. Studying the fire flame effect on the immediate deflection of reinforced concrete beams and comparing the results with control beams.

4. Studying the fire flame effect on the specimens by using non-destructive tests, such as ultrasonic pulse velocity and Schmidt rebound hammer to estimate the degree of damage.

5. Studying the fire effect on the mechanical properties of concrete, such as compressive strength.

Literature Review

-Effect of Fire

-Fire Effect on the Mechanical properties of Concrete 


Elizzi et al. in (1987) investigated the influence of different temperatures on the compressive strength and density of concrete. They used (100 * 100 * 100 mm) cubes heated for a short duration (one hour) to temperatures ranging from 20 – 1000 Cº and the ages of concrete at heating were (14, 28, 90 days). The test results showed that the compressive strength decreased 10 % from the original strength up to 400 Cº and at the strength reduction was 50 % from the original. They noticed that there was a high reduction when heated to temperatures above 400 Cº. They also mentioned that the small reduction in density up to 300 Cº was a result of the loss of the free water from concrete pores. At temperatures above 300 Cº , ahigh reduction in density took place because of loss of the combined water in concrete.

Habeeb in (2000) investigated the effect of high temperatures on the mechanical properties of high strength concrete (HSC). The specimens were subjected to elevated temperature ranging between (100 -800 Cº). Five temperature levels of (100, 300, 500, 600 and 800 Cº) were chosen with three different exposure duration of 1, 2 and 4 hours He found that the residual compressive strength ranged between (90 – 100%) at 100 Cº, (72 – 90%) at 300 Cº, ( 55 – 87 %) at 500 Cº (22 – 66 %) between 600 – 800 Cº. He also noticed that exposure time of one hour has a significant effect on residual compressive strength of concrete.

-Shrinkage of Concrete Before and After Burning 


(Neville, 1995) mentioned that at a given workability , which approximately means a constant water content, shrinkage is unaffected by an increase in the cement content, or may even decrease, because the water/cement ratio is reduced and the concrete is therefore, better able to resist shrinkage.


Habeeb in (2000) found from the test results, that the additional shrinkage values due to heating are between (400-800) microstrains, and there is no significant increase in shrinkage values due to the increase of exposure time from 1 hour to 4 hours, where Shrinkage values were not more than 10 % above that at 1 hour exposure.

-Fire Effect on reinforced Concrete 


The behavior of reinforced concrete structures exposed to fire depends on the thermal properties of steel and concrete, strength and stiffness properties of the concrete and steel at elevated temperatures, and on the ability of the structure to redistribute internal forces during the course of the fire (Purkiss, 1984),.

A sa’ad in (1987) studied the behavior of structural reinforced concrete specimens subjected to elevated temperature. 

Four types of reinforced concrete samples were used. Singly and doubly reinforced concrete beams having the dimensions of (100×100×1100mm) were used. Continuous beams (100×150×1300mm) and structural frame with outer dimensions of (900x 750 mm) were cast and tested. The frame has across–section (150×150 mm) for the beam and (100 ×100 mm) for the column. The specimens were subjected to temperatures of 150, 300, 600, 750 and 900 Cº at the age of 30 and 90 days and tested in flexure after cooling. The researcher found that both flexural strength and stiffness decreased with the temperature increase. He also noticed that the use of top reinforcement had limited this decrease. Moreover, he observed that the increase in temperature led to an increase in magnitude of moment redistribution in continuous beams.
Experimental work    

-Introduction 

          This chapter describes the materials used in the production of the specimens, mix proportions and the methods of testing.

       The specimens were cast , moist cured for 7 days , air dried in the laboratory until ago of 60 days , then subjected to fire flame.

        The experimental work was carried out to decide upon the temperature range and duration of burning . it was decided to limit the maximum exposure to fire flame to about 400 Cº and 600 Cº, with a duration of exposure to fire flame of two exposure periods 0.5 and 1.0 hours which cover the range of situation in the majority of elevated temperature test.

