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ABSTRACT 

 

. A lot of information about the properties of concrete and steel after 

exposure to high temperatures are available. However, information about the 

effect of direct exposure to fire flames on properties of concrete is limited. In 

this study, some mechanical properties of concrete and load–deflection behavior 

of rectangular reinforced concrete beams under the effect of fire flame exposure 

is presented. Two concrete mixes were used with target compressive strength 

(03 and 03 MPa) and named series A and series B respectively. The properties 

investigated were density, compressive strength, splitting tensile strength, 

flexural strength, and modulus of elasticity. Two non-destructive tests, the 

ultrasonic pulse velocity and rebound hammer were used. The concrete 

specimens were subjected to fire flame temperatures ranging from (52-033 ˚C) 

at different ages of 03, 03, and 03 days Three temperature levels of 033˚C, 

233˚C and 033 ˚ C were chosen with four different exposure duration of 3.2, 

0.3, 0.2 and 5.3 hours. Twelve rectangular reinforced concrete beams 

(033x023x0333mm) were cast from each batch of concrete and subjected to 

fire flame at temperature levels of 233˚C and 033 ˚C. Two ages of 03 and 03 

days and 0.3 hour period of exposure were used. 

 Based on the results of this work, the properties of concrete were very 

sensitive to fire flame and they deteriorated, when the fire flame intensity was 

increased, for all ages and periods of exposure. The reduction in density ranged 

between (0.0-0.07) at 033˚C, (0-%7) at 233˚C and (%-00.57) at 033˚C.The 

residual compressive strength ranged between (03-%27) at 033 ˚C, (20-0%7) at 

233 ˚C and (00-057) at 033˚C.Cooling by water caused further reduction in the 

compressive strength, compared with specimens cooled in air, the percentage 

reduction in compressive strength of the specimens cooled in water was (5-%7) 

more than the specimens cooled in air. The compressive strength test results of 
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this study together with results obtained by other investigators were compared 

with CEB strength reduction curve and that of CEN. It was noticed that the test 

results agreed with CEN design curve rather than with that of CEB. 

 For the splitting tensile strength, the residual tensile strength was (00-0%7) 

at 033˚C, (03- 007) at 233˚C and (53-027) at 033˚C. But the reduction in 

splitting tensile strength specimens cooled in water showed more reduction than 

specimens cooled in air by (0-007). The residual flexural strength was in the 

range of (00-007), (05-2%7) and (55-007) and the residual modulus of elasticity 

ranged between (22-027), (00-207) and (00-007) at 033˚C, 233˚C, and 033˚C 

respectively. The ultrasonic pulse velocity and rebound hammer tests also 

showed more reduction in the test results after burning the if compared with 

control specimens.  Mathematical models for the prediction of some properties 

before and after exposure to fire flame were developed in this study. These 

models used non-linear regression equations to evaluate good coefficient 

correlation with fewer variables introduced in them. 

For the load-deflection behavior, the control beams deflection was 

measured and compared with the values obtained by using equations of different 

Codes (ACI-00%-02 and CP003-0005). When the beams were exposed to fire 

flame (233-033˚C) for one hour, it was noticed that the deflection that 

corresponds to the yield and ultimate load is greater than that for the control 

beams. On the other hand, the yield and ultimate loads are less than that before 

fire flame exposure.  
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تتوفر معلومات كثيرر  وروت ترر ير ات رات ارةررات  ولري لرواا ارورلرايد ،ارةكنرك   ،ر ر  

،ت ذر ا اربةرت ترر ير رهرب ارمعلومات ووت تر ير رهب ارنات ارمباشر ولري ذر ا ارورواا لليلرد  ركا. رارك تنرا

لرلو  ارعتبرات ارورلراييد  ارنات ارمباشر ولي بعض اروواا ارمي ايي يد رلورلايد   إضافد إري تر ير  في

ارمسلةد ،فري ارعقلرد بري  ارةمرلا ،إر يةررا  بعرك تعرضرها إرري رهرب ارنرات ارمباشرر.للتتا  لرلراييتا  

