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ABSTRACT 

A study of reinforced concrete beams affected by elevated 

temperatures was made. The effect of material properties (in the 

residual condition) on the structural behaviour of reinforced 

concrete beams subjected to external forces was compared for 

different levels of temperature treatment and protective concrete 

cover to the reinforcement, 

The behaviour of bond at the interface of steel and concrete 

tinder elevated temperatures as well as in the residual conditions 

was examined and the analysis of the bond stress-slip relationship 

in a pull-out test applied to the provision for anchorage bond at 

critical points in beam design. Material properties and bond 

behaviour of steel and concrete under residual conditions following 

heat treatment were compared with previous similar work. 

The behaviour of flexural members and of pull-out specimens 

were also studied with respect to acoustic emission activity and 

attempts made to formulate a relationship between acoustic emission 

activity and externally applied forces. 

A simulation of crack patterns at failure in reinforced 

concrete beams was made both at ambient and in the residual 

condition by a computer program using a finite element approach. 
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CHAPTERI 

INTRODUCTION 

1.1 Aims and objectives 

Fire in buildings is one of the major -dangers to life and 

property. Sufficient structural fire resistance, therefore, should 

be ensured in the design of buildings so that in the event of fire 

it may, at the least, help the safe escape of the occupants before 

the strength and stability of such structures diminishes to a 

catastrophic level. Experience shows that reinforced concrete 

structures, because of their inherent properties, often remain 
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standing after a fire and it is always desirable to have some means 

of their assessment of residual capacity for reuse. In estimating 

the damage done to a fire affected building or assessing its 

residual capacity it is of much interest to the engineer that such 

means of investigation are available to help perform the task"in a 

straightforward manner and without causing any further damage to 

the construction during the course of the investigation. 

The provision for sufficient fire resistance and reserve load 

carrying capacity for reinforced concrete structural elements is an 

important problem in engineering design and is required by, most 

building codes. There is* a significant amount of information 

available, at the moment, concerning the behaviour of the 

constituent materials in reinforced concrete structures, namely 

concrete and steel, during fire and the effects afterwards [1-451 . 

Also it is relatively easy to design reinforced concrete elements 

for fire resistance, making use of the recognised data, especially 

with the help of high speed computers which can make it possible to 

perform quickly the detailed numerical'calculations in which the 

temperature dependent properties of concrete and steel can be taken 

into account. The design procedures, however, still lack provision 

for bond strength or shear strength in the event of exposure to 

elevated temperatures-* These properties have not yet' been 

sufficiently explored, although a considerable'amount of work is 

currently in progress in this respect [46-59]. 

- The assessment of the strength of reinforced concrete 

elerients in the post fire condition and predicting the fire damage 

to the structure is, however, not as straightforward an issue. 
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There is not as much information available to permit the 

application of a perfectly reliable approach to the reinstatement 

of the fire affected structures, although notable achievements have 

been made in this respect too [60-631. There is, no doubt, a need 

to establish a rational approach to determine the state of fire 

effect before any measure is adopted for the reinstatement or 

strengthening of such structures. 

The development of sensitive and easily adoptable methods for 

the detection of, the extent of damage to the structures is 

essentially required for use in the building industry. An 

analytical approach towards establishing the failure pattern of 

affected members, suplemented with a non-destructive testing 

procedure to determine residual strength would1orm equally useful 

tools. Currently there are a number of non-destructive testing 

(NDT) techniques in use for testing materials. Notable among them 

are the optical technique, radiography, penetration flaw detection. 

However, the one most commonly recommended technique for assessing 

the quality of concrete is the measurement of ultrasonic pulse 

velocity. The method is based on the measurement of the, pulse 

velocity (a function of modulus of elasticity and density) through 

concrete and hence the assessment of weaker areas and flaws. 

Concrete is relatively a non-homogeneous mixture of different 

materials such as cement, sand , aggregate and water. There is, 

therefore, always the likelihood of variation from point to point 

within a given mass. Tlhis could lead to substantial scatter in the 

results. In the case of reinforced concrete structures the location 

of the reinforcement can further complicate the situation, more so 

if the component is already affected by thermal gradients. The 
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question is then how to avoid such. complications in a testing 

procedure. A possible answer to this could be the use -of a 

technique based on monitoring the behaviour of the-component under 

applied stress directly through the signals initiated from within 

it in the form of stress waves, a phenomenon commonly called 

acoustic emission (AE). 

-In view of the above, the main aims and objectives of the 

work in sPecific terms are: 

Assessment -of 'damage to reinforced concrete beams by 

elevated temperatures as a function of concrete cover to 

reinforcement. 

2. Use of acoustic emission as a non-destructive testing 

procedure for the investigations of structures affected -by 

exposure to elevated temperatures. 

3. Determination of failure pattern of fire affected reinforc 

-ed concrete beams and simulation of. crack patterns''by a 

computer program. 

4. Recommendations on the design procedures for concrete 

flexural members with special reference to the effect of bond 

strength and slip of reinforcing bars 'in anchorage zones 

exposed to elevated temperatures. 

1.2. Fire hazards and the building regulations 

Fire in a building mostly occurs as a result -of negligence. 

The cause of fire in most of the cases is very small and limited in 

nature, but the results may be devastating as fire sPreads quickly 

to the surroundings. 
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The problems posed by fire have-been with mankind for a long 

time, probably since he moved from caves and tents to buildings and 

they appear to have become more frequent as the affluence and the 

technological level of society has increased. The 'problem is an 

international one, ' but it is extremely diffictilt-to compare fire 

losses in one country with*those in another, probably because of 

the differences in the basis of statistical data for these fire 

losses. Efforts, however, have been made to establish a basic 

international system for fire data under the auspices of the 

International Standard Organisation (ISO) [641. 

1.2.1. Facts on fire damage 

. Fire causes large"losses, both in terms of life and property, 

in many countries. Estimation shows that in the recent past the 

total annual monetary fire cost in several countries is of the 

order of I percent of the gross national product [2]. This includes 

both loss of property and consequential losses such as interruption 

of business which also includes expenditure to limit fire losses 

and the administrative cost of the fire insurance industry. 

Representative data of fire disasters collected by the Fire 

Research Station UK for the year 1979 is shown in table 1.1 [31- 

Due to the increasing trend in inflation and the greater cost 

of replacement of equipment and contents of buildings, especially 

in industry, fire losses have shown a steady rise. Most of the 

monetry -losses are because of the large fires in industrial and 

commercial complexes but the majority of fatal casualties occur in 

houses and dwellings. Losses due to fire in the UK in the early 

1970s have been estimated to be greater than 100 million pound 
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sterling each year [1) and the trend of increase since the 1960s 

has also been reported to be, 10 percent, per year. 

Table 1.1. General Fire Statistics For 1979 

Total number of fires 

Fires in buildings 

Fires in dwellings 

Total casualties 

Fatal 

Ilon fatal 

Fatal casaualties in dwellings 

355 500 

100 000 

58 600 

9 979 

1-096 

-8 883-- 

865 

Estimates of cost for fire protection made by Lie [21 a few 

years ago showed that the cost varried between different types of 

buildings. Table 1.2 below illustrates the average percentage cost 

as a proportion of the total construction costs. 

Table 1.2 

---------------------------------------------- 

Average fire protection 
Occupancy cost as a percentage of 

total cost-of construction 
------ ---------------------------------------- 

Houses and garages I 

Offices and shops 2 

Schools 3 

Entertainments 5 

Industry 7 

Average for all type 2.5 

------------------------------------------------------ 
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1.2.2. Structural fire protection 

' In the'-past the stability of a building was considered to be 

the main concern of fire protection. The present' day concept of 

fire'protection includes prevention) restriction and containment of 

fire and also providing means of escape for the occupants and the 

use of automatic devices for fire control. 

The above objectives are realised by applying specified 

requirements to the so called direct as well as indirect measures. 

Whereas the direct measures are fire control systems, -the indirect 

measures include building layout, design and construction. The 

indirect measures, or the structural fire protection, are however 

linked with other components of fire protection systems and the 

main objectives can be considered as : 

1. to maintain the integrity of the building; 

2. to resist the size of the fire; and 

3. to prevent the building structure from becoming unstable. 

It is the responsibility of the designer to ensure that the 

material of construction, planning and detailed design of 

structures are such as to minimise the effects of fire. Often 

significant improvements in the fire resistance can be achieved at 

negligible' cost through-proper* attention to detailing and 

construction, 

1.2.3. Assessment of fire damage 

It has always 'been'the tendency in peace time to reinstate 

fire damaged buildings rather 'than to demolish and reconstruct 

them. Reinstatenent would normally save both time and money if the 
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extent of damage done by fire could be assessed correctly and the 

residual strength properties of the materials were known. The 

Building Research Station in the UK has issued a number of 

technical notes [60-621 as guidance on the assessment of damage'and 

repair techniques for concrete and. structural steel elements. The 

report of the technical, committee set up-by the concrete society in 

1969 has also dealt in detail with the assessment of damage after a 

fire and the repair using gunite [63]. , 

The sequence to be followed when examining a damaged building 

for repair after fire are: 

1. Ascertain the severity of the fire. 

2. Assess the extent of damage done by fire. 

3. Study the feasibility of repairing the damage. 

4. Select suitable techniques for the work. 

The subject of assessment of structural damage by 

non-destructive methods and the reinstatement procedure is 

described in more detail in chapter 10 of this work. 

1.2.4. Building regulations 

In many countries, new buildings erected are subject to 

regulatory control for health and safety purposes in which 

provision for fire protection including the specifications for fire 

resistance are made. The idea is to safeguard the occupants in a 

building where fire may occur and minimising the risk to adjacent 

constructions. By way of proper planning, layout and construction 

of buildings the spread of fire can be controlle&by preventing its 

unrestricted movements, safeguarding escape routes and avoiding 

early structural collapse. 
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Present regulations in the UK are based on tests of 

individual elements of structure although the control is, concerned 

with the behaviour of the building as a unit. -- This is, perhaps 

because of the assumption that if the performance of"an individual 

element is satisfactory the elements put together should perform at 

least as well. The capability of construction with respect to fire 

resistance can be judged in one of the following ways: -- - 

1. Standard testing: This is the classical method of satisfying the 

fire resistance requirements. A test is conducted in accordance 

with specifications provided in BS 476: Part 8: 1972 [651 and should 

satisfy the relevant requirements of the test not less than tthe 

specified period. 

2. Deemed to be satisfied: These are test data tabulated and 

included in a code of practice. For concrete structures they are 

included in CP110: Sec. 10 [66]. Depending on the size of the 

building and the purpose, a minimum period of notional fire 

resistance is assigned varying from 1/2 hour to 4 hours. The 

particular period of notional fire resistance is deemed to be 

satisfied if the structure is built in accordance with one of the 

specifications of the schedule of regulations. - 

3. Analysis of structural performance. 

Because of the considerable cost of conducting standard fire 

tests it is generally not economical jto test a sufficientlylarge 

number*of specimens to determine experimentally the required- fire 

endurance spectrum for the purpose of design. The 'deemed. to be 

fit' procedures rely on the human judgement and experience and do 

not give a measure of the sensitivity of member endurance, to 

different parameters controlling, the design. - 
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- In order to bridge. the gap between the results of standard 

tests and . -empirical. rules, it has always been felt necessary to 

develop a rational method of design, based on the thermomechanical 

properties of materialsq which is capable of assessing the fire 

resistance of members analytically. In such a method the 

experimental data regarding the properties of materials under 

elevated, temperatures should be the basis of predicting the fire 

endurance of an-element with about the same precision as the. load 

carrying capacity of the element at room temperature.. 

A review of the current design procedures of design for fire 

resistance is given later in chapter 10 and the recommendations 

based on the findings of this work are Also described there. 

1.2.5 Regulatory control for the repair of fire-damaged buildings 

The aim of repair after fire should be to satisfy the local 

authority and other concerned bodies that the repaired building 

possesses the necessary fire resistance and is able to satify the 

requirements' as if it was a new structure built for the same 

purpose. 

1.3. Experimental simulation of fire affected reinforced-concrete beam 

In order to simulate the behaviour of reinforced concrete 

flexural elements, affected by fire, under the action of externally 

applied loads, the most economically possible approach within the 

available means was adopted. Consequently small -scale -beam 

specimens were- prepared and subjected to appropriate -test 

conditions. The-weakening of the specimens by elevated temperatures 
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facilitated both the study for the flexural behaviour as well as 

the non-destructive testing technique. 

Because of difficulties associated with safety requirements 

an electric furnace was used for heating the specimens rather than 

gas. Consequently it was not possible to simulate a real fire 

situation. The furnace, however, provided controlled heating and 

cooling facilities although, following a period of constant 

temperature saturation, natural cooling in the furnace was employed 

in this work. Thereafter the specimens were load tested to failure. 
I 

1.3.1. Purpose of the experiments 

A series of experiments were carried out with the aim of 

obtaining sufficient data, on the essential parameters, for 

establishing the criteria of flexural failure in the residual state 

of fire exposed reinforced concrete beams. These parameters 

included: 

1. deflection at defined points; 

2. end slip of bars; 

3. bond strength by direct pull out; 

4. acoustic emission counts with increase in loads; 

5. thermal gradient during temperature rise in furnace; 

6. loading and rate of loading of the specimens; and 

7. crack development at failure stage. 

Tests were also carried out for determining the properties of 

basic naterials affected by high temperature e. g. the cube crushing 

strength of concrete, tensile strength of steel bars, tensile 

strength of concrete and loss in weight of the specimens' due to 
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heat treatment. 

1.3.2. Experimentation 

Three series of main experiments were carried. out . 'Series SS 

of 30 bearis with 16 mm diameter mild and tor steel bars as the main 

reinforcenent, were tested to study the flexural' behaviour of 

reinforced concrete beams with reinforcement both in tension and 

compression zone. Behaviour of end slip of steel bars in the *post 

fire condition was also -examined. Series SP of 40 pull out 

cylindrical specimens with 8 mm diameter tor bars were tested to 

study the effect of bond between concrete and 8 mm diameter tor 

steel bars in the elevated temperature as well as in the post fire 

conditions. The acoustic emission activity in relation to the bond 

stress was also monitored. A third series, SB, of 108 beams with, 8 

mm diameter tor bars as main tensile reinforcement were tested for 

diiferent covers to the reinforcement and exposure to different 

levels of'temperature. The flexural behaviour including anchorage 

of bar-ends was studied and acoustic emission monitored for load 

conditions up to failure. -- 

Details of the experimental procedures -are' described in 

chapters 5 and 6 and the data reduction is shown in chapter 7. 

1.4'. - Data utilisation ý 

Experimental data obtained was utilised in conjunction with 

the recognised data on., the subject for the purposeý of the 

objectives nentioned in 1.1. 

1.4.1. Design of reinforced concrete flexural elements for 
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defined fire resistance. 

As described in 1*2.4, reinforced concrete elements can be 

designed for defined fire resistance either by way an empirical 

approach such as the provisions made in the current building codes 

or by purely analytical method in which case knowledge of material 

properties under elevated-temperatures is-utilised. In the light, of 

data obtained in this work and the properties of reinforced 

concrete under elevated temperatures as described in chapter- 3 an 

attempt has been made-to draw up recommendations-for the so called 

rational approach-to design'for fire resistance adopted -by other 

workers (3,67-70], with: especial reference to the anchorage bond 

in the flexural components. 

1.4.2. Assessment of residual strength'of fire'affected-reinforced 

concrete flexural elements,., 

Investigation -of the criteria for-the determination of state 

of damage to, reinforced concrete elements by fire is one of the 

main objectives of this work. Contribution of bond failure at the 

end of the reinforcing bars in a flexural element, after exposure 

to elevated temperature, has been studied in more details, 

comparing the results of a recent work done by Morley [571 at the 

University of Edinburgh., Chapters. 7 and 9 deal-with the subject in 

reference to the experimental data obtained in this work. - 

1.4.3. Failure criteria of reinforced concrete beams exposed to 

elevated temperatures 

There are a number of ways to establish the strength'of 

reinforced concrete elements experimentally and a number of 
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techniques are available for the purpose. A non-destructive testing 

technique capable of detecting the defects of the affected 

structural element efficiently and establishing the criteria for 

the extent of damage with reasonable accuracy should be one of the 

main aims of engineers. The stress wave or acoustic emission '(AE) 

technique is capable of providing information on the nature and 

location of the defects such as growing cracks during loading and 

is a powerful technique amongst the NDT methods. An attempt has 

been made to use AE for detecting defects which grow under the test 

conditions and integrity criteria for the reinforced concrete beams 

affected by elevated temperatures have been proposed. 

1.4.4. Simulation of crack pattern 

The technique of assessing the criteria of integrity of fire 

affected reinforced concrete beams by acoustic emission technique 

has been supplemented by a numerical determination' of crack 

development with increasing applied load. An effort has been made 

to develop a conputer program -for this purpose, *incorporating 

available package programs. The procedure has been described in 

detail in chapter 8. 

1.5. Summary 

This work was undertaken with the aim of studying the 

behaviour of reinforced concrete flexural components on exposure to 

elevated temperatures. One of the main objectives was to study the 

behaviour of RC flexural components affected by elevated 

temperatures so as to be able to assess the residual strength and 

stability of reinforced concrete elements in the post fire 

conditions. 
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In the abscence of sufficient provisions, in the existing 

analytical design procedures, for the bond resistance of a 

reinforced concrete element it was thought suitable to make 

recommendations to this effect in the light of the findings of this 

work as well as the result of recent work done at the University of 

Edinburgh. 

Attempts to devise an easily adoptable method for the 

non-destructive testing of reinforced concrete structures have also 

been made. This has been supplemented with the determination of 

failure patterns by use of numerical method. For this purpose a 

computer program, incorporating the use of an available finite 

element package, has been developed and the results of its 

application compared with the experimental work. 

In an attempt to illustrate the experimental details as also 

the results of the work, diagrams'and figures have been drawn and 

supplemented with graphical as well as photographical presentation 

as appropriate. These have been enclosed at the end of the relevant 

chapters for the sake of easy referenceý 
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CHAPTER 

REVIEW OF PREVIOUS STUDIES ON INFLUENCE OF ELEVATED 

TEMPERATURES ON REINFORCED CONCERETE STRUCTURES 

2.1. Introduction 

Ever since the gravity of danger to humane life and property 

by fire was realised efforts have been made in many countries 

around the world to devise ways and means of providing fire 

protection and fire resistance in building constructions. The 

subject of the provision of fire resistance hag led to research 
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into the behaviour of building materials under the influence of 

elevated temperatures attained in the event of fire. 

The wide use of reinforced concrete, in the building industry 

has stimulated researchers to obtain data about changes in strength 

and thermal properties of concrete and steel together with the 

resulting deformations and strains in reinforced concrete 

structural elements under all conditions of use. 

Efforts have also been made by research workers to provide 

designers and engineers with criteria for the necessary level of 

safety in reinforced concrete structures in fires. Also a long term 

aim has been 
-, 

to include provisions for the analytical assessment 

of fire resistance in buildings within building design codes. 

A number of reviews and bibliographies [2,3,71,, 72] have 

already been published on this subject and the- purpose of this 

chapter is to present a brief review of the work done in the-recent 

past, on the properties of concrete and reinforcing steel relevant 

to this study. Mention is made hereýabout flexural behaviour-and 

bond strength in addition to the the fundamental properties ;f the 

two materials under elevated temperatures and these topics are 

developed further in chapter 3. The related design approaches have 

been discussed in more detail in chapter 10. 

In the following , references are quoted in accordance with 

the broad subdivision of the subject into subheadings of: 

1. Fire severity and firexesistance. 

2. Behaviour of concrete under elevated temperatures. 
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3. Behaviour of reinforcing steel under elevated temperatures. 

4. Effect of elevated temperature on bond between steel and 

concrete. 

5. Effect of elevated temperature on reinforced concrete 

structures. 

6. Design approach to r. c buildings'for elevated temperatures, 

. 
2.2. Fire severity and fire resistance 

The concept of fire severity and the simulation of actual 

fires through testing has been dealt with in many national codes 

for fire resistance , like the BS476: Part8: 1972 (651, E119-73 ASTM 

[731 'and the International Organisation of Standardisation 

ISO-834-1968 (641'and others. 

Most, of the research workers, dealing with the effect of fire 

on materials, have attempted to explain the meaning of fire 

severity at differept times, before the formulation of the 'code of 

fire resistance. One of the earliest such works was by Inberg [74, 

751. Likewise the concept of fire resistance has been explained in 

the national and international'-codes [64-66,73) 

The meaning of fire severity, and fire resistance, being 

interrelated and forning the basis for the study of behaviour of 

materials affected by fire, has been the subject of much available 

literature on fire. The factors affecting fire severity have been 

shown by Kawagoe [76,77] and Odeen [781 to be the effect of 

ventilation to the fire compartment and the thermal characteristics 

of the boundaries of a compartment for a fully-developed fire. 
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Other works [79-82], most of them based on theoretical approach, 

are also available on this subject. Reference has also been made by 

Lie [2,83], Malhotra [3] and the joint committee of Institute of 

Structural Engineers London (11 to this topic. 

2.3. Behaviour of concrete subjected 

The effect of elevated 

deformations and strength properties 

by a number or research workers and 

exists on the factors affecting 

concrete. 

to elevated temperatures. 

temperatures on the thermal 

of concrete has been studied 

considerable experimental data 

the thermal performance of 

The effect of temperature on thermal properties has been 

thoroughly reviewed by Zoldners [27] for temperatures up to 1000 *C 

. and Harmathy (9,84] summarising data on conductivity and 

specific heat etc. Malhotra [3], Lie (2,83], Bushev et al. [4], 

Schneider [5], Harada et al. [81 and Odeen and Nordstrom [24] have 

also studied, either experimentally or made reference to work done 

on the effect of, thermal properties of concrete exposed to fire. 

The information available on several of the deformation and 

strength properties of concrete at elevated temperatures is quite 

extensive [6-8,10-26]., Publications [1-31, giving the detailed 

account drawn from the national and international experience on the 

properties of concrete at high temperatures are worth mentioning in 

this context. 

Relevant details pertaining to this work , are further 

elaborated in chapter 3 as appropriate. 

19 



'2.4. 
Behaviour of reinforcing steel subjected to elevated temperatures 

Steel being a homogeneous material, has defined properties 

which can easily be measured for all practical conditions of 

temperatures. Unlike concrete, the properties of steel were known 

at steady state heating conditions even in the past. The behaviour 

of reinforcing steel subjected to elevated temperatures have, 

however, been thoroughly studied experimentally in the recent past 

(34-41] and discussed in related works [1-4]. Properties of 

reinforcing steel, specifically relevant to this work are, further 

elaborated in chapter 3. 

2.5. Effect of elevated temperature on bond between steel and concrete 

The* study of the behaviour of bond between reinforcing bars 

and concrete at elevated temperatures is more recent . Not much 

information is available although investigations have been carried 

out in several countries. Work has been carried out in Soviet Union 

[4,49], Denmark [51,521, West Germany (50,53,55,56], 

Czechoslovakia [541 and UK (46-48,571 relating specifically-to 

bond in a pull-out situation. Although analytical studies have been 

made for bond quality at ambient conditios not much analytical work 

seems to have been done for bond quality at elevated temperatures. 

_2.6. 
Effect of elevated temperature on reinforced concrete structures 

In order to investigate the structural integrity of 

buildings, studies have been made by workers on actual structural 

elements, some of full scale, subjecting them to elevated 

temperatures and examining the fire endurance and state of failure 

under defined conditions of loadings [69,85-91]. A lot of work has 

also been done on the basis of purely analytical approach for the 
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assessment of fire resistance [4,92-99]. The aim, of course, has 

all the time been to narrow down the gap between the two types of 

approach towards clear recommendations in the design regulations 

for fire resistant structures. 

2.7. Design approach for reinforced concrete structures subjected to 

elevated temperatures 

Attempts have been made by workers in many parts of the world 

to establish guidlines for the design and detailing of 

reinforced/prestressed concrete structures for defined fire 

resistance. These have been'based on the information available 

about the basic properties of concrete and steel affected by 

elevated temperatures. 

Gustaferro and Martin [68]'-and Gustaferro- [701 have given 

rational design procedures for'flextural resistance of reinforced 

and prestressed concrete 'beams. ' Malhotra [31 has drawn "up 

computational procedures for 'the design of'reinforced concrete 

flexural members against fires-of known severity. 

The most detailed treatment in respect of design for fire 

resistance as yet is probably the Interim Guidance issued by the 

Joint Committee of the Concrete Society and the Institution of 

Structural Engineers (671. 

Among recent publications worth mentioning are those by 

American Concrete Institute [1001 and the one adopted in France 

[101]. A rational fire design methodology of reinforced concerete 

structures based on actual performance in a real fire exposure for 
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structures in Sweden has been proposed [1 02 . Other design 

procedures based on theoretical approaches are those by Forrest 

[103] and Pettersson [104]. 

2.8. Summary 

The present day knowledge of the behaviour of reinforced 

concrete structures subjected to elevated temperatures is adequate 

to form a basic guide line for the rational design procedure of 

structures. Only after exploring more about properties such as bond 

and shear, may it be possible to have a firm basis of 

recommendation for inclusion in the code of practice for design 

purposes. More work however is needed to streamline the design aids 

for fire resistant structures and the means to account for the 

variability in the construction materials as available at different 

places. Research is known to be in progress in various places and 

it is hoped that in the near future design procedure shall be made 

more systematic for the assessment of fire resistance. It is also a 

known fact that comparatively more work is required to be done in 

the case of design procedures for compression members such as 

columns and walls. 
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CHAPTER 

FIRE AND ITS EFFECT ON REINFORCED CONCERETE MATERIALS 

3.1. Introduction 

Fire is a chemical reaction which is followed by the 

development of heat. The rate at which heat is liberated'and 

subsequently dissipated determines the growth of fire and its 

severity. In the event of fire, building structures suffer from the 

reaction of elevated temperatures (usually upto 11000C ). Such 

structures, in fact, are not only subjected to the dead load and 
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full or partial live load but also to the effect of non-uniform 

variation in the material properties. In addition load bearing 

structures suffer a great deal from irreversible deformation and 

loss of strength or rigidity during the process of cooling after 

fire. The fire resistance or load bearing capacity of structures 

after fire depends on the degree of fire severity and consequently 

on the extent of the deterioration in structural material 

properties during and after the fire. 

Whereas the deterioration, of the physical and mechanical 

properties of the structural elements determine the degree of fire 

damage to the resistance, the effect of the thermal properties 

determines the degree of fire development and severity. The effect 

on the properties of- materials at elevated-temperaturesý with 

particular reference to reinforcedýconcerete is described in brief 

later in this chapter, comparing-also the effect of elevated 

temperature on the strength properties with those of the post fire 

condition. 

3.2. Fire resistance and fire severity. 

The expressions of fire resistance and fire severity may be 

considered as complementary to each other. Fire severity describes 

a fire in order to provide a-basis on which it may be related to a 

fire resistance test. A relationship between fire resistance and 

fire severity is always. needed in order to facilitate guide lines 

for assuring the designersý and regulatory authorities that 

sufficient safety needs are being met in the design or the 

reinstatement of fire-affected buildings. 
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3.2.1., Fire-severity. 

Tire severity may be defined as the, overall aggregate measure 

of heating conditions and their effects on structures when exposed 

to fire., It-, takes into account both the effect of temperature 

attained and the duration of exposure. 

The heating conditions to which constructions are exposed are 

normally represented by the standard time-temperature curve. The 

standard time-temperature curves used in various countries are 

shown in fig. 3.1. Standard temperature rise as a function of time 

according to. ISO [64]ýis given by the relationship. 

T- To= 345, log 
to 

(8t+1) ... ... (3.1) 

I 

where: T= furnace-temperature in degrees C at time t in minutes. 

To =initial furnace temperatute in degrees C. 

The latest British Standard BS 476: Part 8 [65] is based on 

the 

ISO specifications [64]. 

There are a number of factors responsible for fire severity . 

These include for example 

1. fire load; 

2. position of fuel in the compartment; 

3. type of fuel; 

4. window opening area or ventilation; 

5. dimensions of-the compartment; 

6. the temperature,, pressure and relative humidity of the air; and 

7. the thermal conductivity and thermal diffusivity of the 

structure. 

25 



The Fire Research Station in the U. K has proposed the 

following relationship to express real fire severity; 

tf -k (L/Af) (AfIV'AwAt) (3.2) 

where: tf -equivalent fireýresistance in minutes 

L. --fire-load'iý kilogram 

Af'--floor area'in'square metres 

Aw -window area in square metres 

At -area of wall, floor and ceiling surfaces in square metres 

k -fuel distribution factor, which varies between'-0.7 and 1.5. 

3.2.2. Fire Resistance. : 11 

1ý -In the U. K, the fire resistance of structural elements, when 

exposed to standard heating, is judged on the basis of one or more 

of the following'criteria, defined in BS 476 : Part 8 : 1972 [651. 

Stability: ' The ability--- to resist collapse and excessive 

deformation. 

Integrity: TheýabilitY to resist passage of flames and hot g'ases. 

Insulation: The ability to resist excessive transfer'of heat from 

one side to another. 

According to the Report of the Joint Committee of Institution 

of Structural Engineers [11: 

"Load bearing constructions are expected to resist collapse 

during the heating period as well as during the cooling down phase 

(Identified as 24 hours after heating). If collapse occurs at an 

earlier time , the notional fire ýesistance' is taken to be 80 

percent of the duration of the heating period. Furthermore beams 

and floors are restricted to a vertical downward deflection limit 
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of 1/30 of the span. 

The integrity criterion is applied to separating construction 

, i*e walls and floors, and implies the absence of large cracks or 

openings . It is judged by the application of a cotton-fibre pad to 

the suspect opening on the unheated face. 

The insulation criterion is also applied to the separating 

structures" and limits the average and the maximum temperatures of 

the unheated face due to heat transfer to values between 150 and 

200 aC at which combustible materials and fittings in contact will 

ignite. 

The fire resistance of the construction element is expressed 

as the duration in minutes for which the appropriate criteria are 

satisfied. The. results provide the evidence for compliance with the 

regulatory requirements for fire resistance in different building 

types , which are expressed in steps of half an hour up to 4 

hours. " 

From the building control point of view the standard of 

safety required for each structural element is that it should -- 

neither collapse nor be damaged to such an extent as to allow fire 

to pass through it. 

3.3. Properties of building materials at elevated temperatures., 

As has been described earlier the stability of building 

constructions and their resistance to fire depends on the 

inter-relationship of changes that take place during heating and 
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subsequent cooling* The changes in strength and deformation are to 

a high degree-dependent on the thermal, mechanical and physical 

properties of the material. The thermal properties of material 

determine the temperature rise at which changes in the physical and 

mechanical properties take place and hence affect the stability of 

the construction under fire. Some of the more important properties 

affected by fire can be-, classified as follows: 

A. Thermal properties, such as: 

1. Thermal conductivity 

2. Thermal capacity 

3. -Thermal diffusivity 

Bý Physical or deformation properties, such as: 

1. Density 1 

2. Expansion and shrinkage 

3. Spalling and cracking 

4. -Softening-and melting 

C. Mechanical and strength properties, such as: 

1. Compressive strength 

29- Tensile strength 

3. Strain and modulus of elasticity 

4. --Creep 

5. Shear I 

6. Flexure 

7. Bond 

Most of the properties mentioned above are temperature 
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dependent. Some of them are also stress dependent and others are 

time dependent. 

3.4. Thermal properties of concrete and steel at elevated temperatures 

Thermal properties influence the rate of heat transfer into 

the construction and depend not only on the thermal conductivity 

but also on the specific heat capacity of materials. This is 

normally termed as thermal diffusivity of the material and 

expressed as: 

a= k//oc see oo* (3.3) 

2 
where: a thermal diffusivity (m/h) 

k thermal conductivity (W/m: C) 

/a density (kg/M3) 

c specific heat (J/kgoc) 

Another property of materials which affects the, absorptivity 

of an exposed surface is the portion of radiation incident'upon it. 

This is called thermal inertia and is expressed-as kjo c. 

3.4.1. Thermal conductivity. 

The thermal conductivity k of a material is a measure of the 

ability of such a material to conduct heat. It is equal to the heat 

transferred per unit area of a material for a unit difference of 

temperture per- unit time between the surfaces at unit distance 

apart. Conductivity is not a constant property and is a function of 

the temperature of ihe material. 

3.4.1.1. Thermal conductivity of concrete. 
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Investigations [9] have shown that the thermal conductivity 

of the cement paste in concrete is not subject to large variations. 

It is the thermal conductivity of the aggregates that primarily 

determine the thermal conductivity of the concrete. Besides the 

nature of aggregate the thermal conductivity of concrete depends 

upon the porosity of the concrete and the presence of moisture in 

it. Harmthy [91 has examined various concretes from a large number 

of aggregates. It has been shown , by him, that for dense concrete 

, conductivity decreases with increasing temperature but for light 

weight aggregate concretes the decrease is nominal. - Other workers 

have by and large found similar trends in the variation of the 

conductivity of concrete with temperature. 

3.4.1.2. Thermal conductivity of steel. 

The thermal conductivity of steel is high in comparison with 

a that of concrete: at room temperature it'is about 50 W/m., C whereas 

for dense concrete it is below 2W/m,! C [31 . In view of the mode of 

use of steel in reinforced concrete it is fairly accurate to assume 

that conductivity of steel is high enough for normal size sections 

to have a uniform temperature through out. 

Stirland [43] of the British Steel Corporation has collelcted 

data -on steel properties and shown -that thermal conductivity 

decreases with increasing temperature and depends' on --the 

composition of the materials. 

3.4.2. Thermal capacity. 

I The thermal capacity or specific heat c, of a material is the 

heat required to raise the temperature of the material by one 
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degree. In heat conduction problems it is common to use the thermal 

capacity per unit volume which is written as the product/o c where 

p is the density and c is the specific heat. 

3.4.2.1. Specific heat of concrete. 

Odeen and Nordstrom [24] in their study on granite concrete 

have shown a gradual increase of the specific heat as the 

temperature rises. Harmathy [9], however, in his work on carbonate 

concrete has shown a fairly rapid increase in the specific heat for 

temperatures up to 4000C. This is in contrast to the the behaviour 

of materials that are reasonably chemically stable such as clay, 

brick and mineral wool in which case the specific heat increases 

slowly with the rise in temperature. The main reason for this is 

the irregular variation of the specific heat of the cement paste. 

Because of the irregular variation of the specific heat of concrete 

it is difficult to assign to it a constant value .A value of 0.28 

k cal/kgO, C is an approximation for the specific heat of concrete 

[2]. 

3.4.2.2. Specific heat of steel. 

Stirland [43] in his studies concluded that the specific heat 

of steel from different sources showed negligible variation and is 

independent of the nature of the steel . Specific heat increases 

progressively up to 7000C, where there is a sharp peak before it 

starts to decrease. Pettersson et al [44 1 have observed similar 

properties, but without the sharp rise between 600 and 7000C. 

3.4.3. Thermal diffusivity. 

The thermal diffusivity of a material is the ratio between 
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the thermal conductivity and thermal 6apacity of a material and can 

be expressed by equation (3.3). 

The diffusivity of a material is a measure of-the rate of 

heat transportation from the exposed surface of a material to the 

interior. It is also, therefore, a measure of the rate of 

temperature rise at a certain depth in a material. 

3.4.3.1. - Thermal diffusivity of concrete. 

Harmathy's [91 data when plotted for dense and light weight 

aggregate concretes shows that there is a decrease in diffusivity 

as temperature increase, i. e rate of heat transfer is decreased, 

and after 600"C the difference between various concretes become 

less significant. Work in respect of no-fine concrete is under 

progress in the University of Edinburgh as a part of ýanother 

research project. - 1, ý 

3.4.3.2. Thermal diffusivity-of'steel. 

Malhotra (3,1 after plotting thermal diffusivity for steel 

against temperature on the basis of the data for conductivity by 

Stirland [43] found that it has a value of 0.84 A2 /h at 200C and 

decreases, more or-less linearly , to-0.28 at 7000C . He has shown 

that thermal diffusivity for steel can be expressed with reasonable 

accuracy by the expression 

3 
0.87 - (Ts X 0.84 X 10) m' /h 0.0* (3.4) 

where: Ts - temperature of steel 
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3.5. Effect'of elevated temperature on physical properties'of concrete 

Temperature rises cause changes in the physical properties of 

material such as density, dimensions and even configuration. The 

subsequent cooling may also result in shrinkage cracks and 

deformations . The overall effect is that the strength properties 

are'reduCed and make the material more vulnerable to heat transfer 

during fire. As a consequence, structures lose their carrying 

capacity . Theý physical or deformation properties- are, mostly 

temperature dependent although some are time dependent and others 

stress-dependent. I 

3.5.1. -'"Effect of elevated temperature on density of concrete and 

steel. ,I 

One effect of heat on concrete is to drive away the free water 

in concrete as soon as the temperature reaches 100 OC 
.' At high 

temperatures chemical substances , even if present in a very small 

proportions, may be eleminated-in the form of gases and thus affect 

the density of concrete . Lightweight concrete may suffer more 

reduction in'density compared to the dense concrete. Steel on the 

other hand will not be affected much from the density point of 

view, : except for an increase of volume due to thermal expansion at 

relatively high temperatures. 

3.5.2. Effect of elevated temprature on the thermal expansion of 

concrete and steel 

There is almot no difference in the coefficients of the 

thermal expansion of concrete, CIc, and steel, o(s, at -ordinary 

temperatures. However the difference may become 'pronounced at 
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elevated temperatures, depending on the composition of the concrete 

aggregate (coarse and fine). 

It has been shown by Anderberg and Thelandersson [211, 

Pettersson et. al [44] and others that the deformation, of concrete 

is dependent upon a number of factors, such as type of aggregate, 

rate of heating and theývalue of externally applied force. 

Thus soft aggregates have little influence-on the expansion 

of concrete because cement paste shrinks, when it is heated, 

therefore it may-be expected that concrete will also shrink. Hard 

materials, on the other hand, may be expected to have strong 

influence on the expansion of the concrete, with temperature. ' An 

average value, however, is of the order of 0.00001 [4]. 

Studies'have-shown that the coefficient of-expansion of steel 

increases slowly with temperature and that'it is more or-. less the 

same for all types of steel. According-- to Bushev, et al. [41 

coefficient of the linearAexpansion of steel is notveryý dependent 

a0 
on carbon contents. Below 100 C D(s - 0.000012 and above, 100 C it 

increases up to 7000C according to the following expression: - 

O(s - 0.000012 + 4.3 X 18 (T-100) ... ... (3.5) 

where: T is the temperature. of-steel in"C. 

Lie [2] has shown that, there is a relatively uniform increase 

in g:, (s with temperature up to 700 0 C. After that, because of the 

transformation of the material into austenite, there is sudden 

shrinkage, Above -700 
*C,. building materials in general have 

practically lost all of their-strength and therefore expansion 
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above 700'*C is of little interest. 

3.5.3. Effect of elevated temperatures on spallingo cracking and 

crushing of concrete. - 

Spalling in concrete sections may occur under transient 

heating conditions, usually when there is a steep temperature 

gradientý due to a relatively high rate of heating. At times 

spalling can occur at an early stage of heating and may -lead to 

direct exposure of the steel to fire. Hence a rapid reduction in 

fire resistance of the structure could ensue. There are numerous 

factors 'which influence spalling. Among them three types of 

spalling are commonly recognised. 

I. Explosive spalling- mainly due to the formation of steam at high 

pressure in the concrete- because of a fast temperature rise [4, 

1051. The main factors responsible are the type of aggregate, 

porosity of the concrete, the moisture content and the stress level 

to which the concrete component is subjected. It generally occurs 

within the first 30 minutes of-exposure to heat. 

2. Aggregate splitting- arising from excessive compression of 'a 

material [3,105,106]. It occurs due to the physical changes at 

high temperatures in the crystalline structure of the aggregates 

containing silica. 

3. Spalling called 'Sloughing Off'- initiated when surface layers of 

concrete having. become weak after prolonged exposure to high 

temperatures and are thus unable to retain their position following 

the development of cracks. 

At temperatures greater than 100 OC 
concrete undergoes 

shrinkage whereas the reinforcement continues to expand. In the 
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case of substantially reinforced sections this may result in the 

cracking of the concrete. There is evidence [621 that such cracks 

concentrate at points where, prior to, the heatingt hair cracks had 

developed due to shrinkage or flexural loading. 

It has been, noted also that concrete made from calcareous 

aggregate such as lime stone have the desirable quality of being 

much less likely to spall under attack by fire than concrete made 

from-siliceous aggregates [1]. 

3.5.4. Effect of elevated temperature on softening / melting of 

steel. 

Steel deformation takes place as a result of thermal strain, 

instantaneous stress- related strain and creep strain which is time 

dependent [3]. 

Steel begins to deform at a very fast rate from temperature 

of 400"C to 550 0C (4]. The chemical composition of steel, influences 

its, rate of creep, deformations . An increase in the carbon content 

of steel reduces the deformation. 

After heating to relatively modest temperatures (of the order 

of 6000C) steel can regain its strength and shape on cooling. But 

at very high, temperatures (of the order of 14007C) steel, may melt 

or be softened, thus losing strength. 

3.6. Effect of elevated temperatures on mechanical or strength 

properties of concrete 

Exposure to fire increases the temperature of structural 
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elements and causes changes in the properties of the material. It 

is the changes in the strength properties of the material that 

affects the fire resistance of the structural elements. Similar to 

the deformation properties all strength characteristics of a 

material are temperature dependent, also some of them are time 

dependent and some stress dependent. 

In case of concrete structures, the temperature rise is 

generally reduced at comparatively small depths below the exposed 

surface of the concrete. Also , since the strength properties of 

both concrete and steel deteriorate not only with rise in 

temperature but also in the subsequent cooling stages, it is 

essential to know the effects on their properties under elevated 

temperature and in the post fire condition. Having considered both 

factors the load bearing capacity of structural elements-under all 

critical conditions can be evaluated.. 

The present-level of knowledge about strength properties at 

elevated temperatures and in the cooling stage is adequate. Some of 

the more important strength characteristics are described, briefly 

in the following sections. 

3.6.1. Compressive strength of concrete. 

Concrete, being relatively stronger in compression is used to 

resist compressive stresses and for this reason its compressive 

strength, is, of considerable importance. -The compressive strength of 

concrete varies with temperature and the results of several on this 

subject are compared in fig. 3.2. 
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The following factors have a significant effect on the 

compressive strength of concrete under elevated temperatures: 

1. method of testing; 

2. size and shape of test specimen; 

3. rate of heating; 

4. duration of heating; 

5. level of temperature; 

6. aging after temperature exposure; 

7. testing the specimen in a hot state or a 

subsequently cold state; 

8. amount of preload on the specimen; 

9. reference strength selected i. e. 'wet', 'moist', or 

'dry' strength etc. 

Studies have been carried -out with the various 

parameters noted 'above . Notable among them are those by 

Abrams (6] and Malhotra [71, Abrams concluded that: 

111. Specimens made of the carbonate aggregate concrete or'the 

lightweight concrete retained more than 75 percent of their 

original strength at temperatures up to 12200*F (649 *C) when 

heated without load and tested hot. The corresponding 

temperature for siliceous aggregate'concrete was about 800 *F 

(426*C). 

2. Strength of specimens stressed in compression during 

heating were generally 5 to 25 percent higher than those of 

companion specimens which were not stressed during heating. 

3. Unstressed residual strengths (specimens heated, 'cooled and 

tested) were somewhat lower 'than the strength of companion 

specinens tested at high temperature. 

40 
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Strength of specimens stressed in compression during 

heating were not significantly affected by the applied stress 

level, which ranged from 25 to 55, percent of the original 

strength. 

5. Original strength of the concrete had little effect on the 

percentage of strength retained at test temperature. " 

-, These observations were made on the test results of 75 

by 150 mm cylindrical specimens and heated to various 

temperatures up to 1600*F (8710C). I 

Malhotra in his studies [7] on 2 in. dia. by 4 in. high 

cylindrical specimens of ordinary portland cement with sand 

and gravel heated up to 600 0C 
concluded that: 

%. The effect of temperature on the crushing strength 

of concrete is independent of the watencement ratio 

within the range normally used in its manufacture, - 

2. The aggregate: cement ratio has. a significant effect 

on the strength of concrete exposed to high 

temperature, the proportional reduction being- smaller 

for lean mixes than for-rich mixes. 

3. Concrete under a compressive stress of the order of 

its design stress has a smaller proportional decrease 

in strength than if the stress were absent. 

4. The residual strength of heated concrete shows still 

further reduction in strength on cooling. being 

approximately 20 percent less than the corresponding 

hot strength in the temperature range 200 to 450*C for 

1: 4.5 and 1: 6 mix concrete. " 
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From the relationships obtained by him it seems that the 

residual strength of both type of mix reduces rapidly after 

450 0C and is of the order of 30 percent of the original 

strength at temperature near 600*C. 

ýLesults of compressive strength of normal weight 

concrete in the residual state, found by some workers, is 

shown in fig. 3.3. 

It can be seen that during temperature rises above 500*C 

concrete compressive strength deteriorates very rapidly. This 

is due to the removal of a substantial amount of water of 

crystallisation and the transformation ofok-quartz to, 6-quartz 

which is accompanied by a sudden expansion. 

3.6.2. Tensile strength of steel. 

In reinforced concrete structures, -steel is normally 

encased or protected by a cover against fire exposure. 

Neverthless in the event of fire, the tensile strength of 

steel is very rapidly affected with the rise in temperature. 

It is the effect on the tensile strength of the reinforcement, 

in most of the cases , which determines the fire resistance 

capacity of a reinforced concrete structural element., 

The principal types of reinforcing steel manufactured 

and used in Ur. are 

1. mild steel bars (BS4449: 1978) 

2. hot-rolled high-yield deformed bars (BS4449: 1978) 

3. cold-worked high-yield deformed bars (tor bars)- 
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(BS4461: 1978). 

Other types of steel are either the high tensile steel 

wire strand for prestressing concrete, BS 5896: 1980 or the 

structural steels, BS4360: 1979. 

An extensive amount of work has been done to study the 

strength properties of reinforcing and prestressing steel- at 

elevated, temperatures [4,34,35,38-43] 

a Steel when heated up to 300 C gains strength, after 

which it starts reducing [39,40]. One of the important 

effects of elevated ýtemperature on the strength of steel is 

that the-well defined. point of yield strength and limit of 

proportionality starts , disappearing with the rise in 

temperature. The yield strength is 'reduced to around 50 

percent of its value at normal temperatures on heating'to 

temperatures in, the. 'range 550 0C to 6000C and further reduces 

with increase in temperaturee 

Typical results for hot-rolled high tensile reinforcing 

bars heated to 600*C , based on Bannister (38] and the pattern 

followed in tests on various steels carried out by Corson [411 

are shown in fig. 3.4. 

From the point of view of reinstatement, the strength 

properties of reinforcing bars after heating are also shown. 

(fig. 3.4). It can be seen that the original yield stress- is 

almost completely recovered on cooling-from temperaturesýof 
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500-600 0C for all the bar types tested, but on cooling from 

800 C the yield stress is redUced by 30 percent for 

cold-worked and 5 percent for hot rolled bars [1]. 

It has also been shown that cold drawn and heat treated 

steels, when heated, lose their strength more rapidly than 

work hardened and mild steels. On cooling, '-, self hardening and 

mild steels regain practically all their initial strength. 

Cold drawn and heat treated, however, lose a part of their 

strength permanantly when heated to temperatures in excess of 

about 300 and 4006C respectively [108]. 

3.6.3. Effect of elevated temperature on modulus of elasticity 

of concrete and steel. 

The modulus of elasticity of a material being a measure 

of its safe limit of deformation under stressIs one of the 

important strength , properties -to be considered- when 

determining the fire resistance capacity. The larger the 

modulus of elasticity the smaller the deformation of a 

material under . given stresses. In general modulus of 

elasticity decreases gradually with increasing temperature. 

3.6.3.1. Modulus of elasticity of concrete. 

The influence of temperature on the modulus of elasticity 

of concrete has been studied in a similar manner to that for 

concrete compressive strength. 

If the specimen is heated to its test temperature before 

any load is applied , typical test results have shown that the 
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behaviour of Young's modulus of concrete with respect to 

temperature is somewhat as shown in fig. 3.5 [26]. Fischer 

[32] found that ordinary concrete maintained under a load of 

one third of its cold strength during heating suffered little 

or no change in Young's modulus up to 450 *C, but thereafter 

significant reductions 

that the modulus of elas 

(204"C) is 70 percent 'of 

a C) it is slightly less 

occurred. It was shown by Cruz [23] 

ticity of concrete on heating to 400OF 

the room. temperature, at 800 *F (427 

than 50 percent and at 1200*F (649 0 C) 

it reduces to only 30 percent. 

According to data collected from literature by Saito 

[1061 the modulus of elasticity of concrete after cooling 

down is, like its compressive strength, significantly lower 

than that in the heated 'state. Harda's, [29] studies have 

demonstrated the recovery in modulus of elasticity of normal 

weight 'concrete specimens after heating to various 

temperatures up to 500 C. 

3.6.3.2. Modulus of elasticity of steel. 

Various investigations [4,34,35,39] have been carried 

out on the response of elasticity of- steel to temperature 

indicating a steady decline with temperature rise although. in 

the-case of reinforcement bar type has an influence (see fig. 

M) [391. 

Various authors have reported that there are, especially 

at higher 'temperatures, rather large differences in the rate 

of decrease in the modulus of elasticity. It has 'been shown 
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[45] that the modulus of elasticity of steel diminishes to 

about 90 percent at- 600*F (316 *C), 85 percent at 800 OF (427 

00 C); and 72 percent at about 1000OF (538 C). However the rate 

of decrease in modulus of elasticity is slower than that of 

yield -strength in, steel. According'to'Bushev et al. [4] the 

carbon content has-practically no effect on, the rate of 

reduction of modulus of-elasticity. 

3.6.4. Effect of elevated temperature on creep. 

Creep, or the time-dependent deformation of construction 

materials at room temperature, tends to be small in comparison 

with.. behaviour at the sort of elevated temperatures 

encountered in fires. 

f 

Moreover, since creep test data are obtained by heating 

specimens to a stabilised temperature-and applying constant 

load for several days, it has little relevance to-the 

practical application, as structures are exposed to fires 

usually for a few hours only and temperatures are rarely 

stable. 

Creep behaviour of gravel aggregate concrete under'a 

preload has been found to be neglibible for short duration 

heating with temperatures up to 4000C. However, the. -magnitude 

of the-preload and higher temperature levels did have a marked 

influence- creep becoming more significant [3]. 

At normal or moderately elevated temperatures creep 

appears to be very much dependent on the mobility of different 
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forms of water held in concrete structures. Thus creep is 

accelerated by a modest rise in temperature [20] but can be 

inhibited by drying. 

The creep strains are exceedigly large when compared 

with those that might be expected at normal temperature. For 

instance, a creep strain of 0.15 percent is achieved in only 

two hours at 4820C, whereas this would take'about a year at 20 

Z [671. 

In the case of steel it has been found that up to a 

temperature of 450 *C strains due to primary and secondary 

creep is not very significant. Above this level both stress 

and temperature rise influence the creep strain [3]. 

Also analytical methods have been developed by some 

research workers [691 for the prediction of creep in -steel 

subjected. to elevated temperatures. 

3.7. Effect of elevated temperature on the composite behaviour 

of concrete and steel 

The satisfactory response of reinforced concrete 

structures to loading does not depend only oný the strength 

properties and the durability of the individual materials but 

also on the inter-relationship of concrete and steel under all 

conditions of load. One of the most critical conditions, of 

loading is the danger of fire to flexural members such as 

slabs and beams. Aspects of design both for fire resistance 

and post fire reinstatement in reinforced concrete members 
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dictates -a requirement for knowledge of flexural behavioi1r, 

shear resistance and above'all the quality of bond between the 

two materials. 

3.7.1. 'Flexural behaviour of reinforced concrete at elevated 

temperature. 