-Materials

-Cement

      The cement used in this study was ordinary Portland cement (O.P.C) produced at Kufa factory. This cement complied with the Iraq specification No. 5 / 1984.

-Fine Aggregate

     Al-Akhaider well-graded natural Silica sand was used. The results of physical and chemical properties of the sand are listed in Table [A-1]. Its grading conformed to the Iraqi specification No. 45 / 1984, zone (3).

- Coarse Aggregate

      The gravel used was brought from Al-Nibaii area with a maximum size of 19 mm. The gravel used conforms to the Iraqi specification No.45 / 1984. The grading and other properties of this type of aggregate were tested and shown in Table [A-2].
-water

      Tap water was used throughout  this work for both mixing and curing of concrete. 

-Steel Reinforcement

        Deformed steel bars of 10 mm diameter were used. The a average yield strength of three samples is 425 MPa.

-Mix Design and Proportions

         The concrete mix was designed according to British mix design method BS 5328 : Part 2 : 1991. The proportions of the concrete mix are summarized in Table[1].

                                 Table [1]: Mix Proportion
	
	Weight proportion
	Mix proportion kg/m3

	Slump mm
	w/c ratio
	Cement: Sand : Gravel
	Water
	Cement
	Sand
	Gravel

	60
	0.45
	1.0    :   1.2 : 2.7
	195
	435
	525
	1215


-Testing Fresh and Hardened Concrete 

-Destructive Test

-Slump Test

          The workability of the fresh concrete mixes was measured by the slump test before casting these mixes in their molds. This test was conducted according to ASTM C143–89a.

-Compressive Strength Test  

Compressive strength was tested according to B.S 1881 : Part 116 : 1983. Using a digital testing machine of 2000 KN maximum capacity. Fifteen cubes (150 mm) were tested far this mix at each age for the determination of compressive strength.
-Non-Destructive Test
-Ultrasonic Pulse Velocity Test (U.P.V)

Ultrasonic pulse velocity was used to monitor the variations in compressive strength, quality and the intensity of micro cracking of reinforced concrete rigid beams before and after exposure to fire flame. The ultrasonic pulse velocity was measured by an ultrasonic concrete tester (CS1), type cc-4 as show in plate (Shettey, 1988). The test method is prescribed by bs-1881 : part 203 : 1986 specifications.

-Rebound Hammer Test   

Schmidt hammers were used to estimate the surface hardness of reinforced concrete rigid beams by recording the rebound number, which could beams a measure of the concrete strength and percentage of voids. Schmidt hammer type (proceg) was used as shown in plat (Shettey, 1988). The test method is prescribed by BS-4408 : Part 4 : 1971  specifications.

-Burning and Cooling

        The reinforced concrete rigid beams were burnt by direct fire flame from a net work methane burners inside the frame. The dimensions of this burner net are (1600×500 mm) (length×width) respectively as shown in plate (Elizzi et al.,1987). The bars of flame were intended to simulate the heating condition in an actual fire.

        When the target was reached by flame, the temperature was continuously measured by digital thermometers. One of them was positioned in the bottom surface of the reinforced concrete rigid beams in contact with the flame, while the other was positioned at the unexposed upper surface of the rigid beam, and by a thermocouple that was inserted in the center of each beam to measure the temperature at the mid-depth (118.5 cm from the exposed or unexposed surface). After burning, part of the reinforced concrete rigid beams was allowed to cool to the room temperature of about 23 Cº. The other beams were quenched immediately in water for 2 hours then stored in laboratory environment about 20 hours before testing.

-Reinforced Concrete Rigid Beams

        A square reinforced concrete rigid beams with dimensions (2250×375×375 mm) (length ×width ×height respectively) were cast.

      To prevent plastic shrinkage cracking due to rapid evaporation from the upper surface of the beam, wetted Hessian sheets and polythene sheets were used to cover the upper surface of the beams after 30-40 minutes from casting as can be seen in plate (4).

