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ABSTRACT 
 

Fire accidents are inescapable. Damages on the structure varies depending principally 

upon duration and temperature of burn, property of the construction materials, 

quantity and type of substances subjected to burn, ventilation system of the structure, 

location and direct exposure of the structural member to the fire, etc. Repair or 

removal of the burnt structure challenges either the life or the economy. This research 

has been conducted to analyze the effects of clear cover depth against fire, the ability 

of the structure to reserve its strength and to generate a technique of evaluating burnt 

structure thereby to devise a mechanism to assist improved construction technology. A 

total of 120 pieces reinforced concrete beams with twelve different compositions have 

been experimented under ten different conditions. The compressive strength, clear 

cover and the strength of reinforcing steel have been the prime variables for difference 

in compositions. The testing conditions varied in burning temperatures and durations 

apart from the ambient one basing on different realistic fire accidents. A full scale 

natural gas furnace has been constructed in this research having integral gas line. Both 

element and material testing have been conducted in this research. After completion of 

the fire test all the beams were checked for different physical properties and the data 

have been recorded and maintained. It is important to note that no siliceous materials 

have been used for preparing high strength concrete. 

 

The results obtained from the experiments have been evaluated under four analytical 

studies. These analyses finally explained valuable opinions concerning the 

comparative spalling effect, reserve strength and their typical behavior trends between 

high strength and normal strength concrete. The high strength concrete displayed 

better performances as regards to spalling effect and the reserve strength than the 

normal strength concrete. Though thicker clear cover provides better protection to the 

reinforcement, on the contrary, it has adverse effect against fire and causes severe 

damage in terms of spalling and loss of the residual strength. Strength of reinforcing 

steel has exhibited a twofold property countering each other. High strength steel 

exhibited higher performance in case of reserve strength but inferior in case of 

spalling. These parametric studies also suggested a good number of graphical guide 
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lines for designing better fire endurable flexural members within commonly used 

concrete compressive strengths.  

 

The research has finally proposed two separate methods, one for designing superior 

fire durable structure and the other for evaluating pre/post fire state of structures. The 

fire design method consults a group of charts those have been formulated from the 

experimental results. This design method will assist Engineers to select suitable 

combination of materials and clear cover depth to produce improved fire durable 

concrete structures. The later method will assist in designing effective fire defence 

system or to optimize the use of burnt structures. The paper ends with very important 

conclusions drawn from the findings of the research.  
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CHAPTER 1 

INTRODUCTION 

 

1.1 General 

 

Fire is one of the oldest events of invention of mankind that is yet beyond the full 

control of human being in many cases. Fire hazard is a very frequent civilized crisis in 

this modern civilization, in the context of Bangladesh, she has already suffered 

multiple severe cases of residential and industrial fire each year over the last few 

decades. The reported fire incidences from 2004 to 2006 in Bangladesh were 7140, 

7135 and 9642 respectively; whereas within Dhaka city the incidences were 

respectively 803, 984 and 1161 in each year. In 2006, country’s 12% fire accidents 

occurred in Dhaka city which were 13.79% and 11.2 % in the years of 2005 and 2004 

respectively according to Bangladesh Fire Service and Civil Defense Authority 

(BFSCDA), Dhaka, 2007 (in Monowarul and Neelopal, 2008). Fire accidents of 

Bangladesh Steel and Engineering Corporation (BSEC) building on 27 February 2008, 

the biggest mall of Bangladesh - Boshundhara City on 13 March 2009 and the 

deadliest at Nimtali, Babu Bazar on 04 June 2010, killing more than 100 innocent 

people, are the most recent devastating incidents that earmarked the fire accidental 

history in Bangladesh. Occurrence of fire destruction lies beyond human ability, 

which could not yet be tempted even by the most advances civilization of the world. 

Fire may break out in any form in the structure then with its massive destructive 

power kills many lives and destroys million dollar properties and finally damages the 

entire structure in a manner which is even severely unsafe for its reuse.  

 

Researches on structural fire all over the world got accelerated soon after the 

destruction of the Twin Tower in 9/11 in NY, USA. Researchers are mostly looking 

for the nature of fire effect on various materials and structures. The world is trying to 

reduce the destructive effect of fire on the life and economy both individual and 

environmental. The development of High Strength Concrete (HSC) in the 80s opened 

a new era in the field of construction. In the recent days high strength concrete is 

becoming more demanding to the advanced civilizations because of its enormous 

versatility over the normal strength concrete (NSC). Since the independence 
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Bangladesh have been mostly using the brick construction system, where little more 

than a decade have just passed that she conceived the use of reinforced concrete as 

major and regular construction material but still brick constructions is going on in 

various sectors. The alarming threat of recent residential and industrial fire now 

demands some measures in minimizing such losses. Keeping this in mind it was 

intended to study the effect of fire on concrete and reinforced concrete structures, 

hence deduce safer combination of reinforced concrete and to determine the post fire 

state of the structure for its safe utilization.  

 

Structural members’ fire test is very new in Bangladesh and there is no record of any 

similar fire experiment in the country. Experiments on structural fire involve lot of 

critical and sensitive activities. The major requirements are precisely constructed 

samples, their handling, high-temperature fire management system, the furnace for 

conducting fire tests of the samples and a system for post fire sample testing. Among 

these the precise sampling, Fire management and the Furnace are the most vital 

aspects which demand skilled labour, accuracy in structural cage, construction of high 

heat resistance chamber, system of generating high temperature structural fire and 

highly fire skilled personals. 

 

1.2 Background and Present Status of the Problem 

 

The history of structural fire can be claimed as old as human civilization where the 

starting cannot ever be marked. However, with the advancement of civilization, the 

frequency and damage due to such fire accidents became severer day by day. As the 

history travels to the past, there may be difference in opinion, the recorded first 

biggest Great fire of Rome took place on AD 64 there after every civilization has 

multiple numbers of sever fire accidents. To name some of the latest fires can be the 

Great Lashio Fire of Myanmar-1988 killing 134 persons and destroying 2000 

buildings, Oakland Hills Firestorm-1991 killing 25 persons and destroying 3469 

homes and apartments, Canberra Bush Fire-2003, destroying 500 homes, Dhaka 

Nimtali Fire-2010 killing 117 person and so many. (Wikipedia - List of Fires, 2013). 
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At present each of the Megacities, metropolitan area with a total population in excess 

of 10 million people, of the world are so heavily crowded with people, buildings and 

huge modern flammable appliances reinforced with the effect of Global Warming has 

become extremely vulnerable to the structural fire hazards. Researchers around the 

world are now in great concern to reduce the effect of the fire. They are mostly 

looking for the nature of fire effect on various materials and structures. The developed 

world has multiple options in this aspect, where they look for costly constructional 

materials, expensive construction, etc. They even prefer to remove the entire structure 

for reconstruction. However, for developing, underdeveloped and poor countries those 

options are difficult to adopt.  

 

Boshundhara City, Neemtali or BSEC building of Kaoran Bazar at Dhaka, none 

among these were tested for their final safe load capacity after their severe fire 

accidents, as no such definite technology exists to determine the strength of burnt 

structure. Countries, being weak in economy, prefer to put human lives in danger to 

reduce the expense and save its economy. It is to be realized that neither the expense 

nor the economy is at all a replacement for any single human life. So, if the effect of 

fire on structure can be evaluated, the ultimate strength of any burnt structure can 

easily be restated thereby safer use of the structure can be ensured. A compatible field 

experiment is very trustworthy in this case and therefore such research work was 

planned to carry out field experiment to obtain a practical result. In this research 

compressive strength in excess of 40 MPa will be referred to as HSC and any lower 

strength concrete as NSC (American Concrete Institute, ACI 363R-92). 

 

1.3 Objectives 

 

The objective of the study is to identify the behaviour pattern of HSC and NSC with 

high and normal grade steel having variable cover depth under fire and their post fire 

strength with a view: 

 

1. To study the effect of the cover depth on HSC and NSC, reinforced with 

different grade of steels. 

2. To analyze the reserve strength of concrete and concrete structure after 

experiencing variable fire durations.  
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3. To analyze the fire rating of the existing Reinforced Cement Concrete 

(RCC) structure. 

1.4 Possible Outcome 

 

This research work may unveil distinctive behaviour pattern of concrete with different 

compositions, varying in compressive strength (fc' of 27 MPa, 41 MPa and 55 MPa) 

and steel strength (Grade 400 MPa and 500 MPa) under fire incidents that will lead 

engineers in formulating durable design strength to reduce the damage of fire on the 

life and structure. The research might also facilitate in developing the method of 

determining reserve strength of concrete beam structures experienced with fire 

incident and in turn help the society to reuse the damaged structure safely.    

 

1.5 Outline of Research Methodology/ Research Criteria 

  

“Fire represents one of the most severe environmental conditions to which structures 

might be subjected, and hence the provision of appropriate fire safety measures for 

structural members is a major safety requirement in building design” according to 

National Building Code of Canada, 1995 and Kodur, 2001 (as cited in Kodur, Bisby, 

Green and Chowdhury, n.d.). This design might not enable the structures to be fire 

proof but is going to assist them as the last option in minimizing the damage of 

structure, life and economy when all other fire safety measures fail. In this research 

three different compressive strengths were chosen considering the most common (27 

MPa and 41 MPa) and easily obtainable (55 MPa) concrete widely used by most of 

the countries and these have been so selected to derive a typical pattern for the 

concretes within the common range. The dimension (25.6 cm x 25.6 cm x 154 cm or 

10 in x 10 in x 5 ft) of the beams has been so selected so as to get as pragmatic results 

as possible. Burning temperatures have been also considered to be realistic one with a 

highest possible burn in case of chemical fuel. Finally the burning duration has been 

planned considering some of the worst possible conditions of the densely populated 

countries where buildings are very closely constructed and movement of fire defense 

system will be hindered due to traffic jam. Thereby it has been planned to evaluate the 

behavior within two hr to six hr time frame. Besides the clear cover being one of the 

most important variables has been planned to be within the range of code 
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specifications. At last the steel grade has been taken into consideration and it has been 

planned to conduct most of the research with 500 Grade steel where only 27 MPa 

concrete is to be tested for both the 500 and 400 steel grades.  

 

Ultimately the research is bounded with two sets of variables, in design composition 

there are three variables as concrete compressive strength, clear cover and steel 

strength for limited range and in test burning there are two variables as the burning 

temperature and the duration. The research also tested the concrete cylinders prepared 

from everyday casting of the beams. During the analysis three main factors have been 

mostly considered, the spalling of the clear cover, the reserve strength of the beam 

members and the compressive strength of the cylinders.  

 

1.6 Scope of the Report 

 

The Thesis is composed of total 6 chapters.  

 

Chapter 2 highlights the world wide fire testing methods of concrete structure and 

some of the previous studies conducted at various levels. These researches include the 

material tests as well as the structural element tests and also both of the experimental 

and analytical studies.  

 

Chapter 3 elaborates the total research project in details. It mostly describes the 

methodology of the research project, the preparation and construction of the furnace 

and the samples. The processing and the activities regarding the total experiment are 

also discussed in this chapter. 

 

Chapter 4 discusses the results and findings. The results and findings are grouped 

basing on the variables of the research. These groups cover the effect of clear cover, 

compressive strength, yield strength of steel and the duration of burning. 

 

Chapter 5 elaborates a scheme for obtaining the desired fire standard concrete and the 

proposed designing graphs for future implications.  

 

Chapter 6 being the last part discusses the conclusion and the recommendations 

regarding the findings and the future projects.   
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CHAPTER 2 

LITERATURE REVIEW 

 

2.1  General 

 

Since the evolution, mankind kept on inventing newer technologies. Starting from the 

food, accommodation, living style, culture, learning, construction etc in every sector 

man was looking for safer and better results. It is the inherent phenomenon of human 

being to look for the better, safer, faster, more secured and more comfortable options 

and inventions. So, still there is no end of modernization and modifications process 

even in recent highly advanced world. About 500,000 years ago caves were the major 

living accommodation which was replaced about 125,000 years ago by tree top livings 

accommodations. Later stone house technology, without binding material, provided a 

better, safer and comfortable accommodation to the man (Wikibooks – Ancient 

History/Human Evolution/Paleolithic Age, 2012). About 2500 years ago this 

technology was ultimately modified by the use binding material to the building stones. 

Romans, Greeks, Egyptians, Babylonians and Assyrians had versatile use of binding 

material in their constructions (Wikipedia – History of Construction, 2013). 

 

The Assyrians and Babylonians made the first mortar from mud or clay. The first 

major concrete users were the Egyptians in around 2,500 BC. The Egyptians utilized 

impure Gypsum mortar to lubricate the beds of large stones when they were being 

moved into a specific position. Limestone was then discovered which was burnt and 

mixed with water, produced a material that would harden with age, which they used 

for constructing Pyramids. The Romans from 300 BC first used the admixture and 

found that by mixing a pink sand-like material which they obtained from Pozzuoli 

with their normal lime-based concretes they obtained a far stronger material. The 

Romans also created mortars that ground together with lime and a volcanic ash or 

finely ground burnt clay tiles. These mortars were intended to be used in applications 

where the presence of water, such as Cisterns, Fish-ponds and Aqueducts would not 

allow the mortar to carbonate properly (Paul Lambert, 2002).  

 

The most significant developments in using pozzolans were occurred in the 18
th

 

century. James Smeaton in 1756, developed perhaps the first hydraulic lime product 

by calcining Blue Lias limestone containing clay. An Italian pozzolanic earth from 

Civita Vecchia was also added to provide additional strength. This mortar mixture was 
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used to build the Eddystone Lighthouse. Actually lime products have a significant role 

in masonry construction for thousands of years. Prior to 1930, most masonry 

construction utilized lime based mortars. Lime has proven performance that is 

demonstrated by structures, such as Great Wall of China, which have lasted for 

hundreds of years (Issac, 2008, Buckley, 2001, Graymont – History of Lime in 

Mortor, 2011).  

 

James Parker produced Roman cement or natural cement in 1796. Natural cement was 

produced by burning a mixture of limestone and clay together in kilns similar to those 

used for lime. The resulting product was ground and stored in waterproof containers. 

Typically natural cements had higher clay contents than hydraulic lime products, 

which allowed for better strength development. Natural cement was used in 

construction where masonry was subjected to moisture and high levels of strength 

were needed. In 1824 Portland cement was patented by Joseph Aspdin. Portland 

cement consisted of a blend of limestone, clay and other minerals in carefully 

controlled proportions which were calcined and ground into fine particles. The 

consistency and higher strength levels of Portland cement allowed it to replace natural 

cements in mortars. Portland cement by itself had poor workability (Auburn 

University – Historical Timeline of Concrete, (n.d.) and Graymont – History of Lime 

in Mortor, 2011).  

 

Until 1900, lime putty was used in construction applications. Limestone was burned in 

small kilns often to build on the side of hill to facilitate loading. After the turn of the 

century, the use of hydrated lime products began. In the late 1930’s, the production of 

pressure hydrated dolomite lime products began. These products required only short 

periods of soaking (20 minutes or less) prior to use. In 1946 the Standard 

Specification for hydrated lime for masonry purposes (American Society for Testing 

and Materials, ASTM C207) was published. This standard identified two and later 

four types of lime products that could be used in masonry applications. Fibre 

reinforcement in concrete was introduced in 1970’s. Till 1985 every concrete was 

NSC, then after silica fume was introduced in the concrete to produce HSC that has 

accelerated the construction race to a greater advancement (Graymont – History of 

Lime Mortar, 2011). 
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2.2 NSC, HSC and Fire Hazard 

 

NSC concrete is the regular concrete, having no specific definition according to ACI 

but is produced following the mixing instructions that are commonly published on 

packets of cement, typically using sand or other common material as the aggregate. 

This concrete can be produced to yield a varying strength from about 10 MPa (1450 

psi) to about 40 MPa (5800 psi), depending on the purpose. Many types of pre-mixed 

concrete are available which include powdered cement mixed with aggregate, needing 

only water. Organic materials (leaves, twigs, etc) should be removed from the sand 

and stone to ensure the highest strength. 

 

HSC has a compressive strength generally equal or greater than 41 MPa (6,000 psi, 40 

MPa = 5800 psi). According to ACI 393R-92 definition of HSC, “The immediate 

concern of committee 363 shall be concretes having specified compressive strengths 

for design of 6,000 psi (41 MPa) or greater, but for the present time, considerations 

shall not include concrete made using exotic materials or techniques”. HSC is made 

by lowering the water-cement (w/c) ratio to 0.35 or lower. Often silica fume is added 

to prevent the formation of free calcium hydroxide crystals in the cement matrix, 

which might reduce the strength at the cement-aggregate bond. To compensate for the 

reduced workability, super plasticizers are commonly added to high-strength mixtures. 

Aggregate must be selected carefully for high-strength mixes, as weaker aggregates 

may not be strong enough to resist the loads imposed on the concrete and cause failure 

to start in the aggregate rather than in the matrix or at a void, as normally occurs in 

NSC. Utilities of HSC: 

 

1. To build high-rise buildings by reducing column sizes and increasing 

available space. 

2. To build the superstructures of long-span bridges and to enhance the 

durability of bridge decks. 

3. To satisfy the specific needs of special applications such as durability, 

modulus of elasticity, and flexural strength. 

4. To put the concrete into service at much earlier age, for example opening 

the pavement at 3-days. 



9 

 

Fire is one of the oldest events of invention of mankind that is yet beyond the full 

control of human being in many cases. Occurrence of fire destruction lies beyond 

human ability, which could not yet be tempted even by the most advanced 

civilizations of the world. Fire may break out in any form in the structure then with its 

massive destructive power causes many lives and destroys million dollar properties 

and finally damages the entire structure in a manner which is even severely unsafe for 

its reuse. Fire hazard is becoming a regular threat to the modern civilization having 

very short recurrence period and higher damaging capabilities in terms of life, 

structures and economy. Developed, developing and underdeveloped, all types of 

countries are equally subjected to Fire hazards. Engineers around the world are busy 

in studying the effect of fire on structures and to reduce its damage on life, structure 

and economy. Life, being the costliest item amongst all, gets the highest attention 

which also depends on the structure during and after fire. Therefore, deliberate study 

on the damage of structures under fire, plays extensively important role at present in 

modern civilized world. Though the history of fire damages on structure is as old as 

human civilization but the Engineers have taken it in serious consideration only few 

decades ago.  

 

2.3  Test Methods of RCC under Elevated Temperature 

 

Consulting the mode of various experiments conducted by different writers or 

institutions in determining the mechanical property of RCC at elevated temperature, a 

number of different types experiments can be listed together which can be grouped 

into two broad categories as the Idealized Test Method and the Common Test Method. 

Each of the categories is discussed in the subsequent paragraphs.  

 

2.3.1 Idealized Test Methods 

 

There are six idealized test methods for testing concrete at high temperature. Four of 

which belong to the category of the steady state temperature test and two belong to the 

category of the transient temperature tests (Schneider, 1988 and Comite Euro-

International du Beton, 1991, as cited in Phan, 1996). Each test method is designed to 

yield the particular data required by the test program. Typically, steady state 

temperature tests are characterized by a particular period during which the specimen is 
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heated to target temperature, followed by a period during which the target temperature 

is maintained until a steady state condition is developed. Load is applied after the 

steady-state condition has been attained. Whereas, transient temperature test  are 

characterized either by one of the following, simultaneous application of heating and 

loading, the load may be applied before heating or the load may be developed during 

heating, such as by restraint against thermal expansion. These six test methods are 

summarized below to aid in better understanding the procedure for fire testing of HSC 

and NSC.  

 

2.3.1.1   Steady State Test Methods 

 

1. Stress Rate Controlled Test.    The test specimen is heated to the 

specified temperature with a constant heating rate and then the 

temperature is maintained all through. The specimen is then subjected to 

a constant rate of loading until the ultimate load is achieved. Data from 

this type of test can be used to determine various mechanical properties 

of concrete.  

 

2. Strain Rate Controlled Test. The test specimen is heated to the 

specified temperature with a constant heating rate. When the specimen 

has reached a steady state condition, it is loaded at a constant strain rate. 

This kind of test allows the complete stress-strain curve to be developed, 

which is possible to determine the mechanical energy dissipated be the 

specimen up to complete failure. 

 

3. Steady State Creep Test. The test specimen is slowly heated to the 

target temperature and a steady state condition is allowed to develop. 

After the steady state condition is reached, the load is applied.  Both the 

target temperature and the load are kept constant during the test period, 

which is typically longer than the test period of other types of tests. The 

measured results are creep deformation due to sustained constant load at 

different temperature.  
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4. Relaxation Test. The test specimen is heated to target 

temperature, and a steady state condition is allowed to develop prior to 

application of load. The initial, elastic strain resulting immediately from 

the application of load is recorded. The specimen is maintained at this 

initial strain during the duration of the test, and measurements of stress as 

a function of time are recorded.  

 

2.3.1.2   Transient Test Methods 

 

1. Transient Creep Test. The specimen is subjected to a constant applied 

load, usually a percentage of the specimen’s ultimate strength measured 

at room temperature, prior to heating. The specimen is then heated at a 

constant rate until failure occurs. The measurements result in a family of 

strain versus time curves corresponding to different applied loads. 

 

2. Transient Relaxation Test. Load is applied to the specimen prior to 

heating, and an initial strain is recorded. This initial strain is maintained 

for the duration of the test by adjusting the applied load while the 

specimen is heated at a specified rate. The test is terminated when the 

applied stress level falls to zero. The measurements can be expressed as 

stress versus time relationships for different initial strain levels.  

 

2.3.2 Common Test Methods 

 

Most of the test programs reviewed in this thesis did not follow strictly the idealized 

test methods outlined above. Rather, the test methods that were used may be described 

as being derived from the above idealized test methods. Three test methods, 

commonly referred to as stressed, unstressed and unstressed residual strength tests, 

have been used in most experimental programs on the fire performance of HSC. These 

tests methods are described below: 

 

1. Stressed Test.  A preload, often in the range of 20% to 40% of ultimate 

compressive strength at ambient temperature is applied to the specimen 

prior to heating and maintained during heating. Heat is applied at a 
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constant rate until a target temperature is reached, and the temperature is 

maintained until a thermal steady state is achieved. Load or strain is then 

increased at a prescribed rate until the specimen fails.  

