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ABSTRACT 

. 
This thesis reports on an experimental research programme into 

developing a new quantitative method, based on the Stiffness Damage Test 
(SDT), to be used in assessing fire-damaged concrete. The SDT subjects a 
concrete core to low-stress quasi-static load cycles. The energy dissipated 
during the load-cycle together with other characteristics of the stress-strain 
response are used as assessing tools of the fractured state of damaged 
concrete. 

In addition to the SDT, the extent of damage was also monitored by the 
following test methods: 

The Ultrasonic Pulse Velocity (UPV) technique 
The dynamic modulus measurements 
The crushing strength 
The full stress-strain response of fire-damaged concrete to failure 
The petrographic approach including: 
0 Scanning Electron Microscopy (SEM) 
0 X-Ray Diffraction (XRD) 

The investigated concrete was heated to various temperatures in the 
range (ambient - 5000C) to the point when the temperature became uniform 
and was then exposed to this temperature for various durations. Cooling of the 
heated concrete was either carried out in air or by means of spraying with tap 
water for a short duration. Both carbonate and siliceous aggregate concrete 
were investigated. Maximum aggregate sizes of 10mm and 20mm were used 
in the siliceous aggregate concrete. 

The SDT was shown to be a powerful method in quantifying the extent of 
fire-damage. The energy dissipated in a stress cycle was found to correlate 
extremely well with the % fired residual stiffness, R 2=0 

. 95. Therefore, a new 
method of classification of fire-damage, based on such correlation is 
introduced. 

The currently accepted method of UPV was shown to be unsatisfactory in 
assessing fire-damaged concrete when moisture content is altered during the 
fire-fighting operations. The traditional method of assessing fire-damage using 
the phenomena of colour changes of heated concrete was also shown to 
underestimate the extent of internal disruption and damage. 

In this thesis a large body of evidence is presented to support the 
supposition that the extent of damage is not a sole function of the maximum 
temperature experienced. The extent of damage was found to be a complex 
function of: the maximum temperature, the method of cooling, the duration of 
exposure, and the type and size of aggregate used. Spraying hot concrete with 
water proved to be a major determinant in the post-firing residual stiffness of 
concrete. 
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Chapter (1) 

Introduction 

1.1 General 

When a fire starts in a building, it usually spreads very fast by 

consuming the highly flammable modem furnishings or the hydrocarbon fuels 

in the case of some industrial installations. The development and severity of 

the fire depends on the amount and type of fuel, "the fire load", and the degree 

of ventilation to the fire compartment. 

The thermal assault on the structural elements in the fire compartment 

will largely depend on the intensity of the fire and the thermal properties, 

"thermal inertia", of the structural material such as the thermal conductivity, 

specific heat and diffusivity. The elevated temperature reached will result in 

physical and chemical changes in concrete which in turn affect its mechanical 

properties. The relatively low conductivity and diffusivity of concrete results 

in the development of a thermal gradient across the concrete elements which 

leads to development of internal stresses held in equilibrium. 

The fire-fighting activities attempt to control the fire, usually by 

applying water to the seat of fire either directly, when the burning fuel is 

accessible, or indirectly by reflecting the water jet from a nearby ceiling or a 

wall. This activity results in a thermal shock to the hot structural members 

which also leads to the development of internal stresses. 
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1.2 The technological relevance of this research 
The rise in the temperature of the structural material leads to a 

modification in its structural properties to various degrees but rarely causes 

collapse. 

Attempting to predict the behaviour of a concrete structure during a fire 

and designing it to withstand a probable fire scenario is one section of the 

overall problem. The residual structural response is predicted using the 

modified material properties as a simplistic function of the maximum 

temperature of the exposure. Such prediction ignores the effect of other 

characteristics of the fire such as the thermal shock caused by spraying hot 

concrete with water during fire-fighting. Previous research work does not seem 

to have sufficiently investigated this issue in spite of its importance in 

establishing the structural behaviour of fire-damaged concrete. 

The other half of the problem is concemed with the appraisal of 

concrete structures after a fire incident and assessing the residual load bearing 

capacity in an overall redesign exercise especially for important structures and 

installations. 

The published literature contains examples of severe fires in various 

parts of the world which caused obvious structure damage to concrete. The 

assessment of the extent of damage was carried out mainly by visual 

inspection. The available methods of UPV and Rebound Number were 

sometimes used but many practitioners expressed their concern about the 

effectiveness of these methods. Therefore, the need for an efficient, accurate 

and reliable method for assessing the fractured state of concrete after a fire was 

clearly paramount. The availability of such reliable method should reduce the 

disruption period and save money. 
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1.3 Main hypotheses examined by the author 

In this thesis, the author experimentally examined a principal 

hypothesis and related secondary ones. The author hypothesised that the strain 

energy dissipated in a low stress cycle in a concrete core is a reliable direct 

measure of the internal fractured state of fire-affected concrete. Therefore, the 

dissipated energy has a strong correlation with the residual mechanical 

properties, stiffness in particular. 

When the author started the research programme reported herein, a new 

technique had just been introduced as a means of assessing AAR-damaged 

concrete. The Stiffness Damage Test (SDT) was based on establishing the 

stress-strain response of cores extracted from AAR-damaged concrete when 

subjected to quasi-static low stress load-unload cycles. 

The aforementioned hypothesis was based on the limited amount of 

research carried out using the SDT in assessing the extent of AAR-damage to 

concrete. It was also based on understanding of the crack activities and the 

mechanisms of energy loss. In the light of the experimental results, the 

hypothesis was accepted and a new quantitative method of classification of the 

extent of fire-damage to concrete was proposed to increase the efficiency of the 

current indirect qualitative ones. 

The author also hypothesised that the extent of damage is not a sole 

function of the maximum temperature of exposure but depends on various 

characteristics of the fire and the fire-fighting operations. This hypothesis was 

based on very limited work on the effect of duration of exposure and quenching 

of hot concrete on its residual compressive strength. The hypothesis was 

driven by the need to improve the material models used in predicting the fire 

resistance of concrete members or redesigning such members after a fire 

incident. 

The following sub-hypotheses, which were driven by the need to 

improve the current methods of assessment, were investigated: 
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It was hypothesised that the ultrasonic pulse velocity in heated 

concrete can be largely erroneous because of the change in the 

water content of concrete during the subsequent fire fighting 

operations. This supposition was accepted and the error was found 

to be as much as 200% in extreme situations. The inadequacy of 
UPV in assessing fire-damaged concrete manifested itself in the 
literature as a contradiction between the results obtained by 

previous researchers. 

It was also hypothesised that microstructure, features of damaged 

concrete as seen under the scanning electron microscope correlates 

well with the extent of damage as determined by mechanical 

means. This supposition was later modified and limited to high 

level of exposure when the microstructure shows clear loss of 

integrity. 

The following sub-hypotheses, which were driven by the need to 

improve the current material models, were also examined: 

+ Fire-fighting operations lead to the reversal of the thermal profile 

inside the concrete. Based on this fact it was sub-hypothesised that 

quenching hot concrete with water causes further internal 

disruption aggravating the damage caused by heating. This 

hypothesis was accepted and proven correct by the different 

methods of evaluation over the entire range of the temperatures 

investigated. 

The question of the effect of longer duration of exposure on the 

elastic properties compared to the effect of quenching was also a 

sub-problem. It was initially hypothesised that extended duration 

of exposure does not result in fundamental increase of the damage 

provided that no thermal profile exists. However, this sub- 

hypothesis was modified and accepted in the lower range of 
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exposure before the onset of the loss of the chemically combined 

water. 

It was also sub-hypothesised that concrete made from smaller size 

aggregates suffers less internal disruption than that made from 

larger size aggregate after exposure to fire. This supposition was 

based mainly on the intuition of the author and was driven by the 

need to identify a concrete material with enhanced fire resistance. 

The experimental results tend to generally advocate this sub- 

hypothesis. 

j. 4'Outline' 

This thesis consists of six chapters in which the author reviews the state 

of the art of assessing concrete structures after fires. He also documents and 

analyses his work in this area especially the development of the new technique 

of the SDT to be used in assessing the extent of fire damage to concrete. 

Chapter (1), the introduction, contains a problem statement together 

with the formulation of the main hypothesis and the secondary ones. In this 

chapter, the author highlights the technological relevance of the undertaken 

research, briefly setting the scene and putting the research in context with the 

current position and its contribution to the solution of the overall problem of 
Fire Engineering. 

In chapter (2), literature reiie the author reviews the literature 

starting with examples of real fire incidents which occurred in different parts of 

the world and the methods used to assess the extent of the structural damage. 

The author then expands on the Ultrasonic pulse velocity and the petrography 

methods highlighting the introduction of the SDT in assessing AAR-damage to 

concrete. In the remainder of chapter (2), the author reviews the available 

knowledge on the thermal and residual mechanical properties of concrete after 

exposure to elevated temperatures. The experimental and analytical procedures 
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of establishing the fire resistance of concrete structural elements are briefly 

explored as well. 

Chapter (3), detailed research oklectives, contains detailed clarification 

of the research objectives in the light of the current position which is 

highlighted in chapter (2). The objectives are generally aimed to contribute to 

the advancement and improvement of the current position. 

In chapter (4), research methods, the author provides an account of 
how the experimental programme was sensibly carried out and provides 
detailed procedures of the various test methods used during the course of this 

work. 

Chapter (5), results and discussion. documents the findings of the 

research project and attempts to relate the new findings to the current 
knowledge and highlights the addition to the body of knowledge as a result of 
this research work. 

In chapter (6), conclusions and recommendations. the author lists the 

main conclusions, which can be drawn from the experimental results, and the 

recommendations, which aim to advance the current position. 

Finally, chapter (7), 
-further wo highlights the areas which need 

further investigation to further the development of the newly introduced 

technique. 
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Chapter (2) 

Literature Review 

2.1 The available methods of assessing fire-damaged 
concrete: 

In this section, the author attempts to outline the methods used in 

assessing real fire-damage to various concrete structures world wide. The 

survey showed that the current methods of assessing the damaged state of 

concrete are not adequate and a technological development in this field is 

needed. 

2.1.1 Examples of assessment of real fire damage: 

Dorsch (1991) reports the assessment of the fire damage of the Seminole 

Electric Co-operative in northern Florida. The fire lasted for 3 hours and a 

possible temperature of 730'C was reached. The fire caused serious damage to 

the generator pedestal. The decision on what to do with the damaged areas was 

taken by carrying out sounding tests on all concrete elements. A "dull" sound 

indicated damaged material which was cut before any repair started. Some cores 

were occasionally taken and tested for compressive strength as a verification of 

the sounding tests. 

Tomlinson (1976) reported a very severe fire in the Kellogg Company 

Factory in Great Britain which caused serious structural damage to the concrete 

building, in particular to the ground floor where the fire originated. The fire was 

intense and consumed around 2000 tonnes of paper and wax spreading very fast 
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for a duration of 8 hours in spite of the fact that the fire station was next door to 

the Kellogg's works. It is interesting that the RC floor above the seat of the fire, 

which was flooded from the top, had collapsed 

It appears that the method of assessment of the structural damage was 

mainly carried out by visual inspection and scrutiny of every individual member 

for cracks especially those along the principal planes. The building was designed 

according to the less conservative USA code of practice which assumes that 

concrete can carry a proportion of the shear stresses and shear links were only 

provided in the high shear regions. The fire induced cracks resulted in significant 

reduction of the shear strength of concrete and this was one of the most serious 

problems involved in the reinstatement of the Kellogg works. 

Kelloggs required the production of cereal to continue to save the large 

investment from Kellogg to establish its name as a leader of the market. The 

reinstatement of the severely damaged concrete elements in the ground floor was 

carried out by replacing or strengthening them. 

In another example of real fire-damage to concrete, Fleischer and 
Chapman (1994) reported on the work carried out to assess the fire and /or bomb 

damaged concrete buildings in Beirut after the end of the civil war. The 

assessment was carried out visually and the condition of concrete was evaluated 
by means of both the UPV and Schmidt Hammer (Rebound niunber). 

Gustaferro (1980) wrote about his experience in assessing fire-damaged 

concrete structures during his work as a principle of the Consulting Engineers 

Group Inc., Illinois, USA. He investigated a destructive fire in Chicago's 

McCormick Place, in 1967. The cast in place waffle slab suffered serious 

spalling and in many areas the reinforcement was exposed. In spite of the 

severity of the damage, it was possible to repair the slab. 

An apartment fire in a high rise building constructed of reinforced 

concrete consumed all combustible materials in the flat but no serious structural 

damage was detected. Gustaferro used the rebound hammer to outline the areas 
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which were severely damaged but he cautioned that "determining the strength of 
fire-damaged concrete with an impact rebound hammer must be regarded as 
highly suspect". 

In other cases, the damage inflicted by fire was so severe that demolition 

and rebuilding was cheaper than repair. Such fires occurred in a four storey plant 

of bearn-and-slab construction. The fire caused shear and flexural cracks in the 
beams as a result of the redistribution of the bending moments and the reactions. 

Gustaferro also reported an interesting fire which took place in a 

petrochemical plant in Japan. The cast in place platform was subjected to high 

intensity and short duration fire. The post fire assessment was carried out 

visually by scrutinising the platform for cracks, especially in the negative 

moment areas which could have indicated redistribution of the moment. The 

rebound hammer was also used in an attempt to establish the severely damaged 

areas. 

In spite of the fact that the assessment of the platform established that the 

damage was superficial, the designer of the platform still felt the need to 

strengthen it. Had the method of assessment been direct, reliable and conclusive, 

such conservatism would not have been justified and obvious saving of capital 

and time would have been achieved. 

7be damage caused by fires to concrete structures involves other aspects 
in addition to the modification in the material properties such as explosions and 

thermal expansion. Differential thermal expansion can be extremely damaging 

which was the case in the fire reported by Kordina (1976). A big fire devastated 

the premises of Linde Household Appliances, Mainz Kostheim, West Germany 

in 1971. It was calculated that the thermal expansion in some cases was as much 

as 54mm causing an increase in the moment of 580 kNm. 

Forrest (1980) reports some incidents of fire in lightweight concrete 

structures in several countries. The extent of damage in one incident in the UK 

was assessed by pushing a screwdriver into the concrete. As the screwdriver was 

pushed only 6mm into the concrete, it was somehow concluded that the concrete 
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was not seriously damaged. However, in most cases the damage was assessed by 

observing the degree of spaUing and the exposure of reinforcemenL 

2.1.2 Summary of the existing methods of assessment: 

The available literature together with discussions with structural 

engineers and researchers concerning the problem of assessing fire damage 

showed that visual examination and classification according to the appearance 

of every structural member is the normal practise. The current position seems 

to be intuitive and unsophisticated. Scratching the damaged surfaces with a 

nail is sometimes used to obtain information on the extent of damage. 

However, the current procedure, in its most sophisticated form, for 

estimating the residual structural properties of a concrete member after a fire 

can be summarised in two sections: 

A) Attempting to estimate the maximum temperature attained during the 

fire 

Practitioners believed that the modification in the structural properties 

of concrete after a fire is a sole function of the maximum temperature 

experienced (Concrete Society, 1990). Therefore, the assessment of the 

residual properties was believed to be achieved by estimating the maximum 

temperature. The maximum temperature is thought to be estimated by the 

following methods: 

Scrutiny of debris and collection of infor7nation about the fire fi-om 

eye witnesses andfire-brigade. The charred wood, 0.7-1 mm/min 
(Hosser, 1994) and molten metals can provide very valuable 

information about the severity of the fire but the so estimated 

temperatures can only reflect localised fire and flame temperature 

and might lead to serious error. 

The phenomena of discoloration. This method is based on the fact 

that siliceous aggregate with iron salts change colour to a pinkish 

brown around 3000C due to the formation of iron oxides. 
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However, discoloration can be caused by other effects such as 

carbonation. Moreover, aggregate which does not contain iron salts 

will not exhibit noticeable discoloration. The detection of the 

300"C isothermal was believed to be crucial in assessing the extent 

of damage as it was believed to coincide with the onset of a 

significant structural damage (Concrete Society, 1990). In chapter 
(4) the author highlights the inadequacy of this method to estimate 

the maximum temperature experienced. 

The most sophisticated and complicated method of estimating the 

maximum temperature experienced is the thennoluminescence (74) 

technique. In this method a concrete dust sample is taken and treated 

in a complicated process and heated to establish the count of photons 

emitted from the sand particles. This count was believed to be a 
function of the maximum temperature experienced (Smith, 1983) but 

it was found later that longer duration of exposure largely affects the 

residual thermoluminescence which could overestimate the. 

maximum temperature experienced when the duration of exposure is 

long (Chew, 1993a). However, Chew (1993b) believed that the TL 

method is a comparatively sensitive method to detect exposure to 

high temperatures. It is worth mentioning that the technique is 

complex and needs such expertise that in 1990 it was only available 
in one laboratory in the UK (Concrete Society, 1990). 

Yhermogravime&ic test 

The calcium hydroxide, CH, in the cement paste dehydrates rapidly 
when heated to temperatures in the range 400"C to 600"C. The 

weight loss can be estimated to indicate the maximum temperature of 

exposure using the thermogravimetric test. However, Chew (1993b) 

found that the rehydration of the paste can lead to serious errors 

underestimating the temperature of exposure if this technique is used. 
Also there seems to be a lack of information on how the duration of 
heating affects the weight loss and therefore the estimated maximum 

temperature. 
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It is questionable whether the maximum temperature attained at a certain 

point within a structural element can be established with an acceptable degree of 
0 

accuracy using any of the aforementioned methods. Even if a method was 

successful in accurately estimating the temperature of exposure, the author 
demonstrates clearly in this thesis'that the residual properties are function of 

other characteristics of the thermal exposure. 

B) Assessment of the condition of concrete: 

Chew (1993b), the Concrete Society (1990), and Keiller (1982) gave 
descriptions of the test methods sometimes used in assessing the condition of 
fire-damaged concrete. However, short notes on some of these methods and the 

author's opinion on their applicability in assessing the extent of fire-damage are 

provided in the following paragraphs. 

Visual examinadon 

This involves scrutinising the structural members for cracks, spalling, 

reinforcement exposure and identifying unsafe members which needs 

probing. 

Sounding of concrete 

The condition of concrete can be assessed by this simple method 

which relies on the experience that sound concrete gives a nice "ring" 

when hit with a hammer while cracked concrete gives a "dull" sound. 
In spite of its crudity this method was adopted as the major assessment 

procedure after serious fire-damage to concrete elements (Dorsch, 

1991). 

ne surface hardne; s hy Schmidt Hammer (RehoundNumher) 

This method measures the hardness of the concrete surface and attempts 

to correlate the compressive strength with the Rebound Number. 
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The method might appear to be useful in the case of sound concrete but 

surely its application on spalled surfaces is difficult and the results 

unreliable. 

b7ftwonic Pulse Velocity (UPO 

A detailed description of this method and serious criticism to its 

application in assessing fire damaged concrete can be found in sections 
(2.3 and 5.2) 

SONREB Method 

This method combines both UPV method and the Rebound Number 

method in a limited attempt to slightly -increase the accuracy of the 

assessment of the extent of damage more than that achieved when either 

of the two tests is used on its own. 

Core compressive strength test 

11is test is the most direct measurement of the compressive strength but 

a failure of a core extracted from a fire-damaged concrete element can 

occur as a result of the failure of the severely damaged outer layer. Also 

the compressive strength determination depends to a considerable extent 

on the method and quality of end preparation. Therefore, interpretations 

of the compressive strength test on fire damaged concrete must take into 

account the mode of failure and the quality of the end preparation and 

the moisture content of the specimen. 

Internalfracture test., 

Keffler (1982) gave a description of this test but its use and usefiAness in 

assessing fire damaged concrete are jeopardised by the layered nature of 

the damage. 



Literature Review 

Windsorprobe. - 

This is an American technique which involves firing a steel probe into 

the concrete and measuring the penetration which is then correlated with 

the compressive strength. The correlation for sound concrete might be 

reasonable (Keiller, 1982) but to the best of the author's knowledge, the 

correlation for fire damaged concrete has not yet been investigated. 

However, the spalled and severely damaged outer surface and the 

layered nature of the damage will surely complicate the interpretations 

of the results. 

77iepull-off test 

This test attempts to evaluate the tensile strength of the surface layer of 

concrete by pulling off a steel plate well stuck to the surface. The 

tensile strength can also be correlated with the compressive strength and 

flexural strength. Using this test for assessing fire damaged concrete 

will again be jeopardised by the layered nature of the damage and the 

severely damaged outer layer. 

77ze thermoluminescence test. 

It was mentioned earlier that this test is occasionally used in attempting 

to approximately estimate the maximum temperature of exposure by 

determining the residual TL value (Chew, 1993b). However, in the 

initial stages of developing the technique, it was claimed (Smith, 1983) 

that the residual TL correlates well with the residual compressive 

strength. Further examination of the graphically presented data revealed 

that a residual TL of 0.6 corresponded to a residual strength in the range 

60%-30 %. In addition the correlation involved variables which affects 

both thermoluminescence and compressive strength but other factors, 

which would have affected the structural properties and had no or little 

bearing on the TL value, were not involved. 
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2--. 2F, ', Th&"Stiffhess'Da' Fýtjest.,,,,, mgg ! AS 

2.2.1 Background and test philosophy: 

Crouch (1987) introduced the Stiffness Damage Test (SDT), in his 

research into assessing Alkali-Aggregate-Reaction (AAR)-affected structures. 
By 1989, a number of AAR-affected structures in England were appraised by 

the technique (Wood, 1989). 

The SDT was used to detennine the stiffness characteristics of cores 

taken from AAR-damaged concrete members. The test involved subjecting the 

cores to five low compression stress cycles at an appropriate rate. The loading 

modulus and the area of the hysteresis were used to assess the extent of damage 

in the investigated concrete. These stiffness parameters were then correlated 

with other mechanical properties: such as, compressive strength and shear 

tensile strength of AAR-damaged concrete (Wood, 1989). The modified 

mechanical properties were then used in the overall appraisal of the AAR- 

damaged structures. 

Chrisp et al (1989) later introduced five. new characteristics from the 

quasi-static stress-strain load cycles. These parameters were: 

Chord loading modulus (E, )-which is the slope of the loading 

response. 
Unloading stiffness CE. )-which is the tangent to the slope of 

response immediately after unloading. 
Damage index (DI)-which is the average area of the four hysteresis 

load cycles divided by the stress range, neglecting the first load 

cycle. 

Plastic strain (PS)-which is the non recovered strain at the end of 

the each cycle averaged for the last four cycles. 

Non-linearity Index (NLI)-which is the slope of the loading 

response to half the maximum load divided by (Ec). This 

represents the degree of convexity or concavity of the loading 

curve. 
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The area of hysteresis was found to be larger for AAR-damaged 

concrete than that of the unaffected concrete with similar elastic modulus. It 

was also thought that the unloading modulus was not significantly reduced by 

the degree of AAR-damage. This led to the hope that E,, could be monitored to 

indicate the original modulus of the concrete before being damaged by AAR. 

Section (5.1.8) explores the relevance of this belief to the case of fire-damaged 

concrete. 

Salam, (1993) determined the SDT parameters for concrete cores which 

were damaged to various degrees of AAR. The progression of damage over a 

period of one year was monitored by repeatedly testing cores extracted from 

AAR-damaged concrete blocks. Salam also investigated the influence of stress 

intensity and duration of application of the preload on the stiffness 

characteristics of AAR-affected concrete. While E, and DI were found to 

provide sensitive measures of the damage, NLI, E. and PS were deemed 

unreliable and not repeatable. It is remarkable that similar work by Chrisp 

(1993) indicated that NLI had the least coefficient of variation compared to 

other SDT parameters. 

Chrisp et al (1993) reported the up-to-date work carried out using the 

SDT to quantify AAR-damage to concrete structures in Britain. Only three of 

the original five parameters were adopted to quantify the various degree of 

damage. These parameters were: 

The loading modulus (E) 

The area of hysteresis (H) 

The Non-Linearity index (NLI) 

It was concluded that the test method was robust and repeatable. The 

E, and NLI parameters showed the least coefficient of variation, average 3.1% 

and 1% respectively. The area of hysteresis showed comparatively larger 

average coefficient of variation of 18.7%. 

Chrisp investigated the sensitivity of the technique to the loading rate. 

It was concluded that at loading rate of 0.34 N/mm 2 Is, the unloading curve was 
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offset and the recorded hysteresis was larger than that of tests performed at 

lower rates. The effect was explained by a possible slackness in the test rig at 

high rates of unloading. However, there was no difference in the stiffness 

parameters between tests carried out at 0.057 N/mm 2 Is and 0.11 N/mm 2 /S. 

Chrisp adopted the belief that the test did not cause further damage to 

the core except in the first load cycle. This concept was first introduced by 

Spooner and Dougill . (1975) who suggested that the first loading to a certain 

strain level induced damage in the loaded concrete regardless of the strain 

level. The inference was that the fracture of concrete started at low strain 

levels and was progressive. The progression of damage is only accelerated near 

the ultimate stress. 

The energy dissipated in the first load-unload cycle was divided into 

two components: 

+ Damage and 
Another process as a result of increasing or decreasing the strain 

level 

In subsequent load cycles to the same strain level, energy was believed 

to be dissipated as a result of increasing or decreasing the strain level. The first 

loading response was convex otherwise the response was linear. 

2.2.2 Concluding remarks: 

The new SDT technique has been used by a few researchers in 

assessing the damage caused by Alkali Aggregate Reaction to 

concrete structures. 
The previous researchers generally agreed on DI, E, and NLI as 

good sensitive assessing tooIs of AAR-damage. 

The DI was used to monitor the progression of AAR-damage by 

repeatedly testing the same cores over a long period of time. This 

procedure lay at the heart of the SDT philosophy. 
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The SDT parameters were calculated by averaging them over the 

last four load-unload load cycles. 

The unloading modulus was not believed to be reduced by the 

AAR-damage. 

The author believed that the ability of the SDT to detect the internal 

disruption caused by the AAR could also be exploited to quantify the internal 

cracking and plasticity of fire-damaged concrete. 

Up to the completion of the researc4 programme, the author failed to 

find any attempt to use the SDT in assessing fire-damaged concrete. The 

author investigated the applicability of the SDT in the case of fire damage to a 

variety of coarse aggregate concretes heated to various temperatures in the 

range 200"C - 500"C for different duration. The heated concrete was cooled 

either slowly or quickly by spraying with water. The results of such 

investigation can be found in section (5.1). 

The author investigated the effect of stress level and stress history on 

the SDT parameters of fired concrete cores. The results of such investigation 

can be found in section (4.3.1) 

sonic ............ I 
W16ci method. 

2.3.1 Introduction: 

The compressive strength of concrete has been the most important 

criterion for acceptance to satisfy certain design and service requirement. The 

compressive strength is monitored by crushing representative specimens, usually 

cylinders (LM = 2) or cubes. The compressive strength in the structure is not 

necessarily the same as the strength obtained from testing laboratory prepared 

specimens and testing specimens cut from structure is often performed as a 

method to check the in-situ compressive strength. 

Technologists are always looking for better methods to perform difficult 

tasks and concrete practitioners are no exception. They developed the Ultrasonic 
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Pulse Velocity (UPV) techniques as an easy non-destructive in-situ tesL A sound 

wave is sent through the concrete and the time taken by the pulse to travel 

between the sending and receiving transducers is measured. The velocity of the 

pulse is used to determine the quality of concrete and its compressive strength 

using calibration charts. The capability of UPV to estimate compressive strength 
is highly debatable but it provides a good method to obtain an idea about the 

variation of the in-situ strength and the presence of cracks. The comparative 
degree of deterioration between the structural elements can also be assessed by 

UPV. The path length is measured at the investigated location and not estimated 
from the design drawing. The pass length should not be less than 100 mm for 

concrete with maximurn size aggregate of 20 mm, and not less than 150 mm for 

maximum size aggregate greater than 20 mm. 

The transmission times of the pulse through a composite material is 

equivalent to the swn of the transmission time in the different components. The 

transition time is also inversely proportional to the pulse velocity which in turn 

depends on the elastic properties and densities of the transition medium 

according to equation (1 )(Smith, 1983): 

v= I_Ed(1-v) {1} 
Q (1+ v) (1- 2v) 

where: 

V= the sound wave velocity in an infinite, homogenous and isotropic elastic 

medium (concrete is none of these). 

Ed= the dynamic modulus of elasticity of the medium. 

v= the Poisson ratio. 

Q= the density of the transition medimn. 

The equation can be reduced to: V2 =K Ed, where K depends on 

Poisson's ratio and density of concrete. The equation evaluates the pulse velocity 
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in any solid provided that the lateral dimension, in the direction perpendicular to 

the wave pass, is not less than a wave length (CNS Electronics Inc. ) - 

BS 1881, Part 203 (1986), is a comprehensive document for the 

measurement of UPV in concrete. In the UK, the most commonly used UPV 

measurement equipment is the PUNDIT (Portable Ultrasonic non-destructive 
Indicating Test), a detailed description of the equipment can be found in the 
Pundit User Manual (CNS Electronics Inc. ) . In the USA the V-metre is the 

commercial name for similar equipment (James Electronics Inc., 1977). 

The acoustical coupling between the transducers and the concrete is often 
difficult to achieve in fire-damaged concrete because of the spalled and flaky 

nature of the damaged surfaces. In such circumstances a smoothing material such 

as rapid hardening epoxy or plaster needs to be applied to the concrete surface. 
The interface should have good adhesion to ensure correct propagation of the 

sound waves in the concrete. A good coupling will be achieved when the digital 

reading settles down rapidly while a bad coupling will be indicated by excessive 
"hunting". 

A correlation can be found between the UPV and the compressive 

strength of concrete of specific proportions and cured in a controlled 

environment. Many researchers combined equation (1) with the empirical 
formula (2) to establish the compressive strength as a fourth degree function of 

the pulse velocity, equation {31. 

E=a (fc)0.5' (2) 

where: 

E= secant modulus 

a= constant 

f, = the compressive strength 

fc =p M4 
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Popovics et al (1992) reported that this relationship was not accurate and 

the function was rarely of the fourth order but more likely to be of the second 

order or less. The combination of equation (11 and (2} was not accurate 

because: 

Ed is different from the secant modulus, 

4 equation (1) is a mathematical formula while equation (2) is an 

empirical one, 

and concrete is not a homogenous, isotropic or elastic medium. 

The relationship was influenced by so many factors that it was practically 
impossible to estimate the in-situ compressive strength of concrete by measuring 

the pulse velocity. The following discussion will indicate the increased difficulty 

in estimating the compressive strength of deteriorated concrete even by using a 

correlation established by testing "identical" concrete. Fire-damaged concrete is 

a typical example where UPV can only be used to indicate the relative degree of 
damage in different parts of the structure. In the next few sections the different 

factors which influence the UPV in concrete will be discussed. 

2.3 2 Factors affecting ultrasonic pulse velocity in concrete: 

a) The effect of coarse aggregate type: 

Since the coarse aggregate is the major component of concrete, the pulse 

velocity in this component is a major determinant of the pulse velocity in 

concrete. Deere and Miller (1966) have studied the UPV in different types of 

rocks and found that the possible range was between 1.5 and 6 krn/s. In one rock 

type, schist, the pulse velocity varied between 1.5 and 5.5 km/s depending on the 

direction of the measurement relative to the bedding planes. As aggregate type 

is not likely to have such an effect on the compressive strength, there cannot be a 

universal equation which can evaluate the strength by measuring the UPV in an 

investigated concrete member. 
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Sturrup et al (1984) measured the UPV in: lightweight concrete (Sintered 

flyash), normal weight concrete (gravel and crushed rocks) and high density 

concrete (ilmenite). It was found that the UPV in lightweight concrete was 

considerably lower than in other types of concrete of the same compressive 

strength. 

b) Coarse aggregate content and size: 

Sturrup et at (1984) reported on the increase in the pulse velocity with the 
increase in the coarse aggregate content and size in concrete of the same strength. 
Table (1) shows the UPV corresponding to a compressive strength of 27.6 

N/mm 2. Earlier work by Jones (1955) indicated that even for the same mix, 

variations of UPV could be noticed due to different grading and particle shape 

and distributions. The maximiun size of aggregate also affected its proportion 
which made it difficult to decide which factor was more determinant in the 

modification of the pulse velocity. 

Tahle (1): The effect of coarse aggregate content and size on the UPV. After 
Sturmp et al (1984). 

Coarse aggregate 

presence 

Cement paste mortar concrete 

UPV (km/s) 3.2 3.86 5.8 

c) Concrete mix proportion: 

Jones (1955) found that the w/c ratio did not affect the UPV/compressive 

strength relationship. An increase in w/c of a mix reduced both the compressive 

strength and the pulse velocity of the hardened concrete. However, any 

consequential change in the coarse aggregate content, as a result of changing the 

w/c ratio, would significantly affect the correlation equation. 
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d) The effect of age: 

Jones (1955) claimed that age of concrete did not affect its pulse velocity 

but later work by Sturrup (1984) demonstrated that the same UPV could indicate 

a wide range of compressive strength depending on the age of concrete. lbe 

unreliability became more pronounced in older concrete. Table (2) shows that at 

early age the pulse velocity is sensitive to small gains in compressive strength but 

becomes very insensitive to a significant increase of the compressive strength 

from 28-days old onward. Hence, it was impossible to estimate the compressive 

strengdi of old concrete from the UPV with any degree of accuracy. 

Table (2) : 27ie effect of the age of concrete on UPV. After Sturrup (1984). 

Age I day 7 days 91 days 

compressive strength range 10.8 24.2 33.8 

(N/mm 2) 

Corresponding UPV range 0.838 0.38 0.29 
(km/s) 

I I I I 

e) The effect of curing conditions : 

Sturrup, et al (1984) reported the effect of curing conditions on the UPV 

measurement stating that curing at 10*C produced higher strength for the same 
UPV than that at 20"C, while curing at 32"C produced an illogical value between 

the other two. Hence, any attempt to find a correction factor for curing condition 

was jeopardised. 

It was also shown that a given pulse velocity can indicate higher strength 
in dry specimens than moist ones of the same concrete. The dehydration of 

concrete during fires can therefore upset any predetennined. UPV/compressive 

strength relationship. Smith (1983) claimed that the resulting error could be 20 

to 30%. 



Literature RMew 

0 The effect of deterioration and fracturing of concrete: 

Concrete can deteriorate and suffer intensive microcracking due to 

accidental loading or severe service condition. Fires are the most damaging 

accidental loading concrete structures can encounter during their service life. 

Zoldners et al (1963) studied the effect of elevated temperature on the 
UPV/compressive strength relationship. Ibe-residual, compressive strength did 

not correlate well with the residual UPV. Any predetermined correlation was 

severely upset by the formation of random microcracks with variable density. 

The cracks made the pulse pass-length immeasurable. When the pulse hits a 
crack surface it either passes round it, or is partially or totally reflected from it 

depending on whether the crack is full of air or water. 

The partial reflection of the pulse results in a lower amplitude of the 

received pulse than that of the initial pulse. When testing fire damaged concrete, 
the author noticed that any small movement of the transmitting transducer 

resulted in a change in the pulse velocity measured with excessive "hunting" of 
the digital readout. That is believed to be caused by the non-unifonnity of the 
fractured state of fire-damaged concrete. 

g) Other factors affecting the UPV. 

BS 1881 Part 203 (1986) explained the effect of other factors on the UPV 

measurements such as the effect of the reinforcing bars. A formula for the 

correction of the effect was provided but avoiding reinforcement, especially 

when parallel to the pulse progression, was advisable. The effect of reinforcing 

steel seems to be rather unpredictable (Sturrup, 1984). 

The type of cement and the entrained air content do not seem to affect the 

UPV significantly. 

Popovics et al (1990) studied the influence of frequency on the pulse 

velocity in concrete and concluded that the higher the frequency, the higher the 

pulse velocity: concrete is dispersive. 
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Interestingly, the effect of the level of stress in concrete on the 

propagation of the pulse was negligible to a level of 70% of the ultimate stress at 

which point the pulse velocity decreased dramatically as the specimen progressed 

to failure. 

The geometry. of the specimen and the orientation of the propagation 

path, whether in the longitudinal direction or the lateral direction, had an effect 

on the pulse velocity. The effect was more pronounced at low frequencies. 

The effect of internal segregation was also studied and found to be 

important and significantly affected the measured UPV. 

2.3.3 Previous research into the use of UPV in assessing the damage 

caused by elevated temperature to concrete : 

Previous research into the use of UPV in assessing fix-i-e4amaged concrete 

took place in the late 1950s and early 1960s. There seems to be a gap until the 

1980s when more work on the ultrasonic techniques took place. 

Watkeys (1955) reported the reduction of UPV in heated concrete. He 

observed that the rate of heating did not affect the residual UPV but it had an 
influence on the residual strength. The findings were an early indication of the 
fact that UPV is more sensitive to changes in the elastic properties than in the 

compressive strength. Watkeys investigated the effect of quenching on the 

residual UPV of heated concrete. He concluded that quick cooling reduced the 

residual pulse velocity, Fig. (I). Large variation of UPV measurements in 

concrete heated to the same temperature was also encountered. 

Chung (1985) studied UPV in concrete prisms heated to various 
temperatures up to 800T. The heated specimens were cooled either in dry air or 
by immersion in water for 24 hours. Chung found that the pulse velocity 

decreases with increases in temperatures. Post-firing UPV in quenched 

specimens was unexpectedly higher than that in specimens cooled in air, Fig. (2). 

The apparent better quality of the quenched concrete was probably due to the 
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increased moisture content of the concrete. The water filled cracks could have 

resulted in misleading values of UPV. Interestingly, the results obtained by 

Chung, Fig. (2), contradicted the ones obtained by Watkeys (1955). Chung 

attempted to find a correlation between the residual UPV and the residual 

compressive strength of fire-damaged concrete. 7be regression analysis of his 

results led to the formula: Ft/Fo = -0.07+3.29*(Vt/Vo)-l. 32*(Vt/Vo)z with a 

correlation coefficient of 0.98. 