       The formwork was strike after 7 days from casting and the beams were covered with wetted hessian and polythene sheets during 7 days. The hessian  sheets were wetted two times a day during the curing .
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Plate[2]: (A)The wood forwork of the rigid beams
                                   (B) the rigid beams after lifity of the wood formwork
Experimental Results and Discussion

-introduction

      Experimental results are presented in this chapter showing the effect of fire flame on come mechanical properties of concrete by using the model described in chapter three article (B-5). The test results of the deflection and distribution of fire of reinforced concrete rigid beam are present also. 
-Compressive Strength 

Table [2] shows the effect of exposure to fire flame on compressive strength, while figures (1) and (2) show the relation between compressive strength and fire flame temperatures.

Table [2]: Test values of compressive strength of concrete cubes before and after exposure to fire flame.
	Age at Exposure (days)
	Period of

Exposure (hours)
	Compressive strength (MPa)
	Fcua/ Fcub

Ratio
	Type of Cooling

	
	
	Temperature Cº
	
	

	
	
	23

(1)
	400

(2)
	600

(3)
	2/1
	3/1
	

	30
	0.5
	41.70
	28.52
	24.95
	0.68
	0.60
	Air

	
	
	
	27.53
	22.58
	0.66
	0.54
	Water

	
	1.0
	
	32.00
	21.87
	0.77
	0.52
	air

	
	
	
	30.85
	19.75
	0.74
	0.47
	water

	60
	0.5
	46.15
	37.15
	28.95
	0.80
	0.63
	air

	
	
	
	35.00
	25.87
	0.76
	0.56
	water

	
	1.0
	
	35.62
	25.00
	0.77
	0.54
	air

	
	
	
	33.97
	22.97
	0.73
	0.50
	water

	90
	0.5
	49.20
	41.24
	30.88
	0.84
	0.63
	air

	
	
	
	39.43
	28,00
	0.80
	0.57
	water

	
	1.0
	
	39.00
	28.86
	0.79
	0.58
	air

	
	
	
	38.13
	27.20
	0.77
	0.55
	water


Fcua =(cube)  compressive strength after exposure to fire flame.

Fcub =(cube)  compressive strength before exposure to fire flame.
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Figure [1]: The effect of fire flame on the compressive strength at  0.5 hour period of exposure.
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Figure [2]: The effect of fire flame on the compressive strength for 1.0 hour period of exposure.

It can be seen from the above figures that the residual compressive strength after exposure to fire flame was as follows :  

          At 400 Cº, the residual compressive strength compared to the original strength before exposure to fire flame was (68-84 %) when concrete specimens were cooled in air, while specimens cooled in water the residual was (66-80 %). These results are similar to that obtained by  Al-Ausi and Faiyadh and Umran.

        At 600 Cº, the residual compressive strength compared to the original strength before exposure to fire flame was (52-63 %) when concrete specimens were cooled in air, while specimens cooled in water the residual was (47-57 %). These results agreed with that obtained by other investigators (Al-Ausi, and Faiyadh, 1985; Umran, (2002).
       The ultrasonic pulse velocity test results are presented in Table [3].
Table [3]: The ultrasonic pulse velocity of reinforced concrete rigid beams before and after exposure to fire flame.

	Age at Exposure (days)
	Period of

Exposure (hours)
	(U.P.V) Km/sec
	(U.P.V)a/(U.P.V)b

Ratio
	Type of Cooling

	
	
	Temperature Cº
	
	

	
	
	23

(1)
	400

(2)
	600

(3)
	2/1
	3/1
	

	30
	0.5
	4.74
	3.76
	2.60
	0.79
	0.55
	air

	
	
	
	3.45
	2.34
	0.72
	0.49
	water

	
	1.0
	
	3.54
	2.49
	0.74
	0.52
	air

	
	
	
	3.59
	2.12
	0.76
	0.45
	water

	60
	0.5
	4.76
	3.83
	2.67
	0.80
	0.56
	air

	
	
	
	3.73
	2.40
	0.78
	0.50
	water

	
	1.0
	
	3.59
	2.39
	0.75
	0.50
	air

	
	
	
	3.40
	2.32
	0.70
	0.48
	water

	90
	0.5
	4.77
	3.94
	2.70
	0.82
	0.56
	air

	
	
	
	3.73
	2.56
	0.78
	0.53
	water

	
	1.0
	
	3.70
	2.38
	0.77
	0.50
	air

	
	
	
	3.65
	2.31
	0.76
	0.48
	water


 (U.P.V)a = ultrasonic pulse velocity after exposure to fire flame.