 

2. Unstressed Test. The specimen is heated, without preload at a 

constant rate to the target temperature, which is maintained until a 

thermal steady state is reached within the specimen. Load or strain is 

then applied at a prescribed rate until failure occurs. The test method is 

somehow identical to the steady state temperature, stress or strain rate 

controlled test. 

 

3. Unstressed Residual Strength Test.  The specimen is heated without 

preload at a prescribed rate to the target temperature, which is maintained 

until a thermal steady state is reached within the specimen. The specimen 

is then allowed to cool, also following a prescribed rate, at room 

temperature. Load or strain is applied at room temperature until the 

specimen fails. The unstressed residual strength test differs from all the 

test methods described above and its results are most suitable for 

assessing the post-fire properties of concrete.  

 

2.4 Preview of the Past Studies 

 

2.4.1 Research by Castillo and Durani (1990) 

 

Castillo and Durani (1990) conducted experiment on two types of concrete, one of 

NSC with water cement ratio (w/c) 0.68, compressive strength (fc
’
) 27.6 MPa and the 

other HSC with w/c 0.327 and fc
’
 62.1 MPa for the temperature range from 100° to 

800° C with 100° interval. For each type of concrete, two types of test were 

performed: stressed and unstressed, on the sample cylinders of 51 x 102 mm 

dimension with maximum aggregate size 9.5 mm. For each set of cylinders tested at a 

given temperature, three specimens from the same batch were also tested at room 

temperature to provide reference values. Molds were removed from the specimens 24 

hrs after casting, and the specimens were stored in a moist room at 23 °C and 100 
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percent relative humidity (R.H.) for a period of 60 to 90 days. Two weeks prior to 

testing, the specimens were removed from the moist room and kept at room 

temperature with 55 to 65 percent R.H. until the time of test. During the heating 

period, moisture in the specimens was allowed to escape freely. The moisture content 

of the specimens at the time of testing was not measured. In the unstressed tests, the 

specimens were heated to the desired temperature, which was maintained for 5 to 10 

minutes to attain a steady state condition at the centre of the specimen. The specimens 

were then loaded until failure. In the stressed tests, 40 percent of the ultimate 

compressive strength at room temperature was applied to the specimens and sustained 

during the heating period. After the temperature reached the steady state, the load was 

increased at the prescribed rate until the specimen failed. The control specimens were 

tested at room temperature on the day of the high-temperature tests. The results of 

both test methods are plotted in the form of normalized compressive strengths and 

moduli of elasticity versus temperature shown in Figures 2.1 and 2.2, the load-

deformation curves at different temperatures shown in Figures 2.3 and 2.4. 

 

 

 

 

Figure 2.1.   Compressive Strength vs Temperature Relationship  

(Castillo and Durani, 1990) 
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Figure 2.2.  Modulus of Elasticity vs Temperature Relationship 

(Castillo and Durani, 1990) 

 

 

 

 

Figure 2.3.   Load Deformation Behaviour of HSC at High Temperature 

(Castillo and Durani, 1990) 
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Figure 2.4.   Load Deformation Behaviour of NSC at High Temperature 

(Castillo and Durani, 1990) 

 

 

The author summarized on the following aspects: 

 

1. When exposed to temperatures in the range of 100 to 300 °C, HSC 

showed a 15 to 20 percent loss of compressive strength. Whereas the 

NSC showed no such strength loss. As the strength of concrete 

increased, the loss of strength from exposure to high temperature also 

increased.  

 

2. After an initial loss of strength, HSC recovered its strength between 300 

and 400 °C, reaching a maximum value of 8 to 13 percent above the room 

temperature strength. As the strength of concrete increased, the recovery 

in strength also occurred at a higher temperature. 
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3. At temperatures above 400 °C, HSC progressively lost its compressive 

strength which dropped to about 30 percent of the room temperature 

strength at 800 °C. This decrease was similar to that of the NSC.  

 

4. None of the preloaded specimens were able to sustain the load beyond 700 

°C. About one-third of these specimens failed in an explosive manner in 

the temperature range of 320 to 360 °C while being heated under a constant 

preload.  

 

5. The modulus of elasticity of the HSC decreased by 5 to 10 percent 

when exposed to temperatures in the range of 100 to 300 °C. At 800 °C, 

the modulus of elasticity was only 20 to 25 percent of the value at room 

temperature. Similar variations of modulus of elasticity were observed for 

HSC and NSC. Beyond 300 °C, the elastic modulus decreased at a faster 

rate with increase in temperatures.  

 

2.4.2 Researches by Hertz (1984, 1991) 

 

Hertz (1984, 1991) conducted two test series, one in 1984 and other in 1991on 100 x 

200 mm HSC cylinder samples. The 1
st
 test series applied unstressed residual strength 

test of the specimens. The compressive strength of the sample was 150 MPa. The 

specimens were heated to 20°, 150°, 350°, 450° and 650° C where each temperature 

level was maintained for 2 hr for thermal steady state, then cooled at 1°C/min rate. 

After seven days of cooling load was applied at constant rate for three samples of each 

set. The observed result is expressed in Figures 2.5 and 2.6. According to the test the 

strength increased up to 350°C and then lowered for the higher temperature. 4 out of 

the 15 samples exploded where one at 350°C, two at 450°C and one at 650°C.  

 

The 2
nd

 test was also based on unstressed residual strength test of three sized 

cylinders, 100 x 200 mm, 57 x 100 mm and 28 x 52 mm, all had 24 pieces of samples 

with light weight aggregate of burned bauxite. The results are shown in Figures 2.7 

and 2.8. 
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Figure 2.5.   Variation of Compressive Strength with Temperature (Hertz, 1984) 

 

 

 

 

Figure 2.6.   Variation of Elastic Modulus with Temperature (Hertz, 1984) 
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Figure 2.7.   Variation of Residual Strength with Temperature (Hertz, 1991) 

 

 

 

 

Figure 2.8.   Variation of Residual Elastic Modulus with Temperature (Hertz, 

1991) 
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The study finally summarized as; 

 

1. Concrete densified by means of Silica fume may explode during heating. 

2. Presence of steel fibre does not reduce the risk of explosion.  

3. Light weight concrete is not recommended in place of normal weight 

concrete when spalling is concerned.  

 

2.4.3 Research by Hammer (1995) 

 

Hammer (1995 as cited in Phan, 1996) conducted an unstressed (stress rate controlled) 

test to study the effect on the fire performance of HSC in 1995 for variable 

combination of concrete compressive strength (between 69 MPa to 118 MPa), 

aggregate type (lightweight aggregate vs. normal weight crushed gravels) and 

heating temperature. He heated 100 x 310 mm cylinder samples at 20°, 100°, 200°, 

300°, 450° and 600°C and samples were prepared with varying silica fume (0% to 

5%) and water content. Two samples were tested for each temperature level, one on 

90
th

 day and the other on 150
th

 day. Samples were heated using steel tube covered by a 

heating element. The graphical results of 90 days experiment are shown in Figures 2.9 

and 2.10 and 150 days are shown in Figures 2.11 and 2.12. The variation in 

compressive strength was achieved by changing the water/cement ratio from 

0.27 to 0.50. Five different concrete mixtures were used as follows; 

 

 Concrete Mixtures    w/c Ratio Silica Fume 

 ND65 0.50 5% (by mass of cement) 

 ND95 0.36 5% 

 ND95-0 0.36 0% 

 ND115 0.27 5% 

 LWA75 0.36 5% 

 

The cylinders were stripped, the ends were cut, then cured at room temperature (20 

°C) under plastic two days before testing.  
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Figure 2.9.   Compressive Strength of 90-days Concrete vs Temperature  

(Hammer, 1995) 

 

 

Figure 2.10.   Elastic Modulus of 90-days Concrete vs Temperature  

(Hammer, 1995) 
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Figure 2.11.   Compressive Strength of 150-day Concrete vs Temperature 

(Hammer, 1995) 

 

 

Figure 2.12.   Elastic Moduli of 150-day Concrete vs Temperature 

(Hammer, 1995) 
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The study revealed that, 

 

1. The difference in terms of strength loss with increasing temperature, 

examined in this study was insignificant, except for samples with no 

silica fume which showed a gain in strength between 200 to 300 °C.  

 

2. A typical "breakpoint" in the strength-temperature curves was observed 

at 300°C. The study reported that, at this temperature an explosive failure 

followed by the release of a lot of steam was observed. No such explosive 

failure or steam release was observed at the other temperatures. The author 

speculated that the reason for the reduced strength even at low 

temperatures (between 100 to 300 °C), is the high internal pressure due to the 

reduced ability of moisture to escape from HSC.  

 

3. An increase in compressive strength was observed for all concretes, except 

for no silica fume samples, between 300 to 450 °C. For silica fume free 

samples, the strength increase occurred earlier, between 200 to 300 °C.  

 

4. Moduli of elasticity of all concretes decreased at a faster rate at temperature 

above 300 °C.  

 

5. Concrete without silica fume show slightly better performance in terms of 

lower strength loss.  

 

6. The replacement of normal weight coarse aggregate with light-weight 

aggregate does not seem to affect the temperature dependent strength loss.  

 

2.4.4 Full Scale Experiment by Colin Bailey (2001) 

 

Colin Bailey (2001) conducted a full scale test to study the behaviour of a concrete 

building when subjected to fire. The 07 storied tested building was constructed using 

elements formed from NSC and HSC and was designed for 60 min fire resistance 

following UK design code. HSC having Polypropylene fibre was used for the column 

within the firing compartment. Fire was applied in the ground floor according to the 

Figures 2.13 and 2.14. During the experiment despite of adequate safety massive fire 

escaped through 325 mm vent within first 18 minutes and damaged the overall 
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instrument net work causing instrumental malfunction. Thereby the data beyond 18 

minutes were unobtainable.  

 

Figure 2.13.   Design of Fire (Bailey, 2001) 

 

 

Figure 2.14.   Application of Fire (Bailey, 2001) 
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The effects of the fire experiment are shown in the Figures 2.15 and 2.16. However, 

this study satisfied the European Number (EN) version of the Euro code Part 1.2 

regarding the spalling ignoring of structure, since the slab continued to support the 

load. It also expressed compressive membrane action can only occur at small 

displacement and can occur in flat slab. At large displacement tensile membrane 

action occurs but its effects are small in flat slab where only vertical support is at the 

column. It also stated for tensile membrane action, the reinforcing bar supports the 

load and therefore need to retain their strength during a fire, which can only be 

achieved if sufficient concrete cover to the bar is maintained. The author also 

discussed that lateral movement of the heated slab was significant, resulting in 

buckling of the steel cross-bracing and lateral displacement of the external columns. 

The buckling of the steel cross-bracing reduced the restraint slightly to the heated slab 

where as concrete shear wall would cause greater restraint resulting severity in 

spalling. He further suggested that the designer should be aware of the behaviour and 

consider that column can withstand likely lateral displacement during fire.  

 

 

 

 

Figure 2.15.   Effect of Fire on the Ceiling (Bailey, 2001) 
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Figure 2.16.   Effect of Fire on the Floor (Bailey, 2001) 

 

2.4.5 Research by Morita, Saito, and Kumagai (1992) 

 

Morita et al. (1992 as cited in Phan, 1996) conducted unstressed residual strength tests 

on cylinders made from three mixtures with target compressive strengths of 19.6, 39.2, 

and 58.8 MPa in 1992. The cylinders, 100 x 200 mm, were heated at a rate of 1 

°C/min to temperatures of 200, 350, and 500 °C. The heat was maintained for 60 

minute at these temperatures to allow a steady state to be reached, then the cylinders 

were allowed to cool to room temperature at a rate of 1 °C/min. For each temperature 

level, three specimens were tested. Test results, in terms of variation of compressive 

strength and modulus of elasticity with respect to temperature, are shown in Figures 

2.17, 2.18 and Figures 2.19, 2.20, respectively.  
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Figure 2.17.  Residual Compressive Strength vs Temperature (Morita et al., 1992) 

 

 

 

Figure 2.18.   Residual Normalized Strength vs Temperature (Morita et al., 1992) 
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Figure 2.19.    Residual Elastic Modulus vs Temperature (Morita et al., 1992) 

 

 

 

 

Figure 2.20.   Residual Elastic Modulus vs Temperature (Morita et al., 1992) 
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The study concluded that high strength concretes have a higher rate of reduction in 

residual compressive strength and modulus of elasticity than normal strength concrete 

after being exposed to temperatures up to 500 °C. The study did not report any 

spalling problems during heating.  

 

2.4.6 Furumura, Abe and Shinohara (1995) 

 

Furumura et al. (1995 as cited in Phan, 1996) performed unstressed tests and 

unstressed residual strength tests on 50 x 100 mm concrete cylinders using three 

compressive strength levels: 21 MPa, 42 MPa and 60 MPa. The concrete was made from 

ordinary Portland cement. Each specimen was subjected to constant temperatures, within 

the range from 100 to 700 °C with an increment of 100 °C. Three specimens were 

tested at each temperature level. All specimens were heated at a rate of 1 °C/min and 

the target temperatures were maintained for two hr to achieve a steady state. The results 

of the unstressed tests, in terms of average compressive strength versus temperature, 

average modulus of elasticity versus temperature, and typical concrete stress strain 

relationships, are shown in Figures 2.21 to 2.24.  

 

 

 

Figure 2.21.   Compressive Strength vs Temperature (Furumura et al., 1995) 
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Figure 2.22   Elastic Modulus vs Temperature (Furumura et al., 1995) 

 

 

Figure 2.23.   Typical Stress-Strain Relationships for 42 MPa Concrete  

(Furumura et al., 1995) 
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Figure 2.24.   Comparison of Stress-Strain Relationships for Concretes at 300°C 

(Furumura et al., 1995) 

 

Furumura et al. observed that, for the unstressed tests, the compressive strength decreased at 

100°C, recovered to the room temperature strength at 200°C, and then decreased 

monotonically with increasing temperature beyond 200 °C. For the unstressed residual 

strength tests, the compressive strength decreased gradually with increasing 

temperature for the entire temperature range without any recovery. The modulus of 

elasticity, in general, decreased gradually with increasing temperature. The 

difference between unstressed tests and unstressed residual strength tests were reduced 

with increasing temperature. The stress-strain curves for HSC are quite different than 

those of the normal strength concrete (Figure 2.24). HSC series 42 MPa and 60 MPa 

exhibited steeper slopes than the NSC at temperature up to 300 to 400 °C in the 

unstressed test. Spalling failure of the 60 MPa-concrete specimens was observed at 

temperatures up to 300 °C. 
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2.4.7 Felicetti, Gambarova, Rosati, Corsi and Giannuzzi (1996)  

 

Felicetti et al. (1996 as cited in Phan, 1996) performed unstressed residual strength 

(strain rate controlled) tests on silica fume based HSC specimens with specified 

strengths of 72 MPa and 95 MPa. Both concretes used siliceous aggregates, consisting 

mostly of crushed lint particles, with maximum size of 25 mm. The specimens included 

cylinders of two different sizes: 100 x 300 mm and 100 x 150 mm; and deep beams 

with dimensions of 80 x 275 x 500 mm. The 100 x 300 mm cylinders (37 specimens) 

were tested in uniaxial compression. The 100 x 150 mm cylinders (20 specimens) 

were notched at mid-height and tested in direct tension. The deep beams (3 reinforced 

and 3 unreinforced) were tested in bending and shear. For uniaxial compression tests, 

batches of 2 to 4 cylinders were exposed to temperatures of 20, 105, 250, 400, and 500 

°C. For direct tension tests, batches of 2 to 3 cylinders were exposed to the same 

temperatures but only up to 400 °C.  

 

All specimens were cured under water for one week and stored in air for three weeks at 

20 °C and 92% R.H. and one month at 20 °C and 65% R.H. Specimens heated to 105 

°C were kept at this temperature for 7 days in an oven, and then allowed to cool to room 

temperature in the closed oven. For specimens exposed to higher temperatures, a 

heating rate of 12 °C/min was used to heat the specimens to target temperatures, which 

were maintained for 12 hr. A cooling rate of 12 °C/min was used to cool the specimens 

to room temperature. Figures 2.25 and 2.26 express the residual compressive strength 

and Elasticity results of uniaxial compression tests for both 95 MPa and 72 MPa. 

Figures 2.27 and 2.28 summarize the results of the uniaxial compression stress-strain 

tests, Figures 2.29  and 2.30 summarize the results of the direct tension tests and Figures 

2.31 and 2.32 summarize the results of the beam tests for each 95 MPa and 72 MPa. 
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Figure 2.25.   Residual Concrete Strength vs Temperature (Felicetti et al., 1996) 

 

 

 

Figure 2.26.   Residual Elastic Modulus vs Temperature (Felicetti et al., 1996) 
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Figure 2.7.   Stress-Strain Curve for 95 MPa Concrete after Heating to Exposure 

Temperature (Felicetti et al., 1996) 

 

 

Figure 2.28.   Stress-Strain Curve for 72 MPa Concrete after Heating to Exposure 

Temperature (Felicetti et al., 1996) 
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Figure 2.29.   Tensile Stress-Strain Curve for 95 MPa Concrete after Heating to 

Exposure Temperature (Felicetti et al., 1996) 

 

 

Figure 2.30.   Tensile Stress-Strain Curve for 72 MPa Concrete after Heating to 

Exposure Temperature (Felicetti et al., 1996) 
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Figure 2.31.   Load-Deflection Response of Reinforced Beams vs Temperature  

(Felicetti et al., 1996) 

 

Figure 2.32.   Load-Deflection Response of Unreinforced Beams vs Temperature  

(Felicetti et al., 1996) 
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The study revealed similar trends of reductions in compressive strength and modulus 

of elasticity with increasing temperatures as was observed in other test programs. An 

exposure temperature of 250 °C appears to be the level which marks the higher rate of 

strength and modulus reduction. At 400 to 500 °C, most of the flint aggregates appeared 

cracked or split, with a different color compared with aggregates not exposed to heat. 

Results of the unreinforced beam tests indicated that the peak load was less sensitive to 

high temperature than implied by the marked reduction in tensile strength observed in 

the direct tension tests. For reinforced concrete beams, the peak load was only 

marginally decreased up to 400 °C. This later finding reflects the fact that in a RC 

beam, the flexural capacity is governed primarily by the area of steel and not concrete 

strength.  

 

2.4.8 Noumowe, Clastres, Debicki and Costaz (1996)  

 

Noumowe et al. (1996 as cited in Phan) conducted a study on performance of 

HSC exposed to high temperatures which included experimental and analytical 

parts. The experimental part consisted of unstressed residual strength tests of 

normal strength and HSC cylinders (160 x 320 mm) and prisms (100 x 100 x 

400 mm). A normal strength (38.1 MPa) and a high-strength (61.1 MPa) 

mixture were used. The prisms had enlarged ends and were used to measure 

tensile strength. Both concretes used calcareous aggregates. The specimens 

were cured at 22 °C and 95% R.H. until the time of testing (at 2 months). The 

specimens were heated at a rate of 1 °C/min to target temperatures of 150, 300, 

450, 500, and 600 °C, which was maintained for 1 hour, and then allowed to 

cool at 1 °C/min to room temperature. Uniaxial compressive, splitting tensile 

and direct tensile tests were performed to obtain residual compressive strength, 

modulus of elasticity, and residual tensile strength versus temperature 

relationships. The latter two relationships are shown in Figures 2.33 and 2.34. 
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Figure 2.33.   Residual Tensile Strength of HSC and NSC vs Temperature  

(Noumowe et al., 1996) 

 

Figure 2.34   Elastic Modulus of HSC and NSC vs Temperature  

(Noumowe et al., 1996) 
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The experimental results show that residual tensile strengths for both normal strength 

and HSC decreased similarly and almost linearly with increasing temperatures. Tensile 

strengths of HSC at all temperatures were approximately 15% higher than those of 

normal strength concrete. Also, tensile strengths measured by the spliting tensile tests 

were consistently higher than by the direct tensile tests. The residual modulii of elasticity 

of HSC remained approximately 10-25% higher than those of normal strength concrete for 

the entire temperature range. Porosity measurements indicated that between 25 and 

120°C, the porosity of both concretes were not altered. As temperatures increased, 

normal strength concrete became increasingly more porous compared with HSC. Mass 

losses in both concretes were also similar up to 110 °C (less than 1%). Highest rate of 

mass loss occurred in temperature range of 110 to 350 °C. The rate of weight loss 

stabilized at temperatures above 350 °C. At any temperature, mass loss in normal 

strength concrete was higher than that in HSC. 

 

2.4.9 Beam Tests by Hansen and Jensen, 1995  

 

Hansen and Jensen (1995 as cited in Phan, 1996) conducted three series of beam under 

Norwegian Fire Research Laboratory. The test specimens were reinforced and 

prestressed concrete beams having dimensions of 150 x 200 x 2850 mm. Three types 

of concretes were used: ND (normal density), LWA (lightweight aggregate - Liapor 

aggregate), and LWAF (lightweight aggregate with fibers - Fibrin fiber type 1823). The 

concretes were designed to have target 28-day cube strengths (100 x 100 x 100 mm 

cubes) of 75 MPa and 95 MPa. In addition, some beams were provided with a 

coating of Lightcem concrete as passive fire protection, and two of the beams in test 

series 2 were made of lightweight aggregate LightCem concrete with a target 28-day cube 

strength of 50 MPa. Standard bars of quality K500TS according to the requirements of 

Norwegian Standard NS 3570 were used as reinforcement. The longitudinal reinforcing 

bars were 20 mm and 32 mm, and the stirrups were 8 mm. For prestressing, 26 mm, 

Dywidag bars, of the type St 835/1030 were used. A prestress force of 300 kN was 

centrically applied at the ends of the beams, resulting in a mean prestress of 

approximately 10 MPa. Test series 1 and 2 consisted of 7 beams each. Series 3 was a 

reference series for evaluation of residual strength of the fire exposed beams, and 

consisted of 2 beams.  
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Series 1 included 7 reinforced LWA concrete beams with a nominal 28-day cube 

strength of 75 MPa. These are identified as follows:  

 

* Beam No 21 LWA75 LWA aggregate concrete (Liapor aggregate) 

* Beam No 31,32,35 LWAF75 LWA concrete with fibers (Fibrin fiber type 

   1823) 

* Beam No 41,42,43 LWAF75P LWA  concrete with fibers  and protected with 

  LightCem LC5 as passive fire protection.  