Mohamadbhai (1983) studied the residual UPV and compressive strength 

of heated concrete made from local Basalt and crushed coral aggregates. 7be 

specimens were either cooled in air or quenched in water for an hour and 
subsequently testedL He concluded that the method of cooling did not 
significantly affect the residual UPV up to 400 *C For higher temperatures the 

air-cooled specimens had less residual UPV than the water quenched ones, Fig. 
(3). He demonstrated that the residual UPV predicted the residual compressive 
strength within ±20% with 15% of the results falling outside those limits. 
However, in a subsequent paper Moh=adbhai (1989) reported that the UPV was 
more dependent on the maximum temperature attained than on the residual 
compressive strength. 

Zoldners (1960) looked at the residual UPV in heated concrete specimens 
made with a variety of coarse aggregates. The reduction in UPV in fired concrete 
was found to be dependent on the type of aggregate and was between 50 to 80% 

of the unfired value after heating the specimens to 700'C. Limestone concrete 

showed the least reduction in the UPV, Fig. (4) . He also observed a similar 

reduction in both the UPV and the flexural strength. This indicated similar effect 

of cracks on both the propagation of the ultrasonic pulse and the tensile strength. 

Smith (1983) investigated the behaviour of igneous rocks aggregates: 
Dolerite, Basalt, Granite and siliceous river gravel. 50 nun cubic specimens were 

cut from laboratory cast concrete beams and heated to different temperatures and 
soaked for different durations. Smith's results confirmed the ones obtained by 
Mohamadbhai (1983) namely that the ratio of the residual UPV was comparable 
with the residual strength within ±20% error with 21% of the results falling 
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outside these limits. However, for Basalt concrete the lower limit was pushed to 

40%. Smith also concluded that the UPV was not an easy technique to be 

applied in real fire situations and that the possible relationship between the UPV 

and compressive strength was affected by many factors and further confused by 

the presence of cracks and spalled surfaces. Any interpretations of the pulse 

velocity results were jeopardised by a high coefficient of variation. 

The coefficient of variation of 4 UPV measurements in specimens treated 
identically was 12.1% for gravel aggregate concrete heated to 600 "C and 28% 

for Dolerite specimens at 500 IC. Though the work of Smith (1983) intended to 

show the effect of the duration of thermal exposure, the author failed to find any 

clear statement as to the effect of exposure duration on the UPV measurements. 
However, close examination of the data revealed less residual UPV of concrete 

exposed to the same temperature for a longer duration. 

Akman and Giiner (1985) attempted to develop a new technique 
involving a combination of ultrasonic pulse and rebound number. SONREB. 

The correlation: f, = F(V, N) was proved to have a higher correlation coefficient 
than either f, = F(V) or F(N). The method also took advantage of the 

conflicting trend between UPV and the Rebound number to detect damage which 
is not indicated by the pulse velocity measurements because of the presence of 

water in the cracks subsequent to fire fighting operations. The technique yields 
better results than those obtained by sole application of UPV or Rebound 

number. However, the test results of damaged concrete could err by 50%. 

Purkiss (1984) studied steel fibre reinforced concrete at elevated 

temperatures. The residual UPV was measured for specimens of plain concrete 

and various types and percentages of fibre reinforced concrete heated in the range 
(300*C- 800"C). The specimens were flexural beams (500x 100x 100mm). The 

UPV was measured in the longitudinal and the transverse directions. The 

residual longitudinal pulse velocity of plain concrete beams was 84% and 69% 

for beams heated to 300"C and 500T respectively. The results indicated that 

steel fibre-reinforced concrete performed better than plain concrete in the range 
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below 600 *C. The type and percentage of the steel fibre-reinforcement did not 

have any effect on the performance of the fire-damaged concrete. 

Purkiss (1985) also studied the UPV in glass fibre-reinforced concrete 

after firing. The glass fibre-reinforcement did not improve the qualities of 

concrete at elevated temperature. Fig. (5) shows the UPV measurement of 

concrete made with 0.75% and 1.5% volume fraction of glass fibre reinforcement 

and plain concrete without any fibres. For all concrete, there was a sudden 

reduction of UPV at 573*C which can be attributed to the alpha to beta phase 

change of quartz in the aggregate. Purkiss established correlation between UPV 

and different parameters. 

Mani and Lakshamanan (1986) proposed a method of estimating the 

compressive strength and the depth of the damaged layer using the ultrasonic 

methods. The proposed procedure assumed reliable estimation of the surface 

temperature of concrete which is invariably impossible as the debris always 
indicate the flame temperature and localised fire. The procedure is also based on 

a derived equation from combining a mathematical equation {1) and an 

empirical one {2). Such derivation has been proved to be incorrect (Popovics, 

1992). More importantly, the suggested procedure does not take into 

consideration the unpredictable effect of the cracked state of the fired concrete on 

the transmission time. The practical success of the procedure is highly 

questionable. 

The author investigated in detail the residual UPV in concrete specimens 

heated to the point of uniformity and cooled either in dry air or sprayed with 

water. The duration of exposure from the point of uniformity was also 

investigated. Two natural aggregates, siliceous gravel and limestone, were 

investigated. The siliceous aggregate investigated was of either 10mm. or 

20mm, maximum size. Section (5.2) includes the results of this investigation. 



Literature ReWeW 

7 lrd-dciýýý'concrete-' 24, EiLMýýo pj( 

2.4.1 Introduction: 

Petrographic assessment of the quality of concrete involves qualitative 

techniques and visual inspection. The petrographic method is subjected to 

severe criticism by some leading practitioners. It was recently described as a 
"butter-fly" method because it makes use of impressive and colourful 

photographs. However, other concrete technologists (Pitts, 1987 ; French, 

1991 ; Poole, 1992), believed that these methods are useful and necessary to 

identify microstructure deterioration. 

nepetrographic technique comprises: 

+ the use of a wide range of microscopes with a variety of 

magnification power, 

+ the use of polarising microscopes to study thin sections of concrete. 
In this method, a section of concrete, 30 microns in thickness, is 

mounted on a glass slide and magnified up to x1000. 

+ the Scanning Electron Microscope (SEM) which is a more 

specialised technique and magnifications from x20 to tens of 

thousands can be applied. 

+ the X-Ray Diffraction Method (XRD) (crystallography method). 

Microscopy provides valuable information on the quality of the 

interface between the various constituents. of concrete. In addition, the 

petrographic examination has proved to be particularly useful in: 

studying the interface between repair and original materials, 

investigating Alkali-Aggregate Reaction (AAR) and its effects on 

the concrete. 

providing a classification method of the suitability of various rocks 

to be used in roads construction (Rogers, 1990). 

Power (1979) and Rogers (1990) gave more information on the 

practical application of petrography. However, there seems to be little 



Literature Review 'j 

guidance from the specifications as to what parameters can be determined. The 

available specifications (ASTM C856,1983 ; BS 1881 Part 124,1988) tend to 

provide guidance on the methodology of the various methods rather than on the 

interpretation of the results. This might be the reason why there is little work 

carried out to investigate the possibility of using petrographic methods to 

assess fire-damaged concrete. 

The author believes that petrographic examination is useful but not 

sufficient nor conclusive. Indeed, qualitative assessment can be misleading in 

assessing the deterioration of fired-concrete. In chapter (5), the author 

compares the efficiency of petrographic methods with the new quantitative 

method, which he is proposing in this thesis. 

In the following sections, the previous research into the physical 

changes in concrete after firing is explored. 

2.4.2 Macrostructure changes 

a) Colour changes 

Siliceous aggregate concretes are known to change colour as a result of 

the formation of iron oxides (Concrete Society, 1990). The pink discoloration 

is known to start at 300T. This colour change phenomenon was exploited to 

locate the 300T isothermal. Concrete was believed to lose around 25% of its 

compressive strength after exposure to 300T. At higher temperature than 

300T, concrete was believed to lose strength at a faster rate maintaining 25% 

of its compressive strength after exposure to 600T. Hence, any pink 

discoloured concrete was assumed to have effectively lost its structural 

integrity. Siliceous aggregate concretes are also believed to change colour to a 

whitish grey at 600T and to a buff colour at 900*C (Concrete Society, 1990). 

It is worth mentioning that Short et, al (1996), who investigated the 

discoloration phenomenon of heated concrete using colour image analysis, 

stated that "development of pink colour is not related to the iron oxide 
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content". The phenomenon was thought to be "a result of transformations in 

the composition and/or structure of hydrated iron oxides present in the 

aggegate". 

The depth of discoloration is further exploited and used to establish the 

duration of the fire. This is done by comparing the thickness of the discoloured 

layer with that of a standard furnace test using the temperature profiles at 

various duration of exposure (Concrete Society, 1990). Obviously, such 

estimation of the duration of exposure is not accurate because a real fire can be 

different to the standard test. 

Concrete made with non-siliceous aggregate hardly shows any change in 

colour. However, limestone aggregates were found to acquire a uniform chalk 

white colour when fired to 750"C. Exposure to lower temperatures did not 

cause significant changes in the colour of limestone aggregate concrete (Riley, 

1989). 

Informal communication with the Fire Research Station indicated that 

some aggregates become green in colour after exposure to eIevated 

temperatures! 

b) Spalling 

Spalling is the phenomenon of separation of concrete pieces from the 

surface of concrete elements during the fire or after it has been put out. 
Explosive spalling takes place within the first 30 minutes of the start of the fire 

and, as the name suggests, it is a violent separation of concrete pieces. 

SIoughing-off is the less violent gradual separation of concrete pieces during 

cooling. 

The mechanism of spalling is not fully understood, however the steam 

pressure developed in the concrete voids is the destructive force in the explosive 

type. Sloughing off can be due to the fonnation of continuous fracture planes 

which fornis as concrete cools down. This type of spalling is not believed to be of 
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real structural significance as it happens after concrete members are already 

damaged and their strength reduced. 

The explosive spalling is regarded as the most damaging type as it 

happens during the fire growth exposing inner layers and reinforcement to high 

temperatures. The loss of a significant part of Ihe cross-section of concrete 

members can also result in the reduction of its load bearing capacity. 

The other less damaging form of spalling is "surface pitting". It is the 

separation of small pieces of aggregate as they undergo physical and chemical 

changes during the first 30 minutes of thermal exposure. 

Malhotra (1985) studied the spalling phenomenon and collected 
interesting data from fire tests on concrete beams, columns and floor slabs. He 

reported a wide range of opinions from previous investigators on the cause of 

spalling. Malhotra also performed a survey involving a number of test 
laboratories and companies. 

The survey showed that spalling is widespread and is not fully 

understood. Indeed, spalling of concrete is still being investigated by researchers 
of the Fire Research Station (1994). 

Harmathy (1965) suggested that the build up of steam pressure below the 

surface can result in explosive spalling. The steam pressure is also increased 

because of what he called " moisture clogging" which happens as a result of the 

migration of moisture from the heated layer to the cooler one. When saturation 

occurs and moisture migration is not possible, evaporation occurs at the interface 

between the heated dried layer and the saturated one. The moisture migration 

theory is supported by observations made during fire tests conducted on slabs. In 

such tests, moisture starts to appear on the unheated side (Dougill, 1980). 

The factors believed to affect the occurrence of spalling were: aggregate 

type, density of concrete, moisture content and restraint to expansion. However, 

moisture content proved to be a major factor in spalling. Meyer-Ottens (1972) 

and Copier (1977) attempted to determine the level of moisture content which is 
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associated with very low probability of spalling during fires. Such moisture 

content for normal weight aggregate concrete was found to be 2.5% by weight 
Weyer-Ottens, 1972) . Copier (1977) determined the safe moisture content for 

lightweight aggregate concretes and found it to be 7% by volume. Such levels of 

moisture content were reported to be usually reached after two years from 

construction. 

Malhotra (1985) reported fire tests on concrete beams. Out of the 17 

beams tested, only two did not suffer any spalling. One was made from a 
lightweight aggregate concrete and the other was a normal weight gravel 

concrete beam with small cover of only 13 mm. Similar fire tests on columns 

made with gravel, limestone and lightweight (slag) aggregate showed that 
limestone columns did not show any spalling. When floor slabs were fired, 

spalling was sometimes so severe that it caused holes in the floor. The 

limestone slabs had as much tendency to spall as. gravel aggregate. 

Malhotra concluded that: 

knowledge of the cause of spalling was poor, 

supplementary reinforcements were specified in the codes of 

practise to limit spalling if the cover is greater than 40 mm, 
+ spalling was a natural phenomenon in all dense concretes 
+ lightweight aggregates were usually resistant to spaIling 
+ limestone aggregates had the same tendency to spall as any other 

aggregate-except in columns. 

Sanjayan and Stocks (1993) performed standard fire tests on two concrete 
T-beams. One was of high strength concrete and the other of normal strength 

concrete. The spalling was quantified by monitoring the weight of the beams 

continuously during heating by hanging them from load cells. The high 

strength concrete suffered more spalling than the normal strength concrete. 

Explosive spalling started after 20 minutes from the start of the fire tests and 

seemed to end 40 minutes into the test. 
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Lawson (1987) and Anon (1987) reported that lightweight aggregate 

concrete provides better protection to the reinforcement during fires because of 
its thermal properties and limited spalling during exposure to elevated 

temperatures. 

c) Surface cracking. 

The incompatibility of thermal properties between the constituents of 

concrete and between concrete and the reinforcing steel leads to stresses 

causing internal and surface cracks. The surface crazing is an indication of 
distress in concrete. However, the surface cracks indicate the distress in the 

outer layer which is most vulnerable to fire-damage. Nevertheless, the 
Concrete Society Report No. 33 (1990) suggests a grading of fire-damage 

according to the concrete surface colour and crazing. Damage of grades 
between 1-4 are designated for conditions of -surface cracks from slight to 

extensive or complete surface loss. 

2.4.3 Microstructure changes: 

a) Changes seen by SEM. 

Riley (1991) carried out a limited study on fired concrete using 
Scanning Electron Microscope imaging. He claimed that some microcracking 

was observed at temperatures around 150*C. However, his thin-section 

analysis showed that cracks started to develop in the cement paste and 

aggregates at higher temperatures than 300*C. He proposed that the presence 

of cracks can possibly be used to establish the 300"C isothermal and hence the 

degree of damage. Exposure to 900"C had a devastating effect on the 

microstructure, of concrete. 

b) Changes detected by XRD and TG: 

Riley (1989) also carried out some very limited X-Ray Diffraction 

(XRD) analysis on heated concrete. He concluded that XRD detected the 

disappearance of the portlandite phase from the cement paste around 600"C. 
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while approximately the same temperature marked the appearance of alpha- 

calcium silicates phases. However, he failed to observe any changes up to 

300*C. 

Piatsa et al (1984) provided information regarding the contents of 
CaC03 and Ca(OH)2 in OPC paste specim6ný after exposure to elevated 
temperatures. Fig. (6) shows some of their results which point to the rapid 
decrease of Ca(OH)2 accompanied with a rapid increase of CaCO3 after 

exposure to temperatures in the range 300"C-500*C. 

2.4.4 Concluding remarks 

It is clear that: 

The colour change phenomenon has been a major indication of the 

attainment of 300*C in siliceous aggregate concrete and hence 

significant loss of concrete properties 
A considerable amount of work has been (indeed, is being) carried 

out to further improve our understanding of concrete spalling 
during fires. 

Apart from the limited work carried out by Riley (1989), the author 
failed to find any comprehensive petrographic studies of fired 

concrete. 

In section (5.5) the author documents the macrostructure and 

microstructure changes of fired river gravel and limestone concrete. He also 

attempts to correlate the petrographic features w ith the mechanical properties 

of concrete. The thermal exposure was to various temperatures in the range 

(217'C-470*C) for different durations and methods of cooling. Both 10mm, 

and 20mm, maximum aggregate size were used in the investigated siliceous 

concrete. 
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2.5.1 General: 

The overall problem of fire engineering and designing buildings to 

withstand certain fire scenarios can be divided into three sections. 

a) Fire Growth 

b) Heat transfer from the fire to the structural element 

c) The response of the construction material to the heat flux. 

For evaluation of thermal response of concrete members to be possible, 

the density(Q), specific heat (Cp), the thermal conductivity (k) and diffusivity 

should be known. The presence of pore water in concrete below 150*C 

affects the thermal properties. Therefore, the moisture content of concrete 

needs to be accurately determined for reliable prediction of thermal response to 

be possible. 

A clear understanding of the thermal properties of concrete at ambient 

and elevated temperatures is therefore essential to solve the heat transfer part of 

the problem. The main thermal properties are: 

Thermal expansion 

Thermal conductivity 

Specific heat 

Diffusitivity 

2.5.2 The coefficient of thermal expansion(a): 

Zoldners (1971) reviewed the definitions of these parameters and 

reported the available information on the coefficient of thermal expansion of 

the cement paste, aggregates, mortar and concrete. The cement paste showed 

expansion of around 0.18% after heating to 200*C but started to contract when 

sustained at that temperature for longer duration. At higher temperatures than 

200"C, the paste actually contracted up to around 5000C, at which temperature 

the contraction was 0.5%. At higher temperatures than 50011C the contraction 
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decreased to be reversed to expansion at higher temperatures than around 

900*C, as shown in Fig. (7). 

The coefficient of thermal expansion of the aggregate depends on the 

composition and the degree of crystallisation. The more quartz and 

crystallisation present the higher the coefficient is. Also, the coefficient of 

thermal expansion of quartzose rocks was found to increase dramatically at 

higher temperatures than 573"C. The dramatic increase in the expansion of 

rock types rich in quartz around 573"C is largely explained by the a to P 

conversion of the quartz which is accompanied with volume increase. The 

thermal expansion of quartz was reported to be 1.25% after heating to 573"C, 

while the thermal expansion of limestone rock was reported by Zoldners to be 

around 0.6% after heating to 573*C. 

The coefficient of thermal expansion of concrete is dependent on the 

type and proportions of its constituents. It is also dependent on the movement 

of water in the pore system this movement does not take place in oven dried or 

saturated concrete. But air-dried concrete involves such movement and 

consequently has higher value of coefficient of thermal expansion. 

The linear thermal expansion of both siliceous and carbonate aggregate 

concretes after exposure to elevated temperatures were reported by Zoldners to 

be very similar to that of the type of the rock of the aggregate used. 

Cruz (1968) reported some data showing that both siliceous and 

carbonate aggregate concretes exhibited similar values of linear thermal 

expansion up to 573*C. At higher temperatures, siliceous concrete exhibits 

larger expansion due to the a to P conversion of the quartz. However, data 

obtained by Philleo (1958) showed somewhat higher values of thermal 

expansion for carbonate aggregate concrete than those obtained by Cruz. 

Dougill (1968) presented a mathematical model which describes the 

thermal expansion of concrete as a function of the thermal deformation of the 
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cement paste and the aggregate. In the model, the aggregate and the cement paste 

were represented taking into consideration their proportions and stiffness. 

Al-Tayyib et al (1989) studied the effect of heating/cooling cycles on the 

mechanical properties of local (Saudi Arabia) limestone aggregate concretes. 
One of their findings was the wide range of the coefficient of thermal expansion 

of the carbonate aggregates which varied between 5.07 to 9.99 x 10-61 *C in the 

normal temperature range. 

2.5.3 Thermal conductivity of concrete at elevated temperatures (k): 

The conductivity of concrete at elevated temperature is an important 

property and is used in various computer programs which attempt to model tile 

effect of elevated temperature on concrete. 

Zoldners (1971) reviewed the available information on the thermal 

conductivity of concrete pointing out to the numerous factors affecting this 

parameter such as the thermal conductivity of the constituents of the concrete, 

the mix proportions, the degree of compaction and the water content. 

It has been established experimentally by various researchers, e. g. 
Harmathy (1960), that when exposed to . elevated temperatures, concrete 
dehydrates resulting in a decrease of its thermal conductivity, as shown in 

Table(3). 

Tahle M: Ae conducthity of concrete at high temperature, 

Temperature (00 1 Average conductivity W (w/m. "C) 

20 ambient 1.75 

300 1.2 

800 0.5 
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At around 400"C, most of the chemically combined water is lost and 

the disintegration of the hydrates causes reduction in the conductivity. 

The low thermal conductivity of concrete results in high thermal 

gradients within concrete members when subjected to high temperatures. While 

the outer layers become drastically hot the inner layers remain relatively cool 

producing layered damage which is more difficult to assess. The gradient is 

generally high near the surface and decreases at locations further away from the 

surface. Temperature profiles in beams and columns during the BS standard 

furnace test are given in the Concrete Society Report No. 33 (1990). During 

heating the difference in thermal properties of the constituents of concrete 

together with the thermal profile will result in internal stresses. 

2.5.4 The specific heat: Cp 

At ambient temperature, 200C, Cp of siliceous concrete is around 840 

J/kgOK. When concrete is heated, the thermal energy is consumed to evaporate 

any moisture present before the temperature could rise. Therefore, as a method 

of simplification in analytical models, Cp is modified between 100*C-200"C to 

take account of the moisture content. It was also established that Cp gradually 

increases as the temperature rises to reach 1.5 times its original value at around 

8000C (Hosser, 1994). 

2.5.5 Diffusivity: V 

This parameter expresses the rate of heating up of the material and is 

defined as: 

*= k/QCp 

Where :k is the thermal conductivity, Cp is the specific heat and Q is the 

density. The density of siliceous aggregate concrete is usually around 2350 

kg/M3 and slightly decreases as the temperature rises as one would expect. 
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At ambient conditions, V=2.6xlo, 3 m2/h for concrete and 56 X10-3 for 

steel. Under the same heat flux, steel heats up 20 times faster than concrete. 

Z6 Weight , 
i6ss:, P, f concrefe,, ýIhi6n. exposed-, to el6vaf6d 

Khennane and Baker (1989) reported that both quartz and limestone 

concrete suffer similar weight loss up to exposure 600"C. However at higher 

level of exposure, limestone concrete experiences much higher weight loss than 

quartz concrete reaching as much as 34% after heating to 800"C, as shown in 

Fig. (8). 

The weight loss was explained by the following mechanisms: 

+ Evaporation of the pore water 

+ Dehydration of the various hydrates in the following stages: 
0 The decomposition of portlandite 
0 The dehydration of CaO-SiO2-HzO 

The decarbonation of limestone at temperatures > 600"C which 

accounts for the large weight losses at such exposures. 

qL qpg 'ýý'ý-71, ResiduW, cqTp essive s! ij fwi iated 

2.7.1 General: 

Around the beginning of the 2e century, the first attempts had been made 

to study the effect of elevated temperatures on concrete (Woolson, 1907 ; Lea 

1920). The effect of elevated temperatures on the compressive strength of 

concrete was later studied by Malhotra (1956). The compressive strength was 

believed to be reduced the higher the temperature experienced. The Concrete 

Society (1990) suggested that concrete loses 25% of its unheated compressive 

strength after exposure to 300T at which point concrete is believed to lose 

strength at a faster rate retaining only 20% of the original value at 600"C, as 

shown in Fig. (9). The estimation of the maximum temperature experienced is 

traditionally carried out by the methods highlighted in section (2.1). 
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BS 8110 Part 2 (1985) presented the compressive strength as not being 

affected by elevated temperatures up to 350*C for dense concrete and 500T 

for lightweight aggregate concrete. However, dense concrete was shown to 

suffer 28% reduction of its compressive strength at 500*C. The apparent 

difference, between the Concrete Society (1990) and BS 8110 Part 2 (1985), is 

explained by the fact that the former was concerned with the residual 

compressive strength after cooling while the latter was indicating the "hot" 

compressive strength. 

Early work by Malhotra, (1956) and Abrams (1971) showed that the 

reduction of compressive strength is more after the specimens cool down than 

when the concrete is hot. The thermal contraction during cooling plays an 

important part in the amount of damage suffered by concrete. This was a very 

early indication of the importance of determining the post-cooling properties of 

concrete. 

Some of the previously collected data on the compressive strength of 

concrete at high temperatures are presented in Fig. (10). Harada's work (1972) 

showed that the elastic properties are more sensitive to temperature changes 

than the compressive strength. However, the reduction of the compressive 

strength was also significant. Concrete lost 25% of its original strength after 

exposure to 300*C while exposure to 450"C lead to a loss of 40% of the 

compressive strength. 

The tensile strength of concrete at elevated temperatures has been rarely 

studied but it was reported (Anderberg, 1976) that the tensile strength 

deteriorated faster than the compressive strength at high thermal exposure. In 

fact, this is expected as the developed cracks affect the tensile stress 

concentration more than the compressive ones which also produce tensile stress 

concentration but in the lateral direction and of smaller magnitudes. 
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2.7.2 Factors affecting the loss of strength: 

a) Composition and type of aggregate 

Castilo (1990) reported stressed and unstressed tests on normal strength 

concrete, 31.1 N/mm2 and high strength concrete, 89 N/rnm2. The high strength 

concrete exhibited less residual strength than normal concrete. Some recovery of 
the strength was observed in the two types of concrete at IOOOC for the normal 
type and 300*C for the high strength concrete. A plausible explanation is that the 
tri-axial pore pressure prevailed for longer in the higher density concrete than in 

the lighter normal concrete. The initial loss of strength is attributed to the 

softening effect of the heated absorbed water which reduced the forces between 

the paste particles. 

Sullivan and Sharshar (1992) investigated concretes made with various 

replacement cementing materials: silica fume, fly ash and slag cements. They 

also used different aggregates: Lytag and crushed firebricks. The performance of 

the heated concrete was monitored by measuring the compressive strength of the 

heated concrete either after cooling or at elevated temperature. The range 
investigated was between ambient and 600"C. 

They concluded that 10% replacement of cement by silica fume did not 
improve the performance of concrete at high temperatures. However, 30% 

replacement of cement by fly ash, improved the heated strength of the cement 

paste. The best performance was that of slag cement paste and concrete which 

showed little reduction in the compressive strength within the investigated 

temperature range. 

Abrarns'work (1971) showed that carbonate aggregate concrete suffered 

more reduction in its compressive strength than siliceous aggregate concrete 

after exposure to elevated temperatures up to 500T, as shown in Fig. (11). 
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b) Duration of exposure 

Smith (1983) considered the effect of duration of exposure on the residual 

compressive strength. The crushing strength of heated 50mm cut cubes was 

further reduced by increasing the heating duration. * The higher the temperature of 

exposure, the more pronounced the effect became. At 3000C, soaking for two 

hours resulted in residual strength 10% less than that obtained from soaking for 

one hour. 

c) Heating and cooling rate 

Mohamadbhai (1983) studied the post-fire compressive strength of 

concretes made with local aggregates in Mauritius. The tested concrete mix and 

coral sand comprised 10mm maximum size crushed basalt and mix proportions 

of 1: 2: 4 (cement: sand: course aggregate) by weight. The 28-day cube strength 

was 26.6 Nhnr4 w/c = 0.88. The cooling of the specimens was either in dry air 

or by subjecting the cubes to a jet of water for an hour duration. 

Mohamadbhai concluded that for the t3W of local concrete he tested, the 

method of cooling did not affect the post-fire compressive strength up to 400 *C. 

He reported that the water cooled specimens showed higher compressive strength 

than air cooled ones at higher temperatures than 400"C. The quenching was 

therefore believed to slow down the dissociation rate of the products of hydration 

and consequently the damage was reduced. 

This explanation might be plausible in those cases when the moisture 

content of concrete is increased in the cooling process but when quenching with 

water only result in a thermal shock and severe thermal gradient the disruption 

and damage is surely increased. When the concrete is sprayed with water the 

dissociation process does not stop or slow down except in the outer surface . The 

effect of thermal shock and the developed gradient during the process can 

outweigh the decrease in the dissociation of the calcium hydroxide. Moreover, 

the degree of dissociation of calcium hydroxide is a determinant in the extent of 

damage in the temperature range higher than 400"C. At such temperatures 
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concrete is known to possess little structural strength -anyway. The author's 

results on the effect of water quenching on the residual compressive strength and 

stiffness of heated carbonate and siliceous aggregate concretes can be found in 

section (5.3). 

In a later publication, Mohamadbhai (1989) reported the effect of the rate 

of cooling on the residual strength of heated concrete. The cooling was achieved 

slowly by leaving the heated specimen in the closed oven, after switching it off 

until it cooled. Ilie quick cooling was done by removing the concrete from the 

oven into the laboratory atmosphere when the test temperature was achieved. 

The aggregates used were local basalt and coral sand. 

The effect of cooling rate was negligible on the strength of concrete 

heated to 600OC-800"C but had a significant effect on concrete heated in the 

range 200*C-600"C. However, no trend emerged. 

Al-Tayyib et al (1989) studied the effect of heating/cooling cycles on the 

mechanical properties of local (Saudi Arabia) limestone aggregate concretes. 

The results also indicated the deterioration of concrete quality and the 

reduction of compressive, flexural strength and UPV after heat cycling between 

20*C and 80*C. Most of the deterioration seemed to occur after 30 heating 

cycles. 

d) Maximum aggregate size 

The author failed to find any work into the effect of different aggregate 

sizes on the residual properties of heated concrete. - However, the author 

hypothesised that the larger the aggregate size the more internal disruption and 

fracture could be caused. 

e) The prevailing state of stress 

Abrams (1971) determined the compressive strength of siliceous and 

carbonate aggregates concrete specimens after firing to a range of temperature 
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between ambient and 800"C. The specimens were stressed by a fraction of the 

ultimate unheated stress while they were being heated. The results showed that 

siliceous aggregate concrete hardly lost any of its initial strength up to 400"C at 

which point a rapid loss of compressive strength was observed. It seems that 

the restraint during heating resulted in less strength loss and delayed the onset 

of significant reduction in strength to 400"C compared to the traditionally 

known temperature of 300"C 

The state of stress in the concrete during heating affects its high 

temperature behaviour. Kordina et al (1985) and Haksever and Ehm (1987) 

found that the biaxial compressive strength is always higher than the uniaxial 

value. The differefice was also a function of the ratio of stresses. Indeed, the 

tensile stress which develop in a perpendicular direction to the compressive 

stresses are balanced with compressive stresses when the biaxial compressive 

strength is determined. However, Lie and Lin (1985a) claimed that the 

restraint against thermal expansion of a concrete column did not affect its fire 

resistance. 

e- 
copcrete. m.. ms of cot 0 opýLr Lie. 

-Cý ýa - 
The internal disruption and softening of the concrete caused by exposure 

to elevated temperature significantly affects its elastic properties. However, the 

literature contains a limited amount of research work, mostly in the late 1960s 

and early 1970s, into the elastic properties of concrete at elevated temperature 

and the residual stiffness after the termination of the exposure. The author was 

more concerned in his work about the residual stiffness than the transient ones. 

The residual mechanical properties are important when the problem of reinstating 

fire-damaged structures is tackled while the transient properties are only 

representative during the fire. 
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2.8.1 The elastic modulus: 

Lankard et al (1971) expressed the opinion, based on the. available 

literature , that the elastic modulus is more sensitive to thermal exposure than the 

compressive strength, especially in the range below 320"C. 

Harmathy (1966) determined the elastic modulus in compression of 

hydrated cement at elevated temperature in the range up to 700"C. Confessing 

difficulties in establishing the true deformation of the concrete specimen, he 

"judged" that no change in the stiffness took place up to 200"C. A sudden rapid 

loss of the elastic modulus was observed to ta. ke place at higher temperatures. 

More recently, the CEB W14 report (1990) indicated that the elastic 

modulus of concrete is reduced by 10-20% after exposure to temperatures 

around 100"C as a result of the loss of the physically combined water. 

Purkiss (1972) sununarised the previous research carried out during the 

1950s and the 1960s on the effect of elevated temperatures on Young modulus of 

concrete. The elastic modulus became known to be reduced to half its original 

value at 400"C while at 600*C, the reduction was around 75% of the unfired 

value. 

Lie (1968) found that the elastic modulus of concrete is reduced to 60% 

of its original value at 300"C while at 600"C only 15% is retained. Cruz (1966 

and 1968) obtained similar results establishing, using optical method, that the 

elastic properties of concrete, especially the modulus of elasticity, are 

significantly reduced at elevated temperatures and the reduction was linear with 

temperature. 

Sullivan (1970) found that the elastic modulus was reduced between 0- 

150'C and remained constant between 1500C and 300*C when a sudden 

reduction started to take place. Also, the initial modulus was reported to be 

reduced to 30 % of the ambient value at 6500C decreasing linearly from ambient. 
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Harada et al (1972) established that the residual elastic modulus of 

sandstone aggregate concrete was reduced by 55% from its original value when 

heated to 3000C and 78% after exposure to 500"C, as shown in Fig. (12). 

Such level of loss of stiffness could have serious implications on the 

overall behaviour of the structure during and after an incident of a fire. The 

stiffness matrix is bound to be altered and the internal forces and moments 

redistributed. However, the Concrete Society Technical Report No. 33 (1990) 

states that " the increased elastic deflections from the loss of stiffness of concrete 

are not significant in relation to other effects". It is noteworthy that the loss of 

stiffness can be aggravated by the reduction of the cross section of concrete as 

spalling takes place. 

a) Composition and type of aggregate 

Harada et al (1972) found that the reduction of the elastic modulus was 

dependent on the type of aggregate. Limestone concrete exhibited less residual 

elastic modulus than siliceous aggregate concrete, particularly at lower level of 

exposure, as shown in Fig. (12). 

b) Duration of exposure, heating and cooling rate, method of cooling 

and maximum aggregate size 

The relatively little research work carried out to study the elastic properties 

of concrete at elevated temperatures does not seem to have tackled these 

important issues. 

c) Prevailing state of stress 

Examination of the Tesults obtained by Haksever (1987) reveaIed that 

concrete did not lose as much of its elastic modulus when heated under biaxial 

stress as when heated under uniaxial stress. However, it was interesting that the 

strain at maximtun stress was practically the same for both biaxial and uniaxial 

cases. 
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2.8.2 The full stress-strain relationship for concrete: 

The full cr-e relationship of sound concrete was studied extensively by 

Hognested (1955). It was shown that for a wide range of concrete strength, the 

strain at ultimate stress was always in the range of 2000-2500 ptrain. 

Fun. imura (1966) carried out pioneering work, reported by Purkiss 

(1972), on the complete a-e curve of concrete at elevated temperature. His work 
indicated a slight rise in the maximum stress up to 300*C after which a sudden 

reduction was observed. The slope of the descending leg of the stress-strain 

response was also reduced for fired concrete. 

Baldwin and North (1973) used the experimental data obtained by 

Furumura to establish that a cv-s relationship of concrete at elevated 

temperature could be expressed in the form: 

(Y 
7" f6) (y 

max 
6 

n= 

The function was established as: 

exp 
F, nm 

Furumura et al (1987) attempted to establish a mathematical relationship 
for the stress-strain relationship of normal concrete at constant elevated 

temperature when subjected to uniaxial cyclic compressive load. The stress- 

strain response was described in three parts: the envelope curve, the unloading 

curve and the reloading curve. The mathematical formulation was possible after 

it was experimentally established that: 

the percentage change in the maximum stress was a sole function of 

the maximum temperature, 

the percentage change in the strain at maximum stress was a sole 

function of the maximum temperature, and . 
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+ the percentage change in the elastic modulus was a sole function of 

the maximum temperature. 

The mathematical relationships seemed to agree satisfactorily with the 

experimental results. However, it was noted that more work was needed to 

make the generalisation of the stress-strain relationship formulation possible. 

. Haksever (1987) presented the stress strain-response of gravel aggregate 

concrete specimens established at various temperatures reporting that the 

stiffness of concrete was reduced at elevated temperatures. It is noteworthy that 

this data was obtained at a steady temperature. 

Purkiss (1972) measured the strain-at-ultimate-stress of heated river- 

gravel concrete after cooling. Table (4) shows some of his results which 

indicated that the strain at maximum stress generally increased as a result of 

heating. 

Tahle (4): The uniaxial strain at maximum stressforgravel concrete, after 
Purkiss (1972). 

Temperature 'C I Strain at maximum stress ([Lstrain) 

20 2400 
230 2700 
345 2460 
460 3510 
575 4820 

2.8.3 The dynamic modulus 

Harada's work (1972) in Japan showed that the dynamic modulus is also 

reduced by 40% of its original value at 300*C while a loss of 71% was 

observed at 450*C, as shown in Fig. (13). 

2.8.4 Creep: 

The permanent deformation of concrete under sustained long term loads 

is known as the creep. Fires are usually of relatively short duration and creep 
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during the fire is insignificant. However, structures which operate in an 

elevated temperature environment for a long duration, such as nuclear reactors 

and chimneys, should be designed to take into account the creep of concrete at 

such service temperatures. 

Cruz (1968) reported the design of a device to be used in measuring the 

creep of concrete cylinders at temperatures up to 650*C. He also reported 

some experimental measurements of the creep and relaxation of concrete at 

elevated temperatures. The creep was measured under. constant stress of 45% 

of the unfired compressive strength. The creep at elevated temperature was 
found to be many times its value at room temperature. A test for 5 hours 

duration at a temperature of 650*C produced a creep 32.5 times the value 

observed at 25"C. 

Purkiss (1972) also studied the creep and relaxation characteristics of 

concrete at elevated temperatures. The creep at elevated temperature was 
found to be a function of the applied creep stress but not directly proportional 

to it. Ile relaxation tests were performed under constant elevated temperature 

while the compressive strain was the variable parameter. The relaxation was 

more apparent in the range which was more associated with the formation of 
internal cracks. Internal cracking was therefore the plausible explanation for 

the quick relief of the stress. 

The relaxation tests were performed under an initial stress of 45% of the 

compressive strength at room temperature. The data obtained from the 

relaxation tests showed that if the strain is kept constant the stress was reduced 

by about 32% after five hours of exposure to 480*C. 

Wydra et al (1985) studied the defonnation and creep effects of concrete 

during heating and cooling. The total stain (e, ) of concrete at any age when 

exposed to temperature and constant stress over a period, was divided into the 
following components: 
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1. Stress-independent strain at room temperature (e. g. shrinkage strain), 

(81). 