In order to ascertain the-fire resistance of a- flexural 

member it is necessary to understand the behaviour of such 

elements in fire. In-the event-of fire initial changes occur 

by thermal expansion of the bottom fibres which causes 

downward deflection. In case of continuous structures a rapid 

redistribution Of moments, -and-- shifting of point -Of 

contraflexure away from the supports occurs and-if not catered 

for properly in the design, -sudden failure cracks may develop. 

Flexural members expand on heating and if the ends. "are 

restrained -by the surrounding structuresi large compressive 

forces are generated as additional'loads to the system. The 

reverse action of cooling on such members is an equally 

important phenomenon and needs special attention in the'design 

of the system. ' 

The effect of heat on flexural members'' such'" as 

reinforced and prestressed concrete beams and slabs has been 

examined both analyticallyý[4,58,70,89,92,93, - 94, -1091 

and experimentally'[68 , 69,85-87,90]. A detailed account of 

the flexural"effect and design aspects thereof has also given 

in the interim guidance by Joint Committee of the Institution 

of Structural Engineers, London [671. Sullivan and -Labani 
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[1101 while studying the flexural behaviour of plain and 

reinforced lightweight aggregate cement beams up to 600, OC 

concluded that, the performance of reinforced concrete beams 

shows continuous deterioration of flexural properties with 

elevated temperature. Plain concrete, according-to Sullivan and 

Labani (1101 lose in strength and rigidity at temperatures 

below 100 C and gains strength at higher temperature. 

3.7.2. Shear ., strength of concrete beams at elevated 

temperature. r 

It appears that concrete flexural members properly 

designed and detailed in accordance with the prevailing code 

of practice to resist shear at normal temperatures can 

withstand severe shear forces during fire exposure. For this 

reason, it seems, little interest has been taken in this 

respect. Although few studies have been made regarding shear 

tests of flexural members under fire, there are quite a few 

cases of reports of post-fire examinations with respect to 

shear. Gustaferro [591 has reviewed the amount of work done on 

shear failures during and after fire. Fire tests of continuous 

concrete beams or slabs can be very severe from the stand 

point of shear, particularly in the vicinity of the first 

interior support. The reason-for this is that if the underside 

of a beam or slab is heated it tends to expand more than the 

top. Because of the deformations which occur, the reactions at 

the exterior-supports diminish while reactions at the first 

interior support increases, resulting in a redistribution of 

moments and shear. The redistributed shear in some cases may 

exceed the design overload values for a section. It has been 
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suggested that consideration should be given to providing 

additional shear capacity in regions where high shear force 

might be anticipated. 

The interim guidance by the Joint Committee of the 

Institution of Structural Engineers London [1] while outlining 

the simplified methods of designing structures for a defined 

period of fire resitance has recommended that note be taken of 

the ratio of bending moment to shear at a section being 

investigated. On the basis of this ratio a design procedure 

has been developed separately for three different modes of 

failures. 

Boon-and Monnier [58] have studied the calculations for 

the shear failure of fire resistance of prestressed concrete 

beams. 

3.7.3. Behaviour of reinforced concrete -at elevated 

temperature with regard to bond at the interface of steel and 

concrete, 

In order to understand the inter-relationship of 

concrete and steel at elevated temperatures and in the post 

fire exposure state a knowledge of the effect of temperature 

on the bond strength between concrete and steel is very 

important. Also in determining the fire resistance of a 

reinforced concrete section or the residual strength after the 

fire effect the main concern from the structural performance 

point of view is the condition of the basic materials , 
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concrete'and steel and-the bond-between them. 

In comparison-with the knowledge about the properties of 

the basic materials'affected by fire, very little is known 

about the behaviour of reinforced concrete at elevated 

temperature'-*with regard to bond at the interface of the steel 

and concrete. In the'recent past, however, a limited amount of 

work has been done in UK, Germany and elsewhere [46-57]. 

While considering bond strength in ambient conditions or 

under elevated temperatures the surface of bars and type of 

concrete are two important factors. Diederichs and Schneider 

[50] obtained results for various steel ýqualities under 

elevated-temperatures and a comparison between normal and 

lightweight concrete bond with the same type of reinforcing 

steel made by Sager and Rostasy [55]. 

In general factors affecting the bond, stress at elevated 

temperatures are 

1. surface of reinforcing bars 

2. compressive strength of concrete 

3. type of aggregate used in concrete 

4. rate of temperature rise 

5. level of temperature 

6. preload on the specimens while test in progress 

7. diameter of reinforcing bars used 

8. method of testing. 

The effect of temperature on bond between concrete and 
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smooth or ribbed bars has been examined by several workers 

[46-571 and a comparison of findings for similar bars and 

materials under residual conditions is presented in fig. 3.7 

as a general guideline. 

Bushev et al [4] have referred to a comparison of bond 

strength of smooth and deformed bars under similar conditions. 

It has been shown that as the temperature rises there is, a 

marked reduction in the bond between the smooth reinforcement 

and -the concrete. At 1000C the adhesion is reduced by almost 

30 perent and at 4501C it breaks down completely. For hot 

rolled deformed bars the adhesion with concrete is not reduced 

in the temperature range up to 2000C. At higher temperatures 

the adhesion decreases, and at 4500C it is 75 percent of the 

initial value. 

While investigating the residual bond strength of normal 

weight concrete and steel it was revealed from the studies 

(47] that the diameters of bars also play important part. It 

was concluded that the residual bond strength for the same 

types of concrete and steel is more for an 8 mm dia. compared 

with 16 mm dia. under same conditions of test procedure. 

It has also been concluded that the thermal strain is 

the dominant factor affecting the bond between steel and 

concrete [501. In other studies on 16 mm. dia. tor bars [47] 

it was established that crushing of the concrete immediately 

beneath the ribs was the cause of a critical value in the 

bond-slip curve. This point was obtained either during loading 
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to failure or during the heating cycles. 

3.8. Summary 

Whatever the aim, may it be the fire protection of a 

construction during service life, the provision for fire 

resistance in the design of building structures, or even the 

reinstatement of the already affected structures by fire, no 

effective purpose can be achieved without having knowledge of 

the behaviour of the basic materials of construction under 

elevated temperatures.,. 

Based on the already well recognised data from work done 

by researchers in this field some of the information relevant 

to the work of this study has been condensed in the foregoing. 

The data in graphical form which is relevant to the study in 

later chapters has been reproduced for ready reference. 

Mention has been made only of the work done with 

ordinary portland cement and dense aggregates using mild steel 

or tor bars. 

s 
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CHAPTE-R 

ACOUSTIC EMISSION AND ITS APPLICATIOU-TO FIRE AFFECTED 

REIFORCED CONCRETE COMPONENTS 

Introduction 

Solid materials including steel, aluminium, metallic alloys, 

glasses and fibres, concrete and ceramics under stress, emit 

acoustic energy when cracks or flaws start to develop. This 

phenomenon of sound generation in solids under stress is termed 

acoustic emission. 
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4*. 1.1. Historical background 

The phenomenon of acoustic emission (AE) has been known for 

some time. As early as 1938, Frenkýl and Kontorova [113) predicted 

that acoustic emission took place in the- process of plastic 

deformation. -Later in 1949 in another early publication, Frank 

[1141 also predicted about AE. 

In the'early 1950s a German researcher, Joseph Kaiser [1151, 

observed ýthatý'material under stress emitted sound and his name 

became synonymous with a particular aspect of this behaviour (see 

reference 116). However it was only in the 1970s that attention was 

given '-to the technology'of acoustic emission. In 1973 AE was used 

at the Lockheed Georgia Company to -locate cracks 'in aircraft 

structural fatigue ' test specimens, assembled 'with 'mechanical 

fastners. Two notable sets of publications'were produced by the 

American Society for Testing and Materials in 1972 [117]'and 1975 

(118] relating-to the application of AE monitoring in materials 

testing. Nicholas'[1191 edited a series of papers in 1976 in a book 

entitled Acoustic-Emission, and a good general background to AE'and 

a range of applications was prepared'by-Williams in 1980 [11610- 

4.1.2. Reasons for the growing importance of A. E 

In the late' 1970s the catastrophic failure of FRP'-chemical 

process containers in'the USA-'posed serious questions as -'to the 

criteria of establishing the degree of reliability of FRP and the 

guarantee that such structures would survive the design service 

loads. Efforts were initiated early in 1978 to improve FRP 

performance with the goal of defining NDT techniques which', would 

identify manufacturing defects during service loading and 
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facilitate ample warning time in case of serious flaws leading to 

f ailure. 

Similarly early in 1980 the loss of an accommodation platform 

in the North Sea [116] stimulated scientists and engineers, in Great 

Britain to devise improved methods of checking the integrity of 

modern highly stressed structures. Since then serious efforts have 

been made to establish NDT techniques with special attention to 

acoustic emission procedures. 

Engineers have always -attempted to design structures and 

equipment in which full advantage of the material properties-is 

taken. As a result of this at the present time the number of 

structures, even with the full advantage of large scale testing 

facilities, at risk due to the materialIailure is greater than in 

earlier times when over designing prevailed. Moreover, due to the 

present requirements of heavy industry especially in aircraft$ 

nuclear power stations, chemical storages and oil-rig installations 

there is an absolute necessity for NDT of structures during 

construction and service. Acoustic emission techniques could be the 

answer to effective control over safety checks against possible 

failure, averting thereby the enormous economie- and social 

consequencese Acoustic emission certainly is a powerful and 

probably the best method available to monitor the integrity of 

structures under critical stress conditions. 

4.2_Definitions 

Acoustic emission has been defined in a number of ways by 

different authors and researcher workers. In the -following 
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paragraphs the most commonly accepted descriptions are presented. 

4.2.1. Acoustic emission 

1. "The term acoustic emission (AE) refers to the elastic 

waves generated in structural materials by dynamic processes such 

as the energy release'when crack'extension occurs. The term is also 

often used to designatej the techniques' employed to detect and 

process the'signal generated by the elastic waves" [1191*. 

2* Acoustic __ emission by the ASTM definition is "A-transient 

elastic wave generated'by the rapid release of'' energy 'from-a 

localised source within'a material". From an application point of 

view this means that an increment of local failure within the 

material will generate bursts of energy which are released as 

elastic stress waves travelling in all directions. 

3 _"Acousftc Emission is the sound'produced by I materials as 

they fail. A -familiar example is the-audible noise from timber. 

Almost all engineering materials generate AE but-'unlike timber, ' the 

sound is 'too faint 'to be heard without sensitive''electronic 

monitors" (121]. 

4. "The phenomenon of sound generation in materials under 

stress is termed acoustic emission (AE) or alternatively, stress 

wave emission" [116]. 

4.2.2. Measurement of acoustic emission 

Following definitions [122] will help in expressing the 

measurement of acoustic emission. 

4.2.2.1. Counts 

Acoustic emission is normally measured in counts. Counts are 

the number of times the amplitude of the signal from the transducer 
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exceeds a set threshold. For a given material, the number of counts 

is the measure of total, significant acoustic emission for a 

particular event (see fig. 4.1). 

4.2.2.2. Events 

Acoustic emission occurs in bursts of continuous counts. Each 

burst of emission is said to 

recorded and analysed. The 

individual event is measured 

is referrýd to as the event 

the amplitude of each event 

reasurement (fig. 4.2). 

be an event. -Each event can be 

maximum signal amplitude during an 

in decibels (explained in 4.2.3) and 

amplitude. The number of events, and 

is an important acoustic emission 

4.2.2.3. Kaiser effect 

With -most materials the total emission counts increases with 

increasing load, In the case of many materials if they, are loaded 

and then unloaded, the emission does not occur in the reloading 

cycle until the previously attained maximum load is reached. This 

phenomenon is called the Kaiser effect. 

According to ASTM [117]: 

. 
"The Kaiser effect is the immediately irreversible 

characteristic of acoustic emission phenomenon 

resulting from applied stress. If the effect is present 

there is little or no acoustic emission until 

previously applied stress levels are exceeded. " 

4.2.2.4. Felicity effect 

Some of the materials when loaded to certain levels do 
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not exhibit the behaviour of the Kaiser effect and. emit at 

loads well below the previously attained maximum level. This 

phenomenon is called the Felicitv effect [123]. In other words 

the breakdown of the Kaiser Effect is termed as the Felicity 

Effect and is becoming an important factor in the assessment 

of composite structures. The ratio of the load at the onset of 

significant emission to the maximum previously attained load 

during the reloading is-called Felicitv Ratio. 

4.2.3. Decibel scales 

The amplitude of a count in an acoustic emission event 

is measured in decibels, which is a logarithmic scale for 

describing relative magnitudes of phenomena- such 'as noise, 

vibration and electrical signal amplification. -Although it is 

2 convenient to express sound Dressures in -Newtons per m and 

I sound intensities. in watt per m in the theoretical 

investigations of acoustic phenomena, it is more common to use 

logarithmic scales known as sound levels when dealing with 

practical engineering and experimental work. The use of a 

logarithmic scale not only compresses the range of numbers 

required to describe the wide range of intensities (audible 

-12 2 intensities range from approximately (10) to 10 watts per m 

[125], it also facilitates the iudgement of relative loudness 

of two sounds by the ratio of their intensities. 

4.3. Acoustic emission in comparison with other NDT procedures 

The capacity of acoustic emission techniques to detect 

and locate faults within the body of structures by 

interpreting the faint sound waves generated throughout 
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inservice use has greatly attracted the attention of engineers 

and scientists. It has rightly been said that most NDT methods 

are means of detecting defects visually. For example the use 

of dye to make cracks clearly visible and of magnetic 

particles that make surface cracks apparent to the naked eye. 

X-rays and ultrasonics also display internal defects on 

screen. Acoustic emission on the other hand is a way of 

listening to the defects and has several unique advantages 

over the other conventional techniques. Some of these features 

are described below. 

4.3.1. Limited number of sensors required 

The sound waves produced at the site of a defect 

propagate in the form of waves in all directions and can be 

detected by sensors placed at distances from the source. Thus 

entire structures can be tested with a limited number of 

sensors. 

4.3.2. Ease of fault location 

The source of an AE event can be located by 

triangulation techniques and assessing the relative arrival 

time of the -signal to different sensors. The wide spread 

propagation of sound waves enables regions to be examined 

which are otherwise difficult to reach. 

4.3.3. Monitoring in service 

Acoustic emission has a direct relationship with the 

dynamic growth of defects. It can indicate the time and 

location of growth of a defect and thus facilitates monitoring 
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the condition of a structure in service. 

4.3.4. Warning in time for preventive measures 

The capacity of AE as a monitor of the health of 

structures in service provides safety factors against critical 

conditions. 
- 

Also-since AE detects a defect at the time of its 

formation, repair"can be carried out well before the critical 

stage"'is reached. 

4.3*'5. Reduction of inspection costs 

AE in conjunction with'inspection and proof testing' can 

eliminate carrying out detailed conventional'tests. Proof 

testing can, be performed quicklv and simplv in the field, thus 

helping to reduce the cost of'inspection. 

4.3.6. Reduction in testing time 

Because of its quick and easy procedures and reduced 

human involvement the time required for testing is 

comparatively short. 

4.3.7. Saving in construction costs 

AE enables the construction or vroduction of a component 

or structuie'to be checked from the start. Hence it helps to 

improve the quality control. Thus one can have a higher 

confidence of trouble free-service. 

4.3.8 Limitations of AE 

The method can only be employed when the defects are 
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growing under mechanical or thermal loading. High frequency 

background noise can create problems. In the case of more 

complex structures, where different materials or mechanisms 

might contribute to the emission, the interpretation of the 

signals becomes more difficult. 

. 
4.4. Acoustic emission test system 

Structural materials when in service release mechanical 

strain energy, usually stored within them during the elastic 

deformation period. One of the forms of dissipation of strain 

energy is exhibited as acoustic emission. Transducers firmly 

bonded -to the surfaces of such materials pick up a series of 

pulses of this elastic energy. The intensity of the energy and 

the frequency spectra of the elastic waves coming depend on 

the type of materialt the nature of the defect formation, the 

deformation process and the environment in which the material 

is placed. The common types of deformation processes are due 

to: 

1. loading of the material beyond the'e-lastic limit 

resulting in crack growth or. fracture;, 

, 2., fluctuating loads or fatigue; 

3. fluctuating loads and corrosive atmosphere; and, 

4. crack growth in an adverse gaseous atmosphere e. g. 

hydrogen induced crack growth in metals. 

Acoustic emission test procedures can be used to deal 

with all'the above noted processes. 

0 
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4.4.1. The set up of the system 

The acoustic emission test system in its simplest form 

essentially consists of transducers, preamplifiers, signal 

conditioners and a display unit. The transducers are placed on 

or bonded to predetermined locations on the surface of the 

material or structure under test. Emission, if any, from the 

growing defect is picked up and transformed into electrical 

signals. These signals are in turn amplified by the 

preamplifiers, fed into the signal conditioner and on to the 

display units. In a more advanced form the amplified signals 

are fed into a computer system which calculates and displays 

the location of emission or the fault. 

The results of an acoustic emission test largely depend 

on the interpretation of the correct signals. and the, 

overcoming of the background noise. The desired signals can, be, 

obtained by the use of special filtering methods for focusing 

on the area of interest and eliminating the irrelevant signals 

from other sources. The background noise can similarly be 

overcome by the use of proper instrumentation design and 

selection of an optimum frequency window. Fig. 4.3 is a block 

diagram illustrating the system in the simplest form. 

4.4.2. Information produced by acoustic emission signals 

Emission received by the transducer from a material or 

structure under a deformation process contains the following 

common information, 

1. rate of emission received; 

2. frequency within the emitted pressure wave; and 
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3. amplitude within the emitted pressure wave. 

The number of times the amplitude of a signal in the 

pressure wave exceeds a preset voltage determines the simple 

number'characteristic-of the signal e. g. the severity of the 

rate of growth of a defect under study. This simple approach 

relies on pulse counting or in some cases the measurement of 

an'average signal amplitude'. More sophisticated equipment adds 

energy analysis to the simple counting. 

4.5. Application of acoustic emission 

4.5.1. General 

Efforts have been made' in the past to apply acoustic 

emission techniques as a NDT approach to metallic as well as 

non-metallic materials. 'The behaviour of materials and 

structuies'under all conditions of loading i. e. compression 

tension, hoop pressure and flexure, with respect to acoustic 

emission have been observed and criteria of growth of faults 

established based on the knowledge of the statýý-of-the-art I at 

the time. 

Williams [116] has given some details of the work done 

in this respect and other publications [113-124,126-135] 

indicate how attempts have been made to apply acoustic 

emission techniques of NDT to, 

1. metallic materials; 

2i pressurised structural components; 

3. monitoring of welding process; 
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4. off shore work; 

5. aircraft structures; - 

- 6.. fibre reinforced materials; 

7. crack growth in metals at elevated temperature 

and other similar purposes. 

Because, 'of the wide spread use of concrete in the 

construction industry attention has been turned to the use of 

AE for the non- destructive testing of that material. 

4.5.2. Acoustic emission as NDT to concrete, 

Concrete is essentially a composite, material of cement, 

gravel and water of-, varying, ratios., As -such it is very 

different from metals and alloys in its emission behaviour. 

The use of reinforcing- barsý-in reinforced concrete-, or 

prestressing steel in prestressed constructions coupled with 

the effect of-age on the strength of. concrete. can make the 

prediction of emission behaviour during in-service life very 

complex. 

The Kaiser Effect recognised as a unique characteristic 

of many engineering materials has been used to investigate the 

loading - history- of many concrete specimens in the 

laboratories. one such study was made by Nielson and Griffin 

[1261 on the Acoustic Emission of plain concrete. They 

concluded that the- Kaiser effect was very temporary and 

therefore, could not be used to determine the prior maximum 

loading on a concrete specimen. Also they reproduced the 

63 



findings of other investigators on the subject which clearly 

indicate that there was a possibility of standardising the 

phenomenon in testing the concrete construction. These 

arguments are considered briefly below. 

Wells (1271 conclusion on AE experXments performed on 3 
1 

iný(76.2mm) and 4 in (101.6mm) cubical specimens-, is: 

"Although numerous results have been obtained they are 

not comparable with each other. However, in some cases, 

there does seem to be a tendency for a pattern to 

emerge where a number of small cubes have been tested. 

The tendency shows that$rin some cubes, noise emission 

starts at about 50 per cent of ultimate strength and 

increases as the failure load-is approached. " 

Rusch (128] performed AE experiments on: concrete' prisms 

and reported that 

1. 'On- repeated- load/release/load-increase cycles, 

appreciable noise (acoustic emission) was renewed only 

when, formerly attained maximum stress was exceeded. 

2. Above 70 to 85 per cent of failure load, noises were 

produced-before'the previous maximum load was reached. 

3. -There was considerable noise in the vicinity of the 

failure-load and noise continued during the unloading 

process. 

Schickert [1291 in trying to relate AE to the fracture 

of concrete cubes concluded that 
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"The method has been effectively applied to analyse the 

development-of fracture in concrete cubes. However, 

test results show quite a big variation. " 

Goodman [1301 while experimenting -on the AE, of 

cylindrical rock samples 2.75 in (69.8 mm) diameter by 5 in 

(127 mm) in length under axial compression reported that 

"During its first compression, a rock generates 

ýsubaudible noise at all stress levels, however, there 

is 'a -minimum in the audio pulse rate at stress levels 

-from about 40 to. 80 per cent of-the-crushing strength. 

'If the -stress is ever carried past the point of 

acceleration in the rock-noise rate, then in second and 

later cycles of loading, fewer subaudible pulses are 

detected. These occur repetitively at certain levels of 

, -ýstress during both loading and unloading. On the other 

hand, should loading be carried appreciably beyond the 

-point of accelerated rock-noise activity, then the 

amount of sonic energy remains high and, in fact, may 

increase in second and later load cycles. 11 

McCabe et al [1311 in their paper contend that the 

Kaiser Effect is valid in the acoustic emission behaviour of 

concrete laboratory specimens. 

By contrast Mindess [1321 formed some opposing views, 

namely that: 

1. AE seems to depend on the age of the concrete" 

increasing significantly by 2 years. 
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2. AE cannot yet be used as a reliable monitorig system 

for the integrity of concrete in service; further work 

to establish standard test procedures would-'. be 

required. 

3. AE, due to internal cracking, rises from the initial 

application of load, 

In 'a study to assess the in-situ strength of high 

alumina concrete- structures "131 pull-out and acoustic 

emission tests were used, and it was summarised'that where 

acoustic emission is detected in structures, at lowe'r, -loads 

than the -design load,, assessment of strength using the 

pull-out-test may be required. " 

Fulmer Research Institute -'and - Acoustic, Emission 

Consultants Ltd. in-' cooperation with the' British Gas 

Corporation ( Arrington and Evans, 1977 ) [134] 'had carried 

out tests on concrete cubes and prestressed beams made from 

High Alumina Cement (HAC) concrete. From these* they derived 

some results with the intention of applying them to the 

testing of RAC concrete beams. On the basisý of the general 

shape of the emission-load plot deductions were made regarding 

flexural behaviour prior to failure. A number of ordinary 

portland cement (OPC) concrete beams were tested also at the 

Fulmer Reseach Institute using AE monitoring. 

These tests were carried out under three or four point 

flexural loading. Observations regarding the estimation of 

residual strength of the beams and the state of crack 
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conditions were made. It was concluded in brief that: 

1. Acoustic emission activity commences at,,. 62.0(±3.5) 

per cent of ultimate moment for HAC beams and 

59.6(±4.5) per cent of the ultimate moment for OPC 

beams. 

2. Cracked beams invariably generated emissions during 

loading whereas uncracke. d--beams did not. 

3. '. Cracking-of, good' beams occurred when they were 

subjected to a loaU equal to approximately 69.0 per 

cent of ultimate failure for 11AC beams and 71.0 per 

cent of ultimate for OPC beams. 

4. If a, load, -less than that required to cause beam 

cracking but exceeding the level required to cause 

emission, wasýapplied to a sound beam, removed and then 

reapplied, no emissions were observed in the second 

cycle unless the previous maximum load was exceeded. 

This effect was not observed if the beam was cracked 

initially or if the cracking load was exceeded in the 

first quarter cycle. 

applications of the above mentioned observations 

were [11611 

1. If no emission were detected, the overload had 

raised the stress in the beam to less than 59.6 or 62.0 

per cent of its ultimate, depending on the type of 

beam. 

2. If the activity did occur, and it was judged to be 

significant, then the beam had been subjected to more 

than 59.6 or 62.0 per cent of ultimate stress. 

67 



3. If on unloading further emissions were detected, the 

beam would be cracked. 

4. If on unloading no emission occurred, -the load--'on 

the beam had taken it to between 59.6 and 71.0 per cent 

or, 62.0 and 69.0 per cent of its ultimate, depending on 

beam type. ' 

5. If emission did occur during unloading, the number 

of emissions would give an indication-of the amount by 

which the cracking load had been exceeded and enable a 

judgement to be made as to whether or not a further 

examination was justified. 

6. If a beam showed no activity under the influence of 

an overload on one date, but at a later time did show 

activity under the same overload, this would be an 

indication ihat its strength had decreased between 

tests. The 'method -could, therefore, be used for 

monitoring structures over a period of times 

4.6. Application of AE to fire affected concrete specimens 

As described in 4.4.1 the acoustic emission activity in 

a structural element subject to load depends on the nature of 

the materials, state of deformation and the mode of loading. A 

number of test specimens prepared from nominally the same 

material and subjected to similar conditions of loading but 

weakened by high temperatures of different levels will exhibit 

different emission activity. This principle has been applied 

in an attempt 'to ascertain the relation of strength to 

acoustic emission activity in beam and pull out test 

specimens. 
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A limited amount of work on pull-out specimens has been 

carried out by Royles and Morley [135] in an earlier study in 

which it has been concluded that acoustic emission is closely 

related to the bond slip behaviour, indicating that it could 

be a useful method of investigating the quality of bond in the 

fire damaged structures. 

Efforts have been made in the present work to correlate 

the cumulative counts registered for the specimens at some 

reference levels of loading namely at a working load, ultimate 

failure load etc. The rate of emission activity both under 

flexural loading of beam specimens and in direct pull out 

specimens have been compared., 

4.6.1. Instrumentation anditest. procedure "ý, 1, 

The general arrangement of, instrumentation is shown 

diagrammatically in fig. 4.4 and individual components are 

described in chapter 6 (see sec. 6.5). Acoustic emission 

transducers (piezoelectric elements which produce an electric 

siSnal when excited by a stress wave) were fixed directly to 

the body of beam specimens and to the steel bar through -a 

ceramic rod in case of the pull-out specimens. The emission 

signals obtained from the specimens were amplified before 

being transmitted to the signal processor and counter. The 

signals were also filtered so that only those exceeding, - a 

threshold of IV after amplification were recorded. The output 

was displayed on an oscilloscope, an audiomonitor and also 

recorded on a plotter along -with the, corresponding signals 

fron load cells and deflection / displacement transducers. A 
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constant rate of loading was maintained in the respective 

series of test specimens and the acoustic emission system was 

standardised by means of a Neilson calibration [136] before 

the start of'each test. 

4.6.2. Acoustic emission data from tests 

The emission data as received on the counter was 

displayed on ýan'oscilloscope as well as plotted on the chart 

recorder 'for each'incremental load. The data was reduced in 

the form of photographs of waveforms and numerical figures for 

further tabulation (chapter 8). Total counts of emissions were 

plotted against load and deflection displacement and the 

photographic"'data' interprated with respect to the amplitude 

and frequency of signals for different failure loads and 

temperature leveis. The data was further processed (chapter 9) 

for ascertaining a suitable criterion of failure in the 

following manner. 

1. Comparison of waveforms of týe acoustic emission at 

different levels of temperature. 

2"0 Maximum amplitude of the. waveform. at or about the 

failure load. 

3* Maximum amplitude of wave; orrn at or about the 

working load. * 

Total number of counts at the working load level and 

at the failure load. 

5. Correlation of data for a series of specimens 

subjected to different temperatures. 

6. Kaiser effect and felicity effect, if any, at 
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working load and twice the working load in the case of 

flexural specimens. 

7. Emission during unloading from the working load 

level. 

8. Relation of load to emission and also of deflection 

to emission for similar types of specimen. 

9. Relation of emission to rotation of the beam 

specimens. 

1O. Comparison of the trend of emission in loading a 

beam specimen to that of emission in a pull-out 

specimen. 

11. Comparison of the general waveform for the beam 

specimens to that for the pull-out specimens. 

4.7. Summary 

Assessment of the quality of materials_ and 

integrity of reinforced concrete components can be made 

by listening to the low level ultrasonic stress waves 

generated internally when subjected to external 

stresses. Previous work in this field has been reviewed 

and an experimental system described which would enable 

an attempt to be made in establishing a failure 

criterion for initially sound concrete beams and 

pull-out specimens when loaded in residual condition at 

ambienttemperature following heat treatment. 
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CHAP, T-, E ýR 5 

THE DESIGN OF TEST SPECIMENS 

5.1. General 

Two sets of beam specimens and a set of pull-out specimens 

were prepared for the experimental work. The main considerations in 

choosing the size of the specimens were the concrete cover to 

reinforcing bars and the size of the furnace, as available, for 

cooking them to different levels of temperature. Further, the depth 

of the beam specimens was so adopted as to fulfil the requirements 

of a predetermined shear arm ratio for the load tests. One of the 
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two series of beam specimens was designed as doubly reinforced and 

the other as singly reinforced. The sections were so proportioned 

that at ambient conditions the moment of resistance was controlled 

by the tensile reinforcement. 

ý In order to better understand the behaviour of bond between 

concrete, and steel at elevated temperatures-in flexure,, pull-out 

specimens were prepared for direct bond tests. Although it- would 

seem, more consistent to use beam type specimens for this series of 

test too, it was felt that-in order to achieve'a state'of a uniform 

heat, flow from the outside surface to-the interface and also to be 

in a position to compare the results-of similar previous work with 

different bar diameters a cylindrical shaped specimen was chosen., 

The threeLseries of test specimens-designed for the work were 

as follows: -I "I I. .- 

Series 1 ... (SS) ... doubly-reinforced beam specimens. 

Series 2 ... (SP) ... direct pull-out test specimens. 

Series 3 ... (SB)'... singly reinforced beam specimens. 

,-A nominal mk. OIZU-3-7, (cement: sand: coarse aggregate by weight 

respectively) concrete with both mild steel and tor bars as 

reinforcement was, used in making the specimens for the three series 

of tests. In this chapter a brief account of the following As 

given. 

1. Concrete mix 

2. Reinforcement bars .1 

3. Structural design for a typical section of the 

specimens 
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4. Steady state load for the pull out test specimens 

5. Working load for the beam specimens. 

5.2. Concrete mix 

As described above, the concrete mix was formed of ordinary 

portland -cement, fine and coarse aggregate in the ratio of 

1.0: 2.08: 3.70 (by weight). All the constituent materials were 

procured from market as per prevalent standard specifications. The 

constituent parts of the concrete were mixed mechanically, for 2 1/2 

minutes before adding water and 2 1/2 minutes after its addition, 

thereby achieving a water/cement ratio of the end product of- 0.65. 

Theoretically the mix used in all the experiments over'the period 

of two years (November 1979 to November 1981) was the same, but 

actually the properties of the constituents differed due to the 

normal variations in production over a period of time. This factor 

had been, kept in mind during quality control and a number of cubes 

were"tested for-every set of specimens (see sec; '-6.5). 

5.2.1. Cement .I 

Ordinary, Portland Cement conforming to the BS 12 (1978) under 

standard commercial package was used. 

5.2.2. Fine aggregate 

The fineýparts, of, the aggregate conformed with the sieve 

analysis limits of- BS 882: Part3: 1973. - The fine aggregate was 

consistent with a zone-3ýsand; All the material used 'was made 

surface dry under" room temperature to ensure uniformity of water 

content. 
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5.2.3. Coarse aggregate 

A 19 mm natural aggregate (shrinkage value-M, per cent) 

(1371 from a local quarry was used conforming ýfith the sieve 

analysis limits of BS 882: Part3: 1973. All the coarse aggregate was 

washed with running tap water and surface dried at'room temperature 

before use* 

5.2.4. Water 

- Ordinary potable water as obtained from the laboratory mains 

supply was used. The water thus was'clean and free from harmful 

material. A free water/ cement ratio of 0.65 was maintained to 

ensure uniform strength with reasonable workability suitable for 

the size-of the moulds-used. 

5.2.5. Design of mix 

A trial mix was designed for medium-workability and strength 

2 
of 35-N per mm until the following values were'obtained: ' 

Concrete 1: 2: 4 ... 1.0 

Cement ... ... ... 323 kg 

Fine ..... ... ... 672 kg 

Coarse ... ... ... 1195 kg- 

Water .... ... ... 210 kg 

5.2.6. Compressive strength of concrete 

The compressive strength from different batches of the 

material used was measured by destructive testing of (10OX10OX100) 

mm cubes. The set of cubes for the series 1 specimens was stored in 

water at a constant temperature and tested for cube crushing 

strength at the time of load testing of the beam specimens. The 
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sets of cubes for series 2 and series 3 specimens were cured along 

with the respective series of specimens, covered with polythene 

sheets under room temperature. Moreover the cubes of series 2 and 

series 3 specimens Were heated to the respective temperatures of 

the specimens before crushing then to failure at ambient 

temperature* 

The quality of concrete at ambient temperature was nominally 

taken as grade 35 at 28 days. Although for more exact calculations 

the strength was computed on the basis of average strength whenever 

required. 

5.2.7. Tensile strength of concrete 

All the cylindrical specimens for the pull out test (Series 

2) after having been pulled to failure were subjected to a 

splitting force longitudinally with the reinforcing bars in 

position fig. 5.1(a). The test thus gave the tensile strength in 

the residual state after having been subjected to various levels of 

temperatures. 

The tensile strength was calculated as: 

67tc= 2W /jr. X ... ... ... ... (5.1) 

Where W= split load in 11 

and X- dL + (d-D) (1-L) 

= {1(d-D) + DLI ... ... 000 (5.2) 

In which: 

1 is the length of pull-out specimen 

d is the diameter of the pull-out specimen 

D is the diameter of the steel bar; and 
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L is the bond length at the interface of steel and concrete. 

For values of 1=300 mm, d-126 mm and D=8 mm 
2 

l(d-D) - 300(126-8) 35400 MM ; and 

D. L -8X bond length 

5.3. Reinforcement bars 

Both mild steel (smooth) and tor steel (deformed or ribbed) 

reinforcing bars were used in the construction of flexural 

specimens (figs 5.2-5.5 and figs 5.7-5.12). Only single 8 mm dia 

tor steel bars were used in the construction of the pull-out test 

specimens (fig. 5.6). Mild steel bars were mainly used as anchor 

bars and shear links in the beam specimens. 

5.3.1. Mild steel 

Mild steel bars were used in the nominal diameters of 3 mm, 6 

mm, 8 mm and 16 mm. All mild reinforcing bars conformed to BS 

4449: 1978 plain surface. The specified characteristic strength 6'y 

at ambient temperature for all sizes used was nominally taken as 

12 250 N mm. Bars of nominal diameter 3 and 6 mm were used as links 

and those of 8 mm and 16 mm as main reinforcing bars. 

5.3.2. Tor steel 

Both 8 mm and 16 mm dia. tor bars were used as main 

reinforcing bars. They conformed to BS 4461: 1978 and were 

classified as type 2 deformed bars. The specified characteristic 

strength 6y at ambient temperature was taken as 410 N/MM2-unless 

otherwise actually tested for some temperatures. The actual sizes 

measured for four specimens are as shown in table 5.1 below and in 
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fig. 5.1(b). 

Table 5.1 (Geometry of tor steel bars) 

---------- 
Nominal Diameter 

- 
Diameter 

--- ---- 
Core 

Diameter at Helix at rib Diameter 
(MM) (mm) (mm) (mm) 

8 8.605 8.490 7.760 

16 17.680 16.490 15.730 

5.3.3. Stress-strain relationship 

8 mm diameter bars from the cylindrical specimens for 

pull-out tests were retrieved and subjected to tensile force in an 

Avery universal testing machine. The elongation was measured by 

i strain guage extensometer IIBM type DD1 for every increment of 2.0 

kN in load for a calculated guage length and strain determined. 

Stress-strain relationship for ambient temperature was drawn up as 

shown in fig. 8.3 (chapter 8). Stress strain relationship for the 

reinforcing bars heated to various temperatures and tested on 

cooling is described in chapter 9. 

5.4. The structural desiRn of sections for the sDecimens 

All beam specimens were designed in accordance with the 

structural requirements of CP110: 1972 [66]. Concrete cover to the 

reinforcement was, however, the main criterion in the design of the 

pull-out specimens. The set 1 and set 3 series of specimens were 

designed as flexural members in category 3 of shear arm to 
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effective depth ratio fig. 5.13 [138]. Pull-out'test specimens were 

designed primarily on the basis of a concrete cover to steel bars. 

5.4.1. The set 1 series of specimens I- 

5.4.1.1,, - Criteria 

The specimens were designed as rectangular prismatic sections 

with the following considerations 

1. The size of specimens to conform to the size of furnace 

2. The clear cover of concrete to tensile reinforcement to 

be maintained at 25 mm. 

3. For a four point load test the shear arm to effective 

depth ratio to be such that the failure would be in group 

III (fig. 5.13). Under this condition, at failure, the bond 

"between the reinforcement and concrete would fail and is 

termed a shear bond failure ýz ý' 

4. Section and reinforcement to''be proportioned so that 

under ambient conditions failure would occur in the tensile 

reinforcement before crushing of the concrete occurred. 

5. ' The sections to be reinforced in shear for load 

conditions under an ambient temperatures. 

5.4.1.2. Parameters 

The main parameters under consideration were the number and 

type of reinforcing steel bars used. As a result four types of 

specimen were finalised, namely, 

1. Specimen SS1: with single 16 mm diameter plain mild steel 

bar as the main tensile reinforcement (fig. 5.2). 
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2. Specimen SS2: with single 16 mm diameter tor steel bar as 

the main tensile reinforcement (fig. 5.3). 

3. Specimen SS3: with two 16 mm diameter plain mild steel 

* 4). bar as the main tensile reinforcement (fig., 5, 

4. Specimen SS4: with two 16 mm diameter tor steel bars as 

the main-tensile reinforcement (fig. 5.5). 

5.4.1.3. Characteristic strengths of materials 

2 Concrete: 6-cu=35 N/mm 

Reinforcement: 

2 Mild steel--250 N/mm 

Tor'steel -410 N14 

5.4.1.4. Loading condition 

Specimens were loaded as shown-in fig. 5.14. '-' - 

Shear span - (B. M. at a section)/(S. F. at a section) 

av 00a *** a00 (5.3) 

For the section under one of the concentrated loads 

av-- 325 mm 

Therefore: 

Kv av /d where d is the effective depth' 

325/107 3.03 -000 (5.4) 

5.4.1.5. Design calculations 

Typical calculation details for the specimen type SS1 is 

given in Appendix A2. 
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5.4.2. Set 2 series of specimens 

5.4.2.1. Criteria 

The specimens were designed as circular cylindrical shapes 

(fig. 5.6) with the following considerations: 

1. The size should conform to the dimensions of the furnace 

so that four specimens could be accommodated at any one 

time. 

2. Concrete cover to the steel bar nominally to be 59 mm. 

3. The length of 8 mm diameter tor bar, positioned axially 

and concentrically, should be sufficient to facilitate the 

grip of pulling yokes and also to have a central nominal 

bond length of four times the diameter of-the bar. 

The direction of casting the concrete in the -specimens 

should be the same as the direction of the-pull-out force. 

5.4.2.2. Parameters ý7 ý 

Only one type of specimen was designed having the same 

physical shape and dimensions. The same type of reinforcementA. e 8 

mm diameter tor bar was used in all the- specimens. The type of 

concrete used was uniform i. e. grade 35. The only variable for this 

test type was the temperature level7'to which the specimens were 

heated. 

With these considerations in view and also to facilitate 

comparison with some specimens worked on by Morley (57], but with a 

different diameter of steel bars, one of his sets of moulds was 

adapted. As a result of this the specimens were 126 mm diameter by 

300 mm in length with 8 mm diameter tor bar axially fixed in 
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position (fig. 5.6). The concrete cover to the steel bar was thus 

59 mm. 

5.4.3. Set 3 series of specimens , 

5.4.3.1. Criteria 

The specimens were designed as rectangular prismatic sections 

with only one reinforcement bar in the tension zone. They fulfilled 

the following requirements: 

1. The sections to conform to the size of the furnace. 

2. Minimum clear cover of concrete to reinforcement to be 

not ies; than 20 mm. 

3. Under a four point load test the shear arm to effective 

depth ratio (Yv) to be such that the failure would be in 

group III (fig. 5.13). Under-these conditions of failure the 

bond-between the reinforcement and concrete would fail and 

could therefore be termed a shear bond type failure. 

4. The section to be., ýso proportioned that failure under 

ambient conditions would occur in the tensile reinforcement 

before the crushing of concrete in compression. 

5. The sections to be adequately reinforced, for shear under 

ambient conditions of loading. 

5.4.3.2. Parameters 

The main parameters affecting the size of section were the 

relation of clear cover to tensile reinforcement. Accordingly for 

three different clear covers of 20,30 and 40 mm. and reinforcement 

bars with straight ends or hooked ends, sixýdifferent types of 

specimens were finalised, namely: 
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1. Specimens SB1: 50mmXl40mm ... ... fig. (5.7) 

2. Specimens SB2: 50mmX140mm ... ... fig. (5.8) 

3. Specimens SB3: 70mmX140mm ... ... fig. (5.9) 

4. Specimens SB4: 70mmX140mm ... ... fig. (5.10) 

50' Specimens SB5: 90runX140mm ... ... f ig. (5.11) 

6. * Specimens SB6: 90mmX140mm ... .. ý. fig. (5.12) 

5.4.3*3. Characteristic'strengths of materials 
z Concrete Ccu=35 N/mm 

Reinforcement 

2 Mild steel Cy-ý250 N/nm 

Tor steel 67y -410 N/mm2 

5.4.3.4. Loading condition 

Specimens-'were loaded underIour point loading (fig. -5.14). 

d(maximum)=140-24-116'mm 

Therefore Kv - a, /d - 325/116 - 2.8 > 2.6 ... (5.5) 

Group III type failure would occur (fig. 5.13). 

5.4.3.5. Design calculatlons 

Details of calculations for a typical specimen SB1 is given 

in Appendix A3. 

5.5. Steady-state load for pull-out specimens 

In order to simulate the behaviour of the bond strength 

between reinforcing steel and concrete under actual fire conditions 

it was thought essential to study experimentally some of the 

specimens under -the influence of a working load stress during the 

heating cycle. 
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For such- specimens it was assumed that the reinforced 

concrete component is subjected to ultimate local bond stresses at 

the critical section while under fire. With this consideration in 

view some- of the pull-out specimens were preloaded with a steady 

state load corresponding to the ultimate local bond stresses and 

then the tests were conducted. The extent of pre-load on the 

specimens were, therefore, calculated in accordance with the 

stresses as allowed in the CP110: Partl: 1972 [66]. 

The ultimate local bond stresses for a deformed bar of type 2 

(as defined in E. 1 of Appendix E in CP110: 1972) and grade 35 

concrete is: 

2 
m ult. -- 1.20(2.8 + 3.4) /2-3.72-N/mm 

For 8 mm diameter tor bar the pull-out load over a length of 
2 32 mm taking : the ultimate bond stresses as 3.72 N/mm on the 

average: 

(22/7) X8X 32 X 3.72 - 2.993. - 3.00 kN (say) 

Therefore a steady-state load for the pull-out specimens of 

3.00 kN was adopted. 

5.6. Working load for beams of series 3 specimens 

To simulate. the, conditions of reinforced concrete elements 

subjected to elevated temperatures as if under fire conditions, it 

was assumed that part of the live load. was present as well as the 

self load and-the dead-load. This load was assumed to be the 

working load for the beam specimens as calculated under section 

5.6.1. The specimens were subjected to the limit of working load 
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first and'subsequently the tests repeated for the ultimate failure 

or collapse load. 

5.6.1. Working load (WL) for Specimens SB1 and SB2 

'From fig. 5.15 

self load of beam 0.05 X 0.14 X 0.96 X24 

0.16128 kN ... ... (5.7) 

Therefore working dead load on beam - 0.16128 kN 

And ultimate working-dead, load on beam = 1.4 X 0.16128 

0.226 kN ... ... (5.8) 

Now the ultimate moment of resistance of the beam from 

Apýendix B. 2 ý- - 1848.03 kN-mm e*o (5.9) 

If Wu is'the total ultimate equivalent UDL on the beam 

Then the equivalent ultimate moment of resistance of the 

beam due to UDL - (Wu X 1)/8 - Mu ... (5.10) 

'Equating (5.9) and (5.10) 

Total ultimate UDL WU - (8 X 1848.03)/880 - 16.80 kN 

Equivalent UDL (Live) - 16.80 - 0.226 = 16.57 kN 

Equivalent WL (Live) WW - 16.57/1.6 - 10.36 kN 

If 2Pw is the working point loads (Live) and Ww is the 

working UDL (Live) then: 

(Pw X 1)/2 - Pw(115) - (Ww X 880)/8 

Or Pw - (110/325)/Ww - 3.51 kN 

Therefore the total concentrated working load -2X3.51 

- 7.02 kN 

A load of 8.0 kN was therefore assumed as the working load 

for the specimens in the experimental tests 
I 

On a similar basis the equivalent working loads for the other 
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sets. of_ýeams were calculated as follows: 

Specimens SB3 and SB4 ...... 7.0 kN 

Specimens SB5 and SB6 ...... 6.5 kN 

5.7. Summary 

Most--of the. test parameters in relation to the experimental 

work-were predefined as described in the foregoing. The basic 

material properties such as characteristic strength of concrete and 

steel were verified when actual experimentation was carried out. 

Uniformity, in the concrete section for all type of test specimens 

was maintained to facilitate realistic comparison with respect to 
I 

the type and percentage cross section of reinforcement used in the 

flexural -members. The comparison with actual conditions was 

attempted by introducing the effect of steady-state load in the 

pull-out' test and the working load in the beam specimens test. 

Further details in respect of the experimentation is explained in 

chapter 6. 
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CHAPTER6 

EXPERIMENTALPR0CEDURE 

6.1. General 

As described in chapter 5, three different sets of specimens 

were used to carry out the experimental study into the effect of 

elevated temperatures on reinforced concrete beams. They were: 

1. A set of 30 beams (SS-specimens), reinforced both in 
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tension and compression: These were used to study the effect of 

elevated temperatures i. e. t the development of crack patterns in 

relation to the thermal gradient,. crack development during the 

destructive testing (by loading) with four point loads and the loss 

of anchorage of the bars ends in the post fire condition. 

2. A set of 40 concrete cylinders (SP-specimens), each 

reinforced with one axially positioned steel bar: Pull-out tests 

were carried out both during and after the heating of specimens to 

a predeterminedlevel of temperature to establish) if possible, the 

relationship, - slip with the applied load under varying 
. Of bond 

temperatures. 

3. A-set, of 108 beams (SB-specimens), reinforced in tension 

only: These -were used to study the effect, of varying temperatures 

on the load carrying capacity of the specimens. Specimens were cast 

both,. with straight ended bars and with hook -ended, bars. A, more 

important aim, was the attempt to devise a non-destructive testing 

procedure for fire affected reinforced concrete -elements using 

acoustic emission techniques. 

The following sections describe the experimental set-up and 

procedure in detail, with particular reference to the three types 

of specimens mentioned above. 

6.1. Shape and form of specimens 

Each type of specimen was cast of the same quality and grade 

of concrete using different sizes but the same grade of reinforcing 

bars. The specifications of materials used in the construction of 
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specimens were as explained in chapter 5. The general arrangement 

for'the casting of specimens was as follows: 

6.2.1. Series'l (SS-type) specimens' 'I 

Two subsetsSS1 (fig. 5.2), SS2 (fig. 5.3) each having ýnine 

specimens, and'two subsetsSS3 (fig. 5.4), SS4 (fig. 5.5) each having 

six specimens were prepared under'this series. All specimens were 

reinforced in tension as well as in compression with straight ended 

bars. -Specimens'in the, subsets5S1 andSS3 were reinforced with mild 

steel' bars in tension whereas those in subsetsSS2 andSS4 were 

reinforced with tor steel bars in tension. 

All the specimens were reinforced in shear with 6 mm diameter 

mild steel links as per the'-requirements of CP110: 1972. A minimum 

clear concrete cover of 25 mm was'nominally provided to the main 

reinforcement. A uniform depth of 140 mm and overall length of 960 

mm''was adopted for all the specimens. The specimens were cast in 

two widths of 66 mm and 107 mm for one 16 mm dia. and two 16 mm 

dia., bars specimens respectively, thus fulfilling the requirements 

of clear cover to the reinforcement and the spacing between the 

bars'as envisaged in CP110: 1972. In order to differentiate one from 

another the specimens were marked as shown in Table 6.1. 

6.2.2. Series 2 (SP-type) specimens 

Circular cylindrical form of specimens having a height of 300 

mm and a diameter 126 mm (fig. 5.6) were prepared under this 

series. A metre long tor steel bar of diameter 8 mm was axially 

positioned in the specimen having a symmetrical concrete cover of 

59 mm. A cylindrical shaped specimen was chosen for the work as it 
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was more appropriate to obtain a uniform temperature distribution 

from the outside surface to the-bond zone. 

The bond length at the interface of concrete steel was 

nominally 32 mm. This length was found suitable for a number of 

reasons. It was desirable to have the bond length greater than the 

maximum aggregate size of 19 mm. At-the same time it was the aim to 

keep the bond length as small as possible for the understanding of 

the local bond characteristics. In view of these considerations a 

length of four, times the diameter of the bar was chosen. While 

deciding, upon ý the choice of dimensions RILEM-CEB-FIP 

Recommendations [139] were also kept into consideration. 

The steel bar was smoothly and squarely ground at the top end 

to give a level surface on which to place a transducer. It was also 

threaded at the lower end to facilitate effective grip during the 

pull-out operation. A concentric cavity, 16 mm dia., along the axis 

of. the specimen was provided for the free movement of the bar 

during pull-out and the downward movement of the 15 mm dia. ceramic 

rod resting on the top end of the reinforcing bar. For the purpose 

of differentiation the specimens were marked as shown in Table 6.2. 

6.2.3. Series 3 (SB-type) specimens 

Rectangular prismatic beams (figs 5.7- 5.12), each reinforced 

with an 8 mm. diameter mild steel bar in tension were cast. The 

beams were reinforced with 3 mm dia. mild steel vertical stirrups, 

which were found sufficient to meet the requirements of CP110: 1972 

[66], for shear resistance in this series of specimens. 
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The specimens were prepared with three different clear 

concrete covers to the main reinforcement i. e., 20 mm, 30 mm and 40 

mm and nine different levels of saturation temperature i. e., 200 

100,200,300,400,500,600,700 and 800 degrees C were used. The 

overall depth and length of the specimens were 140 mm and 960 mm 

respectively. The width of the specimens was, however, dependent on 

the concrete covers to the reinforcement. The minimum clear 

concrete cover of any of the specimens was 20 mm. 7 

There-was an equal number-'of specimens with straight and hook 

ended reinforcing bars and-two specimens of each type. 

The'total number-, of specimens therefore, t7orkdd out as 

f ollows: 

2XCXEXT 

Where C is the number of covers 

E is the types of bar end, 

T-is the temperature levels 

For C-3iE -2, and T9 

108 

6.3. Casting the specimens 

The constituents of concrete were mixed by mechanical means 

for 2.5 minutes before adding water and 2.5 minutes after. The 

specimens were cast in purpose built moulds, by pouring concrete 

over reinforcements fixed in position and vibrating the moulds 

mechanically. The exposed surface of the specimens were trowelled 

and smoothed while the concrete was still green. All specimens were 

cured under room temperature and covered with polythene sheets 

throughout the curing period to prevent evaporation of free water. 
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The demoulding of specimens was carried out smoothly and gently to 

prevent jolts and disturbance. 

6.3.1., Series 1 type of specimens 

The specimens, 30 -in number, were cast in plywood moulds 

(fig. 6.1)An batches of three at a time. Before placing concrete 

in position it was ensured, every time that the inner surface of the 

moulds were properly oiled and the steel cage fixed in position. 