 -( مي ابال ات اتلت لواصهما ارمي ايي يد ،ذي:03 03بماا،مد ايضغاط )

د . تررا الررتوكا  ار ثافررد   ماا،مررد اريضررغاط  ماا،مررد ارطررك )اريطررتات(  معانرارتلرركن ،معامررلا ارمر،يرر

فةلرري  ريررر اتقفرري   ذمررا فةررو اامررواة فرروق ارلرروتيد ،مترلررد شررميك ت ارمرتك .ورضررت ارنمررا ة 

( ات رد موونرد ،برومرات موتلترد ترا،ورت بري  033-52ارورلاييد رلنرات بركت ات وررات  ترا،ورت بري  )

د مرركنات ( ات ررد موونررد ،برتبعرر033 233 033( نومررا مررث  ررقي مسررتونات رلةرررات  ذرري)03 03 03)

 ( لاود.5 0،2 0 3.2رلتعرض تترا،ح بي  )

إرررري ات تررري  ورررراتنتي  ذمرررا  ( ملرررا033x023x0333 ترررا تعررررنض ارعتبرررات ارورلررراييد )

( نومررا. 03 03(  ات ررد موونررد ،رتتررر  ممنيررد مارركاتذا لرراود ،اوررك   ،كايررت ارنمررا ة بعمررر)033 233)

لررايد تركذوتت بتعرضررها إررري رهررب ارنررات ،ا  اوتمرااا ولرري يتررا برر  اربةرت فررا  اروررواا ارمي ايي يررد رلور

رارك تمثرلا ذر ا ارتركذوت تكذوتذا ا امااا باتتتان ات ات ورات  أرلهب ر لا ااومات ،ر رلا فتررات ارتعرض.

 233لرري ات ررد %(0.%-0موونررد ) 033%( فرري ات ررد 0،0-0.0فرري ايوترراض فرري ار ثافررد ترررا،ح برري  )

 ات د مووند . 033%( في ات د00-%ات د مووند ،)

،  ات د مووند 033%( في ات د 2%-03إما ماا،مد اريضغاظ ارمتبايد ف ايت فاك ترا،وت بي )          

ات رد موونرد  ،ولرلا يالرا   033%( في ات د 05-00ات د مووند ، ) 233%( لي ات د 20-0%)

وام  ،كايرت اكبر في ماا،مد اريضغاظ يتيجد رتبرنركذا بارمرام مااتيرد مرث ارنمرا ة ارورلراييد ارمبررا  براره

       %(.%-5ارنسبد في اريوتاض ذي )

لوتيت ارنتاب  ارعمليد رماا،مد اريضغاظ ارمعرضد إري رهب ارنرات فري اركتالرد ارةاريرد مرث بعرض           

يتاب  اركتالات االرى مث منةيري  ماترروي  مر  لبرلا ارمرك،يات اا،تبيرد رتايريا يالرا  ارماا،مرد بترر ير 

( ورر  CENأ  ارنترراب  ارعمليررد متوافاررد ألررري مررث توصرريات ارمك،يررد اا،تبيررد )   ات ررات ارةرررات  فو ررك

(CEB.) 

 033 %( فري ات رد%0-00أما بارنسبد اري ماا،مد ارطك) اريطتات( ف ايت ارماا،مد ارمتبايد ذي )         

ات رررد  033%( فررري ات رررد   02-53ات رررد موونرررد ، ) 233%( فررري ات رررد 00-03ات رررد موونرررد ، )

-5ما ارنالا  الإضافي في ماا،مرد ارطرك يتيجرد رتبرنرك ارنمرا ة بارمرام ف ايرت يسربت  تتررا،ح بري  )مووند.إ

 %( مااتيد مث ارنما ة ارمبرا  بارهوام.00

( ،كر ر  معامرلا 00-55%( ، )%2-05%( ، )00-00إما معانر ارتلكن ارمتبايد فترا،وت بي  )         

 فررررري ات رررررات ارةررررررات  %(00-00)%( ،20-00%( ، )02-22ارمر،يرررررد ارمتباررررري تررررررا،ح بررررري  )

ولي ارتواري . شهكت  بر بات ارسررود فروق ارلروتيد  بعرك فةرو ارنمرا ة  ات د مووند 033 233 033

 ارمعرضد يالايا كبيرا في ارارام  مااتيد مث ارنما ة لبلا ارتعرض.