2. An instantaneous strain when the stress is applied at a certain age, (e) 

3. Load-independent thermal strain due to heating, (e). 

4. Load-dependent strain due to heating under creep stress, 

81 + 82 + 83 + 84 

In the experiments carried out by Wydra the total strain was measured 
from the instant of the simultaneous loading and heating. In which case: F-I is 

zero. Therefore, the measured total strain was: 

8t "': r-2 + 83 + 84 

The instantaneous strain caused by the application of the stress, (e), was 
directly measured. The load-independent thermal strain, (e) could be 

determined experimentally by measuring the total strain caused by heating 

without any creep stress applied. From these measurement the load-dependent 

strain, "total creep", due to heating under creep stress could be calculated. 

e4 ý-- 89 42 + 83) 

It is worth noting that Anderberg and Thelandersson (1976) presented a 
total deformation model in which they attempted to present the total strain as 
being the sum of : free thermal expansion, stress related strain, creep strain and 
transient strain. Purkiss and Weeks (1987) noted that the transient strain was a 
large component of the total strain and stated that "any computation which 
ignores that may seriously be in error". 

Purkiss (1986) discussed the total strain model for concrete when 

exposed to elevated temperatures. He categorised the testing regimes, in 

relation to the thermal exposure, as transient tests and steady state tests. He 

also highlighted the need to standardise the test methods in relation to the 

loading rate, the straining rate and the heating rate. Purkiss also believed that 
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there was a need for "mathematically sound models for material behaviour at 

elevated temperatures". 

Khoury et al (1986) studied the creep of concrete loaded at constant 

temperatures in the range 140"C -724"C. The research work established that it 

was possible to separate the time, stress and temperature functions of the 

constant high temperature creep. 

. The stress function was reported to be approximately linear. The time 

function, however, was of the form: 

c =a el 

where "a" was the creep at unit time, and the exponent "n" was determined 

from the experimental data. Interestingly, the value of n was found to be 

constant over a certain temperature range which depended on the type of 

aggregate. For gravel concrete, n was constant up to around 375"C and had a 

value of 0.31. 

The non-linear temperature function of the creep was characterised by a 

considerable increase in the creep of gravel aggregate concrete above 350*C. 

It is interesting that Furiumura et al (1988) reported a similar creep-time 
function to that established by Khoury et al (1986). However, the creep-stress 

function reported by Fununura, was not linear but of the form: 

c=ka'-Icý+mcr, 

where k, I and m are constants determined from the experimental data, and cr 

was the applied stress level. 

The creep-temperature function established by Furumura. was also 

quadratic of the form: 

C= al - ST 
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where r, s and p are constants established from the expierimental data and T is 

the maximum temperature of exposure. 

In a later publication, Fununura et al (1989) reported that the creep of 

concrete during exposure to variable temperature could be established using the 

data generated from the constant temperature. creep functions. 

'2.9 Deteithination of fire, 'resistance'O s is emenii., '-`*ý-ý! 

2.9.1 ExperimentaHy: 

BS 476 (1987) is a comprehensive document in determining the fire 

resistance of construction elements and provides guidance for the performance 

of the standard fire tests on various concrete elements and assemblies. The 

standard test subjects the building element to a standard fire which is 

represented by a time /temperature relationship: T= 345 loglo (8t+l)+20*C, as 

shown graphically in Fig. (14). 7be structural element is heated under similar 

structural boundary conditions similar to the service conditions. The duration 

between the beginning of heating and the loss of a certain aspect of the fire- 

resistance is given as the fire resistance of such member in relation to the 

criterion under consideration. The important criteria are: 

Stability: the time between start of heating and the failure of the 

element to sustain its service loads. 

Integrity: the time between the start of heating and the development 

of holes or cracks sufficient to allow flames or hot gases through. 

Insulation: The time between the beginning of heating and the 

attainment of a specified temperature on the unheated side of the 

element. 

Therefore a fire test result on a structural element might be expressed as: 

0 Stability 100 minutes. 

0 Integrity 100 minutes. 

0 Insulation 50 minutes. 
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2.8.2 Analytically: 

The banner of rational design for fire resistance was raised since the 

1970s. The concept of rational design was best explained by Dougill (1980) 

taking a simply supported one way slab as an example. At ambient 

temperature: 

ywl/8 = A,. fy. la 9 

where y is the load factor before heating, A,, is the area of tension steel, fy is the 

preheating yield stress of steel and I,, is the lever arm. 

When this slab is heated from the tension side, the yield strength of 

steel might be reduced to Pfy depending on the level of temperature reached. 
For the slab to survive the fire: 

A,. Pf,. I, 

Pq ýt 1 

Therefore, a rational judgement as to the degree of reduction of the 

moment capacity compared to the original load factor can be exercised 

With the development of powerful computers, the cheaper and easier 

option of predicting the behaviour of a structure during a fire by means of 

modelling was extensively investigated. Any such modelling would normally 
involve "Thermal Analysis" by which the change in the temperature across the 

concrete member during the fire growth would be established. The fire growth 

could be adopted according to the standard temperature/time relationship or 

sometimes other anticipated fire developments scenarios could be adopted. 
The various thermal properties of concrete can be then used to solve the heat 

transfer equations and establish the transient thermal profiles in the structural 

element. 

The material properties, both thermal and mechanical, change as the 

temperature rises. The material properties as functions of temperature are then 

used to establish the modified stiffness and load-bearing capacity of the 

structural elements and the whole structure. 
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It is worth pointing out that the author does not believe that the 

"material laws" are dependent only on the transient maximum temperature and 

realistic material laws should involve other characteristics of the exposure. 

Also, whether modelling of the structural behaviour during fires is a reliable 

tool to be used in the appraisal of the postfire performance of such structures is 

debatable. The possibility of spalling of concrete during fires did not seem to 

have been addressed by the available computer programs. 

Since the beginning of the 1980s attempts have been made to model the 

behaviour of concrete during fires mathematically. A number of computer 

programs, such as TEMPCALC (Institute of Fire Safety Design, 1986), capable 

of calculating the temperature distribution inside a structural member by using 
the finite difference or finite element methods were developed. In some of 

these models, the heat transferred to each element is assumed to be consumed 
in drying it out before starting to raise its temperature. 

Purkiss and Weeks (1987) reviewed the historical background of the 

attempts to predict the structural behaviour of reinforced concrete columns. It 

was pointed out that the total strain models, presented by Anderberg and 
Thelandersson (1976) and Wydra et al (1985) which introduced the concept of 

transient strain and total creep, made it possible to realistically model the 
behaviour of concrete columns in fires. However, the attempts made by Lie et 

al (1984) did not seem to have taken into consideration the transient strain 

component which was established to be a large element of the total strain. 

Fors6n (1982) developed the computer program CONFIRE which 

allowed the analysis of columns with either pinned or fixed ends. Purkiss and 

Weeks (1987) developed SAFE-RCC to be able to model any structural 

restraint at the ends of a column subjected to a fire scenario. 

Purkiss and Weeks also noted that the worst loading of a column during a 

fire would be when the load is eccentric and heating of only three sides 

produces thermal moment acting in the same direction as that of the eccentric 
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load. Such exposure was studied using the SAFE-RCC and the results were 

comparable to those from experimental tests. 

Purkiss et al (1989) presented a calibration of the methods of calculating 

the fire endurance of both simply supported and continuous one-way slabs. It 

was shown that the variations of the thermal profile calculations had the largest 

effect on the estimated fire endurance of the structural elements. The effect of 

variation in strength of concrete and steel was relatively smaller. 

Ng and Mirza (1985) developed computer software, namely: FRCP, 
C.? 

which was claimed to calculate the critical load on a column during any stage 

of a specified fire. 

(Zr2/(lý)2) * EI 

During a fire E is modified for each element of the finite difference 

mesh depending on the maximum temperature attained at this element. 

Summation over the cross-section gives the "effective flexural stiffness", which 

is subsequently used to calculate the reduced critical load of the column. It is 

worth mentioning that the program results were claimed to agree satisfactorily 

with some experimental data. 

The mathematical modelling of concrete at high temperature was 

criticised by Dougill (1980) who stated that " The models currently used appear 

to ignore degradation or micro-cracking as a major influence on the stress 

strain law. This seems to be a fundamental flaw". In this thesis, the author 

attempted to quantify the degree of deterioration and internal fracture together 

with establishing the modification in the stress-strain law of concrete after 

exposure to elevated temperatures. In chapter (5), the author shows that the 

reduction of stiffness and internal disruption is not a simple function of the 

maximum temperature attained. 

During real fire growth, the temperature-time relationship is never 

identical to that of the standard fire test. Therefore the thermal assault on a 

boundary (structural element) needs to be quantified by a parameter and the fire 

endurance for a certain fire assault can be used as a measure of the fire resistance 
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of the boundary. The normalised heat load (H) is sometimes used for such 

purpose (Harmathy, 1983). 

fd 

0 

Where: 

q= Heat flux penetrating the boundaries, W/m2. 

Time, s 

, r* = Duration of fire exposure, s 

V-k(? c = Thermal inertia of the boundary, J. m7'. s'U. IC1 

k= Thermal conductivity, W/(m. K) 

Q= Density, kg/m3 

c= Specific heat. J/(kg. K) 

Therefore the normalised heat load is the total heat absorbed by unit 

surface area of the boundary during the fire divided by thermal inertia of the 

boundary. For concretes with lower thermal inertia the thermal assault is greater 
for the same amount of fuel and ventilation conditions. 

For light-weight concrete: -j-Qc = 931 J. m". s-0-5. IC' 

For normal-weight concrete: ýk__L)c = 2192 J. m7l. s-0-5. IC' 

Therefore a real fire and a fire test have the same severity if they deliver 

the same nonnalised heat load to the boundary. 

In real fires, fuels can be of small quantity and the rate of burning (kg/s) 

becomes dependent on the surface area of the fuel. Such fires are fuel controlled. 

When the fuel is of large quantity, the rate of burning becomes dependent 

on the fresh air supply. Such fires are ventilation controlled and the rate of 

burning given by the equation (Haffnathy, 1983): 

R=0.0236 (D 
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where: 

R= rate of buming, kg/s 

(D = ventilation factor, kg/s 

(D=Q, kq(gk) 

where: 

Qa density of air (1.2 kg/m 3) 

A, area of ventilation opening, rný 

g= gravitational acceleration, M/S 2 

h, = the height of the opening, m 

Attempts have been made to predict mathematically the temperature 

profiles within a concrete member resulting during a specific thermal exposure. 
Such profiles can be determined using TEMPCALC (Institute of Fire Safety 

Design, 1986) computer program which was developed in Sweden. FIRES-T 

(Becker et a4 1974) can also determine the isothermal in a concrete member 

while IRRES-RC (Becker and Bresler, 1974) and TASEF-2 (Wickstr6m, 1979), 

which was further developed and reported by Sterner and Wickstr6in (1990), are 

capable of combining the heat transfer calculations with the change in the 

material structural properties. 

The steel industry has gone a long way in developing such models in its 

striving to compete with concrete. The FIRES-T3 (Iding, 1977) is a three 

dimensional program which applies the finite element method to calculate the 

temperature in various nodes in the structure elements during a certain exposure. 

ribe program can be used with any heating curve as the temperature is input at 

every time increment before the heat transfer equations are applied to calculate 

the nodal temperatures. 

Sullivan et al (1994) provide a comprehensive review of the available 

computer programs used in thermal and structural modelling of concrete during 

fires. It was noted that most of these programs could only be used by their 

authors and were rarely user friendly. Hosser et al (1994) agreed that most 
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computer codes were inaccessible by the average designer and suggested a 

simple procedure for calculating the fire resistance. 

eed'-toWihi'r'ese-'i6 'Woifin the li-- 2., -Th6 n 41it &f itie: purreq, 
osition: 

The survey of the available literature and the discussions with researchers 

and practitioners who undertake appraising fire-damaged concrete revealed the 

need for a more reliable direct quantitative method of assessing the extent of fire- 

damage. The following points are particularly worth mentioning: 

The surface hardness measurement by Schmidt hammer is not 

reliable as it assesses the condition of the surface giving very 

unreliable data in the case of fire damaged concrete with spalled 

surfaces. Indeed, the author found himself in strong agreement with 

the opinion of Gustaferro (1980) who cautioned that "determining the 

strength of fire-damaged concrete with an impact rebound hammer 

must be regarded as highly suspect". Furthermore, the author would 

extend this statement to include other methods of evaluating the 

residual strength of fire damaged concrete such as the UPV. 

+ UPV is a highly debatable method as mentioned in detail in section 
(2.3). The technique is nevertheless used to provide a qualitative 

assessment of the damage especially when some undamaged 

concrete members can provide a basis for comparison. 
The capability of the UPV method to predict the in-situ strength of 

sound concrete is highly debatable. Any correlation between the 

UPV and compressive strength depends on many factors such as 

the moisture content, the size and type of aggregate and the 

presence and orientation of reinforcement. Correction for the effect 

of the reinforcement is available but questionable. Though the 

coefficient of variation of within batch UPV is small, the prediction 

of the compressive strength is unreliable (ACI Committee-228, 

1988). The shortcomings of the UPV method are aggravated by the 

presence of cracks and spalled surfaces of fire-damaged concrete. 
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It is practically impossible to estimate the residual strength of fired 

concrete using this technique. However, practitioners like to rate 

the quality of concrete according to the pulse velocity through it: 

excellent concrete having a velocity greater than 4.5 km/s. 

The little work carried out by Watkeys (1955), Chung (1985) and 
Mohamadbhai (1983) on the effect of quenching of heated concrete 

on the residual UPV gave conflicting results. 
Though some work was carried out by Smith (1983) on the effect 

of the duration of thermal exposure on the UPV, the author failed to 
find a direct statement concerning the effect. 
Thermolurninescence (TL) test is a very complex technique and 

needs specialised expertise to collect and interpret the obtained 
data. In addition, the technique is claimed to be capable of 
determining the maximum temperature attained (Smith, 1983) 

while the damage is dependent on other characteristics of the 

thermal exposure which could have no, or little, bearing on the TL 

value. 
The most simpfistic, and most used, method of assessing fire- 

damage is the discoloration method. The author believes that this 

method can be misleading as it obviously depends on the presence 

of iron salts in the aggregate. The pink brownish oxides starts to 
form at a temperature around 300*C. Judging the extent of fire- 

damage by the visual integrity of both river gravel and limestone 

concrete was examined and documented by the author in section 
(5.5). The author would also like to emphasis here that the visual 
integrity of fire-affected lightweight concrete could be misleading. 
Though not documented herein, the author found some initial 

evidence that lightweight concrete could suffer serious internal 

fracture and disruption leading to the loss of stiffness and strength 

while maintaining its visual integrity. 

The structural modelling of concrete during a fire incident was usually 

based on a simple relationship between the modification of the mechanical 
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properties of concrete and the maximum temperature of exposure. In this 

thesis, the author presents strong evidence that other characteristic of the 

exposure are determinants of the extent of reduction of strength and stiffness. 
This is particularly so when the postfire structural behaviour is under 

consideration. 

The author also found himself in strong agreement with Wood and 
Watson (1991) that the material science aspect of concrete technology needs to 
be advanced. 
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Fig. (1): The effect of quenching on the residual UPV. 

;I After Watkeys (1955). 
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Fig. (2): The effect of quenching on the residual UPV. 
After Chung (1985). 
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Fig. (3): The effect of quenching on the residual UPV. 
After Mohamadbhai (1983) 
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Fig. (4): The effect of aggregate type on the residual UPV. 
After Zoldners (1960) 
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Fig. (5): The residual UPV of fired concrete. 
After Purkiss (1985). 
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Fig. (6) : Ca(OH)2 and CaC03 contents determined by the 
TG method in OPC paste. After Piasta (1984) 
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Fig. (7) : Length change of hardened cement paste upon 
heating. After Zoldners (1971) 
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Fig. (8) : Loss of weight of concretes made with 
different aggregates. Reported by Khennane (1989). 
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Fig. (9) : The "cold" residual compressive strength of 
heated siliceous concrete. 

After the Concrete Society (1990) 
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Fig. (10) : Previous research into the effect of elevated 
temperature on the compressive strength. (Siliceous 

concrete) 
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Fig. (1 1) : Previous research into the effect of the 
aggregate type on the residual compressive strength. 

After Abrams (1971) 
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Fig. (12): Previous research into the effect of high 
temperature on the Young modulus of concrete. After 

Harada (1972). 
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Fig. (13): Previous research into the high temperature 
dynamic modulus of concrete. After Harada (1972) 
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Fig. (14): The Standard Heating Curve 
BS 476, Part 20, (1987). 
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Chapter (3) 

Detailed Research Objectives 

TTT 
Principal objectives 

The main objectives of the research undertaken by the author and 

reported herein can be broadly divided into two sections: 

Development of new direct and reliable quantitative methods of 

assessing fire-damaged concrete so as to improve on the current 

simplistic approach and practice and replace the intuitive 

qualitative traditional methods 

Using such methods to quantify the fracture state caused by 

different heating regimes and cooling methods of different fired 

concrete materials. The quantification of the effect of thermal 

shock during fire-fighting operations on the residual elastic 

properties was one main aspect of the research problem reported in 

this thesis. 

s gl! ýq. method. 

The main initial objective of the experimental work was to establish the 

applicability of the SDT to assessing the fracture state of fire-affected concrete 

and provide a quantitative classification of the extent of the damage. Such new 

classification was to be based on a correlation between the strain energy 

dissipated in a low stress load-unload cycle and the residual mechanical 
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properties. The development of the new SDT involved establishing its 

repeatability, scrutinising its philosophy, and standardising its procedure. 

The author also aimed at establishing any possible correlation between 

the residual mechanical properties and the changes in the microstructure and 

chemical composition as detected by the petrographic methods. 

While the author was engaged in developing new assessing tools, he 

also scrutinised the available ones, in particular the ultrasonic pulse velocity 

method. 

Ig. concrete Quantification pf ýtqffi,. c - .............. .......... ............. 

Practitioners seemed to have held the belief that the elastic properties of 

concrete can be readily estimated from the compressive strength. This might 

be possible when the internal structure of concrete is not damaged but the 

author believed that a state of internal fracture would certainly affect any 

stiffness-strength relationship established for sound concrete. 

The author intention was to use the new sensitive method of assessing the 

fractured state to quantify the effect of spraying hot concrete with water as well 

as different durations of exposure on its residual properties. The effect of fire 

damage was investigated for concrete made from siliceous and carbonate 

coarse aggregates of 10mm and 20mm maximum nominal size. 

tand, the ýsffffnesif 6hiii 
As highlighted in chapter (2), there was a notable need in the industry 

for a reliable and accurate method to assess the modification in the structural 

properties of fire-damaged concrete, and the SDT was a strong candidate for 

such a method. Initially the aim was to establish and calibrate the test set-up 

together with the associated data acquisition system. More essentially, the 

project aimed at: 



Detailed Objectives 

Establishing a universal correlation between the strain energy 

dissipated in a low stress cycle and the residual mechanical 

properties, in particular stiffness and compressive strength. 

Establishing the applicability and limitations of the SDT in 

assessing fire-damage to concrete. 

Modifying the SDT procedure to suit the nature and extent of fire- 

damage 

Introducing new test parameters from the stress-strain response 

cycles to be used as assessing tools where appropriate. 

Statistically scrutinising the stiffness parameters and establishing 

their variation with the stress history and stress level used during 

the test. 

Determining the repeatability of the different stiffness parameters. 

Establishing the relative performance of the SDT compared to the 

existing methods used in assessing fire-affected concrete, such as 

UPV. 

Evaluating the different variables iny. Olved in the experimental 

prograrnme using the SDT. 

Quantifying the effect of water quenching on the residual stiffness 

parameters of fired concrete. 

Establishing a data-base of the residual stiffness characteristics for 

a wide range of fire-affected concrete materials after exposure to 

different temperatures for different duration and cooled either in air 

or by spraying with water. The stiffness characteristics included 

various modulii, plasticity and damage parameters represented by 

Plastic Strain and Damage Index. The damage index represents the 

strain energy dissipated in the specimen during a load-unload low 

stress cycle per unit stress. 

Although the compressive strength is most significant in the 

behaviour of heated concrete, the postfire stiffness of concrete is as 

important in constructing constitutive models of the fire-affected 
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structures to determine the overall structural behaviour of these 

structures. 

e residWit"I ýcompre sive' ti thl and, ýIthe; 'fdll 
train relatt Sý! P. -' 

Although the primary objective of this investigation was to develop the 

SDT as a new procedure to be used in assessing fire damage, the compressive 

strength and indeed the full-stress-strain relationship were determined for all 
test cores. 

The available literature revealed that the existing knowledge of the 

postfire behaviour of concrete is largely based on the modification of the 

compressive strength after exposure to a certain temperature. The philosophy 

of estimating the reduction of compressive strength as a simple function of the 

maximum temperature attained (Concrete Society, 1990) seemed to be 

erroneous. Also, the effect of quenching hot concrete with water on the 

compressive strength (Mohamadbhai, 1983) seemed to disagree with what the 

author believed and what Watkeys (1955) found using the UPV method. 

Hence, this section of the experimental programme aimed at: 

Further scrutinising the effects of other characteristics of the 

exposure such as the method of cooling and the duration of 

exposure on the residual compressive strength. 

Establishing the correlation between the residual compressive 

strength and the different assessing parameters developed herein 

such as the DI value. 

Establishing the full stress-strain curve of the investigated concrete 

and obtaining the correlation between the extent of damage and the 

strain at ultimate stress. Such information is important in 

determining the modification in the stress block adopted for limit 

state design philosophy of concrete sections. 
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The literature review revealed that there were contradictions as to the 

effect of water quenching on the residual UPV of fired concrete. The author 

believed that the limited conflicting results available were caused by the effect of 

the degree of saturation of concrete on its UPV. Therefore, an investigation was 

carried out to examine this sub-hypothesis. The UPV was also monitored to 

establish the relative efficiency of the different test methods used in assessing 
fire-damaged concrete. In addition, a correlation between UPV and residual 

stiffness and strength of fire affected concrete was obtained as a by-product. 

The author also investigated the effect of water quenching on the residual 
UPV of concrete. The quenching procedure was designed such that only the 

thermal effect, rather than any change in the moisture content, was involved. 

This work was intended to resolve the conflicting findings in the literature 

review, described in section (2.3) 

s '3, -'5TheWvnamic, -mo 
The measurement of the fundamental frequency and the dynamic 

modulus of elasticity essentially aimed at: 

4 Establishing whether this non-destructive test method could be 

used as an alternative tool to establish the extent of fire-damage. 

+ Authenticate the evaluation established by the SDT of the effect of 

water quenching on the stiffness characteristics of heated concrete. 

_______ 

In this thesis the author attempts to compare the visual and petrographic 

method of assessment of fire-damage with the new quantitative SDT method 

which he is proposing. The petrographic analysis carried out during this 

project involved visual inspection for surface cracks, surface pitting, and colour 

changes. The internal fracture was visually studied by a Scanning Electron 
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Microscope (SEM) while chemical and crystallographic changes were detected 

by the X-Ray Diffraction method (XRD). The main objectives of petrographic 

work may be summarised as: 

Examining the reliability of- the traditional philosophy of assessing 

fire-damaged concrete by means of the phenomenon of colour 

change. 

Establishing the correlation between microstructure features seen 
by the SEM with the residual mechanical properties. 

Examining the correlation between crystallographic and chemical 

changes with the postfire, mechanical properties. 

Revamping the existing knowledge concerning the visual and 

microstructure, characteristics of fired limestone aggregate concrete. 
The visual integrity of unstressed heated limestone concrete 

specimens is discussed in section (5.5). 
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Chapter (4) 

Research Methods 

471 

mixes addllii ii 

The DoE concrete mix design method (Kong and Evans, 1987) was used 

to obtain laboratory cast concrete blocks (700x5OOx2OOmm) together with 

standard cubes(100 mm), and cylinders (100 mm long x 100mm dia. ). Table 

(5) contains detailed concrete mix proportions for all the batches used in the 

research project. 

The concrete was cured in water at 20"C for 28 days and the average 

cube compressive strength was determined according to BS 1881 Part 116 

(1983). The concrete blocks were conditioned by'storing them in a controlled 

environment (20"C and 65% RH) for a few months to allow the moisture 

content to stabilise. Subsequently the blocks were "cored" to obtain 200mm 

long by 75mm diameter cores. The ends were then cut, using a diamond saw, 

to reduce the length to 175mm and to produce partially prepared ends. The 

cores were then exposed to various thermal treatments and cooled in a 

controlled environment of 20T. 

At this stage, the following tests were performed: 

+ Visual examination for physical changes. 

+ Ultrasonic pulse velocity test (UPV) 

The determination of the dynamic modulus. 

Subsequently the specimens were capped using sulphur compound to 

achieve the specified tolerance in BS 1881 Part 120 (1983) regarding the 

parallelism, squareness and flatness of the core ends. 
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Table (5): Detailed concrete mix proportions 

Mix Mix Proportions (by Number of cores obtained and experimental 

code weight) usage 

Mi 1: 1.35: 3.14 Approx.: 60 cores used for the preliminary 

w/c = 0.45,10mm investigations involving the effect of various 

Maximum aggregate temperatures and duration on concrete and 

size, fu2s = 52 NImm 2 mainly used to indicate the effect of 

maximum aggregate size on fire-damage. 

M2 1: 1.5: 3.34 w/c = 0.40, Approx.: 30 cores obtained and used to study 

20mm Maximum the effect of quenching of heated concrete 

aggregate size (flint), and scrutinise the (SDT) parameters. 

. un = 62.9 N/: mm2 f, 

M3 1: 1.5: 3.34 w/c = 0.40, Approx.: 30 cores used to study the effect of 
20mm Maximum the duration of thermal exposure. 

aggregate size (flint), 
fcu28 = 63.8 N/mm2 

M4 1: 1.5: 3.34 w/c = 0.40, Approx.: 30 cores used to study the effect of 
20mm Maximum the, "Basic Heat Treatment" 

aggregate size (flint), 

f. 
28 = 62.1 N/ffim2 

M5 1: 1.5: 3.34 w/c 0.40, Approx.: 40 coýes used to study the 

20mm Maximum performance of limestone aggregate concrete 

aggregate size after both "basic treatment" and quenching. 

(Limestone) 

I 
fun = 69.9 N/mm 21 
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The capped specimens were then mechanically tested to determine: 

The stiffness parameters as obtained by the Stiffness Damage Test 

(SDT) 

The Strain-to-failure and ultimate stress. 

Dedicated uncapped fired specimens were used for. 

0 Examination by the Scanning Electron Microscopy (SEM) 

0 Examination by the X-Ray diffraction method. 

The following sections will contain the detailed procedure for heating, 

cooling and the various test methods which were used to assess the extent of 
fire-damage. 

rýl -- ýl-, ý--.., -ýl-lýý--ýll, ý-------', ý--ý ' -- - -777-7---77% 

,,. 
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4.2.1 Thermocouples 

Two type-K thermocouples were used to monitor the temperature during 

heating. One was placed in the heating chamber near the outer surface of the 

cylindrical concrete specimen and the other in the centre of the specimen along 

its longitudinal axis. The thermocouples were themselves calibrated in boiling 

water to read 100*C. The temperature was displayed on a hand held set which 

provided compensation for the ice-point. The thermocouple, which was placed 

along the axis of the specimen, was fixed in place using refractory cement to 

ensure that the heat was transferred only radially through the concrete core. 

4.2.2 The furnace: 

A muffle furnace, with a sufficient heating chamber to accommodate one 

specimen at a time, was used to heat the test specimens. The furnace, which 

was located in a controlled environment, was rigorously calibrated. The 

furnace temperature settings were found to have a slower heating rate than that 

of the Standard Heating Curve as outlined in BS 476 Part 8 (1987). To 

overcome this problem the oven settings were varied during the heating cycle 

to produce a heating curve as close as possible to the standard one. The 
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furnace was also provided with four ceramic supports for the specimen to be 

heated in the horizontal position. 

The calibration of the furnace took place with a representative core inside 

the heating chamber. The core was fitted with a thermocouple along its 

longitudinal axis inserted to half its length. Another thermocouple was placed 

close to the outer surface of the concrete core. The readings of both 

thermocouples were recorded up to the point when the outer surface 
temperature reached the test temperature. With the furnace stabilised at the test 

temperature, the heating continued to the point when both thermocouples 

recorded the same temperature. This point. will be referred to as: tk ppinj Qf 

unj&rm 

4.2.3 Test temperatures: 

Seven test temperatures were decided'upon in the light of the existing 
knowledge of the behaviour of concrete at elevated temperature, namely: 
217"C, 240*C, 287"C, 320*C, 378*C, 470*C and 540T. However, specimens 

heated to 540*C had very little structural str 
* 
ength and this temperature was 

later discarded. Figs. (15-20) show details of the basic heating and cooling 

regimes corresponding to the test temperatures. 

4.2.4 Heating and cooling regimes: 

ýK). Basic heat treatment: 
..................................... 

This treatment involved heating the specimen to the point when both the 

outer surface and the centre reached the test temperature, i. e. the point of 

uniformity. At this point, the furnace was switched off and the specimen was 

taken out to a controlled enviromnent of 20"C where it was left to cool. 

! ký. Tiyo hours themuzl. eypqýq?:, ý-- 
........................... 

This treatment involved soaking the specimen in the test temperature for 

two hours, beginning from the time when the specimen reached the point of 

uniformity. At the end of the two hours, the specimen was taken out of the 

oven and left to cool in a controlled enviromnent of 20*C. 
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This treatment involved heating the specimen to the point of uniformity. 

At this point, the specimen was taken out of the oven and sprayed with tap 

water for a duration of 5 minutes. Uniform spraying was achieved by rotating 

the specimen in front of atomising nozzles. Subsequently, the specimen was 

left to cool completely in a controlled environment of 20*C. 

, estmethod. 4, used, to", evaidiiteth6' T 

4.3.1 The Stiffness Damage Test (SDT): 

a) Test philosophy 

The principle of the test is that the strain energy dissipated in a concrete 

specimen during a load-unload compression cycle is directly related to the 

internal fracture state and correlates well with the mechanical properties of 

deteriorating concrete. 

The purpose of the test is the determination of the modified stiffness 

parameters of concrete cores after exposure to elevated temperatures. The 

stiffness parameters are obtained from the characteristics of the stress-strain 

quasi-static response load cycles. The compressive load-unload cycles are 

performed to a maximum stress of 10-15% of the ultimate value to minimise 

further damage caused by the test. The loading rate- is chosen so that neither 

dynamic effects nor creep strain is significant. High loading rate will produce 

dynamic effects and results in a degree of slackness of the test rig. A very slow 

rate will induce creep strain and increase the time an d cost of the test. 

The determined stiffness parameters are used as both assessing tools of 

the extent of damage and as a direct measure of the modified stiffness of the 

fire-affected concrete. The residual compressive strength and tensile strength 

can also be estimated from predetermined correlation with the stiffness 

parameters. The modified structural properties can then be incorporated in a 
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constitutive model to assess the overall behaviour of the fire-damaged concrete 

structure. 

b) Specimen preparation: 

The cores used in the research were obtained from laboratory cast blocks 

of concrete. The specimens were 75 mm in diameter and 175 mm long with 

their ends cut to the required length then capped with a sulphur compound to 

achieve a flatness of 0.05mm, 2mm of parallelism and 2 mm of squareness, in 

compliance with BS 1881 Part 120 (1983). The grinding method for end 

preparation was adopted for the preliminary batch of tests but was replaced by 

the capping method for the bulk of the experimental programme because of 

practical reasons. The cap was of 1mm thickness and produced results just as 

good as grinding, if not better. Heat treatment was performed prior to capping 
but after grinding. The reason for that was that the capping compound melts at 
high temperature while grinding fired specimens is problematic as the comers 

usually break off. 

q) Stiffness Damage Test set-up: 

The (SDT) set up comprises: 

Compressometer, for measuring the deformation. 
Loading machine for applying the load at the desired rate and cycles. 
Data acquisition and processing arrangements. 

Plate (1) shows a photograph of the test rig positioned in the Instron 

machine during performing the Stiffness Damage Test. 

ne comvressometer. .................................... 
The test rig is made of aluminium and consists of two rings held together 

by spacers. The concrete specimen is inserted in the middle of the two rings 

which are clamped to the specimen by means of sharp stainless steel pins. The 

spacers are removed before the start of the test allowing the rings to move 
independently. The relative movement of the rings is equal to the deformation 
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of concrete over the gauge length between the pins of the upper ring and those 

of the lower ring. This gauge length is the central 6.7.5 mm of the core. 

Three Linear Variable Differential Transducers (LVDT), equally spaced 

around the circumference at 120 degrees, pick up the relative movement of the 

two rings. The transducers are fixed on the upper ring with their probes 

pointing downward. Adjustable bolts, which can be secured to the lower ring, 

enable the LVDTs to be set to their working range. The LVDTs are capable of 

measuring small displacements of I pm. Such sensitivity is essential to suit the 

low maximum stress used in the compression load cycles. To ensure that 

reproducibility and repeatability could be achieved great care was taken to 

satisfy BS 1881 Part 121 (1986) with the largest and smallest strains recorded 

being within ±10% of the mean value. However, this requirement was relaxed 

for severely damaged cores to ±20% as the difference between the transducers 

readings was more likely to be caused by non-uniform cracks and not 

eccentricity of the load. 

Yhe loadinz., 
.................. -.. 
During the preliminary investigation, a maximum stress of 4.5 NIMM 2 at 

a loading and unloading rate of 0.1 N/mm. 2 Is (500 N1s) was adopted. It soon 

became clear that the maximum stress should be halved for testing severely 

fire-damaged cores heated to 470*C and soaked fbr two hours at the maximum 

temperature. The loading rate was also chosen as 250 Nls to eliminate any 

dynamic effects and prevent any slackening or undesirable vibrations. The 

bulk of the SDTs were therefore carried out to a maximum stress of 4.5 N/: mm2 

at a rate of 250 Nls. Different test conditions were cIearly indicated wherever 

necessary. 

An Instron Model 6025 testing machine equipped with a micro processor 

was used to perform the Ioad-unload cycles continuously. The loading 

machine complied with BS 1881 Part 115 (1986) as closely as possible. A ball 

seated platen which locked at small load was placed between the load cell and 

the upper end of the specimen. The lower platen was rigid. The machine load 
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cell was calibrated against a certified external load cell and was found to be 

accurate. 

Dqtq. qýgu. fsidqn:. 
........... ... ................ 
The voltage signals from the transducers and the load-cell were 

channelled through amplified circuits before being digitally interpreted by a 

BBC computer. 

The digital signals were calibrated for their entire range. Fig. (21) shows 

the calibration graphs and data. As the research project spanned over three 

years, the calibration was checked twice a year. Near the completion of the 

project one LVDT was accidentally damaged which lead to the replacement of 

the three transducers. This provided the opportunity to replace the BBC 

computer with a PC! 

A data-logging program was written for the BBC computer to sample the 

four channels every specified time interval, usually I second. The program 

was subsequently modified to accommodate different stress levels and to 

produce data points based on load increments to facilitate the processing of the 

data files. In the modified program the four channels were recorded at every 
load increment of I kN and the data files were stored on floppy diskettes. 

When the BBC computer was replaced with a PC a commercial data-logging 

program, IOCALC, was used to sample the four channels every 0.5 second. 
Subsequently the data file was analysed by a MACRO or a FORTRAN 

program to select the data points corresponding to I kN increment. 

i4mtpnqq0qm-l. 

Although the technique was being developed during the course of the 

research project, the author adopted a consistent procedure to ensure that 

repeatability and reproducibility of the test results could be achieved. 

The following steps were followed: 

The prepared core was placed in the strain measuring rig and the two 

rings clamped by applying uniform gradual pressure on the screw 
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pins. The pins were secured in the rings by means of screws attached 

to the top and bottom rig. The spacers between the rings were 

removed. 

The core with the compressometer attached to it was placed between 

the top ball seated platen and the bottom fixed platen of the loading 

machine. The line of action of the load was made to coincide with the 

axis of the core as much as possible. 
The transducers were checked to be within their working range. 
The core was loaded to 1/3 of the maximum test load and the 

displacements of the three transducers displayed. If the difference 

between the largest and smallest strain is within the acceptable limits 

(±10% of the mean for slightly damaged cores or ±20% for severely 
damaged ones), The test was restarted and finalised. Otherwise, the 

core position was slightly adjusted to achieve the desired strain 

uniformity 

All the cores were tested twice. For cores treated in the range 
(ambient-378* Q, both tests were carried out to a maximum load of 
20 M. For cores treated to (4700C), the first test was to a maximum 
load of 10 kN followed by a test to a maximum load of 20 M, if 

possible!. The results in section (5.1) are based on the parameters 
from the first 20 kN tests unless stated otherwise. 
To investigate the dependency of the SDT parameters on the level and 
history of the maximum stress, a group of cores treated in the range 
(ambient-470"C) were tested repeatedly. Some of those cores were 

subjected to 3 tests to a maximum load of 10 kN followed by 2 tests to 

a maximwn load of 20 kN. 

A group of cores were tested continuously to 10 load cycles so as to 

eliminate any effects of the time lag and relaxation between two 

successive tests. 
Data Processin-a and the test report., ........ ................ . ....................... . ........ 
The recorded data was processed using spreadsheet software. A 

MACRO was established to mechanise the calculation of all the parameters and 
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the production of the test report. This MACRO, presented in appendix (b), was 
designed to process data files consisting of four arrays: the load, displacement 

Nol, No2, and No. 3 in this order. 

The following parameters were calculated for each of the five load- 

unload load cycles and averaged over the last four load cycles to establish the 

stiffness parameters of the core: 

0 Yhe initial modulus (E): 

Ej =The chord slope of the loading curve between 2W and 4 kN. 

0 Yhe Chord modulus (Ed: 

Er = The chord slope of the loading curve between 2 kN and the 

maximum load. 

