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Concrete is the most widely used construction material in the world. When this concrete is reinforced with the steel bars 

it becomes Reinforced Cement Concrete and it can make a Civil Engineer achieve unimaginable heights. However like 

every other material on Mother Earth, Reinforced Concrete also comes under the influence of benevolent forces of 

nature, i.e. ‘FIRE’. 

This paper deals with the interaction of fire with Reinforced Concrete.Itexplains the process that what is the meaning of 

‘Fire Rating’? How exactly Fire Ratings can be achieved?Inherent fire resistance of R.C.C. members. The physical and 

chemical processes a R.C.C. member goes through when exposed to high temperature due to fire, its deterioration. Lastly 

this paper concludes with the suggestions on how to make structural concrete more fire resistant and what are the 

guidelines provided by IS 456:2000 on securing the certain degree of Fire Resistance in Concrete. 

 

INTRODUCTION 

Concrete is the most widely used construction material in the world. Literally it‟s concrete which makes high-

rise structures possible in past century. The extensive use of concrete can be shown in the fact that the cities of 

today are known as the „Concrete Jungle‟. 

Although presence of concrete in civil engineering is more than 100 years old, concrete is extensively used 

and is thought to be a well understood construction material, in the light of recent extreme events, including 

accidents, arsons and terrorism, attention has refocused on the performance of concrete in the vague of 

fire.We are all aware of the damage that fire can cause in terms of loss of lives, homes and livelihoods. With 

the increasing use of structural concrete in urbane structures there is a need arise for closer study of the fire 

resisting properties of structural concrete. 

Fires are caused by accidents, energy sources or natural means, but the majority of fires in buildings are 

caused by human errors. Once a fire starts and the contents in a building starts burning, then the fire starts 

spreading via radiation, convection or conduction with flames reaching between 600° and 1200°C
[i]

. The 

exposure of concrete to high temperature can jeopardize significantly the structural integrity and load bearing 

capacity of the structure.Fire represents possibly one of the most severe conditions encountered during the life 

time of a structure and when all other measures for containing a fire have failed, structural integrity represents 

„the last line of defense‟
[ii]

. 

In this study we are going to go through the effects of „Fire on Concrete‟ and „Fire performance of Concrete 

Structures‟.  

1.1 Fire Rating:As defined in the 2000
th
 edition of International Building Code (IBC-2000), “Fire resistance 

rating” means “the period of time a building components maintains the ability to confine a fire or continues to 

perform a given structural function or both, as determined by the tests prescribed in section 703”. For walls, 

floors, roofs, columns and beams, tests referred to are the standard fire test, ASTM E 119, “Fire tests for 

Building Construction Materials”. That standard requires that the specimen to be tested at least a certain size, 

unless the actual size is smaller than the minimum specified. 

The test is continued until an “end point” is reached. A „structural‟ end point occurs if the specimen collapses. 

A “flame passage” end point occurs in walls, floors or roofs if a hole or crack occurs that is large enough to 

allow hot gases from the fire to reach the other side. A “heat transmission” end point occurs for walls, floors 

and roofs if the average temperature of the surface not exposed to fire is increases by 250°F or if the 

temperature at any point rises at 325°F. For concrete specimens, this later criterion always governs, that is, the 

structural or flame passage end points, seldom occurs.  

1.2 How fire ratings are achieved? 

A fire test of a particular building component is an obvious method. Alternatively prescribed designs as listed 

in the code may be used, or calculations done in accordance with the procedures given in the code are 

permitted. Although, the „calculations‟ section in the code includes a few formulas, most of the data as 
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tabulated on easy-to-use form and is based on results of standard (ASTM E119) fire tests.As an example, table 

1 presents the data from Table 720.2.1.1 for IBC-2000 for the minimum thickness in precast walls for various 

fire resistance ratings. The data are identical to the minimum thickness of floor slabs given in Table 720.2.2.1 

because the values are based on the heat transmissions end-point criterion. 

 

Table 1:- Minimum slab thickness for fire resistance ratings of: 

Concrete Type 1 hour 1.5 hours 2 hours 3 hours 4 hours 

Siliceous 3.5 4.3 5.0 6.2 7.0 

Carbonate 3.2 4.0 4.5 5.7 6.6 

Sand-Lightweight 2.7 3.3 3.8 4.6 5.4 

Lightweight 2.5 3.1 3.6 4.4 5.1 

 

1.3 Characteristics influence fire resistance:Fire resistance of a concrete is influenced by aggregate type, 

moisture content, density, permeability and thickness. Limestone, dolomites and lime rock are called 

“carbonate” aggregates because they consist of magnesium or calcium carbonates or the combination of both. 