 

Beams No 32 and 42 were loaded with a concentrated load of 30 kN at mid-span 

during the fire tests. Series 2 included 4 reinforced beams (2 of ND concrete and 2 of 

LWA concrete), 3 prestressed beams (1 of ND concrete, 1 of LWA concrete, and 1 of 

LWA concrete with fibers). These are identified as follows:  

 

* Beams No 61,62 ND95 ND reinforced concrete 

* Beams No 51,52 LWA50 LWA reinforced concrete (Lightcem) 

* Beam No 12 ND95 ND prestressed 

* Beam No 22 LWA75 LWA concrete, prestressed (Liapor aggregate) 

* Beam No 33 LWAF75 LWA concrete with fibers and prestressed. 

 

Series 3 includes 2 reference beams: 

 

* Beam No 30 LWAF75 LWA concrete with fibers, reinforced. 

* Beam No 34 LWAF75 LWA concrete with fibers, prestressed. 

 

Information on concrete material properties and other test information are summarized 

in Table 2.1. 
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Table 2.1. Concrete Material Properties (Hansen and Jensen, 1995) 

 

Type Beam 
fc (28d) 

MPa 

fcc(28d) 

MPa 

Ec (28d) 

GPa 

Density 

kg/m
3 

Age at 

fire Test 

(days) 

Moist 

Content 

(%) 

ND95 
(11), 12 

61, 62 

83.4 

89.6 

73.4 

72.5 

32.4 

30.4 

2457 

2450 

85 

64 

3.9 

3.7 

LWA75 (20), 21, 22 75.8 69.2 24.7 1936 48/ 92 6.9 

LWAF75 

31, 41 ,42
1
, 43, 

(30), 32
1
, 35, 

33,(34) 

68.9 

78.2 

70.1 

61.8 

75.3 

60.1 

23.8 

24.7 

23.9 

1906 

1913 

1970 

56 

54 

86 

6.5 

6.0 

8.9 

LWAC 51, 52
1 

46.6 42.4 18.2 - 77 - 

1
 Loaded at midspan with a concentrated vertical load of 30 kN. The load was applied in 

6 steps of 5 kN each, by means of a hydraulic cylinder connected to a steel frame in a 

self supporting system.  

 

 

Fire tests were performed in an oil-heated furnace. The furnace has horizontal 

exposure openings with dimensions of 2500 mm x 5000 mm and a depth of 1500 

mm. In test series 1 and 2, the concrete beams were exposed to a hydrocarbon fire on 

three sides. The heating regime followed the standard time-temperature curve prescribed 

by International Organization for Standardization (ISO) 834 for a hydrocarbon fire. The 

test procedure was also in accordance with ISO 834. Thermocouples were installed on 

the longitudinal and shear reinforcement at two locations in each beam. The beams were 

exposed to the ISO 834 hydrocarbon fire for 2 hr, and the maximum oven 

temperature reached approximately 1100 °C. The furnace temperature history 

and the period when spalling were observed are shown in Figure 2.35. Table 2.2 

summarizes the results of the tests. 
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Figure 2.35.   ISO Hydrocarbon Fire Curve, Furnace Temperature and Time  

When Spalling was Observed (Hansen et al., 1995) 

 

 

Table 2.2.   Summary of Observation of Hansen et al. Test (Hansen et al., 1995) 

 

 

 

Sounds of spalling were reported to begin at approximately 5 to 6 minutes into the tests, 

and they stopped at 25 minute for test series 1 and 20 minute for test series 2. 

According to the hydrocarbon fire curve, the spalling began at a furnace temperature 

of 800 °C and ended when the furnace reached its steady state temperature of 1100 °C.  
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The following conclusions were drawn from this study:  

 

1. Severe spalling (exposed reinforcement) occurred more in the higher 

strength lightweight aggregate beams as observed in reinforced and 

prestressed LWA75 beams, while spalling without exposed reinforcement 

occurred more in high-strength, normal weight ND beams. 

 

2. Shallow or no spalling was observed for higher strength lightweight 

concrete beams with fibers (LWAF).  

 

3. No spalling was observed for the lightweight beams with fibers and the 

passive protective coating (LWAFP75). 

 

2.4.10    Beam Tests by Sanjayan and Stocks (1991)  

 

Two full-scale T-beams, one made of high-strength concrete with silica fume (105 MPa) 

and one made of normal strength concrete (27 MPa) were fire tested by Sanjayan and 

Stocks (1991). The beams were 2.5 m long and the flanges were 1.2 m wide. Different 

flange thicknesses of 200 mm and 150 mm were cast on each side of the web. The web 

depth was 450 mm from the top surface, and the web was 250 mm wide. To study the 

effect of reinforcement cover, the cover to the steel in the 200-mm flange was 75 mm, and 

for the 150-mm flange the cover was 25 mm. In addition, the main bars in the web 

were staggered diagonally to obtain reinforcement covers of 25, 50, and 75 mm along 

the web.  

 

Moisture contents of the test beams were determined by drying concrete sections which had 

the same cross section as the test specimens and which were cast together with the 

test specimens. Thermocouples were installed at regular intervals inside the 

specimens to monitor the temperature distributions during the fire tests. To determine 

the intensity of spalling, the weights of the specimens were monitored with load cells 

while the test was in progress. Temperatures measured at 25, 50, and 75 mm from the 

bottom of the web, and weight losses versus time for both specimens are shown in the 

Figures 2.36 and 2.37, respectively.  
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Figure 2.36.   Temperature vs Time at Different Location of the Specimen 

(Sanjayan and Stocks, 1991) 

 

 

Figure 2.37.   Specimen Loss vs Time for HSC and NSC Specimen 

(Sanjayan and Stocks, 1991) 
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About 15 min into the test, with the furnace temperature averaging 691 °C, moisture 

began to dip from several vertical cracks in both specimens. A larger quantity of 

moisture dripped from the high-strength concrete specimen.   There was no spalling 

until 18 min into the test, with furnace temperature averaging 715 °C. Severe 

explosive spalling of the high-strength concrete beam started when a large piece 

dislodged from the 200-rnm flange. The concrete temperature at a depth of 25 mm, 

where spalling occurred, averaged 128 °C. Explosive spalling of small pieces of the 

high-strength concrete specimen from the 200-mm flange continued with increasing 

intensity until about 40 min into the test. Between 20 and 40 min there was a large rate 

of weight loss corresponding to the spalling. No spalling was observed in the NSC 

specimen, even though the temperatures inside the normal strength concrete specimen 

were only slightly lower than in the HSC specimen.  

 

Since this involved only one replicate specimen for each type of concrete, it is 

difficult to draw definite conclusions. However, the following observations were 

reported:  

 

1. High-strength concrete appears to be more prone to spalling in a fire than 

normal strength concrete. 

 

2. Spalling occurred in the thicker 200-mm flange where the cover of the 

steel was large (75 mm). In the 150-mm flange, the cover was 25 mm 

and there was no spalling. No explanation was given for this observation.  

 

3. No spalling occurred in the web, possibly because (1) in the web, the 

concrete was exposed to three sides and therefore the distance for the 

moisture to escape was much shorter; and (2) the existence of wider flexural 

cracks in the web.  

 

4. The higher moisture content found in the high strength concrete indicates 

that high strength concrete has slower drying rate than normal strength 

concrete.  
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2.4.11    Column Tests by Diederichs, Jumppanen, and Schneider, 1995  

 

Diederichs et al. (1995 as cited in Phan, 1996) reported general information on fire 

tests of three short HSC columns (250 x 250 x 1000 mm), tests by the VTT Fire 

Technology Laboratory (Finland) of ten short HSC columns (150 x 150 x 900 mm), 

and a fire test on a full scale column (400 x 500 x 5590 mm) by the Institute fur Baustoffe, 

Massivbau und Brandschutz.  

 

The three columns tested by Diederichs et al. were made of three different concrete 

mixtures (I, II, and III). Mixture I had a specified cube strength of 101 MPa and 

contained fibers (not clearly specified). Mixture II had specified cube strength of 105 

MPa and contained no fibers. Mixture III had a specified cube strength of 90 MPa and 

contained fibers. The columns were subjected to 100% of the design load prior to fire 

testing. The two columns with fibers experienced minor spalling (mixture I) and no 

spalling (mixture III) during fire tests. Fire tests on these columns were terminated at 

125 minutes after the start of the tests. The mixture II column (without fibers) 

experienced spalling at about 6 minutes into the fire test. Spalling continued until 30 

minutes into the test when it reached the longitudinal reinforcement at the edges of the 

column. The test was terminated at 45 minutes, which is significantly less than the time 

of 125 minutes for specimens with fibers.  

 

In the VTT fire tests, the ten HSC specimens were made of three different concrete 

mixtures, all contained variable fiber contents:  

 

1. Group1: Portland Cement PZ55F with concrete cube strength of 85 MPa. 

2. Group2:Portland Cement PZ55F with concrete cube strength of 105 MPa. 

3. Group3: Portland Cement PZ45F with concrete cube strength of 45 MPa. 

 

VTT's fire tests were conducted according to the German Standard DIN 4102 

(similar to International Standard ISO 834). None of the columns experienced 

spalling. All columns were reported to have failed due to loss of compressive strength 

at high temperature. The fire resistance times were 51 minutes for the HSC columns 

(Groups 1 and 2) and 72 minutes for the NSC columns (Group 3).  
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In the full scale column test, the specimen was made of concrete with a specified cube 

compressive strength of 110 MPa and contained fibers. The column was eccentrically 

loaded with 100% of its design load and exposed to ISO 834 standard fire from all four 

sides. Shallow spalling occurred at about 10 minutes after starting the test and stopped 

after 30 minutes. At 181 minutes, the column collapsed due to compressive failure of 

the concrete near the maximum stressed cross section.  

 

The report by Diederichs et al. indicated that the use of capillary forming fibers help 

reduce the potential for spalling in HSC columns and suggested that further studies be 

conducted on the effects of variations in fiber contents.  

 

2.5 Concluding Remarks 

 

Fire test on concrete and RCC can be conducted in nine different ways and in two 

broad categories. Among these, the Idealized Test Methods possess six ways of testing 

which are relatively rigorous in nature, demanding sophisticated and complex 

instruments and three ways in the Common Tests Methods for testing, relatively 

flexible in nature. Twelve different experiments conducted have been reviewed in this 

chapter. Among these twelve tests, eight were material test, three were structural 

element tests and one was a full scale test on seven storied building.  

 

2.5.1 Concrete Material Tests 

 

The material tests were conducted on cylinders and cubes of different standard sizes. 

Six tests were Unstressed Residual Strength tests conducted by Hertz (1984, 1991) 

and Felicetti et al. (1996) on HSC, Morita et al. (1992), Furumura et al. (1995) and 

Noumowe et al. (1996) on NSC and HSC. Castillo (1990) conducted stressed and 

unstressed test on NSC and HSC and Hammer (1995) conducted unstressed strength 

test on HSC. Among all these Hertz (1984, 1991), Hammer (1995), Felicetti (1996) 

and Noumowe (1996) used silica fume concrete for HSC. The observations on the 

material tests are summarized as: 

 



47 

 

1. Castillo (1990) observed almost similar pattern of strength loss for both 

NSC and HSC except HSC suffered initial strength loss from 100 to 300 

ºC followed by a strength recovery between 300 to 400 ºC.  

 

2. Hertz (1984, 1991) summarized that, silica fume concretes are likely to 

explode during heating, steel fibre do not resist explosion.   

 

3. Hammer (1995) observed insignificant strength loss of samples in the 

experiment except strength regain occurred in sample without silica 

between 200 to 300 ºC and for silica contained samples between 300 to 

450 ºC, slightly better performance was observed in the samples without 

silica fume.  

 

4. Morita et al. (1992), Furumura et al. (1995) observed regular and 

insignificant strength loss patterns of the samples except Furumura et al. 

(1995) witnessed regain of strength between 100 to 200 ºC.  

 

5. Felicetti et al. (1996) and Noumowe et al. (1996) both tested siliceous 

concrete in which Felicetti (1996) observed similar reduction of strength 

and modulus of elasticity for the two different HSC. Noumowe (1996) 

had no different observation in respect of the compressive strength of 

NSC and HSC but he observed that tensile strength of both the concrete 

were similar and almost linear with the increase of temperature in which 

HSC demonstrated almost 15% higher losses than the NSC. He also 

observed that modulus of elasticity of HSC remained 10% to 25% higher 

than that of NSC but the NSC was more porous as the temperature 

increased up to the last.  

 

2.5.2 Element and Full Scale Tests 

 

Among three element tests there were two beam tests, one by Hansen et al. (1995) and 

the other by Sanjayan et al. (1991) and one column test by Diederichs et al. (1995). A 

full scale fire test was conducted by Colin Bailey (2001) on a seven storied building. 



48 

 

In addition to material tests, Felicetti et al. (1996) also tested reinforced and 

unreinforced deep beams of siliceous aggregates for bending and shear. Hansen 

(1995) tested reinforced HSC with difference in aggregate types and Sanjayan (1991) 

tested T-beams of NSC and HSC with silica fume.  

 

1. Felicetti (1996) concluded that for RC beams, the flexural capacity is 

governed primarily by the steel area, not the concrete strength.  

 

2. Hansen (1995) observed sever spalling exposing reinforcements in HSC 

beams with lightweight aggregate, spalling without exposing 

reinforcement for the NSC beams and presence of fibre drastically 

reduces the spalling.  

 

3. Sanjayan (1991) observed HSC appeared to more prone to spalling than 

NSC and 75 mm clear cover suffered the spalling but no spalling 

occurred in 25 mm clear cover. He also observed higher level of moisture 

content in HSC than NSC.  

 

4. Diederichs et al. (1995) in the HSC column test observed that columns 

collapsed due failure of the compressive strength, he further indicated 

that the use of capillary forming fibres help the potential for spalling in 

HSC column.  

 

5. Bailey (2001), in his full scale structural test suggested about occurrence 

of compressive membrane action in the flat slab for small displacement 

only but for large displacement, tensile membrane action occurs that 

effects less in flat slab. He mentioned sufficient concrete cover helps the 

reinforcing bars strength to withstand in supporting the load against 

tensile membrane action. He observed significant lateral displacement of 

the column due to the displacement of the heated slab and suggested 

proper apprehension of the designer about the columns movement under 

fire incidents.  
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CHAPTER 3 

RESEARCH METHODOLOGY 

 

 

3.1  General 

 

Fire experiment on concrete may be conducted on two broad categories as Idealised 

Tests and Common Tests (Phan, 1996). These tests are equally applicable for both the 

element and the material samples. Besides the fire hazard scenario can vary depending 

upon many factors e.g. the structure and its ventilation system, the material or fuel 

subjected to the fire, the surrounding environment, fire defence system, inhabitants 

awareness, socio-economic condition of the area and many others. The developed 

countries can easily adopt multiple expensive options because of their wide flexibility 

but the developing and underdeveloped countries being liable to the economic 

condition have limited options to conceive. Considering the socio-economic 

significance of the developing countries it was put on a pedestal to look for a safer and 

economic solution against structural fire hazards. It is not possible to eliminate the fire 

accidents but efforts can be taken to reduce the effect. So, still there is no end of 

modernization and modifications process even in recent highly advanced world. 

 

3.2  Test Methods for the Research 

 

There are 9 different kinds of fire test methods for concrete members, these are stress 

rate control test, strain rate control test, steady state creep test, relaxation test, transient 

creep test, transient relaxation test, stressed test, unstressed test and unstressed 

residual strength test (Phan, 1996). Out of these 9 kinds of test methods, 8 methods are 

involved in applying the ultimate/service load during and/or immediately after heating 

the structure to the targeted temperature, which would be complicated for testing 

structural members. Such experiments would require large size furnace and specially 

designed heavy loading system to apply the load during fire, where as the Unstressed 

Residual Strength test avoids such large and complicated testing system. Therefore, 

considering these factors, the Unstressed Residual Strength Test has been selected in 
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this research. According to the research planning, the samples and specimens, after 

preparation, have been initially heated at a prescribed rate in unloaded condition to 

some preselected temperature. The desired temperatures, on reaching, have been 

maintained for a particular duration and then cooled gradually. Initial study has been 

carried out on the burnt specimen and finally loadings have been applied until failure.  

 

3.3 Experimental Setup 

 

Beam being one of the prime structural members plays very vital role on the entire 

structure. The concept of the research has been conceived on the principles of 

identifying the effects of variable strengths on structural beam element when 

subjected to fire accidents of different degrees. In view of that a nominal beam section 

has been selected for the experiment where testing beams have been varied in respect 

to their compressive strength of the concrete and the reinforcing steel strength. In 

addition to the beams concrete cylinders, from the respective casting batches, have 

also been tested to identify the property of the concrete materials. The temperatures of 

burning have also been varied to a reasonable range along with the durations to 

resemble different degrees of fire accidents. Accordingly the research has been 

designed basing on two main functions, the construction of the specimens and the fire 

tests for both the RCC beams and concrete cylinders, details of these are discussed in 

the subsequent paragraphs. The detail of research planning and burning system are 

elaborately discussed in article 3.3.3 at page 53 – 54 and in article 3.4.3 at page 64 – 

66 of this thesis.  

  

3.3.1 Compositions of Beams and Cylinder Specimens 

 

The beam samples have been grouped in two major categories. Firstly basing on the 

strength of the rebar (steel), here two grades of steel have been used, Grade 500 (Fy = 

500 MPa or 72,000 psi) and Grade 400 (Fy = 400 MPa or 60,000 psi). Secondly basing 

on the compressive strength of concrete, three different strengths have been tested 27 

MPa (4,000 psi), 41 MPa (6,000 psi) and 55 MPa (8,000 psi). The steel strength has 

been varied only for the 27 MPa concrete specimens. The additional grouping had 
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been based on the clear cover of the beams, three different clear covers have been 

applied 40 mm (1.5 in), 55 mm (2.25 in) and 70 mm (2.75 in), details of the beam 

samples are shown in Figure 3.1. Accordingly, 120 pieces of RCC beams with 

different composition and physical properties have been designed and 81 pieces of 

concrete cylinders from the beams casting have been prepared for the project. After 

their adequate curing, the fire test have been carried out followed by physical 

appearance test and then strength test in a systematic proportion for collection of the 

data.  

 

3.3.2 Fire Test of Specimens 

 

Burning temperature of any fire accident depends on different criteria such as the type 

material under fire, volume or amount of substances available for burning, the 

chemistry of the fuel, ventilation or passage of air to the site, location of the fire etc. 

Considering all these, three temperatures have been selected, 300°C (minimum), 

600°C and 900°C (maximum), in addition another set of testing at ambient 

temperature. Each of this temperature, less the ambient temperature, has been further 

segregate by the duration of their heating, as 2, 4 and 6 hrs, considering that the peak 

of any accidental fire might have been held for a maximum 6 hr before any fire 

defence system takes control.  
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(a)   Cross Section of the Beam Samples 

 

 

 

 

 

 

 

 

 

 

 

 

(b)   Steel Cage of the Beam Samples 

 

 

 

 

 

 

 

 

 

 

 

(c)   Complete Beam Sample 

 

Figure 3.1.  Beam Samples Details  

254 mm (10”) 

254 mm (10”) 

1545 mm (5”-1”) 

254 mm 

254 mm 

40/55/70 mm 

Top Side 

 20 mm (bottom bar) 

 10 mm (top bar) 

 10 mm (stirrup) 

 10 mm (top bar) 

 20 mm (bottom bar) 

 10 mm (stirrup) @ 4”-8” c/c 
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3.3.3 Planning of the Research 

 

According to the planning each type of concrete specimen have had 3 kinds of 

variances, one in their clear cover during construction, two, the targeted temperature 

during heating and the last, difference in durations while burning. Data from these 

experiments have been planned to arrange in 3 axis diagrams. Thereby, the entire 

research setting have been organized in 4 separate 3 Dimensional (3D) arrays who are 

otherwise inter related. One common array frame of these data is shown in Figure 3.2. 

Considering all the aspects of the experimental setup Table-3.1 have been generated to 

notify the labels of a group of specimens for the easy assimilation about the research 

work programme and quick identification of the specimens. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2.   Common Array of Research Setting 
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Table 3.1. Table of Labels of Beams in Individual Group 

 

Ser 

No 

Sample 

Code 

Fy  

(MPa) 

fc
’
  

(MPa) 

Clear 

Cover, 

C/C 

(mm) 

Time Markings 
Burn Temp 

Markings 
Remark 

0 hr 2 hr 4 hr 6 hr 

1. 2AX 

400 27 

40 - I II III 

300ºC - Blue 

600ºC- Green 

900ºC - Black 

 

 

2. 2AY 55 - I II III 

3. 2AZ 70 - I II III 

4. 1AX 

500 

27 

40 - I II III 

5. 1AY 55 - I II III 

6. 1AZ 70 - I II III 

7. 1BX 

41 

40 - I II III 

8. 1BY 55 - I II III 

9. 1BZ 70 - I II III 

10. 1CX 

55 

40 - I II III 

11. 1CY 55 - I II III 

12. 1CZ 70 - I II III 

 

(Explanation – All beams have a specific label as 1AX – I, 2BY – III etc, here first 

digit denotes the fy, the first alphabet after the digit denotes the fc
’
, second alphabet 

denotes clear cover and the Roman I, II, III denotes the duration of sample heating. 0 

hr means no burning or the ambient temperature. There are one day samples set with 

separate fy shown in the table.) 