0 Ae Unloading Modulus (Ed: 

E. = The chord slope of the unloading curve between the maximum 
load and a point 4 kN less. 

0 Yhe Damage Index (DI): 

DI = The area of the hysteresis load cycle between 2 kN and the 

maximum stress divided by the stress range. 
0 77te Plastic Strain (PS): 

PS = The residual plastic strain at a load of 2 kN. 
0 Yhe Non-linearity Inder (NLJ): 

NLI = 7be chord slope of the loading curve between 2 kN. and half 
the maximum load divided by the value of E, 

Fig. (22) shows a graphical presentation of the definition of the stiffness 
damage test parameters. 

For every SDT a comprehensive tes. t report was produced which 
included: 

The stress-strain data of the five load cycles. 

The aforementioned parameters calculated for each load cycle and 

averaged over the last four load cycles to provide the test parameters. 
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Graphical presentation of the individual load cycles. This was 

essential to confirm that the test was successfully conducted, i. e. 

quality control. 

The best curve fit for the loading response of each load cycle and the 

associated equations and coefficients. 

An example of the SDT test report is presented in appendix (c). The load 

cycles and test parameters were stored in a data base for future analysis. 

d) Scrutiny of DI and PS. - 

Ajýnq, ýE Ajýqqry. 9 pk, ýAqýýpgcimen on the SDT Ae f ff ý4 pf . .............................. p 

The author's preliminary investigations suggested a pattern of variation of 

the test parameters between the five test load cycles. The Damage Index (DI) 

and the Plastic Strain (PS) appeared to decrease the more the number of load 

cycles were performed. A subsequent detailed investigation proved that the 

pattern of variation was true for all specimens but more pronounced in severely 
damaged ones. Figs. (23-26) show the reduction in DI and PS with the increase 

in the number of load cycles performed on the core. 

Fig. (23) shows the DI variation with the number of load cycles 

performed on cores heated to various temperatures. Three consecutive tests to 

a maximum stress of 2.25 N/mm 2 were first performed followed by one test to 
2 

a -maximum stress of 4.5 N/mm . The time lag between these tests was around 
20 minutes. 

The very first load cycle (the virgin load cycle) involved significantly 

larger energy dissipation than any other load cycle. Although the rate of 

reduction in DI is significantly less from the second load cycle onward, 

nevertheless the difference can be significant for severely damaged cores. The 

pattern of variation is very similar for both DI and PS, Fig. (23 and 24), which 

suggests a relationship between the dissipated energy and the internal plasticity 

of the core. The residual strain decreases the more the number of load cycles 

performed until the cracks reach relative internal stability. At this point the 
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reduction of DI and PS become less pronounced but they probably cease to 

truly represent the fractured state. 

Repeated testing with a time lag of 20 minutes resulted in a discontinuity 

(a kink) in the DI and PS variation with the number of load cycles performed. 

The discontinuity is believed to be caused by the obvious relaxation and 

rebound of some of the cracks. Hence, the test procedure was temporarily 

modified to accommodate a SDT of 10 load cycles. The results of such tests 

are shown in Figs. (25 and 26) which confirms the aforementioned pattern of 

variation of DI and PS with the stress history in the specimen. 

The inference of these results is that the Damage Index and Plastic Strain 

should not be adopted to monitor the progression of damage in the same 

specimen by repeated, testing because of their dependency on the stress history 

of the specimen. This is of particular interest for the few practitioners who 

already use the parameter to monitor the progression of AAR-damage with 

time as a means of long term management of such buildings. 

The original test philosophy, adopted by Crouch (1987) and Chrisp (1993 

and 1989), was based on the belief that only the first load cycle induces further 

damage to the specimen, therefore it is discarded when calculating the test 

parameters. This belief was based on the finding of Spooner (1975) who 

concluded that the fracture of concrete begins at low strain level and the energy 

loss mechanism in the first load cycle is different from the mechanism in the 

subsequent load cycles. 

In the light of the aforementioned argument, the author feels that the 

philosophy adopted by Salam (1993) and Chrisp (1993) to monitor the 

progression of damage by repeated testing of the same cores is debatable. 7be 

first load cycle seems to be most representative of the pre-existing internal 

fracture. Unfortunately the virgin load cycle is affected by the test procedure 

when the uniformitý of the strain around the specimen is checked prior to 

testing. This is the reason for the initial convexity of the loading response of 

the virgin load cycle. For these practical considerations the second load cycle 
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characteristics can be used to best represent the fractured state of the core. 

However, in this thesis the SDT parameters were calculated as the mean of the 

cycles (2-5) of the virgin tesL 

Me Qf týg. maximum stress used on the SDTvarameters: 
. ....................................................... .................... 

The residual compressive strength of concrete is known to be 

significantly reduced when heated to temperatures higher than 300*C. 

Therefore using SDT to a maximum stress of 4.5 NI mrný is not appropriate for 

cores damaged by exposure to 470'C for two hours. A lower maximum stress 
had to be adopted to test cores subjected to such severe exposure. The effect of 
the maximum stress adopted for the SDT was investigated. Two groups of 

cores, cut from the same concrete, were fired to various temperatures and the 
SDT performed to a maximum stress of 4.5 N/mm 2 on one group and to 2.25 

N/mm. 2 on the other group. Fig. (27) shows the effect of the stress level on the 
(DI), while Fig. (28) shows the same effect on the Plastic Strain. The stress 
level has very similar effects on both DI and PS. The higher the stress level the 

more the normalised hysteresis and the residual strain become. 

4.3.2 The Strain-To-Failure test (STF): 

a) Purpose of the test. 

This test involves establishing the complete stress-strain relationship of 
concrete cylindrical specimens. Such information is very valuable in re- 
establishing the overall postfire structural behaviour of concrete structures. 

b) Test set-up: 

The set up comprised: 

Loading machine 

Strain measuring rig 
Data-logging arrangements 
Data processing and production of the test report 
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77ze loadinz machine: 
.................. . ................. 
The machine was a Losen Hausen which complied with BS 1881 Part 

115 (1986) as much as possible and was capable of applying loads up to 1000 

M. The load voltage signal was channelled into a PC via the necessary 

circuits to amplify it. The signal was calibrated for the expected range which 

was always within the range of 300 kN. The loading rate adopted for the 

purpose of this investigation was 0.23 N/mm2/s which is the lower rate 

recommended in BS 1881 Part 120 (1983). However, the loading rate was very 
difficult to control up to a stress level of 5 N/mm 2 after which the machine was 

capable of providing the desired rate satisfactorily. 

Yhe strain measqf? ýtgjýg. 
........................... 
There are commercial rigs which can measure the change in the distance 

between the compression machine platens by some mechanical or sometimes 

electronic means. However, the author failed to find one with the capability of 

reading the strain at three equidistant locations around the circumference of the 

test cores. Therefore, a test rig was designed and manufactured to suit the 

investigation. 

The rig consisted of three LVDTs capable of measuring displacements as 

small as 1 ýtm. The transducers were inserted in metal sleeves which were 

placed in an upright steel tube. The tubes were structurally designed such that 

they, together with "stamped" steel plates connected to them, would be capable 

of supporting any accidental loading as the specimen starts to fail. The lower 

part of each tube was designed to provide height adjustment for different length 

specimens. The rig also contained guides for centring the specimen in it. 

During the test, the rig, with the specimen along its centre, was placed between 

the platens of the test machine. The transducers' probes were made to protrude 

enough to be in their working range but also to be protected by the rig frame in 

case of explosive failure. Detailed design drawings of this rig are presented in 

Fig. (29). 
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Data-ýqggýjg. qMq?! &mg?! t-*. 
.......... 

The voltage signals from the loading machine and from the three LVDTs 

were amplified and conditioned before being sampled by commercial software, 

IOCALC, which was running in the DOS environment of a PC. The logging 

interval was 0.1 of a second which was so chosen to establish the rapidly 

descending part of the response. The four voltage signals were calibrated for 

their entire operational range. Fig. (30) shows the calibration equations of the 

STF test voltage signals. 

Data processin-a and the test revort. - ............... . ....................... ......... 
The voltage signals were processed by a spreadsheet macro to establish 

the full stress-strain relationship and to select the value of the ultimate stress 
(a) and the strain value at the ultimate stress (s,, 

U). The produced test report 

included this data together with a statement about the mode of failure and 

sketch of the core after failure. An example of such a test report can be found 

in appendix(d). 

4.3.3 Ultrasonic pulse velocity method (UPV): 

a) Test specimen 

Concrete cores of 175mm length and 75mm diameter with the ends 

partially prepared but uncapped. 

b) Apparatus: 

PUNDIT (Portable Ultrasonic Non-Destructive Test) was used to 

measure the transmission time of the pulse through the test specimens to an 

accuracy of 0.1 Vs. The pulse frequency was 154 Hz. - (CNS Electronics Inc. ) 

c) Procedure: 

UPV was determined for all specimens both prefiring and postfiring by 

measuring the transmission time of the pulse along the axis of specimen. The 

relevant specification was consulted (BS 1881 Part 203,1986). The apparatus 

reference was reset at the beginning of every testing session. Although 
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acoustical coupling was ensured by using grease, excessive "hunting" of the 

readout was encountered especially when testing severely damaged concrete. 

To ensure repeatability the pulse was made to be transmitted along the axis of 

the cores. 

Dedicated specimens were used to examine the effect of degree of 

saturation on the residual UPV. These cores were fired and theirdryUPVwas 

determined. Subsequently, they were submerged in water for a week and their 

wet residual ultrasonic pulse velocity determined. 

Section (5.2) contains the results of the UPV measurements of all fired 

concrete cores. 

4.3.4 The dynamic modulus method: 

The purpose of the test was to detennine the natural frequency of the 

sound and damaged concrete cores. Hence, the dynamic elastic modulus (Ed) 

could be estimated. 

Fpggimen: . .......... 
The natural frequency was determined for the test cores 75mm in dia. and 

175 long. This experiment was carried out before capping the ends of the 

cores. 

qPPA M 
Erudite apparatus was used to establish the resonance frequency. This 

apparatus was borrowed from Geornaterial Research Ltd 

0T4n4xrg4qm-- 

The Ed value was determined according to BS 1881 Part 209 (1990) 

Nevertheless, ASTM C215-85 (1985) was also consulted. 7be prior 
knowledge of the probable value of the resonance frequency proved to save 

time and limit the search for the frequency to a manageable range. Such 

approximate estimation of the value of Ed was achieved by using the equation: 
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v= 
Ed(lv) 

V Q(1+V)(1-2V) 

4.3.5 Petrographic analysis: 

a) Macrostructure changes: 

These changes were assessed by the naked eye. All the heated concrete 

cores were visually examined to identify changes in colour, cracks and "pop- 

out" of the surface aggregate after firing. Such features were documented and 

the cores were photographed after they had cooled down to room temperature. 

A selection of photographs of fired river gravel and. limestone concrete can be 

found in section (5.5) The acoustic emission from concrete during cooling was 

also noted. 

b) Microstructure changes (Scanning Electron Microscopy): 

0 §qmpkp!: fpoRnq4q?;:. 
Dedicated fired concrete cores were used for the SEM examination. The 

following steps in the preparation of the specimen are noted 

1. A sub-sample of the core was cut using a diamond saw. * The sub- 

sample was taken from the middle of the fire-damaged core to 

ensure that the ends which could have been affected by heat 

transfer in both the radial and axial directions was eliminated. 

2. The sub-sample was vacuum impregnated using an Araldite resin 

to reduce any stress cracking induced by further mechanical 

cutting. The impregnated concrete core was cured at 50*C for a 

minimum of 12 hours. A specimen for SEM examination of the 

microstructure of the sample was cut from the impregnated core. 

This specimen was 25mm x 35mm surface area. 

3. The specimen was prepared for SEM by coarse and fine grinding 

of one face using diamond lapping wheels and polished using 

diamond polishing Paste on cloth pads. The following grades of 
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diamond paste were used: 45 jxrn, 14 pm, 6 lim, 3 jLm, 1 pm and 

0.25 pm. 

4. The polished surface of the specimen was coated in carbon using 

a carbon evaporator prior to viewing in the SEM. This was to 

ensure good electrical conductivity for the electron beam to 

enhance the resolution of the electron image. 

A) APPMR 
A Hitachi S450 Scanning Electron Microscope, was used to examine the 

microstructure of the specimen. Both secondary and back-scattered electron 
images were obtained and photographed at varying magnifications to illustrate 

the microcracking in the specimen. Chapter (5) contains such photographs and 

attempts to correlate these changes with the loss of stiffness of fired concrete. 

c) Chemical changes (X-Ray Diffraction method): 

When x-rays hit a prepared sample, they diffract with various energy 

counts at various angles (20) depending on the chemical and structural nature 

of the different crystalline phases. X-Ray Diffraction Traces collected for 

samples from fired and unfired concrete can show changes which it was 

considered might correlate with changes in the mechanical properties after 

firing. 

V§qmpýqprqpqnq4m:. 
The following steps are noted: 

1. The cement paste is separated from the coarse aggregate by coarse 

crushing of the concrete cores. 

2. The separated cement paste is further ground to a range of particle 

sizes of 60- 90 microns using agate mortar and pestle and a 

planetary ball mill. 

3. The ground sample is pressed into a standard aluminium holder 

using the back fill random orientated method. This consists of 
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temporarily securing a glass slide to one side of the aluminium, 

holder and pressing a portion of the ground powder into the opening 

so as to fill it completely. All excess powder is brushed away and a 

self adhesive label is attached to the holder so securing it in place. 

The glass slide is then removed leaving a flat surface of powder 

exposed. 

4. The holder with powder is then placed in the sample chamber of the 

diffractometer ready for analysis. 

#)App9jnq, 
Philips Diffractometer using a PW 1390 channel controller and Sietronics 

122XRD Automation X-Ray controller were used during the course of this part 

of the experimental work. 

l29cedure. 

Dedicated fired concrete cores were used to extract the specimens used 

for the XRD experiments. The traces were recorded for 20 values between 5 

and 55 in order to detect any possible crystallographic changes. The traces 

were stored by a specialised software (Sietronics XRD data processing 

program) for future analysis and manipulation of the data. Section (5.5) 

contains such traces for unfired, and fired concrete. 
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Plate (1): The Stiffness Damage Test rig. 
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Fig. (15): Heat treatment (i), 217'C. 
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Fig. (16): Heat treatment (ii), 240'C. 
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Fig. (17): Heat treatment (iii), 287'C. 
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Fig. (18): Heat treatment (iv), 320 'C. 
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Fig. (19): Heat treatment (v), 378'C. 
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Fig. (20): Heat treatment (vi), 470'C. 
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Fig. (21): The calibration of the load cell and 
transducers used in the SDT data acquisition system. 
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Fig. (22): Graphical representation of the definition of 
the SDT parameters. 
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Fig. (23): The variation of the DI with the number of load cycle 
performed. 
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Fig. (24): The variation of PS with the number of load cycles 
performed 
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Fig. (25): The variation of the DI with load cycle number. 
(10 cycles continuous test) 
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Fig. (26): The variation of PS with the number of load cycles 
performed. (10 cycles continuous test) 
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Fig. (27): The effect of maximum stress on the 
Damage Index. 
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Fig. (28): The effect of maximum stress on the Plastic 
Strain. 
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Fig. (29): Plan of the Strain-To-Failure test rig. (Designed by the author) 
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Fig. (30): Calibration of the transducers used in the Strain-To- 
Failure rig. 
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Chapter (5) 

Results and Discussion 

--7 '7777777-777" 
, IhtrodLictibn, ' 

When concrete is subjected to elevated temperatures it suffers internal 

disruption because of a number of physical and chemical changes that take 

place. Thermal deformation also results in internal stresses held in a state of 

equilibrium and resisted by the relevant material strength. Some of these 

mechanisms can be identified as: 

+ The incompatibility between the thermal deformations of the 

constituents of concrete causes the microcracks at the interface of 

the aggregate with the cement paste to open and propagate. 

The mere existence of a non-linear thermal gradient in concrete is 

most disruptive. The thermal deformation of the hotter layers is 

restrained by the cooler layers which could lead to high level of 

tensile stresses developing to maintain compatibility. 

The dehydration of the hydrates also results in shrinkage cracks 

within the cement paste and particularly regions rich in po an ite 

such as the interfacial zone. The dissociation of CH is pronounced 

at around 450 *C while CSH starts to dissociate around 350"C (CEB 

W14,1990). 

The loss of the physically and chemically combined water 

adversely affects the integrity of the paste. The steam pressure 
developed in the voids can sometimes exceed the tensile strength of 

the paste, especially when the stress concentration values are 

considered. The excessive pressure leads to initiation and 
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propagation of cracks. These types of cracks usually run between 

the voids or the voids and the aggregate-paste interface as 
demonstrated in section (5.5.2) 

XRD analysis showed a change in crystal structure in the fired 

specimens which could contribute to the internal stresses. The a to 
P conversion of the quartz at around 573*C is the main breakdown 

mechanism of quartzite concrete when heated to such exposure. 
Also at such level of exposure concrete contains a large amount of 
CaO which expands if exposed to moisture, causing further break 

down of the affected concrete 

Photographs taken by the Scanning Electronic Microscope showed that 

cracks at the aggregate-cement paste interface were wider in the fired 

specimens, Plate (13), than in the control specimen, Plate (5). In the fired 

specimens, cracks run through the cement paste connecting voids . Cracks are 

observed to go round unhydrated cement clinker or go through them in severely 
damaged specimens. Sometimes cracks appear in the aggregate with higher 

concentration at the edges as one would expect. 

In this chapter, the author documents the data collected during his 

investigation into adopting the new SDT technique to be used in quantifying 
the internal integrity-or the lack of it- of fire-damaged concrete. In addition, he 

establishes a large body of information of the residual properties of fire- 

affected concrete, in particular the residual stiffness. It is noteworthy that 

every data point presented graphically is the average value of - at least- 3 cores. 

! ,7 
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The SDT was developed and used to establish the stiffness characteristics 

of all the concrete cores involved in this investigation. The results of this 

section of the experimental programme will be outlines in the following 

sections. 

The stiffness parameters, namely: E,, Ej, E,,, DI, PS and NLL were all 
modified by thermal exposure. Fig. (31) shows the dramatic change in the 
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stress-strain response load cycles caused by heating. 77he response becomes 

non-linear with obvious increase in the dissipated energy during a load-unload 

cycle on the heated specimens. Also the elastic modulii are reduced by 

different degrees. This is true for the entire range of exposures even in the 

range that is not traditionally believed to cause damage to concrete. 

The following sections will explore the modification of the SDT 

parameters for river gravel and limestone concrete after exposure to various 

temperatures and duration. The heated concrete was cooled slowly in air or 

sprayed with water, in simulation of fire-fighting operations. 

5.1.1 The effect of elevated temperatures on the SDT parameters of rwed 

river gravel concrete: 

Fig. (32) shows the virgin stress-strain load cycle of a fired specimen 

(virgin meaning the very first stress cycle in the specimen! s history) while Fig. 

(33) shows the second load cycle for the same specimen. Evidently the virgin 

load cycle has considerably larger hysteresis than the second one. The cycles 

after the virgin load cycle do not involve as much loss in energy and the 

hysteresis become smaller. 

The internal stresses generated in the specimen while firing can be 

thought of as tensile stresses, with a maximum value at the tips of the cracks. 

When amax, Fig. (34), is greater than the tensile strength of the concrete the 

crack propagates until stopped by an obstacle like a void or an aggregate. 
When the specimen is tested for stress-strain determination the stress at the tips 

of the cracks is reversed to compressive stress which results in incremental 

weakening of the tips and the crack propagates further until arrested, with loss 

of elastic energy. 

Figs. (35-39) show the variation of the SDT parameters with the 

maximum temperature attained. The parameters are those calculated for the 

preliminary investigation batch of tests. The cores used in the research were 

obtained from a laboratory cast block of concrete Q, 2a = 52 N/mm 2) made 
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with 10mm river gravel coarse aggregate. The mix proportions were: 1: 1.35: 

3.14 (cement: fine aggregate: course aggregate) with a w/c ratio of 0.45. 

Fig. (35) shows how the rate of reduction of the elastic chord modulus in 

the fired specimens is comparatively small to 320*C when 38% of the unfired 

value is lost. Above this temperature there is a very rapid reduction in E, such 

that at 378*C 73% loss has occurred. Fig. (36) shows similar variation of the 

unloading modulus, where at 320*C, 74% of the unfired value is retained while 

only 40% is retained at 378T. 

The observed 38% loss in stiffness after exposure to 300"C is in line with 

the currently adopted design value of 40% provided by the CIIB W14 (1990). It 

was also believed that heating concrete above 100"C can result in 10-20% loss 

of stiffness as the physically combined water starts to evaporate while 

compressive strength is not affected. The concrete society technical report 
No. 33 (1990) presented the elastic modulus. as being affected similarly to the 

compressive strength in the range 100"C-300*C. This leads to the conclusion 

that 30% loss of the elastic modulus takes place after exposure to 300"C. Such 

level of loss in stiffness seems to be underestimated compared to Harada's 

(1972) observation of 48% loss in stiffness. 

However, direct comparison between the residual properties measured 

by different researchers is to an obvious extent hindered by the variations in the 

thermal exposure, concrete material characteristics and test methods. The fact 

that the stiffness established according to the Sj)T is that in the low stress 

region might complicate the comparison even further. At any rate, saying that 

concrete loses 40% of its elastic modulus when heated to 300*C is a 
fundamentally incomplete statement as will be shown in section (5.1) 

Fig. (37) shows that the Damage Index increases with the increase in the 

maximum temperature attained and the rate of increase is high between 320*C 

and 378: C. At 3201C, DI is 8 while at 378*C it is 35. It is suggested that the 

Damage Index could be used as a non-dimensional parameter to assess the 

extent of fire damage to concrete. 
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The Non-linearity Index is most interesting in the way it changes with 

temperature, Fig. (38). In all the results the load-unload load cycles became 

more concave the higher the temperature experienced. Hence the shape of the 

response curve can be used to give an initial idea about the extent of damage in 

concrete specimens damaged by fire. Fig. (39) shows variations of the Plastic 

Strain with temperature, it was found that the Plastic Strain is 10 pstrain at 

320"C increasing to 70 gstrain at 3780C. It is suggested that this parameter is 

used as a confirmation of the assessment established by the DI value. 

The higher rate of reduction of the elastic modulii and increase in internal 

plasticity observed for concrete heated to higher temperatures than 320"C can 

be explained by the onset of the dehydration of CSH at around 350*C followed 

by the dissociation of CH at 450"C. 

5.1.2 The effect of elevated temperatures on the SDT parameters of 

limestone concrete: 

Damage 
.......... 

Fig. (40) shows that the area of hysteresis of fired limestone cores 
becomes larger for fired specimens than that of the unheated ones. Even in the 

lower range of temperatures the DI detects increase. in the microcracks' number 

and/or width. Such microstructure changes are 'not detected by visual 

petrographic examination or the UPV. Indeed, there is no other test method 

that can efficiently detect and quantify such microstructure changes. The 

Damage Index of sound concrete is usually a value between (0) and (1). A DI 

value higher than 15 will almost certainly indicate a serious reduction in the 

stiffness, and hence the strength, of limestone concrete. 

Chord. modulus E 
........... .............. .. d, 

Fig. (41) shows that fired limestone concrete loses 40% of its original 

chord modulus when heated to 217T. Such reductions are very serious and 

usually are not detected by either the most thorough visual examination or 
UPV measurements. The Ec of fired limestone concrete suffers a notable 
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higher rate of reduction at temperatures higher than 320"C. Nevertheless only 

42 % is retained at 287"C. The residual E, is as low as 20% for cores heated to 

378"C and cooled slowly. When the specimens are cooled by spraying with 

water, the reduction is even more serious as shown in Fig. (50). 

The residual stiffness of heated limestone concrete determined by Harada, 

(1972), Fig. (12), agrees to a reasonable extent with the author's results but 

shows somewhat larger reduction of stiffness. Harada observed 38% residual 

stiffness at 287'C compared to 42% observed by the author. The small 

difference might be explained by the difference in the heating procedure 

between Harada and the author. Harada adopted a heating rate of 1.5"C/minute 

and maintained the specimens at the test temperature for an hour before 

removing the specimen from the furnace to cool. The author adopted a faster 

heating rate 9.8'C/minute in a limited attempt to simulate the standard fire 

development rate. The specimen was then maintained to reach the point of 

uniformity when it was removed from the furnace to cool. Therefore, the 

thermal exposure according to Harada involved longer duration than that 

according to the author, though the maximum temperature was the same. 

Initial modulus (E) 
............................... 9.. 

Fig. (42) shows that the initial modulus (E) of fired limestone concrete 

suffers very serious reduction even in the range that is not believed to cause 

serious loss of the compressive strength. Limestone concrete retains only 56% 

of its unfired, Ej when heated to 217*C and cooled slowly. At 320*C, 30% is 

retained and a sudden reduction occurs. Ej suffers 90% loss at 378*C. For 

quenched cores only 32% of the unfired value is retained at 217"C, Fig. (49). 

....... ...... . ......... 

Fig. (43) shows that the unloading modulus of limestone concrete is 

reduced by heating. However the reduction is considerably less than that 

suffered by either E, or Ej. Limestone concrete retains 78% of its original 

unloading modulus when heated to 217*C and retains 40% at 470*C. Also, the 
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reduction in E. does not appear to be significantly affected by the method of 

cooling at higher temperatures than 320*C, Fig. (51). 

Fig. (44) compares the degree of reduction of the different modulii after 

heating. Clearly the initial stiffness is most affected by the internal disruption. 

At the initial stage of loading, the deformation is mainly composed of rapid 

closing of the cracks especially those which connect internal voids and/or two 
interfacial zones. During unloading, the initial deformation is mainly 
composed of elastic recovery of the constituents of concrete as well as elastic 

rebound of the crack tips. 

Non-linearity index. Qý4) 
.................... . ........... 

While the loading response of unfired limestone concrete cores is 

practically linear, it becomes concave for heated specimens. The degree of 

concavity, expressed by NLI, increases the higher the maximum temperature 

attained, as shown in Fig. (45). Exposure to 320'C (NLI = 0.85) marks a 

sudden increase in the concavity of the loading response. The concavity of the 

response is therefore useful as a quick initial indication of fire damage that can 
be seen graphically while the test is being performed. Indeed, the concavity of 

the response is significantly increased for the quenched concrete than for the 

air-cooled one, Fig. (52). 

Plastic Strain WS) 
............................. - 

The unfired limestone concrete practically exhibits a zero residual strain 

at any stage of unloading. Fired limestone concrete cores exhibit a varying 
degree of Plastic Strain depending on the maximum temperature attained and 

the method of cooling, as shown in Fig. (46) and Fig. (48) respectively. Fig. 

(46) shows that at 320"C (PS = 16 [tstrain) a dramatic increase in the residual 

strain occurs reaching 60 listrain at 378*C. Therefore it is reasonable to state 

that fired limestone concrete that exhibits PS >16 is most likely to have been 

subjected to a reduction of 60% of its chord modulus. Indeed, this level of PS 

is reached for limestone concrete heated to 217*C and cooled by spraying it 

with water, Fig. (48). 
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5.1.3 The effect of the method of cooling on the SDT parameters 

During fire-fighting operations, hot concrete members are sprayed with 

water which causes reversal of the thermal gradient in the concrete members. 

The reversal of the gradient, during the process of quenching with water, leads 

to development of internal stresses as the outer layers need to contract while 

the inner layers are still hot. 

The effect of quenching with water was investigated by uniformly 
spraying the heated concrete for five minutes with tap water and leaving it to 
finish cooling in a controlled enviromnent. The quenched concrete is 

compared with that heated to the same temperatures and air-cooled in the same 
controlled environment of 20*C and 65%. The effect was investigated for both 

river gravel concrete and limestone concrete. Figs. (47-52) and Figs. (53-58) 

show clearly the serious damaging effect of quenching on the stiffness 
characteristics of fired limestone aggregate and river gravel concretes 

respectively. 

The author believes that the sudden reversal of the thermal gradient 
develops internal stresses and causes further disruption to the microstructure 
leading to loss of stiffness of the affected concrete. During heating the outer 
fibres of the test specimen tend to expand more than the inner fibres depending 

on the magnitude of the thermal gradient. Consequently cracks develop until 

the internal stresses are held in equilibrium by the microstructure strength. As 

the specimen reaches the point of uniformity, the temperature gradient tends to 

zero. Subsequent sudden cooling will unbalance the internal equilibrium with 

significant internal stresses developed as the outer fibres will attempt to 

contract and the inner fibres to expand. The differential deformation between 

the different layers leads to further crack activities: propagation, incremental 

weakening, or sliding. The acoustic emissions produced when the heated 

concrete is suddenly cooled is a strong indication of the damaging effect of 

quenching, though a crude one. 

It could however be contradictorily argued that spraying hot concrete 

with water could lead to reduction in the dissociation of the hydrates. Ibis 
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might be partially true at exposures to temperature higher than 450"C when the 

damaging effect of the dehydration is also as significant as the fracture caused 

by the reversal of the thermal profile. Nevertheless, CaO is found in 

abundance in concrete after exposure to temperatures higher than 450*C. The 

expansion of CaO when exposed to moisture can also be another damaging 

effect of quenching at such high level of thermal exposure. 

The following sections will indicate the damaging effect of quenching as 

detected by the modification of the stiffness characteristics and the energy 

dissipated in a load-unload cycle of heated concrete cores. 

Aý. - 

The Damage Index was found to be always larger for quenched concrete 

than that of air-cooled concrete. Fig. (47) shows that the DI of quenched 

limestone concrete is about twice that of the air-cooled concrete regardless of 

the temperature attained. Fig. (53) demonstrates the adverse effect of 

quenching on the internal integrity of heated river gravel concrete as assessed 

by the DI value. 

Fig. (59) shows the relative effect of quenching on river gravel and 

limestone concrete as assessed by the difference in the DI value between air- 

cooled and quenched specimen. It is seen that the effect of quenching increases 

the higher the maximum temperature attained. The difference in DI does not 

seem to be affected by type of aggregate and shows a substantial increase over 

the entire range investigated. However, at extreme temperatures river gravel 

concrete is less affected by quenching than limestone concrete. Heating 

siliceous aggregate concrete to temperature around 573"C results in physical 

changes in the aggregate such as the a to P conversion of quartz. Such changes 

result in severe disruption to the microstructure of concrete which might 

outweigh the disruption caused by quenching. As carbonate aggregate concrete 

does not experience such conversion, the effect of quenching is still 

pronounced at extreme temperature. 
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It is remarkable that the DI for air cooled concrete after firing to 320*C is 

at the same level as that of concrete heated to 217"C and cooled by quenching. 

The inference here is that the traditionally held view that 300"C marks the 

onset of significant damage in concrete is questionable. Quenching seems to 

lower the critical temperature to 220"C. This is particularly relevant to the 

stiffness characteristics of heated concrete. 

: e5i 

Figs. (48 and 54) show the increased internal plasticity of quenched 

concrete compared to that of air cooled concrete over the entire range of 
temperatures for both limestone and river gravel concretes respectively. The 

internal plasticity observed in air-cooled river gravel concrete after heating to 

378"C is 50 ýtstrain. Such level of PS is observed in specimens heated to 
250"C and cooled by spraying with water. At 378*C the PS of quenched 

concrete is about three times that of air-cooled concrete. This is the same for 

both limestone and river gravel concrete. 

Figs. (49 and 55) show the effect of quenching on Ej for heated river 
limestone and gravel concretes respectively. It is remarkable that the Ej is J 
extremely sensitive to the effect of quenching on fired concrete. This is 

particularly so in the lower temperature range. The initial modulus was 

reduced to a mere 30% and 40% of the unfired value because of heating to 
217"C and subsequent quenching of limestone and river gravel concrete 

respectively. If concrete is air-cooled, the residual value of Ej is around 60% 

and 80% for limestone and river gravel concrete respectively. The effect of 

quenching on Ej decreases in the high range of temperatures. However, the 
initial modulus is severely reduced by exposure to such temperature anyway. 
A 95% reduction of the Ej of concrete after heating to 470*C and then 

quenched was encountered. 



Results and Discussion 

Figs. (50 and 56) show that the chord modulus is affected by quenching 

in the same fashion as the initial modulus. The chord modulus is reduced more 
for both river gravel and limestone concretes when cooled by quenching than 

when air-cooled. It is remarkable that quenching reduces the chord modulus of 
limestone concrete to 45% of its unfired value after heating to 217"C. Such 

loss of stiffness is reached after heating the specimens to 300"C when 

subsequently air-cooled. A mere 10% residual stiffness can be encountered in 

concrete after heating to 470*C and cooled by quenching. 

& 

Fig. (51) shows that the unloading modulus is the parameter least 

affected by the method of cooling. This is particularly true for limestone 

concrete where the difference between the residual unloading modulus of the 

air-cooled and the quenched cores is negligible when compared to the other 

parameters. This further suggests the dependency of the Eu more on the 

maximum temperature than on the cooling method. 

ATU- 

Fig. (52) shows that the concavity of the loading response is greater for 

all the fired concrete cores when they are cooled by spraying with tap water 
than when air-cooled. However, there seems to be a lower limit to the degree 

of non linearity of the loading response. The NLI was rarely less than 0.6. 

In spite of the damaging effect of quenching hot concrete with water, the 

standard heating curves do not have any provision for the possible sudden 

reversal of the thermal gradient. In Fig. (60) the author reproduces the thermal 

profile developed across a concrete beam during a standard furnace test 

according to BS476. He then superimposes a possible scenario of quenching 

after one hour exposure. At a location 30mm away from the exposed surface, 

�I 

typical location of reinforcement bars, the temperature will reach about 500"C 
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while the exposed surface will be at 900"C. Such thermal gradient will be 

suddenly reversed if the outer surface is subjected to the fire-fighters quenching 

water. The sudden development of a non-linear profile across the adjacent 
layers will surely lead to aggravating the internal fracture of concrete, as 

established experimentally by the author. 

The author failed to find documented information as to the effect of fire 

fighting activities on the residual stiffness characteristics of concrete. 
However, the CIIB W14 (1990) provided a seemingly experience-based 

statement that sudden cooling by water during fire fighting activities leads to 

the development of cracks as a result of contraction. 

5.1.4 The effect of the maximum aggregate size on the SDT parameters 

The author put forward the supposition that smaller size aggregate 

concrete is less damaged by exposure to high temperatures than larger 

aggregate concretes. The supposition was based on the intuition that the 
internal disruption is partially caused by the resultant of the thermal 
deformation of both the coarse aggregate and the cement matrix. This intuition 

was also strengthened by the observation of Harmathy (1966) that the stiffness 
of neat cement specimens was less affected by thermal exposure up to 320"C 
than concrete ones. 

Figs. (61-64) show the comparison between the average SDT parameters 
for 20mm and 10mm coarse river aggregate concretes. The cores were fired to 
the test temperature and air cooled slowly in a controlled environment. 
Generally, 10mm coarse aggregate concrete exhibited better post-firing 
stiffness characteristics than 20mm coarse aggregate concrete. The following 

sections will explore in detail the relative performance of the two maximum 
aggregate size concretes. 

Aý.. 

Fig. (61) shows the effect of maximum aggregate size on the DI. The DI 

is Iarger for 20mm aggregate heated concrete than for 10mm aggregate 
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concrete except at 378*C. At 3780C the size of aggregate does not seem to 

influence the Damage Index. Comparing Fig. (61) with Fig. (101) reveals a 

similar effect of aggregate size on the residual UPV. 

The rate of increase of the Damage Index with temperature appears to be 

constant over the range (217*C - 378"C) for the 20mm concrete. However, for 

10mm. aggregate concrete the Damage Index increases at a slower rate in the 

range (217*C - 287*C), is constant between 287*C-320*C when a sudden 

increase in the Damage Index takes place. 

The effect of the maximum aggregate size can be explained by the higher 

thermal expansion of larger aggregate which lead to higher values of internal 

stresses. The higher stresses will lead to more cracks and greater damage. 

Fig. (62) shows the chord modulus ratio of 10mm. and 20mm river gravel I 

heated concrete. The pattern is similar to that of Fig. (61) which suggests a 

good correlation between the area of hysteresis and the chord modulus in the 

range (240*C-378"C). At 378*C the two aggregate concrete sizes converged 

which is similar to the behaviour of both UPV and the DI. However, at 

extreme temperatures (>378"C), the Damage Index appears to be more 

representative of the fracture state than the reduction in E, 

NLL 

Fig. (63) shows that fired 20mm aggregate concrete has a more concave 

response than that of 10mm aggregate concrete over the entire range. NLI 

seems to agree with the Damage Index and the chord modulus in assessing the 

effect of aggregate size on fired concrete. However, the convergence at 470"C 

(similar to Ed indicates a limit to how non-linear the response can become. 

Fig. (64) shows that no general statement can be made concerning the 

effect of the aggregate size on the unloading modulus (E. ). However, E. seems 
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to be affected by the maximum temperatur e attained more than the size of 

aggregate. However, it is noted that the rate of reduction of E,, of the 20mmm. 

aggregate concrete is almost constant over the range (217*C-378*C) whereas a 

sharper reduction occurs between 320T and 378"C for 10mm aggregate 

concrete. 

The inference of these results is that concretes of smaller size aggregates 

exhibit better postfiring properties than concrete made with larger size 

aggregates. The larger aggregates expand more when heated resulting in more 

disruption to the micro structure. 

It is worth mentioning however that 10mm aggregate concrete was used 
in the initial investigation. By the time the experimental procedure was up and 

running, this batch was 10 months old when it was heated and tested, whilst the 

remaining batches used in the main body of the experimental programme were 

fired and tested at an age of approximately 4 months. The effect of age of 

concrete when heated on its residual structural properties was investigated by 

Davis (1967). He believed that the longer the concrete is cured before firing, 

the less affected by the thermal exposure it became. Therefore, the author is 

inclined to think that the favourable effect of smaller aggregate size might have 

been magnified by the unfortunate difference of the age at firing and testing. 