During exposure to fire, these aggregates calcine – carbon di oxide driven off and calcium oxide remains. 

Since calcining requires heat, the reaction begins at the fire exposed surfaces and slowly progresses towards 

the opposite face. The result is that carbonate aggregates behaves somewhat better than normal weight 

aggregates in a fire. 

Moisture content has a complex influence on concrete‟s behavior on fire concrete that not be allowed to 

drying spall, particularly if the concrete is highly permeable, such as concrete with silica fume or latex, or if it 

has an extensively low water cement ratio. Concrete that is generally perform satisfactorily, particularly if 

they are practically dry. 

In general, concretes with lower unit weights will behave better in fire than normal weight concrete. The 

thicker or more massive the concrete the better its behavior when exposed to fire. 

 

FIRE & CONCRETE 

2.1 Concrete in Fire:Concrete does not burn – it cannot be „set on fire‟ like other materials in a building and 

it does not emit any toxic fumes when effected by fire. It will also not produce smoke or drip molten particles, 

so it does not add to the fire load. For these reasons concrete is said to have a high degree of fire resistance &, 

in the majority of applications concrete can be described as virtually „fireproof‟.This excellent performance is 

due to two main constituents of concrete, i.e. cement and aggregate; which when chemically combined within 

concrete, form a material that essentially inert and importantly for fire safety design, has a relatively low 

thermal conductivity. It is this slow rate of heat transfer (conductivity) that enables concrete to act as an 

effective concrete shield. The rate of increase of temperature through the cross section of a concrete is 

relatively slow and so internal zones do not reach the same high temperature as a surface exposed to flame. 

A standard ISO 834/BS 476 fire test on 160mm wide x 300mm deep concrete beams has shown that, after an 

hour of exposure on three sides, while a temperature of 600°C is reached at 16mm from the surface, this value 

halves to just 300°C at 42mm from the surface – a temperature gradient of 300 degrees in about an inch of 

concrete!Even after a prolonged period, the internal temperature of concrete remains relatively low; this 

enables it to retain structural capacity and fire shielding properties as a separating element. 

When concrete is exposed to high temperature of a fire, a number of physical and chemical changes can take 

place. These changes are shown in the chart below, which relates temperature levels within the concrete (not 

the flame temperature) to some inductive changes in its properties
[i]

. 
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Figure 1:-Diagrammatic representation of standard compartment fire 

 

In fundamental terms, the fire behavior of concrete is linked to the temperature-dependent material properties. 

Since the thermal diffusivity is rather low, compared to steel, strong temperature gradients are usually 

generated within fire exposed concrete members. Together with high temperature inertia, this means the core 

regions takes long time to heat up. Thus, whilst the compressive strength is rapidly lost beyond a critical 

temperature, which is not too dissimilar to the equivalent temperature for loss of steel strength, structural 

effectiveness is not diminished until the bulk of material reaches the same temperature. This requires the 

thermal response of the entire structural element. 

Another problem which occurs when concrete is exposed to spalling. This is phenomenon involving explosive 

ejection of chunks of concrete from surface of the material, due to breakdown in surface tensile strength. It is 

caused by the mechanical forces generated within the element due to strong heating or cooling, and/or, by the 

rapid expansion of moisture in concrete increasing the pore water pressure within the structure. 

2.2 Physical and chemical response to fire:There are number of physical and chemical changes may occur 

in concrete subjected to heat. Some of these are reversible upon cooling, but others are non-reversible and 

may significantly weaken the concrete structure after a fire. Most porous concrete contains a certain amount of 

liquid water. This begins to vaporize if the temperature exceeds 100°C, usually causing a buildup of pressure 

within the concrete. When the temperature reaches about 400°C, the calcium hydroxide in the cement will 

began to dehydrate, generating more water vapor and also bringing about a significant reduction in physical 

strength of material. Other changes may occur in aggregate at higher temperature. For example quartz based 

aggregates increase in volume, due to mineral transformation, at about 575°C, while limestone aggregates will 

begin to decompose at 800°C. Differential expansion between the aggregate and the cement matrix may cause 

cracking and spalling. In combination, these physical and chemical changes of concrete will have the effect of 

reducing the compressive strength of the material. 