 

3.4 Research Works in Detail  

 

To reduce the research expense and considering the suitability of every particular job, 

the entire research work has been organized in three different locations. The sample 

preparation has been organized close to a construction site at Block E, Sector 12, 

Mirpur near to the Mirpur Ceramic Workshop Limited, to obtain a construction 

friendly environment. The burning tests have been conducted at Mirpur Ceramic 

Workshop Limited, Sector 12, Mirpur. Finally the physical tests have been conducted 

at the concrete laboratory of Bangladesh University of Engineering and Technology 

(BUET). The whole research has been scheduled through four different stages, the 

preparatory stage, sampling and casting stage, the burning stage and finally the testing 

and analysis stage.  
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3.4.1 Preparatory Stage 

 

This stage covers all preparatory activities of the experiment, i.e. collection of all 

necessary material, their cleaning, processing and preparation, trial and determination 

of the mix designs of the samples and the construction of test Furnace. The important 

and difficult job in this stage was the construction of an appropriate test furnace. Such 

test furnace is not common and not available in laboratory or in any institution, 

therefore it has to be specially designed and constructed. Accordingly to ensure and 

obtain maximum possible fire safety, it has been planned with the help of Fire Experts 

of Mirpur Ceramic Workshops Limited (MCWL) to design and construct a three 

chambered furnace, each capable of heating 12 pieces of beam at a time at maximum 

1100° C. The site of the furnace was selected at MCWL, because of its versatile 

technical support, availability of existing suitable gas line, space and their cordial 

support to the experiment, in addition, their well appreciated and experienced fire 

management system. Details of various events in this stage are discussed below. 

 

3.4.1.1  Selection, Collection and Preparation of Materials 

 

1. Aggregates. Aggregate being 70% of the entire volume of the 

concrete plays very vital role for any kind of concrete, especially once it 

is a high strength concrete. Therefore aggregate in the research has been 

meticulously considered. Aggregate acts as an inert inexpensive material 

dispersed in cement paste to produce concrete, though it’s not truly inert 

because the physical, thermal and some chemical properties of aggregate 

greatly influence the performance of concrete. 

 

a. Coarse Aggregate (CA).  Well textured crushed stone chips 

of 20 mm downsize have been selected for the project. The 

measured Specific Gravity has been found 2.71, Bulk Density 

1504.2 kg/m
3
 and the absorption coefficient was 0.537%. It has 

been then ensured that the CA is well washed and cleaned. To 

ensure a well graded CA these chips have been separated 

according to various sieve numbers and a good gradation has 
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been manually made before construction. The CA gradation detail 

and the Gradation graph are shown in Table 3.2 and Figure 3.3, 

respectively.  

 

Table 3.2. Table of CA Gradation 

 

Ser Sieve 
Opening Retained 

% 

Retained 

Cumulative 

Retained 

Aggregate 

Passed 

(in) (mm) (gm) (%) (%) (%) 

1 1" 0.98 25 0 0.00 0.00 100.00 

2 3/4" 0.75 19 423 8.46 8.46 91.54 

3 1/2" 0.49 12.5 2191 43.84 52.30 47.70 

4 3/8" 0.37 9.5 1316 26.33 78.63 21.37 

5 1/4" 0.25 6.3 760 15.21 93.84 6.16 

6 # 4 0.19 4.75 205 4.10 97.94 2.06 

7 # 8 0.09 2.36 55 1.10 99.04 0.96 

8 Pan - - 48 0.96 100.00 0.00 

Total 4998 100.00 
  

 

 

 

 

Figure 3.3. CA Gradation Curve 
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b. Fine Aggregates (FA). The FA grains can be of two shapes, 

sharp angular or rounded, each having opposite influences on the 

properties of concrete. The rounded FA increases workability 

thereby reduces the water requirement where as the sharp angular 

FA reduces workability thereby increases the water requirement. 

The sharp angular shaped, well washed Syllhet sand FA has been 

selected to obtain higher compressive strength. The FA has been 

tested and the measured results have been found as Fineness 

Modulus (FM) 2.874, Specific gravity 2.7, Absorption 

Coefficient 1.297% and Unit Weight of the sand 1605 kg/m
3
. The 

detail tabulation of FM has been given in Table 3.3.  

 

Table 3.3. Table of FM 

Ser Sieve 
Opening Retained 

% 

Retained 

Cum 

Retained Finess 

(in) (mm) (gm) (%) (%) Modulus 

1 1/4" 0.250 6.35 5.11 1.02 1.02   

2 # 4 0.187 4.76 10.19 2.04 3.06   

3 # 8 0.094 2.38 39.84 7.97 11.03   

4 # 16 0.047 1.19 96.19 19.24 30.27 FM  

5 # 30 0.023 0.595 144.14 28.83 59.10 = (287.37/100) 

6 # 50 0.012 0.297 129.71 25.94 85.04 =2.874 

7 # 100 0.006 0.149 64.02 12.81 97.85   

8 # 200 0.003 0.074 8.58 1.72 -   

9 Pan - - 2.18 0.44 -   

Total 500.0 100.00 287.37   

 

2. Binding Materials. Cement plays the most important role in 

formation of the concrete. Fresh bags of CEM II/ B 42.5N, Portland 

composite cement (PCC) have been used all through the experiment, 

having composition of clinker 80-94%, fly ash and slag 6-20%, gypsum 

0-5% as per the EN 197-1. 42.5N. 

 

3. Super Plasticizer/Water Reducer. A dark brown coloured Super 

Plasticizer, having specific gravity 1.2, has been used for preparing 41 

MPa and 55 MPa concretes specimens. This super plasticizer was based 

on naphthalene sulphonates and modified lignosulfonates, with up to 

35% water reduction for same slump concrete as well as extends the time 
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span of the slump increase twice or longer. It did not contain chloride 

thereby was non corrosive. It complies with the requirement of ASTM C-

494 Type A, F and G. The superior water reducing capacity of this super 

plasticizer produces high strength concrete with high slump. It improves 

compressive, flexural and bond strength as well as reduce capillary pores 

within concrete, reducing permeability and improving concrete 

durability. It also improves the workability of the concrete up to pumping 

limit. It is compatible with all Portland cement system and all known 

admixture type but must be added separately. The normal dosages range 

for most application lies between 300 ml to 1500 ml per 100 kg cement.  

 

4. Reinforcing Bars. According to research setup, two separate grades 

of deformed reinforcing bar have been selected for the research. 20 mm 

dia bar has been used for main reinforcement (tensile rebar) and rests 

have been of 10 mm dia. It should be mentioned here as to reduce the 

expense of the research the 10 mm dia steel has also been used for the 

compression zone’s reinforcement. The steel bars have been tested in the 

laboratory for the tensile strength limit according to the preferred 

standards. The results of the steel test are given in Table 3.4.  

 

Table 3.4. Table of Steel Strength Test Results 

 

Ser 
Grade 
(MPa) 

Dia 
(mm) 

Area 
(mm2) 

Load Stress 

Remarks Yield 
(kN) 

Ultimate 
(kN) 

Yield 
Fy (MPa) 

Ultimate 
Fu (MPa) 

Average 

Fy (MPa) Fu (MPa) 

1 

500 

20 314.16 173 205 550.7 652.5 

564.5 662.1 

  

2 20 314.16 176 206 560.2 655.7   

3 20 314.16 183 213 582.5 678.0   

4 10 78.54 50 58 636.6 738.5 

606.9 713.0 

  

5 10 78.54 46 54 585.7 687.5   

6 10 78.54 47 56 598.4 713.0   

7 

400 

20 314.16 154 234 490.2 744.8 

477.5 735.3 

  

8 20 314.16 148 229 471.1 728.9   

9 20 314.16 148 230 471.1 732.1   

10 10 78.54 35 55 445.6 700.3 

471.1 721.5 

  

11 10 78.54 41 60 522.0 763.9   

12 10 78.54 35 55 445.6 700.3   
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3.4.1.2  Design, Preparation and Construction of the Test Furnace 

 

1. Design and Planning.    With the experts’ consultation of MCWL it has 

been decided to burn 36 pieces of beam specimens at a time in three 

chambers at same or different temperature and duration, each chamber 

holding 12 specimens. Accordingly the dimensions of the whole furnace 

and each of the chambers have been adjusted. To evaluate the timings for 

quick raising of temperature at 900° C a test fire has been conducted on 

an existing test furnace of MCWL laboratory. It has also been calculated 

that 6 numbers of 3.2 mm (1/8 inch) nozzle burners will be required for 

each chamber. Accordingly the approximate requirement of gas per hour 

for the 18 burners has been derived by the experts. Basing on the demand 

a 160 m (550 ft) gas line and its accessories have been designed and 

planned.  

 

2. Construction.       The construction site has been selected in an 

abandoned furnace of the MCWL. A Down Draft Type furnace has been 

planned for the construction. According to the design 510 mm (20 in) 

outer solid brick structure has been constructed with 254 mm (10 in) 

inner fire brick surface making a total 762 mm (30 in) thick main wall. 

There has been 254 mm (10 in) fire brick intermediate wall between the 

chambers. The arch roof has been made by special tapered arch bricks. In 

the process six burner holes have been placed at the bottom with 4 

air/observation holes at the mid level of each chamber. Each chamber has 

also been associated with one 5 m long drum type chimney. The draw 

drought ventilators have been placed at the bottom. Finally, a 153 m gas 

line has been installed from the end of nearest gas distribution point, 

through 50.8 mm (2 in) MS pipe to the furnace distribution point. Two 

separate distributors have been installed at the furnace end from which 

gas has been supplied to each 3.2 mm (1/8 in) burners through high 

pressure rubber tubes. The burners have been kept flexible for easy 

handling and adjustment. Figure 3.4 displays the furnace construction 

progress in details.   
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 (c) (d) 

   

 (e) (f) 

 

Figure 3.4. Furnace Construction Progress in Details 
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3.4.2     Sampling, Scheduling and Casting Stage 

 

The preparatory stage being the primary stage of the research work has taken the 

maximum time of the whole research work. The next stage has been the sampling, 

scheduling and casting stage. In this stage samples have been casted and cured on a 

construction site at E Block, Mirpur 12 and then those have been carried over by 

Lorries to the burning site at furnace location. Different activities and details in this 

stage are discussed in the subsequent paragraphs.  

 

3.4.2.1    Selection of Mix Design, Testing and Scheduling 

 

After confirming the desired quality, materials have been prepared for the trial mixes. 

British Method of mix design has been followed all through the trial and casting. A 

series of trial mixes have been carried out and tested, at BUET laboratory, for all the 

three desired compressive strengths. All the mix designs and results have been 

recorded and maintained for further study. The final design mix has been prepared 

basing on the trial results of the research. On confirming the mix design, a project 

schedule has been prepared concerning the duration of casting, burning and testing 

activities. The project schedule of the activities is displayed in annexure A of this 

thesis. Details of various trial mixes are displayed in Table 3.5.  

  

Table 3.5.  Details of Experimental Mix Designs 

Ser Item/Ingredient Detail Unit Remarks 

1 Desired Strength 55 41 27 MPa  

3 CA size (max) 19.5 19.5 19.5 mm  

6 Water, W  162.4 164.4 185.1 kg/m
3  

7 Cement, C 532.3 378.8 371 kg/m
3
  

4 w/c  0.305 0.434 0.499    

5 Slump  30~60 30~60 30~60 mm  

8 Wt of Conc 2445.5 2441.4 2421.5 kg/m
3
  

9 Wt of Agg, A 1750.8 1898.2 1865.40 kg/m
3
  

10 % of FA  0.388 0.40 0.41 kg/m
3
  

11 Wt of CA  1071.4 1133.0 1088.0 kg/m
3
  

12 Wt of FA  679.40 765.20 777.40 kg/m
3
  

13 Super Plasticizer 5.28 3.11 0.00 l/m
3
  

14 28 Day Strength  54.3 44.6 32.4 MPa   
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3.4.2.2     Construction and Curing of Beam Samples 

 

To obtain perfect shape and size of each beam, wooden frames have been prepared. 

The final dimension the beam specimens has been decided to be 1524 mm x 254 mm 

x 254 mm (5’ x 10” x 10”), having clear cover 40 mm, 55 mm, 70 mm. The designed 

beams have been analyzed and calculated for their ultimate loading capacity 

considering both one point and two point load condition. Simultaneously the shear 

design has also been calculated and the stirrup spacing was determined for all the 

compositions. During the calculation it has been specially considered that none of the 

beam should collapse through shear failure. Accordingly three sets of steel frame have 

been prepared, for three different clear cover, to obtain the exact measurement for top 

bar, bottom bar and the stirrups. All the rebar have been curtailed according to the 

measurement and exact bending has been applied carefully. All the reinforcing steel 

frames have been prepared and grouped according to their types. During the casting 

the wooden frames have been first installed on a level surface then the steel frames 

were placed. Various spacing has been adjusted with the help of blocks prepared 

beforehand according to the respective beams compressive strengths.  

 

All the mixings have been meticulously controlled as per the design and cast followed 

by adequate vibrations. All beams have been marked during the casting for their easy 

identification according to their differences. Samples have been collected from each 

batch of casting and cylinders have been prepared for the compressive strength tests. 

There have been 3 pieces of cylinders for determining 28 days compressive strength 

test and 2 cylinders were prepared for testing the effect of fire on each category of 

beams. All beams and cylinders have been properly cured for complete 28 days from 

their casting. In the process of curing, these beams have also been paint-marked with 

different colours to ensure a double check on numbering. All the samples have been 

properly cured and were carried to the furnace site by trucks. They have been 

regrouped according to their specifications. Figure 3.5 shows the casting progress in 

brief. 
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 (a) (b) 

    

 (c) (d) 

    

 (e) (f) 

Figure 3.5. Construction of Samples 
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3.4.3 Burning Stage 

 

Burning stage, despite of being very short in duration, was a very important stage in 

the entire research project. Once the burning site was completely ready after 

installation of the gas line, all the samples have been brought to the site. Initial tests, 

regarding the effectiveness and workability of the furnace, have been completed, 

furnace chambers have been adequately dried and heated, and burning stage was due 

to start. According to the initial planning, rising 900° C in all three chambers happen 

to consume huge amount of gas at a time which might create extra load on the gas line 

causing an imminent short fall of gas in the supply line. Considering the case, to 

maintain proper distribution of gas supply in to the system, it has been decided to heat 

all three types of temperature every day of the fire. Therefore chambers have been 

earmarked for a definite set of temperature for entire burning test duration. Every 

chamber has been filled with 12 pieces beams composing three types from every 

single compressive strengths category. They also have had two cylinders from each 

type of concrete. After careful loading of the samples, final check has been carried out 

and once found correct the doors have been sealed off with the help of mud-brick 

wall.  

 

Gradually the burners have been fired one after another. An electric thermometer has 

been inserted from the top hole of each chamber chronologically. First the 900°C’s 

chamber has been enlightened as it would take the maximum time to reach the desired 

temperature. Once the temperature exceeded about 600° C the next chamber has been 

fired for achieving 600° C. Similarly the third chamber has been fired for 300° C and 

the heating timings have been recorded on half an hour basis. On reaching the desired 

temperature time has been notified and the ventilators and burners have been adjusted 

to maintain the specific temperature for the particular duration. After burning the 

samples, as per the schedule, again the time has been marked and the doors have been 

partially opened to apply natural cooling effect. All the heating and cooling timings 

have been recorded for all three chambers. The heating and cooling gradients of the 

two hour, four hour and six hour burning are shown from Figures 3.5 to 3.7, 

respectively. All the temperature readings have been checked with the help of electric 

and smart laser sensor. Total 3 days of burning program has been carried out, with 
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interval of 1 or 2 days in between successive fires, for burning 108 pieces of beams 

and 54 pieces of cylinder. These entire burning events have covered three durations as 

two hour, four hour and six hour for all the specific temperatures. Figure 3.8 explains 

the burning events in details. After burning and cooling, all the specimens had to be 

removed from the furnace for the preparation of the next burn. The burnt specimens 

have been very carefully and smoothly handled as far as possible to ensure minimum 

disturbance to the samples.  

 

 

 

 

 

 

Figure 3.6.   Two Hour Burning Graph 
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Figure 3.7.    Four Hour Burning Graph 

 

 

 

 

 

Figure 3.8.   Six Hour Burning Graph 
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 (a) (b) 

    
 (c) (d) 

    

 (e) (f) 

Figure 3.9.   Samples Burning Event 
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3.4.4 Testing and Analysis of Samples Stage 

 

This was the final stage of the project. The fires have had very significant effect on 

every sample. All the specimens have been carefully removed from the furnace after 

burning and then they have been handled and carried with adequate care to avoid 

damages. Separate studies have been carried out for the beams and cylinders. Beams 

study has been grouped in two categories physical study and mechanical study. All the 

studies are explained in the subsequent paragraphs. All the pictures corresponding to 

this stage are shown in groups through Figures 3.9 to 3.11. 

 

3.4.4.1   Beams Physical Properties 

 

In this study every specimen has been checked for their post fire condition. State of 

their dryness and type of cracking has been investigated. Spalling of samples have 

been measured in terms of volume and rated in percentage with intervals of 5% from 

0% to 100%, detail procedure of the estimation/evaluation is explained in Chapter 4, 

Paragraph 4.2. The state of rebar has been investigated when exposed due to spalling. 

Losses of samples’ weight have been compared to base sample weight.  

 

3.4.4.2   Beams Mechanical Property 

 

All the unburned beam samples have been tested first in structural bending machine to 

record the base ultimate flexural strength data. After that all burnt samples have been 

tested for their ultimate flexural capacity irrespective of their physical condition. All 

the relevant data has then been compared in percentile moment capacity and analysis 

was conducted basing on the record. Detail procedure of the estimation/evaluation of 

reserve strength is explained in Chapter 4, Paragraph 4.2. 

 

3.4.4.2    Study of Concrete Cylinders 

 

The cylinders have been mostly investigated in relation to the compressive strength. 

28 days average cylinder strength of three specimen of same casting has been 

recorded previously which was referred to as the base compressive strength. There 

have been total nine base sample cylinders and 54 cylinders for fire test. Two 

cylinders have been tested for each burning category.  
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Figure 3.10.   Handling and Placing of Samples 
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Figure 3.11.   Samples Testing 
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CHAPTER 4 

RESULTS AND DISCUSSION 

 

4.1 General 

  

The effect of fire on concrete has been tested in this research through burning 108 

RCC beams and 54 cylinders with variation in the burning temperature and durations. 

A total of 120 RCC beams and 81 cylinders have been initially constructed on pre-

trailed mix design of 3 different compressive strengths. The beams had 12 separate 

compositions in their preparation among which there have been two different 

strengths of steel and 3 different strengths of the concrete. No silica fume or siliceous 

material has been used in any of the specimen. A total of three days burning program 

have been carried out in nine different setups. The burnt specimens have been 

analyzed in two different ways, physical condition and mechanical tests.  

 

One of the major effects of fire on the concrete is the Spalling or the partial/total 

collapse of the clear cover and exposure of the reinforcing bars. The concrete surface 

directly exposed to the fire is more vulnerable to spalling. Spalling may vary 

depending on the thickness of the clear cover, compressive strength of the concrete, 

the strength and size of the steel, the temperature and duration of the fire.  

 

Another major effect of fire is the loss of the strength of the concrete. This loss of the 

strength gradually happens as the concrete dehydrates and loss its water from the 

pores and bonding there by changing its physical and chemical properties. This 

strength has been analyzed separately for the flexural strength in case of beam 

samples and compressive strength test for cylinder samples in the laboratory.  

 

The other effect of fire is the loss of yield strength of the reinforcing steel. This test 

has been conducted only for 27 MPa RCC beams having two types of reinforcing 

steel, 400 MPa and 500 MPa. During analyzing this effect it has been found to be 

relatively insignificant than the actual loss of the concrete strength. Hence this effect 

has not been emphasized in the research work.  
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4.2 Estimation/Evaluation of the Effects 

 

The Spalling Effects of the specimens have been measured as ratio between the total 

volume of the sample spalling and the actual volume of the unburned sample, 

expressed in terms of percentage. In doing so, first the actual volume of the unburned 

sample has been calculated then after, the volume of the burnt sample was measured, 

and the ratio was expressed in percentile for all the data. The measuring scale from 

0% to 100% has been generated at interval of 5%. During the measuring process the 

self collapsed spalling has been considered only, there were some cases when the clear 

cover surface got damaged and was inflated from the beam interior but did not burst 

out or collapsed by itself, such cases have not been considered for the spalling 

measurement.  

 

Loss of concrete beam strength has been measured as the Reserve Strength ratio 

between ultimate strength of the burnt beam and the actual strength of unburned beam 

sample, expressed in percentile. Here the ultimate strengths of the unburned beams 

have been tested first, then the ultimate or the retained strength of the burnt beams 

have been measured, the ratio has been expressed in percentile to get the reserve 

strength. For example: let the actual and the retained moment capacity measured from 

unburned and burnt beams are 50 kip-ft and 32 kip-ft, then reserve strength is 

(32/50)*100%. Similar to spalling scale, a scale from 0% to 100% with interval of 5% 

has been generated. All data relating to flexural strength have been processed 

following the scale for the analysis. The compressive strengths of the cylinders have 

also been evaluated in the same process, deriving the strength ratio of burnt and 

unburned cylinders and then expressing in terms of percentile. Similar scale has been 

generated for their analysis too.  

 

The analyses on the evaluated data have been grouped separately basing on the effects 

of different prime variables of the research. While considering any particular variables 

other related variables have been kept constant. These prime variables are the clear 

cover of the beams, compressive strength, duration of burning and the strength of 

steel. The effects of these studies have also been analyzed according to the spalling 

and the reserve strength. The findings have been discussed elaborately in the 

subsequent paragraphs.  
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4.3 Effects of Clear Cover 

 

Clear cover protects the reinforcing steel of the concrete against fire and corrosion, 

which might have variable thickness. It is expected that clear covers of different 

thickness are likely to exhibit different level of protection to the steel, besides the 

cover being a protection layer to the members’ inner concrete core is also likely to 

provide limited fire protection to the beam strength. The fire being in contact directly 

damages the cover of the concrete at the first option. The effects of the clear cover 

have been analyzed and discussed separately in the subsequent paragraphs.  

 

4.3.1 Effect on Spalling  

 

A total of nine categories of specimens have been analyzed in this analysis. Each 

category has been composed of nine pieces of beam specimen and gave out a trend of 

behaviour. In this analysis the compressive strength and the duration of burning of the 

specimens have been kept constant. These results have been plotted in contour graph 

analysis through Surfer 10. All the graphical results are shown in the Figure 4.1. A 

common colour palette scale is given at the bottom of the Figure. The scale was 

generated with 5% unit interval from 0%-100%. In these analysis temperature was 

placed in X axis, clear cover in Y axis and the percentile spalling in Z axis which gave 

out a contour graph basing on the records.  