رلورلرايد بعرك  تا التوكا  مروانقت تناضريد  كنرك  رغررض الرتوراة بعرض ارورواا ارمي ايي يرد        

ارتعرض إري رهب ارنات  ذ ا ارموانقت تعتمك ولي معاارت رير لتيد متعكا  ارمتغيرات رلةلروت ولري 

لرريا تومينيررد مررث أنجرراا معامررلا اتتبرراط  يررك برري  ذرر ا اروررواا بالررتوكا  بعررض ارمعلومررات ورر  اروررواا 

 ارمي ايي يد رلورلايد لبلا تعرضها إري رهب ارنات.

إري ارعقلد بي  ارةملا ارمسلظ ،اريةرا  في ارعتبات ارورلاييد ارمسلةد فرا  اريةررا   أما بارنسبد       

-ACI-00%ارمااس بارنسبد رلعتبات رير ارمعرضد إري رهب ارنات تمرت مااتيتهرا مرث ارمك،يرد اامرن يرد )

كت ات (. بعك تعرض ارعتبات ارورلاييد ارمسلةد إرري رهرب ارنرات ،برCP-003-0005( ،اربرنتاييد )02

( ات ررد موونررد ،رمررك  لرراود ،اوررك   ررروو  إ  اريةرررا  ونررك ارةمررلا 033-233ورررات  ترا،وررت برري  )

 اروقصد                                 
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ارمسرربب لإ هرراا اروضررون فرري ارةكنررك ،ارةمررلا ارمسرربب رلتطررلا فرري ارورلررايد اكبررر مااتيررد بارعتبررات ارغيررر 

 ارنات. معرضد إري ارنات. كما إ  اروضون ،ارةملا االلي أللا م  ليمتها لبلا ارتعرض إري رهب
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Notations 

Notations 

 

Most of commonly used symbols are listed below, these and others are 
defined where they appear in the research 
 

Item Description 

sA  Area of tension reinforcement. 

sA   Area of compression reinforcement 

Age The age of the specimens at time of exposure to fire flame. 
b Width of the beam. 

CEB Euro-Code –1991. 
CEN Euro-Code-1991-1991. 

d Effective depth of the beam. 

ds Distance from tension bar center to the tension face. 

d   Depth from compression face to centered of compression steel. 

caE  Modulus of elasticity  of the concrete after exposure to fire flame 

temperature. 

cbE  Modulus of elasticity of the concrete before exposure to fire flame 
temperature 

sE  Modulus of elasticity of the steel. 

yf  Yield stress of steel reinforcing bar. 

uf  Ultimate strength of steel reinforcing bar. 

cubf  Compressive strength of concrete before exposure to fire flame 
temperature. 

cuaf  Compressive strength of concrete after exposure to fire flame 
temperature. 

sbf  Splitting tensile strength before exposure to fire flame temperature. 

saf  Splitting tensile strength after exposure to fire flame temperature. 

rbf  Flexural strength before exposure to fire flame temperature. 

raf  Flexural strength after exposure to fire flame temperature. 

h Depth of the beam. 

HSC High strength concrete 

HPC High performance concrete. 
Ic r Second moment of area of cracked transformed section. 

cK  Strength-reduction factor. 

 

 



Notations 

Item Description 

K Fracture coefficient dependent on load or reaction type and on the support 
condition. 

L 

M.O.R 
Clear span 
Modulus of rupture. 

Mc r Cracking moment. 
Mn Nominal ultimate moment. 

uM  Ultimate moment 

M   Reduced moment of resistance. 

Pu Ultimate load. 
Pe Period of exposure. 

NaR  Rebound number test after exposure to fire flame temperature. 

NaR  Rebound number test before exposure to fire flame temperature. 