Four cubes (10OX10OX100) mm were cast in steel moulds for every 

batch of-three specimens after vibrating them properly by 

mechanical means. The specimens were cured for a nominal period of 

six months before subjecting, them to load test. ý 

,. In order to monitorýthe temperature. gradient within the-body 

of; -a speciment thermocouples-were fixed at three levels (fig. 6.2) 

i. e., at7, the level of., the tensile reinforcement, mid-depth of the 

section and the level'of the-anchor'bars in the compression zone. 

Thermocouple terminals,, sticking out- of the beam surface, were 

later connected to the temperature recorder during the heating 

cycle of a specimen. 

6.3.2. Series 2 type of specimens 

The specimens (40 in all) were cast using cylinderical mould 

(fig. 6.3 ) opened at both ends and gently tapered from one end to 

the other. The moulds rested on steel caps made to size with a 16 

mm dia. hole concentric with the axis of the moulds. 
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The 8mm dia. tor steel bars were bolted in position with the 

aid of of a, timber sub-frame (fig. 6.3), passing through the axis 

of the moulds and into the steel caps. Two plastic tubes, of 15 mm 

outside diameter,. were positioned, one at the top and the other at 

the-bottom, end of the specimen so that only 32 mm of, -the steel bar 

was, exposed (for bond length at the interface). The, bond length-was 

centrally. positioned with respect to the depth of the specimens. A 

thermocouple was fixed in position (fig. 6.4) to enable the 

monitoring of the -temperature gradient at mid-depth of. the bond 

length at the interface of steel and concrete, while the specimen 

was heated and tested (N. B., The surface temperature of the specimen 

could be deduced from the furnace temperature). 

The concrete was poured ýinto the moulds in, batchesq each 

batch. being properly compacted, before the addition of another. Four 

specimens were cast at a time, the moulds being in an upright 

position. The top face of -a specimen, was, Ismoothed whilelthe 

concrete was still green. Demoulding of the specimens was done 48 

hours -after casting by gently unbolting the steel; bars and tapping 

the plastic moulds. A set. of four (10OX10OX100) mm cubes were also 

cast in steel. moulds for each set of four pull-out specimens, 

The specimens and the cubes were cured under room temperature 

conditions, covered with polythene sheets for three months before 

heating and subjecting to tests. 
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6.3.3. Series 3 type of specimens 

Specimens (108 in all) were made by using the steel moulds 

(fig. 6.5). The moulds were fabricated by-bolting steel plates 

together to facilitate demoulding. Before fixing the steel cage in 

position it was always ensured that the moulds were properly oiled. 

After pouring the concrete into the moulds they were vibrated by 

mechanical means to ensure proper compaction. 

Thermocouples were so fixed (fig. 6.6) that they could 

monitor' the temperatures 'at the midspan section at three points, 

i. e., at the level of tension steel, mid depth in the section and 

the anchor bar level'in the compression zone. One thermocouple in 

every beam was fixed 100 mm from the end at the level of the 

tension bar, to monitor the temperature near the end of the bar. 

This was meant'-to see the difference, if any, in the temperature 

gradients at the level of the bottom reinforcement 'near the 

critical anchorage zone from that in the critical flexural zone. 

The specimens were cast in batches of two using one set of 

moulds i. e., one specimen with a straight endý'8 mm dia. bar and the 

other with 'a standard U-hooked'bar. This was'done to maintain a 

uniformity in the quality of materials used in a set of specimens. 

A set of four (10OX10OX100) mm cubes for every set of two beams 

were cast in steel moulds and properly compacted by mechanical 

means. All specimens and the cubes were cured under room 

temperature conditions and covered with polythene sheet, for six 

months before subjecting them to heating and testing. 
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6.4. Heating of specimens 

Specimens were raised to the required temperatures in an 

electric furnace. The temperature gradients within the furnace, at 

the interface of steel and concrete and at other locations within 

the specimens were recorded continuously by using Chromel-Alumel 

thermocouples. In order to avoid damage from spalling, which might 

be caused by large differentials of temperature between the 

exterior surface and the central coreq the specimens were heated at 

the rate of 20C per minute. The temperature control was afforded by 

a programmer and a controller via a thermocouple connected with the 

furnace. Specimens were saturated for one hour at their respective 

maximum temperature before cooling slowly to ambient. 

6.4.1. Furnace 

The electric furnace (fig. 6.7) was rectangular in shape with 

external dimensions 140OX65OX675 mm and internal clear dimensions 

100OX25OX300 mm. It was designed for temperatures up to 1000*C. The 

furnace was mounted on two longitudinal brick supporting walls. 

Fire load was controlled through electric filaments housed in the 

grooves of the longitudinal sides constructed in high temperature 

resisting concrete. Besides other insulatign materials the exposed 

faces of the lids (in three portions) were provided with a padding 

of thermowool. The side walls were constructed using blocks made 

from Morgans Tri-morinsulcast insulating castable refractory 

material. In order to keep the heat capacity of the walls low the 

element supporting blocks were 75 mm. thick. To this backing, layers 

of Triton Kaowool (a ceramic fibre) and mineral wool were applied. 

The base was made of Morgan's Tri-mor extra high strength castable 

refractory material and the lids from Triton Kaowool and mineral 
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wool held togther in a steel casing. 

1%4o fixed type thermocouples, one connected to the 

temperature controller and programmer and the other to the 

temperature recorder, were fitted to the furnace to monitor the 

temperature,. in the furnace, continuously (fig. 6.8) All the 

electric connections meant for power input were placed at one end 

of-the furnace. 

As stated above the furnace was supported on two longitudinal 

brick walls. Four' support beams consisting of two steel channels 

each were provided underneath the main body of the furnace. This 

was meant for the application of load to the pull'Out specimens in 

the furnace so that the base was subjected to compressive stresses 

only. Four steel I-sections acting as the reaction beams were fixed 

in the two supporting brick walls (see'fig. 6.12) 

The furnace was basically constructed to test cylindrical 

specimens in upright positions both under elevated temperatures as 

well as at ambient. The beam specimens were also cooked to the 

required temperatures by placing them in a horizontal position. 

There was no built-in facility to test beams under elevated 

temperatures. Thus the beams could only be tested in a residual 

conditions or post fire state. 

6.4.2. Thermocouples 

The thermocouples were made from "T1" and "T2" alloys ( 

nickel-chromium and nickel-aluminium of 0.0148 mm dia. ) wires, 

spot welded at one end. The junction of the wires which reacts to 
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the temperature produced an e. m. f' directly proportional to the 

applied temperature. The welded junction of the wires was fixed at 

the point within'the specimen where the temperature gradient was 

required to be recorded during the. heating cycle. 

,,, Every -possible -care was exercised so that the thermocouple 

wires would not, touch each other-anywhere in the circuit. A few 

thermocouples (as evident from the data output in chapter 7) did 

not-monitor-the temperature, due perhaps to the fact that the 

junction ofthe wires was broken during the process of casting the 

specimens. The temperatu re within the furnace as well as within the 

specimens were continuously monitored on the chart recorder. The 

outputý was obtained in the form of a repeated printing of a, point 

at a fixed cyclic rate for each circuit of all the thermocouples. 

6.4.3. Calibration of furnace and thermocouples 

-., The thermocouples were first calibrated for theý temperature 

of --of, boiling water (100 0 C) and melting ice (O*C). The recorded 

voltage measured against the two conditions were 3.9 and -O-1mV 

respectively. The total voltage difference for a 1009C rise was, 

therefore, -determined as 4.0 mV. The thermocouple readings in the 

heated furnace showed, that the voltage difference is of the order 

of 4.0 mV per 100 C. 

6.5. Testing of specimens 

As mentioned earlier, three series of specimens were tested 

to destruction i. e., 

(1) Series 1 (SS-type) ... ... 30 beam specimens. 

(2) Series 2 (SP-type) ... ... 36 cylindrical specimens. 
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Series 3 (SB-type) 108 beam specimens. 

Whereas the SP-type (pull-out) specimens were tested both 

under elevated temperatures, as well as at ambient,. the beam 

specimens of SS- and SB-types were tested in ambient conditions 

only, _after 
heat-treatment. Details of, the test procedure are 

explained in the, following paragraphs. 

6.5.1. Seriesýl (SS-type) specimens 

The beam specimens of series 1 were examined to mark the 

thermal. crack paths (after heat treatment) on the surface of the 

specimens and to study the deflection trend of the beams and the 

end slip of-steel bars under the load test. Crack paths during the 

four point load test were,,,. also markedý on the surfaces of the 

specimens. The characteristic-strength of the respective set of 

concrete cubes. was also obtained by a crushing test... The over all 

test,,, arrangement is depicted in fig, 6.9 and, the details of the 

displacement guages, positioned -under the specimens are shown in 

fig. 6.10. 

6.5.1.1. Crack paths 

After cooling down a specimen to ambient temperature, the 

pattern of thermal cracks was observed and the crack paths marked 

on the surface of the beams. A photographic record was also taken 

before subjecting the specimen to a load test. During the load test 

the trace of crack paths as a result of progressive increment in' 

applied load was also marked on the opposite face of the specimens. 

Details of the data obtained are given in section 7.2.5. 
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6.5.1. L Deflection under load 

All the specimens were subjected to a four point load test in 

an Avery, 1000 kN'universal testing, machine (fig 6.11) using 100 kN 

range. The load was applied toýthe specimens through a channel 

section with' two rollers 230 rm apart (fig. 6.9) -placed 

symmetrically- in respect to the centrel line of the 880 mm 

effective span of the specimens (fig. 6.9). The, arrangement was so 

made that the shear arm to effective depth- ratio was within 

category III (fig. 5.13) [138] and, therefore, under ultimate load 

at ambient temperatures there should be a shear,. bond type of 

f ailure. 

Load to the specimens was applied nominally at the rate of 

2.0 kN per minute and deflections recorded for every increment of 

the load at theýrate of 1 kN for specimensSS1, '5S2 and ý2 kN for 

specimens, SS3, and5S4. Deflections were monitored using dial guages 

(capable-of measuring to'the accuracy of 0.01,, 'mm)' and positioned 

under the -soffitý of-the beams such thatýone, _was monitoring the 

deflections at mid span and-the"other-two, under- each point load 

position. Deflections were monitored under increasing load up to 

collapse, -load, i. e. when-the pointer on the,, 'Avery machine dial 

began to record negative-loading. - 

6.5.1.3., Slip-, of-bars at the ends of a specimen 

The slip of bars, at the end faces of the specimens was 

monitored by fixing-dial'guages, capable of reading up to 0.002 mm, 

at-each end of the specimen'(fig. 6.9). These dial guages were 

arranged horizontally having been clipped rigidly to the concrete 

of the specimen. Readings were recorded at every increment in the 
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vertical load until collapse. 

6.5.2. Series 2 (SP-type) specimens 

The specimens were mounted vertically in batches of four with 

the' reinforcing bars extending through the base of the furnace 

(fig. 6.12)'on to a-loading arrangement incorporating a 50AN load 

cell. Load was applied with the help of a manually operated 

hydraulic Jack, capable of applying load simultaneously to all four 

specimens or -individually as required. The relative slip was 

monitored.. -using displacement transducers (LVDT type, ±2.5 mm range 

with a linearity of 0.3 percent of f. s. d) mounted above the 

specimens. A general impression of the test arrangement is given in 

fig. 6.13 and aýblock, diagram in fig. 6.14. 

1. After the heating cycle was completed to a required level of 

temperature, the specimens were pulled to failure continuously 

monitoring, the load, slip and, acoustic emission (figures 6.15 and 

6.16)o A uniform'loading rate was maintained equivalent to a bond 

2 
stress increase of approximately 3 N/mm per minute. 

The AE was monitored using a piezo electric accelerometer 

inserted between the displacement transducer and a ceramic wave 

guide- bonded ow to tthe- upper end of the reinforcing bar. The 

ceramic wave, guide, -was 
bonded using Fortafix, a high temperature 

adhesive cement. Pull-out tests were carried out at under elevated 

temperature. levels as well as under residual conditions. A few 

tests were carried out with a steady state load on the specimens 

throughout, the period of heating cycle. 
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6.5.2.1. Pull-out at ambient residual state 

The specimens were heated to the required maximum temperature 

level in the furnace and saturated for one hour at their respective 

maximum levels. They were then cooled down slowly to ambient over a 

period of 24 hours'and tested. The data in respect of acoustic 

emission, displacement and the corresponding load was obtained on 

the chart recorder until the specimens were pulled to ultimate 

failure. -Random samples of AE wave forms were also photographed for 

every test specimen. Typical wave forms were recorded at the stage 

of the allowable bond stress level as defined in the clause 

3.11.6.1 of CP110: 72'[661 and at the ultimate failure stage. 

6.5.2.2. Pull-out test at elevated temperature 

The specimens in this case were subjected to the pull-out 

load immediately ýfter the one hour saturation at the required 

maximum level of temperature. The sequence of the test procedure 

adopted and out put of data obtained was in the' same fashion as 

explained in 6.5.2.1. above. 

6.5.2.3. Pull-out test at elevated temperature with a steady load 

applied 

. 11 ^In this case a load equivalent to the maximum allowable 

envisaged in CP110: 1972 (661 (for the type of concrete and steel) 

at ambient temperature (sec. 5.4) was applied at the start of the 

heating cycle. All the required information i. e., acoustic 

emission, displacement, load on the specimens and temperature 

gradient, was obtained 'throughout the cycle until the required 

maximum temperature was attained. 
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Subsequently the specimens were pulled to failure load and 

acoustic emission, displacement and load monitored as'explained in 

sec. 6.5.2.2. above. 

6.5.2.4. Material control test 

The residual ýconcrete compressive strength at various 

temperature Ievels was obtained by compression tests on the set of 

4 cubes made for every batch of 4 pull-out specimens. These cubes 

were cast from the same material as the pull-out specimens, cured 

for the same period of time and under similar conditions. Three of 

the cubes were heated tO an equal temperature in the same heating 

cycle as that of the specimens. The fourth cube in each set was 

tested in the ambient condition. --" 

The pull-out specimens after* having, been pulled to the 

ultimate load (with the bar, in position)-were also tested in a 

compression machine for splitting. Tensile strength of-concrete at 

residual temperature was thus obtained for every level of 

temperature treatment and at the ambient condition. 

Some of the tor steel bars, retrieved from the pull-out 

specimens, ýwere also tested fo. r stress-strain relationships in the 

residual state at ambient conditions. A tensile load was applied by 

the Avery' 1000 AN universal testing machine while the strain was 

measured with'Hottinger Baldwin Messtechnik strain guage based 

extensometers type DD1 on a guage length of 100 mm in conjunction 

with an HBM 225 Hz carrier frequency amplifier and digital 

indicator type MS 3050 and DA 3417 respectively. 
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Loss of water content at different levels of heat treatment 

were also monitored for all the pull-out and the cube specimens.. 

6.5.3. Series 3 (SB-type) specimens 

. The cooked specimens under this series were also subjected to 

load testing, to failure through the Avery machine, mentioned above, 

in the ambient and residual state with the ratio of shear arm to 

effective depth within category 111 [1381. 

Before subjecting a specimen to a heating cycle it was first 

loaded up to the working load and unloaded (sec. 5.5). The rate of 

loading, AE and deflections were monitored continuously. -'The 

specimen was then-transferred and heated in the furnace to the 

desired maximum temperature, saturated for an hour and allowed to 

cool to ambient slowly, Then the specimen was reloaded to the 

working load.. level, all data being monitored continuously . Afterýa 

pause, the, loading was continued until ultimate, collap; e andidata 

continuously recorded. 

The following information was monitored on the chart 

rýcorder: 

(1) Load through a load cell of 30 kN 

(2) Deflection at three points by displacement transducers via a 

Sangamo signal conditioning unit. 

(3) Acoustic emission counts via AE counter 

(4) Wave forms (random samples) were also obtained via a datalab, 

type DL902 transient recorder storing 2.048 ms of waveform which 

could be displayed on an oscilloscope (type OS 3000). 
a 
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The general impression of the. set up has been shown in 

figures 9.17 and 9.18 and the sequence of testing procedure 

explained in the flow diagram fig. 6.19. 

6.5.3.1'. Loading the specimens 

The application of load to the specimens was controlled 

mechanically through the Avery machine using a 30 kN strain guage 

the load cell. The rate of loading was nominally 2.0 kN per minute 

and that of unloading approximately 5.0 kN per minute. The gradient 

of the trace 'of , the pen -recording the load line on the chart 

recorder was nearly constant except between 4 and 5 M, which is 

the load of, the Avery machine cross head through which compressive 

load was applied to the load cell and', on to the specimens. 

Every time the load reached the working load value (sec. 5.5) 

and the ultimate stage it was held for a-period of 5 minutes. Any 

special features relevant to the study'were observed and recorded. 

In case of very brisk AE activity the application'of'load had to be 

stopped whilst the AE, counter scale was changed to a higher range. 

The specimens were unloaded'only when there was a: retreat'of the 

pointer on the Avery machine dial, thereby indicating that q1timate 

load had been attainedG` *-II 

6.5.3.2. Deflections 

The deflections-of a specimen, with increase in load, were 

measured with -the help of-displacement transducers in the formlof 

the assembly shown in fig. 6.20. A continuous record of deflection 

was obtained on the chart recorder via 'the 'Sangamo signal 

conditioning unit . Deflections were recorded at three points on 
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the.. soffit of a beam specimen-as shown in fig. 6.20. This was done 

to facilitate calculation of the curvature in the constant moment 

zone and the, rotation, at mid span. 

., . -The deflection transducers were calibrated every time before 

the start of application of load from 0.0 kN to the working load 

and the increase from the working load level to the ultimate 

collapse load. Slip guage of 10 mm thickness was used for this 

purpose. The guage,, was inserted, ý every time for calibration, 

between the, soffit of the beam and the- knob of the displacement 

transducer. A reading of. 1000 on the Sangamo signal conditioning 

unit had to-be, adjusted before removal of the slip guage and making 

zero reading on it-again for the start of the application of load. 

6.5.3.3. Acoustic Emission 

The acoustic emission due to application of load was 

monitored by fixing two piezo,. electric accelerometers on the same 

surface of the beams at 100 mm and 450 mm respectively from the end 

face., Both the accelerometers were fixed- at the level of the 

tension 
-_steel using a grease. couplant to the surface, wrapping 

insulating tape around the section of the specimens and pressing 

the accelerometer to the surface of the beam (fig. 6.18). 

The output was received in the acoustic emission counter as a 

sum, value of the two devices and was displayed as continuous output 

on the pen chart recorder. An audio visual arrangement was also 

introduced into the circuit to have the maximum possible 

observations during the test operation. The display of the random 

sample wave. form on an oscilloscope was obtained through an 
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attentuator inserted in the circuit. The system was calibrated with 

a standard Neilson source [136] for each test and the output of the 

acoustic emission counts were therefore, the proportionate sum of 

the counts from the bending and shear zones of the specimens. The 

general set up of the circuit is explained in the block diagram 

(fig. 6.19). 

6.5.3.4. Crack pattern 

All the specimens after collapse were marked for crack paths 

on one of the longitudinal faces and photographs obtained 

(sec. 9.5). On the spot observations to the effect that the failure 

pattern was predominantly due to bending failure or shear and/or 

bond failure was also made in each case to help in analysing the 

results. 

6.5.3.5. Colour change 

Photographs showing relative changes in the colour of the 

specimens on heating to different levels of temperature were also 

obtained (sec. 9.2.7) in batches relating to similar sizes of 

specimens. 

6.5.3.6. Material control 

As in the case of the pull-out test specimens, the residual 

compressive strengths of the specimens at various temperatures, 

were obtained by cube crushing tests on the batch of 4 cubes for 

everyset of two beam specimens. The cubes were made of the same 

material as the beam specimens and cured under similar conditions. 

Three of the cubes were cooked along with the set of two beams to 

the same level of temperature and later tested for compression on 
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cooling down to ambient. A fourth cube was also tested but without 

heating. 

Loss of water content in the specimens and the cubes, with 

heat treatment, was also monitored for every level of temperature. 

6.6. Summary 

In view of the primary objective of this work i. e., the study 

of the post- fire effect on reinforced concrete beams, the set up 

of the experimental procedure seems to have served its purposeo 

However, in order to correlate the nature of the study to that 

under elevated temperatures the furnace would need alteration and 

modification to enable the carrying out similar tests while the 

beam specimens were heated. Moreover, the set -up of the testing 

procedure using a large number of specimens on a prototype scale 

seems to have furnished sufficient-information from the statistical 

analysis point of view. A few full scale specimens, it is is hoped 

, will give a representative results with in the same cost. 

Details of the data obtained in the tests are explained 

further in chapter 7 and relationships of. the parameters involved 

for- typical specimens in each get of test are also indicated. The 

data has, been supplemented by photographic representation of the 

crack paths and the AE wave form in chapters 7 and 9. 
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Table 6.1 : SS-type specimens 

Serial 

Number 
- 

Mark 

Data files 
- 

of specimen 

Experimental record 
--------- 

Figure 

Number 
-- ---- 
I 

--- 
S1 *IS1 - 600 5.2 

2 S2 2SI - 20 5.2 
3 S3 3S1 - 600 5.2 
4 S4 4S1 - 800 5.2 
5 S5 5S1 - 800 5.2 
6 S6 6S1 - 20 5. t2 
7, S7 7S1 - 200 5.2 
8 S8 8S1 - 200 5.2 
9 S9 9S1 - 20 5.2 

10 S10 IS2 - 200 5.3 
11 S11 2S2 - 200 5.3 
12 S12 3S2 - 20 5.3 
13 S13 4S2 - 600 5.3 
14 S14 5S2 - 600 5.3 
15 S15 6S2 - 20 5.3 
16 S16 7S2 - 800 5.3 
17 S17 8S2 - 800 5.3 
18 S18 9S2 - 20 5.3 
19 S19 1S3 - 200 5.4 
20 S20 2S3 - 200 5.4 
21 S21 3S3 - 20 5.4 
22 S22 4S3 - 600 5.4 
23 S23 5S3 - 600 5.4 
24 S24 6S3 - 20 5.4 
25 S25 1S4 - 600 5.5 
26 S26 2S4 - 600 5.5 
27 S27 3S4 - 20 5.5 
28 S28 4S4 - 200 5.5 
29 S29 5S4 - 200 5.5 
30 S30 

----------- 
6S4 - 

---------- 
20 

----------- 
5.5 

- 

*Note: For the purpose of identification the specimens were 
marked as 1S1 - 600 (say). In this the numeral before the 'S' 
indicate the number of a specimen in a batch, S1 to S4 indicate the 
type of specimen as shown in fig. (5.2 - 5.5) and the last numeral 
part shows the temperature in degrees centigrade to which the 
specimen was heated before testing in the residual state. 
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Table 6.2 : Pull-out Specimens 

Serial 

Number 

Mark of 

Data files 
-- 

specimen 

Experimental record 

Figure 

Number 

1 
-------- 

Pi 1P 20, A 5.6 
2 P2 2P 20 A 5.6 
3 P3 3P 20 A 5.6 
4 P4 4P 20 A 5.6 
5 P5 1P 100 R 5.6 
6 P6 2P 100 R 5.6 
7 P7 3P 100 R 5.6 
8 P8 4P 100 R 5.6 
9 P9 1P 200 R 5.6 

10 P10 2P 200 R 5.6 
11 P11 3P 200 R 5.6 
12 P12 4P 200 R 5.6 
13 P13 2P 300 H 5.6 
14 P14 3P 300 H 5.6 
15 P15 1P 300 R 5.6 
16 P16 4P 300 R 5.6 
17 P17 1P 400 R 5.6 
18 P18 2P 400 H 5.6 
19 P19 3P 400 R 5.6 
20 P20 4P 400 R 5.6 
21 P21 1P 500 H 5.6 
22 P22 4P 500 H 5.6 
23 P23 2P 500 R 5.6 
24 P24 3P 500 R 5.6 
25 P25 2P 600 H 5.6 
26 P26 4P 600 H 5.6 
27 P27 1P 600 R 5.6 
28 P28 3P 600 R 5.6 
29 P29 1P 700 H 5.6 
30 P30 2P 700 H 5.6 
31 P31 3P 700 R 5.6 
32 P32 4P 700 R 5.6 
33 P33 3P 800 H 5.6 
34 P34 4P 800 H 5.6 
35 P35 1P 800 R 5.6 
36 

-------- 
P36 

-------------- 

*2P 
-------- 

800 
---- 

R 
----- - 

5.6 
---------- 

*Note: For the purpose of identification the specimens were 
marked as 2P 800 R (say). In this the numeral before the 'P' 
indicates the number of'a specimen in a batch, P stands for a 
Pull-out test specimen shown in fig. (5.6), the numeral part 
following shows the temperature level in the furnace ( in degrees 

centigrade) to which the specimen was heated and the last alphabet 
indicates whether the specimen was tested under ambient (A), hot(H) 
or residual(R) condition. 



Table 6.3 : SB-type Specimens, 

Serial 

Number 

Mark 

Data files 
- 

of specimen 

Experimental record 
-- - ------- 

Figure 

Number 
- --------- -------- - 

1 
------ --- 

B1 1B20S20 5.7 
2 B2 1B201120 5.8 
3 B3 2B2OS20 5.7 
4 B4 2B2OH20 5.8 
5 B5 MOM 5.9 
6 B6 MOM 5.10 
7 B7 2B3OS20 5.9 
8 B8 2B3OH20 5.10 
9 B9 1B40S20 5.11 

10 B10 1B40H20 5.12 
11 B11 2B4OS20 5.11 
12 B12 2B4OH20 5.12 
13 B13 1B20S1OO 5.7 
14 B14 1B20H100 5.8 
15 B15 2B2OS1OO 5.7 
16 B16 2B20H100 5.8 
17 B17 1B30S1OO 5.9 
20 B20 2B3011100 5.10 
21 B21 1B40S1OO 5.11 
22 B22 1B40HI00 5.12 
23 B23 2B4OS1OO 5.11 
24 B24 2B4OH1OO 5.12 
25 B25 1B20S200 5.7 
26 B26 1B20H200 5.8 
27 B27 2B2OS200 5.7 
28 B28 2B2OH200 5.8 
29 B29 1B30S200 5.9 
30 B30 1B30H200 5.10 
31 B31 2B3OS200 5*9 
32 B32 2B3OH200 5.10 
33 B33 1B40S200 5.11 
34 B34 1B40H200 5.12 
35 B35 2B4OS200 5.11 
36 B36 2B4OH200 5.12 
37 B37 ! B20S300 5.7 
38 B38 1B20H300 5.8 
39 B39 2B2OS300 5.7 
40 B40 2B2OH300 5.8 
41 B41 1B30S300 5.9 
42 B42 1B3011300 5.10 
43 B43 2B3OS300 5.9 
44 B44 2B3OH300 5.10 
45 B45 1B40S300 5.11 

Continued on next page. 



Table 6.3(cont. ) : SB-type Specimens 

Serial Mark 
----- -- 

of specimen 
-- -- ------ 

Figure 

Number Data files 
-- 

Experimental record 
----- --- ---------- - 

Number 
------- -- ------------- 

46 
--------- 

B46 
- -- 

1B40H300 5.12 
47 B47 2B4OS300 5.11 
48 B48 2B4011300 5.12 
49 B49 1B20S400 5.7 
50 B50 1B20H400 5.8 
51 B51 2B2OS400 5.7 
52 B52 2B2OH400 5.8 
53 B53 1B30S400 5.9 
54 B54 lB30H400. 5.10 
55 B55 2B3OS400 5.9 
56 B56 2B3OH400 5.10 
57 B57 1B40S400 5.11 
58 B58 1B40H400 5.12 
59 B59 2B4OS400 5.11 
60 B60 2B4011400 5.12 
61 B61 1B20S500 5.7 
62 B62 MOON 5.8 
63 B63 2B2OS500 5.7 
64 B64 MOON 5.8 
65 B65 1B30S500 5.9 
'66 B66 MOON 5.10 
67 B67 2B3OS500 5.9 
68 B68 2B3011500 5.10 
69 B69 1B40S500 5.11 
70 B70' 1B40H500 5.12 
71 B71 2B4OS500 5.11 
72 B72 2B4OH500 5.12 
73 B73 1B20S600 5.7 
74 B74 1B20H600 5.8 
75 B75 2B2OS600 5.7 
76 B76 2B2OH600 5.8 
77 B77 IB3OS600 5.9 
78 B78 1B30H600 5.10 
79 B79 2B3OS600 5.9 
80 BSO 2B3OH600 5.10 
81 B81 1B40S600 5.11 
82 B82 1B4011600 5.12 
83 B83 2B4OS600 5.11 
84 B84 2B4011600 5.12 
85 B85 1B20S700 5.7 
86 B86 MOON 5.8 
87 B87 2B2OS700 5.7 
88 B88 2B2011700 5.8 
89 B89 1B30S700 5.9 
90 

- 
B90 

---- 
1B3011700 

------------------ --- 
5.10 

------- -- ----------- 
Continued on next 

------- 
page 



Table 6.3(cont. ) : SB-type Specimens 

Serial 

Number 

Mark 

Data files 

of specimen 

Experimental record 

Figure 

Number 

91 B91 2B3OS700 5.9 
92 B92 MOON 5.10 
93 B9ý 1B40S700 5.11 
94 B94 1B40H700 5.12 
95 B95 2B4OS700 5.11 
96 B96 2B4OH700 5.12 
97 B97 IB2OS800, 5.7 
98 B98 1B20H800 5.8 
99 B99 2B2OS800 5.7 

100 B100 2B2OH800 5.8 
101 B101 1B30S800 5.9 
102 B102 IB3OH800 5.10 
103 B103 2B3OS800 5.9 
104 B104,, 2B3OH800 5.10 
105, B105 1B40S800 5.11 
106 B106 1B40H800 

ý-5.12 107 B107 2B4OS800 5.11 
108 
--------- 

B108 
- --------- 

2B4011800 
------- 

5.12 
-- - 

*Note: For the purpose. of identification the specimens were 
marked as- 2B4OH800 (say). In this the numeral before the 'B' 
indicates the number of similar specimens, B20, B30 and B40 indicate 
beams with clear concrete cover to reinforcement as 20 mm, 30 mm or 
40 mm respectively. The alphabet 'S' indicates straight end tor 
steel bar and 'H' stands for standard U-hook ended tor steel bars 
The numeral at the end indicate the level of temperature in degrees 
centigrade in the furnace to which the specimens were heated before 
subjecting to load test. in, the residual state. , 
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CHAPTER 

EXPERIMENTAL INVESTIGATION AND REDUCTION OF DATA 

7.1. General 

As a result of the experimental work described in chapter 6 

data was obtained for the variables and parameters affecting the 

properties of reinforced concrete elements under elevated 

temperatures. This,, information was obtained directly fromthe 

experimental set up, recorded on continuous trace chart recorders 

and then reduced to digital form to store in a computer memory. The 

data was later utilised to give relationships between the different 
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parameters in graphical form. 

In this chapter a typical output of the graphical data for 

each set of experiments is explained and its significance for 

analysis discussed. The data has also been supplemented by 

information obtained in photographic form. 

As before, reference has been made to the three series of 

tests in reducing the data to graphical form. However, the analysis 

leading to the final conclusions is discussed in chapter 9. 

7.2. The recording of data for various variables 

Numerical data was obtained for the following parameters: 

1. Applied loads P(M) for the beam specimens and applied stresses 

6 (N/mm2 )'in case 6f the pull-out specimens. 

2. Acoustic Emission (AE) in number of counts. 

3. Deflection/Slip A (mm). 

2 4. Compressive strength of concrete (N/mm 

5e Splitting strength of concrete (N/mmF). 

6. Stress v strain relationships for steel specimens in residual 

state. 

7. Temperature rise T 

8. Time t (minutes). 

Using this basic data, other parameters (as explained in the 

following) were deduced in case of the beam specimens. Necessary 

provisions, therefore, were made in the computer programs for 

reading the data to be used on the graphic facilities. 

Moment in the constant moment zone (Mc) 
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If P is the total applied load (fig. 7.4) and La the 

shear arm, then the moment in the constant moment zone 

is given by: 

Mc - P/2 X La ... see (7.1) 

For La = 325 mm 

Mc = P/2 . 325 kN-mm (7.2) 

B. Moment-curvature 

For the section within the constant moment zone (fig. 7.1) 

1/Rc - Mc/EI ... 000 0.. so* . ** (7.3) 

Where: Rc is the radius of curvature of the constant 

moment zone (fig. 7.4) and EI is the flexural rigidity 

of the section in the elastic limit. 

Deflection-curvature 

Now curvature in the constant moment zone is given by: 

Curvature - 4? - 1/Rc ... ... ... ... (7.4) 

If &1, A2& A3 are the deflections at D, C and E 

respectively due to the externally applied load 

(fig. 7.4), then from equation (C. 4) of Appendix Cl: 

Curvature (Aj +A_3)/2 2, 
... (7.5) '/Lýc --- 

Where Lc is the chord length of the arc DE 

For Lc-230 mm 

(230) mm ... (7.6) Curvature [4(2A2 - b6i - 

D. Deflection-Rotation 

For a simply supported beam (fig. 7.2), with constant 

moment throughout the span, the rotation between the 

two supports is given by the equation (C-11), Appendix 

C2 as: 2 tan (2Y/L) ... ... (7.7) 
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Where Y is the central deflection for an effective span 

L. Substituting 42for Y and 880 mm for L 

() -2t; nl (462/440) .... *Go* (7.8) 

7.3 Data for beam specimens (SS-type) 

7.3.1. Basic data 

Table 7.1 shows the form in which the basic data was obtained 

for the SS-type, beam specimens. Similar data was stored for the 30 

specimens marked S1 to S30 (see Table 6.1; Chapter 6). The data for 

each specimen was transformed into graphical form in the following 

manner. 

1. Applied load versus the deflection at mid span. 

2. Moment versus curvature in the constant moment zone. 

3. Moment (in the constant moment zone) versus rotation between the 

support*' 

4. End slip of the steel bars versus total applied load. 

5. Temperaturevith respect-to time. 

A typical set of the results in graphical form, obtained for 

specimen S1 (Table 7.1), is described in Appendix C3. 

The specimen marked as S1-I (fig. 5-2) was heat treated to a 

temperature of 600*C in the furnace and allowed to cool before 

subjecting it to a load test in the residual condition to determine 

its deflection and slip behaviour. 

7.3.2. Cube crushing strength 

Quality control of the concrete was followed by carrying-out 

crushing tests of the representative cubes for the specimens. The 
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strength of concrete used was, assumed as the average of the four 

cubes for, each batch of the specimens. 

7.3.3. Crack patterns 

Thermal cracks, as a result of heating to different levels of 

temperature, appeared on the surfaces of the specimens. Traces of 

the thermal- crack paths were marked after cooling down the 

specimens to room temperature and photographs taken. The specimens 

. after being subjected to load tests, were marked for the load 

crack paths in the post fire condition and photographs taken of 

some of the specimens. Details of crack paths, both of thermal and 

load test origin, are discussed later in chapter 9. 

7.4. Data for pull-out specimens (SP-tv 

7.4.1. Basic data 

. 
Table 7.2 shows the basic data obtained for one of the 

pull-out specimens. Similar data wag stored for all the 36 

specimens marked Pl-to P36 (see Table 6.2 Chapter 6). Data for each 

of, the, specimens. were- transformed into graphical form in the 

following manner. 

1. Applied stress versus slip at the interface. 

2. Applied stress verus acoustic emission. 

3. Slipýversus acoustic emission. 

4. Temperature gradient versus time. 

This 'information -relates to both elevated temperatures-in 

some specimens- and residual conditions in others. Similar 

information was obtained for specimens unstressed while cooked and 
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ones with a steady state load applied during the heating cycle. A 

typical set of results' in graphical form for specimen P36 is 

described in Appendix C4. The specimen (marked 2P800R) was heated 

to a furnace temperature of 8001C and tested in the risidual state. 

7.4.2. Compressive strength of concrete 

Quality control of the concrete used in the specimens was 

effected by carrying out compression tests on the three cubes for 

every batch of-four pull-out specimens. The data obtained was 

plotted as a percentage' of compressive strength at ambient 

condition as shown in fig. -9.1. 

7.4.3. Tensile strength of concrete 

Fig. 9.1 shows details of the tensile strength of concrete in 

the 'residual state after heat treatment, the tests being carried 

out, on the pulled specimens with the bars in position. It was 

expected ýthat the tensile strength'so obtained'would be less than 

that prevailing if the'tests'were carried out on similar specimens 

which had, not been subjecteý to pull-out tests. The relationship of 

tensile strength and the cube crushing strength are plotted against 

the temperature ', gradient and expressed as a percentage of 

corresponding value in the ambient condition. 

7.4.4. -Stress-strain relationship of tor steel 

Fig. 9.3 shows the plot of stress versus strain of the 8 mm 

diameter tor steel bars. The bars were tested in the residual 

condition after heat treatment to different levels of temperature. 

Every curve- is the average of tests on two specimens of similar 

type. 
I 
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7.4.5. Loss'of moisture 

Fig. 9.6 indicates the'relationship of the loss in weight of 

the specimens and the cubes, expressed as a percentage-of their 

original weight, to the temperature rise. 

7.4.6. Acoustic emission wave form 

Random waveforms ok the AE for the specimens were obtained 

photographically. These were recorded at the stage of allowable 

maximumýbond stress as per provisions of CP110: 72 at ambient 

conditions -and around the failure stage. Photographs of random 

samples forýthe waveform. from the standard Neilson source were also 

obtained. The data in respect of the AE waveform has been analysed 

in chapter9. 

7.5. Data'for beam specinens (SB-ýýtype) 

7.5.1. Basic data- 

Table 7.3 shows'the form in which basic data was obtainedIor 

the SB-type -beam specimensý Similar-data was-stored for all 108 

specimens, B1 to B108 (see Table 6.3 Chapter 6). The basic data for 

every specimen was transformed into graphical form in three 

categories as-follows: 

1. Working load test'(before the heating cycle). 

2. Working load'test (after-the heating cycle). 

3. 'Ultimate load test (after the heating cycle). 

A few 'specimens at ambient temperature were load tested in 

three stages namely'up'to working load, unloading and loading again 

up to twice the working load, unloading again and loading to 

ultimate failure. 
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The data obtained during the testing of the SB-type specimens 

was the most important of the three series to the aim of the work, 

hence it was obtained in a more elaborate form. The parameters were 

plotted as follows: 

1. Applied load versus deflection at mid span. 

2. Applied load versus AE, 

3. Central deflection versus AE. 

4. Moment (in the constant moment zone) to total rotation. 

5. Moment versus curvature in the constant moment zone. 

6-Temperature t versus time. 

A typical set of graphical results obtained for specimen B103 

is described in Appendix C5. The specimen 2B3OS800 (see fig. 5.9) 

was heated to 800 C and load tested both before heat treatment up 
0 

to the working load (7.0 kN) and in the residual state up to 

collapse load (11.4 M). Concrete cover to to reinforcement was 30 

mm. and tor steel bar with straight ends were used as the tensile 

reinforcement. . -, 

7.5.2., Loss of-water content 

_Fig. 9.6 shows the loss of water content expressed as 

percentage of the total weight of the specimen before heating. The 

percentage loss in weight has been plotted for different levels of 

furnace temperature. Each value is an average of four specimens. 

Separate graphs have been plotted 'for specimens of different 

dimensions. The percentage loss in weight for cubes heated to 

different levels of temperature have also been plotted. The values 

for the cubes are the average of 18 cubes for every level of 
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temperature. 

7.5.3. Cube crushing-strength 

The relationship of cube crushing strength to temperature in 

the post fire condition is shown in fig. 9.2 as a proportion of 

ambient strength. The plot bears a fair resemblance to the one 

drawn for the pull-out test specimens (fig. 9.1) 

7.5.4. Colour change 

In order to aid comparison of temperature effects on the. 

concrete, specimens heated to different levels of temperature were 

photographed in the residual condition. These photographs were in 

colour and in batches of five including a specimen at ambient in 

each case. The assessment in respect of colour change has been made 

in chapter 9. 

7.5.5. Crack patterns at failure 

All specimens after having been tested to the collapse 

condition had the trace of crack paths on one surface marked. 

Representative specimens pertaining to different categories of 

concretq cover or bar end type were arranged in groups for the 

increasing levels of temperature and photographed. Details of the 

crack patterns are discussed in chapter 9. 

7.5.6. Random samples of AE wave form 

Samples of wave form for AE activity at specified load levels 

were obtained on polaroid film. Details of representative samples 

of wave form are compared and discussed in chapter 9. 
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7.6. Summary 

In the foregoing, typical samples of data pertaining to each 

series of experimental work, have been described and the basis of 

comparison of the parameters explained. 

180 graphs each for series SS and series SP type specimens 

and 1296 graphs for the SB type specimens were compared. and 

consolidated into a handy form of data for further analysis in 

chapter 9. Attempt has been made there to study the possible 

correlation among various parameters. 

A 

Details of photographic data in respect of crack development 

due to thermal gradients or the test loads together with the AE 

wave forms have been left for discussion in chapter 9. 
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Table 7.1 : Specimen Sl 

1. Mark of the specimen: IS1 - 600 

2. Deflection and end slip of bars due to loading 

Load 

QN) 

Deflection (fig. 

41 42 

W) (m) 

7.4) 

A3 

(m) 

End slip of 

Sl 62 

(m) 

bars 

W 

00.00 0.000 0.000 0.000 0.000 0.000 

02.00 0.450 0.530 0.470 0.002 0.000 

04.00 0.830 0.920 0.860 0.003 0.000 

06.00 1.180 1.320 1.240 0.004 0.000 

08.00 1.580 1.760 1.650 0.006 0.000 

10.00 2.030 2.220 2.070 0.010 0.001 

. 12.00 2.580 2.840 2.720 0.014 0.008 

14. no 3.010 3.270 -3.100 0.022 0.012, 

16.00 3.580 3.830 3.720 0.030 0.020 

18.00 3.900 4.140 A100 0.036 0.028 

3. Tenperature rise in the furnace and-within the. specimen 

Time Temperature (-C) ooooo (Figurle 6.2) 
------- --- 

(Min. ) Tf Tl T2 T3 

------ - --- - 

000.0 020.0 020.0 020.0 020.0 

060.0 140.0 089.0 066.0 078.0 

120.0 240.0 181.0 090.0 135.0 

180.0 340.0 319.0 138.0 216.0 

300.0 540.0 469.0 192.0 376.0 

330.0 600.0 515.0 200.0 411.0 



Table 7.2 : Specinen P36 

1. Mark of the specimen: MOOR 

2. Bond stress, acoustic emission counis and slip 
---------------------------- ---------- 

Bond stress 

(N/MM2 ) 

Acoustic Emission 

(Number of1counts) 

Slip 

(MM) 

0.0000 
---------- 

0000 0.0000 

0.2368 0000 0.0090 

2.1314 0330 0.0452 

4.0260 0840 0.1357 

5.2100 1360 0.1658 

6.1574. 2600 0.2261 

6.1586 5840 0.2563 

6.8678 13400 0.3316 

ContinueA on next page. 



Table 7.2 (cont. ) 

Temperature rise in furnace and at the interface 
----------------- 

Time Temperature a C) ........ (Flcyiirp A-4) 

(Min. )- 
Tf 

(Furnace) 
Ti 

(Interface) 

000.0 020.0 02090 

030.0 050.0 040.0 

060.0 116.0 090.0 

090.0 165.0 104.0 

120.0 226.0 140.0 

150.0 336.0 257.0 

210.0 404.0 336.0 

240.0 459.0 400.0 

270.0 520.0 470.0 

300.0 550.0 526.0 

330.0 594.0 569.0 

360.0 618.0 593.0 

390.0. 655.0 630.0 

420.0 700.0 680.0 

460.0 800.0 

--- - ------- 

760.0 

-------- 

0 



Table 7.3 : Specimen B103 

1. Mark 6f the specimen: 2B3OS800 

2. Acoustic Emission and deflection due to applied load (WL) 

Load Acoustic Emission Deflection (mm) ....... (Fig. 7.4) 

MIT) 
----- 

(Number of counts) 
--------------------- 

Al 
------------ 

42 
----- 

A3 
---------- 

00.0 00000 00.000 00.000 00.000 

01.0 00025 00.054 00.054 00.051 

02.0 00090 00.099 00.099 00.099 

03.0 00160 00.148 00.158 00.153 

04.0 00270 00.248 00.265 00.257 

05.0 09300 00.371 00.402 00.386 

06.0 23830 00.495 00.564 00.544 

07.00 33870 00.693 00.758 00.733 

00.00 39700 00.218 00.238 00.228 

(Continued on next page. ) 



I Table 7.3 (cont. ) 

3. Acoustic Emission and deflection due to applied load (UL) 

Load Acoustic Emission Deflection (mn) ....... (Fisz. LO 

MN) Number of counts '41 A2 43 

00.0 00000 00.000 00.000 00.000 

01.00 00000 00.614 00.634 00.585 

02.00 00010 01.109 01.168 01.147 

03.0 00015 01.950 01.950 01.940 

04.0 00015 02.698 02.742 02.672 

05.0 00050 03.406 03.486 03.389 

06.0 00090 04.059 04.203 04.156 

07.0 00195 04.851 05.019 04.847 

08.0 00345 05.495- 05.712 05.540 

09.0 00450 06.386 06.653 06.331 

-10.0 00500 07.158 07.395 07.163 

11.0 00770 09.900 10.266 09.896 

11.4 01460 13.860 14.820 14.252 

(Continued on next page) 



Table 7.3 (cont. ) 

4. Temperature rise in the furnace and within the specimen 

Time TeMDerature C) ............ (Figure 6.6) 

(Min. ) Tf Tl T2 T3 T4 

000.0 020.0 020.0 020.0 020.0 020.0 

060.0 115.0 050.0 040.0 050.0 050.0 

120.0 220.0 112.0 090.0 112.0 115.0 

180.0 325.0 158.0 116.0 146.0 175.0 

240.0 465.0 296.0 205.0 296.0 314.0 

300.0 560.0 434.0 310.0 430.0 457.0 

360.0 650.0 526.0 400.0 515.0 550.0 

420.0 750.0' 630.0 465.0 612.0 630.0 

460.0 780.0 690.0 505.0 687.0 704.0 
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CHAP, T E R. 8 

SIMULATION OF CRACK PATTERNS IN REINFORCED CONCRETE BEAMS 

USING A FINITE ELEMENT APPROACH 

8.1. General 

8.1.1. -. Objective 

In this chapter the causes of the, appearance of cracks in 

reinforced concrete beams is, briefly reviewed and an attempt to 

outline a procedure for the simulation of crack patterns using a 

finite element approach is made. This study is based on the 

material -properties of reinforced concrete beams at ambient 
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temperature. Suggestions for the application of a crack simulation 

procedure in the residual state after fire are also given. The 

comparison of the results with the experimental behaviour is'made 

to ascertain the authenticity of'this procedure. 

In'order to simplify the simulation procedure, use of the 

finite element, package facilities at Edinburgh University was made. 

Also, the non-linearities due to the geometry of components and 

more particularly the behaviour of the constituent materials under 

externally applied 'loads -"are" idealised within the provisions of 

CP110: 1972. 'The basic material' properties were taken from the 

e, Xperimental results obtained during the test procedure (chapter 

6. ). "' "' '` -1 1ý 

A'brief-description"of 

the failure of reinforced 

introduction. Similarly, the 

element approach, though 

with7particular'reference to 

the-'importance 6f, crack development in 
I 

concrete members is given as an 

application of the principle of finite 

veryý common now, is'descAbed in brief 

the-finite'element package used. 

8.102. Outline of methodology 

Relationships of stress to strain, both for concrete and tor 

steel used in the work were determined on the basis of experimental 

results. The plots of stress versus strain, which formed the basis 

for the'change of material properties during the analysis, were 

idealised within the specified limits envisaged by CP110: 1972 [66]. 

This was done to simplify the. procedure for subdivision of the 

material behaviour. The material behaviour was subdivided 'into 

zones with- respect to E(elastic modulus) and v(Poisson's, ratio) 
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accordingly. The crack criteria were based on the strain properties 

of concrete, in tension, compression and-adhesion at: Anterface with 

steel. The values of*the strains'within'the beams were calculated 

from the stress output, of PAFEC (the finite element package) '[141, 

1421. Crack paths were traced on the basis of the nodes cracked 

during several increments of the applied load until the limiting 

stage of deflection'at reference pointsýwas reached. 

The- degree, of 'correctness of the approach was checked, by 

comparing-the, analytical/numerical values of deflections at 

specified points to those of actual deflections determined by 

experiment., The limitations of this procedure and suggestions for 

future-improvements have been discussed at, the end of the chapter., 

8.2. Failure-, patterns of reinforced concrete flexural members 

8-2; 1. -Types of. failure I�_ ,, ý, -1 11ý1 11 , ", - 

The-common term 'failure of-structural elements' is normally 

classified by, research workers and engineers in terms of total 

failure ýor local failure. In-the, case of flexural members such as 

beam elements, total failure implies that material-in, one or more 
it 

parts of the beam has been affected to such an extent thatAis 

unable to perform-as, a stable geometrical, unit. By contrast, in the 

case of a local failure material damage is not to an extent that 

would result in the-complete breakdown of the component. 

-In the case -of reinforced concrete beams total failure may 

occurtas a result, of the rupture of tensile reinforcement, pull-out 

of the anchorage at the supports or by the crushing of the concrete 
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in the compression zone. Local failure may, however, occur in terms 

of the -formation of flexural and or shear cracks and their, 

extension on a limited scale. Local failure may also occur as a 

result of the disruption of the bond at the interface of steel and 

concrete. 

Bjuggren [1431 in an attempt to use a unified nomenclature 

for different types of failure for reinforced concrete beams has 

dealt in length with various types of failures and their 

classification. 

8.2.2. Causes of total failure 

Total failure in a reinforced concrete beam (when the beam 

action is totally destroyed) may occur due mainly to oneýor more-of 

the following: 

1. Flexural tensile failure: This occurs-due to the rupture of the 

tensile reinforcement. The failure is gradual but complete after 

large deflections. It occurs generally in the case of under 

reinforced sections. 

2. Flexural compressive failure: This occurs when the compressive 

zone is completely destroyed by the crushing of the concrete. This 

type of failure is sudden and sometimes without warning. It 

normally occurs in over reinforceasections. 

3. Flexural shear failure: This occurs due to diagonal tension 

cracks in the support zones. The compressive zone is destroyed by 

crushing of the concrete at or near the upper end of the cracks. 

4. Anchorage failure: This occurs due to the disruption of the 

adhesion between the steel and concrete, over the support and in 

the zone of curtailment of the reinforcement, and the effect 
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extends to the ends of the steel bars. The failure in this,. case 

occurs at once and without much warning. 

5. -Flexural bond failure: The beam action is destroyed by bond 

failure and the compression zone is completely damaged. 

6. Buckling of. web: This happens, in beams with,, thin webs., The web 

is crushed in the shear zone. 

8.2.3. Causes of local failure 

One or -more of the, following may lead to local failure, in 

which. case the beam action is not completely damaged, but cracks 

start- appearing in different zones, sometimes very extensively, 

depending on the type of failure. 

1. 
-' 

Flexural cracks: These occur in the7-,. tensile zone below the 

neutral axis of the beam, When the tension in concrete reaches the 

limit of tensile strength of the material, then flexural cracks 

begin to appear. Flexural cracks normally occur at right angles to 

the tensile reinforcement and when fully developed they, may extend 

to the neutral axis of the section. 

2. Tensile cracks: When the tensile stresses around the tensile 

reinforcement in an axially, stressed element exceed the tensile 

strength of concrete then tensile cracks may occur. These cracks 

occur at right angles to the tensile reinforcement or to the web 

reinforcement. Tensile cracks normally extend to a distance of 100 

mm from, the reinforcement [1431. - 

3. Shear cracks: They may be classified as either flexural shear 

cracks or tensile shear cracks. In the former case they originate 

as flexural cracks and at some distance from the reinforcement they 

begin to slope, depending upon the variation of force in the 
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tensile reinforcement*- Shear cracks of-this type are normally 

parallel to one another. Tensile shear cracks are caused by 'the 

local principal tensile stresses above the'tensile reinforcement 

and they normally originate,, close to the flexural or tensile 

cracks. The tensile reinforcement under such conditions transmits 

`ýshear forces as dowels across the shear cracks. 