 

Analyzing the graphical results it has been found that in unrestrained condition no 

spalling occurs below 300 °C rather likely to start around 500 °C where practically in 

most cases significant spalling started after 600 °C. It has also been observed that 

spalling increased with the increase of the clear cover. Lower levels of clear cover 

have given better spalling resisting characteristics. All the graphs have again been 

classified according to the compressive strength of the samples. It has been observed 

that spalling zones gradually lowered as the compressive strength increased, which 

expressed that the level of spalling decreases with the increases of the compressive 

strength.  In all the cases of the analysis the results gave a gradual and chronological 

trend of spalling. Therefore using these graphs by means of interpolation any probable 

or expected spalling effect can easily be evaluated.  
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Figure 4.1.    Spalling Effects against Clear Cover (C/C) for 500 Grade Steel 
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Discussions :  Depending upon the graphical analysis within the experimental range, 

as beam structures of compressive strength between 27 MPa to 55 MPa and 40 mm to 

70 mm clear cover, the following discussions may be drawn; 

 

(1) Spalling is not likely to occur up to 300 °C for 2 hrs to 6 hrs of burning 

or for 27 MPa to 55 MPa concrete. 

 

(2) For any particular compressive strength and duration of burning, the 

thicker the clear cover the higher is likely to be the effect of spalling as the 

temperature increases beyond 500 °C.  

 

(3) For the same duration of burning the level of spalling increased with 

the decrease of the compressive strength. As for burning at 900 ºC and for 2 hr 

duration, it is found maximum spalling for 55 MPa is 30%, for 41 MPa is 40% 

and for 27 MPa is above 45%. Similar trends have been observed for 4 hr and 6 

hr duration.  

 

(4) Within the same compressive strength the level of spalling is likely to 

increase with the increase of the burning duration, when burned at 500 °C or 

higher temperature. As in 27 MPa samples burning at 900 ºC, maximum 

spalling for 2 hr is found 45%, for 4 hr 65 % and for 6 hr it was 70%. Similar 

trends have been observed for 41 MPa and 55 MPa.   

 

(5) Figure 4.1 may be utilized as a guide to evaluate any expected or 

suffered spalling effect of any concrete beam structure having 55 MPa to 27 

MPa concrete strengths up to 6 hr of burning. To get the desired result it is 

required to (a) know the existing thickness of clear cover, (b) know the applied 

compressive strength of the structure, (c) determine the expected temperature of 

the fire threat and (d) identify/know the probable duration of the burning (time 

gap between accident and the earliest means of fire defence control system). 

Simply by interpolating the clear cover and the expected temperature to the 

appropriate graph the expected percentage of spalling may be evaluated.  
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4.3.2 Effect on Reserve Strength 

 

This study has been conducted considering the effect of cover on the reserve strength. 

Ninety beams have been analyzed where nine were unburned and rests were burned. 

The results have been grouped into nine categories basing on the compressive strength 

and burning duration. The evaluated reserve strength results have been plotted for 

contour graph analysis. A total of nine graphs have been generated each composed of 

ten samples. These graphs described different chronological and gradual trend of the 

reserve strength. The temperature was placed in X axis, clear cover in Y axis and the 

percentage of ultimate moment was placed in Z axis. The compressive strength and 

the time have been kept constant. The graphs were scaled from 0% to 100% at 5% 

interval. All the graphs are shown in Figure 4.2, supported with common colour 

palette scale. The colour scaling was so designed that the maximum, 100% reserve 

strength has greener appearance and weaker changes colour to the red for the 

minimum, 0% reserve strength.  

 

Analyzing all the graphs it is noticeable that beams of all categories suffered severe 

loss of moment capacity at 900 °C and 6 hr duration of burning. It has been observed 

that the rate of loss of reserve strength of the samples have almost uniform trend all 

through the system. The clear cover has a significant influence in the reserve strength. 

The higher the clear cover the higher will be loss of the moment capacity, but this is 

more prominent at higher temperature as the middle parts of the graphs gave near to 

vertical trends means a little higher magnitude. Unlike spalling, the moment capacity 

started decreasing from the very beginning at or less than 300 °C of any fire incidents. 

The compressive strength of the concrete also has remarkable role in the reserve 

strength of the structure. It has been observed that the higher the compressive strength 

the higher was the retained strength of the samples. This observation leads to the 

perception that higher compressive strengths are likely to have lesser loss of moment 

capacity than the structures of lower compressive strength. These graphs also 

demonstrate typical and realistic trend of losing the moment capacity for the specific 

structural range.  
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Discussions :  Consulting Figure 4.2 against the specific range of the beam structure, 

i.e. having compressive strength 27 MPa to 55 MPa, reinforced with 500 Grade rebar 

and having 40 mm to 70 mm clear cover, following discussions can be drawn; 

 

(1) All Beams within this range are likely to start losing their flexural 

strength at or below 300 °C with as least duration as 2 hr. And for same 

compressive strength, loss of strength increases with the duration of burn. 

 

(2) For any particular compressive strength and the duration of burning, 

the loss of reserve strength is likely to increase with the increase of clear cover 

thickness. 

 

(3) For the same burning duration, the loss of reserve strength is likely to 

decrease with the increase of compressive strength. As for 2 hrs of burning at 

900 ºC, the lowest strength retained by 27 MPa is 40% or less, by 41 MPa it is 

40% and by 55 MPa it is 45% or less. Alike trends were found for 4 and 6 hr.  

 

(4) Figure 4.2 may be utilized as a guide to evaluate any suffered or 

expected strength reduction effect of any concrete beam structure within the 

experimented range. To get the desired result it is required to know (a) the 

existing thickness of clear cover, (b) as-built compressive strength of the 

structure, (c) determine the expected temperature of the fire threat and (d) 

identify the probable duration of the burning. Simply by interpolating the clear 

cover and the expected temperature to the appropriate graph the expected 

percentage of reserve strength can be evaluated.  

 

(5) With help of Figure 4.2, the expected level of endurance of any 

existing structure against fire, as regards to burning temperature and duration 

may be directly evaluated or determined beforehand. Such evaluation is likely 

to give a presumption about the potential damage or the method of fire defence 

system to be implemented to deny such damage for any endangered existing 

building. Thereby, these evaluations may be utilized in rating the durability of 

any subjected building against fire and be referred to as “FIRING RATING” 

of the structure. Deliberate procedure of such a proposed fire rating system is 

described in details in chapter 5, Paragraph 5.3.  
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4.4 Effect of Compressive Strength 

 

Compressive strength, being one of the prime influential properties of concrete 

structure, is expected to have significant role against fire. The higher the compressive 

strength the higher will be the member rigidity and the stronger will be the structure 

but its ability to endure fire is nevertheless ambiguous. Considering the fact analysis 

have been conducted to identify the behaviour of compressive strength as a structural 

member when subjected to different fire scenario. Different aspects of the structural 

beam analyzed for fire toughness has been discussed separately in the subsequent 

paragraphs. 
 

4.4.1 Effect on Spalling 

 

A study has been carried out considering the spalling effect due to the compressive 

strength of the specimens. In this analysis the temperature was placed in X axis, 

compressive strength of the specimens in Y axis and calculated spalling records in Z 

axis. The clear cover and the duration were kept constant throughout the study. There 

have been nine categories of specimens with nine pieces of beams in each category. 

The results have been analyzed through contour graphs. The spalling records formed 

nine different contour graphs shown in Figure 4.3. Like the previous study these 

results were also classified in three groups basing on separate clear cover. The 

common scale from 0% - 100% with 5% unit interval is shown at the bottom of the 

Figure.  

 

The graphical results expressed no significant occurrence of spalling below 300 °C. 

Spalling mostly started at around 500 °C. Since the severity of spalling is extensively 

more in 70 mm clear cover than other two and 55 mm was significantly severer than 

40 mm it was clear that the effect of spalling is more for thicker/higher clear covers. It 

is more likely that spalling increases greatly with the rise of the temperature and the 

duration of the burning. It was also evident that higher compressive strength is likely 

to be more resistive against spalling due to fire as the graphs proved that spalling 

decreased gradually with the increase of the compressive strength.  
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Discussions :    From the study depending upon the contour graph analysis for the 

specified experimental ranges, i.e. beams of compressive strength 27 MPa to 55 MPa 

and clear cover between 40 mm to 70 mm, following discussions can be drawn;  

 

(1) No spalling occurred at and below 300 °C for any of the cases. 

 

(2) For any particular duration of burning and clear cover, the level of 

spalling is likely to decrease gradually with the increase of the compressive 

strength.  

 

(3) For the same duration of burning the level of spalling is likely to 

decline with the decrease of clear cover when burned at around 500 °C and 

above. As for burning at 900 ºC and 2 hr, maximum spalling for 70 mm was 

50% or less, for 55 mm was 30% or less and for 40 mm it was 25% or less. 

Similar trends have been observed for 4 hr and 6 hr.  

 

(4) For same clear cover, the higher the duration of burning the higher will 

be the level of spalling. As for 40 mm clear cover burning at 900 ºC, maximum 

spalling observed for 2 hr was 25%, for 4 hr was 30% and for 6 hr it was 35%. 

Similar trends have been observed for 55 mm and 70 mm.  

 

(5) Figure 4.3 is the spalling scale graphs for 27 MPa to 55 MPa 

compressive strengths, which can explain the likely level of spalling for 40 mm 

to 70 mm clear cover up to 6 hr and 900 °C burning. To get the desired result 

with the help of these graphs it is required only to estimate/presume the likely 

burning temperature and then plot the structural compressive strength and the 

tentative burning temperature to the appropriate graph, the interpolation will 

give the spalling result as expected.  

 

4.4.2 Effect on Reserve Strength 

 

Compressive strength of concrete, having very significant role on the strength of the 

structure, has been considered in this study. A total of ninety beam samples have been 

subjected in this study. Nine beams were unburned and rest burned. Results have been 

compared to the base samples and percentage retained was calculated for all of them. 
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Results have been rated in the scale from 0%-100% with interval of 5% and were 

plotted for contour graph analysis. The temperature was placed in X axis, the 

compressive strength in Y axis and the percentage reserve strength in Z axis. The time 

and clear cover were kept constant. Nine graphs have been generated out of the results 

that gave very sequential trends of strength loss of samples. The graphs are shown in 

Figure 4.4 with a common colour palette scale on the right side. The colour of the 

scale was gradually adjusted so that the greener resembles safer and red resembles 

damaged.  

 

Analyzing and studying the graphs it is clear that loss of reserve strength at higher 

temperature is of more significance than the loss at lower and initial temperature. At 

the initial stage and lower temperature the loss seems to be insignificant but as the 

temperature rises drastic change is observed all over the experiment. The graphs gave 

a clear trend that the higher compressive strength suffers lesser loss of the moment 

capacity than the lower compressive strength samples. It is also observed that higher 

clear covers undergo severer loss of reserve strength than those of thinner clear 

covers. These loses become severer at higher temperature and longer durations. The 

graphs exhibit property trends which can be utilized to determine or evaluate the 

reserve strength of any relevant structure within the specific range. 

 

Discussions:  Analyzing and studying the graphs of Figure 4.4 following discussions 

can be drawn; 

 

(1) It is evident that the structure starts losing flexural strength at 300°C 

and goes on losing with the increase of temperature for all the cases.  

 

(2) For any particular duration of burning and clear cover, it is very likely 

that within the range of 27 MPa to 55 MPa of compressive strength, the 

retention of flexural strength increases with the increase of compressive 

strength of the structure. Where the initial losses at around 300 ºC to 400 ºC 

are relatively fluctuating but for the higher burn, the losses are significant and 

stable.  
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(3) It is obvious that the clear cover has definite influence on the reserve 

strength and the influence becomes very significant at higher temperature. For 

the same duration of burning, the loss of reserve strength gradually decreases 

with the decrease of clear cover. As for 2 hr burning at 900 ºC, the lowest 

observed reserve strength for 70 mm was 40%, for 55 mm was 40% or more 

and for 40 mm it was 45% or more. Similar trends have been observed for 4 hr 

and 6 hr. 

 

(4) For the same clear cover, it is also validate that the reserve strength 

decreases with the increase of the burning duration. As for 40 mm clear cover 

burning at 900 ºC, the lowest observed reserve strength for 2 hr was 45% or 

more, for 4 hr was 35% or more and for 6 hr it was 20% or more. Similar 

trends have been observed for 55 mm and 70 mm.   

 

(5) Figure 4.4 may be utilized to evaluate any suffered or expected strength 

loss of any concrete beam, within the experimented range and burn condition. 

Knowing the existing thickness of clear cover, the applied compressive 

strength of the structure, presumptuous duration of the burning and 

determining the expected temperature of the fire threat, the reserve strength 

can be evaluated. Simply by interpolating the clear cover and the expected 

temperature to the appropriate graph the expected percentage of reserve 

strength can be evaluated.  

 

(6) These graphs can also be utilized directly to determine the expected 

endurance level of any existing structure against fire, with regards to the 

burning temperature and duration or in other word the structure can be rated 

against fire. Plotting the design strength of the structure and clear cover to the 

corresponding graph, allowable limit of fire and burning duration can be 

declared for the structure. These fire ratings will assist in the planning of fire 

defence system and thereby reducing structural damage in turn the society. To 

ensure further safety of the structure a safety code/ factor may be introduced 

for the structure while rating against fire.  
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4.5 Effect of the Burning Duration 

 

The fire has the disparaging power against any thing for which the temperature of the 

burn plays the most vital role that makes great difference to the entire structure. The 

duration of burning also contribute along with the temperature. Effect of fire being the 

prime factor of the research has been given special consideration. The trends of 

damage due to the fire along with the duration have been analyzed in the research. 

Different aspects of the fire effect, observed from the cumulated results, are discussed 

in the subsequent paragraphs.  

 

4.5.1 Effect on Spalling 

 

A study has been carried out considering the time factor. The clear cover and the 

compressive strength for the study have been kept constant. The temperature was 

placed in X axis, time in Y axis and percentile spalling in Z axis. The analysis has 

been done in total nine categories of specimens, each based on nine pieces of beams. 

Results have been plotted for contour graph. All the graphs are shown below in Figure 

4.5. The common colour palette scale similar to the previous studies is placed at the 

bottom of the graph. Resulting graphs independently describe the trend of specific set 

of beam with same strength and clear cover over a particular burning history. While 

conducting these studies time was expressed in terms of minutes to get a wider ratio 

graph in comparison to hour notifications.  

 

From these studies, it is confirmed that the higher the duration and burning 

temperature the higher is likely to be effect of spalling. It also established within the 

prescribed range higher clear covers are more susceptible to spalling. The thicker the 

clear cover the higher will be spalling for same level of burning. Spalling is more 

likely to occur around 500 °C and not likely to occur around or below 300 °C. The 

spalling also decreases with higher level of compressive strength. The results 

expressed severe spalling is likely to take place for 27 MPs and minimal spalling for 

the 55 MPa concrete. From the graphs it is evident that spalling is more sensitive to 

the temperature than to the duration of the burning.  
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Discussions: Deliberate study of the graphical results, for the beams within the range 

of 27 MPa to 55 MPa and 40 mm to 70 mm clear cover, lead to the following 

discussions; 

 

(1) The beams having compressive strength between 27 MPa to 55 MPa, 

burning at a temperature of up to 300 ºC and for duration up to 6 hr, is not 

likely to suffer any spalling. 

 

(2) For any particular compressive strength and clear cover thickness, the 

level of spalling will increase with increase of burning duration for all the 

cases.  

 

(3) For the same clear cover, the level of spalling is likely to increase 

gradually with the decrease of compressive strength. As for 40 mm clear cover 

sample when burning at 900 ºC, the maximum level of spalling for 55 MPa 

was found 10% or less, for 41 MPa was 30% or less and for 27 MPa it was 

35%. Similar spalling trends have been observed for 55 mm and 70 mm clear 

cover.  

 

(4) For same compressive strengths, the level of spalling is likely to 

increase with the increase of the thickness of clear cover. As for 27 MPa 

samples burning at 900 ºC, for 40 mm maximum spalling was 35% or less, for 

55 mm was 45% or more and for 70 mm it was70% or less. Similar trends 

have been observed for 41 MPa and 55 MPa. 

 

(5) Figure 4.5 explains the time scale spalling characteristics of 27 MPa to 

55 MPa beam structures. These graphs may be utilized as a guide to determine 

the level of spalling of any beam structure within this range. To determine the 

expected level of spalling for any subjected structure it is require plotting the 

concrete strength and the applied clear cover to the appropriate temperature 

duration graph. The evaluated result will appear in the form of percentage. The 

procedure will also evaluate the suffered spalling of any burnt structure.  
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4.5.2 Effect on the Reserve Strength 

 

This has been a time based study for the loss of flexural strength of the beam samples. 

A total of ninety beams have been subjected in this study among which nine were 

unburned and rest burnt. The motive was to identify the time dependent deterioration 

trend for different composition. Results were compared to the referring samples and 

percentage retained was calculated for all of them. Results were rated from 0%-100% 

with interval of 5%. Results were plotted for contour graph analysis. In this study the 

compressive strength and the clear cover were kept constant. The temperature was 

placed in X axis, the time in Y axis and the percentage reserve strength in Z axis. Nine 

graphs have been generated out of the results that gave sequential trends of strength 

loss of samples. The results are shown in Figure 4.6 with a common colour palette 

scale displayed at the bottom. The colour of the scale was gradually adjusted so that 

the greener resembles safer and red resembles damaged. To avoid higher axis value 

ratio in the graphs time values were expressed in terms of minutes. 

 

According to the graphical results it evident that beams of all categories suffered 

extreme loss of moment capacity at 900 °C and 6 hr of burning. The deterioration of 

strength increased with the temperature and duration. The clear cover greatly 

influences the reserve strength. The higher the clear cover the higher was loss of the 

moment capacity, but this was found severe at the higher temperature. The moment 

capacity started decreasing from the very beginning at or less than 300 °C of any fire 

incidents. It is observed that the higher the compressive strength the lower was the 

loss of reserve strength of the samples. This observation leads to the perception that 

higher compressive strengths are likely to have higher retention of reserve moment 

capacity than the structures of lower compressive strength. These graphs also 

demonstrate typical and realistic trend of losing the moment capacity for the specific 

structural range. It is observed that the rate of loss of reserve strength of the samples 

have almost uniform trend all through the system.  
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Discussions:  Analyzing the time graphs of Figure 4.6 for the experimented range of 

beams structure, i.e. 27 MPa to 55 MPa compressive strength having 40 mm to 70 mm 

clear cover, following discussions can be drawn; 

 

(1) For all the cases it is observed that the beams started losing flexural 

strength at and below 300 °C and goes on losing the strength with the increase 

of temperature.  

 

(2) For any particular compressive strength and clear cover, the retention 

of reserve strength decreases with the increase of duration.  

 

(3) Within the same thickness of clear cover, the loss of reserve strength 

increased with the decrease compressive strength. As for 40 mm clear cover 

beams burning at 900 ºC, the lowest retained flexural strength for 55 MPa was 

45% or less, for 41 MPa was 40 or less and for 27 MPa it was less than 25%. 

Similar trends have been observed for 55 mm and 70 mm clear cover also.  

 

(4) For the same compressive strength, the loss of reserve strength has 

decreased with the increase of the clear cover. As for 27 MPa beams burning 

at 900 ºC, the lowest observed reserve strength was 25% or less, for 55 mm 

was 25% or less and for 70 mm it was 20% of less. Similar losses have 

observed for 41 MPa and 55 MPa beams. 

 

(5) In these analyses it has been found that the effect of temperature is 

more severe than that of duration. Randomly consulting the graph for beams of 

40 mm clear cover having 27 MPa strength, the retained strength at 600 ºC for 

2 hr was 73%, for 4 hr was 65% and for 6 hr it was 62%, where as retained 

strength for 4 hr burning, at 300 ºC was 97%, at 600 ºC was 65% and at 900 ºC 

it was 35 %. Same effect exists for all the other graphs. Therefore, it is evident 

that temperature causes more damage than the burning durations.  

 

(6) These graphs may be utilized to evaluate the reduced strength of any 

beam structure within the experimented range and burn conditions. Simply by 

interpolating the clear cover and the compressive strength to the appropriate 

time graph, the expected percentage of reserve strength can be determined.  
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(7) These graphs can also be utilized directly to specify the fire rating of 

any existing beam structure as mentioned in the previous discussions. 

Consulting the appropriate time graph, the allowable burning temperature and 

duration can be declared as the fire rating of the beam structure. 

 

4.6 Effect of Steel Strength 

 

The steel strength of the structures has also been considered in this study to investigate 

their effect of the structure due to the fire accidents. This analysis has been conducted 

only for one particular concrete samples. Their effects have been analyzed for two 

separate aspects which are discussed in details in the subsequent paragraphs.  

 

4.6.1 Steel Effect on Spalling 

 

These studies have been mainly conducted on 500 MPa and 400 MPa rebar 

reinforcing 27 MPa concrete beams. As described in Chapter-3 of this thesis that 

beams constructed with 27 MPa concrete have been mostly of two types. The 

difference has only been the reinforcing steel strength. A total of sixty beams have 

been subjected in this study. The study has been made basing on the results of the 

burning experiment. Nine sets of graph have been generated in this study, each set was 

composed of six beams. The temperature was placed in X axis, steel strength in Y axis 

and percentile spalling in Z axis. Results were analyzed by contour graph system. 

Graphs are shown below in Figure 4.7. A common colour palette scale is shown at the 

bottom of the Figure. 

 

The graphs explained that beams, reinforced with higher steel grade, suffer more 

spalling than the beams of lower grade steel. The severity of spalling increases as the 

thickness of clear cover increases. This led to explain that spalling increases greatly 

with the increase of the strength of the reinforcing steel and the increase of the clear 

cover. This has also been observed that higher temperature causes greater spalling 

than that caused by longer duration of burning. This is also experienced that there has 

been no spalling at 300 °C but mostly spalling started around 500 °C.  
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Discussions: Deliberate study of the graphical results, for the beams within the range 

of 27 MPa reinforced with 500 MPa and 400 MPa steel and having 40 mm to 70 mm 

clear cover, lead to the following discussions; 

 

(1) No spalling occurred at and below 300 °C for any of the cases. 

 

(2) For any particular clear cover and the duration of burning, the level of 

spalling increases with the increase of the reinforcing steel strength.   