(U.P.V)a Ultrasonic pulse velocity test after exposure to fire flame temperature. 
(U.P.V)b Ultrasonic pulse velocity test before  exposure to fire flame temperature. 

u  Ultimate load deflection. 

y  Yield load deflection. 

c  Compressive strength reduction. 

s  Steel stress reduction. 
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 Chapter One 
 

 

 

INTRODUCTION 

 

1-1 General 
 

Concrete is widely used in building construction because all the contents or 

the basic material of it (except cement) are natural materials and they are available 

in enough amount at low cost, the process of bringing them to the location of the 

building is easy and simple. Concrete has good stiffness and durability when it 

compounds with steel reinforcement. The concrete building construction could be 

exposed to the effect of fire. Human safety is one of the considerations in the 

design of residential, public and industrial buildings. Unlike wood and plastics, 

concrete is incombustible and does not emit toxic fumes on exposure to fire. On 

the contrary of steel, when subjected to temperature between (077-077)˚C, 

concrete is able to retain an adequate strength for reasonably long periods, thus 

permitting rescue operations by reducing the risk of structural collapse
 (4,3,2,1)

. 

There are many instances of exposing concrete structural members to 

elevated temperatures. One of the most common instances of exposure is by 

accidental fire in buildings. Another instance of heat exposure may be found in 

some industrial equipments when concrete is used in places exposed to sustained 

elevated temperatures. Long exposure to elevated temperature is imposed on 

foundations for blast furnaces and coke batteries, furnace walls and dampers, 

industrial chimneys and flues, floors on which metal parts are heat-treated, floors 

below boilers and kilns and nuclear- reactor pressure vessels (5)
.  When a 

reinforced concrete structure has been involved in a fire, it is often possible to 

remain standing because of the good fire resisting properties of the concrete. This 
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means that in dealing with such a situation, a choice can be made between 

reconstruction and reinstatement. Reinstatement can be often quicker and cheaper 

alternative. However, before a decision can be made, it is necessary to establish 

whether or not the damaged structure is suitable for such treatment. To do this, its 

residual capacity for structural performance must be assessed
 (6).

 

In the structural design of buildings, in addition to the normal gravity and 

lateral loads, it is in many cases necessary to design the structure to safely resist 

exposure to fire. However it is usually necessary to guard against structural 

collapse for a given period of time 
(0)

. 

 

1-2 Research Significance 
 

A lot of research on concrete subjected to high temperatures were carried 

out. The object of those investigations was to determine the strength and 

deformation properties of concrete at elevated temperatures and to find out the 

causes of the changes that the material suffers in consequence of heat. The 

researchers exposed the concrete and mortar specimens to high temperatures in 

special furnaces. 

There are indeed little research about temperature gradient and exposure 

time of concrete in direct contact with fire flames. 

In the present work, there is an attempt to investigate the effect of exposure 

of concrete to fire flame on some mechanical properties of concrete. 

Two concrete mixes properties and twelve reinforced concrete beams were 

investigated at different ages, different temperature levels and different exposure 

periods. There are many variables considered in this investigation, these cover the 

following aspects: - 

4. Studying the fire effect on the mechanical properties of concrete, such as 

compressive strength, splitting tensile strength when cooled in air or in water, 

density, modulus of rupture (M.O.R), modulus of elasticity. 
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3. Studying the fire flame effect on the immediate deflection of the     

reinforced concrete beams and comparing the results with control     beams. 

2. Studying the fire flame effect on the specimens by using non-     

destructive tests, such as ultrasonic pulse velocity and Schmidt      

rebound hammer to estimate the degree of damage. 

 

1-3  Research Layout 
 

In this research there are five chapters: - 

Chapter one provides a general introduction. 

Chapter two presents a review of both early and recent studies, including 

the effect of fire endurance on the mechanical properties of concrete and 

reinforced concrete beams under immediate load. 

Chapter three deals with materials and experimental work, which include 

the program of testing. 

Chapter four includes analysis of test results and their discussion. 