Shear cracks, ý, generally oblique, which converge in--the 

compression zone towards neighbouring cracks'but do not cross'are 

incomplete shear cracks. However, if they extend from the tensile 

zone'towards the neutral axis, becoming parallel to the compression 

face' in 'the compression ý-zone, they areý called complete shear 

cracks. *They are the, ones that cross other cracks in the flexural 

region- or at right'--angles to the direction of the principal 

stresses in the-beam. They are caused by the variations in the 

force in tensile reinforcement in the already cracked portion of 

the beam and the tensile stresses in-the uncracked portions -which 

are subjected to shear forces [143]. 

4. -Split cracks and dowel, cracks: These are caused by local tensile 

stresses in the, concrete-arising from the bond between the steel 

and concrete and occur parallel to the reinforcement. Dowel cracks 

may be caused by the transverse forces which occur in the tensile 

reinforcement. 

5. Bond failure: When the adhesion between the reinforcement and 

concrete at the interface is reduced to such an extent that slip, 

takes'place then-bond failure is said to have occurred. Under such 

conditions no forces can be transmitted effectively across the 
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length of the beam. The, extent of bond failure may vary from a 

minor reduction in beam action to-complete, failuree, The location of 

bond failures being at the interface of steel and concrete, may 

occur without visible warning. 

8.3. ''Fracture mechanics with, regard t2 crack developmentrin concrete. 

- Concrete is-a composite material of-cement-'paste, - sand and 

gravel, -in- which'voids are always present. ' The presence of voids 

has a marked, influence on its strength. Neville [1441 suggested 

that this factor is related to the actual mechanism of failure. lie 

further mentions that it is for. this reason that concrete is 

considered as a brittle material, ýeven though it exhibits a certain 

amount'of plastic action. Under a static load a strain of 0.001 to 

0.005 at failure*has been reported by him to be the limit of its 

brittle behaviour. - I, 

The strength of, -concrete depends-primarily on the strength of 

the aggregate particles -and- the adhesion between them and the 

cement paste. The actual strength of the cement paste and the 
I 

aggregate particles; like other brittle', ýaterials, is very much 

lower than-the theoretical strength estimated on- the -basis'' of a 

perfectly 'homogeneous and flawless composition. Griffith's [145] 

hypothesis statesýthat'there is always microscopic failure at the 

position of flaws'and that the "volume unit" containing the weakest 

flaw ', determines the strength of the specimen. According to this 

hypothesis under given conditions of stress any crack present in 

the form of a flaw before the application of stress will spread 

through the section of the specimen. 
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8.3.1. Cracking of concrete 

I The fact that flaws exist in microform in a brittle material 

like concrete is a sufficient basis for crack occurrence. Such a 

material, if subjected to stresses, would contain' high- tensile 

stresses, and hence energy concentrations, within the small area 

near the tips of the flaw or the microcrack. The, strain- energy 

would build'up until it exceeded the energy capacity, ofýthe region. 

This would result in dissipation of the energy by way of 

deformation and hence'the abrupt'extension of the crack [146,1471. 

The extension of a crack would follow the direction of the 

maximum principal compressive stress applied. This would result in 

the release of the excessive strain energy, added as a result of 

the action of external forces, to a level below the energy capacity 

of -the material in the vicinity of the crack*-tip. The, state of 

stability-would be maintained until the energy level'-"in the 

localised region was 'increased again by external forces, thereby 

causing-extension of4the, crack. Iý-I- 

In a compressive stress field, therefore, any additional 

energy added as a result of the external loads would be balanced byt, 

releaseý in the fomof crackextension. The process would continue 

until such a stage that extra energy added could not be stored. At 

this stage further addition of energy would only reduce the energy 

capacity, - of, the region-resulting -in unstable conditions. In a 

tensile stress field, however, crack extension would be incapable 

ofS[L5tdW; j& the strain energy concentration in the small region of 

the crack tips. Crack extension would continue to the extent of 

ultimate collapse at a constant value of applied load. 
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According to Griffith's 11451 hypothesis, failure takes place 

under the action of tensile force on the flaw.. If the two principal 

stresses are compressive the stress along the edge of the flaw is 

tensile at some point, causing fracture. The maximum tensile stress 

at the tip of the flaw in the most critical orientation was 

calculated by Orowan [148] as a function of the principal stresses 

and their axes. The fracture criteria are represented as shown in 

fig. 8.1, in which k is the tensile strength in direct tension. The 

point representing the state of stress, at the moment of occurrence 

of fracture due to the resultant of A and B crosses the curve 

outwards on to the shaded side. 

Neville [144] suggests that it is not the limiting stress but 

a limiting tensile strain that determines the strength of concrete 

under static load and that the value of critical strain is usually 

-4 -4- 
assumed to be between MO and 2X10 . Berg [149] found that at the 

point of initial cracking the strain on the tension face of a beam 

in flexure and the lateral tensile strain in a cylinder in uniaxial 

compression are of the same order of magnitude. 

The tensile strain in a beam at cracking is given by: 

(Tensile stress at cracking)/E ... ... (8.1) 

Where: E is the modulus of elasticity of concrete. 

In the case of a specimen in compression the lateral strain, 

when cracking is first observed, is equal to : 

(v x Compressive stress at cracking)/E ... (8-2) 

Where: v is the static Poisson's ratio. 

The value of v varies between 0.11, for high strength 
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concrete, and 0.21, for weak mixes (144]. '' 

Ultimate failure under the action of a uniaxial compression 

is either a tensile failure of cement crystals or of a bond in a 

direction perpendicular to the applied load or is a collapse caused 

by the development of inclined shear planes [150]. 

8.3.2. Fracture-levels 

On the basis of the concept mentioned in 8.3.1 Kotsovos and 

Newman [1461 defined four levels of fracture processes worth 

mentioning. They are: 

1. Local fracture initiation: This-level indicates the onset of 

crack branching -in theýdirection of principal compressive stress. 

At this stage the material tends to, contract as the tensile strain 

energy is relieved by way of crack branching. The reduction of 

tensile stress (and hence strains) tends to bring stability to the 

material-system and the stress distribution is more uniform. Below 

this level concrete is seemingly an elastic material. 

2. Onset of stable fracture propagation:, With the increase in 

external load the cracksýstart to extend at one level. The relief 

of the tensile strain energy is not very effective and as. a result 

voids begin to-form, bringing deformation of the material. However, 

the cracking system- ceases if the external load is maintained 

constant and the propagation of fracture is thus relatively stable. 

3. Onset of unstable fracture propagstion: After further increase 

in external loads, a stage is reached when the fracture process 

continues until complete disruption of the system takes place. The 

fracture mechanism becomes unstable at a constant load. 

4. Ultimate strength: This is the maximum stress level reached 
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within the unstable fracture propagation. The level is generally 

termed as the failure stage. 

Hsu et. al [151] have noted from experimental investigations 

that very fine cracks exist at the interface between coarse 

aggregate and cement paste even prior to the application of load to 

concrete. Up to about 30 percent of the ultimate load these cracks 

remain stable, after which they begin to increase slowly in length, 

width, and number. The rate of propagation depends upon the water 

cement ratio of cement paste. The cracks open through the mortar 

(cement paste and fine aggregate) at about 70 to 90 per cent of the 

ultimate strength. They have also shown that these cracks bridge 

the bond cracks so that a continuous crack pattern is-formed. This 

stage is then the fast crack propagation stage and if ý-load is 

applied, failure may take place. 

8.3.3. Crack development in reinforced concrete members 

Investigations have been made in the past to study the crack 

patterns in reinforced concrete members. Broms [1521 while 

describing the techniques for internal cracks in reinforced 

concrete members stated that the internal crack pattern of 

reinforced concrete members- is frequently different from that 

observed on the surface of the members. For example, the crack 

width measured at the surface of the flexural members may be two to 

three timesý the crack width close to the reinforcement. Internal 

secondary and longitudinal cracks often develop at relatively high 

load levels. These internal cracks originate at the level of the 

reinforcement but are frequently confined to the immediate vicinity 

of the reinforcement. 
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Watstein and Seese [1531 and Clark [154] found earlier ýthat 

the width of surface cracks was approximately proportional to crack 

spacing as well as to the increase in steel stresses beyond the 

limit of initial crack occurrence. Later Watstein and Mathy [155] 

reported that in 'axial tension members' , -the crack''width was 

proportional to the distance from the reinforcement. 
i4 I 

Broms (156] investigated stress distributions with 'tension 

cracks in reinforced concrete simply supported beams loaded at the 

third points and concluded that high transverse tensile stresses 

(perpendicular to the axis of member) existed in the cracked 

flexural-members at the level of the reinforcement. Longitudinal 

tensile cracks at the level of the reinforcement were also 

observed. It'was believed that these cracks which 'were partly 

formed by the transverse tensile stresses, present at the level of 

the reinforcement, contributed to'the failure by splitting of the 

reinforced concrete members. 'In the pure moment zone, longitudinal 

tensile cracks were also observed-closeýto the neutral axis and 

were believed to have been caused by the transverse tensile 

stresses establisýed at-this level, ý 

Broms [1571 also carried out experimental work on crack width 

and crack spacing in reinforced concrete beams and came to a number 

of conclusions. Among- them he stated that the crack length 

decreases linearly with decreasing crack spacing. It was 

hypothesised that the minimum crack spacing, observed on the 

surface of'reinforced concrete members, would be the distance from 

the point considered to the centre of the reinforcing bar located 

closest to this point and that the average spacing would be 1.5 
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times this value. It was'also observed that crack spacing decreased 

with increasing stress in the reinforcement until a critical stress 

was reached, after which only very small decrease in spacing 

happened. This , minimum crack spacing at the level of the 

reinforcement was observed to be equal to twice the thickness of 

the concrete cover measured from the centre of the reinforcing bar 

closest to the surface. On this basis he approximated the average 

crack width as equal to 2t. js where res is the average strain in 

reinforcement and t the'thickness of concrete cover. 

Shrive [158]'analysing the stress state in compressive test 

specimens explained the typical crack patterns observed, and 

concluded that: 

1. Cracks in concrete are initiated at flaws such as 

pores and voids which act as'stress raisers and create 

tensile str6sses, *in a compressive stress field. 

2. 'The strength of concrete will increase by- filling 

the voids with"'materials which will bond with the 

iýatrix, and the tensile stresses will be'reduced. 

3o, Variation in strength under biaxial conditions is'to 

be expected because of the variation in stress induced 

at voids. 

4. Aggregate affects stresses on a local basis. The 

effect may increase the likelihood that cracks will be 

initiated near an aggregate 'particle, and the 

likelihood that, cracks will propagate along the 

aggregate-paste interface. 
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8.3.5. Bond in relation to crack development 

Researchers have been carrying out experimental and 

analytical investigations into the behaviour of reinforced 

concrete for quite s, ome time. It has, however , not been 

possible so far to predict exactly the occurrence of cracks 

and to ascertain the location of potential crack paths in a 

reinforced concrete_,. member. This is obviously due to the 

complex factors regarding the composite nature of reinforced 

concrete. Of all the factors affecting the composite behaviour 

of the concrete with, reinforcement, the interaction of the two 

materials at-the interface is perhaps the most important. 

During the early investigations it was reported by some 

[1521 that 
_the 

type, of reinforcing steel had little infýence 

on, the width of cracks -at 
the surface of beams. It was 

believed,, that- widt h and spacing were linearly related, to the 

distance of the surface from longitudinal bars. Beeby [1591, 

however, while studying the. crack patterns in-reinforced 

concrete slabs spanning in. one direction, 
_reported 

that crack 

width and, spacing depend on the interaction of two effects 

namely the type of bar and the initial crack height. Later 

Goto (160] discovered that internal cracks occur as a result 

of breakdown of adhesion bond along the length of a deformed 

bar, in an axially loaded reinforced concrete specimen. He 

demonstrated the existence of cracks by injecting ink along 

the axis of the specimens. Tepfers [1611 analysed the state of 

stress in concrete due to bond forces from deformed 

reinforcing bars, and. the stage of appearance of cracks-in 

concrete cover along the deformed bars in the bond zones. He 
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related the normal cover thickness to the bond stress and 

diameter-of bars. 

Lutz and Gergely [162] atudied bond forces in relation 

to the associated slip and fracture of bars with various 

surface properties. They concluded that bond can be taken as 

s'6aring"'stress between a bar and concrete which - is 

transmitted at the interface and is made up of three 

components, namely: 

1. Chemical adhesion. 

2* Friction. 

3. Mechanical interaction between concrete and steel. 

They further indicated that in the case of deformed 

bars, bond depends primarily on the mechanical interlock and 

the other two are secondary. In this case bond is developed 

mainly by the bearing pressure of the bar ribs against the 

concrete. The concrete is crushed and wedges form infront of 

the bar ribs if they have steep face angles. Bars with flat 

ribs'. however', '''slip with ribs sliding relative' to the 

concrete* 

One of the most detailed'studies of the bond behaviour 

of steel and concrete interfa - ce at ambient conditions is that 

by Rehm' (1631. The distribution of bond stress and steel 

stress along the bar length was studied by him along with the 

effect of slip on the bond strength. Later Wat5teftn and 

Bresler [1651 also studied the effect of bond between concrete 

and steel and'compared the local bond with the flexural one 
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analytically. 

In a recent work by Morley [57] it was shown that cracks 

due to bond do not always reach the outer surface of the 

concrete as also shown earlier by Broms and Lutz [164], He 

further observed that little cracking occurred for plain bar 

specimens. Development of cracks in beam specimens in relation 

to bond is also studied and described in Chapter 9 of 

work in, the light of the experimental data obtained. 

8.4. Simulation of crack patterns using a finite element approach 

The fact that the finite element method is capable of 

dealing with a variety of engineering problems, by 

generalising the standard analytical procedure, has madelit 

firmly accepted,, as a powerful -technique for the numerical 

solution of continuum mechanics problems. The method deals 

with the construction of a, stiffness matrix for discrete 

elements, into which a continuum is divided, and has the 

advantage of., being capable of providing a complete description 

of, the structural behaviour in tei7ms of the displacement of 

the, common nodes-of the elements. It is also applicable to the 

solution of acoustical, neutron physics and fluid mechanics 

problems. The basic theory and application to analysis are 

well established and the details of techniques have been 

discussed widely in text books and research papers. One of the 

most comprehensive descriptions regarding application of 

finite element to engineering problems is given by Zienkiewicz 

[166]. A brief review of the work in applying finite element 

approach to cracking in reinorced concrete is added in the 
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f ollowing. 

8.4.1. Modelling of finite element techniques in cracking of 

reinforced concrete members 

With the development of finite element techniques, it 

has become possible 'to model the cracking of reinforced 

concrete members, taking into account all possible parameters 

affecting the development of cracks. The effect of bond on 

cracking which was not catered for by early workers has now 

been much simplified. The present day digital computer 

facilities with large storage capacities have further helped 

in handling complex problems of this nature most efficiently. 

Ngo and Scordelis [1671 were the first to introduce 

linkage elements to-represent bond at the interface of- steel 

and concrete in reinforced concrete members. Later Neilson 

[1681 used this element in an incremental approach to: model a 

non-linear bond-slip relationship. The simulation of crack 

propagation was carried out by allowing a crack to follow the 

boundaries as theý elements were declared cracked under a 

presumed criterion. Zienkiewicz and Cheung [1691 proposed that 

the entire element which had developed tensile stresses in 

excess of the tensile strength should be declared to have been 

cracked in the direction normal to the stress. Crack paths 

were-thus traced out for the simulation of crack patterns. 

'Various 
iterative procedures have been introduced to 

represent non-linearity in. the cracking of reinforced concrete 

members. In some investigations [170] the provision for shear 
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capacity along the crack was made to account, for aggregate 

interlock. Earlier Labib and Edwards [171] developed a two 

dimensional finite element program based on the displacement 

approach with the following non-linearities idealised. 

1. The assumed concrete- steel relationship. 

2. The constitutive relationship for steel. 

3. The cracking of concrete elements in one or two 

directions. 

In a recent work by Ooi [172] a numerical model was 

developed to investigate the fire resistance of reinforced 

concrete structures. An 8-noded iso'parametric quadratic 

quadrilateral element was used to model concrete and a three 

noded isoparametric- bar element was used to model steel 

reinforcement.. Non-linearities. of material properties were 

also taken into account'and cracking and crushing of concrete 

and yielding of steel were considered. However, the effect of 

bond on cracking was ignored. a 

In the present work a procedure is developed on the 

basis of adopting standard elements for concrete and steel 

from a finite element package for which facilities are 

available at the University of Edinburgh. An outline of the 

principles of the finite element approach to stress analysis 

problems is given in Appendix C1. 

8.4.2. Introduction to the finite element package used 

As stated in the introduction to the chapter, a finite 

element package called PAFEC (Program for Automatic Finite 
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Element Calculations)- was*used for the-calculations of nodal 

stresses in the discrete elements. The PAFEC scheme [141] is 

stated to be the'product of the collaborative efforts of many 

people and establishments and was developed at Nottingham, 

England. The version used in thiý work was PAFEC 75 which has 

been claimed'to be so designed that users may'input data in, a 

very straightforward manner. Further, the level used was-3.4 

June-1981'which was'the one available at the University of 

Edinburgh. 

Data for PAFEC 75 is entered in a modular form. --Each 

module begins'with'a header or 'module card"'followed normally 

by 'contents card. Details for- data ý'preparation'-can 'be 

referred to in the manuals prepared for the purpose. PAFEC is 

stated to have been programmed to produce results which can be 

applied to many types of problems and it -is 'recommended to 

strictly use SI units i. e m, kg, N, S, J, W etc. [1421. Angles 

are measured in degrees except for rotatory displacements 

which are input and'output in radians. ' 

--A 'number of material properties are automatically 

included in the PAFEC scheme and, therefore, can be used by 

referring to them through an appropriate material number (1 to 

10). In the case of materials other than those included in it 

they have to be completely defined in accordance with the 

material module. 

The PAFEC 75 finite element consists of-ten separate 

computer programs to be executed sequentially in order to get 
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the analysis for'the", problem'[1421. Each of the' programs is 

named as 'a-phase of PAFEC 75. - Phase 1,4,6-and 7 form the 

minimum requirementstfor an analysis'wherein the structure is 

fully defined. Phase 1 is*used for'reading in and expansion of 

the, data and'as such'an essential'part of the whole process. 

Phase,, *4'takes into account the constraints', relating to the 

problems and derives the degrees of freedom. '-The'stiffness 

matrices for*the elements are found in Phase 6 and system 

equations solved in Phase 7. The remaining 6 phases provide 

the extra facilities in'which Phase 9 calculates the stresses 

at', 'the nodes and as iuch, 'the-most important for the purpose of 

the present work. Phase'10 which produces'stress contours, and 

stress vector plots'is'needed only at the final stage of the 

solution. ' 

8.5. Theoretical simulation of crack development in concrete and 

its modellin 

'As stated-'earlier, cracking in concrete is, due mainly to 

the'tensile stresses 'exceeding the' tensile "strength at a 

location. ' In' the finite' element method two popular ways of 

dealing with tensile cracking-were compared by Argyris et. al 

[173] and which-are worth mentioning here. They are: 

L'The smeared crack--approach 

2., The discrete crack approach 

The smeared crack approach is the one followed in the 

present study. ' In this approach, based on the strength model, 

the maximum tensile stress or strain criteria are utilised to 

characterise the tensile strength in the event of cracking. 
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The approach follows the philosophy of limited strength and 

the associated concept of ultimate load analysis, The 

numerical-implementation of this concept is based on a smeared 

approach which distributes the unloading effects of discrete 

cracks over the adjoining supporting area of reduced strength. 

The numerical result of this approach is sensitive to the mesh 

size i. e. the spatial idealisation of the structure with 

finite elements. 

In the application of this approach it is assumed that 

the cracked element loses all its stiffness in the direction 

of-the principal tensile stress and the cracking plane results 

in distorted*crack patterns for the post-cracking load stages. 

In general, it is thought that the maximum principal stress 

criterion'is relevant to brittle-materials. 

In-the-discrete-crack'approach, based on the fracture 

nechanics 'model, one starts fromý d discrete crack 

configuration and studies its stability. This approach is more 

commonly applied to ductile materials. -In this method the 

crack path -is,., primarily dependent on the finite element 

idealisation, rather than the actual material behaviour. Also 

since the 'discrete cracking extension is not directly 

dependent on crack length, there is a strong dependence on the 

mesh size. 

In the implementation of the discrete crack approach the 

crack pattern is investigated in the finite element by the 

separation of the nodes. The uncracked member isloaded 
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incrementally until the principal tensile stress exceeds the 

tensile strength of concrete at one or more locations. The 

tensile strength is taken as equal to the modulus of rupture 

of the material. If the average value of the principal tensile 

stress in two adjacent elements exceeds the tensile strength 

then it is, assumed that a crack would occur at- the common 

edge. The elements ýare- then considered to- have been 

disconnected at common nodes and the crack successively 

extended by disconnecting single nodal points. 

This approach, however, has the drawback that the 

topology of the system continually changes making the process 

more slow as it advances into the ultimate stage of failure. 

Moreover the crack propagation is constrained by the 

arrangement of element boundaries. 

8.6. -Development, of-the simulation procedure 

In the light of the foregoing, a procedure for 

simulation of crack patterns in reinforced concrete beams, 

using a finite element approach, was attempted. The following 

steps were adopted sequentially until arriving at the final 

stage of the tracing of the crack paths. 

1. Idealisation of material properties. 

2. Criteria of cracking based on the strain properties 

of concrete. 

3. -Selection of element type for concrete and steel and 

the finalisation of the finite element mesh. 

4. Composing a computer program for the implementation 

of the procedure. 
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5. Tracing the crack paths on the basis of the output. 

from the program. 

8.6.1. Idealisation of material properties 

For the purpose of numerical modelling it was felt 

essential to find a simple formulation, suitable for the scope 

of this work, but still capable-of representing the properties 

of the materials used. The main requirement for the 

formulation-was to deduce the behaviour theoretically from the 

experimental results. The relationship of stress -to strain', 

both in' the case of concrete and reinforcing bar wasi 

therefore, expressed graphically and the curves were idealised 

within the limits stipulated in CPIIO: 1972 [66]. 

8.6.1.1. Concrete' 

Fig. 8.2ýgives, the relationsip of stress to strain for 

concrete., at, -. ambient 'temperature, ý The dotted'curve shows a 

simplified-idealisation of the stress-strain curve proposed by 

Desayi and Krishnaný[174] which takes into account the actual 

characteristic strength determined experimentally. 

E. J -)/ [, J, + ... ... (8.3) 

Where: Strain 

6-- Stress 

E6 --Strain at maximum stress; and 

E -Initial tangent modulus 

The values of E in the expression is assumed to be twice 

, the secant modulus at maximum stress, 6'-max, i. e. ý' 

(2. '6m'ax)/ &o ... .... 0006 (8.4) 
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A. Characteristic strength of concrete. 

Average cube crushing strength for 72 cubes in a compressive 

testing machine after 6 months of curing was, 45.96 N/mm . Taking 

into account the age factor envisaged in CP110: 72, the 

characteristic strength of concrete worked out as: 

G-cu = 30 + 10.0 (9.96/11.5) 

- 38.7, N/mm *** 0.0 000 *.. (8.5) 

B. Strain at maximum stress 

Strain corresponding to the maximum stress for normal 

-A 
weight concrete is shown by CP110: 72 as 2.4 x 10 X'4--C-U. ' 

Accordingly, therefore: 

a4x -- 
o-2.4 x1 

/38.7 

0.001493. 

- 0.0015 (say) .... . **. **** (8.6) 

C. Initial tangent modulus 

For flexural members,, according to CP110: 72: 

6-max= 0.67 6-cu 

0.67 x 38.7.. 

2 
=-, 26.0 NImm, 

2 (8.7) .. E- (2 6max/&. o) = 34667 - 34700 N/mm 

D. Stress versus strain relationship 

Substituting in equation (8.3) the equation for stress- 

strain relationship works out as: 
2 

,, 
C- (34700 x&) / [1 + (4/0.0015) 1... (8.8) 

Substituting for the values of 9 in equation (8.8): 

2 6-1 = 8.44 N/mm for & =61 = 0.00025 

2 62 = 15.62 N11M ... for t2 
- 0.00050 

673 - 20.82 11/mm? .. 0 for -ý-3 = 0.00075 
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2 G'4 2.4-02 N/mm ... 000 for E. -64 0000100 

C'5 - 26-02 N/mm" ... for C -65 -0.00150 

Assuming ultimate strain value for normal weight concrete 

in compression as 0.0035 [661, the stress-strain curve 

is drawn as shown in fig. 8.2 (solid line). 

E. Idealisation of'stress-strain curve 

For the purpose-of simplification the curve of 

stress-strain relationship - given by equation (8.8) was 

idealised by representing it with two straight lines (fig. 

8.2) . The behaviour of concrete, was thus represented by two 

zones namely, theýinitial-elastic and the final elasto-plastic 

in such 'a way 'that "Cm-ax '-. 26-N/mg corresponding to 6o - 

0.0015, and-the"illtimate compressive. strain was adopted as 

0.0035. 

In order to be able to represent the elasto-plastic zone 

in the properties module of the program for analysis (section2 

2 8.6.4. ) a nominal, elasticity'(E=0.25 kN/mm) was assumed for 

it. This' -also facilitated the fixation of two points on the 

proposed idealised, curve (fig., 8.2). 

Having fixed the straight line for the elasto-plastic 

zone a third ý-point. (the intersection, with the straight line 

from the, origin representing the elastic zone) was so obtained 

that the area of the ýactual curve 'On both sides of the 

straight line was approximately equal. The point of 

intersection was corresponding to a value for 0.001 and 6' 
2 

= 25.5 N/mm. 
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The straight line in the elstic compression zone was 

extended in the tensile zone and a limited tensile strain 

value assumed as 0.0001 (see sec. 8.3*1) to start with. The 

2 
corresponding tensile stress value was 2.55 N/mme 

The'properties of concrete used in the analysis were 

therefore as follows: 

(i) Modulus of elasticity 

1. Elastic compression zone: 

E- 25.50/0.001 

2 
- 25.50 kN/mm 000 (8.9) 

2. Elasto-plastic compression zone: 

E= (26.00 - 25.50)/(0.0035 - 0.001) 

2 
go 0.25 kN/mm 000 so* 1600 (8.10) 

3. Elastic tensile zone: 

E -2.55/0.0001 
2 25.5 kN/mm *90 96* e6e (8.11) 

The simplified idealised relationship of stress-strain is 

shown in fig. 8.2 (dotted line). 

(ii) Poisson's Ratio 

Assuming an average value of 0.11 minimum to 0.21 maximum 

(see section 8.3.1. ): 

v=0.16 

A value of 0.49 for v is assumed in the elasto-plastic 

region. It is assumed that in this region of comparatively 

low stiffness the material will be near to plastic stage. 

2. Steel 

Fig. 8.3 shows the relationship of stress to strain for 

tor steel bar 8 mm, diameter tested at ambient temperature. The 
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actual behaviour has been shown in solid and the idealised 

curve shown in dotted line. 

Refering to figure 8.30' 

There are three zones for the steel, namely: 

2 
1. Elastic zone, i. e at a'stress of 0.8 Vy - 425 N/mm 

E- 425.0/0.0022 

2 
= 193.2 kN/mm fee 006 *so ... (8*ý11)' 

2. Elastic zone from 6' = b. 8 Wy to 6- 6'y 

106.25/0.00255 

2 
- 41.67 kN/rm es* es* es* es. (8.12) 

Elasto-Plastic zone 

(596.0-531.25)/(23186-4750) 

-' 3.512 kN/mm2 9o o' oo9oooý.. (8.13) 

8.6.2. Criteria of crack development 

As stated before the criteria lo'f crack development have 

been based on-the fundamental properties -of strain in the 

concrete* Cracks were assumed to'have occurred if one or more 

of the follOWing threshold strain values'were'exceeded: 

1. Tensile strain in concrete 

The limiting strain that determines the strength 'of 

concrete under static loading is usually'assumed to be between 

-4 
MO and VC11 (1441. For the purpose of the present work the 

threshold value for tensile strain in concrete was taken 

- -4 
firstly as 1. OX10. This was the main criteria of crack 

initiation and development with successive load increment. 
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2. compressive strain in concrete 

At the ultimate failure stage the strain in the 

compression fibres should rapidly increase and the limiting 

value usually assumed was adopted i. e. F-o - 0.0035. 

3. Tensile strain at theAnterface of steel and concrete .., 

From the plot of critical. bond stress versus slip for 8 

mm dia. tor steel at ambient temperature fig (9.30), the 

2. 
critical bond stress works out to be 9.6 N/mme 

Therefore strain at the interface could be calculated as 

(9.6)/(193.2Xl8) 

0.00005 

Initially a critical bond strain of 0.00005 was assumed. 

8.6.3. Finite element mesh 

Fig. 8.4 explains the arrangement of the finite, element 

riesh used for the analysis of the problem. In order to have 

the finest possible mesh yet to save on computer time it was 

found appropriate to consider the beam under the external 

loads for half of its length along the line of symmetry. All 

nodes along the line of symmetry were, however, restrained in 

the X-direction. The maximum dimension of coarse aggregate 

being 19 mm it was decided to keep the minimum dimension of 

discrete element for concrete as 20 mm. ýI 

Total number of, 100 concrete elements were generated 

i. e. 20 elements lengthwise and 5 elements depthwise. 
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Maximum dimension adopted for concrete elements was 30 mm-. 

The steel bar in the tension zone was divided into"19 of,, beam 

(line) elements connectedýat common nodes to one anothevalong 

the axis and to the concrete elements. 

The effects of shear links and-anchor bar (in the top 

face) were ignored for the purpose of the present work as they 

were-not affecting the analysis in any-considerable way. 

.- Considering the free body diagram for half of the beam 

fig*, 8.4, there was, only'one external load at node 96 and a 

simple support reaction at node 13. All nodes along the 

midspan line were restrained in X-directione 

Type of elements: ' 

Two different types of element, one each for concrete and 

steel were used'in the analysis. The type of element 'most 

appropriate for the work were'chosen-from those of the PAFEC 

schemeO' 

Concrete: 'Eight noded isoparametric quadrilateral element for 

plane-stress (36210 of PAFEC scheme) was used for concrete. It 

was a flat element meant to carry loads in its own plane (fig. 

8.5). 

The element isý normally used for finding stresses and 

displacements when there are no appreciable stresses normal to 

the surface [142]. The element has two degrees of freedom 

(Ux, Uy displacement) in its own plane at each node. ' After 
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transformation to a general position in space there are three 

degrees of freedom (Ux, Uy, Uz) at each node. All bending and 

twisting effects acting out of the plane of the element are 

ignored. 

The output listing gives the principal stresses at each 

node of the eight nodes plus a central point. Each element 

meeting at a point, in general, gives a slightly different 

stress estimation hence for the sake of continuity and -the 

overall accuracy of the analysis the averaged stresses at 

nodes are also listed. It is this list of output which has 

been used in the analysis of the problem. 

Steel: A straight uniform element (34000 of PAFEC scheme) with 

two nodes was used for the steel elements (fig. 8.6). This 

type of element caters for bending in two principal 

directions, axial, forces and twisting about its shear, centre 

[1421. Element is defined by the second moment of area Iyy and 

Izz, 'Area A etc. 

There are six degrees of freedom (UXI UY, UZ 

displacements and ýpx, (Jýy, (ýz) rotations) at each of the two 

nodes. Axial forces-are constant along the. length. The element 

is not recommended for use when the total length of a beam 

(element) is less than 5 times the largest cross sectional 

dimension. This is because shear deformation and rotary 

inertia are not included. 

The output in this case gives the shear force, bending 
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moments, axial forces and twisting moments applied to a beam 

element at its ends and referred to the elemental axes. 

8.6.4. Computer program 

A computer program was composed in FORTRAN (Appendix 

C2), capable of working out the strains- at nodesý of the 

discrete elements from the output for the forces and stresses 

as obtained after running a PAFEC scheme. - The program was 

meant to scan the data output with respect to the criteria 

fixed beforehand and at the sameýtime, to update the input file 

for PAFEC each time forý a fresh' run. The details of the 

program are shown in the appendix. However; the sequence of 

operation is outlined briefly in the following. . 
1. An input file to PAFEC was prepared in the prescribed 

modular form. The details contained were those about the 

coordinates of nodes, topology of thetelements, properties 'of 

the materials involved, conditions'of-thýe supports, restraints 

and load positions etc. 

2. The program after reading the file inputs the data to the- 

PAFEC with an initial load and reads the relevant portion of 

the output from the 'PAFEC cycle -for calculations of the 

strains at the nodes. 

3. The program determines the state of change of properties of 

materials, if any, and at the same time also indicates whether 

cracking has occurred at any node. In other words threshold 

limits for strain are- set in accordance with prescribed 

criterion and once the computed maximum principal strain at 

any nodal point exceeded the threshold value a crack is 

assumed to -occur in a direction normal to the maximum 
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principal stress. 

4. - The' input file 'is updated in the'light of the changed 

conditions of the properties for a second run 'on the PAFEC 

with an added increment in applied load. 

5. A continuous record of load level, deflections at reference 

points and the direction of minimum principal stress is 

obtained. 

6. The program is made to stop for a set criteria i. e if the 

central deflection exceeds span/100. At this stage it is 

assumed that a collapse stage has been reached.. ' 

7., A, plot of load versus deflection is compared with that of 

the -experimental results to see if reasonable close agreement 

exists. If not the operations are repeated for revised 

criteria. 

It,, -, is to be noted that for each cycle of load condition 

with changed properties of materials PAFEC was'used, in a way 

as a subroutine to the -main, program- for computing '"the 

principal stresses, at the nodes of the elements. ' 

8.7. Application of the simulation procedure to a case studz 

The program was used to, trace the crack patterns for SBI 

type-of specimens-on the basis of the mesh finalised (fig. 

8.4). - The. properties of materials used in the relevant module 

for ambient conditions were those shown in figs 8.2 and 8.3. 

The properties for similar specimens in the residual condition 

after heat treatment were amended in accordance , with 

established information in this respect as well as the data 

obtained in this work. In each case the program was initially 
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run for a load of 1000 N on each point load position (as there 

was no indication of cracking of nodes anywhere in the mesh 

under such load). The load was then increased by an increment 

for every subsequent run. 

8.7.1 Specimen at ambient condition (B20S20) ,Ii 

Starting, with an applied load of 1000 N on each, point 

load position the increment in load was so programmed that up 

to 3000, N on each point load position there was an increment 

of 500 N for each run. From 3000 N to 7000 N on each point 

load position the increment in load was 200 N and from 7000 N 

to 7300- N the increment was only 100 N on each point load 

position for each run. 

The relationship of applied load versus the deflection 

at midspan was -plotted as shown in fig. 8.7 and criteria of 

strain in concrete for tension, as well as the bond were varied 

until a, fairly close simulation to the actual load-deflection 

curve was achieved., It can. be seen from the figure that the 

actual load-deflection curve, shows more deflection., for the 

initial stage of loading as, compared with the theoretical one. 

This difference was also noticed while comparing the values 

computed by the use of other standard formulae. Also from fig. 

8.7 it-is evident that the actual load-deflection behaviour 

covered a larger range than predicted by the 

numerical/theoretic_al, approach. This was obviously due to the 

behaviour in the plastic range near or after collapse load 

(i. e after the formation of the hinge) which is not 

representable,. by a process based on the elastic behaviour of 
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materials. 
0 

The crack patterns at three'stages were traced as shown 

in fig. 8.8 for-a load level of 8.0 kN, 'fig. '8.9 for a load 

level of 12.0 kN and in fig. 8.10 for a load level of 14.6 kN 

(collapse load). The actual crack patterns at ultimate load 

(18.0 kN) can be seen in fig. 9.67 (specimen -MOS20). A 

comparison of the two crack patterns show reasonably close 

similarity in behaviour. 

On the basis of the various iterative cycles it was 

concluded that the limiting strain in concrete forýtension was 

- 4. -4 0.00018, (within the range MO to 2X10 [1441) as opposed to 

the initially assumed value'of 0.0001. In order to look into 

the effect of bond'strength on'the'stiffness of the flexural 

member a number, of 'cycles were carried out, -, keeping the 

tensile strain -as constant value of-0.00018-, and, varying the 

strain value due to bond at the interface of steel and 

concrete- from 0.0001 to 0.000015. It was found that-the 

decrease in critical strain at the interface-of steel and 

concrete -had, --no.. -significant effect on the failure patterns 

until at a value-of 0.00002-the'deflection near the collapse 

load- increased abruptly. - The collapse occurred at 14400 N as 

opposed to the-14600 N, under-the normal conditions. Hence for 

a collapse load of'14600 N, a limiting value for'bond strain 

was taken"as 0.000025. '' 

The, displace shape of the specimen in the ultimate stage 

is shown in"fig. -8,, 11. This was obtained from the final run'of 
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the PAFEC. 

8.7.2. Specimen in residual condition (B20S600) 

The procedure of crack simulation using the program was 

repeated on the identical specimen in the residual condition 

after heating to furnace temperature of 600 0 C. As before the 

increment in loading for successive runs was programmed in an 

increasing order. Starting with 2000 N the load was 

incremented by 1000 N up to 4000 N total load and then by 400 

N up to the final collapse load at 9600 N. 

The modulus of elasticity of concrete in the residual 

0 state for 600 C furnace temperature (Tm=570"C) was computed as 

a ratio of that at ambient (i. e. E at 570*C= 0.55 X 25.5 - 
2 14.0 kN/mm) [261. The values for limiting strain of concrete 

were varied from 0.0001 upwards until a fair approximation of 

actual load deflection behaviour was obtained at 0.00024. 

The load-deflection relationship as obtained 

theoretically, at the collapse load was compared with the 

actual ultimate load (fig. 8.7). It can be seen that as before 

there is fairly a close similarity in the behaviour shown. The 

collapse load worked out from theoretical procedure was 9.6 kN 

as against 11.8 kN obtained from the actual loading test. The 

maximum theoretical deflection was computed 7.4 mm as against 

the actual deflection of 6.75 mm at the collapse load. The 

difference in the ultimate load capacity again was because of 

the capacity of the specimen to resist load even in the 

plastic stage after the formation of the hinge which was not 
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predictable by the procedure based on elastic properties of 

the materials. 

The crack paths were also traced at the collapse load 

(fig. 8.13) for the sake of-comparison with the actual crack 

paths shown in-fig. 8.12. 

8.7.3. General discussion 

Study of the load 'deflection behaviour of a flexural 

component by the procedure described above showed, that 

starting with reference values for the material properties the 

two main factors affecting the behaviour were the values of E 

(modulus of elasticity) and &ct (limiting tensile strain) for 

concrete. By increasing the value of E or &ct or both the 

theoretical load deflection behaviour showed an increase in 

the ultimate failure load and the corresponding deflection. A 

more stiffer behaviour was, however, reflected in case of an 

increase in 'the value of, E although an increase in Ect would 

result'in an increase in the ultimate load and' deflection 

without 'affecting the stiffness to a greater extent. For a 

better approximation, therefore, a trial combination of'E and 

Cct was-, necessary by varying their initially assumed values. 

Comparing the theoretical load-deflection behaviour with 

the actual one (fig. 8.7) it can be observed that the 

theoretical simulation shows a more stiffer behaviour 

especially in the initial elastic range. This could be 

explained as follows. * 
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1. Analysis by finite element approach is always, a lower 

bound solution (166] which implies that the- deflections are 

underestimated and therefore indicating relatively a stiffer 

behaviour. 

. 
2. The greater the degree of freedom the more closely 

will the solution approximate to the true one ensuring 

complete equilibrium [166]. This could be achieved either by 

adopting finer mesh or better element or both. In all cases 

the element adopted should be properly defined in terms of 

displacement function. 

8.8. Limitations of the procedures 

The main limitations of the use of the program for crack 

simulation are: 

1. The procedure is applicable mainly to the elastic stage. 

The behaviour in the plastic stage has to be closely 

approximated to an elasto-plastic state. 

2. The procedure although, it is easily applicable to follow 

the smeared approach is not easily adapted in the case of 

discrete crack approach. In the latter approach the 

involvement of the change of topology at every step restricts 

the automation of the procedure. 

8.9. Summary 

A review of the causes of the failures in the flexural 

members has been made in the foregoing. The effect of bond on 

the crack initiation has also been reviewed in the light of 

the previous studies. An attempt has been made to describe the 

154 



crack simulation procedure in a flexural member, using a 

finite element approach. The results of the procedure have 

been compared with actual test conditions and the change of 

properties by temperature. The limitaticms of the use of the 

procedure have also been enumerated. 
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CHAPTER 

EXPERIMENTAL INVESTIGATION : ANALYSIS OF DATA 

9.1. General 

The basic relationships between various parameters, as 

derived from the test -series An chapter 7 are utilised for the 

comparison of variables in this chapter. Material properties of 

reinforced concrete under elevated temperatures in the residual 

condition, deduced as a result of this work, are described and 

compared with the recognised published data where possible. 
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An attempt is made to formulate the behaviour of reinforced 

concrete specimens (pull-out as well as flexural) to the acoustic 

emission activity. The aim is to devise an easily adoptable 

non-destructive testing procedure for reinforced concrete flexural 

members. The details of a test procedure are proposed later in 

chapter 10. 

The behaviour of reinforced concrete flexural components in 

the residual condition are studied in the light of the data for the 

purpose of making recommendations to improve the existing design 

procedures for fire resistance. The occurrence of cracks in 

reinforced concrete flexural components due to thermal effects only 

and also those resulting from load tests are studied. - A-C'omparison 

with the findings of the theoretical -simulation, attempted in 

chapter 8, is also made. ' 

The basis of analysis of the data is the results derived for 

the singly reinforced beam specimens (108-SB specimens) and the 

effect on the doubly reinforced sections (30-SS specimens) is 

studied for the sake of comparison. The findings'in this'work are, 

supported by photographic records where appropriate 'and some 

conclusions made for presentation in chapter 11. ' 

9.2. Effect of elevated temperatures on the properties of the 

reinforced concrete 

The effect of elevated temperatures on the properties of 

reinforced concrete as determined in the experimental work is 

described under the following subheadings: 

compressive strength of concrete; 
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2. tensile strength of concrete; 

3. stress-strain relationship of tor steel; 

4. bond stress at the interface of steel and concrete; 

5. end slip of the reinforcing bars in a flexural member; 

6. loss of water content after heat treatment; 

7. colour change of concrete after heat treatment; 

8. temperature rise in beam specimens. 

9.2.1 Compressive strength of concrete 

Figures 9.1 and 9.2 show the effect of temperature on the 

compressive strength of concrete in the residual conditions. 

Compressive strength of concrete used in this work was determined 

by cube crushing tests on the cube specimens heated with the 

pull-out and beam specimens. The residual strength was plotted as a 

ratio of the original strength'at' ambient condition against the 

average temperature estimated within the cubes for the respective 

furnace temperature. 

The shape of the curves'shown in the two figures are similar. 

The strength ratios seem to decrease initially between temperatures 

of 200C and 1500C, but'then'increases between 150 "C and 275 0 C. 

There is a rapid drop in strength after 440*C until at about 7500C 

the residual strength is only about 30 percent of the original 

strength. 

z The variation in strength with increased temperature 

treatment can be explained as follows: 

1. Heat between 200C and 150 0C causes removal of water by 

evaporation. The removal of water causes shrinkage in the cement 
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paste. This changes the bonding forces between the cement paste 

particles, thereby affecting the strength of the hardened cement 

paste. 

2. Between 150 C and 275 C water is-removed by desorption. 

The paste is made more compact and this leads to an-increase-in the 

strength [1]. 1, 

3. After 300 0 C,, higher temperature exposure leads to chemical 

decomposition and therefore to a decrease in the strength. The 

dehydration is very rapid between 400 aC and 600 0C and around, 500 *C 

there is substantial removal of- water of crystallisation. The 

excessive dehydration of cement paste and the transformation of 

quartz in aggregate at 575 0C [1] is accompanied by sudden expansion 

of the material ýwhich leads to rapid loss in the strength of 

concrete. This is why the strength of concrete-at 600*C and higher 

temperatures is only a small fraction of the original strength. 

Comparing. the results of the, tests to those shown by Abrams 

[61 a close resemblance is -found especially' at the -higher 

tempera: tures. The difference at 'the initial stage is obviously 

because of the different curiqg conditions and moisture contents of 

the specimens. Although-the-concrete mix used in this work was 

nominally of the same grade (, 35 ) and w. c. ratio (0.65), as used 

by Morley [571, the comparison with his results show that there is 

a little difference in the trend of-the decrease, -in the strength 

with temperature. It is due perhaps to the change of the aggregate 

contents that might 'have happened over a period of more than two 

years even though the material was, procured from the same quarry 

and the grading was similar. As shown by Abrams [61, aggregate can 

cause great variation in the strength of, concrete at elevated 
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temperatures. 

9.2.2. Tensile strength of concrete 

Fig. 9.1 also indicates the relationship of the variation of 

tensile strength of concrete to temperature. The tensile strength 

values were obtained from indirect tensile tests (splitting test) 

of the pull-out specimens with the steelý bar in position after 

having them pulled to the ultimate value. The tensile strength 

ratios (STR) expressed as percentage of -the strength at ambient 

temperature were plotted against interface temperature. 

It was noted that the tensile strength-versus temperature 

relationshipýfollowed the shape of the compressive strength versus 

the temperature relationship, The rate of deterioration of tensile 

strength with temperature was, however, found much higher than that 

of the compressive strength with, temperature rise. -This again was 

in, agreement, with the conclusions by Pihlajavaava-, [11] and 

Thelandersson [331. Comparing with the results of Morley [571 once 

again--there appears to be-the difference in the trend of decreaýe 

in strength between 100 aC and 2500C. This is due perhaps to the 

reason, as pointed out by Weigler and Fischer [12], that the shape 

of the curve for concrete in the interval of 0- 300 aC depends 

primarily on the age and curing conditions. If the humidity in 

concrete is-high then on heating the drying and hardening of the 

concrete causes the strength to increase as compared with the 

initial value. If, -however, the concrete has been dried prior to 

heating cycle then no further-increase takes place in strength as 

the strength has already increased on drying. In this study the 

specimens were cured in air prior to the heating cycle and were 
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therefore dry. The strength therefore reduced rapidly in the range 

of 100 - 160 C and then increased between 160 250 C 

It is, however, to be noted that the relationship of 

splitting strength v temperature in fig. 9.1 is not the absolute 

true relationship for an undisturbed specimen. It is'certain that 

during the pull-out test'internal cracks appear as shown in studies 

on bond at ambient temh'eratures [159,163]. This was alio'confirmed 

during the experimental work monitoring 'AE of the pull-out 

specimens (see section 9.3.4). The occurrence of-the cracks'at the 

axis of the sp ecimens largely affected its strength especially at 

higher temperatures. The more rapid deterioration of the tensile 

strength'with increasing temperatures as shown in the relationship 

is also perhaps because of this reason. 

Similar effects of the temperature on the tensile strength of 

concrete after exposure to elevated'temperature has been shown in 

an identical 'test arrangement before . 57] where the I rate^ of 

decrease of tensile strength and bond strength was more rapid than 

the'compressive strength after 150 40 C. " 

9.2.3e Stress-strain relationship of tor steel 

The stress versus strain relationships of'8 mm dia. tor steel 

bar in the residual state after heating to different levels of 

temperature are shown in fig. 9.3. These tests were carried out as 

described in chapters 5&6. ' It was noticed that in nearly all 

cases'the specimens ultimately failed at a section outside the bona 

length hence 'the furnace temperature level rather then the 

interface temperature was taken as the reference of heat treatment. 
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It can be observed from figure 9.3 that the stress versus 
0 

strain relationships for all temperatures except for 800 C had a 
2 

linear elastic variation from no stress to, between 425 N/mm and 525 

/2 N mm. The specimens subjected to 8000C, however, had the yield 
2 

point at 320 N/mm in the residual state. It can also clearly be 

seen that in the post fire conditions the behaviour of the 

reinforcing bars (tor steel) after the yield point is well defined 

up to the ultimate failure. Also there seems little. decrease in the 

yield point under residual conditions for heating up to between 600 

and 7PO*C and practically no decrease up to 500*C. The decrease in 

yield strength in the residual state after heating up to 800 C, 

however, is appreciable (about 35 percent). An early, study [411 

(see fig. 3.4) showed somewhat similar behaviour for cold worked 

reinforcing bars. 

An interesting conclusion from the test results is that it 

seems there is practically no effect on the modulus of elasticity 

of the reinforcing bars in the residual state for heat treatment up 

to about 8000C. According to Anderberg [39] there is a steady 

reduction of modulus of elasticity of steel under elevated 

temperatures (fig. 3.6). Other workers [34,35,45] have reported 

the rate of decrease in the modulus of elasticity as slower than 

the yield strength. No information, however, has been reported for 

the residual conditions. 

The above noted properties of the reinforcing steel are of 

interest from the stand point of reinstatement especially when 

considering the value of G'y for the assessment of the residual 

strength. 

162 



9.2.4. Bond stress at the interface of steel and concrete 

Fig. 9.1 shows the variation of bond strength' with 

temperature in the residual state in addition to the compressive 

strength. Unlike the compressive and tensile strengths a marked 

increase is observed in the bond strength of concrete (with 8 mm 

dia. reinforcing bars) around 300 to 400 *C in the residual 

condition. The bond strength even exceeds that of the original 

strength (at ambient temperature). In the rest of the temperature 

zones the bond behaviour seems to follow the trend of the variation 

of the compressive strength in the residual state . The rate of 

variation in case of bond, however, is relatively more rapid when 

compared with the compressive strength for the same range of 

temperaturese 

The similarity in the trend of variation can be explained by 

the' fact that bond strength'is a function of compressive strength 

of concrete. The change' in, the rate'is due perhaps' to the 

differential thermal movement of steel and concrete at the 

interface in addition to the differential thermal movement of the 

aggregate' and'' cement paste which affects the compressive strength 

of concrete'at elevated temperatures. The rapid decrease' in bond 

strength with increasing temperature is also shown with the help of 

results obtained from the AE activity ( see section 9.3). It was 

observed that except for the temperature range between 300*C to 400 

ý 
the AE activity decreases with increase in temperature for the 

same ratio of applied stress'to ultimate stress. This indicated the 

decreasing strength against failure at the interface and 

consequently an early failure in bond. 
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Comparing the behaviour of the 8 mm. dia. to that of a 16 mm 

dia. tor steel it has been shown [47] that the smaller diameter bar 

had better bond qualities overýthe same range of temperature. This 

again is due perhaps to the fact that in ýthe case of, larger 

diameter bars the differential thermal movement-between steel and 

concrete at the interface for the same temperature level is 

relatively higher compared with that in' the ýcase of, smaller 

diameter bars, thus affecting the quality of adhesion at the 

interface to relatively a greater extent. This is further supported 

by the,, -, fact that in the case of a larger diameter-bar the rate of 

concrete splitting is higher -than in the -case, of- a smaller 

diameter, a-phenomenon already proved to be true, at ambient 

temperatures [163,165], 

-In a work done by Diederichs -and Schneider- [501 4no 

significant- influence of bar'size on the bond quality''at elevated 

temperature has been reported for plain bars. However, -they did not 

seem to have compared this property for the deformed bars. 