 

(3) Within the same duration of burning, the level of spalling decreases 

with the decrease of the thickness of the clear cover. As for 2 hr burning at 900 

ºC, maximum spalling for 70 mm clear cover was 45% or more, for 55 mm 

was 30% or less and for 40 mm it was 25% or less. Similar spalling trends 

have been observed for 4 hr and 6 hr burning. 

 

(4) Within the same thickness of clear cover, the level of spalling increases 

with the increase of the burning duration. As for 40 mm clear cover beam 

burning at 900 ºC, maximum observed spalling for 2hr was 25% or less, for 4 

hr was 30% or less and for 6 hr it was 35% or less. Similar trends have been 

found for 55 mm and 70 mm clear cover.  

 

(5) Figure 4.7 may be used as a guide to evaluate the level of spalling of 

burnt or unburned structure within the specific range. Plotting the required 

values in the appropriate graph the percentage of spalling can be determined. 

 

4.6.2   Spalling due to Varying Clear Cover  

 

This study has been made to analyze the effect of steel on the beams clear cover. The 

experimental burning results have been plotted on contour graph. Six graphs have 

been generated where each graph comprises of nine beams. 500 MPa and 400 MPa 

grade steels were studied in this case. 27 MPa concrete was common for both the 

samples. Temperature was placed in X axis, clear cover in Y axis and percentile 

spalling in Z axis. Separate graphs were generated for variable duration.  

 



94 

 

The trend of spalling is severer for higher clear cover that makes it evident that the 

thicker the clear cover the higher will be the level of spalling. Comparing the graphs it 

is clear that 500 MPa Grade steel caused higher spalling than that of 400 MPa Grade 

steel with 27 MPa concrete so it can be perceived that the lower grade steel structure 

is likely to suffer less spalling. No spalling occurred at 300 °C for up to 6 hr duration 

and spalling mostly becomes prominent about 500 °C. The higher the intensity of 

burning and the longer the duration the severer will be the spalling. The results are 

shown in Figure 4.8 with a common colour palette scale at the bottom. 
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Discussions: Detail study of the graphical results, for the beams within the range of 

27 MPa reinforced with 500 MPa and 400 MPa steel and having 40 mm to 70 mm 

clear cover, lead to the following discussions; 

 

(1) No spalling observed for burning at 300 ºC for any of the cases.  

 

(2) For any particular steel strength and the duration of burning, the 

spalling level increased with the increase of the thickness of clear cover. 

 

(3) For the same duration of burning, the level of spalling increases with 

the increase of steel strength. As for burning at 900 ºC for 2 hr duration, the 

maximum spalling level observed for 400 MPa steel was 25% or less and for 

500 MPa it was 50%  or less. Similar trends have been observed for 4 hr and 6 

hr burning duration.  

 

(4) Within the same strength of steel, the level spalling increases with the 

increase of burning duration. As for beams of 500 MPa steel strength burning 

at 900 ºC, the maximum level of spalling observed for 2 hr was 50% or less, 

for 4 hr was 65% or less and for 6 hr it was 70% or less. Similar trends have 

been observed 400 MPa of steel strength. 

 

(5) Figure 4.8 explains the spalling characteristics of 27 MPa beam 

structures reinforced with 400 to 500 Grade rebar having clear cover ranging 

from 40 mm to 70 mm. These graphs may be utilized as a guide to determine 

the level of spalling of any beam structure within this range. To determine the 

expected level of spalling for any subjected structure it is require plotting the 

concrete strength and the applied clear cover to the appropriate temperature 

duration graph. The evaluated result will appear in the form of percentage. The 

procedure will also evaluate the suffered spalling of any burnt structure.  
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4.6.3 Effect on Reserve Strength 

 

This study has been conducted to examine the influence of reinforcing steel strength 

on the reserve strength of concrete beams of 27 MPa having clear cover 40 mm to 70 

mm thickness. Sixty beams have been subjected in this study. Six were unburned and 

rest were burned according to the experimental setup. In this study the clear cover has 

been considered to be the prime factor where the clear cover and the time were kept 

constant. The temperature was placed in X axis, steel strength in Y axis and percentile 

reserve strength was placed in Z axis. Contour graphs have been generated for the 

study. Nine graphs were formed which are shown in the Figure 4.9 supported with a 

common colour palette scale shown at the bottom. Each graph has been composed of 

eight beam samples result. The colour scale was generated to show safer samples as 

green and the unsafe as red scale. Scaling was done from 0%-100% with 5% interval 

all through.  

 

Analyzing and studying the graphs of Figure 4.9 it is clear that beams suffered severe 

loss of moment capacity at 900 °C and 6 hr duration of burning. The clear cover 

strongly influenced the reserve strength. The higher the clear cover the higher was the 

loss of the moment capacity and it was found severer at the higher temperature. The 

moment capacity started decreasing from the very beginning at or less than 300 °C. It 

is observed, though quite little, but the higher the steel strength the lower was the loss 

of reserve strength of the samples. This observation leads to the perception that higher 

steel strengths are likely to have lesser loss of moment capacity than the structures of 

lower steel strength. These graphs also demonstrate typical and realistic trend of 

losing the moment capacity for the specific structural range. It is observed that the rate 

of loss of reserve strength of the samples have almost uniform trend all through the 

system.  
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 (d)   55 mm/2 hr (e)   55 mm/4 hr (c)   55 mm/6 hr 

  

 (g)   70 mm/2 hr (h)   70 mm/4 hr (i)   70 mm/6 hr 

 
Reserve Strength Scale (%) 

Figure 4.9.    Effect of Burning Time on Reserve Strength 
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Discussions:  Analyzing the graphs of Figure 4.9, against the beams of 27 MPa 

compressive strength reinforced with 400 or 500 Grade steel and clear cover of 40 mm 

to 70 mm, following discussions can be drawn; 

 

(1) It is evident that the structure starts losing strength at 300°C for all the 

cases. The loss increases with the increase of temperature and time of burning.  

 

(2) For any particular thickness of clear cover and duration of burning, the 

loss of reserve strength decreases marginally with the increase of the strength 

of the reinforcing steel. 

 

(3) Within the same duration of burning, the loss of reserve strength 

decreases with the decrease of the thickness of clear cover. As for 2 hr of 

burning at 900ºC, the lowest retained strength observed for 70 mm clear cover 

was 35% or less, for 55 mm was 40% or less and for 40 mm it was 45% or 

less. Similar trends have been observed for 4 hr and 6 hr of burning.  

 

(4) For the same thickness of clear cover, the loss of reserve strength 

increases with the increase of burning duration. As for beams of 70 mm thick 

clear cover burning at 900 ºC, the lowest retained strength observed for 2 hr 

was 35% or less, for 4 hr 30% or less and for 6 hr it was 20% or less. Similar 

losing trends have been observed for 55 mm and 40 mm clear cover. 

 

(5) The retaining strengths’ contour being almost vertical proves that the 

variations of losses are very marginal for the difference in steel strength. 

Randomly consulting the graph of 40 mm clear cover beam burning for 2 hr at 

600 ºC, the retained strength observed for 400 MPa steel was 72% and for 500 

MPa steel was 73%. Similar trends exist for all the other cases. So it is evident 

that the effect of steel strength for the retained strength is quite marginal.  

 

(6)  These graphs may be utilized to determine the reduced strength of any 

beam structure within the experimented range and burn conditions. Simply by 

interpolating the clear cover and the steel strength to the appropriate graph, the 

expected percentage of reserve strength can be evaluated.  
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(7) These graphs can also be utilized directly to specify the fire rating of 

any existing beam structure as explained in the previous discussions. 

Consulting the appropriate graph, the allowable temperature and duration can 

be declared as the fire rating for any of the beams. 

 

 

4.6.4 Effect on Reserve Strength due to Varying Clear Cover 

 

This study has also been conducted to examine the influence of reinforcing steel 

strength on the reserve strength against the clear covers of the specimens. Sixty beams 

of 27 MPa have been tested in this study. Six samples were unburned and rests were 

burned according to the experimental setup. In this study the steel strength and the 

time have been kept constant. The temperature was placed in X axis, clear cover was 

placed in Y axis and percentile reserve strength was placed in Z axis. Contour graph 

were generated for the study. Nine graphs were formed which are shown in the Figure 

4.10 supported with a common colour palette scale on the right side. Each graph was 

composed of eight beam samples results. The colour scale was generated to show 

safer samples in green and the unsafe as red scale. Scaling was done from 0%-100% 

with 5% interval all through.  

 

Analyzing Figure 4.10 it is clear that beams suffered severe loss of moment capacity 

at 900 °C and 6 hrs duration of burning. Clear covers have strongly affected the 

reserve strength. The higher the clear cover the higher was the loss of the moment 

capacity and it was found severer at the higher temperature. The moment capacity 

started decreasing from the very beginning of fire at or less than 300 °C. Though the 

variation was marginal but it was observed that the loss of reserve strength was lesser 

for the higher steel strength. This observation leads to the perception that higher steel 

strengths are likely to have lesser loss of moment capacity than the structures of lower 

steel strength. These graphs also demonstrate typical and realistic trend of losing the 

moment capacity for the specific structural range. It is observed that the rate of loss of 

reserve strength of the samples have almost uniform trend all through the system.  
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Discussions:  Analyzing Figure 4.10, against the samples of 27 MPa reinforced with 

400 and 500 Grade rebar having 40 mm to 70 mm clear cover, following discussions 

can be drawn; 

 

(1) For all the cases it is evident that structures start losing strength before 

reaching 300 °C. The loss increases with the increase of temperature and time.  

 

 Temp (ºC) 

      

 (a)   500 MPa/2 hr (b)   500 MPa/4 hr (c)   500 MPa/6 hr 

 

 (d)   400 MPa/2 hr (e)   400 MPa/4 hr (f)400 MPa/6 hr 

 
Reserve Strength Scale (%) 

Figure 4.10.    Effect of Steel on Reserve Strength 
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(2) For any particular steel strength and burning duration, the loss of 

reserve strength increases with the increase of the thickness of the clear cover.  

 

(3) Within the same duration of burning, the loss of retaining strength 

decreases with the increase of the reinforcing steel strength. As for 2 hr 

burning of beams at 900 ºC, the lowest strength observed for 400 MPa was 

35% or below and for 500 MPa it was 45% or below. Similar trends have been 

observed for 4 hr and 6 hr of burning.  

 

(4) For the same strength of steel, the loss of reserve strength increases 

with the increase of the burning duration. As for beams of 500 MPa steel 

burning at 900 ºC, the lowest reserve strength observed for 2 hr was 45% or 

less, for 4 hr was 30% or less and for 6 hr it was 20% or less. Similar trend has 

been observed for beams of 400 MPa reinforcing steel strength.  

 

(5) These graphs may be utilized to evaluate the reduced strength of any 

concrete beam structure within the experimented range and burn condition. 

Simply by interpolating the clear cover and the steel strength to the appropriate 

graph, the expected percentage of reserve strength can be evaluated.  

 

(6) These graphs can also be utilized directly to specify the fire rating of 

any existing beam structure as described in the previous discussions. 

Consulting the appropriate graph the allowable temperature and duration can 

be declared as the fire rating for structure. 

 

4.7 Summary of Discussions 

 

All the discussions anticipated according to different analyses conducted in this 

research can be broadly summarized considering two particular effects, discussions on 

the effects of spalling and discussions on the effects of reserve strength. Both the 

aspects of the summarization are discussed separately in the subsequent paragraphs.  
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4.7.1 Discussions on the Spalling Effects 

 

The spalling effect of the 108 pieces of beams has been studied deliberately in five 

different ways. In every case the spalling effects gave out chronological and 

sequential trends. These trends have been generated through contour graph system. 

These trends were the main basis of the spalling effect analysis. The results and 

findings of this research have also been tallied with the observations of the previous 

studies discussed in Chapter 2 of this thesis. After all the analyses some very 

important discussions can be summarized as follows which are only applicable for the 

prescribed range of the thesis project and no way confirms any property beyond the 

range. The discussions also cover the contradictions with regards to the previous 

studies where they were found applicable. 

 

(1) Limits of Spalling. No spalling is likely to occur at 300°C within 6 

hr of burning for 27 MPa to 55 MPa concrete beam structures with 500 Grade 

reinforcing steel or 27 MPa concrete beams with 400 Grade steel, both having 

40 to 70 mm clear cover, but significant spalling is likely to start for both cases 

around 500°C with as minimum duration as 2 hr which will be severer for 

higher temperature and durations. Nothing contradictory in the previous 

studies has been observed in this regards. 

 

(2) Effect of Clear Cover. Beams of 40 mm thick clear cover are 

likely to show better performance against spalling than 70 mm clear cover 

beams when used for 27 MPa to 55 MPa concrete beams reinforced with 500 

Grade steel or 27 MPa concrete beams with 400 Grade steel and burned at and 

above 500 °C for 2 hr duration or more. No contradiction has been observed in 

this study.  

 

(3) Effect of Compressive Strength. 55 MPa concrete beam structures 

are likely to exhibit better performance against spalling than 27 MPa concrete 

structures reinforcing with 500 Grade steel and having 40 mm to 70 mm clear 

cover. This result contradicted to some extant with the observation of Sanjayan 

et al. (1991) regarding spalling of HSC being higher than NSC. Sanjayan et al. 
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(1991) observed higher spalling for HSC using silica fume. According to 

Sanjayan et al. (1991), Felicetti et al. (1996) and Hertz’s (1984, 1991) 

observation silica fumed concretes are more prone to spalling. Where, in this 

research no silica fume has been used for obtaining HSC. Therefore, the 

performance of HSC without using silica fume being better than NSC is likely 

to be validated.  

 

(4) Effect of Steel Strength. 500 Grade steel reinforced beam 

structures are likely to undergo severer level of spalling than the 400 Grade 

steel beam structures with 27 MPa concrete and having 40 mm to 70 mm clear 

cover. No contradiction has been observed in this regards.  

 

(5) Spalling Graphs. These spalling graphs of Figure 4.1, 4.3, 4.5, 4.7 

and 4.8 express the spalling characteristics for different composition, between 

27 MPa to 55 MPa, of reinforced concrete beam structures for different 

burning conditions. These graphs may be utilized as graphical guides to 

determine the expected or suffered level of any beam structure within the 

above mentioned ranges.  

 

(6) Reproduction of Two Dimensional (2D) Graphs.    Utilizing the 

spalling results and graphs of Figure 4.1, 4.3, 4.5, 4.7 and 4.8 different two 

dimensional graphs can be reproduced basing on different parameters. Two 

sets of 2D graphs, one set against varying clear cover for different compressive 

strength composition, is displayed through Figures 4.11 to 4.14 and the other 

set for varying burning duration with different compressive strength is 

displayed through Figures 4.15 to 4.18. The best fitted polynomials through 

the experimental results have been drawn to produce these 2D graphs for 

different parameters. There are three specific bend for every set concerning 

three different parameters. The vertical scale represents the spalling effect 

from 0% to 100% and the horizontal scale represents the temperature. Legends 

are common for each set and displayed only in the first graph to explain the 

resulting bands.  
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      40 mm Clear Cover     55 mm Clear Cover 70 mm Clear Cover 

 
Figure 4.11.    Spalling of 27 MPa Concrete- 500 Grade Rebar for Clear Cover 

 

Figure 4.12.   Spalling of 41 MPa Concrete- 500 Grade Rebar for Clear Cover 

 
Figure 4.13.   Spalling of 55 MPa Concrete- 500 Grade Rebar for Clear Cover 

 

Figure 4.14.    Spalling of 27 MPa Concrete- 400 Grade Rebar for Clear Cover 
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 2 Hr   4 Hr 6 Hr 

 

Figure 4.15.    Spalling of 27 MPa Concrete- 500 Grade Rebar for Duration 

 

Figure 4.16.   Spalling of 41 MPa Concrete- 500 Grade Rebar for Duration 

 
Figure 4.17.   Spalling of 55 MPa Concrete- 500 Grade Rebar for Duration 

 
Figure 4.18.    Spalling of 27 MPa Concrete- 400 Grade Rebar for Duration 
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4.7.2 Discussion on the Reserve Strength of Beam Structure 

 

The reserve strength for any burnt structure is one of the most important criteria for 

deciding whether or not to keep or raze the structure. Even, if it is necessary to reuse 

the structure, for some obvious circumstances, the reserve strength is the only factor 

for declaring the modified/final load capacity of the structure. As such the reserve 

strengths for 27, 41 and 55 MPa concrete beam structure subjected to 300 °, 600 ° and 

900 °C burning temperature for different duration were deliberately studied in this 

project. The resulted were analyzed from five different perspectives. In every case the 

reserve strength gave out a chronological trend. These trends have been derived 

through contour graph system. These trends were the main basis of the reserve 

strength analysis. The results and findings of this research have also been tallied with 

the observations of the previous studies discussed in Chapter 2 of this thesis. After all 

the analyses some very important discussions can be summarized as follows which are 

only applicable for the prescribed range of the thesis project and no way confirms any 

property beyond the range. The discussions also cover the contradictions with regards 

to the previous studies where they were found applicable. 

 

(1) Limits of Reserve Strength. It is evident that strength reduction of 

beam structure is likely to start occurring at and below 300 °C within 2 hr of 

burning. Severity of the strength loss goes on increasing with the increase of 

temperature and duration. The loss is extremely severe beyond 600°C. Nothing 

contradictory has been observed in the previous studies in this regards.  

 

(2) Effect of Clear Cover. It is obvious that the clear cover has 

reverse effect on the beam strength against fire. The higher the clear cover the 

higher will be the loss of beam strength. Thinner or lower clear cover is 

preferable for making structure more durable and strong against fire. No 

contradiction has been observed in this regards. 

 

(3) Effect of Compressive Strength. Higher strength beam structure 

exhibited better performance. Lower strength concrete beams suffered higher 

loss of moment capacity, in other word the reserve strength, throughout the 
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experiment. Within the prescribed range it is evident that high strength 

concrete beam structure is more preferable to reduce the loss of strength under 

fire. This result to some extant contradicted with the observation made by 

Morita et al. (1992) regarding the loss of compressive strength by HSC. Morita 

et al. (1992) observed higher rate of compressive strength loss in HSC than 

NSC for the concrete cylinders. Besides, Castilo et al. (1990) and Felicetti et 

al. (1996) observed similar pattern of strength losses for both HSC and NSC. 

Therefore, it seems that these results regarding the study, is giving little 

unstable conclusion. It might be reasoned, due to varying experimental 

conditions. Hence it needs further study in regards to the loss of strength in 

HSC and NSC.  

 

(4) Effect of Steel Strength. It is observed that high strength steel 

reinforced beam structures suffer lesser loss of reserve strength than the lower 

grade steel structure. So it is wiser to use high grade steel as reinforcement. No 

contradiction has been observed in this regards. 

 

(5) Reserve Strength Graphs. Figure 4.2, 4.4, 4.6, 4.9 and 4.10 

represented graphs that realistically express the strength losing patterns or 

characteristics for different composition of the beam structures for different 

burning conditions. These graphs give out the percentage of maximum 

strength loss by unloaded beam structures.  These graphs may be utilized as 

ready hand graph to determine or evaluate the percentile loss of strength of any 

expected or suffered beam structure within the experimented range.  

 

(6) Fire Rating System. In Ultimate Stress Design (USD) method the 

dead load and live load factors are 1.2 and 1.4 which gives almost 125% 

higher value to the design load ensuring a safety span, similarly there is also a 

safety room in Working Stress Design (WSD) method too. Considering these 

criteria if a burnt structure losses its 20% strength then it is confirm that there 

is no safety space any more. In no case any further loss must be allowed. So 

80% or such reserve strengths may be considered as the last limit for strength 

loss and refer to as “Allowable Reserve Strength” of any beam structure. The 

experiment developed almost the maximum burn condition which is very 
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unlikely. Thus, the graphs displayed the extreme loss result cases. Therefore, a 

safety span seems to exist between the actual and these graphs records. So, in 

declaring “Allowable Reserve Strength” a second safety factor will be further 

ensured too. Knowing the concrete strength, clear cover and steel strength then 

plotting and consulting the exact graph Fire Rating can be declared for 

different duration or temperature. This is to be noted that fire rated duration 

does not include temperature rising time but only peak burning temperature.  

 

(7) Restating the Load Capacity. Consulting the appropriate graph 

for any subjected burnt structure present reserve strength can easily be 

evaluated. On evaluating the reserve strength if it is necessary to reuse the 

structure then it has to be readjusted for final load capacity. These graphs 

explains the maximum level of strength loss which is difficult to attain in 

practical ground, means there is likely to be a safety room with the evaluated 

value. In addition to the inherent safety another factor of 0.85 can make a safer 

load limit of the structure. So for restating the final load capacity the graphical 

result of any structure should be factored by 0.85 before reusing it.  

 

(8) Reproduction of 2D Graphs.    Utilizing the reserve strength results 

and graphs of Figure 4.2, 4.4, 4.6, 4.9 and 4.10 different 2D graphs can be 

regenerated basing on different parameters. Two sets of 2D graphs, one set for 

varying clear cover and different compressive strength composition, is 

displayed through Figures 4.19 to 4.22 and the other set for varying burning 

duration with different compressive strength is displayed through Figures 4.23 

to 4.26. The best fitted polynomials through the experimental results have been 

drawn to produce the 2D graphs for different parameters. Every graph 

represents three specific bend for different experimental conditions. The 

vertical scale represents the reserve strength retained in the specimen from 0% 

to 100% and the horizontal scale represents the temperature. Legends are 

common for each set and displayed only in the first graph to explain the 

resulting bands. 
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      40 mm Clear Cover     55 mm Clear Cover 70 mm Clear Cover 

 
Figure 4.19.    Reserve Strength of 27 MPa Concrete- 500 Grade Rebar for Clear Cover 

  
Figure 4.20.   Reserve Strength of 41 MPa Concrete- 500 Grade Rebar for Clear Cover 

 
Figure 4.21.   Reserve Strength of 55 MPa Concrete- 500 Grade Rebar for Clear Cover 

 

Figure 4.22.    Reserve Strength of 27 MPa Concrete- 400 Grade Rebar for Clear Cover 
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Figure 4.23.    Reserve Strength of 27 MPa Concrete- 500 Grade Rebar for Duration 

 
Figure 4.24.   Reserve Strength of 41 MPa Concrete- 500 Grade Rebar for Duration 

 

Figure 4.25.   Reserve Strength of 55 MPa Concrete- 500 Grade Rebar for Duration 

 

Figure 4.26.    Reserve Strength of 27 MPa Concrete- 400 Grade Rebar for Duration 
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4.8 Material Tests’ Observations 

 

In this research project 81 pieces of 100 x 200 size cylinders have been also prepared 

from the same concrete mixes of daily castings and were tested along with the beams 

for same temperature and durations. Among these cylinders three samples of each 27 

MPa, 41 MPa and 55 MPa concrete have been testes as base samples of compressive 

strength and every two samples have been tested for each temperature and hourly 

durations. Thereby total 54 pieces were burnt samples and nine were base cylinder 

samples. The base samples have been tested after 28 days curing and rest were burned 

almost within 45 days of their casting according to the beams burning schedule. It is to 

be noted that during the burning of samples, the cylinders have been placed in line and 

close to the exit ventilation of the down draft furnace which was observed to pass 

tremendous steam and vapour during the experiment.  