Chapter five contains conclusions obtained from the test results and some 

possible recommendations for further work. 
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  Chapter Two 
 

 

 

LITERATURE REVIEW 
 
 

2-1 Effect of Fire on Concrete 
 

2-1-1  Introduction 
 

Several factors control the response of concrete to high temperatures. 

Ingredients of concrete are important because both the cement paste and the 

aggregate consist of components that decompose through heating. It has already 

been stated that the type of aggregate and moisture content play important roles 

in the manner that concrete is affected. However, size and shape of aggregate, 

type of cement, admixture and water-cement ratio also influence the results 

during heating 
(8)

.  A number of research dealt with the effect of fire on concrete, 

steel and reinforced members. It is clearly stated that both concrete and steel are 

affected by exposure to fire. 

          Some of the investigations, which tended to establish the effect of 

exposure of concrete to high temperature, are discussed here. 
 

2-1-2 Fire Effect on The Mechanical Properties of Concrete 
 

Malhotra
 (9) 

in (1956) studied the effect of high temperature on 

compressive strength of concrete by using cylinders of (51mm) in diameter 

and (102mm) long. Three mixes of aggregate / cement ratios (3, 4.5, 6) and four 

water- cement ratios (0.40, 0.45, 0.50, 0.65) with ordinary Portland cement, river 

sand and gravel aggregate were used. There were three conditions when the 

specimens were heated to a given temperature in an electric furnace. The first 
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group was tested in the hot state, the second group was tested under a constant 

stress, and the third group was allowed to cool gradually and tested to find the 

residual strength after cooling. The test results showed that the effect of 

temperature on compressive strength of concrete is independent of the water-

cement ratio within the range of (4.4-4.65). He observed that the reduction in the 

compressive strength for lean mixes is smaller than for rich mixes. He also 

found that concrete under a compressive stress of the order of its design value 

has a smaller proportional decrease in strength than if the stress was absent. 

Finally the residual strength of heated concrete shows still further reduction in 

strength on cooling, being approximately 242 less than the corresponding hot 

strength in temperature range 244 to 454ºC for 1.4.5 and 1.6 concrete mix. 

            Abrams
(14)

in (1991) investigated the effect of high temperature on the 

compressive strength of concrete by using ( 9.5x15cm ) cylindrical specimens 

heated for short duration to temperature of (93-191ºC). The included variables 

were aggregate types (carbonate, siliceous and lightweight). The test specimens 

were heated without load then tested hot, heated with load and tested hot, and 

tested cool after heating. The original strength of concrete was (23-45.5 N/mm2). 

He found that carbonate aggregate concrete and lightweight aggregate concrete 

retained about 952 of their original strength at a temperature up to 649ºC when 

heated without load and tested hot, while the corresponding temperature for the 

siliceous aggregate concrete was about 429ºC.He also found that the test 

procedure has a significant effect, where the strength of the specimens stressed 

in compression during heating, was generally higher than the specimens that 

were not stressed during heating. Moreover, the unstressed residual strength 

(specimens heated, cooled and tested) were lower than the strength of the 

companion hot tested specimens. Fig [2-1] shows the effect of the test procedure 

on the strength of siliceous aggregate. He also concluded that the original 
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strength of concrete has a little effect on the percentage strength retained at test 

temperature. 
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Fig.[2-1-b]: Effect of temperature on compressive strength                   
                    of  siliceous aggregate concrete, Ref: ( 10 ) 

TemperatureºC 

Fig.[2-1-a]: Effect of temperature on compressive strength                      

                    of carbonate aggregate concrete, Ref: 
( 10 )
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Noriaki et al.
 (11)

 in (1992) studied the influence of elevated temperatures on the 

properties of concrete (compressive strength, modulus of elasticity and 

Poisson’s ratio). Cylinders (154x344mm) were used. After 21 days of curing the 

specimens were stored in sealed containers, at (44, 94, 94ºC) for a period of [1-

13week], the test results showed that the compressive strength for sealed 

specimens decreased with rising temperature. If the heating were continued for a 

long period of time (one year), the compressive strength would greatly be 

reduced. They found that the modulus of elasticity for sealed specimens at 

exposure to high temperatures depends on the compressive strength. Poisson’s 

ratio was not affected under the storage temperature but stayed in the range of 

(4.15-4.24). 