9.2.5. End slip of bars in a flexural specimen 

Fig. 9.4 shows the behaviour-of end slip, of a mild steel bar 

in a flexural member- in the residual state. The comparable 

behaviour for a tor steel bar is shown in Fig. 9.5. The specimens 
C were, tested for furnace temperatures of 20,200,600 and 800 C. On 

comparison it was observed that for the simila 

bars, specimens heated to aýmean temperature 

showed the maximum resistance to slip followed 

ambient and those heated to mean temperatures 

00 670 C(Tf=800 C). 

r type and size of 

I 
of 160 C (Tf =200 

OC), 

by the specimens at 

aa 510 C (Tf-600 C) and 
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Except for the specimens heated to mean tempevature 670 OC 

M-800 9C) in which case slip occurred from the moment load was 

applied, other specimens showed a limiting value along the axis of 

load corresponding to the zero slip. This value can be regarded as 

the critical point for the flexural slip in a- beam specimen. ýThis 

critical value can be seen-as a kink in the graphs which'shifts 

towards the origin as-the temperature level increases 'until at 

temperature 6700C (Tf=800*C) it coincides with the origin., 

Comparing the bar slip behaviour of the mild steel to that of 

the tor steel it was observed that the value of bond stress at the 

critical point for slip was higher for the tor steel, obviously 

because of the surface of the bar. Also there was relatively a 
I 

gradual occurrence of slip before the collapse actually occurred in 

the case of tor steel as compared with the plain bars in which case 

the anchorage failure was rather abrupt. This led to the conclusion 

that in case of design for anchorage using tor steel bars there is 

a greater margin of safety if the failure is due to anchorage at 

the supports; 

One common feature of the phenomenon of end slip of bars was 

that after. the critical point for slip (the point at which slip 

begins to occur) had been attained the curve began to concave 

towards the slip. axis very rapidly until it reached the ultimate 

value or levelled off. with the slip axis showing large slip for 

constant load before ultimate collapse (figs 9.4 and 9.5). This 

tendency of the load versus slip was similar to the behaviour of 

stress versus slip in the direct pull-out tests although in the 

case of pull-out specimens after the ultimate stage the stress 
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began to decrease a little until cbllapse took place. 

Comparison of the behaviour at the critical point for slip 

for the two types of test revealed that the pull-out tests 

overestimates the anchorage strength if adopted for flexural 

components. The, stresses at the critical point for slip for'16 mm 

dia. ' tor- steel bars in the direct pull-out tests in the residual 

condition with no preload were deduced from Morley'" [571 and 

compared 'with 'corresponding flexural values from this work (fig. 

9.5)"in-Table §. 1. 'The stresses at the critical point for slip in 

the case of flexural specimens were obtained using the bond 

formula: ' 

Cb' V/So. jd (g. 1) 

Where: '6'b is the'local bond stress 

V is the shear force at the critical point 

ýý! ýo is the perimeter of the bar; and 

Jd is the lever arm of the section. 

Table 9.1 
------------------ -------- ------------------ 

Temperature Direct pull-out test Flexural test specimen 

Tf 16 mm dia. tor steel 16 mm dia. tor steel 

C 55 mm cover Adjusting for 25 mm cover in bottom 
all around 25 mm cover 

-------------------------- --------- ---------- 

20 6. o 2.7 1.6 

200 5.0 2.3 1.9 

600 0.4 0.2 0.4 

750 0.0 0.0 0.0 
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f* Values for 25 mm cover were computed by reducing the values for 55 

mm linearly in the ratio of the thickness of the covers (see section 

10.5 Chapter 10)) 

Although formula (9.1) used for the evaluation of the 

flexural critical slip values does not in practice represent true 
[165, j>Atel5Z] 

behaviour, the comparison in Table 9.1 shows that the critical 

flexural bond stresses are far less than the corresponding results 

obtained through direct pull-out tests for ambient condition and 

0 200 C temperature treatment. 

The major difference in the two approaches is due perhaps to 

the fact that in a pull-out test the specimen is under compression 

'which restraints the tendency to fail by splitting, while in a 

flexural: component the critical concrete zones are in tension which 

contributes to the early splitting failure. In fact the crack 

patterns which develop in the two systems are different, although 

the basic reason for failure is the same in' both the cases ie. 

development' of longitudinal cýacks along the reinforcing bars. In 

the beam specimens, as the- steel stresses increasep transverse 

cracks develop and each new*transverse crack tends to initiate a 

new'longitudinal crack. In the case of a direct pull-out tests 

transverse cracks are entirely absent and cracking is confined to 

longitudinal splitting (1651. 'It has been suggested [165] that the 

pull-6ut 'tests are satisfactory for measuring the relative bond 

values of bars with different deformations. The test results 

generally give bond-Strength values considerably greater than that 

developed in flexural bond. 

167 



9.2.6. Loss in weight of the specimens during heat treatment 

In the process of heating the specimens, there is always the 

loss of water content')' 'initially in the form of dehydration and 

evaporation and later on by desorption -and decomposition of 

hydrates at higher temperatures. This process of water--loss has 

indirectlly a significant, effect on the strength of concrete during 

different temperature stagese 

In fig. 9.6 the loss in weight of the specimens in'percent of 

the original weight at ambient conditions is shown in relation to 

the temperatures. It can be seen that there was a continuous 

decrease in the weight of the specimes up to the maximum furnace 

temperature of 800 C. The rate of loss in weight was varying for 

different sets of specimens, although the general trend was noted 

to be the same for similar specimens. 

The loss in weight was observed to be maximum around the 

temperature range of 100*C to 1500C and then followed a. decreasing 

trend after 3000C. As described before, the expulsion of-water by 

evaporation in the initial range of temperatures resulted in the 

occurrence of thermal and shrinkage cracks leading to the decrease 

in strength of the concrete specimens. In the range of 2000C to 400 

C the evaporation of water made the hardened cement paste shrink 

more. It was probably why the strength ratio versus temperature 

relationship (fig. 9.1) showed an increasing trend for this range 

of temperature. On the other hand at still higher temperatures 

(about 500 C) the expulsion of water of adsorption and the 0 

decomposition of the hydrates led to the rapid deterioration of*the 

strength properties of concrete making it unfit for functional use. 

168 



It seems that determination of water loss in the post fire 

condition relative to the ambient condition could be a useful 

criterion for the assessment of fire damage to concrete work. This 

could be done by obtaining, small size cores of concrete from 

various depths and locations in the affected area and comparing the 

water loss with those obtained from the unaffected areas, 

9.2.7. Colour change, of concrete after heat treatment 

The colour of concrete after cooling from elevated 

temperatures is frequently very helpful in assessing the damage 

done by a fire. A good estimation of the temperature reached during 

the fire can be made if the colour of the debris after fire-is 

studied carefully. 

The intensity of-the-colour '-changes varies with the type- of 

aggrdgate (coarse'and fine) usedý-It is, only at'the surface, which 

cl-ny is exposed to direct -fire,, that, change in. colour Wou)a be vi5ible-. - 

The temperature of the interior and consequent change in colour 

will depend on the surface-temperature, the duration of fire and 

the dimensions of the section. - 

Typical effect of heat- upon the compressive strength of 

concrete after cooling and the colour changes were shown by Bessey 

0 [301 (fig. 9.7). The pink colour of concrete at 300 C is normally 

considered to beyery important as this is the level of temperature 

up to which there is no significant change in the residual strength 

of concrete. The grey to buff- colour is a sign of major 

deterioration in, the strength of concrete and sometimes results in 

the material being classified as unfit for the reinstatement 
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purposes* 

Figures 9.8 and 9.9 show the relative change in'the colour of 

beam specimens havingý, -'the same geometry but heated to different 

levels of temperature under' similar conditions. Although' the 0 

colours appearing in the photographs do not distinctively show the 

difference-of 'temperaturel'treatment , the comparison of the 
11 

specimens in the, one at 20 C-can'give relatively a fair impression 

of variation. 

9.2.8. Temperature rise within the beam specimens 

- 'A reinforced concrete beam under fire conditions normally has 

the input of heat energy from three sides, the top being protected 

by the floor it supports. The specimens ) however, were subjected 

to heat from all four sides. The thermal gradient across section 

was- therefore such that-temperature was a maximum on the surface 

all round and decreased towards-the centre of the section. 

For the purpose of making reference to the effective 

temperature within the specimens temperature was monitored at three 

points on the midspan section (seeýsection 6.3). From the strength 

point of view the relevant zones were the tension steel near the 

bottom face and theýcompression area of concrete above the neutral 

axis of the section. A thermocouple fixed to the tension steel 

monitored the tensile steel temperature and those fixed to the 

anchor bar in the top and at the mid-depth of the section monitored 

the temperature gradient in the compression zone. An average value 

of the three temperatures was termed as mean temperature (Tm). 

170 



In fig. 9.10 Th was plotted against furnace temperature (Tf) 

for the three type of beam specimens, taking the average values for 

the particular group of specimens. It can be seen that the rise in 

Tm between Tf=20 OC and Tf-2000C was gradual as most of the heat 

energy input would be used in the conversion of the water contents 

into steam. Afterwards the increase was rather rapid until at 

0 Tf-500 C again the rate of rise became slow due probably to the 

fact that the thermal conductivity of concrete decreases with rise 

in temperature 

Comparing the temperature rise for the three groups of 

specimens it was noticed that the rise was greatest for specimens 

SB1 &, SB2 and least for the specimens SB5 & SB6. This was obviously 

because, of the difference in -the dimensions of the concrete 

section. Also that the concrete cover , to the reinforcement 

(positioný where thermocouples were fixed) was more in the case of 

the thicker sections as compared with the thinner ones. 

9.3. Acoustic TI-4psion activity ý 

It has been described earlier in chapter 4 that AE is 

transient elastic waves-generated by the rapid release of the 

energy within the materials when subjected to external stresses, 

These waves are associated with, creaking sounds at higher 

frequencies and lower intensities., This property of, the-materials 

has now been developed into a science which helps in the'assessment 

of the quality and integrity of materials. 

A beam specimen, like other elastic. materialsq starts to 
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deform elastically with the application of load and in doing-so 

stores strain energy until a balancing mechanism, such as crack 

growth is activated. This results in release of the part of the 

overflow energy which appears in the form of AE activity, 

The application of external forces to a beam specimen also 

causes a change in the original configuration due to deflection and 

curvature. which affects the state of stresses at different 

locations within it. -There must, therefore, be some connection 

between the two types of effects. 

'The behaviour - of a reinforced concrete specimen-- with 

reference to AE activity is described . in relation to various 

parameters in the-following manner: 

Applied load versus AE; 

2. Deflection at midspan-of a, beam, span versus AE; 

3. Curvature, of the constant moment zone versus AE; 

4. Slip of the reinforcing bars versus AE; 

5. Bond stress in a pull-out specimen versus AE; 

6. Temperature rise versus AE; 

7. AER (Acoustic Emission Ratio) v LR (Load Ratio) and 

DR (Deflection Ratio). 

9.3.1. Applied load versus AE in a beam specimen 

Figures 9.11-9.15 show the relationship of the applied load 

to AE activity for the beam specimens at ambient conditions. The 

specimens were loaded in three stages i. e. loading to WL, unloading 

completely and reloading to 2WL, unloading again. and finally 

loading to failure. Each time AE data was monitored in relation to 
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the applied load. On plotting AE counts'versus applied load it, was 

observed that the relationship between the parameters never 

followed a curvilinear path and-, it was found that-, a better 

representation was achieved by joining points with straight lines. 

It can be seen that the general pattern of relationship was 

similar in all of the cases. Initially there was not much of AE 

activityýuntil after 3 to 5 kN of load (about ý15 percent -of the 

ultimate load on the average) there-was abrupt occurrence of AE. 

It was noted that once a specimen was unloaded then on 

reloading AE activity started at a, slightly lower level of loading 

than the-previously attained limit (normally between 75 to 83 

percent of it ). There, wasethus a breakdown-of the Kaiser effect (a 

property anticipated in the case of brittle materials). The AZ 

activity at different stages of-loading in terms, of the cumulative 

counts at ultimate load occurred as follows: 

at working load (WL) ... between 20 to 30 percent 

2. at, twice the WL .... .... between 30 to 50 percent 

3. atýyield load ...... ... -between-50 to 80-percent. 

It was also noted that during-unloading of a specimen at any 

of the above noted stages-itýshowed AE activity, an indication of 

rubbing between fractured surfaces as they close up. This meant 

that the specimen had cracked even at, the WL level. -The total 

counts at 14L level was noted to be varying between 70 to 90 percent 

of the cumulative counts during theýcycle of loading up to-, WL- and 

then unloading completely. 
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As -stated before the AE did-not follow a smooth path in 

relation to the load. The general slope, of the-lines, however. ' 

decreased successively as the application of load progressed 

indicating that the capacity of the section to store strain energy 

was diminishing until at or near collapse the line was nearly 

parallel to the AE axis. 

The rate of emission, in the residual condition, for 

identical pull-out specimens-heated 'to different -levels of 

temperature when compared with those under ambient conditions (figs 

9.28 and 9.29) showed that the capacity of the specimens to store 

energy increased between temperatures Tf-100*C to Tf-400 0C 
andýthen 

reduced as the temperature'increased. --This effect was in some way 

comparable to the 6-cu-temperature relationship (fig. 9-1). 

In, figures 9.16-9.18, comparison of behaviour of identical 

specimens in-respect of AE activity at the WL limit before-and 

after heat treatment is shown. It can be seen that-the'specimens in 

general showed'AE activity at WL or even lower load in the post 

heating conditions although they had been subjected to WL in the 

preheating state. This showed the effect of healing of concrete 

specimens both at ambient as well as in the post fire condition. 

Fine cracks in fractured concrete if allowed to close without 

tangential displacements, will heal completely under, moist 

conditions [144]. This autogenous healing according to Neville 

[1441' is probably due to 'the hydration of the unhydrated cement 

particles that are present on the fractured surface and may also be 

aided by carbonation. The more hydrated cement it contains, - the 

higher the re-gain of the strength. It is to be noted that healing 
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will take place only in the prescence of moisture. Specimens 

already cracked by application of WL and left for'24 hours would 

therefore be healed in prescence of the available moisture at the 

newly fractured surface and the phenomenon of healing might even be 

accelerated at initial temperatures of heating. At higher 

temperatures (of the order-of 600 C and above) there would not be 

any moisture left to assist the healing effect. 

In fig. 9.16 all specimens of SB1 and SB2 except the one 

corresponding to Tf=700*C showed emission as early as 3 to 5 kN (on 

average 50 percent of WL or 15 percent of UL) in -the post fire 

condition. In the ambient conditions this load was 75-to 83 percent 

of the WL indicating thereby the healing effect-due to elevated 

temperatures. Similar behaviour was shown by specimens-of the group 

SB3 and, SB4'*(fig. 9.17). In this case, howevert specimens 

corresponding, to Tf-700 OC and Tf-800 *C-did-not show any'emission 

activity in theýpost-4eating condition. A similar characteristic 

9.18). ' The AE was shown'-by'specimens of the group SB5 and SB6 (fig' 

rate for other temperatures was different from one another. A 

relative 'comparison showed -that the maximum healing effect 

0 do 0 ), a corresponds to specimens'Tf-200 C'to Tf-300 C (Tm-150 to 260 C 

property in agreement with'the 6-cu versus temperature relationship 

(fig. 9.1). At very high temperatures i. e. Tf=700 and Tf=8000C, the 

healing effect bore no relation to the AE activity. It was due 

probably to the fact-that at such levels of high temperature no 

moisture was left to assist the healing of the fractured surfces. 

Ignoring- the effect of one specimen, as stated before, it 

seems that the onset of'emission after heating occurred at the 
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following load levels: 

,, 1. SB1 and SB2 ... 3kN to 5 kN 50 percent WL 

2. SB3 and SB4 ... 3kN, to 4.5 kN ... 53 percent WL 

3. SB5 and SB6 ... 2kN to 5 kN ..... 54 percent WL 

I, It is worthwhile to note that the number of cumulative counts 

shown by the above noted specimens was within 10 percent of the 

maximum cumulative counts at WL. 

-1 The behaviour of the specimens in reference-, to AE activity 

versus ultimate load level is shown in figures 9.19-9.21. It is 

again-to be noted here that all the specimens were preloaded to the 

WL limit in the preheating state. -The general comparison of the 

relationships show that the behaviour of AE activity with load 

follows a similar path although, as before, the total cumulative 

counts in each case differed from specimen to specimen. An 

interesting feature of the post heating AE activity in-the ultimate 

stage is that the relationships seem to follow a smooth curvilinear 

path. A conclusion can be derived that before the yield point the 

load versus AE relationship does not seem to obey a regular pattern 

but at higher loads, especially after the yield limit, the 

relationship begins to take on a regular shape. 

9.3.2. Deflection versus AE in beam specimens 

Having discussed the-load-AE relationships for the flexural 

components it is worthwhile to compare the LR-AER and LR-DR, each 

ratio being expressed as the percentage of the corresponding effect 

at, -the ultimate stage. Figures 9.22- 9.24 show the related effects 

for different sets of similar types of specimens differing in width 
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only (50, M:. and 90, mm). As described before,. in an effort to 

simulate the test, conditions to actual load conditions in practice 

the specimens -were subjected to, a preload of WL in the preheat 

conditions. Some. percentage of the emission had, therefore, 'already 

occurred and the figures show the balance of the AE activity in the 

ultimate failure-stage. 

It, can be seen that the general trend of relationships 

between LR-AER and LR-DR are similar for identical specimens but 

for the-same LR the DR is higher when compared with the AER, except 

at no load and the ultimate load. The difference is very small at 

the onset oUload and increases gradually up to maximum at the 

yield-point of the specimens. After the yield limit the difference 

again diminished but this time more, rapidly -until -the collapse 

limit is, reached. 

These-patterns- indicate that near the yield limit a section 

has the highest capability to deform and store strainý energy* 

Before the yield point is attained ai a section a specimen has the 

capability of storing more and dissipating less energy, -but after 

the yield point the dissipation of energy is very rapid. This 

explains the different slopes of the curves. The shift of the 

vertical -axis of the LR-AER is obviously due to the part of 

emission having already occurred in the WL stage and not included 

in the ultimate stage monitoring. 

The relationship of the LR-DR was as before found to be of a 

smooth curvilinear form as opposed to the LR-AER which was not as 

uniformly smooth. An interesting aspect of the study of this set of 
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data was that the yield point (a point on the load-deflection, 

moment-curvature or load-AE relationship where the gradient of the 

curve begins to decrease rapidly, see fig. 9.41) was found to be 

more clearly defined for the relationship of LR-AER than for the 

LR-DR when considering similar set of specimens. This might lead to 

the conclusion that in a testing procedure if the yield point could 

be deduced by AE procedure then the ultimate capacity can be 

determined in a straightforward manner. 

Again comparing the behaviour of the three sets of specimens 

it appears that the difference between the two ratios was more 

pronounced in the case of relatively thinner specimens. LR-DR is a 

measure of the stored strain energy left over after deformation has 

taken place. The LR-AER on the other hand is a measure of the 

strain energy dissipated after the deformation has occurred. The 

comparison under similar conditions of externally applied load for 

same the depth of section indicated that the relative difference 

between the energy stored and that which was dissipated decreased 

as the thickness of the section Vas increased. This was due perhaps 

to the fact the stiffness of a section is linearly proportional to 

the thickness and hence for a given condition of loading the 

section with greater thickness was more capable of storing and at 

the same time less liable to dissipate energy. The difference would 

therefore close rapidly as the thickness was increased. 

An attempt was made to find an empirical relationship between 

the LR and AER for different temperature treatments in the residual 

state. Using the data obtained in the tests a relationship was 

assumed of the form: 
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tx 
ce 

Where: c and t are the constants depending on the 'values of the 

test data for a specimen. 

For every x percentage of LR, y percentage of'AER could be 

determined or vice versa. For this purpose the curve f itting 

program facilities [175] available at the University of Edinburgh 

were utilised. 

Table 9.2 (LR-AER) 

Tm 

.C 

'Specimen SB1 
50X140 

Cover=20 mm 

Coeff: Coeff: 
C, t 

Specimen SB2 
70X140 

Cover=30 mm 

Coeff: Coeff: 
Ct 

Specimen SB3'" 
90X140 

Cover-40 MM'' 

Coeff: Coeff: 
ct 

20 0.714 0.049 0.122 0.067 0.053 0.075 

76 0.016 0.086 3.039 0.035 6.117 0.027 

142 0.889 0.047 3.011 0.035 1.843 0.040 

245 0.519 0.052 0.229 0.061 6.426 0.028'-_ 

342 1.440 0.042 0.503 0.053 0.916 0.046ý 

468 0.778 0.048 0.004 0.099 0.897 0.047 

635 0.283 0.059 0.368 0.056 0.862 0.047 

727 2.334 0.037 0.428 0.054 0.241 0.056 

In order to facilitate ready comparison of the coefficients, 

the relationship was obtained in the exponential form. For this 

purpose the data had. to be rearranged in an ascending order of 
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equally spaced x (LR) values. A program was, therefore-, written in 

FORTRAN (Appendix D) which could enable the rearrangement of the 

data in the desired order and also to modify the input data file to 

the 'Curvefit' facilities. 

The values of coeffecients obtained were as shown above in 

Table 9.2. ý 

9.3.3. Rotation at the supports versus AE in a beam specimen 

As a result of the application of load to a beam specimen it 

deflects and therefore, -the ends rotate relatively. There is also 

the occurrence of AE activity. Rotation, -between the ends of a 

I beam, is a function of deflection in -relation toýthe length 

(equation 7.8) whereas AE is a function of the release of, overflow 
I 

strain energy, Both phenomena 4re associated with the change in 

configuration., - 

From the fundamental concept it would appear that with 

increasing rotation (i. e. increasing deflection) there would be an 

increase in the AE activitY which should-be obvious from a plot of 

rotation versus AE (fig 9.25 - 9.27). Ignoring one of the 

specimens, with an abnormal behaviour, all specimens seem to follow 

an increasing trend in AE activity with the increase in rotation 

and a tendency for the plot to incline more to the axis showing the 

rotation. Its-therefore,, indicated that although the cumulative AE 

counts increased, the rate of emission decreased with the increase 

in rotation. 

As beforet because of the fact that the specimens had 
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undergone AE activity to the limit'of WL in the preheating statef 

the initial part of the curves showed very steep gradients. 

However, comparing the state, of AE in the post WL state to that 

within UL, "the AE activity seemed-to be more brisk'in the initial 

than in the later'stages. 

9.3.4. Bond stress versus AE a. nd slip versus'AE- in'-the pUll-out 

specimens 

Figures 9.28 and 9.29-illustrate the relationships of stress 

and slip to AE activity respectively. All the specimens were of 

similar, type- but heat treated to different-levels"of temperature, 

The tests were"conducted in the residual conditions. AE being an 

indication of release of energy under deformation is a function of 

applied force (hence of stress). ý On comparing the relationship of 

stress versus AE to that of stress versus slip (fig. 9.30) it was 

noticed that'there'were very close similarities. From this it could 

be inferred that there could be a correlation existing between AE 

and slip. 

From the stress-AE plot it could also be seen that the 

relationship follow nearly the-same track as of stress-slip for all 

temperature levels. AE activity seems to start earlier in the case 

of specimens heated to higher temperatures. This, however, did not 

hold true between the temperature range of Ti=170 to 250 C as can 

also be seen in the strength-- temperature relationship (fig. 9.1). 

The crushing strength of -concrete and hence the bond strength 

0 between Ti-170 to 250 C increases. This means that higher levels of 

energy can be stored before the bond breaks down. 
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Fig. 9.31ýshows the comparison of stress-AE in the elevated 

temperature condition to that in the residual condition. It is 

interesting-to note that in the case of most of the test specimens 

the AE counts in the heated state were more than thoseAn the 

residual conditions. This indicated that the bond strength- was 

greater -in the heated condition as compared with the residual 

state. Therefore a higher level-of energy was required before, the 

bond -at, the interface broke down and/or the pull-out force was 

assisted-by the-thermal changes in. the cracking of concrete at the 

interface with the steel and hence the increased AE activity. It is 

an established fact that at elevated temperatures Ccu is more than 

the value, in the residual-conditions (see figs 3.2 & 3.3) and hence 

the bond strength which is a function of Stu-is greater at elevated 

temperatures. -A conclusion--can, therefore,. be drawn that AE 

activity can be, used- as a tool to ascertain the characteristic 

strength of--concrete and all other properties directly related to 

it. 

The -'similarity-of, the- Cb-AE and Cb-slip relationships 

indicated that-there could be a linear tendency between slip and 

AE. This can be seen by Comparing the results shown in fig. 9.32 

also. 

Again comparing the two relationships (ýC-AE and slip-AE) it 

could be seen that there always was' a point on the C-AE 

relationship where with a nominal increase in stress there was 

appreciable increase in the AE activity. In the case of the slip-AE 

relationship the behaviour was found to be more or less of a linear 

tendency. This fact might be utilised as a tool for establishing a 
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criterion for the local bond failure in a flexural member. 

9.3.5. Comparison of STR-AER to AER-SLR'' 

Comparison of figs 9.33 and 9.35 showed that the relationship 

of STR versus AER was very nearly similar to the STR versus-SLR 

that, both were parabolic in shape and similar in pattern. The 

relationship of AER-SLR (fig. 9.34), however, was more or less a. 

linear one. In -a work of similar nature by Morley [571, the 

observation that all the relationships had the same pattern was--not 

borne out. 

- In studying AE behaviour for the test specimens emission was 

monitored through a bar fixed axially in a specimen. It was, 

therefore , the relative movement at the interface of steel and 

concrete and any cracking at the interface, to which the AE activity 

was sensitive. 

Table 9.3 
--------- ------------------ -- 

Stress Ratio Acoustic Emission Ratio 

STR (Percent) AER (Percent) 

------------ -------- 

50 
--------- --------- 

7 

75 20 

80 34 

90 45 

95 62 

100 
----- -------------- 

-100 
---- ------------------ 
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In the- main for-'a different heat treatment the concrete 

strength in the residual state would be different. The curves of 

fig. 9.33 are representative of materials with different concrete 

strengths. The variation of AE activity, with the stres's could be 

deduced from fig. 9.33 in a tabular form as shown in Table 9.3 

above. 

These values are the result of an averaging process for the 

curves. It can be seen that at about 90 percent of the ultimate 

pull-out stress there was only 45 percent of AE activity (a 

tendency showing the slip at the interface). At 75 percent of 

stress value only 20 percent of total slip occurred This 

indicated that on average the anchorage resistance would come from 

the initial 75 percent of strength and that bond breakdown occurred 

within the latter 20 percent of the ultimate stress. 

Table 9.4 

slip Ratio-,, - Stress Ratio 

SLR. (Percent) STR (Percent) 

6 20 

18 40 

22 50 

35 75 

64 90 

100 100 

A similar analysis of fig. 9.35 (STR-SLR) for the average 
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variation showed that STR varied with the SLR in the manner given 

in Table 9.4. 

Also analysing fig. 9.34, SLR to AER appeared to be varying 

in the fashion show in Table 9.5. 

Table 9.5 

Slip Ratio Acoustic Emission Ratio 

SLR (Percent) AER (Percent) 

20 12 

40 27 

50 36 

75 60 

90 82 

100 100 

Reducing further the above noted findings to Table 9.6 the 

variation of the three parameters STR, SLR and AER was somewhat as 

shown in the following. 

Table 9.6 
------ --------- 

STR AER SLR 

(Percent) (Percent) (Percent) 

----------------- --------- 
0- 40 0- 10 0- 20 

40 - 80 10 - 35 20 - 40 

80 -100 35 -100 40 -100 
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Considering AER as the common parameter in the two types of 

relationship, it appears from the Table 9.5 that for a stress of'40 

percent initially there is practically no, AE and only 20 percent of 

slip. This stage might indicate that the bar ribs simply dug into 

the adjacent concrete which was under compression and no cracking 

took place. A little AE activity at this stage showed the local 

crushing of concrete- under the ribs, -in compression@, - Between 40 

percent to 80-percent of the ultimate stress" level there was 

another 25 percent of AE and 20 percent of slip movement. This 

might indicate shearing the concrete teeth under the wedge action 

of the ribs. Between 80 percent to 100 percent of stress level 

there is most of the AE activity and the resulting slip movement of 

40 to 100 percent. The AE activity at this stage indicated that 

splitting had occurred and that movement at the bar interface was 

taking place. 

It clearly showed that until 80. percent of the ultimate 

stress there-was no breaking of bond andýthat the-movement of a bar 

took place mainly in the latter 20 percent of the applied stress. 

80 percent of the ultimate failure might, therefore, be taken as 

the limiting local bond failure and the last 20 percent as the 

anchorage resistance. 

Further observations of the relative behaviour of the AER-S-TR 

indicated that except for the temperature range of Tf-300 to 400 OC 

the AE activity had a decreasing tendency with increase in 

temperature treatment of the specimens for the same proportion of 

applied stress. This might indicate that for the same proportion of 

applied load the splitting resistance decreased with increasing 
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temperature (hence less release of energy), The relatively large 

slips, for higher temperature confirmed the contention that the 

failure was due more to the slip which happened due to the 

relatively early bond failure. 

Table 9.7 

Temperature 

-( *C) 

Coeffecient 

C 

Coeffecient 

t 

20 0.327 0.057 

170. 0.483 0.053 

250 0.483 0.053 

375 1.980 0.016 

470 00,795 0.047 

640 0.041 0.075 

750 -0.017 0.086 

On a basis similar to that described in section 9.3.2. above 

an empirical relationship in exponential form was established 

between STR and AER for the groups specimens. According to the 

relationship, for every value of x (STR) there would be a value for 

y (AER) in the form shown in equation (9.2) above. The coefficients 

were compared with those for the specimens at ambient condition 

(Table 9.7). 

9.3.7. Analysis of signals 

One of the most important areas of investigation by the 

acoustic emission technique is the signal analysis. It becomes much 
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more important if the technique is to be employed as a, surveillance 

tool. In the analysis of acoustic wave behaviour the fundamental 

information required is perhaps the pulse shape'and its frequency 

content, (or the time period). 

When a stress wave initiates within a specimen under test it 

comes across many discontinuties and sharp changes before it 

arrives at the surface to be picked up by the transducer. The form 

of-signal thus received may not exactly be of the shape and 

intensity as, it was generated-by the fracture mechanism at the 

sourceo HoFever, on the basis of the assumptions that all signals 

issued will be subjected to similar types of modification on 

average, a fair idea about the ena results can be formed. 

In, --load testing a structural component, like a reinforced 

concrete beam there. is moreý, than one type -of stress action, at 

different locations. A'simply'supported beam specimen'is subjected 

to flexural tensile stresses in the bottom midspan fibres and 

compression-, in, theýtop-fibres- -The support sections are subjePted 

to maximum shear,, localised -compression, diagonal tension and 

anchorage stresses at the interface of steel and concrete. Using a 

multiple channel receiver -system, signals separated from one 

another can be'compared with standard pulse shapes of pure tension, 

compression, bond slip ets. These may help in determining the type 

of failure in action at a particular instant of time. 

In its simplest-form the fundamental emission parameters are 

the emission rate and a running total of emission counts. Pulse 

height and pulse duration as characteristics of emission also-needs 
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investigation. However, frequencies of the wave form and, its 

amplitude are relatively easier to obtain as complementary 

information. In this work, therefore, random samples of the AE form 

were taken from an oscilloscope connected to the signal receiver 

through a transient recorder (see figs 6.14 & 6.19). 

Some of the important features of the wave form sampling done 

for pull-out-and beam specimens are described in the following. The 

idea of obtaining waveforms 'for- the pull-out specimens was to 

ascertain the shapeýof pulse for the slip failure mechanism and to 

correlate them, if possible, to the ones obtained from the beam 

specimens. 

9.3.7.1. Pull-out specimens 

Details-of, the wavelorm-for'some-of-the --pull-out specimens 

are shown-in, figs, 9.36 and-9.37*,, The'specimens were tested after a 

00 temperature'treatment of Tf-, 500 C and, 800 C. 

Fig. 9.36(a) shows the waveform. taken for a specimen in the 

residual- state after heating to a temperature level of 500*C. The 

Sample corresponds to, theAnstant of application of pull-out load. 

The amplitude of the waveform. and its time period were recorded as 

2.5 X 50 mV and 2.0 ms respectively. It is to be noted that the 

specimen was tested under a preload of 3.7 kN during the heating 

cycle. - 

Fig.. 9.36(b)-shows information for a similar specimen but 

tested at elevated temperature and no preload during the-heating 

cycle. A load of 3.0 kN was, however, applied at the -start of 
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application of pull-out load after attaining a furnace temperature 
0 

of 500 C. The amplitude of the waveform and its time period were 

recorded as 2.0 mV'and 2.0 ms respectively. The waveform. for the 

same specimen at the instant of failure load was as shown in fig. 

9.36(c). As can be seen the amplitude recorded thistime was 

2.75X50 mV'and time period 2.0 ms. 

Comparing the waveforms shown in fig. 9.36(a) and fig. 

9.36(b) for ý identical specimens, and loading conditions but 

different state of temperature it might be 'concluded that the 

reflections in the wave form of fig. 9.36(b) are more pronounced 

than those of fig. 9.36(a). Jt can perhaps be said that under 

residual conditions the grip of 

interface is less rigid as compared 

temperature condition and, hence-the 

instant of-slip at the interface. ' 

might, however, be the result of ad 

at-any instant of sampling. 

the bar and concrete at the 

with that at the elevated 

reflections in'waveform. at any 

The difference-in', amplitude 

ifference in the applied-stress 

Three random samples were obtained for similarý. specimens, heat 

treated to 800 C. The time period for all of-the three samples was 
0 

2.0 ms. 

Figs 9.37(a) and 9.37(b) show waveforms for the specimen at 

the start of the load test and the failure stage respectively. The 

two waveforms seem similar except that the amplitude of waveform in 

fig. 9.37(a) is greater than the one shown in fig. 9.37(b). The 

reason perhaps was that the sample shown in fig. 9.37(b) was 

obtained after total failure of the specimen had occurred and, 
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therefore, the signal was in the decaying state. -It seems there was 

little release of energy as would be expected after-the breakdown 

of bond at the interface had occurred. 

It is interesting to note that the sample of waveform. shown 

in fig. 9.37(c) , taken at elevated temperature and the initial 

stage of pull-out load, is similar to the one shown in fig. 

9.37(a). The ýsimilarity is due perhaps to the fact that at an 

elevated temperature of-8000C bond was destroyed already and there 

would not be, much difference in the-state of affairs at elevated 

temperature and after cooling. down. This also explains the nominal 

difference among the three-waveforms obtained. 

9.3.7o2. Beam specimens 

Fig. 9.38 shows, the waveform. samples-for the beam specimen 

B30H500 tested in the residual, condition. Samples were obtained'at 

load ý -levels ýof 10 M, 15 kN and 20.5 kN (failure load) having time 

period of 2.0 ms. 

The comparison of the waveforms showed that the ones obtained 

at 15.0 kN load had the maximum amplitude. At the failure stage 

too, the- level of energy release appeared to be considerably 

highere The waveforms at 10 kN and 15 kN appear to be more similar 

in shape. 

Fig 9.39 shows the comparison of waveforms obtained during 

the load test of specimen -B40H700 in the residual state. The 

samples ýwere obtained at load levels. of 6.5 kN (14L), 10.2 kN and 

12.9 kN (near failure). The amplitude of the pulse was measured as 
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4.5M5 mV for 12.9 kN whereas at 6.5 kN and at 10.2 kN it was 

2.3XO. 5 mV. The waveforms at 10.2 kN and 12.9, kN were to be found 

similar in shape @ There"was not much cracking activity at 6.5 kN 

and that was why the amplitude measured was a minimum amongst the 

three samples. 

A comparison of waveforms obtained at or near the collapse 

load for the three similar-types of' specimen (70 X-140)mm but 

. heated to different levels of temperature is shown'in fig. ' 9.40. 

Fig. 9.40(a) shows the waveform of the specimen at ambient 

condition, 9.40(b) and 9.40(c) show the waveform. for the specimens 

heated to furnace temperatures of'300 C and 500 C respectively. An 

interesting feature of all the samples was that they showed nearly 

the same amplitude for the same FSV (full scale voltage on the 

transient recorder) and time period. This indicated the intensity 

of energy release was similar at all load conditions. The- pulse 

shape, however, was, different in that the specimen at ambient 

condition did not show as much turbulence. of the spikes in the wave 

form as appeared in the other cases. 

Apparently the specimen-heated to 5000C had more turbulence 

0 in its waveform than the one heat treated to 300 C. It might 

probably be due to more cracks were existing in the specimens 

heated to 5000C because of the higher thermal gradient. 

The aformentioned description of the waveforms represents 

only a coarse study and more refined work would require the 

segregation of"'the actual waveform. from beams into component parts 

arising from different actions such as bond breakdown and tensile 
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cracking. For this- purpose at least four transducers would be 

required with four independent recording channels compared with the 

two transducers summing into one channel as operated in the present 

work. 

9.4. Effect of elevated temperature on the flexural behaviour of 

reinforced concrete beams 

The response of reinforced concrete flexural components to 

external loads in the post fire condition can probably best be 

studied, as in ambient condition , by the comparison of load to 

deflection and moment to curvature relationships. The effect of 

fire on the r. c. materials not only changes the compressive and 

tensile strength- properties but also the stiffness properties in 

terms-of the modulus. 

The capacity of a, flexural member to support load', therefore, 

not only depends on the amount''of deflection 'but-also on' the 

relative effect of-the deflection on the geometrical-deformation of 

the section. It has been recognised that for an efficient use of a 

r. c. structural member it is necessary to study the behaviour 

between the yield point t6the ultimate (see figý 9.41). 

The effect of elevated temperatures on the deflection and 

curvature capacity for similar-types of specimens is described in 

theýfollowing. 

9.4.1. Load versus deflection 

ý-Figures 9.42 to 9.47 show the relationships of-applied load 

to deflection at midspan of the specimens, SB1 to SB6 respectively, 
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The load deflection-relationships in the residual state for similar 

specimens subjected to different levels of temperature are grouped 

together for the sake of comparison . 

A common feature of the load deflection relationship 'in 

nearly all the case was' that it had a linear tendency in the 

beginning and at the end, joined transitionally by acurvilinear 

part. The initial linear part corresponds to the elasticity of the 

flexural--member and the end part to the near failure stage. The 

middle--part was the zone of transformation from elastic to plastic 

behaviour. 

It, can be seen that the initial elastic range for a similar 

type of specimen began'to reduce-as the temperature-increased. The 

effect of fire on-, a flexural-component was, thereforej. to reduce 

its-limit of elasticity. Also at relatively low temperatures (up-to 

I about, 500 C) the location of the yield point was, more well defined 

and as, the-temperature-level increased the sharp demarcation of the 

yield limit begdn to, disappear. '- 4 

Other observations which'could readily-be made were: 

1., Specimens SB2 with thinner sections having hook ended bars 

(mechanically anchored) had greater ultimate resistance as compared 

with 'specimens SB1 -with straight ended bars- Anchorage bond was 

found toýbe the critical cause of the failure in such specimens. 

This could also be seen in fig. 9.70. 

2. Specimens vulnerable to anchorage failure had less capacity for 

deflection under the same load compared with others, once the 

ultimate load capacity was reached. Comparable specimens with hook 
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ended bars had, therefore, a greater margin of safety for the same 

ultimate load, This-could be a useful consideration for the purpose 

of design with a limit state concept. 

3. The, gradient of the load-deflection relationship in the elastic 

region decreased as the temperature increased. Temperature effect 

had, therefore, a direct bearing on the EI product of the section 

in the residual state. In almost all the cases EI was a maximum at 

ambient temperatures, in the elastic region. 

4. Load-deflection relationships for the specimens heat treated to 

600 0C and above had-a marked deviation from the group of specimens 

pertaining to lower temperatures. The difference clearly indicated 

the deterioration of concrete at 600 *C and higher temperatures. 

This also-confirmed the fact described earlier in section 9.2.1. 

5. Specimens with relatively thicker sections (SB5 & SB6) deflected 

nearly -to -the ", same- extent -(span to deflection ratio- of 60 

approximately)ý at all levels of temperature treatment. - The 

corresponding load at ultimate stage, however, -'decreased with rise 

in temperature. At Tf-8000C the ultimate failure load was in the 

range of one third of the original. This perhaps was due*to the 

concrete cover (40--mm) being adequate enough' to resist 

deterioration of bond and also enhancing the bond strength. Th e 

flexural strength, howeverg decreased and all specimens failed in 

the flexural zone. Hence, utilising full flexural capacity, they 

attained the same extent -of deflection at ultimate but at 

decreasing load values as the temperature increased. It implied 

that if concrete cover was increased in the anchorage zone alone or 

improved mechanical anchorage were provided, large deflection 

capabilities in the relatively thinner section coud be achieved. 
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9.4.2. Comparison of single and double reinforced sections 

Fig. 9.48 compares 1-16 mm dia. mild steel bar and 1-16 mm 

dia. tor steel bar specimens. Similar comparison for specimens with 

two bars as tensile reinforcement is shown in fig. 9.49. 

As before, the EI values seem to have a decreasing tendency 

with increase in temperature -treatment for the similar type of 

specimens and reinforcement. Comparing the gradient of the initial 

part of the curves it seems that the flexural rigidity of the 

specimens, were markedly reduced at 6001C and higher temperatures. 

Comparing the ultimate strength of the sections with respect 

to 'temperature rise it could be-seen that the difference was small 

at relatively low temperatures but became large at higher 

temperatures. The plain bars seem to have lost all strength, at 800 

ý in the residual state. Comparable- specimens with tor bars p 

I however, had 'reduced in strength to the order of 50 percent of 

their original. 

Although the sections were designed to fail in flexure under 

load at ambient condition, they seem to have failed in bond and 

diagonal tension at temperature levels of 600 *C and above. This 

fact is confirmed also from the crack patterns marked on the 

specimens (see sec. 9.5). This indicated that the deterioration of 

bond is more rapid than the deterioration of the flexural strength 

in the residual state. The comparison of the relatively thicker 

sections to the thinner ones under similar conditions of heating 

and testing also confirmed that for Tf=600 OC and higher 

temperaturest the thicker sections retained more of their 
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resistance because of the higher bond resistance. 
0 

It is, however, to be noted that' in the doubly reinforced 

sections the failure at ultimate load was relatively more abrupt. 

This was due apparantly to the higher percentage of reinforcement 

(4.3 to 5.3) used in the section which would affect the bond 

resistance more quickly even at the ambient condition. 

A comparis9n was made between the behaviour of singly and 

doubly reinforced specimens for, different levels of temperature in 

the residual state (fig. 9.50(a)). The specimens were identical in 

terms of section 
_size 

and concrete cover. The singly reinforced 

specimens (SB1) had-1-8 mm dia. tor bar as tensile reinforcement 

and the doubly reinforced (SS2) had 1-16 mm dia. tor bar. Steel 

bars in both the cases had straight embedment lengths and the 

sections , were adequately reinforced in- shear for ambient 

conditions. The comparison-was made for temperature levels of 

Tf-209' 200,600 and' 800 0C and is summarised in Table 9.8. The 

ratios of Put/Pua (Ultimate load at a particular temperature / 

Ultimate load at ambient condition) were also ploted with respect 

to temperature (fig. 50(b)) for the sake of comparison. 
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Table 9.8 

Temper- Doubly Reinfo 
ature Section 
(. C) ---------------- 

put PLwj Pue Dtkt 
kN mm 

----------------------- 

i ii iii iv 
----------------------- 

20 39.0 1.00 6.3 

200 34.5 0.88 5.2 

600 26.0 0.67 6.3 

800 22.5 0.58 7.5 

----------------------- 

rced Sil 

-------------- 
DcW Dua Put 

kN 

-------------- 
v vi 

1.00 22.8 

0.82 21.5 

1.00 13.0 

1.19 10.5 

agly Reinforci 
Section 

Rm/Rka, Du* 

mm 

-------------- 

vii viii 
------------- 

1.00 15.0 

0.94' 12.3 

0.57 13.5 

0.46 18.2 

------------- 

ed 
Ratio 

-- ---- ii iv 
Dut/Dua 

, --- --- 
vi viii 

------------ -7 
ix x xi 

1.00 1.71 2.40 

0.82 1.61 2.40 

0.92 2.00 2.14 

1.21 2.14 2.40 

------------ 

It can be seen from the above that the effect of elevated 

temperatures is such that: 

1. The ultimate load carrying capacity deteriorates more rapidly in 

the case of singly reinforced sections at, temperatures (Tf) 340 C 

and above (see fig. 50(b)). 

2. The deflection (and hence the flexural rigidity) is affected 

more or less to the same extent. 

3. The flexural rigidity seem to increase with temperature in both 

the cases at 200 C and decreases again with rise in temperature. 

From the above it could be deduced that although. un, der normal 

conditions it is always desirable to design r. c section as under 

reinforced, simply supported flexural components having doubly 

reinforced sections would provide better margin of safety in the 

event of fire. 

9.4.3. Comparison of LR-DR (load ratio-deflection ratio) 

relationships for doubly reinforced sections 
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The comparison of LR-DR relationships for two types of 

specimens. (SS1, SS2) and (SS3, SS4) is shown in figs 9.51 and 9.52 

respectively. Comparing LR-DR for SS1 and SS2 it could be seen that 

for same percentage of ultimate load the percentage deflection was 

always more in the case of SS1(mild steel specimen). The behaviour 

0 at 800 C seems to be very unusal, however . Apparently there was 

little effect on the deflection by the increase in applied load. In 

fact the failure in this case was wholly controlled by the slip of 

the bar ends (see figs 9.4 and 9.5) and, therefore, deflection was 

not the deciding factor until a rapid failure of the anchorage 

began to take place around 76 percent of the ultimate load. 

Specimens reinforced with equal percentage of tor steel in 

the tensile zone were reinforced with higher percentage of steel in 

compression which made the sections relatively stiffer. Although 

the general behaviour of the two types of specimen shown in figs 

9 . 51. and 9.52 was similar the difference caused by higher stiffness 

in the case of specimens SS2 was pronounced. 

A conclusion derived from these sets of relationships was 

that as long as the ultimate failure is not wholly controlled by 

bond slip there was little difference caused by the type of bars 

used on the patterns of failure provided that the percentage of 

reinforcement used was the same. 

9.4.4. Comparison of LR-DR relationships for similar specimens 

under different levels of temperature 

Referring again to figs 9.22-9.24, for the three types of 
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specimens, a comparison of the empirical relationship between LR 

and DR'was made in'each case with the one at ambient condition 

(Table 9.9). -, The relationship used was the one shown in equation 

(9.2). In this relationship x denotes the LR and y represents the 

corresponding values for DR. ' 

Table 9.9 (LR-DR) 

TM 

.C 

------- 

'Specimen SB1 
50X140 

Cover=20 mm 

Coeff: Coeff: 
ct 

----------- 

Specimen', SB2 
70X140 

Cover=30 mm 

Coeff: Coeff: 
ct 

Specimen 
90X140 

Cover-40 

Coeff: 
c 

SB3 

mm 

Coeff: 
t 

20 2.225 0.038 0.332 0.057 0.134 0.066 

76 4.983 0.030 0.351 0.055 0.217 0.060 

142 6.877 0.026 3.605 0.033 0.727 0.048 

245 14.57 0.020 0.926 0.046 0.217 0.060 

342 4.491 0.030 1.512 0.041 1.077 0.044 

468 9.430 0.023 1.512 0.041 1.677 0.040 

635 13.69 0.020 3.673 0.033 5.217 0.029 

727 

- ----- 

10.99 

-- ------- 

0.022 

--- 

7.379 0.026 

--------- 

4.296 0.031 

Figures 9.53-9.55 show relationships of rate of reduction of 

load carrying capacity at different levels of temperature with 

reference to that of the original strength for assumed deflection 

criteria. The assumed criteria were those of effective span to 

deflection ratios as 100,150,250 and 350. It could be seen from 

the relationships that the rate of deterioration of load carrying 

capacity was very rapid for the initial deflection limits. However, 
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as the limit of deflection increased the rate of deterioration 

decreased. It seems-that the maximum rate of deterioration was 

within the elastic limit of the specimens. 

Comparison of the three groups indicated that from a 

10 temperature range of-20 C to about 500 C the rate of deterioration 

of strength was a minimum for SB1 and a maximum for SB3. After 500 

a C the rate of deterioration was found, as expected, to be almost 

the same for all the three groups of the specimens. 

9.4.5. Moment-curvature'relationships (MCR) 

Inýorder to'assess the ultimate capacity of a r. c. section in 

flexure- more ýprecisely it is necessary to take into account the 

behaviour, of the section'after the deformations has entered- the 

inelas. tic stage. - MCR for a- section under specific conditions 

reflects strength and-stiffness. The MCR gives an indication of the 

onset of, the, yielding of, tensile reinforcement and the capacity of 

the: section'for deformation in the inelastic state. 

The deflection- of a beam at ambient temperature, therefore, 

is dependent on the relationship between moment and curvature for 

all cross, sections along its length. In the case of an r. c. beam 

the yield moment My is characterised by the yielding of the tensile 

steel when there is sharp decrease in the stiffness of the section 

(see figs 9.56-9.60). The ultimate moment Mu on the other hand is 

characterised by the crushing of the concrete, i. e. the moment 

capacity is completely destroyed. 

At elevated temperatures, the modulus of elasticity of 
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concrete (as well as of steel) diminishes substantially (see sec. 

3.6.3). This causes the stiffness of the section to decrease 

resulting in the relatively larger rotational capacities at -the 

plastic hinges formed'due to the applied load. 

MCRs are shown in figs 9.56-9.58 for specimens of the 

SB-series and in-figs 9.59 and 9.60 for specimens of the SS series. 

The moments and curvatures were calculated for the constant moment 

zone using equations 7.2 and 7.6 respectively. The relationships 

were plotted in the range of no load to ultimate. 

Comparing the MCR for specimens SB1, SB3 and SB5 (figs 

9.56-9.58) it could be seen that: 

1-0 -The yield point was not, clearly defined in the case of the 

relatively thinner sections (SB1) and more specially, for higher 

temperatures. This was- due to the-fact these specimens failed in 

the shear-bond zone before the yielding -of steel actually took 

place. Although at ambient conditions the position of yield point 

was clearly defined the assessment of the inelastic zone could not 

be made because of the rapid and abrupt failure. - 

2. In the slightly thicker sections (SB3) the'formation of a yield 

point appeared clearer especially at relatively lower temperatures 

i. e. when the anchorage bond was not affected much. The sections 

seemed to have better rotational capacity near collapse. 

3. In the case of even thicker sections (SB5) the pattern of 

failure was more of a flexural type. The yield point was clearly 

defined even at fairly higher temperatures. The sections had-a high 

degree of rotational capacity at or near the collapse loads. At 

failure the cracks were predominantly in the constant moment-zone. 
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4. For higher temperatures, say Tf= 600- to 8004C the thinner 

sections SB1 and 'SB3 had practically lost bond strength and, 

therefore, the flexural strength could not be utilised fully 

whereas'in the case of SB5 the sections were sound enough to be 

used for flexural action even at relatively high temperatures. 

It implied that if bond resistance was catered properly for 

the elevated temperatures, thinner sections could equally be useful 

for higher applied loads. 

Comparison of MCR for 'doubly reinforced sections (figs 9.59 

and 9.60) indicated that: 

1. Specimens with tor; steel reinforcement'were more resistant to 

large rotations. This was'-due to the reasons described above i. e. 

specimens' with tor steel were relatively stronger' in bond to 

withstand failure at support sections. 

2. For"temperature' treatment of 600OC-specimens' with plain' bars 

proved to 'be slightly stiffer compared with -specimens having 

deformed bars. The reason probably being that due to the relatively 

larger amount of compression steel used in the case of tor steel 

specimens the section had greater amount of thermal cracks during 

the process of heating making the section comparatively less 

stiffer in the residual condition. 

3. The general pattern of behaviour of the doubly reinforced 

specimens was not very uniform. 

As stated above the effect of elevated temperatures on r. c. 

flexural member is to reduce the stiffness of the section. This can 

clearly be seen from fig. 9.61 showing the effect-of temperature on 
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the moment curvature ratio. Ratios of the moment. and, the resulting 

curvature in the -constant moment zone of a beam specimen 

(SB-series) for various temperature levels were computed. These 

ratios were further reduced as percentage of the corresponding 

values under ambient conditions and plotted against furnace 

temperature. 

The moment-curvature ratios (MCR) were obtained, as average of 

twoýsimilar specimens heated to the same level of temperature and 

tested under residual condition. Comparison of the relationships of 

moment curvature ratio (MCR), and temperature for the three groups 

of -specimens show similar general trend of decrease in the 

stiffness with- increase in temperature treatment. The curves in 

some way are also similar to, the relationship of compressive 

strength and temperature. 