5.1.5 The effect of the duration of thermal exposure on the SDT 

parameters: 

Once the thermal gradient inside the. concrete disappears the thermal 
internal parasitic stresses are reduced and held in equilibrium. However, 

continued heating beyond the point of uniformity, especially at temperatures 

>400*C, could lead to further loss of the chemically combined water in the 

hydrates. The dissociation of the hydrates could lead to further cracking and 

disruption. 

Figs. (65-70) generally show that concrete is further damaged the longer 

the duration of thermal exposure. This is particularly so in the higher range of 

temperatures. Two batches of river gravel concrete, M3 and M4 in Table (5), 
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were involved in investigating the effect of the duration of thermal exposure.. 

The cores from M3 were fired to the point of uniformity and air- cooled in a 

controlled environment. The cores from M4 were heated to the point of 

uniformity and soaked at the maximum temperature for two hours and cooled 

in the same manner as the M3 cores. The following sections will discuss the 

effect in more detail. 

DI: 

Fig. (65) shows the Damage Index of river gravel concrete heated either 

to the point of uniformity and cooled, or soaked in the maximum temperature 

for two hours. It is noted that the duration of exposure significantly affects the 

area of hysteresis at temperatures higher than 320"C. The intensity of internal 

cracks is increased as the dehydration of the cement paste continues. The 

effect is more pronounced beyond 320"C because of the increased dehydration 

of calcium hydroxide at such temperatures resulting in a more damaged cement 

matrix. The interfacial zone, which usually has high concentration of calcium 
hydroxide is severely damaged by dehydration. 

PS. - 

Fig. (66) shows the further increase in the Plastic Strain when the river 

gravel concrete is soaked at the maximum temperature for two hours. The 

effect is again more pronounced for temperatures higher than 320*C. This can 

also be explained by increased internal shrinkage cracks because of the onset 

and continuation of the dehydration of calcium hydroxide. It is also worth 

noting that the variation of PS bears a striking resemblance to the DI variation. 

The increased duration of exposure further reduces the chord modulus, as 

shown in Fig. (67). Two hours' duration results in about 10% more reduction 

of the chord modulus than that caused by basic heating to the point of 

uniformity. This is true for the entire range of investigated temperatures. 
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The initial modulus was also further reduced by soaking the cores at the 

maximum temperature for two hours. However the Ej seems to be more 

sensitive in the lower range of temperature, 'as shown in Fig. (68). Generally 

the initial stiffness of concrete soaked at the maximum temperature is about 8% 

less than concrete only heated to the point of uniformity. 

NLI 

The increased duration of exposure does not seem to significantly 

increase the non-linearity of the load-unload response, as shown in Fig. (69). 

The unloading modulus is further reduced by the increased duration of 

exposure, Fig. (70). This is true over the entire range of temperatures except at 

378"C when the two curves converge. 

5.1.6 The effect of the type of aggregate on the SDT parameters 

The view that limestone concrete processes better fire-resistance 

properties than siliceous aggregate concrete seems to be expressed in the 

existing literature. The author would agree that limestone concrete hardly 

exhibits visual damage in terms of surface cracks and surface pitting. 

However, the following paragraphs will contain evidence that the internal fire- 

damage of the investigated limestone concrete was as severe as river gravel 

concrete, indeed more so. 

The SDT parameters for both natural aggregate concretes were 

determined. The fired concrete cores were either cooled in air or sprayed with 

water in simulation of fire-fighting. Generally, the limestone concrete 

exhibited less residual stiffness than river gravel concrete as outlined in the 

following sections. 
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Fig. (71) shows the percentage residual chord modulus for fired 

limestone concrete and river gravel concrete. The reduction of the chord 

modulus for the limestone concrete is greater than that of the river gravel 

concrete indicating poorer fire-resistance for the limestone concrete. This is 

true for the entire range of temperatures, although the type of aggregate does 

not significantly affect the residual chord modulus in the range: 320*C-470*C. 

A comparison between Fig. (71) and the results obtained by Harada 

(1972), reproduced in Fig. (12), reveals a good degree of agreement in relation 

to the relative residual stiffness of limestone concrete compared to siliceous 

aggregate concrete. Indeed, such agreement was expected because of the 

similarity of the method - excepting the heating rate and the definition of the 

duration of exposure- used by Harada and that of the author. 

Fig. (72) shows the percentage residual E. for air-cooled fired limestone 

and river gravel concrete. Limestone concrete suffers more reduction in its 

unloading modulus than river gravel concrete for the entire range. However, 

the difference becomes insignificant at the higher temperatures. 

DI: 

Fig. (73) shows a comparison of the area of hysteresis of the river gravel 

and the limestone concrete which were heated to the point of uniformity and 

cooled in controlled environment at 20"C. The limestone concrete exhibited a 

smaller area of hysteresis than the river gravel concrete in all the range except 

at 217"C when, to a small extent, the opposite was true. 

It is remarkable that the DI failed to agree with the residual modulii in 

assessing the relative postfiring damage in limestone concrete and river gravel 

concrete. Indeed the residual UPV, Fig. (100), indicates more damage in 
heated limestone concrete than in fired river gravel concrete. This apparent 
inefficiency of the Damage Index is explained by the fact that the modulii (and 
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UPV) are normalised over the unfired value while the DI is not normalised for 

the stiffness characteristics of the different types of concretes. A nonnalising 

parameter is therefore needed to enable the comparison to be made. 

Refening to Fig. (74), the Damage Index can be calculated from the 

formula: DI = 0.5 a (]ý, - E, )/(E,,. E) if a linear loading and unloading response 

is assumed. 

As the actual response is not linear the formula can be assumed as: DI = 
K (E. - E)/(E.. E, ). Fortunately, K is found to be reasonably constant 

regardless of the type of aggregate and indeed the maximum temperature 

attained, As shown in Table (6). 

Table (6): The variation of K 

Temperature *C K 
Limestone concrete River Gravel 

217 724 492 
287 671 766 
320 660 747 
378 671 660 
470 1 674 1 645 

At 217*C, the average K value is not the same for the different types of 

concrete because of the relatively low Damage Index at this temperature which 

magnifies any experimental error. 

Therefore when comparing the Damage Index of limestone concrete with 

that of the river gravel concrete, the former should be multiplied by a factor, F. 

This factor can be calculated from the formula: 

F= (E,,. E, (E. - E, )}, /(E.. E, (E,, - Ed}g 

Where: 

*I designates limestone concrete 

+ designates river gravel concrete 
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When such correction is applied, the Damage Index agrees with the other 

parameters in assessing the relative performance of limestone concrete and 

river gravel concrete after fire exposure, as shown in Fig. (75) 

In the same manner, the correction factor F should also be applied to the 

Plastic Strain of limestone concrete to make it possible to compare it with PS 

of the river gravel concrete. 

5.1.7 Comparison between the effect of quenching and that of longer 

duration of exposure on the SDT parameters 

As outlined in the above sections, the duration of exposure was expected 

to be damaging at the higher level of exposure. However, at temperatures less 

than 320*C, the thermal shock was hypothesised to cause more loss of the 

mechanical properties than the extended duration of exposure.. 

The sub-hypothesis was tested on three batches of river gravel concretes 

M2, M3, and M4. Cores from M3 were heated to the point of uniformity and 

cooled in a controlled environment of 20"C while cores from M2 were heated 

to the point of uniformity, sprayed with water for 5 minutes and subsequently 

left in the controlled environment until completely cooled. The cores from M4 

were heated to the point of uniformity and soaked at the test temperature for a 

further 2 hours after which they were taken to the controlled environment and 

left to cool. 

The SDT results of the three batches are summarised in Fig. (76-80). 

Extended duration of exposure does not seem to aggravate the internal fracture 

of concrete up to a temperature of 320*C. It appears that the internal disruption 

is more dependent on the method of cooling than the duration of exposure up 

to 35011C. Beyond this level of exposure the internal degree of cracking is 

more determined by the duration of exposure. 

This finding can be explained by identifying which mechanism of 

disruption dominated at the different levels of exposure. The incompatible 

thermal deformations between the different constituents together with the 
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development of the thermal profile are the major disruptive forces at the lower 

level of exposure. The dehydration of the hydrates together with the quartz a 

to P conversion are the dominant damaging forces at the high level of exposure 

of siliceous; concrete to elevated temperature. 

Figs. (78 and 79) show that the effect of 2 hours' extension of the 

duration of exposure on the residual initial and chord modulii is less damaging 

than the damaging effect of 5 minutes spraying the hot concrete with water. 
This is again true in the range below 350"C but at higher temperatures the 

increase in the dehydration of hydrates and the onset of the quartz conversion, 

at 573"C cause severe disruption which outweighs the disruption caused by the 

reversal of the temperature gradient which takes place during quenching. 

5.1.8 Statistical scrutiny of the SDT results: 

In this section the statistical implications of the SDT parameters will be 

explored. Generally, the parameters showed a good degree of repeatability as 

measured by the coefficient of variation. 

When the DI, PS and the elastic modulii (Ei and E) are plotted against 

the maximum temperature attained, regardless of the other characteristics of the 

exposure, the bands of results are obviously wide. This strongly indicates that 

the degree of damage is not solely dependent on the maximum temperature but 

on various characteristics of the exposure. Remarkably, the percentage residual 

of both E, and Ej correlate remarkably well with both DI and PS and the bands 

of results are narrow. 

Interestingly, E. seems to correlate satisfactorily with the maximum 
temperature and therefore is the least influenced by other characteristics of the 
thennal exposure. In addition, Eu is found not to correlate well with either the 

Damage Index or the Plastic Strain. The following sections will explain the 

aforementioned statement in detail. 
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a) The coefficient of variation (Cv)of aff the parameters 

Tables (7-12) show the mean values, the standard deviation and the 

coefficient of variation of all the test groups for all the SDT parameters. Every 

heat treatment was usually repeated on three cores and sometimes on four 

cores. On very few occasions the data represent the results obtained from two 

cores. The coefficient of variation is calculated as the percentage of the 

standard deviation of the mean value of each test group. The most probable 

value (MPV)of the coefficient of variation of a certain parameter is determined 

as: 

MPV = The mean value :k the standard error 
The standard error = SNn 

Where: 

S= standard deviation of the mean 

n= the number of test groups 
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Table(7): The coefficient of variation of the Non-Linearity Index (NI. D. 

Limestone concrete (Basic treatment) 
Temperature 21rC 240"C 2870C 32011C 37811C 47011C 
Average 0.94 0.93 0.87 0.85 0.78 0.78 
Standard deviation 0.00 0.02 0.03 0.04 0.01 0.02 
Coefficient of variation 0.5% 2.4% 3.3% 4.6% 1.8% 3.0% 

Limestone concrete (Quenched) 
Temperature 2170C 28M 32011C 3780C 47011C 
Average 0.82 0.75 0.73 0.70 0.70 
Standard deviation 0.02 0.00 0.01 0.003 0.009 
Coefficient of variation 2.6% 0.7% 1.0% 0.5% 1.3% 

20mm river gravel concrete (Basic heating) 
Temperature 2170C 2400C 2870C 32011C 37811C 470*C I 
Average 0.95 0.88 0.82 0.78 0.77 0.71 
Standard deviation 0.02 0.02 0.03 0.01 0.00 0.03 
Coefficient of variation 1.9% 2.1% 4.2% 1.9% 0.3% 4.1% 

20mm river gravel concrete (Quenched) 
Temperature 2170C 2400C 2870C 3200C 37811C 47011C I 
Average 0.85 0.77 0.69 0.69 0.66 0.68 
Standard deviation 0.05 0.02 0.01 0.01 0.03 0.06 
Coefficient of variation 6.1% 2.4% 1.0% 1.4% 4.8% 8.9% 

20mm river gravel concrete (soaked for two hours) 
Temperature 2170C 2400C 28TIC 3200C 378c'C 4700C If 
Average 0.91 0.88 0.81 0.79 0.72 0.69 
Standard deviation 0.01 0.02 0.03 0.03 0.00 0.03 
Coefficient of variation 1% 2% 4% -3% 0% 5% 

Preliminary (10mm river gravel concrete) 
Temperature 2170C 24011C 28TIC 3200C 37811C 470"C 
Average 0.97 0.95 0.93 0.91 0.81 0.72 
Standard deviation 0.02 0.01 0.01 0.02 0.01 0.00 
Coefficient of variation 2.5% 0.8% 1.1% 2.4% 1.0% 0.5% 

1: tests to 10 M 
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Table(8): The coefficient of variation of the Initial loading modulus MO. 

Limestone concrete (Basic treatment) 
Temperature 2170C 24011C 28711C 3200C 37811C 47011C 
Average, N/mM2 25031 22461 15036 13762 5739 4039 
Standard deviation 611 1297 2345 2545 598 203 
Coefficient of variation 2.4% 5.8% 15.6%. 18.5% 10.4% 5.0% 

Limestone concrete (Quenched) 
Temperature 21rC 2400C 28M 3200C 3780C 4700C 
Average, N/mM2 13900 7162 5987 2750 2328 
Standard deviation 1402 591 781 134 134 
Coefficient of variation 10.1% 8.3% 13.0% 4.9% 5.8% 

20mm river gravel concrete (Basic heating) 
Temperature 21711C 2400C 2870C 32011C 3780C 470"C 
Average, N/MM2 20213 14232 8493 6146 3795 2574 
Standard deviation 867 482 2274 388 303 682 
Coefficient of variation 4.3% 3.4% 26.8% 6.3%. 8.0% . 26.5% 

20mm river gravel concrete (Quenched) 
Temperature 21rC 240"C 2870C 3200C 378cC 470"C 
Average, N/mm2 13524 7604 4008 3852 2059 1713 
Standard deviation 3326 638 428 332 166 255 
Coefficient of variation 24.6% 8.4% 10.7% 8.6% 8.1% 14.9% 

20mm river gravel concrete (Soaked for two hours) 
Temperature 21rC 2400C 287"C 32011C 378"C 470"C 
Average, N/mM2 16965 13757 7796 5937 2531 961 
Standard deviation 1991 1865 1458 1098 579 246 
Coefficient of variation 12% 14% 19% 18% 23% 26% 
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Table(9): The coefficient of variation of the loading chord modulus (Ec). 

Limestone concrete (Basic treatment) 
Temperature 2170C 2400C 2870C - 3200C 378"C 47011C 
Average, N/mM2 26531 24155 18485. 17143 9162 8328 
Standard deviation 936 843 1523 1211 674 165 
Coefficient of variation 3.5% 3.5% 8.2% 7.1% 7.4% 2.0% 

Limestone concrete (Quenched) 
Temperature 2171C 287*C 3200C 3780C 470*C 
Average, N/MM2 19591 13063 11727 6136 5172 
Standard deviation 715 1033 1361 258 225 
Coefficient of variation 3.6% 7.9% 11.6% 4.2% 4.4% 

20mm river gravel concrete (Basic heating) 
Temperature 21rC 2400C 28rC 32011C 3780C 470"C 
Average, N/mM2 21439 17109 12221 10271 6601 3990 
Standard deviation 555 454 2045 316 413 833 
Coefficient of variation 2.6% 2.7% 16.7% 3.1% 6.3% 20.9% 

20mm river gravel concrete (Quenched) 
Temperature 21711C 24011C 28rC 32011C 37811C 470'*C 
Average, N/mm 2 18198 13578 9224 8950 5372 3013 
Standard deviation 1720 455 527 331 879 405 
Coefficient of variation 9.5% 3.3% 5.7% 3.7% 16.4% 13.4% 

20mm river gravel concrete (Soaked for 2 hours) 
Temperature 2170C 24011C 28rC 3200C 378"C 470"C 
Average, N/mm2 19709 17267 11363 9 39'8 5046 1526 
Standard deviation 2164 1930 1294 1083 1091 338 
Coefficient of variation 11% 11% 11% 12% 22% 22% 

Preliminary (I Omm river gravel concrete) 
Temperature 2170C 24011C 28rC 3200C 37811C 47011C 
Average, N/mm2 18155 18207 15319 14757 6201 4870 
Standard deviation 2157 1067 1024 192 829 348 
Coefficient of variation 11.9% 5.9% 6.7% 1.3% 13.4% 7.1% 
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Table(10): The coefficient of variation of the unloading modulus (Eu). 

Limestone concrete (Basic treatment) 
Temperature 21M 2400C 28rC 32011C 3780C 47011C 
Average, N/mM2 33908 31868 28359 26687 19194 17466 
Standard deviation 769 512 1 ill 783 574 861 
Coefficient of variation 2.3% 1.6% 3.9% 2.9% 3.0% 4.9% 

Limestone concrete (Quenched) 
Temperature 2170C 24011C 287*C 32011C 3780C 4700C 
Average, N/mM2 33407 28321 27945 18076 15471 
Standard deviation 1240 1308 1264 1302 375 
Coefficient of variation 3.7% 4.6% 4.5% 7.2% 2.4% 

20mm river gravel concrete (Basic heating) 
Temperature 21170C 2400C 2870C 3200C 37811C 4700C 
Average, N/mM2 24669 23152 19567 18495 12652 8251 
Standard deviation 1074 787 2282 1001 592 1257 
Coefficient of variation 4.4% 3.4% 11.7% 5.4% 4.7% 15.2% 

20mm river gravel concrete (Quenched) 
Temperature 21170C 24011C 2870C 3200C 37811C 470*C 
Average, N/mM2 26170 24156 21624 22063 13572 9313 
Standard deviation 720 1817 456 1130 734 2445 
Coefficient of variation 2.8% 7.5% 2.1% 5.1% 5.4% 26.3% 

20mm river gravel concrete (Soaked for two hours) 
Temperature 211711C 2400C 28rC 3200C 3780C 470cC 
Average, N/mM2 25345 25295 19120 16230 15885 3773 
Standard deviation 1736 3126 1092 1004 7135 782 
Coefficient of variation 7% 12% 6% 6% 45% 21% 

Preliminary (10mm river gravel concrete) 
Temperature 2170C 24011C 28711C 3200C 3780C 470'*C 
Average, N/mM2 19978 20679 19121 19192 11011 9714 
Standard deviation 2265 247 609 258 1679 688 
Coefficient of variation 11% 1% 3% 1% 15% 7% 
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Table(ll): The coefficient of variation of the damage Index (DO. 

Limestone concrete (Basic treatment) 
Temperature 21rc 2400C 28rC 3200C 3780C 47011C 
Average 5.43 7.58 13.24 12.84 36.39 44.88 
Standard deviation 1.97 1.06 1.23 0.26 2.32 5.01 
Coefficient of variation 36.2% 14.0% 9.3% 2.0% 6.4% 11.2% 

Limestone concrete (Quenched) 
Temperature 211PIC 240'*C 2870C 3200C 37811C 470"C 
Average 15.29 27.64 32.47 72.29 86.81 
Standard deviation 0.76 3.68 4.95 2.26 7.14 
Coefficient of variation 4.9% 13.3% 15.2% 3.1% 8.2% 

20mm river gravel concrete (Basic treatment) 
Temperature 21711C 24011C 2870C 3200C 378"C 47011C 
Average 3.68 8.69 15.29. 21.11 36.50 45.08 
Standard deviation 0.07 0.70 1.78 1.44 2.12 16.38 
Coefficient of variation 1.8% 8.0% 11.6% 6.8% 5.8% 36.3% 

20mm river gravel concrete (Quenched) 
Temperature 2170C 24011C 28M 3200C 378*C 470cC 
Average 10.38 18.48 31-0 37.01. 71.08 81.16 
Standard deviation 3.12 1.23 4.68 1.85 7.60 11.97 
Coefficient of variation 30.1% 6.7% 14.8% 5.0% 10.7% 14.7% 

20mm river gravel concrete (Soaked for two hours) 
Temperature 21rC 2400C 28, rc 3200C 3780C 4700C 
Average 6.68 10.77 19.74 22.50 73.31 163.47 
Standard deviation 1.19 3.02 5.36 4.11 3.33 6.00 
Coefficient of variation 18% 28% 27% 18% 5% 4% 

Preliminary (10mm river gravel concrete) 
Temperature 2170C 2400C 28rC 32VC 378'OC 4700C 
Average 3.31 4.71 8.47 8.49 35.68 36.91 
Standard deviation 0.62 1.36 1.86 1.18 8.77 2.49 
Coefficient of variation 19% 29% 22% 14% 25% 7% 
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Table(12): The coefficient of variation of the Plastic Strain 

Limestone concrete (Basic treatment) 
Temperature 21170C 240'*C 2870C 320c'C 37811C 47011C 
Average, ILstrain 3.91 6.18 12.47 16.05 60.84 64.79 
Standard deviation 2.12 1.15 4.26 6.46 6.62 4.42 
Coefficient of variation 54.2% 18.6% 34.1% 40.2% 10.9% 6.8% 

Limestone concrete (Quenched) 
Temperature 21M 2870C 32011C 37811C 4700C 
Average, pstrain 22.10 54.84 67.52 171.79 187.37 
Standard deviation 5.36 9.55 18.35 9.55 23.18 
Coefficient of variation 24.3% 17.4%. 27.2% 5.6% 12.4% 

20mm river gravel concrete (Basic treatment) 
Temperature 2170C 240c'C 28M 32011C 37VIC 4700C 
Average, [Lstrain 2.68 7.98 18.12 22.93 52.05 77.94 
Standard deviation 1.16 0.72 5.23 13.90 3.57 38.19 
Coefficient of variation 43.1% 9.0% 28.8% 60.6% 6.8% 49.0% 

20mm river gravel concrete (Quenched) 
Temperature 211711C 24011C 2870C 32000 3780C 470cC 
Average, jLstrain 15.96 36.44 73.22 84.22 168.94 181.09 
Standard deviation 8.40 4.30 14.68 6.93 19.18 30.14 
Coefficient of variation 52.6% 11.8% 20.0% 8.2% 11.4% 16.6% 

20mm river gravel concrete (Soaked for two hours) 
Temperature 217"C 24011C 2870C 320T 37811C 4700C 
Average, jistrain 6.35 11.00 23.07 30.50 100.04 322.21 
Standard deviation 1.15 3.70 7.57 10.18 29.78 64.32 
Coefficient of variation 18% 34% 33% 33% 30% 20% 

Preliminary (10mm river gravel concrete) 
Temperature 21rC 240cC 2870C 3200C 37811C 47011C 
Average, [tstrain 6.12 9.35 9.10 17.44 68.65 73.52 
Standard deviation 4.05 2.92 2.68 1.26 30.52 5.73 
Coefficient of variation 66% 31% 29% 7% 44% 8% 
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Table (13) shows the most probable values of the coefficient of variation of the 

stiffness damage test parameters. The MPV was calculated by using the whole 

population without discarding the extreme values. The population consists of 
30 groups representing different thermal exposures and concrete materials. 

Table (13): 7he MPV of the coefficient of variation of the SDTparameters. 

Stiffness Damage Test Parameters The Most Probable Value of (Cv) 

NLI 2.2±0.3 % 
Eu 6.6±0.9% 
Ec 8.7±0.97 % 
Ej 12.5±1.39 % 
DI 14± 1.6% 
PS 26.4±2.9 %i 

Evidently the SDT parameters are repeatable even though the population 

groups represented various thermal exposures- and concrete materials. 

It is remarkable that while Salam (1993) stated that Eu and NLI were so 

variable and unreliable that they were not worth pursuing any ftuther, here they 

show the least variations of all the SDT parameters. 

b) Correlation between SDT parameters with maximum temperature 

attained. 

Figs. (81-86) show the possible correlation between the SDT parameters 

and the maximum temperature attained. From these graphs it is clear that 

maximum temperature experienced is not the only damaging effect during 

fires. This fact is pictorially illustrated by the width of the band of the results. 
This finding highlights the shortcomings of the existing techniques used in 

assessing the postfiring residual properties of concrete. The discoloration 

(Concrete Society, 1990) and thermoluminescence (Smith, 1983) methods rely 

on predicting the maximum temperature attained during fires. However, such 
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predictions are not at all reliable, limestone coarse aggregate concrete does not 

show any noticeable colour changes after heating to temperature in the range 
(200 -470"C) as demonstrated in section (5.5.1). The prediction of the 

maximum temperature using the thermoluminescence (TL) is severely 

confused by the duration of exposure yielding unreasonable misleading 

predictions. Even if the estimation of the maximum temperature is 

satisfactorily achieved, the results presented here clearly show that the 

maximum temperature is not the sole determinant of the extent of damage. 

Indeed, there is hardly a temperature that can be designated as critical 

temperature. However, a cntical fractured state is defined according to the 

internal plasticity and energy dissipation in a stress-strain cycle. In section 
(6.2.1), the author proposes a new method of classification of fire-damage to 

concrete based on this philosophy. The new classification method is based on 

accurate and direct assessment of the microstructure of the affected concrete 

which cater for not only the maximum temperature experienced but also other 

characteristics of the thennal exposure. 

However, the residual unloading modulus (E) seems to correlate well 
(coefficient of correlation, R=0.862) with the maximum temperature attained 

regardless of other characteristics of thermal exposure and concrete materials, 

as shown in Fig. (83). 

The widths of the band of results in Figs. (81-86) give a pictorial 
indication that: 

Both DI and PS are more sensitive to the characteristics of the 

thermal exposure and the fractured state in the higher range of 

temperatures than in the lower range. 

Both Ej and E, are more sensitive in the lower range of 

temperatures than in the higher range. 

Both E. and NLI have the same sensitivity over the entire range of 

temperatures 

The previous researchers (Cruz, 1968 ; Lie, 1968 ; Purkiss, 1972 ; 
Sullivan, 1970) established that the loss of elastic modulus of concrete is 
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around 40-50% at exposure to 3000C and around 80% at 600*C. The author 

believes that such statements relating the reduction of stiffness to the maximum 

temperature of exposure is incomplete. The reduction of stiffness of the 

concrete during heating (the transient conditions) is largely of concern to the 

designer who attempts to design for a certain fire-endurance criterion. For the 

consultant practitioners, who undertake the appraisal of fire-affected structures 

to determine its residual load-bearing capacity, the residual properties are of 
interest. In Fig. (82), the author attempts to correlate the percentage residual 

chord modulus, as determined from the SDT, to the maximum temperature of 

the exposure regardless of the characteristics of the exposure or the concrete 

material. However, it is observed that the residual stiffness after exposure to 

300"C, is in the range 68%-30% depending on the various aspects of the 

exposure and the concrete material. Interestingly, the correlation establishes a 

reduction of around 50% after exposure to 300*C. 

The author found that the initial stiffness is very sensitive to the degre6 of 

fracture, certainly more so than the chord modulus and the unloading modulus, 

as shown in Fig. (44). The initial strain includes both elastic and plastic 

components of deformation but it mainly represents initial crack activities such 

as narrowing of crack width and initial propagation of cracks and sliding of the 

damaged interfaces while at higher stress levels the strain better represents the 

elastic properties of the concrete as a composite material. The author observed 

severe reduction in the residual initial stiffness even in the range of 

temperatures which is not traditionally associated with serious reduction. Fig. 

(81) attempts to correlate the percentage residual initial modulus with the 

temperature regardless of the other characteristics of the exposure or the 

concrete materials. The severest reduction of Ej was observed for quenched 

limestone concrete which retained a mere 30% of its original value after 

exposure to 217T. The least reduction in Ej was observed in air-cooled river 

gravel concrete which retained around 80% of its initial value after exposure to 

217T. 
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c) Correlation between SDT parameters and each other., 

Figs. (87-94) show various correlations between the SDT parameters and 

each other. The parameters were calculated, for river gravel and limestone 

concretes after firing to different temperatures and duration. The hot concrete 

was either cooled by spraying with water or in dry air. 

After a fire incident, one of the questions needing an answer is: how 

much residual stiffness does the structural element possess? The stiffness 

parameters are scrutinised to establish the efficiency of DI and/or PS in 

determining the percentage residual modulii (Ei, Ec and E. ). 

Fig. (87) shows that the Damage Index correlates extremely well (R = 
0.98) with the percentage residual initial modulus of the loading response. The 

correlation equation can therefore be used to 
, 
reliably determine the percentage 

residual initial stiffness. As the postfiring initial modulus is also calculated in 

the SDT, the unfired original stiffness can be established. 

The residual chord modulus also correlates very well with DI (R = 0.96) 

as shown in Fig. (88). Similarly, percentage residual E. can be established 

from the correlation equation by inserting the DI value. The original unfired 

chord modulus can also be reliably established. 

Fig. (89) shows that the coffelation between the Damage Index and the 

unloading modulus is weaker (R = 0.82) that with the chord or initial modulus. 

However, residual Eu correlates better with the maximum temperature (R = 

0.88), as shown in Fig. (83). 

Figs. (90,91 and 92) show that the Plastic Strain correlates very well 

with both residual initial and chord modulii (R = 0.96 and 0.93 respectively). 
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However, the correlation between PS and the unloading modulus is weaker (R 

= 0.75). 

PýA4k4Y 

The behaviour of DI and PS seems to be very similar. That is hardly 

surprising because they correlate very well with each other (R = 0.96), as 

shown in Fig. (93). The Plastic Strain should therefore be used as a check for 

the assessment established by DI. The Plastic Strain (measured in pstrain) is 

equal to approximately twice the Damage Index. 

AU with DI 
..................... 

Fig. (94) shows that for any degree of fire-damage the loading response 

becomes non-linear. However, the non-linearity seems not to exceed 0.6 

regardless of the extent of dmnage. Still, the correlation is good (R = 0.92). 

&Z'Resdits-bf . the,, 'ijltrason 

The following sections document the collected UPV data during this 

research. The objective of monitoring the extent of damage by this popular 

method was to establish its efficiency in quantifying the fractured state of fire- 

affected concrete as compared to the new method proposed herein. 

5.2.1 The effect of increased moisture content on the UPV in fired 

concrete. 

Table (14) shows the misleading effect of the increased water content on 

assessing fire-damaged concrete by the ultrasonic pulse velocity method. 

VAiile concrete loses most of its structural properties at 540*C, UPV indicates 

good quality of the saturated concrete and dangerously underestimates the 

extent of damage. 
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Table (14): The effect of saturation offired concrete on its UPV 

Test code Maximum temperature 

attained (T) 

UPVt (km/s) 

Before saturation After saturation 

163 vii 540 1.21 3.89 

137 viq 470 1.84 

t 77ze unfired UP V is 5.3 knVs 

5.2.2 Effect of the method of cooling: 

Figs. (95 and 96) show the effect of spraying concrete with tap-water for 

5 minutes when it reaches the test temperature. The duration of 5 minutes was 

chosen to avoid any changes in the degree of saturation. Quenching resulted in 

a further loss of around 10% of the UPV of both river gravel and limestone 

concrete. This finding contradicts those of Chung (1985) outlined in 

section(2.3). This contradiction can be easily explained by comparing the 

method of cooling. Chung quenched the specimens by immersing them in 

water for 24 hours. This method would have increased the moisture content in 

the concrete specimens leading to over estimating the residual UPV, as shown 

in section (5.2). The author's method of cooling does not result in significant 

changes in the moisture content because of the small volume of water used and 

the short duration of spraying. Therefore, only the thermal effect is involved. 

The thermal gradient in the radial direction becomes the reversal of that which 

exists when the temperature reaches the test value at the outer surface of the 

specimen while the central layer is relatively cooler. 

The reversal of the thermal gradient leads to further development of 

microcracks and propagation of the existing ones. The acoustic emission 

during spraying with water indicates that ftuther disruption takes place. 
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Fig. (97) compares the relative effect of quenching on the residual UPV 

of fired limestone and river gravel concrete. The damaging effect of quenching 
increases, as one would expect, the higher the maximum temperature attained. 
The higher the temperature, the greater the thermal gradients developed by 

quenching and therefore greater damage is inflected. It seems that quenching 

affects siliceous and carbonate aggregate concrete to the same extent. 

5.2.3 Effect of duration of thermal exposure: 

Fig. (98) shows the effect of 2 hours' exposure to the maximum 
temperature. The longer the duration of exposure, the less the residual 

ultrasonic pulse velocity becomes. However, the effect is more pronounced in 

the range (287"C -470*C). For temperatures in the range (217"C-287"C), the 

effect of micreased duration of exposure is negligible. 

The damaging effect of extended duration of thermal exposure can be 

explained by: 

+ Continued dehydration and disruption of the cement paste. 
The intemal stresses developed as a result of the thermal 
incompatibility and/or steam pressure being maintained for longer 

periods which leads to further propagation of the cracks. 
Continuation of calcium hydroxide shrinkage with the loss of 

chemically combined water. 

5.2.4 Effect of type of aggregate: 

Figs. (99 and 100) show that the residual pulse'velocity in fired limestone 

concrete is somewhat lower than the velocity in fired river gravel concrete over 

the entire range of temperatures except at 270*C and 4700C. At 2700C the type 

of aggregate does not seem to affect the residual pulse velocity. At 470T the 

residual pulse velocity in river gravel concrete is lower than that in limestone 

concrete which indicates better fire resistance of limestone concrete at the 
higher temperature range. However, the onset of a significant reduction of 



Resufts and Discussion 
ýý- 141-, ''l 

UPV occurs at 320"C for both types of concrete but more pronounced with 

river gravel concrete. 

This finding of the author seems to disagree with those of Zoldners 

(1960). Such disagreement might be explained by the varied nature of 
limestone rocks and the wide range of thermal properties they might posses. In 

addition, the different size and shape of the test specimens used by Zoldners 

and the author could have had some bearing on the UPV results. At any rate, 

the author's results fundamentally agree with other investigators (Harada, 1972 

; Abrams, 1971) when the evaluation of the relative performance of limestone 

concrete compared to that of gravel concrete is in question. 

5.2.5 Effect of maximum size of aggregate: 

Fig. (101) shows the averages of the residual UPV of fired river gravel 

concrete. It is noted that larger size aggregate concrete suffers more loss of its 

original UPV than smaller size aggregate one. The effect of maximum size of 

aggregate on the UPV seems to be more significant at lower temperatures than 

at higher temperatures. However, the rate of reduction of the residual UPV 

accelerates at 320*C regardless of the aggregate size. At 320*C, lomm 

aggregate concrete retained 90% of its unfired UPV while 20mm aggregate 

concrete retained 75%. 

Fig. (102) confirms the effect of the size of aggregate on the pulse 

velocity of batches exposed to the maximum temperature for two hours. The 

pattern of variation seems to be somewhat different but still the effect is 

generally confirmed. The rate of reduction of the UPV is almost constant over 

the entire temperature range (217"C-470*C) for 20mm. river gravel concrete, at 
0.25% per 1"C. UPV in 10mm. river gravel concrete is reduced at the same rate 

only for the range (320*C-470"C) 

The effect of maximum aggregate size can be explained by the fact that i 
il 

internal disruption of the microstructure is caused by many effects. The I 
incompatibility of the constituents of concrete is one major cause for such 
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disruption. The thermal deformations of 20mm aggregate are greater than 

those of 10mm aggregate. Greater thermal deformations of aggregate will 

inflect more damage to the interfacial zone and increase the density and width 

of cracks. 

5.2.6 Statistical analysis of the UPV measurements: 

Every heat treatment was repeated on at least 3 (often 4) cores from the 

same concrete batch. The overall repeatability of the UPV measurements 

together with the correlation between the pulse velocity and the temperature 

history of the cores will be established in the following sections. 

a) The coefficient of variation: 

Table (15) lists the mean UPV, the standard deviation and the coefficient 

of variation (Cv) of all the test groups. It is noted that the degree of variability 

within a group is small indeed. The most probable value (MPV) for Cv is 

5±0.8. As one would expect, the degree of variability generally increases the 

higher the maximum temperature experienced, that is the higher the degree of 

damage. 

The degree of repeatability of the UPV method was generally good. 

However, controlled and careful experimental procedure where the pulse 

velocity was measured along the axis of the specimens, is believed to have 

contributed largely to such repeatability. In a real fire-damaged concrete 

element the pulse velocity is confused by various factors such as the presence 

of the steel reinforcement which impairs the assessment so established. 
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Table (15): The coeff 

Basic treatment of limestone concrete 
Temperature *C ambient 2170C 2400C 2870C 3200C 3780C 4700C 
Mean USPV (km/s) 5.32 4.44 4.38 3.98 3.76 2.97 2.79 
Standard deviation (km/s) 0.06 0.11 0.05 0.04 0.14 0.11 0.32 
Coefficient of variation 1.2% 2.4% 1.2% 1.1% 3.6% 3.6% 11.5% 

Quenching of limestone concrete 
Temperature *C ambient 2170C 2870C 3200C 3780C 4700C 
Mean USPV (km/s) 5.32 4.29 3.65 3.33 2.29 2.09 
Standard deviation Ocm/s) 0.06 0.11 0.17 0.20 0.09 0.03 
Coefficient of variation 1.2% 2.5% 4.7% 6.0% 3.7% 1.6% 

Quenching of river gravel concrete 
Temperature OC ambient 2170C 2400C 2870C 3200C 3780C 4700C 
Mean USPV (km/s) 4.80 4.22 3.86 3.23 3.18 2.21 1.85 
Standard deviation (Ws) 0.01 0.09 0.19 0.15 0.11 0.08 0.15 
Coefficient of variation 0.3% 2.1% 5.0% 4.5% 3.5% 3.5% 8.3% 

Basic treatment of 20mm river gravel concrete 
Temperature OC ambient 217"C 2400C 2870C 3200C 3780C 4700C 
Mean USPV OWs) 4.58 4.28 3.87 3.41 3.45 2.72 2.08 
Standard deviation (km/s) 0.07 0.36 0.33 0.34 0.15 0.17 0.25 
Coefficient of variation 1.6% 8.4% 8.5% 9.9% 4.4% 6.2% 12.2% 

2 hours exposure of 20mm river gravel concrete 
Temperature "C ambient . 