Harada et al. 
(12)

 in (1992) published a research about the thermal 

properties of concrete subjected to elevated temperatures. The investigated 

properties were, concrete compressive and tensile strengths. Concrete cylinders 

of (54x144mm) were subjected to a slow rate of heating (1.5ºC/min) for one-

hour exposure duration (short duration) and cooled gradually in the air and 

tested after the exposure to high temperature ranging between (144-144ºC). They 

found that the reduction in compressive strength was 642 at 444
º
C for all types 

of concrete. The same reduction took place in the tensile strength.  Other 

concrete cylinders of (144x244mm) were subjected to a long duration exposure. 

These specimens were heated at slow rate of heating (4.5
º
C/min) for 92 hours 

inside the electrical furnace and gradually cooled for 41 hours. They noticed a 

linear reduction in compressive strength with increase of temperature. They 

found that the percentage residual strength was 147957642 at temperatures of  

144, 344, and 454ºC respectively. 

Nasser and Marzauk 
(13) 

in (1999) carried out an experimental study on 

the effect of high temperature on properties of mass concrete containing fly ash. 
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Tests were made on (9.5x23.5cm) concrete cylinders by using ordinary 

Portland cement. A 252 replacement of cement by fly ash was used. After 21 

days of moist curing, the specimens were transferred to an electric oven. The 

specimens were heated for 6 months at five different temperatures of (91, 121, 

149, 195 and 232
º
C). At each temperature minimum of three specimens were 

tested after being exposed for (3, 9, 14, 21, 56, 91 and 114 days). All specimens 

were gradually cooled and tested at the room temperature. The test results 

showed that the strength and elasticity at (91
º
C) were almost equal to those at 

(21.4
º
C) at all exposure times. They found that the increase in the strength and 

modulus of elasticity after 6 months of exposure at (21.4 and 91
º
C) was about 

242 of those at 21 days. They also noticed that at temperature range of (121 to 

149
º
C), the compressive strength was greater than that at (21.4

º
C). Furthermore, 

they observed that after exposure to temperatures of (199 and 232
º
C) for 6 

months the strength reduced to about 53 and 292 respectively while the modulus 

of elasticity was reduced to 43 and 252 of the corresponding value.  

  Finally they found that the deterioration of the structural properties at (199 

and 232
º
C) was attributed to the transformation of most of tobermorite into 

crystalline alpha dicalcium silicates, which has poor binding qualities.  

  Carette et al. 
(14)

 in (1912) published a research on the sustained high 

temperature effect on concrete made with normal Portland cement, normal 

Portland cement and slag, or normal Portland cement and fly ash. For each type 

of concrete, compressive and splitting tensile strengths were determined after 21 

days of moist curing, before and after periods of temperature exposure, also, 

changes in weight, pulse velocity and resonant frequency of the specimens were 

determined. For each condition of exposure, small samples of mortar obtained 

from specimens broken in compression were examined, the temperature range 

was from 95 to 644
º
C. Cylinders (142x243mm) were cast. After 21 days of 

curing, the specimens were stored in a normal room temperature for 16 weeks 
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before heating. The exposure temperatures were 95, 154, 344, 454 and 644
º
C. 

The periods of exposure were 1, 4, and 8 months. The test results showed that 

the compressive and splitting tensile strength decreased with the increase of 

temperature up to 75
º
C. Their decrease was 10: with respect to the reference 

concrete strengths. At 150, 300,450 and 600
º
C the reduction in strengths was (10-

20:), (24-39:), (38-59:) and (50-75:) respectively. They found that the 

incorporation of fly ash and slag in the concrete did not improve the mechanical 

properties of concrete after exposure to sustained high temperatures. This was 

true regardless of the exposure temperature and water-cement ratio. They also 

observed that the significant changes in the mechanical properties of the 

concrete under long-term exposure occurred within the first month. 