9.5. Cracks in reinforced concrete beams in the post-fire condition 

Cracks occurring in a reinforced concrete beam in the 

post-fire condition are referred to in this work as either thermal 

cracks or structural cracks. Cracks which were initiated purely 

because of the thermal effects on the properties of steel and 

concrete are termed as thermal cracks. Whereas those which occurred 

due to the action of imposed loads including fire loads are termed 

as, structural cracks. Occurrence of thermal cracks in reinforced 

concrete beams normally accelerates early, onset of structural 

cracks in the post-fire condition. Such cracks initiate at the 

locations of thermal cracks. In the event of firet-however, the 

occurrence of structural cracks accelarates the passage of- heat 

into the inside of the concrete sections. Both thermal as well as 
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structural cracks, therefore, contribute to the development of one 

another in the presence of elevated temperatures on structural 

members. ' 

9.5.1. Thermal cracks 

Concrete is' an-'artificial stone made of aggregate held 

together by a metrix of mortar. The essential parts-'of mortar are 

fine grains of'sand stuck-together by the chemical action- of 

cement. Water is -added to the mixture of cement and'aggregate to 

facilitate the chemical'action of hydration' and the-, workability. 

Water is thus present-in concrete in three forms namely: 

1. '-free water in the pores; 

2. water absorbed on the cement gel surface; and 

3. water chemically bound in the hydrated compounds. '!, I 

When concrete is heated, therefore, -removal of watertakes 

place in three stages, i. e. 

1. evaporation of'free water at 100 C; 

2. dehydration ofpement gel from 100*C with peak at 200 C [21; 

0 11 3. 'rapid dehydration of the calcium hydrate between 400 C and 600 C 

[9]. 

It has been shown in a study (28], (see fig. 9.62), that when 

a concrete specimen is heated and then allowed to cool, the amount 

of cracking due to the differential thermal movement of cement 

paste and aggregate is not very significant within the range-20-- to 
0 300 C. 'Heating to higher ranges of temperatures can, however, cause 

cracking. The phenomenon of thermal cracking in concrete is 

explained as follows: 
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Concrete is, composed of aggregate and cement paste, the 

thermal movement in-concrete is thus intermediate between stone and 

cement paste, During the process of heating cement paste shrinks as 

it dries and does not recover on cooling. There is thus a residual 

shrinkage of concrete. Aggregate on the other hand undergoes 

expansion with the rise in temperature. Calcareous aggregates such 

as limestone have the desirable quality that they are much less 

likely to change in physical composition or suffer sudden expansion 

as do the aggregates made of siliceous gravel. In the case, of 

siliceous-aggregates the transformation of thepk- top quartz that 

occurs at 575 C is associated with a sudden increase in volume (0.4 

percent) [11.. 

It 
-is the irreversible change in volume of the cement-paste 

and aggregate at the elevated temperatures that gives rise to crack 

occurrence at the interface. The structure of the concrete is 

weakened and -the cement-paste is also no longer strong enough to 

restrain the thermal expansion-of the aggregate. At. some point the 

resultant, effect isýthat the expansion of concrete approaches the 

thermal expansion of aggregate. At this stage the process of 

thermal cracking in concrete is normally irreversible and therefore 

cooling from ýa high temperature can lead to a large residual 

expansion (1]. 

Among the known causes of thermal crack development in fire 

exposed reinforced concrete components one which is well known is 

the phenomenon of spalling (see also sec. 3.5.3). Spalling- is 

caused by one or more of the following: 

1. vapour pressure during the vaporisation of moisture content; 
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thermal stresses due to-''the -restraints including the 

differential thermal properties of steel and concrete; and 

3. disintegration of the aggregates, 

The likelihood of damage to-reinforced concrete structures-by 

spalling exist under the transient heating condition since steep 

temperature gradients exist'across, the cross-section. In the case 

of a reinforced concrete beam the non-linearity of the temperature 

distribution across the section has a significant effect. The 

exterior portions exposed to heat try to expand while the 'interior 

remains cool due to the poor thermal conductivity of concrete-and 

tends to restrain the outer layers resulting in, tensile strains 

being set up in those 'layers. This can cause portions of the 

cross-section to crack if the limiting strains in concrete are 

exceeded. 

In 'order 'to demonstrate the occurrence of thermalýcracks-in 

the flexural specimens two types of beam specimen, (66XI40)mm and 

(107X14O)mm-with different percentage and types of reinforcing 

bars, were heated to the furnace temperatures of 200,600 and,, 800 
ý- Thermal cracks appearing on the surface of the specimens were 

later marked after the beams were allowed to cool. 

Fig. 9.63 shows some of the specimens marked with thermal 

cracks. Among the noteworthy observations that could be made were:. 

1. Thermal cracks seemed to initiate at the edges of-a section in a 

direction perpendicular to them and progressed along the two faces 

simultaneously. 

2. Thermal cracks had the tendency of occurring at regular 
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intervals along the length of the specimen and initiated at-the 

locations of the stirrups provided for shear resistance. , 

3. Thermal cracks which did not extend to the mid-depth of the 

section tended to split and form a honeycomb appearance. 

4, 'Thermal cracks had the tendency to develop parallel to the edges 

in the mid-depth of the specimen. 

5. Thermal cracks Anitiating near the bottom were the potential 

points of bending-and-. shear cracks during the'loading tests., 

The specimens were later subjected to four point load testing 

and structural cracks were marked as they progressed 'with 

increasing load. Fig. 9.64 indicates some of the specimens marked 

with the'two types of crack. It could be seen that: -, - 

1. 'All, structural cracks were initiated at"' the already -existing 

thermal-cracks near -the bottom edge, especially in the flexural 

zone. 

2. Structural cracks-in the bond-shear zone tended to meet thermal 

cracks from the top edge-and branch in different direction., 

3., Structural cracks seem to bridge the nearest existing thermal 

cracks in the shear zone, thus accelerating the crack development 

in the'region-2- 

A comparison of the two types of crack is also shown in-the 

'65). It can be seen that structural cracks blow up diagram'(fig. 90 

began, to. appear at a very early stage of load in the specimens 

(S4-1, S3-5) and coincided with the position of thermal, cracks. - 

It may be noted here that the above stated observations 

pertain, to loading the specimens in the residual condition. It can 
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easily be visualised that loading during heating might give rise to 

cracks which-would ease heat transfer to the inside core, and-thus 

accelerate- the fire effect on structural components. Under such 

circumstances thermal cracks would initiate at the positions of 

structural cracks. 

9.5.2. Structural. cracks ". I , k, 

A simply supported reinforced concrete beam when subjected to 

load will collapse in one of three ways (fig. 9.66). 

1. Flexural failure- which is initiated by occurrence of vertical 

cracks in the bending zone and, eventually, at failuret splitting of 

concrete in the compression zone happens. 

2. Combination of shear and, flexural 
, 

failure- ý which -is 

characterised by bond imposed, inclinedýshear, cracks. The cracks-are 

initiated by flexural-tension near-support, -zone. '_t 

3., Diagonal, --splitting, failure-, which is- identified,, bY a bold 

inclined crack initiating near--the -support at the bottom and 

directed towards the load application point. This occurs when the 

anchorage bond-strength is exceeded at the support. -- 

It is a recognised fact that the slip, of the reinforcement at 

the interface with the concrete gives rise to cracking and in order 

to-maintain the composite behaviour of reinforcement and concrete, 

cracking should be minimised to develop the flexural and shear 

strengths. Also it is the property of bond between concrete and 

steel -which controls the slip and hence it is a very important 

aspect. of reinforced concrete flexural members. 

Broadly speaking bond has two features: 
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1. " Flexural bond stresses- These exist at the- surface of the 

reinforcement and vary generally with the shear or change of 

bending moment. It controls the occurrence and subsequently the 

widths of the cracks in the'flexure'zone. 

2, ''- Bond stresses in an anchorage zone- These develop at the end of 

the bars'atýthe support sections or at the ends of bars curtailed 

within the span. This generally controls the diagonal splitting 

failure at the supports in the ultimate stage. 

9.5.3. The structural"crack patterns 

The crack patterns of the beam'specimens '(SB type) in the 

ultimate 'state under four' point loading are shown in figures 

9.67-9.71. "-, Identical specimens with the same type of reinforcement 

and concrete cover but'heated to different levels of temperature 

are I grouped together-for the purpose of-comparison. -Each of the two 

subgroups-within a group 'of specimens include a specimen load 

tested at'ambient conditions-fov'relative comparison. 

The observations relevant to thermal effects on the 

structural integrity of flexural components for different covers to 

tensile reinforcement can be derived as follows: 
I 

Specimens with 20 mm, clear cover and straight ended 

reinforcing bars (B20S) 

Flexural type of failure was more clearly seen (fig. 9.67) in 

the specimens 'at ambient conditions although there were diagonal 

0 
tension cracks too. In specimens heated to 100 and 200 C the shear 

cracks began to dominate the flexural ones and for still higher 

temperatures failure seemed to occur only because of bond-shear. 
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Around -500 and 600 C it seems that the specimens were unbonded as 

there were splitting cracks extending from the supports to the load 

points. At still higher temperatures of 700 and 8000C the area near 

the-support was covered with numerous diagonal tension cracks and 

since the concrete had. lost-compressive strength too the specimens 

seemed to be failing in compression also. 

9.5.3.2., -Specimens with 30 mm clear- cover and straight -ended 

reinforcing bars (B30S) 

The failure mode in this case (fig. 9.68) seemed to be 

dominantly flexural up to 3000C and later on between 400 and 500 OC 

the effect of diagonal tension appeared as well. The failure at 

still higher temperature was exclusively. of shear-bond ýtype which 

indicated the:, deterioration of bond strength. As before at 

relatively higher temperatures of 700 and 800 9C the compressive 

strength-of concrete and the tensile strength of steel seem to have 

been adversely affected in the residual state. As a result of this 

ciacks were appearing in the flexure zone although they may well 

have been the result of the loss in bond strength at the interface 

of steel and concrete in the'constant moment zone. 

A comparison of B30S and B20S groups of specimens showed that 

because of the relatively thicker section the failure patterns in 

B30S, -was not much influenced by shear-bond at higher temperatures. 

Also because of greater shear resistance and bond strength (due to 

thicker concrete cover) the specimens in the B30S group had 

utilised the flexural strength to a greater extent before failure 

than the B20S group. This can be seen from the extent of the cracks 

in the flexural zones. 
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9.5.3.3. Specimens with 40 mm clear concrete cover and straight 

ended bars (B40S)- 

It can be seen (fig. 9.69) that due to, the-relatively-thicker 

concrete section the specimens were sound in shear resistance . And 

again because of thicker concrete cover the bond strength was 

relatively much stronger compared with the other two groups. 

Furthermore, because of the relatively greater concrete protection 

to "Teinforcement as well as the enlarged overall section the 

thermal effect on the', properties of the materials was not as'severe 

as it was-in the B20S and B30S group of specimens (figs 9.67 and 

9.68). 

The failure pattern-was predominantly flexural in nature up 

to''a- temperature *of Tf-500"'C. At higher temperatures 'bond 

resistance seemed to have been affected and the failure"patterns- 

changed accordingly. -Relative comparison with the previous two 

groups show that: 

1. There were fewer cracks in the B40S group of specimeng but that 

they are relatively wider and more prominent. This was due perhaps 

to the higher-bond stressesýdeveloped before failure of concrete in 

tension. These cracks were confined mostly to the constant moment 

zone. 

2. The smaller the amount of cover to the steel the greater the 

number 'of cracks appearing in a unit length. The tensile strength 

of concrete seemed to deteriorate more rapidly with the rise in 

temperature in case of smaller amount of cover compared with the 

larger. 

3. For every increase of 10 mm in the thickness of concrete cover 

the failure pattern in flexure was found to be dominant, up to-a 
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temperature level of 100 0C higher to the specimens with relatively 

thinner, concrete cover, 

4. Although the effectiveýdepth of sections was reduced for'every 

increase in the amount of concrete cover the sections had higher 

overall fire resistance inIlexural and shear-bond behaviour., 

9.5.3.4. Specimens with 20 mm clear concrete cover and hook ended 

reinforcing bars (B20H) 

The general pattern (fig., 9.70) seems to be similar to the 

B20S group of specimensi(see fig. 9.67). Howeverý due to the better 

anchorage, provision these specimens seem -to have relatively 

stronger resistance to applied load. It can be seen that with the 

same dimensions of concrete section and, clear concrete cover 

specimens had better shear-bond, resistance and therefore flexure 

cracks were appearing 'for temperature. up to Tf-5001C. -At higher 

temperatures concrete seems . ýto have-, -lost-,, - its strength in 

compression and tension. and, therefore, in bond. The pattern of 

failure was the same as in the B20S group. 

-- -A comparison of this group to B30S (9.68) would show that 

there was close similarity between them . An increase of 10 mm 

clear concrete cover with straight ended bars seems to have 

produced the same pattern of*failure as specimens with hook ended 

bars without the increase in concrete cover. Also the specimens 

with hook ended bars had a better rotational capacity for the same 

load near failure, obviously because of the better anchorage 

provisions. 

9.5.3.5. specimens with clear cover of 30 mm and 40 mm and hook 
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ended reinforcement bars 

Fig. 9.71 shows the failure patterns of the two groups of 

specimens for temperatures Tf- 20,500,600,700 and 800*C. A 

comparison of this group with corresponding groups having straight 

ended bars indicated that the mechanical anchorage had better 

performance at the higher temperatures. Also flexural strength'was 

more fully' utilised and, relatively higher failure loads could be 

sustained compared with the B30S and B40S groups . In the case of 

the B40H group it would appear that'there was no shear-bond type 

failure at all. -Specimens of this group obviously' were the ones 

with the highest resistance to load in the post fire situation. 

9.5.3.6. Ceneral comparison of the structural cracks, 

Figs 9.72 to 9.75 indicate the general comparison of the 

shape'and, spacing of the -structural cracks in identical beam 

specimens-'under different comparable conditions. 

Fig. 
- 

9.72 shows the state of cracks appearance in the 

specimens similar in terms of the concrete section but differing in 

the amount of tensile reinforcement used. Fig. 9.73 indicates the 

comparison of crack patterns for same amount of tensile 

reinforcement used but with different concrete cover. 

A comparison of crack patterns between two identically 

similar specimens (2B4OH700,2B4OS700) but with different anchorage 

conditions at the ends of the tensile reinforcement as also between 

similar specimens (2B4OH700, MOON) differing in concrete cover 

and the thickness is shown in fig. 9.74. 
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Fig. 9.75 shows a plot of the average spacing of the 

structural cracks in the constant moment zone of the specimens for 

different levels of temperature. It can be seen that the pattern of 

crack spacings in the ultimate stage is closely similar for the 

group of SB1, SB2, SB3 and SB4 specimens, This similarity is due to 

the fact that the mode of failure under all conditions was more or 

less similar although differing with the temperature levels. The 

pattern of crack spacing in the case of SB-5 and SB6 group of 

specimens ist however, markedly different from the. others. The mode 

of failure'in the SB5 and SB6 was always a flexural one., 

One interesting feature of the plot is the limits within 

which the crack spacing is varying. The thinner the specimen 

(smaller amount of concrete cover) the smaller the crack spacing 

and the smaller the range of variation for different levels of 

temperature. 

9.6. Summary 

The data obtained experimentally in thi. s work has been 

analysed and presented in various forms. 

Effect of elevated temperature on some of the important 

properties of reinforced concerete materials relevant to this work 

have been examined and the findings compared with the already 

published work wherever possible. The behaviour of the r. c. beam 

specimens affected by elevated temperatures has been studied for 

the residual condition. The effect of amount the of steel, and the 

type of reinforcement used have also been studied and compared. The 

effect of elevated temperature on the bond property between steel 
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and concrete by elevated temperatures in the residual conditions 

has been studied relatively in more detail as this has formed the 

basis for the recommendations to the design procedures (described 

in chapter 10). 

The behaviour, of the r. c. structures affected by elevated 

temperatures in relation to the AE activity under various limits of 

the applied loads has been analysed and empirical relationships 

formulated where ever possible. The signal waveforms both for 

pull-out and flexural specimens have been studied and compared. The 

data relating-to the AE activity has been considered with a view to 

formulating on NDT procedure as described in chapter 10. 

The occurrence of thermal and structural cracks in heat 

affected beam specimens has beeki examined and presented in 

photoiraphic form. The effect of section size, temperature levels 

attained during the heating cycles and the amount of steel used has 

also been investigated. 
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Fig. 9.67. Crack Patterns at Uttima te Load 
Residua[ State (Varyiný Tf) 
Section (50X140) Conc. Cover=20 mm 
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Fig. 9.68: Gra ck Pa tt erns atU It im ate Lou d 
Residuat State (Varying Tf ) 
Sect ion (70Xl 40) Conc. Cover =30 rn m 



Fig. 9-69: Crack Patterns 
Residuat State 
Section (90X140) 

at Ultimate Load 
(Varying Tf) 
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Fig. 9-70: Same as in Fig. 9.67 With Hook Ended Bar 
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Fig. 9.71: Same as in Figs 9.68 & 9.69 With Hook Ended Bar 
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Fig. 9.73 : Comparison of Structural Cracks 
Residual Conditions Tf= 600 "C, 
Specimens: Series SE3 
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Specimen SB(90XI40), Strctight ended bar, Tf = 700 .C 

Specl men SB (90 X 140 ), Hook en ded bar, Tf =700 C 

Sped men SB (70X140). Hook ended bcir, Tf =700"C 

Fig. 9.74: Comparison of Patterns of Structural 
Cracks for Same Temperature Level 

Different End Anchorage of Bars. 
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CHAPTER 10 

DESIGN PROCEDURE AND NON-DESTRUCTIVE TESTING TECHNIQUE 

10.1. General. 

The overall effect of high temperature exposure on structures 

is to reduce their load bearing capacity. The intensity of the 

effect is linked strongly with the effect on the properties of the 

materials involved. In the case of reinforced concrete structures 

the more important factor is the effect on the properties of steel 

and, therefore, the rate of reduction of strength depends primarily 

on the protective concrete cover to the reinforcement. 
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Components of reinforced concrete structures can be 

classified broadly into two types namely compressive and flexural. 

It is the flexural types of components whose reaction to elevated 

temperature is comparatively better known, although some very 

important aspects like the shear-bond behaviour are lacking in 

detailed 'study. 

On the basis of the findings of this work, recommendations 

are made for the design of reinforced concrete beams under elevated 

temperatures with reference to the provisions for reinforcing bar 

anchorage and bond strength. A brief review of the existing design 

procedures for r. c. components for fire resistance 'is also made 

which is complementary to what has been described in chapter 1 in 

this respect. 

c 

In making 'the 'recommendations for design the data in respect 

to bond-slip obtained by Morley [57] for 16 mm dia. reinforcing 

bars was utilised in addition to that for 8 mm dia. bars with 59 mm 

concrete cover obtained in this study. 

Utilising the experimental results from pull-out and flexural 

specimens, an attempt was made to compute the tensile strength of 

concrete in the residual condition. A theoretical approach to the 

bond action in the development of the flexural cracks in beam 

specimens was adopted for this purpose. 

On the basis of the work done for AE activity on the flexural 

specimens as well as the bond specimens an easily adoptable 

technique for non-destructive testing of r. c. beams specially those 

9 

218 



in the post fire condition is also proposed. 

10.2. Types of design approach 

As indicated 'in section -1.2.4. a design engineer has 

available to him the following options for satisfying the 

pre-requisites for the fire resistance of reinforced concrete 

structures* 

1. The classical method of having a standard fire test on the 

prototype, -, 

2. Use of the tabulated data on the minimum size and cover based on 

the standard fire test. 

3. -, Analytical techniques based on the research studies of fire on 

the material properties and structural strength. 

10.2.1., Use of the standard fire test 

In this method empirical fire resistance requirements are 

satisfied by carrying out actual tests according to the prevailing 

standards. The method is directly or indirectly the basis of other 

approaches. However, because of the uneconomical aspects of the 

procedures in carrying out sufficient number of tests to establish 

sound statistical information in particular cases, its use is very 

much restricted and has to be supplemented by other approaches. 

10.2.2. Use of the tabulated data 

e-. The basis of this method is in ascertaining the minimum 

dimensions or thickness of cover required for fire protection. This 

is relatively a -simpler method in that the criteria of -fire 

resistance can be ascertained by making quick reference to the 

tabulated data. 
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In the U. K. the code,. of-practice for the structural use of 

concrete, CP 110: 72 (66] in section 10 deals. with this type of 

procedure. In this procedure the fire resistance of structural 

elements is treated in a 'deemed to satisfy' manner. The procedure, 

however, lack of the flexibility in taking into account the 

individual variation from one situation to anotherý and also much 

reliance has to be made on the human judgement. - 

10.2.3. -. Use of analytical techniques 

ý- In this method, heat transfer is determined theoretically from 

temperature-time relationships and then the consequential effect on 

the. structural behaviour analysed from first principles using data 

oný-material properties. The assessment of the reduced load, -bearing 

capacity ý-of the structural components -is calculated using the 

relevant modelsýfor, material and structures. The reduced capacity 

thus calculated is compared with the effect of expected loading to 

ascertain the soundness of the structural-, ýelement in -particular 

situation. -, 

The technique involves the determination of the fire severity 

an&Ithe resulting heat transfer into the section. Knowing the 

propertiesý. of materials under given conditions of heat, the 

structural element can be analysed in the altered condition of 

elevated temperature or post-fire condition for the purpose- of 

providing a necessary level of safety. 

This approach has the advantage of having more flexibility in 

comparison to other procedures and also a greater degree, of 

sophistication can be achieved by way of analysis of material 
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properties. For these reasons this method has been the subject of 

most to date research. 

10.3. Review of the analytical design approach 

A number of analytical procedures have been developed in, the 

UK, USA and elsewhere in the near past. The most detailed treatment 

in the UK is perhaps the one given in the interim guidance issued 

by the Joint Committee of-the Concrete-Society and the Institution 

of Structural Engineers [671. As opposed to CP110: 1972 [661 which 

suggests that fire resistance should be regarded as serviceability 

limit state, the Joint -Committee report considers the, ultimate 

limit state approach as the one more appropriate to represent the 

fire effect. In the USA, similarly -the 
design methods for fire 

resistance are based on the ultimate strength design principles of 

the building'code requirements [1401. 

Some' of the-common methods of designing reinforced concrete 

flexural members , -, for a defined period of fire- resistance as 

prevalent in the UK and USA are described briefly in the following. 

10.3.1.1 -Guidlines recommended by the Joint Committee of the 

Institution of Structural Engineers and the Concrete Society. 

According to the Joint Committee report [67] the structural 

element should first be designed for gravity and or lateral loads 

at normal temperature in accordance with the appropriate code of 

practice and then checked for the adequacy of fire resistance. 

For a flexural member (e. g. beams and slabs) the design 

procedure considers three different modes of failure defined 'by 
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shear span to effective, depth ratio (Kv)-(Sec, 9.5.2) as follows: 

10.3.1.1. - K06: -The influence of shear-is-negligible and failure 

will occur in-flexure. - In this case ultimate moment of resistance 

(Mu) of the section under given conditions of temperature is 

obtained by balancing the tensile forces in steel to the 

compressive forces in the concrete compressive block. If Mu is 

greater than Ma (applied moment) then the section is safe for a 

particular period of exposure. 

10.3.1.2.2<Kv<6: Combined effect of flexure and shear is 

considered. 

In this case the critical section is determined for the 

loading condition. Max and Vax, (i. e. moment -and shear due to 

applied 'load respectively at the critical section) are then 

computed. Mcx (moment capacity of the section) is also determined 

to check the need for the provision of shear reinforcement in the 

form-of- links or increasing the section for a particular exposure 

of heat. 

The section is checked for flexural effects as noted in 

10.3.1.1 above and the criterion of Mcx is assumed to be valid only 

when the anchorage of all the tensile reinforcement is ensured at 

the particular section. 

10.3.1.3. Kv<2: In this state the basic consideration is the 

diagonal splitting strength of concrete and the tensile strength of 

the horizontal and vertical reinforcement through adequate 

anchorage, which will determine the ultimate strength of the 
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member. -In this case flexure is not considered to be the problem. 

10.3.2 Design of fire resisting structures by Malhotra-(3] 

Malhotra [3] outlined the design for flexural members on the 

basis of the, above noted procedures making reference to the 

available computer, programs for the purpose of ascertaining heat 

transfer and the available empirical relationships in this respect. 

The procedure consists of the following essential steps: 

1. Calculate the maximum design load or-the service load for the 

element (Fd). 

2. Calculate the maximum applied moment (Ma). 

3. Calculate the ultimate moment capacity (Mu)o - 

4. Determine the average temperature of steel reinforcement (Ts). 

5. Calculate the reduced tensile force capacity (Fst). 

6. Determine the average temperature of the concrete in the 

compression zone (Tc). 

7. Calcualate the reduced compressive force capacity (Fct). 

8. Equate tensile and compressive forces (Fst and Fct). 

9. Calculate the reduced moment of resistance (Mut). 

10. Compare 9 with 2. 

If Mut>Ma the design is satisfactory, if not redesign. 

10.3.3. Rational design for fire resistance by Gustaferro [70]. 

This design procedure is basically the same as the two 

mentioned above but based on the standards of ACI 318-71 [140] and 

ASTM E119-73 [73]. Fire endurance of a reinforced concrete beam or 

slab under elevated temperature is determined for the moment- 

capacity influenced by the effect of heat on the yield strength of 
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steel and the depth, of the compressive block in the concrete, using 

the following equations: 

Mte - As fyo (d - a@/t) ... ... (10.1) 

, as .- -As fy /0.85 fc b 000 *Go -604 (10.2) 

Where indicates the effect of-- ýtemperature 

Mt is the theoretical moment 

_fy is the yield strength of steel 

fc is the compressive strength of concrete 

d is the effective depth of of the section 

a is the depth of the equivalent rectangular stress 

block at ultimate load. 

The above noted equations are applicable to rectangular 

sections without compressive reinforcement. Using appropriate 

charts and design aids [70], the safe applied load is determined 

for a given fire endurance period for. a particular slab or beam as 

follows: 

1. Estimate reinforcement temperature Ts. 

2. Determine steel strength corresponding to the temperature Ts. 

3. Calculate a@ and hence Mtg using equation 10.1. 

At the end of the fire endurance period Mts =M... (10.3) 

Where M is the total service load moment ' 

Gustaferro's work mainly relates to the precast prestressed 

beams and slabs and the design aids prepared by him are to compute 

fire endurance of section for relationships (M/Mt) and critical 

steel temperature of various values wp, in which. 

M is the service load bending moment- Md + Ml 

Md is the moment due to dead load. 
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MI is the moment-due to live, load. 

ýwp - As. fy/bd. j(c 

10.3ý4. ' Design procedure for repair of fire damaged structures 

A design procedure has been given by the Concrete Society 'in 

their *technical report for fire damaged concrete structures and 

repair by gunite'[631. It has been-recommended that the design (or 

the redesign as the term has been used) of, the damaged structure 

should-follow the-relevant code of practice but that the stresses 

in the residual state for concrete and reinforcement should be 

computed as a factor of the original strength (i. e. stress Xa 

damage factor, damage factor G)'- 

From 'the relatio'nship of residual-strength-temperature (fig 

9.7)-a-damage. factor for concrete-is obtained on the basis' of the 

temperature- attained from layer to layer. - A damage factor of 0.85 

for compression of concrete is assumed which has been affected in 

the range 100 0C to 300*C. The removal has been recommended of any 

concrete that has undergone a change of. colour to pink (i. e. 

concrete is assumed to have been subjected to over 300*C). For the 

purpose of reinstatement, -therefore'l fresh concrete should be added 

(as described at the end of this section) to enclose the 

reinforcement and restore the original shape of the structural 

element-*, 

The damage factor for the tensile reinforcement 'in the 

residual state is similarly obtained from the relationship (fig. 

3.4) which in the case of cold work steel for 800"C may go as low 

as 0.6. 
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A damage -factor for the possible'effect on the reduction of 

anchorage bond in the residual -condition corresponding 'to the 

elevated temperatures in the range of 100 to 300% is assumed as 

0.7 and it, has been stated that there is no evidence --toý quantify 

this loss. However, An recent studies [57,179] it has been stated 

that-the reduction factor value of 0.7 suggested An- reference 63 

gives a safe, satisfactory estimate of the steel stress due to the 

reduced anchorage caused by heating to temperatures between 100 and 

300ýC for ordinary concrete. 

. -In- the redesign procedure, therefore, strengthening is 

carried out for the balance of the required level. Flexural members 

are strengthened to resist' redesign -bending moments by adding 

tensionýreinforcement. The'added reinforcement must be sufficient 

to ýresistr-the redesign tensile forces, minus the permissible 

tensile force which can be resisted-- by,,, the-,,, original tension 

reinfordement,. taking into, account the appropriate damage factor. 

In-the case of shear reinforcement in flexural members the added 

reinforcement should be sufficient to resist the redesign shear 

force-minus permissible shear force which can be resisted by the 

original shear reinforcement whose strength should be reduced by 

the damage factor. 

The redesign of the flexural member is thus carried out for 

strengthening to the required standard of load carrying capacity by 

use of gunite. It is however assumed that the strength of gunite be 

2 
taken as equivalent to a 28 day cube strength of 28 N/mm and that 

there is perfect bond between the gunite and the parent concrete 

(631. 
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Before the 'actual process of reinstatement of fire damaged 

r. *c. element is carried out, an assessment of the, damage -done 'is 

made. TheýConcrete Society [63] suggests four classes, -namely: 
Class'l- superficial damage, minor spalling only and practically no 

exposed reinforcement. 

Class 2- surface damage revealing main reinforcement without 

affecting structural strength. 

Class 3- substantial damage, revealing reinforcement generally 

intact, no severe deflection. 

Class-A- serious damage including spalling, revealing practically 

all of the lower main bars and substantial deflection. 

No design is necessary for the class 1 and class 2 damage and 

repair can-be'effected by I the use of plaster or spray materials 

such as-gunite;., In the case of, 'class 3 damage'all affected, concrete 

has to be removed and 'some reinforcement added and then new 

concrete applied or gunite used in such a way that the old and *new 

materials provide- a composite construction. In case of class 4 

damage, structural elements either have to be replaced or 

reconstructed. -In some cases duplicate elements provided beside the 

damaged ones to support the original design load. 

ý Before any repair in class 3 or class 4 damaged structural 

elements is undertaken, redesign is required to ensure that the 

performance of a new composite structure in comparison with the 

original element is having. the same strength and serviceability. 

In app lying new concrete the Concrete Society (63] suggests 

the use of gunite mix which is placed in position by a high 
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velocity air stream and therefore'all the'reinforcement I should""'be 

tied or held firmly not to be dislodged by the'impact spray. Also 

in case new steel is used-their anchorage, in accordance with "the 

prevalent code of-practice, to the existing must be ensured. 

To restore the original strength and the protective cover to 

the reinforcement -steel including - the additional mesh or 

reinforcing steel it is recommended [63] that cover provided should 

not be less than 20 mm and in general the maximum thickness to be 

applied in one pass be limited to 25 mm in case of beams and slabs. 

10.3.5. 'Comments on the design'procedures 

-It can-be seen from the'above that the available analytical 

design', procedures for flexural members primarily deal with the 

effect of temperature on the compressive sirength of concrete and 

the tensiler'strength of steel. 

In the-repoitýof'the Joint Committee [1], consideration has 

also been-given'to the'deS-ign-for shear in particular cases. The 

effects''of-'reduction in bond strength in flexural zones and the 

critical local bond at points (such as points of inflexion and the 

continuous 'support section) have been ignored. In the case of 

anchorage at' supports, ' however, indirect provisions 'have been 

recommended in 'the form of the damage factor consideration by the 

Concrete Society [631 report for the reinstatement of the fire 

damaged structures. 

All other procedures mentioned above seem not to consider a 

factor for damage to bond as of importance. It seems quite 
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interesting that for design of flexural members under, normal 

conditions of loading and temperatures one of the critical checks 

is that for bond strength at points of contraflexure, curtailment 

of bars, ' anchorage length at supports, laplengths and even the 

computation of crack widths. 

From the findings of the recent works on the bond behaviour 

at elevated-temperatures [47,48,50-57,179] and the results of 

this, work it has been revealed that the effect of damage to bond at 

the 'steel and concrete interface at elevated temperatures could be 

very'serious. From the data obtained in this work-it has also been 

seen that the failure patterns in beam specimens can change from 

predominantly flexural to bond failure at elevated temperatures if 

not catared for properly. 

"", -'The effect of high temperatures on bond, 'characteristics of'a 

flexural member is, therefore, dealt with accordingly-, and 'should 

help in ascertaining the factor of saftey to be provided in the 

design procedures so as to rule out the possibility of premature 

bond failure in the event of fire. This would also give an 

opportunity to investigate analytically the bond property at the 

interfaceý of steel and concrete that might have been affected in 

the post, fire conditions. Effective measures could possibly be 

taken to strengthen it from this point of view, in the process of 

redesign. 
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10.4., Use of the pull-out test data in ascertaining the interaction 

of steel and concrete in beam specimens. 

10.4.1., Theoretical background 

The, critical conditions of bond behaviour under elevated 

temperatures, from a design point of view, are normally similar to 

those at, ambient, temperatures . They may be described as follows: 

1., Check for anchorage, at supports and points of curtailment of 

bars. 

2. Check -for local bond failure at critical sections, such as the 

top of. a continuous support and points of contraflexure. 

I The local bond at a section in the residual condition can 

easily be, checked., as in the ambient condition, by comparing the 

local bond stress. to the bond strength at, the section affected by 

elevated temperatures. However, the anchorage bond failure which is 

often the cause of more critical conditions of premature failure 

under. fire conditions is not directly assessable and hence must be 

treated separately as explained below. r 

-, ,, Computation for anchorage bond strength involves the 

investigation of average bond (61b) over a length of reinforcing 

bar needed to develop effective bond to hold the tensile force in 

it. The local bond on the other hand necessitates a study of -the 

maximum bond ( Cb) at a particular section that will break the 

effective bond. 

It-is a recognised fact that it is not the maximum bond 

stress that is necessarily of importance but the bond stress in 
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relation to-the bond slip. Also transmission of force from a 

deformed ribbed reinforcing bar to the surrounding concrete is 

effected by adhesion and shearing action, the concrete at the ribs 

being., subjected to compression and to bursting forces. The effect 

of the, elevated, temperature on concrete is to reduce both the 

compressive and tensile strength. Hence bond characteristics at the 

steel and concrete interface can be expected to be affected I 

seriously inthe event of fire. 

Studies [165] suggest that flexural cracking in beams can be 

closely approximated .. by the behaviour of a concrete prism 

surrounding the main reinforcement and having the same centroid. 

The anchorage behaviour, is, also best studied by a pull-out test on 

a finite length of bar. The overall effect of bond behaviour can, 

therefore, be, closely studied with the help of fig. 10.1. 

In earlier work by Rehm [1631 and later by Watstein and 

Bresler [1651 an analytical approach was developed to study the 

bond behaviour at ambient conditions. In more recent studies [56, 
1 

57,179] the approach has been extended for bond action at elevated 

temperatures* 

The general differential equation used in this work is more 

or less the same as followed in the above noted works and the 

derivation is shown in Appendix El. 

The differential equation shown is given as: 
2 
dA/d X2- K f(a) ... ... (10.3) 

Where: A is the slip at some X along the bar from a datum, see 
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fig. 10.1, and 

K is a constant as defined by equation (E. 9) in Appendix El 

The bond stress-slip relationships obtained under constant 

elevated temperature conditions can be represented as a function of 

slip in the form (fig. 10.2): 

61b -, f(A) - a-+ b ... ... (10.4) 

Where: - I'a' is the intercept of the relationship on the bond stress 

axis and shows the part of bond in the form of adhesion until the 

slip begins to occur. 

'b', and 'c' are the constants controlling the shearing 

resistance part of the bond during the slip 

Substituting f(4), in equation (10.3) 

22 
db, /dX - K-(a +-bjý) ... ... ... (10.5) 

Let -d, &/dX -t so* 99* (10.6) 

2 2. 
0 dA/dX - dt/dX 000 *90 000 (10.7) 

Substituting from (10.6) 

2 2. 
&A/dX -t dt/dA ... .... ... (10.8) 

Substituting from (10.5) 

t dt =K (a + bk) dis, (10.9) 

Integrating both sides of equation (10.9) 

2 
t /2 =K {a, & + Wn), ý + B) 0000*0 (10.10) 

u. Where: n-c+1, and 

B is the constant of integration 
I 

t -T-2K (aA + (b/n)4"6 +B 
ý2 

... ... (10.11) 

Also from equation (E. 5) of Appendix El, the different- 

ial strain between steel and concrete is given by 

t- d4/dX = (1/Es)(6-s -m CIO 

= CS/Es (1 - MU) ... ... ... (10.12) 
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Where: Es is the Youngs modulus of steel 

Ctc is the stress in concrete 

6's is the stress in steel 

m is*the moýular ratio, and 

is the area ratio of steel and concrete 

Substituting in equation (10.11) 

6's/Es) (1 m p) =1-2K- (a A+ b/n A+ BýF 
'n 

(10.13) 

From boundry conditions for say anchorage of steel 

bar in concrete: at X-0 Ao and 6-S a-so 

Substituting in equation (10.13) 

2 
B (K1 d'so) - (a Ao + b/n Ao) 

... (10.14) 

Where: K1 - (1 - mu)/(Es*, #r2-K) (10.15) 

Equation (10.11) can be written as: 

d&/dX'-j-2K (a, & + (b/n)dg +B1000000 (10.1 
1 
6) 

Integrating: 

d4 

(a b. + (b/n), iý + BJý2' 
- 

jj2K 
dX 

Assuming the value of the L. H. S- I, then within any 

definite limits: I =j2-K X 

Or X I/J-2r, ... ... ... ... (10.17) 

For bar anchorage it is assumed that a force Ft is applied 

which is resisted by a length Ld of a bar through bond stress 

varying from point to point with X. The steel stress will also 

change with X and by numerically solving integral I, the 

distribution of steel stress and bond stress along the length of 

bar (i. e. Cs and 6b respectively) can be obtained using the 

following equations: 
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n ! 12 
Cs- = (1/Kl)faAý + (b/n)4 + BI ... ... ... (10.18) 

61b =a+býi.. ... ... ... 000 *so go* (10019), 

Forýevery value of X can 'be obtained using equation 

(10.17)-and-hence the Vs and Vb. 

10.4.2., Computer program 

A computer program was composed in FORTRAN (Appendix E2) which 

was capable -of soving the integral numerically, using the 

subroutine D01AHF [1761, and thus enabling the distance X to be 

found -for every value of A and the corresponding steel stresses 

and the bond stresses along the length. 

-ý_, The program was meant to read the data, of-the, basic bond 

stress-slip relationship (obtained experimentall; ) in the form of 

-Xv, Y coordinates in a particular format and--to perform 'the 

computations to give the relevant, data for plotting the steel 

stress, bond stress and slip with respect to distance along the 

bar. The plotting was done by calling a subroutine based on the 

package (EASYGRAPH) 1177]. The criterion of the ultimate limit was 
2 

the attainment of a maximum steel stress of about 460 N/mm The 

values for the initial boundary conditions of slip had to be 

declared before running the program. In the case of utilising the 

program for crack spacing problems certain amendments were required 

to be made to cater for the initial boundary conditions. Iý 11 

10.4; 3. Consideration for anchorage length 

The main aim of the formulation of the computer program was 

to be able to estimate the anchorage length of steel bars required 
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in reinforced concrete flexural members, beyond, critical' anchorage 

points. - The -experimental data utilised in this study was the bond 

stress-slip relationships in the residualýcondition of an 8 mm. dia 

tor steel bar with 55 mm nominal concreteý cover, all around. 

Comparison was made with'16 mm dia tor steel bar under identical 

conditions of concrete cover and, temperature treatment as obtained 

in a recent work [57]. 

In'order, to-be able to deal with the experimental data on a 

theoretical -approach described above, initial boundary-conditions 

have to be fixed. In dealing with anchorage lengths e. g. at laps or 

the ends of the beams the steel stress 6so at the end of the bars 

are always-zero. The displacement Lo, however, --may take any value 

greater than zero depending on the length' of the bar and, the 

loading., The" initial slip value in this-work-was-assumed as 0.001 

mm, and the results also compared with those computed for Anitial 

slip -values 1/10 th and 10 times of the assumed value (i. e. 0.0001 

and 0.01 mm respectively). The state of stress considered was that 
2 in the steel of 460,300,240 and 120 N/mm. The distribution graphs 

could -, be obtained for steel stresses, bond stresses and slip 

against distance measured from the unstressed end., 

"- The anchorage length required is dependent on the force in 

the steel and hence the stresses in it. For the purpose of 

determination of anchorage length, therefore, the graphs showing 

steel stresses against distance are important and hence are studied 

in greater depth. 

The above mentioned plots were further amended for the 
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possible effect of elevated temperatures on the stiffness of 

concrete section in the, residual condition and so on the initial 

slip, values. -In the light of the study carried out in chapter 9 it 

was observed that as the temperature treatment increased the 

stiffness -of', the concrete section decreased. - Identical beam 

specimens were found to'show more-curvature for the-same amount of 

applied moment as the temperature* treatment was increased (figs 

9.56-9.58). Similarly the slope of the bond stress-slip curves 

(fig. 9.30 decreased rapidly as the temperature treatment was 

increased. These indicated the effect of elevated temperatures on 

the E values of concrete. 

Now slip is related to strain and for constant stress, strain 

is inversely proportional to modulus of elasticity. Hence after 

assuming arý initial slip at ambient temperatures necessary 

amendments for other temperature levels in relation to the E values 

were considered. With this point in mind the initial slip at 

ambient was divided by. a ratio of the E values at a certain 

temperature to that of the E value at ambient temperature to obtain 

a realistic value for the initial slip corresponding to the 

temperature level for the same stress value. The values for E at 

different temperatures were taken from the study by Philleo [26] 

(see fig. 3.5). Incorporating the necessary amendments the 

distribution curves were finally obtained as shown in 
-figs 

10.3-10.5 for 8 mm dia. tor bar and 10.6-10.8 for 16 mm dia. tor 

bar. 

Assuming the bond behaviour at normal temperature as the 

2 basis of the study, the lengths of bar required to resist 460 N/mm 
I 
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(ultimate-tensile strength) for similar levels of temperature 

treatment but different initial slip values are shown for 8 mm and 

16 mm dia bars in Table 10.1 

r 

Table"10.1 (Effective anchorage length of bars in mm) 

------------------ 
Interface SO-0.01 mm SO-0.001 mm SO-0.0001 MM 

Temperature 8 mm 16 mm 8 mm 16 mm 8 mm 16 mm 
: Cý 

-------- ----------------------- 

20 
'75 

145 75 150 80 150 

70 165 . 150 180 160 185 158 

250 120 155 135 170 136 163 

470 190 212 210 225 215 225 

535 360 475 415 638 425 731 

755 400 938 555 1325 660 1587 

Hence if Ld is the length required of a straight ended bar at 

normal temperature then there would normally be an increased length 

Ld required for similar bar after exposure to elevated 

temperatures. 

In order, therefore, to cater for sufficient development 

length at residual condition the standard straight length required 

at ambient condition could be determined in accordance with the 

prevalent code of practice and provision made for higher 

temperature exposures by multiplying it by a factor of safety (i. e. 

a ratio of Ld/Ld which would always be greater than 1). The 

effective anchorage length could, however, be provided in the form 

of standard hooks or other mechanical anchorage equivalent to the 
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straight length requirements. 

It is to be noted that the study made here is for 'residual 

conditionsý, -and hence for the reinstatement situation. The same 

values can well be-applied for specified fire resistance as it is 

admitedly known that the bond problem is less critical at elevated 

temperatures compared with residual conditions. Also under elevated 

temperature conditions, the tensile strength of steel ýmay be the 

deciding-, factor, in, ascertaining safety. Moreover, -, if the structure 

survives the elevated temperature levels, it has, 'under anj_ 

circumastances, -to depend on the bond strength under residual 

conditions. - '-- 

As stated in section 10.3.4a above, -- mention has been made 

(57,63,179] of a damage factor to the strength properties of 

concrete and steel and the bond at 'interface of a reinforced 

concrete element after exposure -to elevated temperatures. . This 

approach of dealing with the deterioration in strength -properties 

and the local bond at a critical section seems meaningful. However, 

application of such an approach to an anchorage problem would 

perhaps require the consideration of the effect over the length of 

a''bar involved and as such the factor of safety conception'was 

thought to serve the purpose well. 

From the plot (fig. 10.9) it can be seen-that for interface 

temperatures of 20 C to 1000C the factor of safety varies linearly 

from, 1.0 to 2.5. From 100 to 400"C the factor could safely be taken 

as 2.5. After 400*C the factor increases rapidly but uniformly for 

different condition. At 500 *C the factor could be 4.0 which 
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increases(to 5.0 at 550 C. From 550 C onwards the deterioration is 

much ýtoo . rapid and the value could, reach as high as 10. -However, 

concrete having attained more thaný600 ýC is of little importance 

from- a strength point of view* For practical considerations, 

therefore, ýthe factor of safety for anchorage could-be adopted as 

shown'in, fig. 10.9. 

Assuming a critical configuration to be that of a tied arch 

in a simply-supported beam it seems--that -if the damage factor 

recommendations made by 'the Concrete Society [631 and also 

suggested in a recent-study [57] are accepted then the, failure 

would -'occur' in '-bond first before yielding of steel takes place*- 

Hence in order to, avert this situation it seems reasonable to 

follow the factor'of safety recommendations made above. 

10.4.4. Case study of anchorage failure'- 
V 

'Looking' at the crack patterns of the, beam specimens after 

tiltimate'failure (figs 9.67 to 9.71) it is evident that the mode, of 

failure changed in each group of specimens after some level of heat 

treatment, the particular temperature at change 'over being 

influenced by section size and cover. The difference in mode of 

failure, is, more apparent in the case. of specimens with straight 

ended'bars. 

As- described in section 5.4(Chapter 5), the specimens were 

designed to fail in flexure under ambient conditions. The anchorage 

length provided-beyond the centre of a support was 30 mm which was 

found' sufficient to effectively resist the anchorage failure under 

normal conditions of temperature. ý 1,1 1 
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Comparing the specimens in the -three groups (differing in 

concrete, -cover to the reinforcement) it-ýis, clear that the mode of 

failure changed to predominantly one of bond anchorage breakdown as 

f ollows: 

1. Specimens'SB1, at mean temperature of 370 C (Tf-400 C 

2. Specimens SB3 at mean temperature of 5540C (Tf-6000C) 

'3. Specimens SB5 at'mean temperature of 540 C (Tf-600 C) 

It-would, seem that for the beams- in each of --the above 

mentioned groups the. straight achorage length of 30 mm was ample to 

resist bond anchorage failure for a level, of temperature one below 

that at which they failed i. e. the safe levels of mean temperature 

for SB1, SB3 and SB5 were 260,468 and 450*C (Tf=300,500 and 500 

C; see-figs, 9.67-9.69) respectively. Hence for SB1 the minimum 
a 

anchorage, length at ambient (irrespective of . the, codal 

requirements) would be 12, given by the- actual length provided 

(i. e. mm), divided by the factor of safety-at 260 aC (2.5, see 

fig.. 10,9). Similarly the minimum ambient anchorage length required 

for the SB3 and SB5 specimens was computed as approximately 10 mm 

using a, factor of safety corresponding to 5500C from fig. 10.9. 

0 It is, however, to be noted that after a temperature of 550 C 

the factor of safety required increases rapidly and even the 

provision of hook ended bars did not work at high temperatures (of 

the order of 700 and 800 C 

A procedure for the determination of adequate anchorage 

length for 8 and 16 mm dia. bars to sustain various temperatures 

could be to' determine the anchorage length at ambient temperature 

4 
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in accordance with code requirementsýand multiplying this by the 

appropriate -factor of safetyfrom fig. 10-9- In'consequence there 

would be some margin of-safety against' anchorage failure in the 

heat treated-condition equivalent to that prevailing in the absence 

of heatingýeffects. 

10.5. Bond stress and the tensile strength of concrete in a R. C. 

flexural-member 

'While -studying the crack patterns in-a'reinforced concrete 

beam (chapter 8) it was observed that tensile strain (as a result 

of the't, --sile stress) is the principal criterion of development of 

cracks. 

It has been suggested [178] that flexural cracking in a r. c. 

beam due to external load can closely be approximated by the 

behaviour of-a*concrete prism with an axially positioned concentric 

reinforcing bar (fig. 10.4). The phenomenon of the crack formation 

is usually described as follows: 

Primary cracks form at random critical sections where 'the 

uniform tensile stress exceeds the concrete strength. Slip between 

steel and concrete at the interface occurs as a result of the 

cracks -and concrete is relieved of stress at the primary cracks, 

transfering the external force wholly to the steel. 

Starting from an existing crack, the next one is initiated-at 

the point where the concrete tensile strain again attains the 

limiting value. At such a point the displacement is negligibly 

small and steel strain is equal to the concrete strain. 
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Because of the bonding action at the interface-of steel and 

concrete its distribution-along the length of the bar between two 

cracks will-induce tensile stress in the concrete varying from zero 

at the'primary cracks to a maximum somewhere between them. When 

this maximum reaches the limiting tensile straintcrack will occur 

at that point. 

Cracking will continue to take-place until the concrete 

strain-,, no longer exceeds the limiting value because of the 

excessive slip and the reduced distance between cracks being 

insufficient to build -up critical strain between the existing 

cracks. 

For crack, problems it is-generally necessary to determine the 

relationship between steel and bond stresses for an initial slip of 

4o, jO and G-so >m Ctc where 61c is the tensile stress in 'the 

concrete' at-the section. This approach was followed by Rehm [1631 

for ambient conditions utilising; the solution of a differential 

equation of the pattern described in Appendix El. The approach was 

recently followed by Morley (57] for the residual condition 

following heat treatment. 

Utilising the crack spacing data in flexural zones from the 

beam, tests (see section 9.5.3) it is possible to calculate the 

tensile strength of concrete in the residual condition for various 

temperature levels. From equation E. 3 (Appendix El) the bond stress 

along the reinforcement is given by: 

67b - (D/4). (d C's/dX) 000 0040 (10.21) 
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If, Cb is"the maximum bond stress between two cracks as shown 

in fig. 10.10(c) then by approximating. the wave- type distribution 

to a triangular form-the bond stress within a quarter wave length 

could be expressed as: 

Cb - 4( Cb). (X/L) ... ... ... (10.22) 

Considering the equilibrium of the portion between two 

cracks, the stresses on this half can be represented as shown in 

fig., 100110 

For equilibrium: 

6s . As - 6s As + 6tc Ac so* (10.23) 
. 00 le 

(6's - 6s 6t cAc... ... ... (10.24) 

The difference in steel force between the two sections 

is transferred to the concrete by bond. 

0-1 
ý/z 

1ý's - rs) As - (7r D) Cb dX ... (10.25) 

And so: YZ 
0 

Ct c) . (Ac) - (7r D) . 6b 
. dX ... ... (10.26) 

= (71 D) . 6b (4/L) J- 
XdX 

0 
- (7% D) . 

6b (L/2) 

D (ýb) ... ... (10.27) Or L= (2 6tc Ac 

Knowing the length L from experimental results (cracks 

occurring in the constant moment zone of the beam specimens) and 

the value of maximum bond stress from a pull-out test (for similar 

concrete cover and identical conditions), the values of 
Ctc for 

various temperature treatment could be evaluated using equation 

10.28. 

6tc - (L. Ir. D. ig-b)/2. Ac 000 000 (10.28) 
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Values ýof- 6b were obtained from the'pull-out test specimens 

(fig. -MO). -the corresponding values of L (average crack spacing 

in the constant moment zone) were obtained for 90 X 140 mm (SB5 & 

SB6) (see figs 9.69 and 9.71). Necessary adjustment to Cb to take 

account of- difference in concrete cover for the purpose-of 

uniformityýwas-also made and 6-tc obtained as explained below. 