2170C 24011C 2870C 3200C 3780C 4700C 
Mean USPV OuWs) 4.81 4.26 4.02 3.49 3.19 2.33 1.15 
Standard deviation (km/s) 0.09 0.20 0.23 

. 
0.11 0.14 0.19 0.33 

Coefficient of variation 1.9% 4.8% 5.7% 
- 

3.0% 4.5% 8.2% 28.4% 

Basic treatment of 10mm river gravel concrete 
Temperature *C ambient 217*C 240*C 287*C 320"C 378"C 470"C 

Mean USPV (km/s) 4.58 4.32 3.97 4.06 3.88 2.76 2.28 
Standard deviation (km/s) 0.06 0.17 0.56 0.17 0.18 0.16 0.26 

Coefficient of variation 1.2% 4.0% 14.1% 4.3% 4.6% 5.8% 11.61 
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b) Correlation between the % residual UPV and the temperature 

attained 

Fig. (103) contains all the UPV data plotted regardless to other 

characteristics of the exposure except the maximum temperature attained. The 

correlation between the percentage residual UPV and the maximum 

temperature attained has a coefficient of correlation, R=0.902. However, the 

width of the band of all the results highlights the point which is being 

emphasised in this thesis concerning the dependency of the degree of damage 

on other factors besides the elevated temperature. 

17. e, týain; To-Failur6ýý, f"e'ý'i't-'(Stý9'ý'results:, " 
The Strain-To-Failure test was used to establish the full stress-strain 

response of all the concrete cores involved in this investigation. The 

compressive strength of concrete is reduced as a result of the internal disruption 

caused by heating. The following mechanisms can be identified: 

If a crack was inclined to the compressive stress direction or 

parallel to it, a direct tensile stresses will be developed in a 
direction perpendicular to the compressive stress. These stresses 

will have a large value at the crack tips due to the stress 

concentration effect. 
If a crack was perpendicular to the compressive stress, the tips of 

cracks will fail under low compressive stress as they would have 

been pre-tensioned during heating, i. e. already weakened. 

The interface between the aggregate and the cement paste is usually 

seriously damaged because of heating especially up to temperatures 

higher than 300"C. The reduced bond at the interface results in 

sliding between the constituents. Sliding can also be along two 

crack surfaces. 
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Heating affected the ultimate stress of concrete to various degrees 

depending not only on the maximum temperature attained but also on various 

characteristics of the thermal exposure. The strain at ultimate stress was 

significantly higher for concrete heated to temperatures higher than 3201C than 

that of the unfired concrete. The following sections will elaborate on the 

results of the STF test. 

5.3.1 River gravel concrete 

Fig. (104) shows that the compressive strength of the river gravel 

concrete is most probably not reduced by heating to temperatures <220*C. 
However, the residual strength after heating to 320"C is 70% of the original 

value while firing to 470*C results in a loss of 58% of the compressive 

strength. 

These findings agree with the values of the percentage residual 

compressive strength quoted by both the Concrete Society Technical Report 

No. 33 (1990) and the CIB W14 (1990). They also agree with the findings of 
Abrams (1971) and Harada. (1972). 

The strain at ultimate stress F-,,. of the same test groups is shown in Fig. 

(105). It is remarkabIe that up to an exposure of 320*C there seems to be no 

change in However, there is a sudden increase in e,,,, by 40 % after heating 

to 380"C 

Fig. (106) shows the full stress-strain response of a group of heated river 

gravel concrete cores which were cooled by means of quenching. It is 

noteworthy that the mode of failure was explosive for the specimens which 

were heated to temperatures below 320T. Gradual failure, which shows 
increased internal plasticity, was observed for cores heated to temperatures 

higher than 320*C. The mode of failure is represented in Fig. (106) as the 

length and slope of the descending part of the full. stress-strain response. The 

short and steep descending leg is associated with explosive failure and vice 

versa. It is also clear that the stiffness and compressive strength are 

significantly reduced after exposure to temperature higher than 240*C. 



Results and Discussion F --"l- 4 -6- 1 

5.3.2 Limestone concrete 

Fig. (107) shows that limestone aggregate concrete suffers 25% loss of its 

compressive strength after heating to 220"C. At 320*C the loss increases to 

30%. The rate of reduction of strength increases between 320"C and 380*C at 

which point 55% of the unheated strength is loýt. There is no further strength 

loss between 380*C and 470"C. The percentage residual compressive strength 

established by Abrams (1971) for unstressed limestone concrete, 65% and 50% 

after exposure to 300"C and 400"C respectively, seems to agree with the 

author's findings. 

Fig. (108) shows that e,,, of heated limestone concrete is not affected up 

to 220"C but, unlike river gravel concrete, it increases by 20% at 320*C, at 

which point a sharp increase in the sou is observed. 

Fig. (109) shows the full stress-strain relationship of a group of heated 

limestone concrete cores which were cooled by means of quenching. It is 

noteworthy that the mode of failure was explosive only for unfired, cores while 

heated cores exhibited gradual failure which was more pronounced after 

heating to temperatures higher than 320*C. The graph also shows the 

significant reduction of strength and stiffness after exposure to elevated 

temperatures even in the range which is not normally associated with serious 

loss. However, it should be noted that Fig. (109) represents the quenched 
limestone concrete batch which sustained more damage than the air cooled 
batch. 

5.3.3 The effect of the method of cooling: 

Fig. (110) shows that spraying hot siliceous aggregate concrete with tap 

water for five minutes results in around 10% more loss of compressive 

strength. However, at higher temperature than 470"C the damaging effect of 

quenching on heated siliceous aggregate concrete seems to decrease. 

This finding seems to somewhat disagree with that of Mohamadbhai 

(1983). The method of quenching adopted by the author involved spraying hot 
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concrete with tap water for five minutes after removing it from the oven. Such 

action resulted in a sudden development of a reversed thermal profile due to the 

cooling of the outer layer of the core. The need of the outer layers to contract 

more than the inner layers results in further disruption to the microstructure, and 

more strength loss. 

Mohamadbhai's quenching involved subjecting his local coral sand and 

crushed basalt heated concrete to a continuous jet of water for a duration of one 
hour. This method might have saturated the concrete with water and decreased 

the reversed thermal profile considerably faster than the author's method. 
Moreover, the untypical coral sand and crushed basalt concrete could have 

possessed lower coefficient of thermal expansion than the siliceous aggregate 

concrete. 

On the other hand, the author's results principally agree with those 

established by ZoIdners (1960) as to the damaging effect of quenching on the 

residual compressive strength of heated concrete. Incidentally, the period of 

quenching adopted by ZoIdners was the same as that adopted by the author. 
The method of quenching was by submersion in water, by ZoIdners and by 

spraying with water, by the author. 

Fig. (111) shows that compressive strength of carbonate aggregate 

concrete is significantly reduced by quenching after heating in the range > 
300"C. However sudden cooling from temperatures in the range 220*C-320*C 

does not seem to further reduce the residual compressive strength of carbonate 

aggregate concrete to a significant extent. 

Fig. (112) shows that the strain at failure of quenched concrete is more 

than that of air-cooled concrete. This is a further evidence of the disruption 

and damage caused by spraying hot concrete with cold water. However, the 

effect is more pronounced the higher the temperature experienced. 
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5.3.4 The effect of the type of aggregate: 

Fig. (113) shows that the compressive strength of limestone concrete is 

reduced more than river gravel concrete in the range 200"C-420"C. At higher 

temperatures, limestone concrete retains more strength than siliceous aggregate 

concrete. 

This finding seems to agree with Abrams (1971) who established that 

after exposure to 300*C carbonate aggregate concrete exhibits 10% less 

residual compressive strength than siliceous aggregate concrete. The author 

observed the same difference between the residual strength of the two concrete 

materials after exposure to 300"C. However, the author observed a more 

pronounced difference at the lower level of exposure than that observed by 

Abrams. Interestingly, Harada (1972) believed that the percentage residual 

compressive strength of both carbonate and siliceous aggregate concretes was 

practically the same! Zoldners (1960) believed that pure high-calcium 

limestone aggregate concrete exhibited slightly less residual compressive 

strength than gravel concrete after heating in the. range up to 320*C but the 

trend was reversed in the range 320OC-500"C. This slight disagreement 

between the author and Zoldners might be attributed to the fact that limestone 

rocks vary considerably in their composition and their thermal properties. 

It might be worth mentioning that informal discussions with leading 

practitioners in the field of evaluating the performance of structural concrete 

would seem to support the findings of the author in this aspect. 

That carbonate aggregate concrete retains more heated compressive 

strength than siliceous aggregate concrete . is true only in the range of 

temperatures higher than 4000C. At 573"C, siliceous aggregate concretes starts 

to break. down as a result of quartz conversion coupled with dissociation of CH. 

However, at such high level of thermal exposure the residual compressive 

strength is only about 50% of the unheated value and concrete is invariably 

assumed to have no structural use after such exposure. 
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5.3.5 The effect of duration of exposure 

Fig. (114) shows that the longer the duration of heating the less the ;II 

residual compressive strength. It is remarkable that heating siliceous aggregate 

concrete to 220"C results in 10% increase in its compressive strength when the 

heating is stopped at the point of uniformity. If the heating is continued for a 

further 2 hours the gain in strength is reversed to a 10% loss. The initial 

heating of concrete to 220"C can act as rapid curing and hence the increase of 

strength. The longer duration of exposure results in more damage to the 

internal structure and hence the reduction of the strength. However, the 

damaging effect of longer duration is more pronounced the higher the 

maximum temperature experienced. These results seem to agree well with 
Smith's findings (1983). 

Fig. (115) shows that the strain at failure (e,,. ) generally increases the 

longer the duration of exposure. However, the effect is more pronounced at 

temperatures >40011C. 

As to the question: which is more damaging to the compressive strength 

of siliceous aggregate concrete: Spraying with water for five minutes or 

soaking in the maximum temperature for two hours? Fig. (116) shows that 

quenching is almost as damaging to the strength in the range < 300T. At 

higher temperatures, which are associated with serious loss of strength anyway, 
duration of exposure has more effect on the residual compressive strength. 

5.3.6 The effect of aggregate size: 

During this investigation, two maximum aggregate sizes of siliceous 
i 

concretes were investigated. 10mm aggregate size concrete seems to exhibit a 

clearly defined critical temperature at 320*C at which point a sudden reduction 

in the compressive strength takes place. The reduction in the compressive 

strength of 20mm aggregate concrete seems to be gradual and the critical 

temperature is less defined. In addition, Fig. (117) shows that I Omm aggregate 

concrete seems to exhibit more residual strength after heating in the range 

270"C -320*C but no general statement can be made and probably further 
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investigation into the effect of maximum aggregate size on the residual heated 

compressive strength is needed. 

Fig. (118) shows that heated 20mm aggregate concrete generally exhibits 

more strain at failure than 10mm aggregate concrete 

5.3.7 Statistical scrutiny of the STF results: 

a) The coefficient of variation, Cv: 

Table (16) tabulates the mean value, standard deviation of the sample and 

the coefficient of variation of the heated compressive strength (a. ) for all the 

test groups. Table (17) gives similar data for the - strain at the ultimate stress 
(e,, 

u). Every heat treatment was usually repeated on three cores and sometimes 

on four cores. On very few occasions the data represent the results obtained 

from two cores. 

It is noted that the MPVs for the coefficient of variation of the 

compressive strength and strain at ultimate stress are 9.3 ±1% and 5.4 ±0.6% 

respectively. This indicates general good repeatability of the STF 

measurements. However, the author thinks that establishing the residual 
strength of fire-affected concrete directly by crushing extracted cores can be 

misleading. The compressive strength so determined will be that of the 

weakest layer of the core. In the following section, the author shows that the 

compressive strength can be more reliably estimated by correlating the DI 

value with the percentage residual strength. The DI value can be established 
for different layers of the damaged concrete and the overall reduction of 

strength of the'member established by integration along the damage profile. 
The strength of DI value in a ssessing concrete lies also in its ability to 

establish, with a very good degree of confidence, the percentage residual 

stiffness. Indeed, the residual stiffness is itself established as one of the SDT 

parameters. 
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Table (16): Coefficient of variation of compressive strength (aj. 

Temperature 217"C 

I 

240"C 287"C 320"C 378"C 4700C 

Preliminary batch 

Average, N/mM2 41.0 '44.2 41.7 40.4 24.1 23.0 
Standard deviation 1.6 3.3 3.4 3.0 2.7 1.1 
Coefficient of variation 4% 7% 8% 7% 11% 5% 

Quenched 20mm river gravel 

Average, N/mM2 39.7 36.7 28.3 27.4 20.7 17.1 
Standard deviation 2.7 6.6 2.3 2.3 1.4 1.5 
Coefficient of variation 7% 18% 8% 9% 7% 9% 

20mm river gravel (2 hour duration) 

Average, N/mM2 35.9 36.7 27.9 25.7 17.2 6.1 
Standard deviation 1.7 5.6 3.4 1.9 4.7 1.5 
Coefficient of variation 5% 15% 12% 7% 27% 25% 

20mm river gravel (Basic treatment) 

Average, N/mM2 35.3 32.4 27.4 25.9 20.7 15.0 
Standard deviation 1.6 2.0 6.1 2.1 1.9 1.9 
Coefficient of variation 5% 6% 22% 8% 9% 13% 

Limestone concrete (Basic treatment) 

Average, N/mM2 37.8 35.2 36.4 27.2 27*. 6 
Standard deviation 3.5 0.8 3.2 0.7 2.8 
Coefficient of variation 9% 2% 9% 3% 10% 

Limestone concrete (Quenched) 

Average, N/mrn 2 37.6 33.9 35.7 23.1 23.4 
Standard deviation 2.9 1.7 1.9 0.8 1.7 
Coefficient of variation 8% 5% 5% 3% 7% 
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Table (17): Coefficient of variation of strain at ultimate stress (e,. ). 

Temperature 217*C 240"C 287*C 320"C 378"C 470*C 

Preliminary batch (10mm river gravel concrete) 

Average, l. Lstrain 2914 2797 2904 2828 3605 3977 
Standard deviation 203 50 172. 261 219 112 
Coefficient of variation 7% 2% 6% 9% 6% 3% 

Quenched 20mm river gravel concrete 

Average, l. Lstrain 2810 2883 2741 2943 3894- 4102 
Standard deviation 153 47 16 100 349 459 
Coefficient of variation 5% 2% 1% 3% 9% 11% 

20mm river gravel (2 hours duration) 

Average, tLstrain 2574 2953 2888 30 
' 
41 4153 7324 

Standard deviation 134 333 199 134 540 504 
Coefficient of variation 5% 11% 7% 4W 13% 7% 

Limestone concrete (Basic treatment) 

Average, listrain 2639 3017 3184 3950 3951 
Standard deviation 138 91 12 116 407 
Coefficient of variation 5% 3% 0% 3% 10% 

Limestone concrete (Quenched) 

Average, ptrain 2855 3319 3359 4345 4917 
Standard deviation 33 20ý 113 289 ill 
Coefficient of variation 1% 6% 3% 7% 2% 
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b) Correlation: 

In this section various correlations between percentage residual 

compressive strength (a, ) and other parameters, measured during this study, 

will be established. 

Correlation hetweenvercenýqglq.?: fýýý4gq?. g,, g? ý4g, p ................................... . .......... 

Fig. (119) shows clearly that the reduction in compressive strength can 

not be estimated from just the maximum temperature attained. The width of 

the band of results emphasises this point which is strongly indicated throughout 

this work. The current philosophy of assessing post-fire damage is mainly 
dependent on attempting to estimate the maximum temperature experienced 
during the fire. Even if the maximum temperature was accurately estimated, 

the estimation of the residual strength cannot be estimated only from such 
knowledge. 

Correlation hetween Pe ............. ! enq. n ! qý qtUre: ........................ ....... ........ 

Fig. (120) shows that the strain at ultimate stress generally increases the 

higher the temperature 
. 
experienced. However, the increase is more 

pronounced for exposure to temperatures 
. 
>3000C. The correlation with 

maximum temperature has a coefficient, R=0.72. 

Correlation between DIangpercentq gjýl 4 ............................................... ............. ... 

The Damage Index (DI) is found to correlate extraordinarily well with the 

Tesidual stiffness, R=0.98. Fig. (121) shows that DI seems to be less effective 
in establishing the residual compressive strength, R=0.894. The reason for 

such inferior correlation can be that the DI is more sensitive to the 

microcracking than the compressive strength. Also, while the effect of the end 

platen interferes with the measured compressive strength, it has no bearing on 
the measured DI value. At any rate, besides establishing the residual and the 

original stiffness with very good degree of confidence, the DI can also establish 
the possible loss of compressive strength as shown in Table (18). 
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Table (18): The evaluation of the residual strengthfrom DI value 

Damage Index Residual strength 

(DI) 

<5 >94% 

5~10 94-88% 

10-15 88-80% 

15-20 80-73% 

>20 <73 

based on the correlation in Fig. (121) for siliceous concrete. 

Correla. tion. between ? ýKqiý4p pg 
............. ...... ............... g?: q! qq 

Fig. (122) shows that the UPV correlates well with percentage residual 

compressive strength R=0.917 and 0.894 for carbonate and siliceous aggregate 

concrete respectively. The author established the correlation intentionally with 

the pulse velocity and not the residual velocity as the former is the value 

obtained in a real life assessment exercise. This good correlation produced 

under controlled laboratory conditions should not imply that the UPV is a 

reliable method in assessing fire-damaged concrete structures. There are so 

many factors which affect the UPV value as stated in section (2.3 and 5.2) 

which can lead to serious errors. 

Correla. tion. between. UP. V. and Percentage residual ............. . ................ ............. ...... .............. ..... ........ 

Fig. (123) shows the correlation between UPV and the residual chord 

modulus, R=0.894. The correlation between -DI and percentage residual 

stiffness is significantly better, R=0.98. Moreover, the DI value is not 

affected by the various factors which affect the UPV value. Clearly the 

estimation of the loss of stiffness is best carried out by the SDT. 
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Correlation hetweenpqrMtq 
................................... ... ....... 

Such correlation is presented in figure (124) which shows that values of 

strain-at-ultimate-stress of 0.04 will most probably indicate a loss of 50% of 

the original compressive strength. 

'4, 'MeasureiiiMts 
, 
5. The'dynamic 

The dynamic elastic modulus was determined for two batches of 
limestone aggregate concrete, the cores from one were heated and cooled in air 

while cores from the other were cooled by means of spraying with water. The 

average values for each heat treatment are plotted in Fig. (125). Clearly 

heating reduces the dynamic modulus in a similar fashion to the quasi-static E, 

value as one would expect. Also, the effect of quenching established by the 

resonance frequency is in obvious agreement with the assessment established 
by mechanical and ultrasonic means. 

Table (19) shows that the coefficient of variation of the dynamic modulus 

measurements are general repeatable. However, a prediction of the resonance 
frequency-from the established UPV value-was necessary to limit the range of 

the investigated frequencies as explained in chapter (4). 
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Table ( 19 ): The coeff icient of variation of the 
dynamic modulus measurements. 

Temperature 217*C 2400C I 287*C I 320*C I 378*C I 470"C 
Limestone concret e (Basic treatment) 

Average, kN/mrn2 
Standard deviation 

coefficient of variation 

30.9 
0.63 
2.0% 

29.7 
0.23 
0.8% 

23.6 
1.21 
5.1% 

21.1 
0.53 
2.5% 

11.5 
1.39 

12.1% 

10.7 
3.15 

29.4% 

Limes tone conc rete (Quen ched) 

Average, kN/rnM2 
Standard deviation 

Foefficient of variation 

26.6 
1.70 

. 
6.4% 

17.3 
1.15 
6.7% 

1 14.6 1 
0.68 
4.7% 

5.1 
0.91 

1 7.9% 

1 4.1 
0.65 

15.8% 
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5 Petrograph: canafrsis: 
This analysis was carried out to examine the possibility of correlating the 

extent of damage established by mechanical means to various features of the 

microstructure. Unfortunately, the author believes that petrography can only 

provide qualitative assessment of the damage. Luckily, the new assessment 

method of the SDT proposed in this thesis is capable of accurately quantifying 

the internal disruption in concrete. 

5.5.1. Colour changes, surface cracking and "surface pitting": 

The extent of damage to concrete after a fire is traditionally detected by 

observing colour changes and surface cracking. As seen in section (2.1), the 

severe fire-damage in Kellogg works was mainly assessed visually by !, 

scrutinising every element for cracks. 

In the following sections, the visual changes of heated concrete will be 

documented and compared with the new internal fracture quantification method 

proposed in this thesis. It is demonstrated that while some thermal exposure 

conditions do not produce noticeable visual changes, they cause significant 
internal disruption and loss of integrity. 

As siliceous aggregates usually contain a significant amount of iron salts, 

they tend to be discoloured due to the formation of iron oxides. Plate (2) 

shows that the oxidisation occurs at approximately 300"C in the presence of 

moisture. However, Plate (3) shows that calcareous aggregates do not exhibit 

any remarkable colour changes in the range (217*C-470*C). The following 

sections will elaborate more on the previous statement and describe in more 

detail the visual characteristics of the heated concrete investigated during the 

research programme. Tables (20-21) document such changes in both river 

gravel and limestone coarse aggregate concretes. 
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a) River gravel concrete: 

River g! ýqyý?. ýq?! crete heated to. uniformity and cooled either slowly or hy 
....... ......................... .... . ........ ......................................... ......... - 

oýqnqMqg! * 

The changes in the colour of aggregate to a generally brown colour were 

observed at around 300"C and grew intense* the higher the temperature up to 

470"C when the colour intensity decreased. At 470'C the colour became 

generally greyish pink. The method of cooling does not seem to have any 

noticeable bearing on the observed colour changes of river gravel concrete. 

RýygCgfqygl concrete soaked at the maximum temperature for two hours ............................................................... A .............. ....................... 

The siliceous aggregate and the cement paste started to change colour at 

287"C. The river gravel coarse aggregate started to change to a light brown 

colour which grew darker and more intense up to 378"C. At higher 

temperatures the brown colour intensity started to decrease. At 470"C, the 

colour of most aggregates became grey or pinkish white, As shown in Plate (2). ' 

Cores heated to temperature equal to or higher than 378T suffered the 

loss of some surface aggregates. Most of the surface siliceous; aggregates 

flaked off revealing dark reddish brown colour of the remainder of the flaked 

aggregate. Visual surface cracks were also evident. The cracks ran through the 

cement paste and joined the severely damaged interface between the coarse 

aggregate and the cement paste. 

The surface pitting could be caused b the quartz conversion from a to P 

at 573T which is accompanied by an increase in volume. Also the 

dehydration and shrinkage of the cement paste around 400*C can cause some 

surface aggregates to lose bond and dislodge. 

, ýVM, ýqýq)Mgggýne, gq, q.! qoncrete air-cooled q quenched .................................. ?7................ 

Generally, there was scarcely any significant visual change between the 

control cores and those heated in the range (217*- 470*C). Neither the colour 

ft 

nor the visual integrity was clearly altered by heating. However, some 
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siliceous sand particles showed a slight degree of pinking at 287*C. Fired 

limestone aggregate concrete did not lose any of its surface aggregate or 

exhibited any degree of surface cracking in the range (217"C-4700C). Plate 

(3), presents fired limestone cores heated to uniformity and cooled slowly 

while Plate (4) shows those cooled by spraying with water. 

Clearly the method of cooling, and indeed exposure to temperature in the 

range (217*C-470*C) does not have any noticeable bearing on the colour or 

visual integrity of limestone concrete. 

Rý. effectpf ...... . qggrqgqýý. s. ize, 

As one would expect, the aggregate size does not have any bearing on the 

colour changes of river gravel concrete. 

Table (20): Visual characteristics of river gravel concrete heated to 

uniformity and either air-cooled or cooled by quenching 

Temperature Colour changes in comparison with Surface "Surface 

(00 unfired cores cracking pitting" 

217 none none none 

240 none none none 

287 slight pinking of the coarse none none 

aggregate 

320 brown discoloration of coarse slight none 

aggregate 

378 brown discoloration of coarse moderate slight 

aggregate 

470 light pink discoloration of coarse severe moderate 

aggregate 
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Table(21): Visual characteristics of river gravel concrete heated to uniformity and 

soaked in the maximum temperature for two hours 

Temperature Colour changes Surface "Surface 

(110 cracking pitting" 

217 none none none 

240 none none none 

287 slightly brownish coarse aggregate none none 

320 intense brown discoloration of slight slight 

coarse aggregate 

378 intense brown discoloration of moderate moderate 

coarse aggregate 

470 less intense brown discoloration severe severe 

grey and pinkish white 

aggregates are dominant 
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Table (22): Visual characteristics of limestone concrete heated to uniformity and 

either air-cooled or cooled by quenching 

Temperature 

(110 

Colour changes Surface 

cracking 

"Surface 

pitting" 

217 none none none 

240 none none none 

287 none none none 

320 slight pinking of sand particles slight slight 

378 slight pinking of sand particles moderate moderate 

470 slight pinking of sand particles 

coarse aggregate becomes whitish 

grey 

severe severe 

5.5.2 Microstructure, changes (Scanning Electron Microscopy): 

In the following sections, the author documents the microstructure 

changes in fired concrete as assessed by the. Scanning Electron Microscope 

(SEM). Also an attempt was made to relate the observed changes with the 
P 

extent of damage as established by the mechanical, sonic or dynamic means. 

In the exhibited photographs it is generally noted that: 

The line at the bottom right-hand side of the picture is the scale for 

the length stated underneath it, e. g. the line at the bottom right-hand 

comer of Plate (5) represents 500[un). The degree of magnification 

can be estimated from this information. 

The white spots in the cement matrix usuallY represent the 

unhydrated cement clinker. 
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The grey rim around such white spots represents the pr6ducts of 

hydration. 

Voids are usually represented by rounded black spots. 

a) River gravel concrete 

Dedicated control and heated concrete cores were used in the SEM study 

of the 10mm river aggregate concrete batch. Every sample was scrutinised for 

microcracks under a series of magnification. ' Firstly, the overall appearance 

was recorded at magnification of around 35 which was appropriate to show the 

interface between the coarse aggregate and the cement paste. Secondly, the 

magnification was increased to further investigate the cement paste and the 
interface with fine aggregates. Lastly, a magnification of 1000 was used to 

study the products of hydration and the changes in the unhydrated cement 

clinkers due to firing. 

Plate (5) shows the microstructures of unfired river gravel concrete. It is 

noted that: 

The interface between the various constituents is generally of good 

condition. 
The coarse aggregate is not cracked and has an undamaged 
interface with the cement paste. 

Plate (6) shows a 740 magnification of the cement paste of the unheated 

concrete. It is noted that: 

+ The existence of calcium hydroxide at the interface between the 

small aggregate particles and the cement paste. (The greyish rim 

around the aggregates) 

The products of hydration around the cement clinkers are generally 

uncracked. 
The unhydrated cement clinker (the white spot at the top of the 

photo) is not cracked. 

Plate (7) is a general photograph of the microstructure of river gravel 

ft 

concrete heated to 287"C. No obvious features can be seen to indicate damage 
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of the microstructure. However, higher magnification of the cement pastd 

shows that a particle of fine aggregate, adjacent to a void, is shattered, Plate 

(8). The reason can well be the development of steam pressure inside the void 

leading to excessive pressure. Nevertheless, for this explanation to be 

completely acceptable, one would expect cracks to originate from the void 

running through the cement paste. The unhydrated cement clinker is generally 

not affected by heating to 287*C. However, Plate (9) shows a cement clinker 

with cracks running through it. 

Plates (10-12) show that heating river gravel concrete to 320"C does not 

seem to affect the appearance of its microstructure as seen by SEM. However, 

closer examination of these plates will reveal that: 

A crack, which originated from a void, ran across the cement paste 

along its interface with fine aggregates. (The middle right-hand 

edge of Plate (10). 

The coarse aggregate-cement paste interface is somewhat of poorer 

quality Plate (10) than in the unfired one. However, the interface 

between an aggregate, the top left comer in Plate (11), and the 

cement matrix does not seem to be affected. 
The cement paste and clinker are characterised by fine cracks 

which can be seen in Plates (11 and 12). 

The microstructure of river gravel concrete heated to 378*C shows severe 

cracking of the cement paste and the cement clinker, as shown in Plates (13 and 

14). The following points can be noted: 

+ Cracks run in the cement paste connecting voids with each other. 

Cracks run along the interface of the, aggregates and cement paste. 

Cracks develop in the unhydrated cement clinker. 

Plate (15) is a Secondary Electron Image taken to clearly show the 

location of the cracks in relation to the voids and aggregates. In this image, the 

whitish areas represent the fine aggregate particles. 
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River gravel concrete heated to 570"C exhibits severe disruption in the 

microstructure, as shown in Plates (16-21). The following points are observed: 

Cracks do not seem to cross each other. Therefore, a crack can be 

arrested by another. 

Cracks tend to start or stop at (or originate from) voids. 

Cracks are arrested at the aggregate interface when the orientation 

of their propagation is perpendicular to the aggregate surface. 

Cracks tend to run along the cement paste-aggregate interface if 

their propagation orientation is generally parallel to the aggregate 

surface. 
Plate (21) shows that cracks propagating through the cement paste 

manage to split the unhydrated cement clinker. However, Plate 

(20) shows that the cracks generally tend to run along the interface 

of the cement clinkers rather than through them. 

Plate (21) also shows that cracks in the cement paste sometimes 

manage to continue propagating through the aggregate particles of 

concrete heated to 570*C. 

b) Limestone concrete 

Dedicated limestone concrete cores were heated and usea to study the 

microstructure of concrete. Plate (22) shows a general photograph of unfired 

limestone concrete. The SEM seems to fail in detecting the microstructure 

disruption in limestone concrete heated in the range (217"C-320*C). 

However, Plate (23) shows that limestone concrete heated to 378"C suffers 

serious cracks which are capable of running through the aggregate. 

5.5.3 Changes detected by X-Ray Diffraction method: 

The author studied the X-Ray diffraction traces for powder cement paste 

extracted from control and heated concrete in the range (217"C-470*C). The 

0 

objective was to examine the possibility of the existence of any correlation 
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between the detected chemical and crystallographic changes and the extent of 

damage as assessed by the new method of the Stiffness Damage Test. 

Figs. (127-130) show the XRD traces of control and concrete fired to 

287*C, 378T, 4701C respectively. The letter written next to a peak is the first 

letter of the substance traced by the XRI?. 

Q Quartz 
p Portlandite 

T Tobermorite 

Calcite 

It seems that the XRD failed to detect significant changes in the range of 

temperatures (217*C-470*C). - 

It is remarkable that the count of portlandite increased at temperatures of 

378*C. The content of portlandite, CH, is known to decrease at such level of 

exposure such that after exposure to 500*C, the content of CH is reduced to 

half its content in the unfired paste (Piasta, 1984). The increased count of 

portlandite in the critical range of temperatures might therefore be of some 

significance. However, the fact that undamaged concrete contains the same 

compound will lessen the significance of the presence of portlandite in the 

damaging temperature range. It is also possible that the count of portlandite 

could have been affected by rehydration. 
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Fig. (34): Tensile stress concentration around a crack. 



Results and Discussion 170 

Fig. (35): The residual chord modulus of fired river gravel 
1ý concrete. (10mm maximum size aggregate) 
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Fig. (36): The residual unloading modulus of fired river 
gravel concrete. (10mm maximum size aggregate) 
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Fig. (37): The Damage Index of fired river gravel 
concrete. (10mm maximum size aggregate) 
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iI Fig. (38): The Non-linearity Index of fired river gravel 
concrete. (10mm maximum size aggregate) 
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Fig. (39): The Plastic Strain of fired river gravel 
concrete. (10mm maximum size aggregate) 
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Fig. (40): The damage index of fired limestone concrete. 
(slowly cooled) 
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Fig. (41): The residual chord modulus of fired limestone 
concrete. (slowly cooled) 
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Fig. (42): The residual initial modulus of fired limestone 
concrete. (slowly cooled) 
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Figure(43): The residual unloading modulus of fired 
limestone concrete. (Slowly cooled 
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Fig. (44): Comparison between the effect of heating on 
the different modulii of concrete. 
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Fig. (45): The Non-linearity Index of limestone concrete. 
(Slowly cooled) 
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Fig. (46): The Plastic Strain of fired limestone concrete. 
(Slowly cooled) 
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Fig. (47): The effect of the method of cooling on the 
Damage Index. (Limestone concrete) 
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Fig-(48): The effect of the method of cooling on the 
Plastic Strain. (Limestone concrete) 
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Fig. (49): The effect of the method of cooling on the 
initial modulus. (Limestone concrete) 
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Fig. (50) The effect of the method of cooling on the chord 
modulus. (Limestone concrete) 
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Fig. (51): The effect of the method of cooling on the 
unloading modulus. (limestone concrete) 
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Fig. (52): The effect of the method of cooling on the non- 
linearity. (limestone concrete) 
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Fig. (53): The effect of the method of cooling on the 
Damage Index. ( River gravel concrete) 
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Fig. (54): The effect of the method of cooling on the 
Plastic Strain (PS). (River gravel concrete) 
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Fig. (55): The effect of the method of cooling on the Initial 
modulus. (River gravel concrete) 
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Fig. (56): The effect of the method of cooling on the chord 
modulus. (River gravel concrete) 
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Fig. (57): The effect of the method of cooling on the 
unloading modulus. (River Gravel concrete) 
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Fig. (58): The effect of the method of cooling on the Non- 
linearity Index. ( River gravel concrete) 
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Fig. (59): The relative effect of quenching on different 
concrete material. 
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Fig. (60): Reversal of thermal profile during quenching of 
a concrete beam during a fire. 
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Fig. (61): The effect of aggregate size on the Damage 
Index of fired river gravel concrete. 
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Fig. (62): The effect of aggregate size on the residual 
chord modulus. 
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Fig. (63): The effect of aggregate size on the non-linearity 
of fired river gravel concrete. 
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Fig. (64): The effect of aggregate size on the residual 
unloading modulus. 
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Fig. (65): The effect of duration of exposure on the 
Damage Index. 
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Fig. (66): The effect of duration of exposure on the Plastic 
Strain 
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Fig. (67): The effect of duration of exposure on the 
chord modulus. 
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Fig. (68): The effect of duration of thermal exposure on 
the initial modulus. 
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Fig. (69): The effect of the duration of exposure on the 
Non-Linearity Index. 
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Fig(70): The effect of duration of exposure on the 
unloading modulus. 
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Fig. (71): The effect of the type of aggregate on the 
chord modulus of fired concrete. (Air-cooled) 
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Figure(72): The effect of type of aggregate on the 
residual unloading modulus. (Air-cooled) 
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Fig. (73): The effect of the type of aggregate on the 
damage Index. 
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Fig. (74): Derivation of the damage index normalization 
factor. 
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Figure(75): The effect of the type of aggregate on the 
normalized Damage Index. 
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Fig. (76): The relative effect of various thermal 
exposures on the Damage Index. 
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Fig(77): The relative effect of various thermal 
exposures on the Plastic Strain. 
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Fig. (78): The relative effect of various thermal 
exposures on the initial modulus. 
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Fig. (79): The effect of various thermal exposures on 
the chord modulus. 
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Fig. (80): The effect of various exposures on the Non- 
Linearity Index. 
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Fig. (81): Correlation between initial modulus and the 
maximum temperature. 
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Fig. (82): Correlation between the chord modulus and 
maximum temperature. 
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Fig. (83): Correlation between the unloading modulus 
and the maximum temperature attained. 
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Fig. (84): Correlation between the Damage Index and 
the maximum temperature attained. 
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Fig. (85): Correlation between the Non-Linearity Index 
and the maximum temperature attained 
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Fig. (86): Correlation between the Plastic Strain and the 
maximum temperature attained. 
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Fig. (87): Correlation between DI and residual initial 
modulus. 
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Fig. (88): Correlation between DI and residual chord 
modulus. 
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Fig. (89): Correlation between DI and residual 
unloading modulus. 
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Fig. (90): Correlation between PS and residual 
unloading modulus. 
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I 
Fig. (91 ): Correlation between PS and residual initial 

modulus. 
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Fig. (92): Correlation between PS and residual chord 
modulus. 
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Fig. (95): The effect of quenching on the residual UPV. 
(River gravel concrete) 
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Fig. (96): The effect of quenching on the residual UPV. 
(Limestone concrete) 
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Fig. (97): The relative effect of quenching on the 
residual fired UPV. 
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Fig. (98): The effect of duration of exposure on the 
residual UPV. 
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Fig. (99): The effect of aggregate type on the residual 
UPV of fired concrete. (Air-cooled concrete) 
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Fig. (100): The effect of aggregate type on the residual 
UPV. (Quenched concrete) 
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Fig. (101): The effect of the aggregate maximum size 
on the residual UPV of fired concrete. (Basic heating) 
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Fig. (102): The effect of maximum aggregate size on the 
residual UPV. (2 hours exposure) 
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Figure (103): Correlation between the residual UPV and 
the maximum temperature attained. 
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Fig. (104): The residual compressive strength of heated 
river gravel concrete. (Quenched) 
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Fig. (105): The strain at ultimate stress of heated river 
gravel concrete. (Quenched) 
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Fig. (106): Full stress-strain relationship of quenched fire- V damaged river gravel concrete 
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Fig. (107): The residual compressive strength of fired 
limestone concrete. (Quenched) 
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Fig. (108): Strain-at-ultimate-stress (Eau) of fired 
limestone concrete. (Quenched) 
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Fig. (109): The full stress-strain response of fired 
limestone concrete. (Quenched) 
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Fig. (1 10): The effect of the method of cooling on the 
compressive strength. ( River gravel concrete) 
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Fig. 0 11): The effect of the method of cooling on the 
compressive strength. (Limestone concrete) 
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Fig. (112): The effect of the method of cooling on the 
strain at ultimate stress, 

( Limestone concrete) 
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Fig. 0 13): The effect of aggregate type on the residual 
compresive strength. (Air-cooled) 
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11 Fig. 0 14): The effect of duration of exposure on the 
compressive strength. 
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Fig. 0 16): Comparison between the effect of quenching 
and duration of exposure on the compressive strength. 