After a fire, changes in the structural properties of concrete do not reverse themselves, as opposed to steel 

structures where cooling will often restore the material effectively to its original state. This is due to the 

irreversible transformations in the physical and chemical properties of the cement itself it should be noted that, 

in some circumstance, a concrete structure may be considerably weakened after a fire, even if there is no 

visible damage.   
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Cracking-The process leading to cracking is generally believed to be similar to those which generate spalling. 

Thermal expansion and dehydration of the concrete due to heating may lead to the formation of fissures in the 

concrete rather than, or in addition to, explosive spalling. These fissures may provide pathways for direct 

heating of the reinforcement bars, possibly bringing about thermal stress and further cracking. Under certain 

circumstances the cracks may provide pathways for fire to spread between adjoining compartments. 

Geogali and Tpakiridis made a case study of cracking in a concrete building subjected to fire, with particular 

emphasis on the depths to which cracks penetrate the concrete. It was found that the penetration depth is 

related to the temperature of fire, and that generally the cracks extended quite deep into the concrete member. 

Major damage was confined to the surface near the fire origin, but the nature of cracking and dis-coloration of 

the concrete pointed to the concrete around the reinforcement reaching 700°C. Cracks which extend more than 

30mm into the depth of the structure were attributed to a short heating cooling cycle due to the fire being 

extinguished.The importance of stress conditions in the concrete should be noted. Compressive loads which 

may arise from thermal expansion can be very beneficial in compacting the material and suppressing the 

formation of cracks; this results in much smaller degradation of compressive strength and elastic modulus than 

in specimens bearing reduced loading. 

Spalling - One of the most complex and hence poorly understood behavioral characteristics in the reaction of 

concrete to high temperature or fire is the phenomenon of “explosive spalling”. This process is often assumed 

to occur only at high temperatures, yet it has also been observed in the early stages of fire and at a temperature 

as low as 200°C. 

Severe spalling can have deleterious effect on strength of reinforced concrete structures, due to enhanced 

heating of steel reinforcement. Spalling may significantly reduce or even eliminate the layer of concrete cover 

over the reinforcement bars, thereby exposing the reinforcement to high temperature, leading to a reduction of 

strength of the steel and hence a deterioration of mechanical properties of the structure as a whole.Another 

significant effect of spalling upon the physical strength of structures occur via reduction of the cross-section 

of concrete available to support the imposed loading, increasing the stress on the remaining areas of concrete 

available to support the imposed loading, increasing the stress on the remaining area of concrete. 

The mechanism leading to spalling is generally thought to involve high thermal stresses resulting from rapid 

heating and/or large buildups of pressure due to moisture evaporation within the porous concrete, which the 

structure of concrete is not able to dissipate. These actions lead to the development of fractures and the 

explosion of chunks of material form the surface layers.  

The first systematic attempt to categorize different kinds of fire spalling of concrete was made by Gary(1917) 

in his review of work conducted between 1910-1916. He found from fire tests on specially built houses, that 

fire spalling could occur in the following forms: 

I. Aggregate Spalling – crater formed spalling attributed to the mineralogical character of the 

aggregates. 

II. Surface Spalling – disc shaped violent flaking, especially in pressure stressed walls, probably caused 

by water dampness. 

III. Corner Spalling – violent spalling of corners, probably caused by water damp as well as due to 

temperature stresses due to bilateral fast heating up, and  

IV. Explosive Spalling – very violent spalling of large, upto 1m², pieces form walls. Some pieces are 

thrown 12 m, by the force. 

During the early 20
th
 century a large effort was put into fire testing of large un-reinforced and reinforced 

concrete test specimens. As a reaction to this, Lea (1920) performed a series of small scale material tests to 

understand the fundamentals of the material behavior of steel and concrete at high temperatures. He 

investigated the thermal behavior of different concrete mixes and also the residual compressive and tensile 

strength on unloaded specimens after heat treatment upto 700°C. A conclusion of the study was that the 

internal temperature in a fire exposed concrete cross section can vary considerably for concrete made with 

different aggregates. 
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ENHANCING FIRE RESISTANCE 

3.1 By Using Light Weight Aggregate: 

Most of all lightweight high performance concrete mixes used today include light weight aggregate as the 

coarse aggregate and the sand for the fine aggregate. With this configuration the light weight unit mix weight 

is around 115-120p.c.f. compared to 150p.c.f. for normal weight concrete.Light weight structural concrete, 

also known as light weight high-performance concrete, has several valuable characteristics such as excellent 

freezing and thawing durability, internal curing, reduced dead load and high resistance to fire. It also complies 

with the concern about the environment and how to efficiently use material to full potential.  