ý-- Table--10.2, A(Tensile strength of concrete: Specimens SB5 & SBO 

Interface Crack Maximum Bond Strength Tensile Strength 
Temperature -, Spacing ------------- - 

Cover-59 Cover=40 Ratio of 
(N/M2M) (N/MM2) (N/mA) Ambient 

--------- 

20 

-- 

193 

- 

19.20 13.02 4.38 1.00 

70 136 18.20 12.34 2.93 0.67 

170 129 17.30 11.73 2.64 0.60 

250 109 23.40 15.86 3.02 0.69 

375 122 21.40 14.51 3.09 0.71 

470 115 14.00 9.49 1.90 0.43 

535 103 10.20 6.92 1.24 0.28 

640 81 7.80 5.29 0.74 0.17 

755 74 6.40 4.34 0.56 0.13 

According to work by Ferguson and Thompson [180] there is a 

linear relationship between the bond strength and the clear cover 

over the bar size ranging from No. 7 to No 11 (i. e. approximately 

20 to 32 mm dia. ). Analytical studies [165] also show that for a 

given bar diameter, the bond strength increases with the thickness 

of the clear cover to the bar; On this basis, therefore, If 6-b is 

the maximum bond strength for a cover of 59 mm, (8 mm dia. bar in 
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126,, mm dia. concrete cylinder) then the values could be reduced by 

a linear relation for a clear cover of 40 mm to the reinforcement 

in the beam specimens. 

00, 
The values of 6tc (as shown in Table 10.2) were plotted 

against temperature at the interface (fig. 10.12). It is 

'interesting to note that Gtc as computed using the-limiting tensile 

concrete strain in the crack simulation procedure (section 8.7) and 
a 

the associated Young's modulus, for ambient and 600 C furnace 

2 
temperature worked out as 4.59 N/mm. (i. e. 0.00018X25.5) and 3.36 

NIMM2' (i. e. - 0.00024X14.0) corresponding to the values obtained as 

2 4.38 and 1.24 N/mm respectively (see Table 10.2). 

e 

6-tc for various interface temperatures plotted as a ratio of 

the corresponding values at ambient is shown in fig. 10.13-and is 

compared with the curve obtained from splitting test of the 

pull-out specimens (also shown in fig. 10.13).,. It can be seen that 

the general trend of the two curves is very closely similar. For 

the range of ambient to 350 C the values obtained from the crack 0 

spacing are a little on the higher side. In the range of 350 to 475 

t, both the curves show nearly the same percentage of deterioration 

of tensile strength with temperature. From 475 to 7500C the values 

obtained from the crack spacing are a little on the lower side 

compared with those obtained from the splitting test. The apparent 

difference in the initial range is perhaps because of the fact that 

the specimens were already affected by the pull-out force during 

the bond stress-slip test. The bond strength at interface was 

relatively stronger then and therefore affected the specimens for 

splitting test (see also section 9.2.4). In the relatively higher 
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ranýe-of temperatures (500 

affected because of the 

bond patt ern and resulting 

spacing-and hence showt 

strength. '' 

to 7500C) the crack spacing was perhaps 

mode of failure'^changing into the shear 

into 'rapid reduction in the average 

ng more rapid a deterioration in tensile 

10.6. k'non-de'Structive load testing procedure for fire damaged- 

structures"--` 

The-devel6pMent'of'acoustic emission with bond' stress and 

slip'-in'the direct pull-out situation, and with moment curvature in 

the "flexural mode of deformation found in this work tends to 

suggest that AE monitoring might be employed-usefully in 'examining 

the post-fire condition of reinforced concrete structures, 

It is evident from the fundamental laboratory tests that up 

to a certain stage in the development of deformation"- 'critical 

point of slip in the case of the pull-outtests-and the yield point 

in flexural testing - the AE occurred at a fairly uniform rate with 

load. Thereafter the rate of emission developed in a rapidly 

increasing manner up to failure. Consequently it could be possible' 

to "examine fire damaged r. c. structures by means of"a 

nonýdestructive load test to establish at what-- level unstable 

emission rates occurred (181]. Such load levels could be designated 

as the new working load capacities above which the structures 

should not be operated. 

In order to facilitate this some more fundamental information 

would be desirable from laboratory tests. This would include 

examination of the waveform, characteristics' from pure bond 
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pull-out, ' cylinder splitting, and cylinder . crushing conditions on 

specimens of similar size. If any differences were established 

between-the waveforms an analysis of the, data from the full scale 

load'! would-'indicate what type of deformation mechanism was-taking 

placeýat a'particular load-level. 

The'number, of transducers required would depen&on_' the size 

of the'damaged, component or structure under investigation, and the 

sensitivity of a transducer channel. -Their disposition would be in 

accordance with what was felt to be critical zones* In general an 

eight 'channel system with one transducer per channel- (two 

transducers per channel were employed in the present work) should 

give reasonable coverage in concrete and, provide an opportunity to 

locate crack sources. Signals received by at least three channels 

are required to locatd a source. The-. limits of operation would be 

established. using a standard source and forýlarge componentsýthe 

transducersýwould be confined to what were', considered to be -the 

critical, -zones. -- 

Loading could be provided via lightweight water tanks or by' 

means of water bags giving a facility for varying the superimposed 

load. A water supply would be necessary in the vicinity of the 

structure. 

Starting from zero imposed load this would be raised to some 

level well below that of the original working load, held for a few 

minutes, and then unloaded. This would be followed by reloading to 

a slightly higher level, holding for a similar time period (say 

four minutes) before again unloading. At all times AE should be 
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monitored. During the dwell at a load level observation of 

continued or creep emission would be made and in the reloading part 

of the cycle a careful eye should be kept on the load level at 

which emission recurred. This information would enable a check to 

be kept on any. felicity effect and the development of any 

instability in the rate of emission. ' Comparison'would be necessary 

with the emission behaviour of previously tested components in the 

residual- condition after heat treatments in the range 20 - 800 . C, 

on the lines carried out in this investigation. 

fire damaged structures in which there existed some 

unaffected part of similar design to the damaged portions, 

non-destructive load testing should be carried out on it for direct 

comparison purposes with the damaged parts. This latter procedure 

would be a better guide than laboratory information obtained from 

tests on components of different size and shape. However, so long 

as non-dimensionalised moment versus emission data were employed 

then a comparison of laboratory with full scale data could be 

useful. 
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CHAPTER 

GENERAL DISCUSSION, CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK 

This work has been carried out in the light of the aims 'and 

objectives described in chapter 1. While dealing witha particular 

objective, conclusions were made in the course of discussion and 

also summarised at the end of the chapters. The overall discussion 

and conclusions are, however, further summed up and' stated under 

the following headings: 
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11.2, --General discussion,, under the sub-heads: 

11*2.1. Bebaviour of reinforced concrete beams affected by 

elevated temperature. 

11.2.2. Simulation of crack patterns in a reinforced 

concrete beam, using finite element approach. 

11.2.3. Recommendations on a design procedure for reinforced 

concrete beams with reference to the anchorage bond for fire 

resistance. 

11.3. Conclusions 

11.4. Suggestions for future work 

Theý details of conclusions- are based. primarily on the 

experimental results (described in chapters 5 to 7) and, therefore, 

suggestions for further improvement required as. well as-for . -future 

work are added at the end of this chapter. 

1102. General discussion 

11.2.1. Behaviour of r. c. beams exposed to elevated temperatures 

The behaviour of the r. c. beams was studied in the light of 

the behaviour of some of the important strength properties of r. c. 

materials in the post fireý-condition with particular reference to 

flexural behaviour and associated acoustic emission activity. 

11.2.1.1. Material properties in the residual condition, -- 

1. Compressive strength of concrete in the residual-condition 

seem to decrease in the temperature range from 20*C to-, 150 *C but 
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increase between 1500C to 275% The strength, -however, 
drops again 

9 
after 440 C and at 7500C is only about 30 percent of the original.. 

The decrease in strength between 20*C and 150 0C is because of the 

removal of water which causes shrinkage in the cement paste. This 

results into disturbance of the bonding forces between the cement 

paste particles, thereby affecting the strength of the hardened 

cement paste. Between 150 *C and 275 OC water is removed by 

desorption which makes the paste more compact leading to increase 

in strength [1]. After 300 4) C, higher temperature exposure leads to 

chemical decomposition of the aggregate and, therefore, decrease-in 

stength [1]. -- 

2. The plot of tensile strength of concrete (obtained from 

split cylinder test) versus temperature was found to follow the 

shape of the compressive strength, versus the, temperature 

relationship. The rate of deterioration of, tensile-_,., strength, with 

temperature, however,, was found to be much more rapid when compared 

with that of the compressive strengthw A possible explanation to 

the increase in rate of deterioration,, of, tensile strength is,, the 

formation of cracks, at relatively -lower temperatures, at the 

interface of cement paste .- and aggregate -due--, -to 
their 

incompatibility. This effect is more pronounced on thetensile 

strength than when compared with the compressive strength in 
_which 

case the compressive stresses tend to close the existing cracks. 

3. The modulus of elasticity of tor steel, was found 

unaffected in-the residual condition by temperatures up to 700 C, A 

0 
reduction-in E value was first noticed on heating up to an,, 8001 C 

furnace temperature. The yield strength of steel was, however, 
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found 'to--be affected-to some 'extent after heating up to 

temperatures higher than 500 0 C. At 8000C the yield strength seemed 

to have'decreaseed by 36 percent. 

Bond strength between ordinary concrete and 8 mm dia tor 

steel was'found'decreased in the residual condition for temperature 

levels between 200C to 300 0C but increased between 300 9C to 400 0 C. 

After 400 0C it' seemed to fall away rapidly with higher 

temperaturesO' The- trend 6f reduction, in bond-strength seemed-to 

follow the trend' of reduction in compressive strength. The 

similarity in trend of reduction was due perhaps to the reason that 

bond strength is a function of compressive strength of concrete at 

the interface. ý,. t 

5. The rate of reduction of bond strength with temperature 

rise was (as in'the'case of the tensile strength)'much faster when 

compared with"the rate"of reduction of' compressive -strength of 

concrete with 'temperature rise. The, comparatively more rapid 

decrease of'bond strength than the compressive strength was due to 

the differential thermal movement of steel and concrete at, the 

interface in addition to the differential thermal movement of the 

aggregate and--cement paste of concrete at elevated temperatures 

which"is"one- of the main causes of reduction of compressive 

strength. 

6. Under identical conditions of heat treatment bond strength 

between normal 'concrete 'and 8 mm dia. tor steel bar was''higher 

compared with that at the interface of 16 mm, dia. tOr steel bar. 

This again -was due perhaps to the fact that in the case of larger 
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diameter bars the differential thermal movement between steel and 

concrete at the interface for the same level of temperature is 

relatively higher compared with that in the, case of -smaller 

diameter, bars. Another reason is the fact that in the case of a 

larger diameter bar the rate of concrete splitting is higher than 

in the-case of, atsmaller diameter,, [163,165]. 

...... - 
7. , The rate of loss in-weight of r. c. -. specimensýwith 

temperature was found maximum in the range of IOOOC to 1501C. There 

was a'-decreasing trend in the loss of, weight after, 3000C. The loss 

in weight in the lower range. of temperature (i. e. -20*C to 150 0 C) 

was due to the evaporation of free water present. At relatively 

higher temperatures there would be little amount of water left 

hence the, decreasing trend of-loss in weight. 

8* -The, rise in mean temperature within a flexural, specimens 

was found, a gradual one between, the furnace temperature of-, 20 aC to 

00 200, C. The,, increase was rapid afterwards until, -at. 1,500 
C-the. rate of 

rise was again relatively slow. The slow rise-in-. temperature tor 

a the range of 200C to 150 C seemed to be due to the fact that part 

of the, input heat energy would be utilised as a latent heat in the 

conversion of water into steam. Once the free water was evaporated 

the temperature rise would be rather rapid until at 500 C the rate 

would again become slow perhaps due to the reason that the thermal 

condutivity decreases with the rise in temperature 

9. A r. c. specimen changed in colour in the residual 

condition, although not within as clear demarcations as shown by 

Phellio (26]. The difference in colour was noticed to be only 

253 



marginal up to a furnace temperature of 200 a C. 

11.2.1.2. Flexural behaviour of r. c. beams affected by elevated 

temperatures 

1 1. -The initial- elastic range of load versus deflection 

relationships began to reduce with 'respect to load -as the 

temperature treatment was increased and the elastic gradient 

diminished indicating a reduction in' flexural rigidity with 

temperature. The decrease in the flexural rigidity was obviously 

because of the reduction in modulus of elasticity with temperature 

treatment. 

---, 2. The flexural rigidity was maximum at ambient condition for 

all types of specimen. Specimens heated to more than 600*C, furnace 

temperature suffered drastic reduction (of the order of 80 percent) 

in stiffness. This was perhaps because of the. transformation of 

quartz at 575 C and the splitting of the aggregate at elevated 

temperatures [11, causing reduction in the stiffness. 

3. The yield point in the beams (as defined by a point on the 

load-deflection or moment-curvature relationship where the gradient 

of the curve decreases rapidly, indicating the yielding of the 

steel) heated to relatively lower levels of temperature- was more 

clearly defined when compared with identical specimens exposed to 

higher levels of temperature. The disappearance of the yield point 

on the load deflection behaviour with rise in temperature was 

because of the reduction in the stiffness of the Section at 

elevated temperatures indicating the change in the mode of'failure 
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from'a, purely flexural to shear- failure or' an anchorage' bond 

breakdown. 

4. The change of mode"of failure from purely flexural to 

anchorage breakdown in specimens with straight ended bars was 

relatively quicker the thinner the section., The effect of elevated 

temperatures in the case'of relatively thinner concrete sections 

was much "more severe on the" properties of reinforced'concrete 

materials causing the- reduction 'in flwýural rigidity of the 

sections. 

5. -'The effect 'of providing' hook' ended' bars was more 

pronounced in the relatively thinner sections, ' especially *as 'the 

temperature levels-of exposure increased,;, This was"because-of the 

fact'that-the'mode of failure from flexural to anchorage breakdown 

avelevated temperatures was more likely, to-occur in. the relatively 

thinner -, sections. Any machanical means of improving the anchorage 

resistance-would have pronounced effect on the increase of strength 

against premature failure due to bond, breakdown. ''- 

6. For the same ultimate load capacity straight- ended 'bar 

specimens had a smaller range of deflection before'failure and 

therefore, had a comparatively lower margin of 'safety. In' other 

words the specimens with straight ended bars failed abruptly at 

ultimate load. 

7. Identical specimens with relatively thicker, section 

(having sufficient concrete cover to resist deterioration of bond 

by elevated temperatures) when heat treated to different levels of 
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temperature deflected to nearly the same extent (span/60) before 

collapse, but at different levels of load. It was noticed that the 

ultimate load was 1/3 of the original strength for specimens heated 

to a furnace temperature of 800 C. 

8. Comparison of concrete sections with the same external 

dimensions and span but reinforced differently showed that the load 

carrying capacity of singly reinforced sections deteriorated more 

rapidly compared with the doubly reinforced -sections for 

temperatures'in, excess of 400'OC as illustrated by a plot of the 

results from Table 9.8, see fig. 9.50(b). An explanation to this 

could beýthat in the 'case of a singly-reinforced section the 

strength- is dependent more on the section of- concrete for 

compression, whereas in the case of a-, doubly reinforced ýsection 

steel- in -compression also play an -important -part. -Now -under 

residual conditions the strength of 'concrete 'deteriorates 'to, a 

larger extent compared with the steel* It-could; 'therefore, be 

deduced that a comparable concrete section singly reinforced would 

be affected by elevated temperatures to a greater extent compared 

with a doubly reinforced one. The effect on the flexural 'rigidity 

in', terms of the original rigidity was, however, found to be almost 

the same. Also the flexural rigidity was found to have increased-at 

200 0C but decreased again on heating to higher levels of 

temperature. 

The MCR for the beam specimens in the residual conditions 

showed that relatively thinner sections were more vulnerable -to 

temperature effects. This was why the mode of failure in"thý 

thinner sections changed from purely flexural'at ambient to purely 
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anchorage slip failure after the elevated temperature treatment. At 

furnace temperatures of 600 *C to 800 0C the relatively thinner 

sections had practically1ost the whole of,. their bond anchorage 

strength. Thicker sections could, however, resist the. bond 

deterioration and the failure was mostly in the -constant moment 

zone, - as designed for in the ambient condition. It would appear 

that if the anchorage capability of thinner sections were improved 

to resist the effects of elevated temperatures then these could 

well be able to utilise the flexural strength before any premature 

failure might occur. 

10. MCRs in the case of doubly reinforced, sections indicated 

that specimens with tor steel reinforcement were more capable of 

absorbing large rotations, due perhaps to the relatively stronger 

anchorage resistance at supports. But for the same moment- range, 

specimens- with plain bars seem, to be relatively-stiffer, compared 

with the identical specimens having tor steel, reinforcement. -, -,, 

11. A comparison of reduction in load carrying capacity , for 

different temperature levels in the residual condition, showed 

similar trend for all groups of specimens. The comparison was made 

for effective span to deflection ratios of 350,250,150 and 100. 

It was observed that the rate of deterioration was more rapid 

for the lower deflection limits and the maximum deterioration rate 

0 
was noted in the elastic rangeo Also between 20 and 500 C the rate 

of deterioration was noticed to be greatest in -the case of the 

thinnest section. After 500 C the deterioration trend was almost 0 

the same for all the three groups of specimens* 
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12. Me gradient of, load to deflection (both expressed as 

ratio of the corresponding values at collapse point) for the three 

groups was greatest for the thickest and least for the thinnest 

section. Within the same group, however, the gradient (as expected) 

was normally greatest at ambient and gradually decreased as the 

temperature level increased. The relationship could be expressed 

empirically as an exponential function. 

00 
'13. For-a mean temperature range of 20 C to 670 C within the 

beam specimen . having 16 mm dia. tor steel bar as tensile 

reinforcement with 25 mm clear concrete cover, the 

resistance'to the end slip of a bar in the residual condition was 

noticed at, 1601C. - 

,. -14. The nature of end slip changed from a gradual to an 

abrupt development depending on whether the bar surface was ribbed 

or smooth. This was obviously because of the comparatively better 

bond strength at the interface of concrete and, a ribbed bar 

compared with that in the case of a smooth bar. 

1 15. The -bond stress-slip curves tended to reach a more 

definite peak before final pull-out compared with the asymptotic 

approach to ultimate load of the beam deflection curves where the 

deformation processes were more complicated 

16. Under identical conditions of steel type, bar diameter 

and concrete cover, a comparison of the bond stress at the onset of 

the slip showed that the direct pull-out test results would over 

estimate the values for the flexural situation between 20 tO 60 
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percent approximately for temperature lower than 300 a C. 

11, '2,1.1ýý Cracks in r. c. beams affected by elevated temperatures 

, 'Jý Thermal cracks in a beam specimen seem to originate the 

edge of a section in a direction perpendicular to it and progress 

along the two vertical faces simultaneously. Thermal cracks 

occurring at or about the mid depth of the section tend to develop 

parallel to the longitudinal faces. 

2. Thermal cracks are most likely to occur at the locations 

of the stirrups if present. This is perhaps due to the reason that 

steel- is a better heat conductor and therefore would act as points 

of heat concentration if located close to the source of heat. The 

differential thermal expansion between steel and concrete!, at 

elevated temperatures might7lead to-the occurrence of cracks . 

3. Cracks dde to loading in the residual conditions haveý a 

tendency to develop at the locations of the already, existing 

thermal cracks a1png the bottom surface of the beam specimens. -In 

the--shear -zone- they have a tendency to join-the thermal cracks 

developed at the top surface and then branch out in- several 

directions. The existence of thermal cracks accelerates-the 

development of structural cracks especially near the supports. 

4. Study of the structural cracks appearing in, -the singly 

reinforced concrete beam specimens 140 mm deep and 50,70 and 90 mm 

wide, load tested to ultimate in the residual condition indicated 

that: 
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M In spgcimens 50 mm thick with straight ended reinforcing bars 

the cracks appearing in the flexural zone were the main cause of 

failure, only in the ambient condition. Specimens heated -in the 

range of 100 QC to 300 0C predominantly cracked in the shear zone at 

the-ultimate failure. At still higher temperatures the 4ailure 

cause- was due more to a splitting type of crack. At temperature 

levels of 700*C-, to-800*C the compression zone was also cracked near 

the ultimate failure, probably because of the weakening of the 

compressive strength of concrete at high temperatures. I T, 

Identical specimens with hook ended reinforcing bars-had 

better anchorage resistance. Flexural failure, therefore, was the 

dominant type of failure for temperatures as high as 500*C. At very 

high temperatures (say 800"C) hook ended bars had no significant 

part to play in determining the mode of failure as the anchorage 

bond was almost completely deterioratedý-, - 

(ii) In specimens 70 mm thick with straight ended bars, the failure 

which occurred was mainly of a flexural type up-to 3000C with bond 

0 
shear type of cracks appearing between 400*C to 500 CO- At further 

higher temperature levels the failure mode was more of a shear bond 

type. Because of comparatively better bond and shear resistance of 

the sections, specimens in this group utilised the flexural 

capacity to a much higher level of temperature treatment. 

(iii) In specimens 90 mm thick the thermal effect was not as severe 

as in the two groups of specimen mentioned above. The failure, type 

was always dominantly flexural. It was only for temperature 

treatment above 5000C that the cracks began to appear in-the shear 
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zoneýý 

The cracks appearingin this group of specimens- were fewer 

and confined to the constant moment 'zone. Because of a thick 

section, and large' cover there was no occurrence of premature 

failure -in 'this set of specimens-'and the entire flexural capacity 

was utilised (as designed for) before failure. 

5. A comparison showed that for every 10 mm increase in--the 

thickness of the concrete cover the shear bond resistance increased 

to the-next 100 C level of temperature treatment. Also, an increase 0 

of -10 mm thickness in the concrete cover produced an increased 

resistance- equivalent to hooking the bar, ends -but without 

increasing cover. 

11.2.1.4. Behaviour of r. c. beams'with reference to'the-AE activity 

1. Relationship of AE counts to the applied load seem not to 

follow a curvilinear path in case of flexural specimens although 

the tendency in the case of pull-out specimens was somewhat similar 

to a smooth curve. The slope of the lines joining point to point 

showed, the capacity of the section to store strain energy at a 

particular instant. 

,, 2. The relationship of AE activity to applied-'load after, the 

yield point showed a tendency for curvilinear variation. ' In fact 

after the yield point was reached the section would have no 

capacity to store strain energy and therefore any external energy 

fed into 'it will be relatively quickly dissipated through the 
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fracture mechanism. 

3. In a beam specimen the emission -activity was first 

observed- between 10- to 20 percent- of theýyield load (8 to 15 

percent of ultimate load) . Once a specimen was unloaded then on 

reloading AE 'activity was observed at a load lower-than the 

previously applied load (usually between 75 to 83 percentý of 

previous load)., Kaiser effect, a normal property of ductile 

materials, was therefore not followed in an r. c. beam specimen. 

This could be attributed, to the inflence-of, healing effects, see 

section 9.3.1. It is interesting to note that in cyclic bond 

testing [179] a form of-Kaiser effect was, found. However, in those 

tests there was no time dwell at the lower load, level and 

consequently no period available for any healing. - 

e-The--disappearance of the Kaiser-effect inýthe beam tests-on 

reloading after the heating cycle is-similar to the felicity effect 

found in the testing of fibre reinforced, plastics [123]. In this 

case there is no healing phenomenon involved, and it could--be, that 

the stress concentration effect at, the boundary between a fibre and 

already cracked matrix is accentuated resultingin a lower applied 

- 
-load, -being required to produce further crack propagtion. 

4. The cumulative AE counts in a beam specimen were such that 

at working load, twice the* working load and at the yield load stage 

they were 20 to 30,30 to 50-and 50 to 80 percent respectively. of 

the total counts at ultimate load. 

5. On unloading of a beam specimen from even the working load 
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stage AE activity occurred, indicating the specimen was cracked. 

The cumulative counts at working load was found to be from 70 to 90 

percent of the total cumulative-counts monitored during"the-cycle 

of loading to WL level and then unloading-completely. 

'6. The behaviour of AE activity with temperature rise for 

identical specimens was somewhat similar to the 6-cu-temperature 

relationship; -The reason being that AF. activity occurred as a 

result 'of fracturing which is a fuction of limiting tensile strain 

in concrete,, and which in turn ia again is a function of G'cu. 

, 
7., ', AE activity in the post fire condition showed'the healing 

effect -of temperature on the already-fractured surfaceýof'the 

concrete. The healing effect was more noticeable for furnace 

temperature of 200 *C to 3000C (tm-150 to 260 0 C). At relatively 

higher temperatures (of the order of 700, to 800 *C ýfurnace 

temperature) no significant emission'activity was-observed during 

the'reloading to the previously loaded limit. Thig; was-obviously 

due to the reason that at such higher levels of temperature there 

would be no free moisture left to assist the healing effect at a 

fractured surface. At lower temperatures the onset of AE activity 

after heat treatment was such that the total number of counts on 

reloading to WL were within 10 percent of the total counts at WL in 

the preheating state. 

8. Between the no load and ultimate load range, the tendency 

of the AE in beam specimens was such that for same load ratio the 

values of the deflection ratio was always higher compared with the 

acoustic emission raiio. Each ratio was expressed in terms of the 
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percentage 'of the ultimate collapse condition. 

9. The relationship-of AE activity to rotation showed that in 

the''initial stage of rotation the rate of emission was very brisk 

but as the loading progressed and hence the rate of rotation 

increased, the rate of AE activity slowed downý 

10. 'The yield-pOint of a beam'specimen,, -, defined'by a point on 

the-load deflection relationship where the gradient of the curve 

begins to'decrease'relatively rapidlyl`was-more' prominent in the 

LR7AER as compared with the LR-DR. This is due perhaps to the 

reason- that LR-AER-'is a measure of energy dissipated 'at a 

particular 'load level and would'therefore show the point at which 

yielding would take place. 

11. Expressing the LR-AER by an empirical relationship in the 

exponential form it was observed 'that 'there was not much : as 

uniformity in the values of the coefficients as existed in the. 

LR-DR. 

12. The waveform samples obtained from beam 'specimens 

indicated that the intensity of energy released at crack initiation 

was the same at all load conditions (having same amplitude) but the 

shapes of the waveforms were different. This was due probably to 

the presence of thermal cracks already present before the loading 

tests. 

11.2.1.5. Behaviour of Pull-out test specimens with regard to AE 

activity- 
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1. The relationship of the bond stress to AE activity- and 

bond stress to, slip had very close similarities. The trend'of the 

relationship was very similar for all levels of- temperature 

treatment, in the post fire condition. 

2. The amount of emission in a pull-out specimen in the hot 

condition was more than when compared with the identical, specimens 

tested in the residual conditions. This was due probably to the 

phenomenon that rcu and hence the bond strength of specimen-in the 

heated condition was higher than in the residual conditions [481. 

comparison of the behaviour of bond stress-AK and 

slip-AE in a pull-out specimen indicated that AE was a better 

measure for the bond stress. There was a linear, relationship 

between the AE activity and the slip. 

4. The relationships of stress ratio (STR) with acoustic 

emission ratio (AER) and slip ratio (SLR) showed that: -- 

(1) 65 percent of AE ctivity occurred within the las. t 10 percent of 

the applied stress. 

(ii) Rate of increase in slip ratio increased more rapidly than the 

rate of increase in stress ratio as the stress ratio increased. 

(iii) The rate of increase in AER was linear with the rate of 

increase in slip ratio. 

(iv) The interrelationship of the three ratios was such that for a 

stress of 50 percent of ultimate, initially there was only nominal 

AE activity and 20 percent of slip. This perhaps indicated the 

digging in of the ribs in concrete but no cracks. From 50 percent 

to 80 percent of stress ratio there was only 10 percent of, AER and 
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another' 20"Peicent increase of slip ratio, thisýtime probably 

indicating the crushing of'concrete under 'the'ribs. For the last 20 

percent of STR there was 80 percent of AER and 60 percent of SLR, 

indicating thereby the shearing of the concrete teeth and the 

resultinR slip at the interface. 

(v) Until about 80 percent of ultimate stress there was -no 

breakdown of bond and the movement of a bar took place only for the 

last 20 percent of the stress ratio. 

5. AER-STR relationship showed that except for the 

temperature range of 300 *C to 400 *C the AE activity had a 

decreasing tendencV with the increased temperature treatment for 

the same level of the applied stress. This showed that the 

splitting resistance (the deriving force behind the AE activitv in 

a pull-out sDecimen) decreased with increase in teiperature''l evel. 

6. Comparison of emission waveforms in the identical pull-oýt 

specimens but tested under different conditions of heat treatment 

showed that the specimens under hot conditions exhibited more 

reflections than compared with those tested in a residual 

condition. Also the amplitude of the waveforms for specimens with 

preload during testing was higher than for those without preloads. 

7. Waveforms obtained after the breakdown of the bond did not 

show a pronounced peak amplitude as was seen in the case of samples 

obtained at comparativelv lower values of applied stress* 

8. There was no significant difference among the waveforms 

obtained at different levels of applied stress but heat-'treated to 
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interface temperature of 760 0 C. This indicated the complete damage 

of the bond resistance bv the elevated temperature. 

9. Formulating the behaviour of AER to STR into an empirical 

relationship of the form y-c. 
t9t(where 

y is AER and x is the STR) 

the coefficients c and t varied from 0.017 and 0.086 to 1.980 and 

0.016 respectively. 

. 
11.2.2. Simulation of crack patterns in an r. c. beam using a finite 

element approach. 

1. Defining the material properties ofreinforced concrete at 

ambient conditions or in the residual ambient state . it is 

possible to simulate the crack patterns at, any stage up to the 

ultimate failure of a r. c. beam using a finite element approach. 

2. '11, he main criterion of establishing crack occurrence in 

r. c. beam is the limiting tensile strain in concrete. 

Strain at interface of steel and concrete does not seem to 

carry any significant effeet until just before anchorage breakdown. 

The load-deflection curves determined theoretically when 

compared with the actual showed that the theoretical results were 

indicating relatively stiffer conditions at first but rapidly 

changing properties after the yield point was reached. The finite 

element displacement approach of analysis alwavs is a lower bound 

solution [1661. This implies that the deflections are 

underestimated and hence reflecting upon the load-deflection 
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behaviour as relativelv more stiffer compared with, the actual. 

5. In analysing, the crack patterns using finite element 

approach, the material properties in the elasto-plastic stage have 

to be idealised. In doing so the behaviour of a beam after hinge 

formation in the plastic stage is'difficult to predict. 

11.2.3. - -Recommendations- towards a design procedure-for r. c. beams 

affec'ted by elevated temperature. 

1. Utilising the results of bond-slip data under specific 

test conditions, the distribution of bond stresses, steel stresses 

and slip along a steel bar embedded in concrete can be obtained by 

the solution of a differential equation which is a function of slip 

due to the force applied to the bar. 

2. Using the procedure mentioned in (1) above. effective 

anchorage lengths for different temperature treatments could be 

obtained. A factor of safety in terms of the anchorage length at 

ambient conditions could also be evaluated. For residual conditions 

it was worked out that the effective anchorage length required at 

100 0C would be 2 times; between 100 to 4000C. 2.5 times; between 

400 and 500,4 times; and at 6000C would be 5 times the straight 

embedment length required at ambient. 

3. Steel stress distribution v distance showed that only 

after 5000C was its deterioration rapid and hence the concrete bond 

properties could be'effectively utilised for temperatures lower 

than 500, if properly catered for in the design. i 
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Residual conditions are perhaps the most critical 

conditions from a bond property Point of view and hence the same 

factor of safety could be adopted for specific fire resistance. 

Utilising the, data for crack spacing in the constant 

moment zone of beam specimens and, the maximum -bond stress in a 

pull-out specimen with comparable concrete cover to the reinforcing 

bars. the tensile strength of concrete can be evaluated for various 

levels of temperature*' 

11.3. Conclusions 

Conclusions derived from the above mentioned discussion are 

summarised in'the follo'wing. 

1. Compressive strength of ordinary concrete in the residual 

condition seem ýto decrease from 100 percent at-20*Cto 87 percent 

at'150*C, but increase to 92 percent at 2756C. The strength'begins 

to -decrease again -around 300 IC and the drop is relatively rapid 

after 4400C. At 7501C the strength is only 27 percent of its 

original strength. 

2. Tensile strength of concrete in residual condition seem to 

follow the trend of the compressive strength in residual condition 

although the rate of deterioration is much more rapid. At 150 C the 

strength is 67 percent, at 440*C it is around 45 percent and'dt 750 

is Only 8 percent of its original strength. 

3. The modulus of elasticity of tor steel in residual 

condition seem not to be very much affected up to 7001C. The yield 
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strength. however. is affected after 400*C. At 500 *C it is 92 

0 
percent, at 6001C it is 84 percent and 800 C it is only 64 percent 

of its original strength. 

Bond strength at the interface of ordinary concrete and 8 

mm dia. tor steel bar follow more or less a similar trend as the 

compressive strength of concrete at residual condition except that 

the decrease in the initial range between 20*C and 150*C is very 

rapid as also the increase between 150*C and 300 a C. - 

S. Under identical conditions of heat treatments bond 

strength at the interface with smaller size tor steel bar is 

greater compared with that at the interface of a larger diameter 

bar. 

6., Fle: iural rigidity, --of beam decreases with temperature 

treatment in the, residual state. The rate of deterioration seems to 

be maximum in the initial elastic range and it decreases after 500 

C07 

7. Temperature treatment of beams reduces the overall elastic 

range of their section although the extent of ultimate deflection 

for identical specimens may be the same. 

Thinner concrete sections of beams are more vulnerable to 

heat effect and the mode of failure may change from flexurall, to 

anchorage breakdown fairly quickly. 

9. The nature of endslip of bars in beam specimens, in the 
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residual condition is gradual in the case of ribbed bars but 

relatively abrupt if plain bars are used. 

10. - Thermal cracks in beams seem to originate at the edges of 

the section and develop perpendicularly in the two adjoining faces. 

Thermal cracks are more likely to occur at' the locations of the 

stirrups along'the-length. 

11. Thermal cracks are normaly the potential crack starting 

positions if load is applied in the residual condition. 

12. The relationship of applied load-to AE activity in a beam 

specimen does not'follow a smooth curvilinear path although in a 

pull-out test it does. 

13. AE activity in a beam'-specimeng if'not preloaded, seem to 

occur first'at''15 percent of the ultimate load approximately*' 

140 Total-cumulative AE counts''in a beam subjected to load if 

compared with'-those at the ultimate load for different stages of 

loading seem to be'between 20 to 30 percent for WL, 30 to 50 

percent for twiceýthe WL and 50 to 80 percent at yield load. 

15* A beam once loaded will give emission at slightly lower 

than the previously applied (75 to 83 percent). The disappearance 

of the Kaiser effect in the reloading of beams after heat treatment 

up to 600 C can be attributed to the introduction of cracking in 0 

the preloading stage and in the heating cycle, followed by a, form 

of autogenous healing in the twenty four hour cooling period. '- I 
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. 
16., Between the no load -and ultimate load of a beam the 

tendency of AE occurrence is such that for same load ratio, for 

identical specimens the deflection ratio is higher compared with 

the acoustic emission ratio. 

17. In a pull-out specimen the relationships, of bond stress 

to AE and of bond stress to slip bear close similarities for nearly 

all levels of temperature treatmente 

18. The. rate of AE activity in a pull-out specimen is found 

to be more in the hot condition compared with the, activity, in-the 

residual -condition indicating bond deterioration to a greater 

extent. in the residual state. 

19. In a pull-out specimen relative comparison of stress 

ratio (STR),,, acoustic emission ratio (AER) and slip ratio (SLR) 

shows. that-, 65, percent of. AE activity ocLrs within -the. -last. -10 

percent, of, the applied stress. Also for, an initial stress of 50 

percent of the ultimate there seem to be only nominal AE -activity 

and 20 percent slip. From 50 percent to 80 percent of applied 

stress there seem to, be an additional 10 percent AE activity and 20 

20 percent increase in the slip. From 80 percent to 100 percent of 

the applied stress there is 80 percent of the acoustic emission and 

60 percent of the slip. 

20. Defining the material properties of reinforced concrete 

it is possible to simulate the crack patterns in a r. c. beam using 

finite element approach. The main criterion of development of 

cracks is found to be the limiting tensile strain in concrete.,, It 
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also means that if the actual load-deflection behaviour is known 

and also the elastic modulus and Poisson's ratio then the average 

limiting tensile strain can be computed. 

21. Utilising the results of bond-slip data on a small bond 

length it is possible to determine the state of distribution of 

steel- stresses, bond stresses and the slip occurrence along the 

length of a-straight embedment length for different temperature 

conditions in an anchorage zone. 

22. Utilising the distribution - curves for different 

tem - perature conditions a factor of'safety in terms of the ratio of 

straight embedment -lengths after temperature treatment to that at 

ambient temperature can be computed. 

23. Utilising the data of crack-'spacing in the constant 

moment zone of a beam specimen and that of a pull-out test results 

on as specimen having comparable concrete cover to reinforcementf 

the -tensile strength of concrete in flexure for different 

temperature conditions can be determined fairly accurately. 

11.4. Suggestions for future work. 

1. In this-work the flexural behaviour of reinforced concrete 

beams affected by elevated temperatures has been studied in- the 

residual condition. By incorporating modifications in the furnace 

facilities similar effects could be studied under elevated 

temperatures. The possible modifications would permit four point 

loading to be applied within the furnace to beams of similar size 
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to the ones used in this work; ' 

2. With the' modified version of furnace it would also be 

possible to 11 monitor the end slip of bars in a beam at its' supports 

using fused silica rods of suitable diameters. By fixing the silica 

rods to the end of a bar slip could be monitored by fixing the 

transducers in theýhorizontal position to the outter end of the 

silica rod. This would possibly enable the "Study, of theýbond 

stress-slip in a flexural specimen more realisticaly. ' 

3. Three different concrete covers were considered for this 

work. The 'variation of thickness of cover also changed the depth 

for the flexural effect. Maintaining same depth different concrete 

covers could be studied to I ascertain the change of mode of failure. 

4. Effect of continuity could be considered by studying at 

least two equal spans. This would need a modified. arrangement, for 

heating as well as adjustable support conditions to the specimens. 

A heating-jacket capable to provide heat'treatment to a length of 

say 1.5 meter would enable the study of heat effect on a continuous 

support for two equal spans of 3.0 meters each. With adjustable 

support conditions'the parameters of span could also be changed 

conveniently. Moreover, this would also facilitate the study of 

elevated temperatures in the shear zones of a beam and the 

consequent effect on the shear links provided for shear resistance. 

The effect of anchorage bond at a critical section like the top of T 

a continuous support could also possibly be studied in this way. 

5. Using a heating jacket system for heat treatment, the 
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effect on a full scale beam in the flexural zone could easily be 

studied by subjecting the constant moment zone of say 1.5 m for a 

span of 6 m. A section of (200 X 300) mm reinforced with 4-16 mm 

dia. tor steel bars in tension would possibly be the balanced size 

for flexural-failure at ambient condition. 

In -order to explore the wide gap in factor of safety 

between the 8 mm and 16 mm dia. bars, experimental work on 

intermediate size diameters (i. e. 10 mm and 12 mm) and larger ones 

(i. e. 20 mm and 25-mm) is required. 

7e Utilising the known AE behaviour of flexural member under 

applied load an easily adoptable testing procedure of structures on 

site is possible with the help of an easily manageable loading 

source e. g.., use of water bags. -- 1 1- 

*8. Using a, multichannel system it is possible to segregate 

the type of failures in different zones of a loaded beam and hence 

a fair'assessment, could be made of'the mode of failure. 

Y9. Using AE procedure r. c. beams in structures can be kept 

under surveillance for a specific time period under the actual 

loading. A study of creep effect on concrete could be made in this 

way particularly at ambient and possibly also under residual fire 

damaged condition. 

10. Analysis of waveforms for different mode of failures 

exclusively such as bond, direct tension, direct compression and 

flexural behaviour could be studied for ambient condition and 
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correlation made with the effects at elevated temperatures. 

11. The scope of the N. D. T. technique using AE procedure 

needs detailed-investigation so as to be able to apply it to 

heterogeneous materials like concrete. I 

12. From the studies it is known that the stiffness of a r. c. 

element decreases- with the weakening of bond between steel and 

concrete. No provision seems to be available for the interaction of 

the two different materials in the package (based on the finite 

element approach) used in this work. If such a provision is made 

available then it could easily be determined to find the critical 

bond values for different temperatures by analytical methods. 

13. The automation in, the program-for crack simulation could 

be improved easily if-the package (PAFEC) could be used more 

directly as a subroutine to it and called from within. 

14. An indirect method of determining the tensile strength of 

concrete in flexure, using suitable specimens designed for flexural 

failure and pull-out specimens could be devised , possibly by 

standardising the size of the specimens. 
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APPENDIX: Al 

EQUATIONS FOR MOMENT OF RESISTANCE 

For rectangular sections with no compression reinforcement 

the following equations as recommended by tP110: 72 [661, -have 

been-used for the computation of the moment of re'sistance of 

the reinforced concrete sections: 

Mu - (0.87 Cy) As z ... ... ... bot (A. 1) 

Mu - 0.15 «cu bJ... ... ... ... (A. 2) 

For rectangular sections with compression reinforcement the 

following equations, as recommended by CP110: 72, have been used 

for the computation of moment resistance of the sections: 

Mu - 0.15 Ccu b d2- + 0.7 2 6y As' (d - d) (A. 3) 

(0.87 Cy) As - 0.2 Gcu bd+0.72 «"y As ... (A. 4) 

The depth of lever arm of the section (z) in the above noted 

equations. where required, was calculated by using the following 

equations [661: 

z- [1 - (1.1 Cy As)/Ccu b dl, /d ... *so (A. 5) 
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In the above noted equations: 

Mii is the ultimate resistance moment 

As is the area of tension reinforcement 

As is the area of compression reinforcement 

b is'ýthewidth of the section 

d is the depth of the tensile reinforcement 

.0 d is the depth of compression reinforcement 

- 6"y is the characteristic strength of the reinforcement 

zý is the lever am, and 

C'cu is the charateristic strength of concrete. 
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ýAPP, ENDIX: A2 -" 

TYPICAL'DETAILS OF DESIGN CALCULATIONS: SPECIMEN SS1 

Reference : fig. (5.2,5.14) and appendix Al 
3 

Self weight of beam - (66 X 140 X. 960 X 241/(1000) 

-'0.21 kN 

From equation (A. 5), the lever am of the section: 

z -, (1.1 X 250 X 201/35 X 66 X 107)1107 

83.46 mm 

From equation (A. 1), the moment of resistance of the section: 

Mu - (0.87 X 250) X 201 X 83.46 

,- 3648.66 kN-mm 

From equation (A. 2), the moment of resistance of the section: 
2 

Mu - 0.15 X 35 X 66 X 107 

- 3967.08 kN-mm 

Therefore, the moment of resistance of the section is the 

minimum of the two, i. e Mu - 3648.66 kN-= 

If 2P is the ultimate load in kN corresponding to Mu, then: 

P(440 - 115) + (0.21 X 880)/8 = 3648.66 

Or P= 11.15 kll 

Therefore, maximum shear force: 

11.15+0.11 

= 11.26 kN 

And shear stress, v- (11.26 X 1000)/(66 X 107) 

2 
= 1.59 N/mm 
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Percentage of reinforcement used in the section (10OAs/bd): 

(100 X 201)/(66 X 107) 

2.84 

If the ultimate shear resistance of the concrete with its 

longitudinal reinforcement is'vc then from Table 5 of CP110: 72 

vc - (0.95 + 1.00)/2 

2 
= 0.975 N/mm which is <v 

Using 6 mm dia mild steel links for the shear reinforcement: 

- Asv/Sv = b(v - vc)/0.87 X C'yv Where 

Asv is the cross-sectional area of the two legs of stirrup 

Cyv is the characteristic-strength of the stirrup reinforcement 

Sv is the spacing of the stirrups along the beam. 

22 For Asv - 28.3 mm and 6-yv - 250 11/mm 

Sv'- 303.28 mm c/c 

Maximum spacing of-shearlinks: 

Sv -'0.75 Xd 

-=0.75 X 107 

- 80.25 

= 80 (say) mm c/c 

Minimum area of shear links: 

Asv/Sv = 0.002 bt 

Or - Sv - (2 X 28.3)/(0.002 X 66) 

428.78 mm c/c 

Local borfd stress : 

6-ba - V/(Iu. d) 

(11.26 X 1000)/(50.2 X 107) 

2.08 

/2 <(2.2+2.7)/2 N mm (Table 21 CP110: 72) 
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APPENDIX :- A3 

TYPICAL DETAILS OF DESIGN. CALCULATIONS: SPECIMEN SB1ý 

Reference : fig. (5.7,5.14). and appendix Al, 
3^ 

Self weight of beam = (50 X 140 X 960 X 24]/(1000) 

- 0.16 kN 

From equation (A. 5), the lever arm of the section: 

z- [1 -ý(1.1 X 410 X 50.3)/35 X. 50 X 1161 116 

- 103 mm 

From equation (A-1), the moment of resistance of the section: 

muý- (0.87 X 410) X 50.3 X 103 

= 1848.03 kN-mm 

From equation (A. 2), the moment of resistance of the section: 

Mu = 0.15 X 35 X 50 X 116 

= 3532.20 kN-mm 

Therefore, the moment of resistance of the section is the minimum 

of the two, i. e Mu = 1848.03 kN-mm 

If 2P is the ultimate load in kN corresponding to Mu, then: 

P(440 115) + (0.16 X 880)/8 - 1848.03 

Or P=5.63 kN 

Therefore, maximum shear force: 

V-5.63 + 0.08 

- 5.7 1 k1l 

And shear stress, v- (5.71 X 1000)/(50 X 116) 

2 
= 0.984 N/mm 
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Percentage of reinforcement used in the section (10OAs/bd): 

- (100 X 50.3)/(50 X 116) 

- 0.678 

If vc is the ultimate shear resistance of the concrete with 

its longitudinal-reinforcement (Table 5 CP110: 72 [661) then 

vc --[0.55 + (0.367 X 0.175)/0.51 

2 0.678 N/mm which is <v 

Using 3 mm dia mild steel links for the shear reinforcement: 

Asv/Sv-- b(v - vc)/0.87 X 6-yv Where 

Asv is the crosS7sectional area of the two legs of the stirrups 

6'yv is the characteristic strength of the stirrup reinforcement 

Sv is the spacing of the stirrups along the beam. 

22 
For Asv = 7.08 mm and 6-yv = 250 N/mm 

Sv - 198.70 mm c/c 

Maximum spacing of shear links: 

Sv 0.75 Xd 

= 0.75 X 116 

87.0 

80 (say) mm c/c 

Minimum area of shear links: 

Asv/Sv - 0.002 bt 

Or Sv - (2 X 7.08)/(0.002 X 50) 

- 141.60 mm c/c 

Local bond stress : 

6-ba - V/(ýu. d) 

- (5.63 X 1000)/(25.1 X 116) 

= 2.28 

/2 (2.8+3.4)/2 N mm (Table 21 CP110: 72) 
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APPENDIX Bl 

RELATIONSHIP BETWEEN CURVATURE AND DEFLECTION: 

SIMPLY SUPPORTED BEAM 

From figure 7.4 

If Alp 42& A3are the deflections at D, C and E respectively 

due to the externally applied load, then for arc DE of radius 

Rc: 2 
i; c, (2Rc - 15 c) - (Lc/2) oooo See* ob** (B. 1) 

Where: $; c is the net deflection of arc DE of chord length Lc 

at point C. 

For J; c as a very small quantity 

^j C) 0 
17. 2'- 

. ". Rc - (Lc)/8 S'c 000"0"0000aa000 (B. 2) - 
2. 

Or 1/Rc - (8 gc)/(Lc) ... ... ... (B. 3) 
2, 

- 1/(Lc) - (&%+ Aý/21 8[4 (B 4) . 00000a 2. o 

Where O, is the curvature of the arc DE. 
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APPENDIX B2 

RELATIONSHIP BETWEEN ROTATION AND DEFLECTION: 

SIMPLY SUPPORTED BEAM 

For a simply supported beam (fig. 7.2) 
2 2- 

EI dY dX -ýM, .... ... of* 

Integrating: 

- EI dY/dX -, MX + Kl 0000000000' 

For X -1/2 dY/dX -0 

Therefore K1 M1/2 

Substituting in (B. 6) 

EI dY/dX M ('X - 1/2 

Or dY/dX M'('X - 1/2 )/EI ... ... 

For X- 0( at support ), the slope is 

Tan'0/2 -M (-1/2)/EI 

Ml/2EI 

Therefore, Rotation: 

Q-2 Ta-n1 (- Ml/2EI) ... ... ... 

Integrating Equation (B. 8) 
*7 

(B. 5) 

(B. 6) 

(B. 7) 

(B. 8) 

(B. 9) 

Y M/EI . (f/2 - 1X/2). + K2 see (B. 10) 

For X-0 at supports ), Y=0 

substituting in Equation (B. 10) 

K2 =0 
2 

y= M/Ej X/2 - 1X/2 ) ... ... (B. 11) 

For X= 1/2 

11 ''1 
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For X= 1/2 

2 
Y= M/EI 1/4) 

Or M/M - 4Y/f 

Substituting in Equation (B. 9) 

='2 Ta 4Y/17'). -(- 1/2)1 

=2 TaV( 2Y/1 ) ... ... (B. 12) 

Where: Y is the deflection at the centre of span 1. 

It is to be noted that for''la , rge deflections, 4) determine(f in 

this way will'not give a measure of the true'rotation'"(fig. 7.3). 

The true slope of the elastic lineý at ý'A' can, however, ' be 

ýdetermined-theoretically by considering the beam, loaded with the 

, 
M/EI diagram. The true slope is then numerically equal to the shear 

at support 'A' of an elastically loaded beam. Theoretically the 

, 
slope at the supports is given by: 

Tan 6/2 - [a/2 Pa/2 + 1/2 ., Pa/2 (1-- a)]/EI 

- Pa(l a)/4EI .... ... . ... (B. 13) 

Where: P is the. total load (P/2 on each of the two points at distance 

a' from either support). 

2Ta-nl Pa(l-a)/4EI ... ... (B. 14)ý 
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APPEND !, X B3 

GRAPHICAL PRESENTATION OF A TYPICAL SET OF DATA: Sl 

BA. I. Graph Glý_1' 

Figý' BL1 shows the relationship of applied ýload to the 

central-deflection of the specimen in the post fire condition., The 

deflection values correspond to load increments of 2 kN up to the 

collapse st'age-. ý Maximum deflection recorded for the specimen was 

4.14 mm against a collapse load of 18.0 kN. 

B. 3.2. Graph G2S1 

The graph (fig. B3.2) shows the relationship of moment and 

the curvature in the' constant moment zone in the pO'St fire 

condition. ' 'Both moment and curvature were calculated from the 

applied 'load and the corresponding deflections at three points 

(fig. 7.4). The maximum curvature for the specimen in question, 

Just before--collapse load, was computed as 21.2 X 10 (mm 

corresponding to a collapse moment of 2925.0 M-mm. 

B. 3.3. Graph G3Sl 

The graph (fig. B3.3) indicates the relationship-of-moment to 

the total rotation between the two simple supports at ýany 

particular load condition in the post fire condition. Both moment 

and rotations were calculated from the basic data i. e, ýthe applied 

load at the corresponding midspan section (Sec. 7.2) The-maximum 
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rotation for the specimen in question was 0.01882 radians 

corresponding-to the maximum moment of 2925.0 kN-mm in the collapse 

condition., 

B. 3.4. Graph G4S1 

The -relationship of end slip of the bars to applied load is 

shown in this-graph (fig. B3.4). It can be seen by comparison of 

th6 two curves, one each for the end slip of the bar at either end 

of the specimen, that the relationship does not seem to show 

similar trend at both ends. The maximum slip recorded for the 

specimen at ends A and B were 0.036 and 0.028 mm respectively for a 

maximum load 18.0 M. 

B. 3.5. Graph G5S1 

The veriation of load versus deflection (moment versus 

rotation) in terms of the percentage of corresponding values at the 

ultimate failure stage has been shown in this graph (fig. B3.5). As 

can be seen the variation has more or less a linear tendency. The 

deflection recorded for loads of 0.0,11.11,31.33,66.67,88.89 

and 100.0 percený were 0.0,12.8,31.8,68.6,92.15 and 100.0 

percent respectively. 