(U.P.V)b = ultrasonic pulse velocity before exposure to fire flame.

Figures (3) and (4) show the effect of exposure to fire flame on ultrasonic pulse velocity. It can be seen from these figures that the reductions in the ultrasonic pulse velocity after exposure to fire flame were as follows :
At 400 Cº , the reduction in (U.P.V) was (18-26 %) when beams were cooled by air, while for the other beams which were cooled by water the reduction in (U.P.V) was (22-28 %). Similar results were observed by (Logothetis and Economou ,1981)].

          At 600 Cº the reduction was (40-46 %) when beams were cooled by air, while for the other beams which were cooled by water the reduction in (U.P.V) was (47-55 %). These results agreed with the results found by (Habeeb ,2000) which were (40-45 %). (Purkiss ,1984) reported that reduction in (U.P.V) at this temperature was 70%. 
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Figure [4] : The effect of fire flame on the ultrasonic pulse velocity for 1.0 hour period of exposure.
- Surface Hardness Results

Surface hardness of reinforced concrete rigid beams was assessed by the "Schmidt rebound hammer". Table [4] gives the results of the rebound number for the beams before and after exposure to fire flame.
Table [4] : Test values of the rebound number of reinforced concrete rigid beams before and after exposure to fire flame.

	Age at Exposure (days)
	Period of Exposure (hours)
	Rebound number
	RNa/RNb
Ratio
	Type of Cooling

	
	
	Temperature Cº
	
	

	
	
	23

(1)
	400

(2)
	600

(3)
	2/1
	3/1
	

	30
	0.5
	31
	27.0
	23.8
	0.86
	0.75
	air

	
	
	
	25.0
	22.5
	0.79
	0.71
	Wwater

	
	1.0
	
	25.0
	21.9
	0.79
	0.70
	air

	
	
	
	23.5
	19.5
	0.74
	0.52
	water

	60
	0.5
	33
	29.5
	23.0
	0.89
	0.70
	air

	
	
	
	27.0
	21.5
	0.82
	0.65
	water

	
	1.0
	
	28.0
	22.7
	0.85
	0.68
	air

	
	
	
	25.8
	20.0
	0.75
	0.60
	water

	90
	0.5


	35
	31.0
	25.5
	0.88
	0.73
	air

	
	
	
	28.0
	23.6
	0.80
	0.67
	water

	
	1.0
	
	30.5
	26.0
	0.87
	0.74
	air

	
	
	
	27.0
	22.4
	0.77
	0.64
	water


RNa = Rebound number after exposure to fire flame .

  RNb = Rebound number before exposure to fire flame .

         The effect of burning by fire flame on rebound number is shown in figures [5] and [6]. It can be seen that subjecting the reinforced concrete rigid beams surface to fire causes to decrease the rebound number significantly as follows :
        At 400 Cº  the reduction in rebound number was (11-21 %) for beams which were cooled in air, while for beams cooled in water the reduction was (18-26 %). The test carried out by (Logothetis and Economou , 1981) showed that the reduction in Rebound number was 12%.
      At 600 Cº  the reduction in rebound  number was (25-32%) for beams cooled in air, while for beams cooled in water the reduction was(31-40%). (Logothetis and Economou, 1981) showed that the reduction was 40%at temperature of 700 Cº.
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Figure[5]: The effect of fire on the rebound number for 0.5hour period of  exposure.
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Figure[6]: The effect of fire on the rebound number for 1.0 hour period of exposure.
- Surface Conditions and Deflection Behavior of Tested Beams 

           The aim of design for fire safety should be to limit damage due to fire. The unexposed surface of each tested beam was observed throughout (0.5 and 1.0 hour) fire test. At the exposed surface, as exposure to fire flames preceded thermal cracks were appearing in a honeycomb fashion all over the surface. These cracks initiated from top or bottom surface and terminated near the mid-depth of the beam. The mean crack width was about(1.8 mm).