 

Out of 54 cylinders four exploded during burning where one cylinder for each 900°C 

two and six hour, 600 °C six hour and 300 °C two hour. Rests were in good to 

moderate condition and have been tested for the reserve compressive strength. The 

results have been compared to the base sample and percentile reserve strength for each 

sample was calculated as the ration of the burnt sample and the base sample multiplied 

by 100. The data was plotted on contour graph analysis for two different studies. 

Firstly the effect of hour or the fire duration has been analyzed and then the effect of 

the compressive strength. Three different results have been found in each study. Both 

the results expressed and discussed separately in the subsequent paragraphs. 

 

4.8.1    Effect of Fire Duration 

 

In this study, for each case, the compressive strength has been kept constant. The 

temperature was placed in X axis, time in Y axis and the percentile reserve strength in 

the Z axis. Here the time was expressed in terms of minutes to avoid the higher scale 

ratios. The graphical results are displayed in Figure 4.27 below with a colour palette 

scale at the bottom ranging from 0%-100% at 5% interval. In this Figure (a), (b) and 

(c) chronologically describes for 27 MPa, 41 MPa and 55 MPa concrete cylinders. 

According to the scale’s colour the green represents safer and the red worse.   
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From the graphs it is manifest that two hr burning at only 300 °C caused remarkable 

damage to the compressive strength of the cylinders. 55 MPa samples showed 

moderately better performance than the other two. The graph of the same study is also 

presented in Figure: 4.28 through the same chronology of the previous Figure. These 

results considerably differ with the results discussed in the previous studies elaborated 

in Paragraph 2.4 of Chapter 2 of this report. As explained above that cylinder 

specimen were placed ahead and in line with the exhaust vent of the down draft 

furnace, it seems that these cylinder suffered and undergo extreme dehydration 

process because of being in the main exhaust. Therefore deterioration was heavier for 

all the cylinders and the reserve strength was very low.  

  

 Temp  (ºC) 

 

 (a)   27 MPa  (b)   41 MPa (c)   55 MPa 

 

Strength Scale (%) 

Figure 4.27.   Reserve Strength of Cylinders vs Duration 
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Discussions:  Consulting both the sets of graph the following discussions can be 

summarized. 

 

(1) Concrete cylinders, ranging from 27 MPa to 55 MPa of compressive 

strength, subjected to burning at 300 °C for 2 hr likely to suffer severe loss 

strength being extreme dehydrated.  

 

(2) Higher strength concrete as 55 MPa is likely to perform better against 

fire effect than 27 MPa or such low strength concrete especially when both are 

extremely dehydrated.  

 

(3) Concrete within the range of 55 MPa to 27 MPa when burned above 

600°C for duration of 2 hr or more is likely to be so damaged that the strength 

decreases even below 50% of the original.  

 

(4) Concrete within the experimented range is likely to have less than 10% 

of the original strength if burned for 2 hr at 900 °C. 

 

 

 

 (a)  27 MPa  (b)  41 MPa (c)  55 MPa 

Figure 4.28.   Reserve Strength of Concrete Cylinders for Varying Duration 
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4.8.2    Effect of Compressive Strength 

 

In this study the time has been kept constant. The temperature was placed in X axis, 

compressive strength in Y axis and the percentile reserve strength in the Z axis. To 

avoid higher scale ratios the compressive strength was expressed in 10 multiplications. 

The graphical results are displayed in Figure 4.29 below with a colour palette scale on 

the right side ranging from 0%-100% at 5% interval. In this Figure (a), (b) and (c) 

chronologically describes for 2 hour, 4 hour and 6 hour effects on the cylinders. 

According to the scale’s colour the green represents safer and the red worse.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

From all the graphs it is observed that 55 MPa samples showed little or more better 

performance against the effect of the fire especially in case of the shorter durations. In 

case of longer durations the effects are almost similar. It is also evident that depending 

upon circumstances and location of the member as low burning as only 300°C and two 

hr can cause severe damage to the structure. The graphical analysis of the study is 

given in Figure 4.30. 

 

 Temp (ºC) 

 

 (a) 2 Hour  (b) 4 Hour (c) 6 Hour 

 

Strength Scale (%) 

Figure 4.29.    Reserve Strength vs Compressive Strength for Cylinder 
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Discussions - Consulting both the graphs the following discussions can be 

summarized for the 27 MPa to 55 MPa concrete samples. 

 

(1) HSC likely to show better performance than the NSC when subjected 

to 2 hr burning at 300 °C with greater dehydration.  

 

(2) Burning at and above 600 °C for 2 hr or more duration concretes within 

the range of 55 MPa to 27 MPa when subjected to heavy ventilation is likely to 

suffer heavy loss of strength, mostly below 50% of the original strength. 

 

(3) Concretes within the range of 55 MPa to 27 MPa burning at about 900 

°C are likely loss most of its strength retaining only about 10% of the original 

strength.  

 

  

 

 

 (a) 2 Hour  (b) 4 Hour (c) 6 Hour 

Figure 4.30.    Reserve Strength of Concrete for Varying Compressive Strength 
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CHAPTER 5 

PROPOSED FIRE DESIGN OF CONCRETE BEAM  

 

5.1 General 

 

In this research beams having different compositions have been tested to critically 

evaluate the effect of fire on flexural members. The fire tests have been preferred in 

different circumstances to study a wide range of fire effects. The experimental results 

have been investigated under different decisive factors. The focal points of analysis 

have been the spalling effect of the concrete and the reserve strength of the beam. All 

the results and analyses showed systematic trends of the reinforced concrete beams of 

different compositions when subjected to different fire scenarios. These experimental 

trends formulated the explicit or the potential effect of any RCC flexural structure 

under fire. These evaluations have been utilized to generate a suggested design guide 

line for flexural concrete members considering both the loss of strength and spalling 

effect. This design guide line might enable engineers to construct flexural members of 

superior fire endurance. Besides, these have also devised an approach to perceive the 

toughness of structures against fire that will mark the risk of damage against fire with 

the intention of taking suggestive measures to prevent it.  

 

5.2 Fire Design Chart (FDC) of Flexural Members 

 

The term “FIRE DESIGN” in this thesis implies a suitable combination of concrete 

compressive strength, depth of clear cover and reinforcing steel strength to produce a 

desirable fire endurable concrete structure. The FDC is composed of series of graphs, 

those have been generated combining all types of data experimented and have been 

rearranged as such so as to replicate the specific concrete behavior in flexure when 

subjected to fire accidents. These graphs will assist engineers and designers in 

constructing improved structures of comparatively superior fire endurance than the 

previous ones. These graphs comprise both the reserve strength and spalling 

characteristics of the beam members. Details about the chart, its generation and 

utilization have been described in the subsequent paragraphs.  
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5.2.1 Formulation of the Design Charts 

 

The results and 2D graphs displayed through Figures from 4.11 to 4.14 and 4.19 to 

4.23 are the main foundation for formulating these Design Charts. In the process of 

the preparation three basic graphs have been composed together to form one part of 

the chart. Among the three resulting curves of each graph, the upper and the lower 

bound curves have been considered omitting the intermediate curve, for creating the 

specific property range. Figure 5.1 illustrates the method of compilation of three basic 

graphs, randomly selecting the spalling graphs for 55 mm clear cover, to form a part 

of the compound design graph. In case of this compound graph, Black curves denote 

27 MPa, Blue denotes 41 MPa and Red curves denote 55 MPa concretes. The 4 hour 

resulting curves as the intermediate curves are being omitted in every case.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

       

      
 (a)   27 MPa Concrete  (b)   41 MPa Concrete  (c)   55 MPa Concrete 

 

 
(d)   Compound Design Graph 

 

Figure 5.1.    Compilation of Spalling of 55 mm Clear Cover - 500 Grade Steel 
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The compound design graphs are then converted to form the parts of final design 

charts. The 2 hour curves being the bottom curves established the lower bounds and 

the 6 hour curves being the top curves demarked the upper bounds of the graphs. In 

view of the fact that neither of the upper and lower bounding curves specifies the 

precise limit, for this reason the curves ranges have been enclosed and replaced by 

two straight lines for every cases. Figure 5.2 illustrates gradual transformation of the 

compound graphs to the part of the FDCs. Best fitted tangents have been drawn from 

the arcs of the lower bounds i.e. 2 hour curves and the largest chords have been drawn 

for the upper bounds means 6 hour curves. All the curves have been finally removed 

leaving the specific property bands enclosed by the respective Tangents and Chords. 

Black band represent the property of 27 MPa concrete, Blue represents 41 MPa and 

Red band represents 55 MPa concretes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

       

 
 (a)   Compound Design Graph (b)    Applied Tangents and Chords  

 

 
(c)   Transformed Part of the FDC 

Figure 5.2.    Conversion of FDC Part for 55 mm Clear Cover- 500 Grade Steel  
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5.2.2 Description of the FDC 

 

All the different parts formulated from the compound graphs for both spalling and 

reserve strength criteria have been finally organized together to complete the FDC. 

The FDC for concrete having compressive strength ranging from 27 MPa to 55 MPa 

reinforced by 500 MPa steel is displayed in Figure 5.3. The chart is constructed of two 

separate sets of graphs, the upper set is the reserve strength graph and the bottom set is 

the spalling graph. Each set is comprised of three graphs for three different most 

commonly used clear covers as per most of the international code specifications. Each 

individual graph defines different specific band for different strength of the flexural 

member. The band ranges from two hour to six hour duration. The straight line marks 

the limit of two hour duration and the broken line marks the limit of the six hour 

duration. In this 500 MPa reinforcing steel FDC, the Black Band denotes 27 MPa, the 

Blue denotes 41 MPa and the Red Band denotes 55 MPa concretes. The vertical scale 

of the upper set represents the retained strength percentage and of the bottom set 

represents spalling percentage whereas the horizontal represents temperature for both 

sets. These bands have been generated considering the upper bound and the lower 

bound of the experimental results which lead to formulate the safer designs of the 

members.  

 

Another set of FDC for 500 MPa and 400 MPa reinforcing steel with 27 MPa concrete 

flexural members have been displayed in Figure 5.4. This FDC has the same 

parameters similar to the general FDC for 500 MPa for different concrete compressive 

strengths. In this FDC the straight line marks two hour’s limit and the broken line 

marks the six hour limit. The Black Band denotes 27 MPa concrete reinforced with 

500 MPa steel and the Red Band denotes the 27 MPa concrete reinforced with 400 

MPa steel for both the upper and the lower sets. These bands have also been generated 

depending upon the upper bound and the lower bound results for ensure safety in the 

design.  
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Figure 5.3.     General FDC for 500 MPa Steel 
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Figure 5.4.     FDC for 500 MPa and 400 MPa Steel with 27 MPa RCC 

 

5.2.3 Detail Procedure for Consulting the FDC 

 

The design procedure mainly covers the RCC within the range of 27 MPa to 55 MPa 

flexural members reinforced with 500 MPa steel, procedure for designing 27 MPa 

concrete reinforced with 400 MPa and 500 MPa steel is just the same except the parts 

of 41 MPa and 55 MPa concrete. This design procedure passes through three prime 

steps - input, process and output. The procedures of the FDC to be followed are listed 

below and the graphical process is shown in Figure 5.5: 

 

(1) The Input – The allowable reserve strength and the expected burning 

temperature are placed on the FDC in this step i.e. drawing a horizontal line 

from the vertical reserve strength scale at a particular point of the upper set and 
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criteria. The completion of this step will occur by placing the intersection 

within the design bandwidth with necessary adjustment/mitigation of either of 

the specifications. Any intersection beyond the band describes an unobtainable 

structure following the prescribed specifications, so the intersection needs to be 

readjusted through modification of the input data. The codes need to specify the 

allowable loss of strength or the allowable reserve strength for the minimum 

requirements of structures safe reusability. The notification about the usage of 

the structure will ascertain the intensity of the burning temperature.  

 

(2) The Process – This step has three main aspects, validation of the 

burning duration, primary output and spalling input. In this step a check for the 

maximum burning duration has to be tested first. The intersections of the input 

step being inside the bandwidth, basing of their locations, will declare the 

maximum allowable burning duration for the specific composition. This 

maximum design duration has to commensurate with the expected maximum 

duration on the site. Two uneven durations will demand readjustment of the 

intersection through logical mitigation. The socio-economic criteria in 

conjunction of the local fire unit and road network will dictate about the 

expected duration of burn, till effective engagement can be achieved by the fire 

fighting system. The rational duration will propose the design compressive 

strength and the clear cover. These values of the duration, compressive strength 

and the clear cover will be the next level input for the spalling results through 

extension of the vertical line downward to the bottom set.  

 

(3) The Output – The projected design parameters from the intersection of 

the upper set will also have a second intersection in the bottom set along the 

same vertical line acting as the input for the spalling level. A horizontal line 

from the second intersection will specify the expected level of spalling on the 

vertical scale of the bottom set for the same reserve strength, burning 

temperature and the duration of burning. Acceptance of the level of spalling 

will finally confirm the design criteria regarding the compressive strength and 

the clear cover. In case of extreme level of spalling the design needs to be 

revised for achieving well balanced reserve strength and the spalling for the 

prescribed parameter.  
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5.2.4 Example of Utilizing the FDC 

 

This example describes the method of designing an industrial structure for concrete 

compressive strength between 27 MPa to 55 MPa reinforced with 500 MPa steel. As 

an industrial structure, its fuel/material is expected to rise the burning temperature up 

to 750ºC. The allowable retained strength is considered to be 80% for reusability of 

the structure under revised/similar service load condition. This two are the prime input 

of the design. Taking into account all the unanticipated circumstances, the delayed 

most duration of effective fire extinguishing by the fire fighting unit is considered 3 

hr. The design will be conducted following the steps described below: 

 

(1) Construct a horizontal line at 80% point of reserve strength scale on the 

top graph (the blue arrows). Mark the 750 ºC nodes of the temperature scale 

with the verticals (along the red arrows). None of the intersection is located 

within the design bands (green line ending with arrows), describes no structure 

within experimental specification is likely to retain 80% strength while 

burning at 750 ºC. So the parameters need to be reviewed. Since burning 

temperature is uncertain and obvious, the reserve strength has to be mitigated. 

Reconsidering it be 70% (purple arrows).  

 

(2) Now the intersection occurs only in 40 mm clear cover graph at the 55 

MPa band. The duration found from the graph is within three hour that 

commensurate with the actual criteria, so parameters are satisfied. Therefore, 

flexural members of the structure should be of 55 MPa and 40 mm clear cover 

reinforced with 500 MPa steel to withstand a 750 ºC fire for three hr to give 

reserve strength of 70%. 

 

(3) The parameters derived from the intersection of the upper set i.e. 55 

MPa, 40 mm clear cover and three hour duration are the subsequent input for 

spalling effect. The second intersection of these parameters occurs along the 

vertical extension (black arrows) in the bottom set. The horizontal line from 

this point towards the left scale signifies the expected level of the spalling 

under this criterion. It illustrates that flexural members having 55 MPa 
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concrete strength of 40 mm clear cover reinforced with 500 MPa if subjected 

to a burn of 750 ºC for three hour will suffer 5% or less spalling.  

 

(4) For any other parameters when intersection occurs in all the graphs the 

appropriate combination may be selected basing on the other necessary 

criteria.  

 

 

 

 

 

 

 

 

 

Figure 5.5. Utilization of FDC for 500 MPa Steel 
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5.2.5 Flow Chart of the FDC 

 

The graphical arrangement of the Flow Chart of the FDC is shown in Figure 5.6.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.6.     Fire Design Flow Chart 
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5.3 Fire Rating Chart (FRC) for Flexural Member 

 

The term “FIRE RATING” in this thesis implies the expected fire endurance limit of 

any structure in terms of the potential burning temperature or duration. The FRC is 

composed of group of graphs, those have been produced combining all types of data 

experimented and have been arranged as such so as to anticipate the life expectancy of 

the concrete flexural members when subjected to fire accidents. These graphs will 

assist engineers and designers in foreseeing the durability of the structures against fire 

and therefore to assess and design the integral firefighting system that will prevent the 

structure to undergo any damage beyond safety limit. These graphs comprise both the 

reserve strength and spalling characteristics of the beam members. Details about the 

chart and its utilization have been described in the subsequent paragraphs.  

 

5.3.1 Description of the Fire Rating Chart  

 

FRC for 27 MPa to 55 MPa concrete reinforced with 500 MPa steel and only for 27 

MPa concrete reinforced with 400 MPa steel, are displayed in Figure 5.7 and 5.8 

simultaneously. These charts are also formulated by establishing the lower bound 

tangents and upper bound chords similar to the FDC but with different parametric 

study and was composed of two sets of graphs like the FDC. The upper set is the 

reserve strength graph and the bottom set is the spalling graph. Each set is composed 

of three individual graphs for different duration as 2 hr, 4 hr and 6 hr. Each graph 

specifies the results of all three different compressive strength bands. Each band 

covers 40 mm to 70 mm clear cover. The straight line denotes 40 mm cover and the 

broken line denotes 70 mm cover. The vertical scale of the top set gives the retained 

strength percentage and of the bottom set gives the spalling percentage and the 

horizontal scale specifies the temperature for both the cases. In the FRC the black 

band defines the 27 MPa concrete, the blue defines the 41 MPa and the red band 

defines the 55 MPa concrete. For the second FRC i.e. for 500 MPa and 400 MPa 

reinforcing steel with 27 MPa concrete, the black band denotes 500 MPa steel and the 

red band denotes 400 MPa steel. Similar to the FAC these bands have also been 

generated from the best fitting Tangents and Chords of the actual property curves 

derived by the experimental data and these bands defines the extreme limits of the fire 

damages on the flexural members. 
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Figure 5.7. General Fire Rating Chart (FRC) for 500 MPa Steel  
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Figure 5.8.     FRC for 500 MPa and 400 MPa Steel with 27 MPa RCC 

 

5.3.2 Detail Procedure for Rating Structure 

 

The procedures of the Fire Rating to be followed are listed below: 

 

(1) A structure can be rated either with respect to the duration of burning 

for any specific temperature or the sustainable temperature while burning for 

any particular duration. For both the cases the applied design strength and the 

thickness of clear cover has to be identified from the “As Built Design/Final 

Design” or to be determined on site. The compressive strength and the clear 

cover of the structure will designate the appropriate band from the FRC to be 

consulted with. 
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(2) The type of the structure or the usage will determine the type of 

fuel/material to be housed in turn this will identify the maximum expected 

temperature during severe fire accident. Whereas the maximum duration of 

effective fire extinguishing will depend upon the factors as already discussed.  

 

(3) The minimum requirements for safe reusability will justify the 

allowable reserve strength of the structure and will be selected by the code or 

the proper authority. The horizontal line at the specific reserve strength on the 

vertical scale of the upper set will identify the compatible temperature to 

different particular durations from the specific band. Similarly on the other way 

for particular temperature different reserve strength can also be derived for 

different duration.  

 

(4)  Further vertical advancement to the lower set will determine the 

expected level of spalling along the vertical scale.  

 

(5) There by the Fire Rating of the structure can then be declared either 

with respect to the temperature for varying duration or with respect to duration 

for different temperature.  

 

(6) Technical advices and suggestions regarding the fire fighting 

measurements to be incorporated should then be made to resist the expected 

maximum temperature or to prevent the damage of the structure beyond the 

limit.  

 

5.3.3 Example of Utilizing the FRC 

 

This example describes the method of rating an existing RCC (randomly selected) 

structure of concrete strength 27 MPa reinforced with 500 MPa steel and having 40 

mm thickness of clear cover. The allowable retained strength of the structure is 

considered to be 75% for reusability under revised/similar service load condition. The 

maximum duration of effective fire extinguishing on the site is considered to be 4 

hour. The rating procedure of such structure will be conducted following the steps 

described below: 
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(1) Concrete parameter of 27 MPa having 40 mm clear cover indicates the 

black bands of the chart along their straight lines. Construction of a horizontal 

line at 75% point of reserve strength from the vertical scale of the upper set 

(the blue arrow) defines three nodes for different durations. Mark the 

intersecting nodes from the black bands.  

 

(2) Verticals from these points drawn downward (red arrows) define three 

specific temperatures at the bottom scale for different durations which are 630 

ºC for 2 hour, 540 ºC for 4 hour and 510 ºC for 6 hour. These reflect, this 

structure will sustain maximum 540º C under given criteria. Interpolations will 

specify any other intermediate values for the prescribed parameters.  

 

 

 

 

 

 

 

Figure 5.9. Utilization of Fire Rating Chart 
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(3) The alternative intersection from the equivalent bands of the bottom set 

along the vertical lines designate the expected level of spalling. The horizontal 

line (green arrow) from the intersections to the vertical scale denotes the 

expected spalling values for the same criteria under fire. In this case, the 

intersections describe that such flexural member, having 27 MPa concrete 

strength with 40 mm clear cover and reinforced with 500 MPa steel, will suffer 

spalling from 5% to 10% of its volume.  

 

(4) Thus Fire Rating of the structure with respect to the flexural members 

can be declared in terms of the maximum duration or the allowable 

temperature or any other suitable combination as regards to the use of 

structure.  

 

(5) Suggestions or decisions for the preventive measures against fire can 

easily be made depending upon these ratings. 