B. 3.6. Graph G6S1 

This graph (fig. B3.6) shows the relationship of temperature 

rise in respect to time during the heating cycle. The temperature 

gradient at three points on the mid span of the specimen and also 

of the furnace (figures 6.1 & 6.2) have been indicated on the 

graph. It can be seen that'the temperature gradient for the furnace 

is much higher than compared with those within the specimen. 
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Moreover, due to the style of heating these specimens it was found 

that the thermal gradient for the top surface of the specimens was 

slightly higher than compared with the bottom surface for the same 

cover of the concrete. The gradient at the mid depth is obviously 

the minimum, as expected. The maximum temperatures recorded within 

the specimen at points near the top, bottom and the mid-depth for a 

furnace temperature of 6000C were 515,411 and 20011C respectively. 
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SI: Load versus DePlecVion 
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SI: Curv&ure ver-sus Momený 
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Sl:,, Momený versus Roýationý 
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Si: Load versus End-Slip oF' Bars 
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Relationship Between Various Parameters 
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SI: Temper&ure versus Time 
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APPENDIX B4 

GRAPHICAL PRESENTATION OF A TYPICAL SET OF DATA: P36 

B. 4.1. Graph G1P36 ''I 

The graph (fig. B4.1) indicates the relationship of acoustic 

emission activity to applied stress at the interface. The acoustic 

emission has been expressed as, the cumulative effect in counts 

corresponding to a particular stress level at the interface. AE has 

been plotted until the maximum stress at the interface was 

attained. In thisparticular case the total AE counts recorded were 

13400 corresponding to a maximum stress of 6.87 IT/rn2*, 

B. 4.2. Graph G2P36 

Fig. B4.2 shows the plot of slip at the interface against the 

AE activity. This plot seem to follow the general trend of the 

curve described in B. 4.1 above. The tendency of varlatlon ot At; 

with slipt however, is relatively linear when compared with the 

stress-AE relationship. The number of counts recordcd for a maximum 

slip of 0.332 mm at the interface within the specimen was 13400. 

B. 4.3 Graph G3P36 

The graph (fig. B4.3) shows the relationship of applied 

stress to slip. The values of slip were plotted for every 

incremental value in stress until the maximum stress was achieved 

during the pull-out process, that is when the stress began to 
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decrease with continued pull. The maximum displacement recorded in 

the case of the specimen in question was 0.332 mm corresponding to 

2- the maximum pull-out stress of 6.868 N/mm at interface. 

B. 4.4. Graph G4P36 

This graph (fig. B4.5) shows the relationship of temperature 

rise with time . Temperature gradients have been shown both within 

the- furnace and within the specimen at the interface of concrete 

and steel. In the case of the specimen in question the maximum 

furnace temperature was recorded as 800*C and the corresponding 

temperature within the specimen at interface as 760 C. 

B. 4.5. Gra2h G5P36 

This graph (fig. B4.5) indicates the relationships of stress 

with AE and stress with slip expressed as a percentage of the 

corresponding values at the ultimate failure stage of the 

specimens. Corresponding to the stress values of 0.0,31.3,75.86, 

89.67 and 100.0 percent for the specimen the values recorded for 

slip were of the order of 0.0,13.6,50.0,77.3 and 100.0 percent 

those for the AE were 0.00 2.46,10.15,43.58 and 100.0 percent. 

i 
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P36: Sýress ver-sus RcousHc Emission 
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P36: Slip versus RcousVic emission 
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P36: Stress versus Slip 
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P36: Temper&ure versus Time 

VcV wo 

700 

CD am 

L 
U) 

c Soo 
(D 
Q 

0 
(D 
(D 
L- 

. 400 CY) 
(D 

-0 

(D 
L 300 

L 

(D 

i- 
(D 200 

100 

0 

Fig. B4-4: Graph G4P36 (Residual) Tf=800 aC 

43 a20a 

Time (minuýes) 



100.00 

87.50 

75.00 

82.50 

P-% 

all: 
50.00 

37.50 

25.00 

12.50 

0.00 

RER M SLR M 

Fi g. B4.5: Graph G5P36 (Residual Tf 800 OC 

8 

ReloVionships BeNeen ParomeVers 
as a RaVio oP The UlVimaVo SVoge 



1. ýI APPEND IX B5- 

GRAPHICAL PRESENTATION OF A TYPICAL SET OF-DATA: B103 

B. 5.1. Graph G1B103-, 

ý-, _This graph (fig. B5.1) represents the. relationship of applied 

load to AE activity. The intensity of AE activity has been compared 

in. the working-load test both before the heating cycle and after 

it. The maximum AE recorded before heating for the specimen at a 

working load of 7.0 kN was 33870 counts. The AE counts for the same 

limit of load after heating cycle were recorded as 195 counts. If 

the- normal Kaiser effect were-to apply there should be no AE'until 

LOAN on, reloading-the specimen. 

B. 5.2. Graph G2B103 

ýThis'graph (fijz. B5.2) expresses the relationship of applied 

load, (working load limit) to the deflection at midspan. -Comparison 

of this relationship in the preheated and postheated states have 

'also been shown. For the specimen in question the maximum 

deflection for 7.0 kN in the preheating stage is 0.758 mm. whereas 

the-corresponding deflection in the postheated condition is 5.019 

mm. It can be seen that the relationship of the two till the 

working load limit tends to be more or less of a linear type. 

B. 5.3., Graph G3B1O3 

Fig. B5.3 shows the relationship of moment to curvature in 
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the constant moment'zone when the specimen was loaded to the 

working load limit both before heating and after it. The general 

-'trend of the graphs indicate that the relationship is of polynomial 

type from the beginning of the application of the load. This 'is 

due, ý perhaps, to the appearance of cracks even at the very early 

stage'of loading. The maximum curvature computed for the specimen 

-in question under the working load for preheating and postheating 

conditions are 6.81 x T0,6 (mm) and 25.71 X Y8 (mm respectively 

corresponding to the moment of 1137.50 kN-mm. 

IL 5.4. Graph-GO103 

This graph"shows the relationship of Moment (in the constant 

moment zone) to total rotation between the end supports. As before, 

the relationship has been shown both for the preheating and the 

postheating stages while loaded to the working load limit. Moment, 

being directly proportional to the rotation, the relati6n'ship"has' a 

linear, tendency. The'rotation computed for a moment of 1137.50 

U-mm in the "preheating and the postheating conditions for the 

specimen were 3.45 X 10 radians and 22.81 X Te 
radiang 

respectively. 

B. 5.5. Graph G5B1O3- 

This graph (fig. B5.5) indicates the relationship of the 

rotation, between the ends, to the AE activity. As can be expected 

the AE activity increases with rotation. Also the variation is 

__-fairly 
linear within the working load limit both before and after 

the heat treatment. Maximum AE recorded for the specimen were 33870 

counts and 195 counts and the corresponding rotations computed as 

3.45 X 10 radians and 22.81 X 10 radians in the preheating and 
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postheating conditions respectively. 

B. 5.6. Graph-GO103 

This graph (fig. B5.6) shows the relationship of AE activity 

to the applied load, in the residual state. The relationship was 

plotted to the limit of collapse load., The AE activity up to the 

workingload limit is only-nominal and it appeared only above the 

preload (7.0 kN) limit. The AE recorded in the case of the specimen 

at working load and ultimate collapse load were 195 and 1460 counts 

respectively. -, When compared with the AE activity in the preheated 

conditions the AE recorded in the postheated conditions is only 

nominal. This indicates the extent of damage done to the specimen 

by f ire. 

B. 5.7. -Graph G7B1O3 

The relationship of load and central deflection -in,, the 

residual state up to the collapse load limit has been shown in fig. 

B5.7. It is evident from the graph that the rate of increase of 

deflection to the increase in load in the residual state is much 

higher-'when compared with that of the preheating stage in the limit 

of working load (7.0 M). The deflections recorded for the specimen 

in the preheating and, residual state for 7.0 kN were 0.758 mm and 

5.019 mm respectively. The deflection recorded at collapse load 

(11.4 kN) in the residual state was however 14.821 mm. . 

Be5.8. Graph GUM 

Figure B5.8 shows the variation of moment with respect to the 

curvature in the constant moment zone in the residual state up to 

the collapse load. As before, (fig. B5.3), the graph does not seem 
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to follow a continuously smooth-trend throughout. At points there 

are kinks which are due-to the occurrence of cracks,, changing the 

curvature abruptly between the 'cracks. -The curvature computed 

against working load moment for the specimen in the'residual state 

-6 1 
was 25.71 X 10 (1/mm) as against 6.81 X 18 (1/mm) in the preheating 

state. The ultimate curvature at collapse 'load was, however, 
6* -1 

computed as 115.54-X 10 (mm) against a moment of-1852.5 kN-mm. 

B. 5.9. Graph G9B103 

! Fig,. B5.9 is the graph of moment against total rotation in 

the residual state. Rotation being calculated'as a function of 

central deflection, the, graph is almost similar to the one shown in 

fig, B5.7., -The total rotation between the supports for a* working 

-3 
load limit in the residual state was computed as 22.81 X 10-radians 

as against--of 3.45 X 
?0 

radians in the preheating conAitiono -The 

-3 
ultimate rotation for collapse load'was recorded 'asý 67.34- X 10 

radians, the corresponding moment being 1852.5 kN-mm. 

B. 5.10. Graph GlOB103 

The relationship of AE activity to the total rotation between 

the supports in the residual state up to ultimate stage is shown in 

fig. B5.10 As can be seen, AE up to the preloaded stage is only 

nominal but quite appreciable afterwards. The AE for the specimen 

against working load (7.0 kN) in the residual state were recorded 

as 195 counts and at ultimate stage (11.4 kN) as 1460 counts. The 

-3 
total rotation of ends at ultimate was then 67.34 X 10 radians. 

B. 5.11. Graph GUB103 

Fig. B5.11 shows the plot of temperature gradientst within 
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the furnace and at specific points within the specimens, compared 

with time. From the graphs it is noted that the gradient is 

steepest in the furnace, and increasing less rapidly for 

thermocouples fixed further beneath the surfaces of the specimens . 

For the furnace temperature of 800 *C the maximum temperature 

0 
recorded within the specimen, near the top surface, was 780 C. 

Temperature near one of the faces was recorded at 7040C and at the 

0 
mid depth as 596 C. 

B, 5.12. 
lGraph 

G12B103 

The variation of load with AE and load with deflection as a 

percentage of the ultimate collapse load in the residual state is 

shown in fig. B5.12. The effect of moment on rotation was also 

shown, but the graph overlapped that for the load versus deflection 

as the effect was the same. From the general look of the curves it 

appears that the trend of AE and deflection with load is similar 

although the AE response is concentrated more towards the ultimate 

collapse stage. 
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B103: Load versus RcousVic Emission (WL) 
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B103: Load versus DeFlecHon (WL) 
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B103: Curv&ure v Momený (WL) 
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B103: Momenýýveraus RoVaVion, -(WL) 
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B103: RoVaVion'versus Rcousýi'c'emVssion (WL 
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B103: Load versus,. RcousVic emission,, - (UL) 

24.00 

21.00 

18.00 

15.00 

-it 

-0 
12.00 

0 

9.00 

8.00 

3.00 

0.00 -+- 
0 

Fig. B5.6: Graph G6B103 (Residual) Tf = 800*C 

RoousHc Emission tcounts) 



B103-. 'L'oad-ve'rsus DeFlecVion - (UL) 
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B103: ' Curvature v Moment - '(UL) 
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B103: ' Nomentýver'sus-Rotat-ion -(UL) 
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B103: RoVaVion versus RcousVic Emission - (UL 
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B 103: Tempera ý ure ver-sus T ine 
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Relationship Between Various Parameters 
as a Ratio oF the Ultimate Stage : 13103 
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APPEN D'I X Cl 

PRINCIPLES OF THE FINITE ELEMENT PROCEDURE 

The procedure of a structural or continuum problem by the 

finite element may be divided into three basic phases: 

1. Structural idealisation: The continuum is idealized as if it 

consists of a large number of discrete elements connected only at 

their common nodes. 

2. Evaluation of the finite element properties: Within each element 

it is assumed that the displacements and strains are determined 

entirely by the'nodal displacements (deflections). The -essential 

characteristics of an element are represented conveniently by a 

flexibility or stiffness matrix relating force and displacement. 

3. Structural analysis of the element assemblage: The essential 

requirments are to satisfy the conditions of equilibrium, 

compatibility and the force-deflection relationships. 

The load-displacement relationship for the whole structure in 

terms of that of the individual element can be expressed as: 

(PI-{KIEdI... 06* (C. 1) 

Where: P is the vector of nodal loads 

K is the stiffness matrix of the whole structure 

d is the vector of unknown nodal displacements. 

For sufficient boundary conditions known for d, equation 

(C. 1) can be solved to obtain the displacements at each node of the 
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structure. Knowing the d at nodes, the strains and stresses within 

each element can be computed. 

The displacement field within an element can be expressed in 

terms of the nodal displacements d by the use of a suitable 

function'N as: ' 

Ud... ... ... 9*9 .. (C. 2) 

The shape function matrix can be defined in terms of natural 

coordinates 5 and Y\ of the element. The displacement function 

s hould satisfy the compatibility conditions along common boudaries 

between adjacent elements. 

By differentiation of the displacement function with respect 

to the relevant coordinate variables. the strains can be obtained 

as: 

B 

Where: B is the 

The-stresses 

D 

D 
Where: DI is the 

The stiffnes 

d ... ... 

strain matrix 

are then related to 

E. ) ... .. 

BI{dI... 
elasticity or prope 

s matrix of a single 

0*0 (c. 3) 

strains by: 

000 (C. 4) 

0 (C. 5) 
rt; 

*matrix. 

element can be derived 

by the principle of minimum total potential energy as: 

T 
Ke BDBId (Vol) ... (C. 6) 

Is 
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APPENDIX .* C2 

COMPUTER PROGRAM FOR SIMULATION OF CRACK PATTERNS IN A REINFORCED 

CONCRETE BEAM USING FINITE ELEMENT APPROACH 

1. List of parameters used in the program 

Al Maximum principal stress (resultant) at a node of a 
concrete element. 

ALPH Right angles to the direction of maximum principal stress 
in a concrete element at a node* 

AVDEF Average value of deflections at nodes along'a vertical 
plane on a section. 

BI Minimum principal stress (resultant) at a node of a 
concrete element* 

C1 Force on the node of a steel element along its axis. 
CC1 Resultant force in the steel element at a node along its 

axis. 
ClOAD Load on the beam during a particular cycle of analysis. 
Cox X-coordinate of a node. 
COY Y-coordinate of a node. 
D1 Angle of the maximum principal stress to the global X-axis 

DCL Increment in applied load for a cycle of analysis. 
DCLOAD Total applied load during a cycle of analysis. 
DY Deflection of a node in the vertical direction. 
EP Strain at a node. 
EPS Strain in the steel element at a node. 
FS Force in the steel element at a node. 
INDEX Power to the 10 in calculations for deflections. 
Mi Number of a steel element. 
MM1 Node number of a steel element. 
MPC Material properties number at a node of concrete element 

in the material module. 
MPS Material properties number at a node of steel element 

in the material module. 
N1 Serial number of nodes in concrete elements. 
NPC Material properties number for concrete element in the 

material module. 
NAV Number of nodes with non-zero deflection. 
NODENO Serial number of a node in the finite element mesh. 
STRCON Subroutine for computing stress-strain in concrete node 
STRSTL Subroutine for computing stress-strain in steel node. 
SUM Sum of the vertical deflections along a section. 
X Global X-coordinate of a node. 
Y Global Y-coordinate of a node. 
YDEF121 Vertical deflection at node 121. 
YDEF91 Vertical deflection at node 91. 
V Poisson's ratio of concrete. 
Z Modulus of elasticity of steel or concrete. 
ZZ Character reading. 

329 



2. Computer program' 
- --------- 

1C PROGRAM FOR CRACK PATTERNS IN RC BEAMS 
2 IMPLICIT REAL*8 (A-H, O-Z) 
3 CHARACTER ZZ 
4 DIMENSION Al(500), Bl(500), Dl(500), COX(500). COY(500). 
5 DY(500), CC1(60), EP(2,500), Cl(60,2) 
6 INTEGER Kl(60), MI(60,2), 111(500) 
7 MM1(60), MPS(60), NPC(500), MPC(500) 
8 READ(28,11)CLOAD, DCLOAD 
9 11 'FORMAT(FlO. 1) 

10 C 
11 CALL FCALL('DEFINE', '24., F2') 
12 C 
13 DO 22 1-1,73 
14 22' READ(24,33)ZZ 
15 READ(24,44)INDEX 
16 WRITE(26,44)INDEX 
17 44 FORMAT(32X, I2) 
18 DO 55 1-1,45 
19 55 READ(24,33)ZZ 
20 CALL AVDEF(DYgYDEF91) 
21 YDEF91-YDEF91*1000,0/10.0**INDEX 
22 DO 66 1-1,5 
23 66 ' READ(24,33)ZZ 
24 READ(24,44)INDEX 
25 WRITE(26,44)INDEX 
26 DO 77 1-1,26 
27 77 READ(24,33)ZZ 
28 CALL AVDEF(DY, YDEF121) 
29 YDEF121-YDEF121*1000.0/10.0**INDEX 
30 WRITE(26,88)CLOAD. YDEF91, YDEF121 
31 88 FORMAT(/, 2X, 'TLOAD - ', FlO. 1,3X, 'DEF91 ', Fl2.4,5X, 
32 'DEF121 - ', Fl2.4) 
33 IF(ABS(YDEF121). GT. 8.8)GO To 555 
34 C- 
35 DO 99 I=1,314 
36 99 READ(24,33)ZZ 
37 33 FORMAT(A) 
38 DO 111 Il-1,19 
39 READ(24,222) Kl(ll), Ml(Il, l), Cl(Il, l) 
40 ill READ(24.333) Ml(Il. 2). Cl(Il. 2) 
41 c WRITE(26,222) Kl(Il), Ml(Il, l), Cl(Ilol) 
42 C WRITE(26,333)Ml(Il, 2), Cl(Il, 2) 
43 222 FORMAT(2X, I3ý5X, I3,9X, D12.5) 
44 333 FORMAT(10X, I3,9X, D12.5, /) 
45 CCI(1)=Cl(1,1) 
46 CC1(20)=Cl(19,2) 
47 DO 444 1-2,19 
48 444 CC1(I)=Cl(1-1,2)+Cl(I, l) 
49 DO 666 1-1,1123 
50 666 READ(24,33)ZZ 
51 DO 777 I=1,450 
52 777 READ(24,888) Nl(I), COX(I), COY(I), Dl(l), Al(I), Bl(I) 
53 C WRITE(26,888) Ill(I), COX(I), COY(I), Dl(I), Al(I), Bl(l) 
54 888 FOP14AT(2X, I3,13X, F6.4,4X, F6.4,13X, F5.1,3X, D10.3, lX, D10.3) 
55 1211(20)=Ml(19,2) 
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56 DO 999 1-1919 
57 999 MMl(I)=Ml(I, l) 
58 CALL CLOSEF(24) 
59 C- 
60 CALL STRSTL(MM1, CC1, MPS) 
61 CALL STRCON(EP, NPC, A1, Bl, DI, CLOAD, COX, COY) 
62 C CONCRETE ELEMENTS PROPERTIES 
63 MPC(l)-li 
64 DO 101 I=2,100 
65 IIPC(I)=NPC(I+350) 
66 101 CONTINUE 
67 C- 
68 CALL Et4ASFC('DEFINE', 6, '27, CPCIN, tC'gll) 69 C 
70 CALL FCALL('DEFINE', '22, PCIN') 
71 WRITE(27,202) 
72 202 FORMAT('TITLE CPCIN', /, 'NODES', / 
73 'NODE, NUMBER', 2X, 'X', 9X3jYf) 
74 DO 303 1-1,3 
75 303 READ(22,404)ZZ 
76 404 FORMAT(A) 
77 DO 505 1-1,126 
78 READ(22,606)X, Y 
79 606 FORMAT(13X, F5.3,5X, F5.3) 
80 505 WRITE(27,707)I, X, Y 
81 707 FORMAT(I3,10XJ5.3, ýXJ5.3) 
82 WRITE(27,808) 
83 808 FORMAT('MATERIALS', /. 'MATERIAL. NUMBER'. 15X. 'E', 
84 5X. 'NU'. 10X, 'RO') 
85 DO 909 1-1,2 
86 909 READ(22,404)ZZ 
87 DO 110 1-11,17 
88 READ(22,220)X, Y, L 
89 220 FORMAT(19X, F6.2,5X, F4.2,8X, I4) 
90 110 WRITE(27,330)I, X, Y, L 
91 330 FORMAT(I2,17X, F6.2, 'E9', 3XF4.2,8XI4) 
92 WRITE(27,440) 
93 440 FORMAT('ELE11EITTS', /, 'NUMBER', 5X, 'ELEMENT. TYPE'. 
94 5X, 'PROPERTIES'. 5X. 'TOPOLOGY') 
95 DO 550 1-1.2 
96 550 READ(22,404)ZZ 
97 Do 660 I=101,119 
98 READ(22,770)N, M, L 
99 770 FORMAT(12X, I5,25X, I3, lX, I3) 

100 Il-I-100 
101 660 WRITE(27,880)I, N, I, M, L 
102 880 FORMAT(I3,9X, I5,12X, I3,10X, I3, lX, I3) 
103 DO 990 1-1,100 
104 READ(22,212)N, 11, L, J, Jl 
105 212 FORMAT(12X, I5,25X, I3.2X. I3.2X. I3,2X. I3) 
106 990 WRIT"E(27.3l3)I. N. I. M, L, J. J1 
107 313 FORMAT(I3,9X, I5,11X, I3,11X, I3,2X, I3,2X, I3,2X, 13) 
108 WRITE(27,414) 
109 414 FORMAT('PLATES. AND. SHELLS', /, 'PýATE. IIUMBER', 2X, 'MATERIAL', 2X, 
110 'THICYITESS') 
ill DO 515 I=1,2 
112 515 READ(22,404)ZZ 
113 DO 616 1-1,100 
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114 READ(22,717)X 
115 717 FORMAT(25X, F4.2) 
116 616 WRITE(27,818)I, MPC(I), X 
117 818 FORMAT(I3,11X, I2,8X, F4.2) 
118 WRITE(27,919) 
119 919 FORMAT('BEAMS', /, 'SECTION. NUMBER', 3X, 'MATERIAL. Nt NIBER', 
120 9X, 'AREA') 
121 DO 100 1-192 
122 100 READ(22,404)ZZ 
123 DO 200 1-101,119 
124 READ(22,300)X 
125 300 FORMAT(37X, F7.5) 
126 Il-I-99 
127 200 WRITE(27,400)1, MPS(Il), X 
128 400 FORMAT(I3,15X, I2,17X, F7.5) 
129 WRITE(27,500) 
130 500 FORMAT('LOADS', /, 'NODE. NUMBER'92Xt'DIRECTION's 
131 8X, 'VALUE') 
132 DCL-CLOAD+DCLOAD 
133 WRITE(27,600)DCL 
134 600 FORMAT('96', 11X, '2'jlOX, F12.1) 
135 WRITE(27,700) 
136 700 FORMAT('STRESS. ELEMETIT', /, 'START'. 2X, 'FINISH'. 2X. 'STEP') 
137 WRITE(27.800) 
138 800 FORMAT('l', 6X, '119', 6X, 'l') 
139 WRITE(27,900) 
140 900 FORMAT('RESTRAINTS'O/O'NODE. NUMBERO'92X$'PLAITE'3,2X9 
141 'DIRECTION', /, '1-21', 10X, 'l', 6X, 'l', /, 
142 '13', 11X, 'O', 6X, '2') 
143 WRITE(27,001) 
144 001 'CONTROL. END'. /, 'END. OF. DATA'3 FORMAT('COITrROL', /, 'REACTIONS'D/* 
145 CALL CLOSEF(22) 
146 CALL CLOSEF(27) 
147 CALL FCALL('PAFEC', 'CPC') 
148 C --------- 
149 GO TO 002 
150 555 WRITE(26,003) 
151 003 FORMAT(/, 2X9' CENTRAL DEFLECTION EXCEEDS SPAN/100') 
152 002 STOP 
153 END 

154 SUBROUTINE STRSTL(MM1, F, MP) 
155 IMPLICIT REAL*8(A-H, O-Z) 
156 DIMENSION MM1(60), F(60), EPS(60). FS(60) 
157 INTEGER MP(60). Ml(60) 
158 WRITE(26,100) 
159 100 FORMAT(//, lX, 'REINFORCEMENT 
160 1X, 'NODE NO. '02X9'MAT. ', 6X, 'FS', 12X, 'EPS') 
161 DO 200 1-1,20 
162 FS(I)--F(I) 
163 Z=192. OE9 
164 MP(I)-13 
165 EPS(I)=FS(I)/(0.00005*Z) 
166 IF(EPS(I). LE. O. 0022)GO TO 300 
167 Z=41.67E9 
168 MP(I)-14 
169 EPS(I)=((FS(I)/0.00005)-425.0)/Z + 0.0022 
170 IF(EPS(I). LE. O. 00475)GO To 400 
171 Z=2.036E9 
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172 
173 
174 
175 300 
176 
177 400 
178- 
179 600 
180 
181 500 
182 700 
183 200 
184 
185 

186 
187 
188 
189 
190 
191 
192 
193 
194 
195 
196 
197 
198 
199 
200 
201 
202 
203 
204 
205 
206 
207 
208 
209 
210 
211 
212 
213 
214 
215 
216 
217 
218 
219 
220 
221 
222 
223 
224 
225 
226 
227 
228 
229 

MPM-15 
EPS(I)=((FS(I)/0.00005)-531.25)/Z+0.00475 
GO To 400 
IF(EPS(I). GE. O. 000015)GO TO 400 
GO TO 500 
Il-6*I+2 
WRITE(26,600)Il 
FORMAT(2X, 'FAILURE OCCURRED DUE TO BOND AT INTERFACE 
AT THE NODE'. lX. I3) 
WRITE(26,700)MM1(I), MP(I), FS(I), EPS(I) 
FORMAT(2X, I3,5X, I3,4X, E12.5,3X, F10.6) 
CONTINUE 
RETURN 

* 

END 
SUBROUTINE STRCON(EP, IIPC, AlsBl, Dl, CLOAD, COX, COY) 

IMPLICIT REAL*8(A-H, O-Z) 
DIMENSION EP(2,500), Al(500), Bl(500), Dl(500), COX(500), COY(500) 
INTEGER NPC(50O). K(5OO) 
WRITE(26,100) 
FORMAT(//, lX, 'CONCRETE ---------- -------------- 
2X, 'NODE', 2X, 'COX', 5X, 'COY', 6X, 'NP', 6X, 'BETA', 3X, 
'SIGMAl', 5Xt'SIGMA2', 7X, 'EP(1, I)', 5X, 'EP(2, I)') 
DO 200 1-1,450 
NPC(I)-ll 
Z-14.34E9 

100 
* 
* 

V-0.21 
EP(lol)-(Al(I)-V*Bl(I))/Z 
EP(2, I)-(Bl(I)-V*Al(I))/Z 
DO 300 JY, =1,2 
IF(EP(JK, I). GE. 0.0O01)G0 To 400 
IF(Al(I). EQ. 0.0 AND. Bl(I). EQ. O. O)GO To 400 
IF(EP(JK, I). GE. -0. O01)G0 TO 300 
NPC(I)-12 
Z=0.14E9 

500 

600 

400 

700 
300 

800 

200 

900 

V=0.49 
EP(19I)=-0.001+(Al(I)-V*Bl(I))/Z 
EP(2, I)=-0.001+(Bl(I)-V*Al(I))/Z 
IF(EP(JK, I). LE. -O. 0035)GO TO 500 
GO TO 300 
NPC(l)-17 
WRITE(26,600)I 
FORMAT(2X, 'FAILURE OCCURRED DUE TO COMPRESSION AT THE 

NODE', lX, I3) 
GO TO 300 
NPC(I)-16 
WRITE(26,700)I 
FORMAT(2X, 'FAILURE OCCURRED DUE TO TEITSION AT THE NODE' 

CONTINUE 
WRITE(26,800)I, COX(I). COY(I), NPC(l). Dl(I). Al(I). Bl(I) 

. EP(l. I), EP(2, I) 
FORMAT(2X, I3,2X. F6.4.2X. F6.4.3X. I2.5X, F5. l, 2X, ElO. 3. 
1X, E10.3,2X. FlO. 6,2X, F10.6) 

CONTINUE 
WRITE(26,900) 
FORMAT(//, 'CRACKED CONCRETE ELEMENTS --- 
2X, 'LOAD', 6X, 'ELNO', 2X, 'SI&, 4Al', 6X. 'SIGMA2'. 6X'ALPII') 
DO 111 I=352,450 
IF(NPC(I). NE. 16)GO TO 111 

, 1X, 13) 

9/ 9 
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230 ALPH=DI(I)+90.0 
231 KCEL-I-350 
232 T-IRITE(26,222)CLOAD, KCEL, Al(I), Bl(l), ALPII 
233 222 FOPIIAT(2X, F8.1,2X, I3,2X, E10.3,2X, E10.3,2X, F5.1) 
234 ill CONTINUE 
235 RETURN 
236 "END 

237 SUBROUTINE AVDEF(DY, AVD) 
238 IXPLICIT REAL*8(A-H, O-Z) 
239 DIMENSION DY(500) 
240 INTEGER NODENO(500) 
241' WRITE(26,100) 
242 SUM=O. O 
243 NAV=6 
244 DO 200 I=1,6 
245 READ(24,30O)NODENO(I), DY(I) 
246 WRITE(26,30O)NODENO(I), DY(I) 
147 SUM=SUM+DY(I) 
248 200 IF(ABS(DY(I)). EQ. O. O)NAV-NAV-1 
249 AVD=SUM/NAV 
250 300 FORMAT(3X, I3,12X, F12.4) 
251 100 FORMAT(2X, 'DEFLECTIONS 
252 RETURN 
253 END 

3. Obey file to run PAFEC as a subroutine of the progrm 
---------------------------- 

I DEFINE 26,. LP15 
2 PAFEC RPC 
3 COPY RPCIN, PCIH 
4 DEFINE 28, LOADS1 
5 CONVERT RPCOUf., F2 
6 EDIT F2 
7 M/ODISPLACEMENTS AT NODES/ 
8 D-* 
9 E 

10 RUN LIVE1 
11 DESTROY PCIN 
12 RENAME CPCIN, PCIN 
13 DEFINE 28, LOADS2 
14 CONVERT CPCOUT, F2 
15 EDIT F2 
16 M/ODISPLACEMENTs AT NODES/ 
17 D-* 
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APPENDIX 

COMPUTER PROGRAM FOR THE REARRANGEMENT OF EXPERIMENTAL 
DATA MID CURVEFITTING IN THE EXPONENTIAL FORM 

1. List of parameters used in the program 
I Set of data points one less than in the set J 
JA set of data points 
K NOP-1 
NOP Number of points 
I . a, x X-coordinate of a point 
YY, X Y-coordinate of a point 
TM Initialising the YY 
zz Initialising the XX 
TRIAL Data file 
M ON1 Object of-'EXPON' 

2. Conputer_program for curve fit in the exponential form 
1 IMPLICIT REAL*8(A-H, O-Z) 
2 DIMENSION X(11), Y(11) 
3 CALL FCALL('DEFIITE', '5, OUT,, C') 
4 DO 10 I=1,11 
5 READ(5,20)X(I), Y(I) 
6 20 FORMAT(Fl5.8,4X, F15.8) 
7 in CONTINUE 
8 CALL CLOSEF(5) 
9 CALL FCALL('DEFINE', '6, EXPIN,, C') 

10 WRITE(6,30) 
11 30 FORMAT('EXPONENTIAL'/'l'/'DATA') 
12 DO 50 I=1,11 
13 WRITE(6,20)X(I), Y(I) 
14 50 CONTINUE 
15 WRITE(6,60) 
16 60 FORMAT('END'/'STOP') 
17 CALL CLOSEF(6) 
is STOP 
19 END 

3. Format of 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 

the data file 
P6LYNOMIAL 
4 
DATA 
00.00 00.00 
10.00 6.00 
20.00 12.00 
40.00 22.00 
60.00 33.00 
70.00 40.00 
87.00 55.00 
94.00 70.00 
97.00 81.00 
100.00 100.00 
END 
SELECT 
11 0.0 10.0 
STOP 

20.0 30.0 40.0 50.0 60.0 70.0 80.0 90.0 100.0 
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Obey commands for running the'program 

1 DEFINE 1, T'RIAL 
2 DEFINE 2, OUT 
3 CURVEFIT 
4 EDIT OUT 
5 M/USER/ 
6 D2 
7 D-* 
8 (R/@/I/E/5* 
9 E 

10 RUN F_XPONJ 
11 DEFINE, 1, EXPIN 
I') DEFINE 2,. LP40 
13 CURVEFIT 

5. Computer program for the. rearrangene-nt-of data 

1 DIMENSION Xvu(100), Yy(loo), ZZ(100), WW(loo) 
2 READ(5,5)NOP 
3 5 FORMAT(I3) 
4 K=NOP-1 
5 DO 10 I-1,110P 
6 RF. AD(5,20)XX(j), Yy(j) 
7 20 FOPMAT(F6.12,4X, F6.2) 
8 10 CONTINUE 
9 

'DO 
30 J=1, NOP 

10 DO 40 I=1, K 
11 ZZ(I)-XX(I) 
12 ZZ(I+J). Xx(i+l) 
13 WW(I)-YY(I) 
14 MI(I+1)-YY(I+l) 
15 IF(XX(I+1). GT., XX(I))GO TO 40 
16' xx(i)-zz(i+i) 
17 Y-X(I+1)-ZZ(I) 
18 YY(I)-WW(I+l) 
19 YY(I+1)-WW(I) 
20 40 CONTINUE 
21 30 CONTINUE 
22 MX(NOP+1)=O. O 
23 YY(NOP+I)-O. O 
24 --DO 50 I=1, NOP 
25 IF 

, 
(LX(I). EQ. LK(I+1)) YY(I+1)=(YY(I)+YY(I+1))/2 

26 IF(XX(I). EQ. XX(I+1)) GO TO 50 
27 WRITE(6,60)XX(I), YY(I) 
28 60 FORMAT(lX, F6.2,4X, F6.2) 
29 50 CONTINUE 
30' STOP 
31 END 
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APPEND1 -X El 

BASIC DIFFERENTIAL EQUATION OF BOND-SLIP RELATIONSHIP, 

Considering a section of a reinforced concrete prismý (fig. 

10.1) 'of length dX,, in which the-steel and concrete are subjected 

to varying tensile stresses. Assuming that steel and concrete 

behave elastically, and that the slip O-s and 6-cicare 

continuous functions of X. Also that stresses in concrete are 

uniformly distributed over the cross-section area Ac. 

For equilibrium conditions: 

(d 6-s ) As - -(. d &-c+-) Ac D( dIX 

Where: dC-s and d Caare the change in steel and concrete stresses 

over the distance dX and 6-b is the bond stress uniformly distributed 

over the-length dX. 

As is the area of steel reinforcement of diameter D and 

Ac is the area of concrete prism. 

For very small length dX, the local bond 6-b is given by 

6-b = (drsldX) (As/, nD) = (D/4) (d C-s/dX) 
.... (E. 2) 

Or Cb = -(dg-ct/dX) (Ac/; ED) =-(D/4, u) (d Vj(dX) 
.... (E. 3) 

Where: p- As/Ac 

The change in displacement .. at a point X (over a distance 

dX) between steel and concrete is: 

dA /dX =: Es - Ec ... ... ... ... ... (E. 

Where: Es and Ec are strains in steel and concrete respectively. 

. 0. d ý&NX - (6-s/Es) - (4-cýEc) - (l/Es) (Cs- -m C-ce.. o(E. 5) 
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Where: Es is the elastic modulus of steel 

Ec is the elastic modulus of concrete, and 

m is the modular ratio = Es/Ec 

Differentiating equation (E. 5): 

dA dX (1/Es) (d C-s/dX -md 6ZVdX) ... 

Substituting from (E. 2) and (E. 3): 

2-2 

000 (E. 

d A. /dX = (I/Es) (4/D) (I+ayt) iSb ... (E. 7) 

=K 6b 
... ... ... ... ... ... (E. 8) 

Where: K= (4/D Es) (14np) .... ... ... ... (E. 9) 

Taking into account'the effect of the characteristic of steel 

and concrete interface on the behaviour of bond, 6b may be defined 

in terms of the slip only, by use of a bond slip law: 

Cb 
... ... ... ... ... .... (E. 10) 

2 2- 
0QdA dX -Kf (4) 000000000 (E. 11) 

I 
Solution"of this differential equation whithin a given set of 

boundary conditions defines the amount of slip 46 along 

reinforcement and thud' would also enable finding steel stresses and 

bond stresses distribution along a length X. 
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APPENDIX E2 

COMPUTER PROGRAM FOR THE SOLUTION OF THE DIFFERENTIAL 

EQUATION FOR STEEL STRESS, BOND STRESS AND SLIP 

ALONG THE LENGTH OF A REINFORCING BAR 

1. List of parametets used in the program 

Ac Area of concrete. 
ANS Numerical value of the integration 
AS Area of steel 
B Constant of integration 
BLT Bottom limit of integration 
BO Bond stress at the unstressed end of the reinforcing bar. 
BS Bond stress along the length of the reinforcing bar. 
DO Slip at the unstressed end of the reinforcing bar. 
DC Diameter of the concrete cvlinder. 
DD Slip along the length of the bar. 
DS Diameter of the reinforcing bar. 
D01AHF Subroutine for the numerical solution of the integration. 
EC Modulus of elasticity of concrete. 
ES Modulus of elasticity of steel bar 
IBSD Serial number of channel in a cycle of .b distance. 
ICH Integer number of a channel. 
INTEGRAL Subroutine for solving the integration numericallv. 
ISPD Serial number of channel in a cycle for slip-distance. 
ISSD Serial number of channel in a cycle of steel stress dist. 
IUPLT Serial number of the upper limit of integration in cycle. 
it Number of points on the bond stress-slip relationship. 
NORUNS Number of runs for a particular temperature level. 
POWER Subroutine for the conversion bond stress-slip relation- 

ship to a function of slip. 
P, M1 1+U. XH 
IU12 1-u., XM 
RN XC+1 
RO Steel ratio. 
so Initial slip. 
SS Steel stress. 
UPINC Increment in the upper limit of the integration. 
UPLT Upper limit of the integration. 
VIS Value of the initial slip. 
X Distance along the reinforcing bar. 
XA Intercept of slip function with the bond stress axis. 
XB Coefficient of power law function. 
XC Coefficient of power law function in exponent. 
XK, Constant in the solution of the equation. 
'al Constant in the solution of the equation. 
XTI First term of Constant B. 
XT2 Second term of the constant B. 
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2. Program for the solution of the equation. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 

C PROGRAM FOR BOND SLIP RELATIONSHIPS 
T14PLICIT REAL*8(A-H, O-Z) 
COMMON B,. XA, XB, RN 

C FUNCTION STATEMENTS 
FB(,, U, XB, XC, DD)-XA+XB*(DD**XC) 
FD (X. A, XB, RN, DD 

, 
)=XA*DD+(XB/RN)*(DD**PIT) 

FA(FD, B)-1.0/DSQRT(FD+B) 
CALL FCALL('DEFINE'. '11. BDSPPOW20') 
CALL FCALL('DEFINE', '12, BDSPPOW100') 
CALL FCALL('DE: VINE', '13, BDSPPOW300') 
CALL FCALL('DEFINE', '14, BDSPýP-OW500') 
CALL FCALL('DEFINE', '15, BDSPPOW600') 
CALL FCALL('DEFINE', '16, BDSP7P-OW800') 
CALL FCALL('DEFINE', '20, SPD20,, C') 
CALL FCALL('DEFINE', '21, SPDIOO,, C') 
CALL FCALL('DEFINE', '22, SPD200,, C') 
CALL FCALL('DEFINE', '23, SPD300,, C') 
CALL FCALL('DEFINE', '24, SPD400,, C') 
CALL FCALL('DEFINE', '25, SPD500,, C') 
CALL FCALL('DEFIITE', '29, SSD20,, C') 
CALL FCALL('DEFIITE', '30, SSDIOO,, C') 
CALL FCALL('DEFIIIE', '31, SSD200.. C') 
CALL FCALL('DEFINE'. '32. SSD300.. C') 
CALL FCALL('DEFINE', '33, SSD400t, C') 
CALL FCALL('DEFINE', '34, SSD500,, C') 
CALL FCALL('DEFINE', '38, BSD20s, C') 
CALL FCALL('DEFINE', '39, BSD100,, C') 
CALL FCALL('DEFINE', '40, BSD200,, C') 
CALL FCALL('DEFINE', '41, BSD300,, C') 
CALL FCALL('DEFINE', '42, BSD40O.. C') 
CALL FCALL('DEFINE', '43, BSD500,, C') 
VIS-0.0001 
DO-VIS 
NORUNS=l 
ICH- 11 
ISPD=20 
ISSD-29 
IBSD=38 
UP INC= 0.0 1 

555 CALL POWER(XA, XB, XC, DC, DS, EC, ES, ICH) 
C ARIT11MATIC FUNCTIONS 
C AREA OF CONCRETE--- 

AC=(22.0/7.0)*DC*DC/4.0 
C AREA OF STEEL ---------- 

AS-(22.0/7.0)*DS*DS/4.0 
C PERCENTAGE OF STEEL- 

RO-AS/AC 
C MODULAR RATIO ----- 

XH=ES/EC 
C RU FACTOR + 

RM1-1+RO*)Gi 
C RU FACTOR 

RM2=1-RO*XH 
C VALUE OF N 

RN=XC+1.0 
C CONSTANTS OF BASIC DIFFERENTIAL EQUATION 
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57 XK-(4.0*RM1)/(ES*DS) 
58 C CONSTANTS FOR STEEL STRESS EQUATION 
59 XK1-RM2/(ES*DSQRT(2.0*Xl', )) 
60 C WRITE THE VALUES OF FUNCTIONS 
61 WRITE(6,60)AC, AS, R0, M4, P,, Ml, RM2, XK, XYl 
62 60 FORMAT(FlO. 2,2X, F8.2,2X, F5.3,2X, FIO. 3.2X 
63 *, F5.3,2X, F10.8,2X, F16.7,2X, F16.7) 
64 65 WRITE(6,70)DO 
65 C INITIAL BO 
66 BO=(XA+XB*(DO**XC)) 
67 70 FORMAT(24H VALUE FOR INITIAL SLIP-, F8.5) 
68 C INITIAL STEEL STRESS VALUE 
69 SO=BO*, XK*ES/P., Ml 
70 WRITE(6.80)SO 
71 80 FORMAT(3211 VALUE FOR'INITIAL STEEL STRESS-, F6.2) 
72 C CAL CONST B ---------------- 
73 XT1=(XK1*SO)**2.0 

'74 XT2-XA*DO+(XB/Pdl) * (DO**RN) 
75 B=XTI-XT2 
76 C PRINT VAL B 
77 WRITE(6,90)B 
78 90 FORMAT(13H VALUE OF B-, F12.5) 
79 UPLT-DO 
80 IUPLT-1 
81 999 CALL INTEGRAL(ANS, UPLT, DO) 
82 X=ANS/DSQRT(2. O*XK) 
83 C STEEL STRESS 
84 SS=DSQRT(XA*UPLT+(XB/RN)*(UPLT**Pll)+B)/XK1 
85 C BOND STRESS 
86 BS=FB(XA, XB, XC, UPLT) 
87 IF(SS. LT. 460)GO TO 888 
88 UPLT=UPLT-UPINC 
89 UPINC-UPINC/5.0 
90 UPLT=UPLT+UPINC 
91 GO TO 999 
92 C PRINT VALUES 
93 888 WRITE(6,140)UPLT, X, SS, BS 
94 140 FORMATV DD X SS BS ', 10X, 4(2X, F10.3)) 
95 WRITE(ISPD, 100)X, UPLT 
96 WRITE(IBSD, 100)X, BS 
97 WRITE(ISSD, 100)X, SS 
98 100 FORMAT(2Fl2.5) 
99 UPLT=UPLT+UPINC 

100 IF(ABS(SS-460.0). LE. 1.0)GO TO 666 
101 GOTO 999 
102 666 NORUNSwNORUNS+l 
103 CALL CLOSEF(IC11) 
104 CALL CLOSEF(ISPD) 
105 CALL CLOSEF(ISSD) 
106 CALL CLOSEF(IBSD) 
107 IF(NORUNS. GT. 6) GO To 444 
108 ICH-IC11+1 
109 ISPD=ISPD+l 
110 ISSD=ISSD+l 
ill IBSD-IBSD+1 
112 UPINC=0.01 
113 IF(ICH. EQ. 12) DO=VIS/0.65 
114 IF(ICH. EQ. 13) DO=VIS/0.51 
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115 IF(ICH. EQ. 14) DO=VIS/0.45 
116 IF(ICTI. EQ. 15) DO=VIS/0.35 
117 IF(ICH. EO. 16) DO-VIS/0.27 
118 GO TO 55ý 
119 444 CALL EZGRAF(' GRAFSPD', 7) 
120 CALL EZGR : GRAFBSD', 7) 
121 

ffl 
CALL EZGRAF GRAFSSD'. 7) 

122 STOP 
123 END 

124 SUBROUTINE INTEGRAL(ANS, UPLT, BLT) 
125 IMPLICIT REAL*8(A-H, O-Z) 
126 COMMON B, XA, XB, RN 
127 REAL*8 D01AHF 
128 EXTERNAL FUN 
129 DATA NOUT/6/ 
130 WRITE(NOUT, 99999) 
131 NLIMIT=O 
132 EPSR=1. OE-5 
133 IFAIL-1 
134 ANS-DOlAHF(BLT, UPLT, EPSR, N, RELERR, FUN, ITLIMIT, IFAIL) 
135 WRITE(NOUT, 99998)ANS. RELERR, N, IFAIL 
136 IF(IFAIL. GT. O)STOP 
137 RETURN 
138 99999 FORMAT(//10X, 'ANCTIOR. AGE') 
139 99998 FORMAT(10X, INTEGRAL=', El2.5/, 
140 *'ESTIMATED RELATIVE ERROR', El2.5/, 
141 *'NUMBER OF FUNCTION EVALUATION-', I4 
142 *. 5X, 'IFAIL=', Il) 
143 END 

144 REAL FUNCTION FUN(D) 
145 IMPLICIT RE4*8(A-H, O-Z) 
146 COMMON B, XA, XB, RN 
147 REAL*8 D 
148 FUN=1.0/DSQRT(XA*D+(XB/RN)*D**RN+B) 
149 RETURN 
150 END 

151 SUBROUTINE POWER(XA, XB, XC, DC, DS, EC, ES, ICII) 
152 TMPLICIT REAL*8(A-H O-Z) 
153 DIMENSION D(20), SI61(20), X(20), Y(20) 
154 READ(ICH, 60)DC, DS, EC, ES,, KA 
155 60 FORMAT(F8.1) 
156 READ(IC11,51)M 
157 51 FORMAT(I2) 
158 1 READ(ICH, 52)(D(I), SIG1(I), I=1, M) 
159 52 FORMAT(F5.2,2X, F5.2) 
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160 DO 70 I=I, M 
161 SIG1(1)-SIG1(I)-XA 
162 70 CONTINM 
163 DO 3 I=I, M 
164 2 X(I)-ALOG(D(I)) 
165 3 Y(I)=ALOG(SIG1(I)) 
166 MMAN=O. 0 
167 YMEAN=0.0 
168 SUMXX=0.0 
169 SUMXY=0.0 
170 DO 4 1-1,11 
171 -IM, AN=)DEAN-kX(l) 
172 YMEAN-YMEAN+Y(l) 
173 SUMXX-SUMXX+X(I)*X(I) 
174 SUMXY-SUKXY+X(I)*Y(I) 
175 4 RM=M 
176 MAN-XMEAN/Pll 
177 YMEAN=YMEAN/RM 
178 XC=(SUMXY-RM*XMEAN*YMEAII)/(SUMXX-RM*XMEAN*)GIEAN) 
179 XB-EXP(YMEAN-XC*, XMAN) 
180 RETUIUT 
181 END 

3. Program for plotting distribution curves of steel stress versus 
distance along the reinforc-ing bar. 

1 FILE GRSSD 
2 TITLE "Steel Stress v Distance" 
3 XAXIS 12, "Length X (mm)" 
4 YAXIS 16, "Steel Stress (N/mm@S2@N)" 
5 XSCALE 0.0,50.0 
6 YSCALE 0.0,30.0 
7 XFORMAT 3,0 
8 YFORMAT 3,0 
9 TICKIN 

10 LINETYPE 2 
11 SIZEGT 0.24 
12 Sizi-XT 0.15 
13 Sizt-yT 0.15 
14 ANN67TATE f1l" 
15 DATA SSD20 
16 PLOT 
17 OVERLAY 
18 ANNOTATE '12" 
19 DATA SSD100 
20 PLOT 
21 OVERLAY 
22 ANNOTATE "T' 
23 DATA SSD300 
24 PLOT 
25 OVERLAY 
26 ANNOTATE 11411 
27 DATA SSD400 

. 78 PLOT 

344 



29 OVERLAY 
30 ANNOTATE "5" 
31 DATA SSD600 
32 PLOT 
33 OVERLAY 
34 ANNOTATE "6" 
35 DATA SSD800 
36 PLOT 
37 END 
38 STOP 

4. Program for plotting dist-ribution curves of bond stress versus 

distance along reinforcing bars. 

1 FILE GRBSD 
2 TITLE "Bond Stress v Distance" 
3 XAXIS 12, "Length X (mm)" 
4 YAXIS 16, "Bond Stress(N/mm@S2@N)" 
5 XSCALE 0.0,50.0 
6 YSCALE 0.0,1.0 
7 XFORMAT 3,0 
8 YFORMAT 2,2 
9 TICKIN 

10 LINETYPE 2 
11 SIZEGT 0.24 
12 SIZEXT 0.15 
13 SIZEYT 0.15 
14 ANNOTATE 'T' 
15 DATA BSD20 
16 PLOT 
17 OVERLAY 
18 ANNOTATE 112" 
19 DATA BSD100 
20 PLOT 
21 OVERLAY 
22 ANNOTATE "T' 
23 DATA BSD300 
24 PLOT 
25 OVERLAY 
26 ANNOTATE "4" 
27 DATA BSD400 
28 PLOT 
29 OVERLAY 
30 ANNOTATE "Y' 
31 DATA BSD600 
32 PLOT 
33 OVERLAY 
34 ANNOTATE "6" 
35 DATA BSD800 
36 PLOT 
37 END 
38 STOP 
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,. Aks. t-ribut-ion curves of slip versus 5. Program for pl2tting 

distance along the reinforcing bars. 

1 FILE GRSPD 
2 TITLE "Slip v Distance" 
3 XAXIS 12, "Length X (mm)" 
4 YAXIS 16, "Slip D (mm)" 
5 XSCALE 0.0,50.0 
6 YSCALE 0.0,0.03 
7 XFORMAT 3,0 
8 YFORMAT 1,2 
9 TICKIN 

10 LINETYPE 2 
11 SIZEGT 0.24 
12 SIZEfx-T 0.15 
13 SIZEYT 0.15 
14 ANNOTATE "1 
15 DATA SPD20 
16 PLOT 
17 OVERLAY 
18 ANNOTATE "2" 
19 DATA SPD1OO 
20 PLOT 
21 OVERLAY 
22 ANNOTATE "Y' 
23 DATA SPD300 
24 PLOT 
25 OVERLAY 
26 ANNOTATE "4" 
27 DATA SPD400 
28 PLOT 
29 OVERLAY 
30 ANNOTATE "Y' 
31 DATA SPD600 
32 PLOT 
33 OVERLAY 
34 ANNOTATE "6" 
35 DATA SPD800 
36 PLOT 
37 END 
38 STOP 
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