          Figure [7] shows the temperature-time curves for the exposed, mid-depth and unexposed surface for the reinforced concrete beams. At the beginning, the beams are at room temperature, measured to be 23 Cº. The experimental results clearly indicated that the temperature near the surface to fire is higher and decreases towa (Dhahir, 1999) .

The deflection of reinforced concrete beam which occurs immediately when they were subjected to fire flame temperature of (600 Cº) for (1.0 hour). The test result for mid-span deflection during exposure to fire flame are shown in figure [8].


Figure[7]: Beam temperature as a function of time at various depths (beam thickness:37.5cm).

Figure (8): Mid-span deflection of reinforced concrete beam with time of exposure  to fire  flame.
-Conclusions and Future Works

       Based on the results obtained from testing in this work, the following conclusions can be drawn:
1- The residual compressive strength ranged between (66-84%) at 400 Cº, (47-63%) at 600 Cº.

2- Cooling in water causes further reduction in compressive strength, ultrasonic pulse velocity and rebound number.

3- Large proportion of drop in compressive strength occurs at first 0,5 hour period of exposure.
4- The temperature distribution through the thickness of beam that was found in this investigation is similar for all the beams , which have the same thickness and exposed period to fire flame.

5- After the beams were subjected to fire flame , thermal cracks appeared in a honeycomb fashion all over the surface.

6- The ultrasonic pulse velocity tested showed a response to the effect of fire flame , the reduction in (U.P.V) was (18-26%),(22-28%) and (40-46%), (47-55%) for beams cooled in air and water at 400 Cº  and 600 Cº  respectively. It appears that this non-destructive test gives good predicted values for the residual strength.

7- The reduction in rebound number was (11-21%), (18-26%) and (25-32%), (31-40%) for beams cooled in air and water at 400 Cº and 600 Cº respectively. The decrease in the rebound number with increasing in fire temperature can be attributed to the fact that fire causes damage to the surface of concrete rather than to concrete in the core of the member.
- Recommendations and Futures Works

        The following recommendations are subjected to further researches.

1- Studying the effect of fire flame on carrying moment capacity and load-deflection behavior on reinforced concrete beams with different steel ratio.

2- Studying the effect of fire flame on light weight concrete properties.

3- Studying the effect of fire flame on high strength concrete properties.
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Table [a-1]: Properties of the sand

	Sieve size (mm)
	Percent Passing
	I.O.S. 45:1984(9) limits zone(3)

	9.5

4.75

2.36

1.18

0.6

0.3

0.15
	100

96

93

80

54

26

0
	100
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0-10

	Properties
	Test results
	I.O.S. 45 : 1984 (9) limits

	Sulphate content , SO3 specific gravity 
Absorption
	0.28

2.6

1.7
	( 0.5

-
-


Table [A-2] : Properties of the gravel.
	Sieve size (mm)
	Percent passing
	I.O.S. 45 : 1984 (9) limits

	37.5

20
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4.75
	100

98

52

2
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	Properties
	Test results
	I.O.S. 45 :1984 (9) limits

	Sulphate SO3
Specific gravity

absorption
	0.08

2.64

0.6
	( 0.1

-
-


Figure [3] : The effect of fire flame on the ultrasonic pulse


 velocity for 0.5 hour period of exposure.
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Plate[1]: Rebound hammer test.





Plate[2]: Ultrasonic pulse transite time.





Plate[3]: The net work of methane burners.
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