One way to reduce excess material would be to lighten the load on a structure with the use of affordable light 

weight high performance concrete. Light weight structural concrete is defined by ACI 213 as concrete with an 

air-dry density in the range of 85 to 115 pounds/cubic feet (p.c.f.), with same job specifications allowing air-

dry densities up to 120 p.c.f., and a 28 day compressive strength greater than 2500 p.c.i.. When compared to 

normal weight concrete with a density of around 150 p.c.f, light weight structural concrete has a significantly 

less dead load. The difference in weight is achieved with the use of light weight aggregates usually 

expandable shale, clay or slate. 

Engineering properties of Structural Light Weight Concrete: 

Structural light weight aggregate concrete solves weight and durability problems in buildings and exposed 

structures. Light weight concrete has strength comparable to normal weight concrete, yet it is typically 25% to 

35% lighter
[v]

. Structural light weight concretes offers design flexibility and substantial cost savings by 

providing: 

 less dead load,  

 improved seismic structural response,  

 longer spans,  

 better fire ratings,  

 thinner sections,  

 decreased story height,  

 smaller size structural members,  

 less reinforcing steel and  

 lower foundation costs.  

Light weight concrete precast element offer reduced transportation and placement costs. 

The use of light weight aggregate to reduce concrete density is a well-established procedure where properties 

such as increased fire resistance, ease of handling and transportation, or reduce structure dead load is desired. 

Light weight concrete with compressive strengths of up to 5,000 psi (34.5 MPa) has been used in commercial 

construction routinely since the early 1930s. During the last two decades, however, much lighter strength has 

been specified. 

Aggregate normally constitutes 60-70% of a concrete mix, and the physical characteristics of aggregate will, 

therefore have a pronounced influence on the physical properties of concrete. High strength concrete mainly 

relies on the quality of aggregate than does low or medium strength concrete. The function of aggregate, to a 

large extent, is to act as an inexpensive filler material. The cement paste matrix takes up to most of the load 

imposed on the concrete. As design load approach and exceeds the strength limits of the cement paste matrix, 

the load carrying capacity of the aggregate and the interplay between the aggregate and the cement paste 

becomes the limiting factor in strength development. For all practical purposes, this limit appears to be in the 

region of 15,000 to 16,000 psi (100 to 110 MPa) for concrete using normal weight aggregate, approximately 

80% of this for concrete using expanded slate light weight aggregate and possibly less than 70% of this for 

concrete using expanded clay or shale aggregate. This limitation is more pronounced for light weight concrete 

because of the mechanical characteristics of the light weight aggregate are more similar to these of the cement 

paste matrix than to the normal weight aggregate, and variations in aggregate quality will be more directly 

reflected in the concrete characteristics . 
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Table 3:- Typical properties of various light weight aggregate   materials: 

Light weight concrete was produced with a compressive strength greater than 11,000psi (76 MPa). The elastic 

modulus of high strength light weight concrete was found to be less than the elastic modulus of normal weight 

concrete of comparable strength, but the equation recommended in ACI 318, based on unit weight and 

compressive strength
[v]

. 

Brief description of some light weight aggregates: 

Pumice Aggregate 

Pumice is essentially composed of solidified frothy lava which is 

generally rhyolitic in composition, but can also be produced in a less 

acidic form. Aggregate strength ranges from very weak and porous 

to stronger and less porous. Absorption is generally high, with the 

specific characteristics being largely dependent on the porosity and 

size of aggregates. The principal requirements for pumice to be 

considered a desirable aggregate for use in the structural light weight 

concrete are a low density and relatively high strength. The density 

is determined by the voids content, which is a function of the type of 

deposit from where the pumice is found. 

Expanded Slate Aggregate - Tillery Formation is the name of the geological formation in which agrilite slate 

is to be found. It is a thinly laminated gray, fine-grained siltstone, composed of elastic rock fragments. Along 

with the deposition of the volcanic ash was an occasional ash flow or gravitational mud type flow into the 

same deposition basin. Additional layers consisting of volcanic tuff with high calcite concentrations, formed 

within the system. Subsequent millions of years of geological forces caused the alternating layers of material 

to fold and fault, causing disorder to the once standard, layered system.  