 

5.4 Concluding Remarks 

 

The FDC and the FRC are two separate graphical charts that have been entirely 

devised from number of large field experimental results. These charts are very helpful 

instruments to the engineers for easy evaluation of structures against fire. This FDC 

will facilitate engineers to design a better fire enduring structure within the most 

common concrete parameters specified by various codes especially when the structure 

is more vulnerable to fire accidents. This will actually improve the fire resistive 

property of the structure’s flexural members. On the other hand, the FRC will assist in 

carrying out evaluation of an existing structure against any unexpected fire scenario. 

This will support the engineers in two prime aspects. Firstly to determine the ability of 

the structure to withstand the maximum extent of burn, thereby, to implement a better 

effective firefighting mechanism to avoid any structural fire damage beyond that limit. 

Secondly it will enable engineers to evaluate the ultimate strength preserved by the 

structure after burn, thereby, to reassess the ultimate loading capacity of the structure 

for its safe reusability or to declare it completely unsafe for reuse.  

 

  



132 

 

CHAPTER 6 

CONCLUSIONS AND RECOMMENDATIONS 

 

6.1 Conclusion 

 

Structural fire hazards are becoming quite imminent threat all over the world, mostly 

in highly crowded metro-cities with skyscrapers and high-rise structures. Densely 

populated cities with extremely busy lifestyle backed by rapid vertical growth and 

high traffic congestions have further aggravated the threat over the last couple of 

decades. Recent fire consciousness of the world community is demanding better fire 

safety and secured system for economy and assets. In pursuance of such impatient 

demand this research have been conducted to discover improve construction 

mechanism to build better fire endurable structure. Main focus of the research was 

concentrated on the flexural members of the structure. In doing so 120 RCC beams of 

12 different compositions have been constructed. These beams have been 

experimented considering 10 different conditions. The results obtained have been 

evaluated based on four different parametric studies. All these studies have brought 

out a good number of findings. The research covers the compressive strength within 

the range of NSC of 27 MPa to HSC of 55 MPa having clear cover from 40 to 70 mm 

reinforced with 500 MPa steel and for 400 MPa steel reinforcement only 27 MPa 

NSC. Conclusions from this research can be drawn following different viewpoints.  

 

6.1.1 Burn Temperature and Duration 

 

It is no denying fact that fire causes damage to the structure, but the severity of 

damage as regards to burning, principally depends upon the temperature and the 

duration of burn. The temperature of burn has more influence on the damage than its 

duration. For any specific condition the degree of damage due to higher level of 

temperature is of higher magnitude than the degree of damage due to the longer 

duration of burn. Within the experimented range, compared to damage of 2 hours burn 

duration, the maximum strength losses occurred against 6 hours duration are 19% for 

the case of 300ºC, 33% for 600ºC and 58% for 900ºC. Whereas the damages due to 

temperature compare to the values of 300ºC, the maximum losses for 900ºC were 66% 
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for 2 hour, 70% for 4 hour and 81% for 6 hour. The spalling also has similar trend of 

loss following the criteria but with much lower magnitude.  

 

6.1.2 Clear Cover Depth of Structure 

 

The thickness of clear cover of the structural member plays very significant role when 

subjected to fire. The thinner clear cover performs better against fire. Especially for 

the spalling effect, the performance of the thinner clear cover is quite superior, in 

average 40 mm clear cover members had 15% to 30% less spalling to the members of 

70 mm clear cover. The higher clear cover being subjected to higher spalling 

possesses greater chance of exposing the reinforcement. Similarly in the case of 

reserve strength, members having higher clear cover suffer higher loss of reserve 

strength than the members with thinner clear covers. Members of 70 mm clear cover 

suffered about 5% to 10% higher strength loss than 40 mm members. The variation of 

the strength loss is lesser in comparison to the spalling effect but significant. So, 

thinner clear covers on the flexural member are preferable when the structures are 

more vulnerable of fire.  

 

6.1.3 Concrete Compressive Strength 

 

The compressive strength of concrete also plays very significant role when subjected 

to fire. In case of spalling it has been observed that HSC displayed better performance 

than NSC. 27 MPa concrete members suffered 10% to 20% higher spalling than 55 

MPa members. Higher level of spalling with partial exposure of the reinforcement 

occurred more in the NSC. Silica fumed HSC was found more pronged to spalling in 

the previous studies whereas in this research the HSC had no siliceous material and 

exhibited better performances than the NSC. HSC also posses better strength retaining 

property than the NSC against fire. 55 MPa concrete members retained 5% to 10% 

more strength than the 27 MPa members. Loss of reserve strength is like to occur in 

higher magnitude in the NSC than HSC. Therefore, HSC is more preferable than NSC 

in case of structures which are highly vulnerable to fire threats.  
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6.1.4 Strength of Reinforcing Steel 

 

The reinforcing steel of concrete also plays an important role in the behavior of 

concrete under fire. The strength of reinforcing steel has more influence on the 

spalling effect than the reserve strength of the member. 500 MPa reinforcing steel 

members suffered 10% to 30% higher spalling 40 MPa steel members. Higher grade 

steel causes higher level of spalling within the same compressive strength members. 

Whereas with respect to the loss of reserve strength, members reinforced with high 

strength steel displayed slightly better resistance to strength loss than the members of 

lower steel strength. 500 MPa reinforcing steel members retained 5% to 10% more 

reserve strength than 400 MPa steel members. So having very little gain in the reserve 

strength the structure will suffer much higher spalling when reinforced with high 

strength steel thereby damage is likely to be more in degree.  

 

6.1.5 The FDC and the FRC 

 

The proposed FDCs and FRCs are two different systems for designing and evaluating 

the flexural members prior to construction, pre and post fire conditions 

correspondingly that have been established following the experimental results. The 

FDC may be utilized in designing any structure which is vulnerable to potential fire 

threats. This will make possible to construct better fire tolerable structures. The FRC 

might help out in evaluating the flexural members of the structure before and after fire 

incidents. The pre fire evaluation of the structure enables the engineers to take 

adequate or appropriate firefighting measures, in terms of the burning temperature or 

the duration, in resisting the damage beyond any allowable limit. The post fire 

evaluation will enable engineers in justifying the continuation of the structure for its 

reuse with modified load classification as necessary. This will facilitate the society to 

ensure safe habitation to the citizen including optimization of the socio-economy with 

reference to effective use of existing burnt structures.   

 

Accidental fires may be inevitable but fire endurable materials are obtainable to 

enforce safety and comfort to the life, society and economy. Mere modification in the 

preparation process may easily produce better materials. The results and findings of 
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this research is expected to support the overall construction process and the 

civilization in turn as fulfilling the most demanding safety, comfort and economy.   

 

6.2 Recommendations 

 

Considering all the findings and discussions a set of recommendations has been 

proposed. 

 

(a) Effects of high and low grade steel need to be tested which has not 

been covered in this research. 

 

(b) Effects of silica fume on HSC need more investigation.  

 

(c)  Incorporation of fiber reinforcing materials (as polymer or steel) in 

concrete structures might have more effective influence in resisting the 

spalling which needs detail study and may be investigated in future.  
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  APPENDIX A 

EXPERIMENTAL RESULTS 

General 

 

Effect of fire on concrete due to variable strength of concrete and steel have been 

experimented in this research to analyze the typical influence of the cover depth, to 

determine the pattern of reserve strength and to evaluate the potentials of existing 

structure to withstand fire incidents. In this research a total of 120 pieces of RCC 

beams and 81 pieces of concrete cylinder have been tested under various criteria. All 

the graphs and charts displayed in this research paper, from Chapter 3 onward, have 

been evaluated from the results obtained from the practical experiments conducted. 

All relevant results of the graphs and charts displayed are accumulated in this 

appendix under different heads.  

 

Element Test Results 

Results 27 MPa Compressive Strength Specimens 

Ser 
No. 

Sample 
Code 

Steel 
Strength 
fy (MPa) 

Concrete 
Strength 
fc’ (MPa) 

Clear 
Cover 

c/c (mm) 

Burn 
Temp 
(ºC) 

Burn 
Time 
(hr) 

Spalling Value Moment Value 

Remarks Area 
(in2) 

Percent 
(%) 

Final 
(k-ft) 

Percent 
(%) 

Clear Cover Depth of 40 mm 

1 1AX 

500 27 40 

25 0 0 0 64.04 100.0  

2 1AX 300 2 0 0 64.04 100.0  

3 1AX 300 4 0 0 61.67 96.3  

4 1AX 300 6 0 0 60.88 95.1  

5 1AX 600 2 130 5 46.65 72.8  

6 1AX 600 4 260 10 41.90 65.4  

7 1AX 600 6 390 15 39.53 61.7  

8 1AX 900 2 650 25 30.04 46.9  

9 1AX 900 4 780 30 22.14 34.6  

10 1AX 900 6 910 35 13.44 21.0  

 

 

 

(Continued) 
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Results 27 MPa Compressive Strength Specimens (Continued) 

Ser 
No. 

Sample 
Code 

Steel 
Strength 
fy (MPa) 

Concrete 
Strength 
fc’ (MPa) 

Clear 
Cover 

c/c (mm) 

Burn 
Temp 
(ºC) 

Burn 
Time 
(hr) 

Spalling Value Moment Value Remarks 

Clear Cover Depth of 55 mm 

11 1AY 

500 27 55 

25 0 0 0 60.09 100.0  

12 1AY 300 2 0 0 56.93 94.7  

13 1AY 300 4 0 0 57.72 96.1  

14 1AY 300 6 0 0 55.34 92.1  

15 1AY 600 2 260 10 42.69 71.1  

16 1AY 600 4 520 20 35.58 59.2  

17 1AY 600 6 650 25 31.63 52.6  

18 1AY 900 2 780 30 26.09 43.4  

19 1AY 900 4 1040 40 18.98 31.6  

20 1AY 900 6 1300 50 11.07 18.4  

Clear Cover Depth of 70 mm 

21 1AZ 

500 27 70 

25 0 0 0 50.60 100.0  

22 1AZ 300 2 0 0 49.02 96.9  

23 1AZ 300 4 0 0 47.83 94.5  

24 1AZ 300 6 0 0 45.07 89.1  

25 1AZ 600 2 390 15 30.04 59.4  

26 1AZ 600 4 650 25 26.88 53.1  

27 1AZ 600 6 910 35 22.14 43.8  

28 1AZ 900 2 1300 50 20.56 40.6  

29 1AZ 900 4 1690 65 14.23 28.1  

30 1AZ 900 6 1820 70 9.49 18.8  
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Results 41 MPa Compressive Strength Specimens 

Ser 
No. 

Sample 
Code 

Steel 
Strength 
fy (MPa) 

Concrete 
Strength 
fc’ (MPa) 

Clear 
Cover 

c/c (mm) 

Burn 
Temp 
(ºC) 

Burn 
Time 
(hr) 

Spalling Value 
Moment 
Value 

Remarks 
Area 
(in2) 

Percent 
(%) 

Final 
(k-ft) 

Percent 
(%) 

Clear Cover Depth of 40 mm 

31 1BX 

500 41 40 

25 0 0 0 64.35 100.0  

32 1BX 300 2 0 0 63.75 99.1  

33 1BX 300 4 0 0 63.16 98.1  

34 1BX 300 6 0 0 60.78 94.4  

35 1BX 600 2 0 0 48.86 75.9  

36 1BX 600 4 130 5 45.28 70.4  

37 1BX 600 6 260 10 43.50 67.6  

38 1BX 900 2 390 15 40.52 63.0  

39 1BX 900 4 520 20 30.98 48.1  

40 1BX 900 6 780 30 23.83 37.0  

Clear Cover Depth of 55 mm 

41 1BY 

500 41 55 

25 0 0 0 57.20 100.0  

42 1BY 300 2 0 0 54.82 95.8  

43 1BY 300 4 0 0 54.22 94.8  

44 1BY 300 6 0 0 52.43 91.7  

45 1BY 600 2 130 5 42.30 74.0  

46 1BY 600 4 390 15 38.73 67.7  

47 1BY 600 6 520 20 33.37 58.3  

48 1BY 900 2 520 20 28.00 49.0  

49 1BY 900 4 910 35 23.83 41.7  

50 1BY 900 6 1170 45 20.26 35.4  

Clear Cover Depth of 70 mm 

51 1BZ 

500 41 70 

25 0 0 0 54.82 100.0  

52 1BZ 300 2 0 0 51.24 93.5  

53 1BZ 300 4 0 0 48.86 89.1  

54 1BZ 300 6 0 0 45.88 83.7  

55 1BZ 600 2 260 10 39.33 71.7  

56 1BZ 600 4 520 20 33.96 62.0  

57 1BZ 600 6 650 25 26.22 47.8  

58 1BZ 900 2 910 35 22.64 41.3  

59 1BZ 900 4 1170 45 16.09 29.3  

60 1BZ 900 6 1300 50 11.92 21.7  
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Results 55 MPa Compressive Strength Specimens 

Ser 
No. 

Sample 
Code 

Steel 
Strength 
fy (MPa) 

Concrete 
Strength 
fc’ (MPa) 

Clear 
Cover 

c/c (mm) 

Burn 
Temp 
(ºC) 

Burn 
Time 
(hr) 

Spalling Value Moment Value 

Remarks Area 
(in2) 

Percent 
(%) 

Final 
(k-ft) 

Percent 
(%) 

Clear Cover Depth of 40 mm 

61 1CX 

500 55 40 

25 0 0 0 65.54 100.0  

62 1CX 300 2 0 0 63.75 97.3  

63 1CX 300 4 0 0 62.56 95.5  

64 1CX 300 6 0 0 61.97 94.5  

65 1CX 600 2 0 0 51.84 79.1  

66 1CX 600 4 0 0 50.05 76.4  

67 1CX 600 6 0 0 46.48 70.9  

68 1CX 900 2 0 0 45.28 69.1  

69 1CX 900 4 130 5 32.77 50.0  

70 1CX 900 6 260 10 28.60 43.6  

Clear Cover Depth of 55 mm 

71 1CY 

500 55 55 

25 0 0 0 61.97 100.0  

72 1CY 300 2 0 0 59.58 96.2  

73 1CY 300 4 0 0 57.20 92.3  

74 1CY 300 6 0 0 56.01 90.4  

75 1CY 600 2 0 0 47.67 76.9  

76 1CY 600 4 260 10 45.28 73.1  

77 1CY 600 6 390 15 41.71 67.3  

78 1CY 900 2 260 10 30.98 50.0  

79 1CY 900 4 390 15 26.22 42.3  

80 1CY 900 6 520 20 23.24 37.5  

Clear Cover Depth of 70 mm 

81 1CZ 

500 55 70 

25 0 0 0 59.58 100.0  

82 1CZ 300 2 0 0 53.63 90.0  

83 1CZ 300 4 0 0 53.03 89.0  

84 1CZ 300 6 0 0 53.03 89.0  

85 1CZ 600 2 260 10 42.90 72.0  

86 1CZ 600 4 390 15 38.13 64.0  

87 1CZ 600 6 520 20 30.98 52.0  

88 1CZ 900 2 780 30 26.22 44.0  

89 1CZ 900 4 910 35 19.07 32.0  

90 1CZ 900 6 1040 40 16.68 28.0  
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Results 27 MPa Compressive Strength Specimens Reinforced with 400 MPa Steel 

Ser 
No. 

Sample 
Code 

Steel 
Strength 
fy (MPa) 

Concrete 
Strength 
fc’ (MPa) 

Clear 
Cover  

c/c (mm) 

Burn 
Temp 
(ºC) 

Burn 
Time 
(hr) 

Spalling Value Moment Value 

Remarks Area 
(in2) 

Percent 
(%) 

Final 
(k-ft) 

Percent 
(%) 

Clear Cover Depth of 40 mm 

91 2AX 

400 27 40 

25 0 0 0 58.90 100.0  

92 2AX 300 2 0 0 58.51 99.3  

93 2AX 300 4 0 0 55.34 94.0  

94 2AX 300 6 0 0 52.18 88.6  

95 2AX 600 2 0 0 42.30 71.8  

96 2AX 600 4 130 5 37.55 63.8  

97 2AX 600 6 260 10 34.00 57.7  

98 2AX 900 2 130 5 26.09 44.3  

99 2AX 900 4 260 10 18.98 32.2  

100 2AX 900 6 390 15 11.46 19.5  

Clear Cover Depth of 55 mm 

101 2AY 

400 27 55 

25 0 0 0 55.34 100.0  

102 2AY 300 2 0 0 51.79 93.6  

103 2AY 300 4 0 0 50.60 91.4  

104 2AY 300 6 0 0 49.81 90.0  

105 2AY 600 2 130 5 36.37 65.7  

106 2AY 600 4 260 10 30.04 54.3  

107 2AY 600 6 390 15 25.30 45.7  

108 2AY 900 2 390 15 21.35 38.6  

109 2AY 900 4 520 20 15.02 27.1  

110 2AY 900 6 650 25 9.49 17.1  

Clear Cover Depth of 70 mm 

111 2AZ 

400 27 70 

25 0 0 0 49.02 100.0  

112 2AZ 300 2 0 0 46.65 95.2  

113 2AZ 300 4 0 0 44.28 90.3  

114 2AZ 300 6 0 0 40.32 82.3  

115 2AZ 600 2 260 10 26.88 54.8  

116 2AZ 600 4 390 15 25.30 51.6  

117 2AZ 600 6 520 20 22.14 45.2  

118 2AZ 900 2 650 25 15.81 32.3  

119 2AZ 900 4 910 35 13.44 27.4  

120 2AZ 900 6 1300 50 9.09 18.5  
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Material Test Results 

 

28 Day Concrete Specimens’ Cylinder Strength  

 

Sample 

No. 

Trial for 

Strength 

(MPa) 

Cylinder 

Dia 

(mm) 

Area 

(mm
2
) 

Crushing 

Load 

(kN) 

28 Day 

Strength 

(MPa) 

Average 

Strength 

(MPa) 

Remarks 

1 

27 

100 7854 

255.4 31.50 

30.98 

(+ 3.89) 

MPa 

Higher 

2 257.4 31.75 

3 240.8 29.70 

4 

41 

367.8 45.37 

43.60 

(+ 2.60) 

MPa 

Higher 

5 360.8 44.50 

6 330.6 40.78 

7 

55 

475.5 58.65 

55.46 

(+0.46) 

MPa 

Higher 

8 424.6 52.37 

9 450.9 55.62 
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Burnt Cylinder Tests and Evaluations for 27 MPa Concrete 

 

Ser 

No 

Strength 

Group 

(MPa) 

28 Day 

Strength  

fc' (MPa) 

Burn 

Temp 

ºC 

Burn 

Time 

(hr) 

Crushing 

Load 

(kN) 

Burnt 

Strength 

fc (MPa) 

Strength 

Ratio 

fc/fcʹ 

Retained 

Strength 

(%) 

Remarks 

1 

27.0 30.98 

300 

2 97.3 12 0.40 40.2  

2 2 145.8 18 0.59 58.6  

3 4 105.4 13 0.43 43.3  

4 4 73.0 9 0.29 29.2  

5 6 97.3 12 0.40 39.8  

6 6 89.2 11 0.35 35.1  

7 

600 

2 48.6 6 0.20 19.8  

8 2 24.3 3 0.08 8.1  

9 4 56.7 7 0.22 21.8  

10 4 16.2 2 0.07 7.3  

11 6 16.0 2 0.06 6.1  

12 6 16.2 2 0.05 5.0  

13 

900 

2 16.1 2 0.06 6.1  

14 2 8.1 1 0.05 4.6  

15 4 16.0 2 0.06 5.7  

16 4 16.0 2 0.06 5.7  

17 6 8.1 1 0.04 4.2  

18 6 16.2 2 0.05 5.0  
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Burnt Cylinder Tests and Evaluations for 41 MPa Concrete 

 

Ser 

No 

Strength 

Group 

(MPa) 

28 Day 

Strength  

fc' (MPa) 

Burn 

Temp 

ºC 

Burn 

Time 

(hr) 

Crushing 

Load 

(kN) 

Burnt 

Strength 

fc (MPa) 

Strength 

Ratio 

fc/fcʹ 

Retained 

Strength 

(%) 

Remarks 

1 

41.0 43.60 

300 

2 146.0 18 0.42 41.6  

2 2 202.7 25 0.58 57.8  

3 4 97.1 12 0.29 28.6  

4 4 162.1 20 0.46 45.8  

5 6 64.9 8 0.18 17.7  

6 6 73.0 9 0.21 21.3  

7 

600 

2 64.8 8 0.19 18.5  

8 2 73.1 9 0.21 20.8  

9 4 64.9 8 0.19 18.5  

10 4 40.5 5 0.11 11.3  

11 6 16.2 2 0.05 5.2  

12 6 32.4 4 0.08 8.2  

13 

900 

2 32.5 4 0.09 8.5  

14 2 24.3 3 0.06 6.0  

15 4 16.1 2 0.05 5.5  

16 4 24.4 3 0.06 5.7  

17 6 16.2 2 0.04 4.1  

18 6 16.3 2 0.04 3.5  
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Burnt Cylinder Tests and Evaluations for 55 MPa Concrete 

 

Ser 

No 

Strength 

Group 

(MPa) 

28 Day 

Strength  

fc' (MPa) 

Burn 

Temp 

ºC 

Burn 

Time 

(hr) 

Crushing 

Load 

(kN) 

Burnt 

Strength 

fc (MPa) 

Strength 

Ratio 

fc/fcʹ 

Retained 

Strength 

(%) 

Remarks 

1 

55.0 55.46 

300 

2 397.2 49 0.88 87.9  

2 2 332.4 41 0.73 73.2  

3 4 178.4 22 0.39 39.3  

4 4 162.1 20 0.36 35.6  

5 6 105.4 13 0.23 23.1  

6 6 129.7 16 0.28 28.4  

7 

600 

2 64.9 8 0.15 14.8  

8 2 89.2 11 0.20 19.8  

9 4 56.8 7 0.13 13.0  

10 4 48.6 6 0.11 11.3  

11 6 48.7 6 0.11 10.6  

12 6 32.4 4 0.08 7.6  

13 

900 

2 72.9 9 0.15 15.5  

14 2 40.5 5 0.09 8.9  

15 4 40.6 5 0.09 8.9  

16 4 48.6 6 0.11 11.1  

17 6 24.3 3 0.05 4.5  

18 6 40.5 5 0.08 8.5  
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