100% 

90% 

80% 

70% - 

60% 
co 
CL 50% 
E0 

ca 
40% 

go 30% 
Quenched 

20% 

fr 

--2 honucrseedxposure 

10% - 

0% 1 
200 250 300 350 400 450 500 

Temperature *C 

---. A 



Results and Discussion 216 1 

Fig. (l 17): The effect of aggregate size on the 
compressive strength. 
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Fig. (1 18): The effect of the aggregate size on the strain 
at ultimate stress. 
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Fig. (119): Correlation between the maximum 
temperature and the residual compressive strength. 
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Fig. (120): Correlation between temperature and strain at 
ultimate stress. 
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Fig. (121): Correlation between the Damage Index and the % 
residual compressive strength. 
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Fig. (122): Correlation between the Ultrasonic Pulse Velocity 

and the % residual compressive strength . 
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Fig. (123): Correlation between UPV and % residual 
loading chord modulus (E). 
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Fig. (124): correlation between the residual compressive 
strength and the strain at ultimate stress. 
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Fig. (125): The effect of elevated temperature on the 
dynamic modulus of fired limestone concrete. 
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Fig. (1 26): The efficiency of the new DI parameter 
compared to visual and petrographic methods 
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Plate(2): The discoloration phenomenon in fired river gravel concrete. 
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Plate(4): Heated limestone concrete cooled by means of quenching. 
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Plate(5): General view of unfired river gravel concrete. 
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Plate(6): Unhydrated cement clinker of unfired river 

gravel concrete. 
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Plate(7): General SEM photo of concrete heated to 287'C. 
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Plate(8): The aggregate cement paste interface of 

232 

concrete fired to 287C. 
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Plate(9): The unhydrated cement clinker of river 

233 1: 

gravel concrete, heated to 287C. 
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Plate(l. 0): General SEM photo of river gravel concrete 
heated to 320'C. 
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Plate(I 1): The aggregate cement-pastc interface of 

235 1 

river gravel concrete fired to 320'C. 
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Plate(12): High magnification (x740) of the cement- 

236 1 

paste of river gravel concrete heated to 320'C. 
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Plate(13): General SEM photo of river gravel concrete 

237 

heated to 378'C. 
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Plate(14): The unhydrated cement clinker of river 

238 

gravel concrete heated to 378'C. 
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Plate(15): Secondary Electron image of river gravel 

concrete heated to 378C. 
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Plate(I 6): General SEM photo of river gravel concrete 

fired to 570'C. 
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Plate(17): The cement-paste of river gravel concrete 

heated to 570'C. 
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Plate(18): Interaction of microcracks in river gravel 
concrete heated to 570'C. 
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Plate(19): Severely damaged interfacial zone in river 

243 1 

gravel concrete heated to 570'C 
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Plate(20): Cement clinker in river gravel concrete fired 

to 570"C 
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Plate(21): Cracks interaction with the constituents of 

river gravel concrete fired to 570*C. 
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Plate(22): General SEM of unfired control limestone concrete. 

Plate(23): General SEM of fired limestone concrete fired to 378'C. 
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Chapter (6) 

Conclusions and Recommendations 

6.1 Conclusions: - 
_____ _______ -. ________ 

6.1.1 Conclusions of the SDT: 

1. The correlations between the Damage Index (DI) and the percentage 

residual modulii (Ei and E) are remarkably strong, with the coefficient 

of correlation being 0.98 and 0.96 respectively. The author used this 

finding to introduce a new method of classification of the extent of fire. 

damage based on the DI value, as shown in Table (23). 

2. Similarly, the correlations between PS and the elastic modulii (Ej and 
E) are also very strong with coefficients of correlation of 0.97 and 0.93. 

Indeed, the Damage Index and the Plastic Strain behave in a similar 

fashion and correlate remarkably well with each other (R = 0.97). In the 

new damage classification method, the author suggests that PS is used 

as a confirmation to the assessment established by DI. When the DI and 
PS are determined, the % residual stiffness can be established with a 
high degree of confidence. As the residual stiffness is also measured 
during the SDT, the original unaffected stiffness can be readily 

estimated from such information. For instance, a DI value of 10, 

determined for a damaged specimen, will mean a residual chord 

modulus of 51% of the modulus of the unaffected concrete. As the 

residual chord modulus is itself measured as one of the SDT parameters, 
the original stiffness can therefore be estimated from a simple 

calculation. 
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3. Interestingly, the unloading modulus does not seem to correlate well 

with either PS or DI. E. also seems to be the least affected by exposure 

to elevated temperatures. The E. reflects the instantaneous elastic 

recovery of the individual constituents. of concrete and the collective 

elastic recovery of the crack tips, hence it does not reflect the degree of 

internal fracture. However, Eu correlates better with the maximum 

temperature experienced. 

4. The residual stiffness cannot be estimated solely from the knowledge of 

the maximum temperature attained. This strongly indicates that the loss 

of stiffness is dependent on other characteristics of the thermal 

exposure as well as on the maximum temperature experienced. 

5. It is clear that all the Stiffness Damage Test parameters (Ei, E, 
., 

DI, PS 

and NLI) are very sensitive to changes in the microstructure of concrete 

caused by elevated temperatures in the range (217*C-470*C) regardless 

of the type of aggregate used. The elastic modulii (Ei, E, and Eu) are 

reduced by different amounts by heating. The initial modulus (E) 

exhibits the largest reduction while Eu exhibits the smallest reduction. 
Both the Damage Index, as measured by. the area of hysteresis, and the 

internal plasticity, as assessed by the Plastic Strain, increase after 

exposure to temperatures in the investigated range. The loading and 

unloading responses of heated concrete are not linear and the non- 
linearity increases the higher the maximum temperature experienced, 

regardless of the aggregate used. 

6. The repeatability of the SDT parameters is good. The coefficient of 

variation of the Stiffness Damage Test parameters (NLI, E, E., Ej, and 
DI) are within acceptable statistical requirements, as shown in Table 

(13). However, PS exhibits the highest coefficient of variation (Cv), 

26.4% while NLI has the lowest Cv, 2.2 %. 

7. Heating concrete to 320*C seems to be associated with the onset of a 
higher rate of reduction of the elastic modulii and a higher rate of 

increase in both the Damage Index and the Plastic Strain. 
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6.1.2 Ultrasonic pulse velocity method: 

8. The MPV of the coefficient of variation of UPV calculated for 41 test 

groups is 5±0.8 %. However, this good laboratory-based repeatability is 

severely impaired by the numerous factors which affect the UPV 

measurements as highlighted in sections (2.3 and 5.2.1). 

9. The UPV correlates well with the residual compressive strength of 

concrete (R = 0.917). While its correlation with the residual chord 

modulus (E, is far inferior to that between DI and Ec. 

10. The residual UPV is not a sole function of the maximum temperature 

experienced bur depends on the characteristics of the thermal exposure. 

7he damaging effect of quenching 

As assess bX &a SM 

11. The SDT results demonstrate clearly that spraying hot concrete with 

water is a principal determinant in the damage inflicted by the high 

thermal exposure. Levels of residual modulii, which are reached in 

concrete heated to 320*C and cooled in air, are reached in concrete 

heated to only 220"C and subsequently sprayed with water for five 

minutes. Therefore, the traditionally held view that 3000C marks the 

onset of significant damage in fired concrete (significant meaning 25 % 

or more loss in structural properties) is not correct for quenched 

concrete. This is of particular relevance when the modified stiffness 

characteristics are concerned. Indeed, the author does not think that the 

criticality of exposure can be defined by the temperature of the exposure 
but by the internal fracture caused which can be established by the DI 

value. The DI and PS of quenched concrete is significantly more than 

that of air-cooled concrete in the investigated temperature range 
(217"C-470"C). Also, the loading response of quenched concrete is 

more concave than that of air-cooled concrete. 
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& assess bx &a LLEE 

12. Spraying hot concrete with water for five minutes further reduces its 

residual pulse velocity, by approximately 1017b regardless of the 

maximum temperature or the type of aggregate. It is noteworthy that 

the method of quenching, adopted during this work, was designed such 

that no, or little, change in the water content of concrete took place as a 

result. However if the quenching method affected the water content in 

the damaged concrete, the UPV in the concrete would erroneously 

increase giving dangerous overestimation of the internal integrity. The 

author found that a large increase in the degree of saturation of fired 

concrete can lead to as much as 200% over estimation in the UPV in 

fire-damaged concrete. The author, therefore, supports the researchers 
(Sturrup, 1984 ; Popovics, 1992) who criticised the ability of the UPV 

technique to reliably estimate the mechanical properties of sound 

concrete, not to mention damaged concrete. The shortcoming of the 

UPV in assessing the true fractured state of quenched fire-affected 

concrete revealed itself as obvious contradiction between the results of 

the previous investigators. 

& assess bx t& . sWgth 

13. The residual compressive strength of quenched river gravel concrete is 

generally 10% less than air-cooled concrete after exposure to 

temperatures up to 400"C. 

As assess bX & strain at ultimate =uAýý 

14. The strain at ultimate stress of quenched limestone concrete is generally 
10% more than the air-cooled concrete. 

15. The effect of quenching on the internal integrity of concrete was best 

quantified by the SDT. The UPV generally confirmed the damaging 

effect of quenching only when the water content in the cracks was not, 
or slightly, affected by quenching. The compressive strength was further 



Conclusions and Recommendations 

reduced by quenching but was less sensitive to such activity than the 

stiffness properties. 

Ae effect of extended duration of exposure 

A& assess bx &a sm- 

16. Soaking concrete for two hours at the test temperature further increases 

the internal fracture as measured by the DI and PS values. However, the 

effect is of noticeable significance in the higher range of exposure 
(320*C470*C). The initial (E) and chord modulus (E) are further 

reduced by approximately 10% as a result of extending the duration of 

exposure by 2 hours. 

As assesse by & LLEZ 

17. Longer duration of thermal exposure of river gravel concrete notably 
further reduces its residual ultrasonic pulse velocity only at temperatures 
higher than 300*C. 

4J. -assesse bXtkcoj2Xpressives. =Ueth 

18. The compressive strength seems to be somewhat more affected by 

extended duration of exposure than the elastic properties and the UPV 

which, in turn, is a function of elastic modulus. A general further 

reduction of compressive strength of 15 % is observed after 2 hours 

extended duration of exposure. 

Aa assesse bx &a strain at ultimatej=uk, ý 

19. The sau seems to be slightly affected by extended exposure up to 40011C. 
At higher temperatures the extended duration of exposure results in 

rapid increase in the ec, 

20. Spraying hot concrete with water for five minutes after exposure to 
temperature up to 350"C results in about twice the reduction in its 

stiffness compared with that caused by extending the duration of 

exposure for 2 hours and subsequently cooling the concrete in air. Also, 

the damaging effect of quenching is better identified by the DI and PS 
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values which indicate largely more further internal fracture caused by 

quenching than that caused by extended duration of exposure in the 

range up to 350"C. However, extended duration of exposure to 

temperatures around 500"C results in very severe damage to concrete, 
but heated concrete would have lost most of its structural properties at 

such temperatures anyway. At such level of exposure the damaging 

effect of quenching on the stiffness characteristics is less than that of 

extended duration. 

21. The 6maging effect of extended duration of exposure to elevated 
temperatures was evaluated by all the methods to be significant in the 

range of temperatures > 320"C. The continuation of the loss of the 

chemically combined water at such level of exposure, coupled with the 

quartz conversion at 573*C, results in severe disruption to the 

microstructure. 

Effect of aggregate size 

A, £ assesse bX t& SDZ- 

22. The residual stiffness (E) of 10mm maximum aggregate concrete is 

generally higher than that of 20mm aggregate concrete. rfbe Damage 
Index (DI) of 20mm aggregate concrete is generally higher than that of 
10mm aggregate concrete. The inference here is that smaller aggregate 
concrete is somewhat less affected by exposure to elevated temperature 
than larger aggregate concrete. However, the 10mm aggregate concrete 
batch was fired and tested at the age of 10 months while the 20mm 
batch was fired and tested at the age of 4 month. The unfortunate 
difference of age at firing and testing might have interfered with the 

observed residual properties. 

& assess bx &a = 

23. Larger size aggregate concrete generally suffers more reduction in its 
UPV than smaller size aggregate concrete after heating. 
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assess bx t& vrain at ultimate stress &,, ý 

24. The smaller aggregate concrete generally exhibit less (e,,. ) than larger 

aggregate ones. However, the difference is more pronounced at 

temperatures higher than 320"C. 

25. All the assessing tools seem to indicate that smaller aggregate concrete 

is somewhat less vulnerable to fire damage than larger aggregate 

concrete. 

Relative performance of Limestone concrete compared to river gravel 

concrete 

Aa assesse by t& =- 

26. Limestone concrete generally exhibits less residual stiffness than river 

gravel concrete when assessed by: 

* The reduction of the chord modulus. 

* The reduction of the unloading modulus. 

* The normalised Damage Index. 

The inferior behaviour of limestone concrete is more pronounced in the 

low range of exposure. However, exposure to temperatures around 

500"C seems to cause more damage to the stiffness of river gravel 

concrete than to limestone concrete. 

As assess by &a = 

27. The % residual UPV of fired limestone concrete is less than that of fired 

river gravel concrete. 

aysess by thf, . strellgth 

28. The residual compressive strength of limestone concrete is less than that 

of the river gravel concrete up to exposure of 400*C above this 

temperature the difference diminishes. Limestone concrete seems to 

retain more compressive strength than river gravel concrete after heating 

to 470"C. 
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29. The various assessing tools generally agree in evaluating the inferior 

performance of limestone concrete than river gravel concrete after 

exposure to temperatures up to around 400*C. However, near the onset 

of quartz alpha to beta conversion, at 573*C, siliceous concrete shows 

larger loss of integrity than carbonate concrete. 

6.1.3 Residual compressive strength and the strain at ultimate stress: 

30. A sole knowledge of the maximum temperature of exposure can not 

lead to any reliable estimation of the residual compressive strength. The 

loss of compressive strength is a complex function of the method of 

cooling and duration of exposure as well as the maximum temperature. 

31. There is a reasonable correlation between the residual compressive 

strength and the DI value, R=0.89. DI values > 40 will certainly mean 

a loss of 50% or more of the compressive strength. 

32. The correlation between the strain at ultimate stress and the % residual 

compressive strength seems to be reasonable, R=0.911. It is safe to 

conclude that concrete with eou > 4000 [Lstrain would have lost more 

than half of its original compressive strength. 

33. The residual compressive strength of concrete is reduced by exposure to 

elevated temperatures regardless of the aggregate used. Exposure to 

temperatures higher than 320*C is generally associated with increased 

rate of reduction of the compressive strength 

34. The strain at ultimate stress (e,,. ) of river gravel concrete does not seem 

to be affected by exposure up to 300*C. While at higher level of 

exposure, there is a significant increase of e,,, by as much as 45% after 

exposure to 400*C. For limestone concrete the increase in e,,. is more 

gradual over the entire range of temperature and the sudden increase 

around 300*C is less pronounced. 



Conclusions and Recommendations 

6.1.4 Visual and petrographic analysis: 

35. The method of cooling does not have any bearing on the colour change 

phenomenon, although the method of cooling is shown in this thesis to 

be a major determinant in the loss of stiffness of fired concrete. 

36. Neither air-cooled nor quenched Limestone concrete exhibits noticeable 

changes in colour as a result of heating in the range (217*C-470"C). 

37. Limestone concrete heated in the range (217*C-470"C) maintained its 

visual integrity and showed no surface crazing nor surface pitting. 

38. The range of temperatures, which does not cause any visual changes in 

flint aggregate concretes, can cause significant loss of stiffness. 

Although river gravel aggregate concrete heated to 240*C and cooled by 

spraying with water does not exhibit any change in coIour, it suffers 
60% reduction of its chord modulus. 

39. The SEM generally fails to detect microstructure changes in river gravel 

concrete heated in the range (217"C. -320'C). However, it succeeds in 

detecting severe microstructure, disruption in river gravel concrete 

heated in the range (378"C-570"C). 

40. The SEM fails to detect damage in limestone concrete heated in the 

range (217"C-320*C). However, it detects some microstructure 

disruption in the range (378"C-470"C) 

41. It is safe to conclude that the Scanning Electron Microscope failed to 

provide a reliable picture of the extent of damage 

6.1.5 By-product fmidings: 

39. The higher the stress level adopted for the Stiffness Damage Test the 
higher the Damage Index and Plastic Strain are. The effect is more 

pronounced in severely damaged concrete. 

40. Both DI and PS tend to decrease the more the number of load-unload 

cycles performed on damaged concrete cores. 
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'-Recommendati6ni., 

6.2.1 Recommendations in the light of the SDT results: 

1. The Standard Furnace Test, which is used to determine the fire 

resistance of structural concrete members, should be modified to take 

ac. ýount of the fire fighting operations which have been shown to 

significantly lower the stiffness of heated concrete. 

2. A rethink of the philosophy of assessing fire-damaged concrete based 

solely on attempting to predict the ma: Firnum temperature attained 
during fires is desperately needed. 

3. A new quantitative method of classification of the extent of fire-damage 

should be based on the increase of internal plasticity and increase in the 

area of hysteresis of the load-unload response load cycles rather than on 

qualitative visual methods (the current position). 

4. The following new classification of fire-damage is therefore suggested: 

Table (23). -A proposed new classfication of the level of flre-damage 

based on quantification of thefractured state 

Damage 
Index 

(DI) 

Class of 
fire- 

damage 

Plastic Strain, 
listrain 
(PS) t 

Most Probable Value of the 
residual stiffness. If 

% residual Ec % residual Ej 

<5 I < 4.5 >76% >73% 
5-10 11 4.5-11.4 76-51% 73-40% 
10-15 in 11.4-20 51-40% 40-28% 

15-20 IV 20-30 40-34% 28-22% 

>20 V >30 <34% <22% 

I based on the correlation in Figs. (65 and 66) 
* based on the correlation in Fig. (59 and 60) 
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S. The available material models of predicting concrete structural 

behaviour during and after fire incidents should adopt more accurate 

functions to reflect the modification in the mechanical properties of 

concrete taking into account the effect of quenching. To this end, the 

author suggests a "Quenching Factor" which should reduce the residual 

properties established as a function of only the maximum temperature 

experienced. For example, the residual chord modulus of quenched 

limestone concrete was around 85% of the residual chord modulus of 

air-cooled concrete. Therefore a "Quenching Factor" of 0.85 will be 

appropriate when the residual stiffness of fired limestone concrete is 

concerned. 

6.2.2 Recommendations in the light of the UPV results: 

6. The UPV should = be used to assess fire-damaged concrete if there is 

any change in the moisture content of the investigated structural 

member because of rain and/or fire-fighting operations. 

6.2.3 By-product recommendation: 

8. The SDT parameters should be calculated for the second load cycle of 

or the mean of the Eirgin test so that they are representative of the pre- 

existing fractured state. 

9. The Damage Index and Plastic Strain should not be used to monitor the 

progression of damage in the same specimen by repeatedly testing it. 

DI and PS are heavily dependent on the stress history of the specimen 

and can therefore give misleading results if repeatedly determined for 

the same cores. A rethink of the test philosophy in the appraisal of 

AAR-affected structures is also needed. 

10. The maximum stress should be 2.25 NI MM2 when testing severely 
damaged concrete. The stress level should be standardised to allow 

practical application and enable comparisons to be made. 
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Chapter (7) 

Further work 

mint'of,, th6SDT. 

The SDT provides an accurate and reliable assessment of the stiffness 

characteristics of concrete damaged by heating. It is also capable of 

detennining the prefiring stiffness. However, the technique has been 

established by testing uniforinly heated concrete under laboratory controlled 

conditions. 

Unfortunately (or rather fortunately), the damage caused by real fires is 

not uniform. The layered nature of real fires needs to be catered for in the 

present test procedure. The following options could be considered : 

The present apparatus measures the strain over the central 67 mm 

of a 175mm length core. The viability of reducing the gauge length 

to 20mm when testing 10mm coarse aggregate concrete (or 40mm 

when testing 20mm aggregate concrete) should be investigated. If 

that is successful, the apparatus could be moved along the length of 

the specimen to establish the profile of damage which could then be 

used to establish the overall damage. 

This proposal is likely to run into two main problems: 

1. The measurements will become less representative of the concrete and 

the aggregate size in the investigated layer might lead to unacceptable 

variability. 



Further Work 

2. Testing small layers along the length of the core will bring the effect of 

the end platen into the state of stresses prevailing in the investigated 

layer. However, platens made of a material possessing low coefficient 

of friction might solve this problem. 

The possibility of miniaturising the apparatus and using smaller 

cores can also be investigated. However, the minimum length of 

the gauge length will be determined by the maximum aggregate 

size. Nevertheless, smaller diameter cores can be easier to 

extracted from concrete members without causing severe scars. In 

addition, a larger number of cores can be extracted to provide a 

more representative assessment. . 

The stiffness characteristics of uniformly heated concrete is now 

available. A simulated real fire can produce a core with layers of 

damage depending on the generated temperature profile. The 

parameters associated with every layer can be used to predicted the 

overall damage over the central 67mm of the core (by integration or 

summation). This core is then tested to establish the damage over 

the central 67mm. The calculated overall damage can be compared 

with the experimentally established figure. 

17.2'Misdellaneous: 
Our understanding of the effect of water quenching of hot concrete 

on its residual structural properties can be further improved by 

establishing the thermal profiles developed across concrete 

structural sections during cooling. 

When hydrocarbon fuels are involved in a fire, the growth rate of the 
fire becomes very high. The effect of such high intensity fires on the 

post-cooling fractured state of concrete should be investigated. 
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A more detailed petrographic analysis by means of thin section and 
XRD could further improve our understanding of the microstructure 

of fire-affected concrete. However, such an investigation needs to 

aim at quantifying the features observed, by these methods and 

attempt to correlate them with the mechanical properties. 
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Appendix (a): Raw data file of a SDT as logged by a BBC computer 
and imported in a spreadsheet on a PC. 

A B C-D 
1 DATA FILE : 281VAl 
2 DATE: Jun-93 

_ 3 Check of strain uniformity 
4 TYPE: STD K 7% and - 3% O 
5 . . + 

6 
7 LOAD DISP1 DISP2 DISP3 
8 1 (M) (UM) (UM) (UM) 
9 12 25.68 14.93 15.32 
101 3 26.49 15.49 16.01 
ill 4 27.19 16.41 16.99 
121 5 27.84 17.33 17.69 
131 6.01 28.35 18.25 18.5 
141 7.01 29.05 18.84 19.36 
151 8 30.11 19.69 20.26 
16 19 31.06 20.55 21.08 
17 1 10 32.27 21.17 22.22 
18 1 11 33.02 21.89 23.2 
19 1 12 34.23 22.58 24.18 
20 1 13 35.43 23.11 25.16 
21 1 14 36.69 23.76 26.1 
22 1 15 37.95 24.42 27.12 
23 1 16 39.2 24.95 28.02 
24 1 16.99 40.66 25.47 29.08 
25 1 18.01 41.77 26 30.06 
26 1 19.84 44.33 26.92 31.78 
27 1 18 42.67 26.26 30.63 
28 1 16.99 41.67 26 29.78 
29 1 16-01 40.51 25.41 29.12 
301 14.99 39.46 25.11 28.06 
311 14 38.45 24.55 27.33 
32 13 37.34 24.06 26.47 
33 11.99 36.34 23.47 25.57 
34 11.02 35.38 23.04 24.75 
35 10 34.43 22.42 23.98 
36 ,9 33.37 21.83 22.95 
37 18 32.57 21.14 22.02 
38 1 7.01 31.66 20.35 21.12 
39 6 30.86 19.4 20.18 
40 5 30.16 18.58 19.12 
41 4.01 29.4 17.66 18.22 
42 3.01 28.45 16.74 17.2 
43 ,2 27.24 15.95 16.01 
44 1 1.89 27.09 15.85 16.01 
45 12 26.99 15.92 15.73 
46 1 2.99 28 16.41 16.5 

-47 4 28.9 17.3 17.52 
48 4.99 29.7 18.22 18.34 
ZY 5.99 30.31 19.04 19.28 
50 7.01 30.96 19.9 20.1 

151, 8 31.87 20.68 21.12 
1521 8.99 32.82 21.5 21.97 
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A B c D 
53 10 33.73 21.96 23.08 
54 11 34.88 22.65 23.89 
55 11.99 36.09 23.17 24.79 
56 1 13 37.04 23.63 25.77 
57 1 14 38 24.26 26.79 
58 1 14.99 39.1 24.78 27.69 
59 1 16 40.36 25.21 28.51 
60 1 17 41.57 25.64 

'29.29 61 1 18.01 42.72 26.16 30.35 
62 1 19.85 44.63 26.92 31.78 
63 18.01 42.97 26.19 30.76 
64 17 41.87 25.83 29.82 
65 16 40.86 25.47 29.2 
66 15 39.66 24.88 28.31 
67 , 14.92 38.65 24.52 27.37 
681 13 37.75 24.06 26.51 
691 12.01 36.69 23.47 . 25.61 
70 11.6-2 35.64 22.88 24.75 
71 10.01 34.58 22.42 23.98 
72 9 33.63 21.76 22.83 
73 8 32.62 21.04 22.06 
74 

. 
7.01 31.82 20.15 21.24 

75 1 6.01 30.91 19.46 20.05 
76 5 30.01 18.55 18.99 
77 4 29.3 17.59 18.05 
78 2.99 28.5 16.74 . 

16.91 
79 2 27.29 16.08 15.89 
80, 1.94 27.29 15.95 15.97 
Bil 2 27.39 15.85 15.6 
821 3 28.2 16.44 16.34 
831 4.01 29.15 17.36 17.2 
841 5.01 29.7 18.35 18.3 
851 5.99 30.31 19.14 19.28 
861 7 31.36 19.99 20.05 
871 7.99 32.12 20.88 21.16 
881 9.01 32.87 21.56 22.06 
891 10 34.08 22.22 23.12 
90 11 35.13 22.78 23.98 
91 12 36.04 23.24 24.75 
92 13 37.24 23.96 25.81 
93 14 38.25 24.45 26.71 
94, 15.01 39.41 24.81 27.65 
951 16 40.61 25.27- 28.55 
961 17 41.72 25.64 29.37 
971 18.01 42.82 26.19 30.18 
981 19.87 45.03 26.82 31.94 
991 18 43.12 26.09 30.67 
1001 17 42.07 25.8 29.86 
1011 16 40.96 25.34 29.12 
102 15.01 39.81 24.99- 28.18 
103 
J 

14 38.85 24.42 27.28 
1 O4 13 37.8 -OT 26.4 
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IA B c D 
105 1 12.01 36.59 23.5 25.53 
106 11 35.59 22.94 24.63 
107 10 34.63 22.25 23.77 
108 9 33.57 21.86 22.87 
109 8 32.57 20.97 22.02 
Ila 7 31.87 20.12 20.95 
ill 6 31.01 19.4 19.85 
112 5 30.21 18.48 19.07 
113 4 29.45 17.53 17.77 
114 ,3 28.6 16.71 16.99 
115 12 27.34 15.98 15.81 
116 1 1.89 27.24 15.95 15.73 
117 12 27.19 15.89 15.4 
118 1 2.99 28.35 16.61 16.38 
119 4 28.95 17.46 17.24 
120 5 29.7 18.51 18.3 
121 6 30.31 19.23 19.2 
122 7.01 31.26 20.12 20.18 
123 

.8 
32.17 20.91 21.04 

124 1 9.01 33.07 21.6ý 21.85 
125 1 9.99 34.18 22.22 23.04 
126 1 11 35.18 22.78 23.98 
127 1 11.99 36.34 23.34 24.87 
128 13 37.19 23.9 25.9 
129 14 38.4 24.39 26.79 
130 15 39.41 24.78 27.69 
131 16 40.71 25.31 28.43 
132. 17 41.62 25.7_ 29.37 
1331 18 42.77 26.23 30.18 
1341 19.85 45.03 26.95 31.78 
1351 18.01 43.38 26.16 30.59 
1361 17.61 42.07 25.77 29.73 
1371 16 40.96 25.27 28.92 
138 15 39.91 24.95 27.94 
139 14 38.85 24.42 27.08 
140 13 37.65 24.03 26.39 
141 12.01 36.74 23.57 25.53 
142, 11 35.59 22.94 24.55 
1431 10.01 34.73 22.42 23.77 
1441 9 33.73 21.79 22.83 
1451 8.01 32.72 21.17 21.81 
1461 6.99 31.82 20.38 20.83 
1471 6 30.81 19.4 19.77 
1481 5 30.11 18.74 18.79 
1491 4 29.3 17.56 17.73 
1501 3 28.55 16.71 16.79 
1511 2.01 27.49 15.92 15.73 
1521 1.94 27.44 15.95 15.64 
153 2 27.29 15.79 15.32 
154 3.01 28.3 16.58 16.26 
155 4 29.05 _ 17.53 17.11 
TIN 5 29.6 18.51 18.18 
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A B c 
157 5.99 30.26 19.3 19.07 
158 7 31.36 20.12 19.89 
159 8 32.07 21.01 20.99 
160 19 33.27 21.73 21.93 
161 1 10 34.08 22.25 22.91 
162 1 10.99 35.18 22.81 23.81 
163 1 12 36.04 23.34 24.63 
164 1 13 37.39 23.83 25.73 
165 1 13.99 38.45 24.42 26.71 
166 1 15 39.66 24.95 27.41 
167 1 15.99 40.91 25.41 28.51 
168 1 17 41.77 25.86 29.33 
169 18.01 42.92 26.26 30.27 
170 19.86 44.83 27.01 31.7 
171 18 43.17 26.23 30.55 
172 17 41.97 25.8 29.65 
173 ,1 41.01 25.37 28.92 
174 15.01 39.91 24.98 28.18 
175 14 38.8 24.58 27.16 
176 13.01 37.85 24.09 26.3 
177 11.99 36.74 23.67 25.53 
178, 10.99 35.59 22.98 24.51 
179 10 34.53 22.45 23.69 
180 8.99 33.57 21.79 22.67 
181 8 32.62 21.11 21.69 
182 7 31.72 20.35 20.91 
183, 6 30.86 19.56 19.77 
184 5 30.16 18.51 18.83 
185 4.01 29.35 17.69 17.73 
186 3 28.55 16.84 16.71 
187 2.01 27.59 15.89 15.6 
188 
1891 
190 
191 
192 
193 
194. 
195 
196 
197 
198 
199, 
2001 
201 
202 
203 
204 
205, 
206 
207 

1 

208 
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Appendix (b): Data analysis Macros established by the author to 
automate the production of the SDTreports. - 

PROCESSIOU (a) 
=SELECTrRl: R7") 
=EDIT. DELETE(2) 
=SELECTC'RlC5") 
-FORMULAC'AV. DIS. ") 
=SELECTrR2C5") 
-FORM ULA("Ii. m") 
=SELECT("R3C5") 
=FORMULA("=(RC[-31+RC[-2]+RC[-lDI3") 
=FILL. AUTOrRC: R[178]C", FALSE) 
=SELECT("RIC6") 
-FORMULArli. STRAIN") 
-SELECT("R3C6") 
=FORMULA("-(RC[-lýR3C5)10.0657") 
-FILLAUTOf'RC: Rj178jC", FALSE) 
-VSCROLL(1, TRUE) 
-SELECT("RIC7") 
-FORMULA("STRESS") 
=SELECT("R2C7") 
-FORMULA("Nimm^2") 
=SELECT("R3C7") 
=FORMULA("=RC[-61*10001(0.25*3.1416*75^2)") 
=FILL. AUTO("RC: R[178JC", FALSE) 
=VSCROLL(1, TRUE) 
=HSCROLL(6, TRUE) 
=COLUMN. WIDTH(7.86, "C6") 
=COLUMN. WIDTH(6.7l, "C7") 
-SELECT("R3C8") 
-FORMULA("lS") 
=SELECT("RlC8") 
=FORMULA("LOOP") 
=VSCROLL(6, TRUE) 
=SELECTrR20CB") 
=FORMULA("lP") 
=SELECTrR37CB") 
=FORMULA("lE") 
=SELECT("R39CB") 
=FORMULA("2S") 
=SELECTrR56CB") 
=FORMULA("2P") 
=SELECT("R73C8") 
=FORMULA("2E") 
=SELECT("R75C8") 
=FORMULA(IS") 
=SELECT("R92CB") 
=FORMULAVIP") 
=SELECT("RlO9CB") 
=FORMULAVIE") 
-SELECT("RlllCB") 

_=FORMULA("4S") I=SELECT("Rl28C8") 
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-FORMULA("4P") 
-SELECT("Rl45C8") 
=FORMULACAE") 
=SELECT("R147C8") 
=FORMULAr5S") 
-SELECT("Rl64CB") 
=FORMULA("5P") 
=SELECT("Rl8lC8") 
-FORMULAC'5E") 
-VSCROLL(1, TRUE) 
-SELECT("RIC9") 
-FORMULA("Ei") 
=SELECT("RlClO") 
=FORMULAr'Ec") 
=SELECT("RlCll") 
-FORMULA("Eu") 
=SELECT("RlCl2") 
-FORMULAC'areas") 
=SELECT("RlCl3") 
=FORMULArDi") 
-SELECT("RlCl4") 
=FDRMULArPS") 
=SELECT("RlCl5") 
=FORMULA("NLI") 
=SELECT("R2C7") 
=Copyo 
=SELECT("R2C9") 
=PASTEO 
=SELECT("R2CIO") 
-PASTEO 
=SELECT("R2Cll") 
=CANCELCOPYO 
=FORMULA("V") 
=SELECT(MC14") 
=FORMULA("Ii. STRAIN") 

=HSCROLL(6, TRUE) 

=COLUMN. WIDTH(3A3, "C8") 

=SELECT(MC10") 
=COPYO 
=SELECT(MC11") 
=PASTEO 
=SELECT("R3C9") 
=CANCEL. COPYO 

=FORMULA("=l 000000*(RC[-2ýR[2]C[-2DI(RC[-31R[2]CI-3D") 

=VSCROLL(46, TRUE) 

=VSCROLL(59, TRUE) 

=SELECT("R75C9") 
= FORMULA("=l 000000*(RC[-2ýR[2]C[-2D/(RC[-31R[2]C[-3D") 

=VSCROLL(78, TRUE) 

=VSCHOLL(91, TRUE) 

I=VSCROLL(105, TRUE) 
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-SELECTrRlllC9") 
- FORMULAr -1 000000*(RC[-2ýR[2]C[-2D/(RCI-3ýR[2]C[-3D") 

-VSCROLL(143, TRUE) 

=SELECT("Rl47C9") 
= FORMULA("=l 000000*(RC[-2ýR[2]C[-2D/(RC[-31R[2]C[-3D") 
=VSCROLL(1, TRUE) 
=SELECTRU10") 
=FO RMULAr =1 000000*(RC[-3ýRjI 7]C[-3D/(RC[-41R[l 7]C[-4D") 

=VSCROLL(40, TRUE) 
-VSCROLL(36JRUE) 
-SELECT("MM") 
- FORMULA("= 1 000000*(RC[-21R[2]C[-2D/(RC[-31R[21C[-3D") 
=SELECT("R39CIO") 
-FORMULA("=l 000000*(RC[-3ýRjl 7]C[-3D/(RC[-41R[l 7]C[-4D") 

=VSCROLL(60, TRUE) 
-SELECT("R75ClO") 
-FORMULA("=1000000*(RC[-3ýR[17]c[-3DI(RCIAIR[17]C[-4D") 
-VSCROLL(91, TRUE) 
=VSCROLL(101, TRUE) 
=SELECTrRlllClO") 
-FORMULA("=l 000000*(RC[-31R[l 7]CI-3D/(RC[-41R[17]C[-4D") 
-VSCROLL(122, TRUE) 
-VSCROLL(126, TRUE) 
=VLINE(-4) 
=VSCROLL(108JRUE) 
=VSCROLL(140, TRUE) 
=SELECT("Rl47ClO") 
-FORMULA("=l 000000*(RC[-3ýRjl 7jC[-3Dl(RC[-4ýR[17jc[-4D") 
-VSCROLL(1, TRUE) 
=SELECTrR3Cll") 
-FORM ULA("=l 000000*(R[l 7]C[4ýR[20jC[4Dl(R[l 7]C[-5jRjiO-1C[-5D") 
--VSCROLL(32, TRUE) 
=SELECTrR39Cll-) 
= FORMULAr =1 000000*(R[l 7]C[4ýR[20JC[-4DI(Rjl 7jC[-5ýRj201C[-5D") 
=VSCROLL(65, TRUE) 
=SELECTrR75Cll-) 
- FORMULAr= 1 000000*(R[l 7]C[41R[20]C[4D/(R[I 7]C[-51R[20]c[-5D") 
=VSCROLL(101, TRUE) 
=SELECT("RlllCll") 
=FORMULA("=l 000DC0*(R[17]C[4ýRj20jC[4DI(R[I 7]C[-51R[20]C[-5D") 
-VSCROLL(144, TRUE) 
-SELECTrRl47Cll") 
= FO RMULA("=l 000000*(R[l 7]C[-41R[20]C[-4D/(RII 7]C[-5jR[20]Cj-5D") 
=VSCROLL(I, TRUE) 
=SELECTrR3Cl2") 
- FORMULAr=(RC[-51RIl lc[-5D*(RC[-61+ R[l IC[-6D* 0.5") 
= FILL. AUTOrRC: Rll 79]C", FALSE) 
-SELECT("RlBOC12") 
-VSCROLL(1, TRUE) 
=COLUMN. WIDTH(6.29, "C6") 
-COLUMN. WIDTH(6.14, "C7") 
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-COLUMN. WIDTH(7A3, "CS") 

=CDLUMN. WIDTH(7.57. "Cl 0") 

= COLUMN. WIDTH(7.43, "Cl 1 

-SELECT("C9: Cll") 

-FORMAT. NUMBER("#J#9") 
-COLUMM. WIDTH(6) 

=SELECT("C12") 
=ALIGNMENT(2, FALSE. 3.0) 