2.2 By Using PP-fibers with reinforcement 

One of the well-known methods of reducing the risk of explosive spalling is the addition of Polypropylene 

(PP) fibers to the concrete mix. This approach works on the basis that the PP-fibers have different thermal 

characteristics form those of normal concrete. The mechanism underlying the positive effects of application of 

pp-fibers is exposed to elevated temperature or to fire, the PP-fibers undergo two main effects, which 

ultimately reduce damage due to explosive spalling. 

A. The fibers expanded at a different rate than the matrix, causing small fissures or openings to be 

formed between the cement paste and fibers. These fissures are enough to start the relief of the vapor pressure 

that builds up in the pores of the concrete. 

B. As the heating continues and the temperature of the fiber reaches the range of 165°C-171°C, the fibers 

melt and provide more passageways or channels along which water vapor can dissipate, so avoiding build-up 

of fissures. 
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These two effects enhance the relief of the stress that are suddenly developed from the vapor pressure build 

up, which subsequently reduce explosive spalling. 

Concrete with a small addition of PP-fibers is less sensitive to fire spalling, and the probability of fire spalling 

is reduced.  

Fiber Reinforced Concrete of Enhanced Fire Resistance (FRCEFR): 

FRCEFR was developed by combining the use of Polypropylene (PP) and steel fibers. The influence of the 

temperature on the compression and textural behavior of FRCEFR was analyzed. From the force deflection 

curves obtained in the flexural tests, and applying on inverse analysis, the influence of the temperature on the 

fracture parameters of this material was assessed. 

 

IS 456:2000 GUIDELINES 

As per Bureau of Indian Standard the fire resistance of the reinforced concrete structure is covered in IS 456.A 

structure or structural element required to have fire resistance should be designed to possess an appropriate 

degree of fire resistance to flame penetration, heat transmission and failure. Fire resistance of concrete 

element depends upon details of member size, cover of steel reinforcement detailing and type of aggregate 

used in concrete. 

The reinforcement detailing should reflect the changing pattern of the structural section and ensure that both 

in individual elements and the structure as a whole contains adequate supports, ties, bonds and anchorage for 

the required fire resistance. 

Additional measures such as application of fire resistant finishes, provision of fire resistant false ceilings and 

sacrificial steel in tensile zone, should be adopted in the case the nominal cover required exceeds 40 mm for 

beams and 35 mm for slabs, to give protection against spalling
[X]

. 

 
Figure 13:- Minimum Dimensions of Reinforced Concrete Members for Fire Resistance

[X] 
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SUMMARY & CONCLUSION 

SUMMARY 

 Fire Rating –The period of time a building components maintains the ability to confine a fire. 

 Fire resistance of a concrete is influenced by aggregate type, moisture content, density, permeability and 

thickness. 

 Cracking – Thermal expansion and dehydration of the concrete due to heating may lead to the formation 

of fissures, thus providing pathways for direct heating of the reinforcement bars, possibility bringing 

about thermal stresses and further cracking. 

 Large build up pressure due to moisture evaporation within the porous concrete which the structure of 

concrete is not able to dissipate leads to spalling. This process is often assumed to occur only at high 

temperature, yet it has been also observed in the early stage of fire and at a temperature as low as 200° C. 

 Factors that influence  occurring of fire spalling are:  

 The nature of aggregate; 

 Free moisture; and 

 Restraint to expansion. 

 Moisture clog theory – On heating the steam pressure in the pores rises close to the surface. The pressure 

gradient hen drives moisture not only out of the specimen but also towards the inner cold regions. When 

the steam meets the inner colder layer it will condense. This process will continue, moving further into the 

cross section, until a fully saturated region of “considerable thickness”, will be created. This region called 

as the „Moisture Clog‟. 

 Hydraulic spalling theory – According to this theory, spalling is caused by the hydraulic expansion of 

water in higher than the available volume in the surrounding porous skeleton. 

 

CONCLUSION 

By more than century of use as a primary construction material, it is established that the concrete is a strong, 

durable construction material with inherent fire resistive properties. But in the wake of new century, new 

threats of fire arise due to industrialization, wars and terrorism. 

Because of these new developments in the world around us, the moment is ripe to carry on new intense 

researches and studies to make concrete more fire resistant so as to make it withstand new challenges like 

industrial fires and explosions. 

The objective of the work presented in this study is to lay emphasis on the effects of fire on a Reinforced 

Concrete Structures. In particular, spalling and cracking. 

The present work shows that the use of Lightweight aggregates and PP-fibers with reinforcement is suggested 

to increase and improve the property of Fire Resistance of concrete as a construction material. 
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