=CDLUMN. WIDTH(7.14) 

=CDLUMN. WIDTH(6.43) 
-COLUMN. WIDTH(6.14) 

-COLUMN. WIDTH(5.14, "C13") 

=CDLUMN. WIDTH(5.57, "Cl4") 

=HLINE(l) 
-COLUMM. WIDTH(4.57. "Cl5u) 

=HLINE(A) 
-SELECT(»R3C13") 
=FDRMULA("-SUM(RC[-1]: R[33]C[-1D14") 

=VSCROLL(26, TRUE) 

=SELECT(«R39C13") 
=FORMULAr=SUM(RC[-11R[33]C[-1D14") 
-VSCROLL(78. TRUE) 

=VSCROLL(62, TRUE) 
=SELECT("R75C13") 
=FORMULA("=SUM(RCI-11R[33]C[-1D14") 
=VSCROLL(91. TRUE) 

=VSCROLL(97. TRUE) 
=SELECT("RlllC13") 
=FORMULA("-SUM(RC[-11. R[33]C[-1D14") 

=VSCROLL(131, TRUE) 

=SELECT("R147C13") 
-FORMULA("-SUM(RC[-11R[33]C[-1D14«) 
=VSCROLL(1, TRUE) 

-SELECT("R3C14") 
=FDRMULA("--RC[-8]+R[34]CI-8]") 
=VSCROLL(28, TRUE) 

=SELECT(»R39C14") 
=FORMULA(»=-RC[-81+R[34]Ci--81") 
=VSCROLL(72, TRUE) 

=SELECT("R75C14") 
=FDRMULA("=-RC[-81+R[34]CPr') 
=VSCROLL(119. TRUE) 
=VSCROLL(106, TRUE) 

=SELECT(»RlllC14") 
-FORMULA("m-RCHI+R[34]C[-8]") 
=VSCROLL(133. TRUE) 

=SELECT("R147C14") 
=FDRMULA("=-RC[-81+R[34]CI-8]") 
=VSCROLL(l. TRUE) 

=SELECT("R3C15") 
=FDRMULA("ml 000000*(RC[-81R[8]C[-8D1(RC[-9ýR[8]C[-9D") 
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-FORMULA("= 1 000000*(RC[-BIR[B]C[-8D/((RC[-91R[8]C[-9D* RCI-5D") 

-VSCROLL(30, TRUE) 

-VSCROLL(37JRUE) 
=SELECT('13905") 
- FORMULAr -I 000000*(RC[-81R[BIC[-BDI((Rc[-91R[BICI-9D* RC[-5D") 

-VSCROLL(56, TRUE) 
-VSCROLL(81, TRUE) 
-VPAGE(-l) 
-SELECT('17505") 
- FORMULA("=l 000000*(RC[-8ýR[B]CI-ODI((Rc[-9ýRIBICI-9D* RCI-5D") 
=VSCROLL(91, TRUE) 
=VSCROLL(111, TRUE) 
-SELECTC'RlIIC15") 
= FORMULA("- I 000000*(RC[-BýR[BIC[-BDI((Rc[-91R[8]C[-9D* Rc[-5D") 
=VSCROLL(154, TRUE) 
=VPACE(-l) 
=SELECT("Rl47Cl5") 
=FCRMULA("=l 000000 *(RC[-BIR[B]C[-8D/((Rc[-91RIBIC[-9D* RCI-5D") 
-VSCROLL(1, TRUE) 
-HLINE(2) 
=SELECT("Rl MUM") 
=COPYO 
=SELECTr'RlCl6") 
-PASTEO 
= SELECT("R3C8: R3Cl 5") 
=COPYO 
=SELECT("R3Cl6") 
-PASTE. SPECIAL(3,1, FALSE, FALSE) 
=VSCROLL(24, TRUE) 
= SELECT("R39 C8: R39Cl 5") 
=CDPYO 
=VSCROLL(1, TRUE) 
=SELECT("R4Cl6") 
=PASTE. SPECIAL(3,1, FALSE, FALSE) 
=VSCROLL(45, TRUE) 
=VSCROLL(58, TRUE) 
= SELECTRMH750 5") 
=COPYO 
=VSCROLL(1, TRUE) 
=SELECT(MC16") 
=PASTE. SPECIAL(3,1, FALSE, FALSE) 
-VSCROLL(71, TRUE) 
=VSCROLL(92, TRUE) 
=VSCROLL(113, TRUE) 
-VPAGE(-l) 
-SELECT("Rl 11 C8: Rl 11 Cl 5") 
-COPYO 
=VSCROLL(1, TRUE) 
=SELECT(MC16") 
=PASTE. SPECIAL(3,1, FALSE, FALSE) 

I=VSCROLL(152, TRUE) 
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=VSCROLL(131, TRUE) 

=SELECT("Rl 47C8: Rl 47 Cl 5") 

=COPYO 
=VSCROLL(1, TRUE) 

=SELECT("RMS") 
= PASTE. SPECIAL(3.1, FALSE. FALSE) 

-SELECT(WC16") 
=CANCELCOPYO 
=FORMULA("AVERACE") 
=SELECTrC20") 
=FORMULA("K") 
=SELECTrC20") 
=EDIT. DELETE(l) 

=SELECT("Rl Cl 7: RBC19") 

=FORMALNUMBER('100") 
=ALIGN MENT(1, FALSE, 3, O) 

=ALI ON MENT(2, FALSE, 3.0) 

=COLUMN. WIDTH(7.43, "Cl9-) 

=CCLUMN. WIDTH(7.43, "ClB") 

=COLUMN. WIDTH(7.29, "Cl7") 

=SELECT("Rl C20: R8C22") 

=FCRMAT. NUMBERCO. 00") 

=COLUMN. WIDTH(9.14, "C22") 

=ALIGN MENT(2, FALSE. 3.0) 

=COLUMN. WIDTH(5A3, "C22") 

=CCLUMN. WIDTH(7.7l, "C21") 

=COLUMN. WIDTH(6, "C20") 

=HLINE(-4) 
=SELECT("RBC17") 
- FORMULA("- SUM(R[-4]C: R[-l IC)*0.25") 

=FILL. AUTO("RC: RC[5r', FALSE) 

=SELECT("C20: C22") 

=FORMAT. NUMBER("0.00") 

-HLINE(-l) 
=SELECT("Rl6Cl7") 
=HSCROLL(1, TRUE) 

=SELECT("RlCl") 
=SELECT. SPECIAL(5) 

=COLUMN. WIDTH(10) 

=HSCROLL(14JRUE) 
=SELECT("Cl6'*) 
=INSERT(l) 
=INSERT(l) 
=INSERT(l) 
=HLINE(-10) 
=SELECT("C6: C8") 

=Copyo 
=HLINE(7) 
=SELECT("Cl6: Cl8") 

I =PASTE. SPECIAL(3.1, FALSE, FALSE) 
F=-SELECT("Rl C16: Rl8l C25") 
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=VSCROLL(lJRUE) 
-copyo 
=NEW(l) 
= PASTE. SPECIAL(3,1, FALSE. FALSE) 

=FORMAT. NUMBERrO. 00") 

= DI RECTO RY("CANASSIF") 

=SAVE. AS("C. INASSIFIREPORT. EXL". l, "", FALSE, "", FALSE) 

=SH0WJ00LBAR(8,, 1,579,12) 

=VLINE(27) 
=SELECTC'R38") 
=EDIT. DELETE(2) 
-VLINE(42) 
=SELECT("R73") 
=EDIT. DELETE(2) 
=VLINE(31) 
-SELECT('1108") 
=EDIT. DELETE(2) 

=VLINE(35) 
=SELECT('1143") 
=EDIT. DELETE(2) 

=VLINE(-135) 
=SET. PRINTJITLES("", "") 

=SET. PRINT. AREA("") 

=SELECTC'Cl: C9") 

-ALI CN MENT(2, FALSE. 3,0, FALSE) 

=COLUMN. WIDTH(6) 

=UNDOO 
=SELECT("C3") 
=CDLUMN. WIDTH(5.29) 
=C0LUMN. WIDTH(6.57, "rA-) 

= SELECTr'R3Cl: Rl 77C2") 

=VSCROLL(1, TRUE) 

=CREATE. OBJECT(5, "Rl OC4", 0,12, "R51 Cl O"A2.75,12,1, TRUE) 
-CIIART-WIZARD(TRUVR3Cl: Rl77Cr. 7. U. XFIVE LOAD-UNLOAD LOOPS", "MICROSMIK", 'STRESS (Wmm^2rý-. IA 

=VLINE(27) 
=UNHIDE("[REPORT. EXL]Sheetl Chart 1") 

=SELECT("Sl") 
=PATTERN S(0,1,25,1,2,2,25,25, FALSE, FALSE) 

=HIDEO 
=ACTIVATE("REPORT. EXL") 

=VLINE(-29) 
=SELECTRMA370") 
=VLINE(27) 
=SELECT("R3CI: R37C2") 

=VLINE(53) 
= CREATE. 0 BJ ECT(5, "R58C4", 0,0, "R77Cl 0", 38.25,0.75,1, TRU E) 
-CKART. WIZARD(TRUE. 7R3CI: R37Cr. 7.2; ZXFIRST LOOP RESPONSE". "MICROSTRAIN". "STRESS (Nlmm^2r. 7". 1. D) 

=VLINE(-22) 
-HLINE(-l) 
=SELECT("R38Cl: R72C2") 

-CREATE. OBJECT(5, "R79C4". O, O, "Rl 09C1 0", 30,0,1, TRUE) 
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-CHART. WIZARD(TRUF, "MClS72Cr. 712. XSECOND LOOP RESPONSr. 'MICROSTRAIN". *STRESS 

-VLINE(-9) 
=HLINE(-l) 
=S ELECT("R73Cl: Rl 07C2") 

=VLINE(8) 
-CREATE. OBJECT(5, "Rl 14C4", 2.25,0.75, "Rl 52Cl 0", 35.25,2.25,1, TRUE) 
-CHART. WIZARWRUF, *873CI: RlO7Cr, 7. ZZ. Z'THIRD LOOP RESPONSr. "MICROSMIN". STRESS (Niam^2r. -. 1.0) 

=VLINE(-9) 
=HLINE(-l) 
- SELECT("Rl 08C1: Rl 420") 
=FONT. PROPERTIES( ........ 2) 

=VLINE(48) 
=SELECT("RI 08Cl: Rl42C2") 

-VLINE(11) 
-CREATE. OBJECT(5, "Rl52C4", O, l 2. "Rl 68C1 0", 30.75,0.75.1, TRUE) 
-CHART. WIZARD(TRUE. 781@BCI: 8142Cr. 7.2.2-Z"FOURN LOOP RESPONSrM[CROSTRAIN". "STRESS 

-VLINE(-11) 
=HLINE(-l) 
= SELECT("Rl 43Cl: Rl 77C2") 

=VLINE(-6) 
= CREATE. OBJECT(5, "Rl 700", 30.75,035: 12240 0", 36.75,0.75,1, TRUE) 
-CHART. WMUD(TRUVRI43Cl: Rl77Cr. 7,2='FIFTH LOOP RESPONSE'. *7A[CROSTRAIN". *STRESS (lUmm^2r. "*. 1, C) 

=VLINE(48) 
=SELECTC'R225C2") 
=SELECT("R3C5: R8C7") 

=FORMAT. NUMBER("1,110") 

= SELECTf'R3Cl O: R8Cl 0") 

=ALI G NMENT(2, FALSE, 3,0, FALSE) 

-SELECT("R3C4: R7C4") 
=FORMULA. REPLACE("s", "", 2,1, FALSE, FALSE) 

=FORMAT. NUMBER("0") 
=ALlGNMENT(3, FALSE, 3,0, FALSE) 

=SELECT("R3Cl: R2OC2") 

=HLINE(2) 
=CREATE. OBJECT(5, "R4Cll". 9.75,0.75, "RlBC16", 0.75,12, lJRUE) 
-CHART. WIZARD(TRUE, 7R3CI=Cr. 7,12_Z'RRST LOADING". "MICROSTRAIr. "STRESS Pllmm^2rýýIA 

=VLINE(29) 
=SELECT("R38Cl: R55C2") 

=VLINE(-30) 
=HLINE(5) 
=CREATE. OBJECT(5, "R22Cll", l3.5,0, "R39CI5", 46.5,0,1, TRUE) 
-CHART. WIZARD(TRUV838CI: R55Cr. 7.1.2-rSECOND LOADING *. "MICROSTWN". "SMSS(NJwm^2r. -. lA 

=HLINE(3) 
=VLINE(-30) 
=HLINE(l) 
=VLINE(11) 
=HLINE(-4) 
=VLINE(47) 
=SELECT("R73Cl: R9OC2") 

=VLINE(-55) 
I=HLINE(9) 
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-VLINE(-32) 
-COLUMN. WIDTH(14.57. "Cl9-) 

-SELECT("R73CI: R9OC2") 

=VLINE(66) 
=SELECT("R73CI: R9OC2") 

=VLINE(-66) 
=HLINE(9) 
= CREATE. OBJECT(5, "R4Cl 6", 9.75,0, "Rl BC20", 44.25,11.25,1. TRUE) 
-CHANT. WIZARD(TRUE. *273CI: RWCr. 7.1="THIND LOADING". 'MICRDSnUUN", "STRESS (PVmm^2r.! 'ý1.0) 

-HLINE(-9) 
-VLINE(94) 
=SELECT("Rl O8CI: Rl 25C2") 

=VLINE(-102) 
-HLINE(9) 
- CREATE. OBJECT(5, "R22Cl 6". 1 1.25,0, "R37C20", 40.5,12,1, TRUE) 
-CHANT. WIMD(rRUL'BI(IOCI: RI25Cr. 7.1="FOURTN LOADING*. 'MICROSTRAIN". "MESS Pilmm^2r. -. IA 

-FORMAT. SIZE(, l 1.25, "R38C20") 

=HLINE(-9) 
-VLINE(107) 
-SELECT("Rl 43Cl: Rl NO") 

-HLINE(5) 
=VLINE(-106) 

CREATE. OBJECT(5, "R4OCl 1"A 7.25,1.5, "R54Cl 5", 47.25,0,1, TRUE) 
-CHART. WIURD(TRUF, "RI43CI: 216DCr, 7,12_rFIFTH LOADING*. "MICROSTIUUr. "STRESS 

=FORMAT. MOVE(, 2.25, "R4OCl 1") 

=HLINE(3) 
=VLINE(-3) 
=HLINE(2) 
= FO RMAT. SIZE(O,, "R54Cl 8") 

=FORMAT. MDVE(37.5.3.75, "R4OCl2") 
=SELECT("R48C12") 
=VLINE(-36) 
=SELECT("RlCll") 
=FORMULA("E(IUATIONS OF THE LOADING RESPONSES") 

=ACTIVE. CELL. FONT("Arial", "Bold ltalic", 14, FALSE, FALSE, FALSE, FALSE, FALSE, 1,0 ... 1,34) 

=VLINE(O) 
=SELECT("Chart 7") 

=UNHIDE("[REPORT. EXL]Sheetl Chart 7") 

=SELECT("Sl") 
=SELECTC'Sl Pl O", TRUE) 

=CHART. TREND(3,2,0,0.0. TRUE, TRUE, TRUE) 

=SELECT("Text SlTl") 

=FORMAT. MOVE(107,51) 

=SELECT("SlTl") 
=SELECT("SlTl") 
=PATTERNS(0,1,1,1) 
=HIDEO 
=ACTIVATE("REPORT. EXL") 

-SELECT("Chart 9") 

=UN HID E("[REPORT-EXL]Sheetl Chart 9") 

I=SELECT("Sl") 
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- CHARTJREN D(3,2,0,0,0, TRUE, TRU E. TRUE) 

-SELECT("Plot") 
-SELECT("SlTl") 
-PATTERN S(0,1,1,1) 

-SELECT("Text SIM) 

-FORMAT. MOVE(56,106) 

-SELECTrPlat") 
-HIDEO 
-ACTIVATErREPORT. EXL") 

-SELECT("Chart 8") 

-UNHIDE("[REPORT. EXL]Sheetl Chart 8") 

-SELECT("Sl") 
-SELECT("Plot") 
-SELECT("Sl") 
-CHART. TREND(3.2,0,0,0, TRUE, TRUE, TRUE) 

-SELECT("Text MTV) 

-FORMAT. MDVE(57,132) 

-SELECT("SlTl") 
=SELECT("SlTl") 
=PATTERN S(0,1,1.1) 

-SELECT("Plot") 
-HIDEO 
-ACTIVATE("REPORT. EXL") 

-SELECT("Chart 10") 

-UNHIDE("[REPORT. EXL]Sheetl Chart 10") 

-SELECT("Sl") 
-CHART. TREND(3,2.0,0,0, TRUE, TRUEJRUE) 

-SELECT("Plot") 
-SELECTSM") 
-PATTERN S(0,1,1,1) 

-SELECT("Text SlTl") 

-FORMAT. MOVE(56,129) 

=SELECTrPlot") 
-HIDEO 
-ACTIVATE("REPORT. EXL") 

-VLINE(11) 
-S ELECT("Chart 11 

= UN HID E("[REPORT. EXL]Sheetl Chart 11") 

-SELECT("Sl") 
=CHART. TREND(3,2,0,0,0, TRUE, TRUE, TRUE) 
-SELECT("Text SlTl") 

-FORMAT. MOVE(SO. 93) 
=SELECT("SlTl") 
=PATTERN S(0,1,1.1) 

=HIDEO 
=ACTIVATE("REPORT. EXL") 

=HLINE(-3) 
-SELECT("RlCll: RlCl7") 

=COPYO 
=HLINE(4) 

. =SELECT("RlC21") 
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-PASTEO 
-HLINE(-I) 
-SELECTRU211 
-CANCELCOPYO 
-FORMULArlst") 
-SELECT("R7C21") 
-FORMULA("2nd") 
-SELECT("RlOC21") 
-FORM ULA("3rd") 
-SELECT("Rl3C21") 
-FORMULA("4th") 
-SELECT("Rl6C21") 
-FORMULA("5th") 
-SELECT("Chart 7") 

-UNHIOE("[REPORT. EXL]Sheetl Chart 7") 

-SELECT("SlTl") 
-CHART. TREND(3,2,0,0, FALSE, TRUE, TRUE, TRUE) 

-SELECT("Text SlTl") 

-FORMAT. MOVE(61,135) 
-SELECT("Title") 
-FORMAT. MOVE(, 164) 
=HIDEO 
-ACTIVATE("REPORT. EXL") 
-SELECT("Chart 9") 

=UNHIDE("JREPORT. EXL]Sheetl Chart 9") 

-SELECT("Text SIM) 

-SELECT("SlTl") 
-CHART. TREND(3,2,0,0, FALSE, TRUEJRUE, TRUE) 

-SELECT("Text SlTl") 

=FORMAT. MOVE(75,137) 

-FORMAT. MOVE(, 129) 

=SELECTCTitle") 
-FORMAT. MOVE(87,164) 

-SELECT("Text SlTl") 

=FORMAT. MOVE(, 135) 

=SELECTCPlot") 
=SELECT("Text SITI") 

-FORMAT. MOVE(74,141) 

-SELECTCPlot") 
=HIDEO 
=ACTIVATE("REPORT. EXL") 

-SELECT("Chart 8") 

=UNHIDE("[REPORT. EXL]Sheetl Chart 8") 

=SELECT("SlTl") 
=SELECT("SlTl") 
=CHART. TREND(3,2,0,0. FALSE, TRUE, TRUE, TRUE) 
=SELECT("Text SlTl") 

-FORMAT. MOVE(54,162) 

-SELECT("Plot") 
-HIDEO 
=ACTIVATE("REPORT. EXL") 
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-SELECT("Chart 10") 

-UNHIDE("[REPORT. EXL]Sheetl Chart 10") 

-SELECT("Text SlTl") 

=FORMAT. MOVE(70,139) 

-SELECT("SlTl") 
-CHART. TREND(3,2,0,0, FALSE. TRUE, TRUE, TRUE) 

-SELECTrText SlTl") 

=FORMAT. MOVE(69,160) 

-SELECT("Title") 
-FORMAT. MOVE(, 189) 

-SELECT("Text SlTl") 

-FORMAT. MOVE(66,167) 

-SELECT("Plat") 
-HIDEO 
-ACTIVATE("REPORT. EXL") 

-VLINE(17) 
=SELECTrChart 11") 

- UN HID E("[REPO RT. EXL]Sheetl Chart 11") 

-SELECT("Text SIM) 

-SELECTrSlTl") 
-CHART. TREND(3.2,0,0. FALSE, TRUE, TRUE, TRUE) 

-SELECT("Text SlTl") 

=FORMAT. MOVE(102,119) 
-SELECTrTitle") 
=FORMAT. MOVE(120,151) 

-SELECTrText SlTl") 

=SELECTC'Plat") 
-SELECT("Text SlTl") 

-FORMAT. MOVE(102,129) 
=SELECT("Pict") 
=SELECT("Text SIM) 

=HIDEO 
-ACTIVATE("REPORT. EXL") 

-VLINE(-31) 
=VLINE(76) 
=SELECT("Chart 3") 

=FORMAT. SIZE(, 12, "RlO6ClO-) 

-VLINE(10) 
-SELECT("Chart 4") 

=FORMAT. MCVE(28.5,0, "Rl 100") 
=VLINE(29) 
-FORMAT. SIZE(, l O. S. "R132CIO") 
=VLINE(4) 
-SELECTrChart 5") 

=FORMAT. MOVE(30.75,0.75,7. RUM") 
=FORMAT. SIZE(, O, "Rl57ClO") 
=VLINE(29) 
-HLINE(-3) 
=SELECT("Chart 6") 

=FORMAT. MOVE(0,11.25, "Rl63C4") 

I=VLINE(36) 
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- FORMAT. SIZE(, 0, "Rl 98C1 01 

-VLINE(-20) 
-FORMAT. SIZE(, 3, "Rl 94C1 W) 

- FORMAT. SIZE(, 0, "Rl 93C1 V) 

-SELECT("R196C8") 
-VLINE(-17) 
-SELECTrChart 6") 

- FORMAT. MOVE(, l 1.25, "Bl 65C4«) 

- FORMAT. SIZE(, 0, "Rl 91 Cl 01 

- SELECT(«Rl Cl 1: R54C26") 
-CUTO 
-HSCROLL(1, TRUE) 

-VSCROLL(182, TRUE) 

-VLINE(l2) 
-SELECT("R213Cl") 
-PASTEO 
- SELECT(»R213C1 1: R230C1 7") 

-CUTO 
-HSCROLL(1, TRUE) 

-VPAGE(2) 
-SELECT(»R270C2") 
-PASTEO 
-SELECT("R273C10") 
-SET. PRINT. TITLES("", "") 

-SET. PRINT. AREA("") 

-S ELECT("Cl: C2«. "Rl 28Cl") 

-FONT. PROPERTIES( ... ernel) 
- SELECT("C3», "Rl 28C3") 

-FONT. PROPERTIES( ........ 1) 
-SET. PRINTJITLESr", "») 

-SET. PRINT. AREA(»») 

-SELECTC'RBC41 
=FONT. PROPERTIES(»Arial", "Regular«, 8, FALSE, FALSE. FALSE, FALSE, FALSE, 1,0, FALSE) 

=COLUMN. WIDTH(6.86, "C4") 

- COLUMN. WIDTH(7.14, *C4") 

=CDLUMN. WIDTH(7.86, "C4«) 

- SET. PRI MT. TITLES("", "") 

-SET. PRINT. AREA("«) 

=RETURNO 
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Appendix (c): A typical SDT test report produced for all cores 
involved in the research work. 

pstrain Stress River Gravel concrete heated to 320 *C + 2hours exposure 
N/mm2 LOOP B ýEc lEu DI PS i NLI 

-6-. 00 -0-. 45 ! N/mm' ! N/mm ' IN/mm' pstrain I 
ý4__. 91 0.68 1 16612 17 920 15 869 182.46 94.88 10.95 
67.78 0.90 2 ý5 721 18921 15 401 126.70 32.98 ý0.80 
97.62 1.13 3 5 640 ý8 972 14 910 20.71 29.53 10.78 
125.16 1.3ý6 4 5 559 19013 15 237 19.54 124.56 0.78 
150.74 9 1.59 5 5 ý5 559 9015 15 514 17.88 123.03 ý0.77 
177.73 1 1.81 verage ý5 620 ý8 980 15 265 1 21.21 127.52 ! 0.18 
208.32 

1 

2.04 
239.83 1 2.26 
271.18 1 2.49 
300.10 2.72 
328.72 2.94 FIV E LOAD-UNLOAD LOOPS 
357.48 1 3.17 
383.56 3.39 
412 28 3 2 5 00 

. . . 
437.04 3.85 
462.96 4.07 
511.01 4.50 

4.50 

485.54 4.07 
470.37 3.85 4.00 
455.81 3.62 
438.10 3.40 
421.41 1 3.17 3.50 

404.92 2.94 
386.35 2.72 3.00 
365.60 2.49 

_ 
E 

345.26 2. ýý6 E 
322.27 2.04 0; 

2.50 

299.49 1.81 
275.04 1.58 (5 2.00 
246.78 1.36 
216.79 1.13 
181.68 0.91 1.50 

141.76 
10.68 94.88 0.4 1 00 

64.54 0.45 . 
103.81 0.68 
143.28 0.90 0.50 
178.49 11.13 
209.79 11.36 

0 00 241.05 1.58 . 
0 00 100 00 200 00 300 00 400 00 500 00 600 00 

268.65 1.81 . . . . . . . 

293.25 2.03 pstrain 
317.30 2.26 
343.02 2.49 
363.47 2.72 
ýý84.98 1 2.94 
405.58 ý3.17 
424.40 ý 3.40 

3.89 13.62 
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462.30 13.85 1 
481.18 14.07 
518.21 14.50 
490.36 4.07 FIRST LOOP RESPONSE 
476.41 3.85 
461.19 3.62 
443.38 3.40 
426.33 3.17 4.50- 

408.78 12.94 4.00- - 
390.16 12.72 3.50 
369.61 2.49 3.00 
350.33 2.26 E 

E 327.55 2.04 2.50 

302.23 1.81 2.00- - 
278.69 11.58__ý 

, 
1.50 

249.01 6 ý 1.36 1 1.00- - 
216.39 ! 1.13 1 0 50, 
183.46 10.91 . 

0 143.02 0.68 
0.0 

00 00 400 0 00 200 
97.51 0.45 , . . 60C. 00 

69.30 0.45 tistrain 
111.97 0.68 
149.97 0.91 
186.91 1.1 
219.99 1.36 
248.40 1.58 
276.10 1.81 
301.73 2.04 SECOND LOOP RESPONSE 
327.60 12.27 
349.92 2.49 
373.21 2.72 4.50 - 
392.39 2.94 00 4 
414.16 3.17 . 

431.61 3.39 3.50 

451.29 1 3.62 3.00 
467.83 3.85 E 
486.81 4.07 2.50 E 

iý 
520.65 4.50 2.00 
493.76 

. 
4.07 50 1 

478.84 3.85 1 . co 
461.59 3.62 1.00 
446.37 3.30. 50 0 
428.56 3.17 . 

410.86 2.94 0.00 
390.97 2.72 0.00 200.00 400.00 600.00 
373.31 1 2.49 pstrain 
349.26 1 2.26 
327.09 1 2.04 
305.73 1 1.81 
279.05 1 1.58 T---- 
248.76 ý 1.36 

1218-. 
ý621 

. 13 

518.21 1 4.50 
490.36 4.07 
476.41 3.85 
461.19 3.62 
443.38 3.40 
426.33 3.17 
408.78 1 2.94 
390.16 1 2.72 
369.61 2.49 
350.33 2.26 
327.55 2.04 
302.23 1.81 
278.69 1-58 
249.01 ý 1 . 36 
216.39 ! 1.13 
183.46 1 0.91 
143.02 1 0.68 
97.51 0.45 
69.30 0.45 
111.97 0.68 
149.97 0.91 



Appendices 297 

142.42 ý0.68 
98.83 10.45 
72.91 10.45 
113.70 ý0.68 
154.34 ý0.91 
189.75 11.13 
222.68 ý 1.36 
252.36 11.58 
280.62 11.81 
305.94 12.04 
330.64 12.26 
354.39 12.49 
376.05 2.72 
394.47 

1 
2.94 

414.61 3.17 
434.70 3.40 
453.78 3.62 
471.33 3.85 
489.29 4.07 
522.22 1 4.50 
496.35 ý 4.07 
1 480.01 1 3.85 
464.43 1 3.62 

3.40 

329.98 2.04 
306.19 1.81 
279.76 1.58 
251.19 1.36 
220.50 1.13 
184.42 0.91 
141.86 ; 0.68 
97.46 ý 0.45 

1155.10 10.91 
1191.98 11.13 

. 78 

. 78 

THIRD LOOP RESPONSE 

E 
E 
z 
0, 
U) 
0) 

U) 

5.00 

4.50 

4.00-- 

3.50 -- 
3.00 

2.50 

2.00 

1.50 

1.00 

0.50 

0.00 

0.00 

pstrain 

FOURTH LOOP RESPONSE 

5.00- 

4.50 -- 

4.00 - 

3.50-- 

3.00 

2.50 

2.00 

1.50-- 

1.00 

0.50 

0.00 
0.00 100.00 200.00 300.00 400.00 500.00 600.00 

pstrain 

41 

200.00 400.00 600.00 
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455.61 13.62 
473.26 13.85 
4-8-9.80 14.08 1 
522.37 4.50 
496.19 4.07 
481.28 3.85 
466.06 3.62 FlFrH LOOP RESPONSE 
447.49 ý 3.39 
430.04 1 3.17 1 
413.80 ý 2.94 4.50 

393.86 1 2.72 4 00 
374.63 AQ 2. t. 

. 

352.61 2.26 3.50 
331.10 12.04 1 3.00 

306.85 1.81 E 2.50 

279.65 ý 1.548 ý E 
2.00 - 

251.40 11.36 C6 
220.04 11.13 W 1.50 - 1 
183.82 ý0.91 1.00 - 
142.47 10.68 

0.50 - oo 
96.70 0.4 0.00 

0.00 200.00 400.00 600.00 

pstrain 

EQUATIONS OF T HE LOADING RESPONSES 

1 st y=1 E-06x2 + 0.0073x + 0.4366 
R2 = 0.9997 

2nd y= 9E-06x2 + 0.0036x + 0.1924 
R2 = 0.9999 

3rd y=1 E-05x2 + 0.003x + 0.2156 
R4 = 0.9999 

1 4th y=1 E-05X2 + 0.0028x + 0.2186 
R4 = 0.9999 

5th y=1 E-05x2 + 0.0026x + 0.2275 
R' = 0.9999 
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EQUATIONS OF THE LOADING RESPONSES 

FIRST LOADING THIRD LOADING 

y=1 E-06x 2+ 0.0073x + y=1 E-05X2 + 0.003x + 
0.4366 0.2156 

R2=0.9997 R2=0.9999 

E 
E 
-2 

5 
4-- 
3-- 

5 
E4 
E 
-: j 3 00 0 

0; 2 ef 2 -- 

0 
o 

0.00 200.00 400.00 600-00 0.00 200.00 400.00 600.00 

pstrain pstrain 

FOURTH LOADING 
SECOND LOADING 

y= 9E-06X2 + 0.0036x + _05X2 + y=lE 0.0028x + 0.2186 
0.1924 2 R=0.9999 

R2=0.9999 5- 

E 4-- r: 4-- 
E 

z 3-- 3 

- 
ii 

40 2 2-- 

0 *0 -* 
* 

co 1 * 01 L* 01 

[ 

0.00 200.00 400.00 600.00 0.00 200.00 400.00 600.00 

pstrain 7 pstrain 

FIFTH LOADING 

1 E-05x 2 0 0026x 0 2275 y + . + . 
9999 R20 

. 

5- 
E4- 

- E 
3- - 
2- - 

0 

0 100 200 300 400 500 600 

pstrain 
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Appendix (d): Typical Strain-To-Failure test report. 

Strain Stress r I. 
__ý 

/, --I -- Test report of a Strain- Tb-Faihirýe 
ýLstrain N/mnm test (STF): 24-9-94 

0.0 0.2 
21.1 0.3 
30.6 0.2 
70.2 0.2 
69.7 0.2 The full stress-strain relationship of The full. - 

104.2 0.2 a core heated to 3800C for 2 hours 
153.9 0.4 duration. 
164.21 0.3 
218.61 0.5 
269.31 0.5 
298.4 0.4 14.0- 4 
353.21 0.5 au 
392.61 0.8 12.0 -- 
477.21 0.8 E 10.0 
582.3 1.1 E 

8 0 
664.0 1.2 . 
779.7 1.5 6.0 

850.1 1.7 4.0 
951.3 2.0 

1042.2 2.3 2.0 Eau 

1128.3 2.7 0.0 
1203.4 3.0 0.0 2000.0 4000.0 6000.0 8000.0 

1283.5 3.4 strain 
1363.91 3.9 v 

1460.4 4.3 
1501.5 4.5 
1556.3 4.7 
1591.2 4.9 
1626.0 4.9 7- 

1622.8 5.1 75 mm 
1651.8 5.1 
1671.9 

, 
5.2 

1671.8 1 5.2 
1677.5 5.3 
1677.3 5.3 1 "' 
1682.9 5.3 i 175 mm ýAý ý 

1697.1 5.2 
1722.3 5.4 
1708.2 5.5 
1732.6 5.5 
1742.2 5.5 M2 1 Ultimate stress= 13.9 N/m 
1738.6 5.6 Strain at ultimate stress = 4878.9 [, strain 
1763.0 5.5 Type of failure: Very Progressive 
1762.9 5.7 

5.6 
1757.9 

_ 
' 5.7 

1 T7 8.1 
- - 

5.6 
7 82.9 5.7 

1798.7 5.7 
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1806.6 5.8 
1808.2 
1808.2 5.9 
1822.8 5.8 
1828.51 5.9 
1843.8 5.9 
1843.5 5.9 
1844.0 5.9 
1852.6 6.0 
1844.01 5.9 
1848.7 5.9 
1859.1 6.0 
1882.3 6.0 
1864.0 6.1 
1883.61 6.2 
1868.1 6.1 
1868.8 6.3 
1914.1 6.1 
1908.2 6.2 
1905.11 6.3 
1919.2 6.3 
1939.2 6.3 
1918.5 6.3 
1934.8 6.4 
1928.9 

, 
6.3 

1948.8 6.4 
1928.9 6.5 
1954.9 6.5 
1964.0 6.4 
1964.6 1 6.6 
1993.7 1 6.4 
1984.8 1 6.6 
1973.8 6.4 
1979.2 6.6 
1984.8 6.5 
2019.9 6.7 
2034.5 6.6 
05 1-5.1 6.7 
2029.9 6.7 
2044.8 6.7 
2040.0 6.8 
2045.3 6.8 
2080.9 6.8 
2075.0 7.0 
2090.7 1 7.1 
2100.6 1 7.1 
2115.2 1 7.1 
2136.1 7.1 
2140.8 7.2 
2160.6 7.3 
2165.4 7.3 
2190.9 1 7.4 
22W. 8 1 T-5 
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2221.5 7.5 
2237.2 7.5 
2236.7 7.8 
2-2-7T. J6 7.8 
2301.71 7.9 
2322.9 7.8 
2342.6 8.1 
2377.4 8.0 
2398.4 8.1 
2383.21 8.3 
2433.1 8.4 
2463.9 8.3 
2488.5 8.3 
2493.2 8.4 
2508.7, 8.6 
2529.3 8.7 
2538.5 8.7 
2575.4 8.7 
2599.2 8.9 
2620.4, 8.9 
2629.4 8.9 
2675.1 9.0 
2681.5 9.1 
2716.1 9.1 
2730.4, 9.1 
2765.51 9.4 
2770.8 9.4 
2805.8 9.4 
2806.1 9.5 
2842.0 9.7 
2877. 9.6 

_ 2881.51 9.6 
2901.3 9.8 
2932.4 9.8 
2957.7 9.9 
2976.7 9.9 
2998.4 1 10.0 
3013.0 10.2 
3039.2 10.1 
3053.7 10.3 
3088.1 10.3 
3119.6 1 10.3 
3129.8 1 10.4 
3129.2 1 10.6 
3194.8 10.5 
3190.0 10.7 
3204.8 10.7 
3230.0 10.9 
3254.8 1 10.7 
3269-5 1 10.9 
3320.2 11.0 
3320.4 

- - - 
11.1 

_ 
.9 3 33 5 T1.1 
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3366.2 11.1 
3371.8 11.1 
3410.6 11.2 
3421.4 11.3 
3446.8 11.4 
3462.31 11.5 
3481.6 11.6 
3527.5 11.7 
3526.3 11.6 
3563.2 11.6 
3597.5 11.7 
3633.61 11.9 
3657.8 11.9 
3669.2 11.9 
3678.8 12.1 
3717.8 12.0 
3733.5 12.3 
3774.21 12.2 
3784.0 12.3 
3830.4 12.3 
3865.4 12.4 
3875.3 12.6 
3915.2 12.5 
3950.51 12.6 
3966.41 12.7 
3985.91 12.8 
4000.6 12.8 
4042.1 12.9 
4077.2 13.0 
4106.3 12.9 
4127.6 13.1 
4172.71 13.0 
4202.61 13.1 
4252.9 13.2 
4288.5 13.3 
4308.7 13.3 
4338.9 13.4 
4380.0 13.5 
4409.3 13.2 
4434.8 13.5 
4495.3 13.4 
4545.1 13.7 
4595.3 13.6 
4626.71 13.6 
4650.9 13.7 
4731.6 13.8 
4746.9 13.7 
4792.8 13.8 
4878.2 13.9 
4929.2 1 13.8 
4974.0 13.8 
5080.5 13.8 
5175.3 13.5 
5256.4 13.7 
5371.6 13.5 
5533.3 1 13.2 
5734.4 12.7 
6042.5 11.8 M 
6 9.6 