Nuri 
(15)

 in (1913) studied the effect of high temperature on some 

properties of concrete. Cylindrical specimens (142 x 243mm) were used for 

compressive and splitting tensile strengths. The temperature levels ranged 

between (24- 644
º
C) and the periods of exposure of heating were (34, 64 and 94 

minutes) at different ages of concrete (3, 9, 21 and 64 days). The test results 

showed that the compressive and splitting tensile strengths decrease with the 

increasing temperature. He found that the compressive strength increased for 

early age. He also noticed that when concrete is heated at age (3, 9, and 21 days) 

from (154-344
º
C), considerable recovery of concrete compressive strength 

occurred, whereas the splitting tensile strength suffered further losses. After 

344
º
C exposure, concrete retained from (59-1422) and (44-1442) from the 

original compressive and tensile strengths respectively. Finally he observed that 

after 644
º
C, concrete retained (21-642) and (24-622) from original compressive 

and splitting tensile strengths respectively.    

Al-Ausi and Faiyadh 
(16)

 in  
(1915) carried out an investigation to study 

the effect of heating to high temperatures and cooling in the air and in the water 

on the compressive strength of concrete. Concrete cubes (154-x 154-x154 mm) 
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were used. The specimens were exposed to different levels of heat up to 944
º
C 

for different periods up to constant weight. The specimens were tested hot, 

others were tested after cooling in the air the third group was tested after cooling 

in the water for two hours. Figure [2-2] shows the compressive strength for 

different water-cement ratios after cooling in the air. They noticed that the 

compressive strength was not affected significantly after heating to 144ºC. They 

found that there was an increase in the compressive strength of air-cooled 

specimens which were heated to 244
º
C when compared with hot tested 

specimens They noticed further reduction in compressive strength when the 

specimens were heated beyond 244
º
C , the reduction was 11-912 at 944

º
C.They 

also noticed that the effect of water-cement ratio on the compressive strength at 

a high temperature was very little. 

 

 mix  
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Fig.[ 2-2 ]: Relation between temperature and compressive                        

strength , heated for 90 minutes , Ref : 
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Mohamedbhai 
(19)

 in (1916) studied the effect of exposure time and rates 

of heating and cooling on residual strength of heated concrete. The included 

variables were exposure time at maximum temperature 1, 2, 3 and 4 hours and 

four temperature levels 244, 444, 644 and 144
º
C. He used two methods for 

heating and cooling, slow and quick. The test results showed that the exposure 

time beyond one hour has a significant effect on the residual strength of 

concrete, but the effect diminishes on the level of exposure temperature 

increases. The bulk of strength loss occurs within the first two hours of 

temperature exposure. He found that the residual strength of concrete after one 

hour of exposure at 244, 444, 644 and 144
º
C approximately was 14, 94, 64 and 

342, respectively of its unheated strength. As for the case of two or more hours 

of exposure, the residual strength was 94, 64, 45, and 252. He also found that the 

rate of heating and cooling had no effect on the residual strength of concrete 

heated to 644
º
C and beyond. The pulse velocity measurements appear to give 

better indication of the level of temperature to which concrete has been exposed 

rather than the residual strength of that concrete. 

Elizzi et al.
 (11)

 in (1919) investigated the influence of different 

temperatures on the compressive strength and density of concrete. They used 

(144 x 144 x 144 mm) cubes heated for a short duration (one hour) to 

temperatures ranging from 24-1444
º
C and the ages of concrete at heating were 

(14, 21, 94 days). The test results showed that the compressive strength 

decreased 142 from the original strength up to 444
º
C and at 644

º
C the strength 

reduction was 542 from the original. They noticed that there was a large strength 

reduction when heated to temperatures above 444
º
C. They also mentioned that 

the small reduction in density up to 344
º
C was a result to the loss of the free 

water from concrete specimens. At temperature above 344
º
C, large reduction in 

density took place because of loss of the reaction water in concrete. 

Kumar et al.
(19)

in 
(1919) studied the effect of temperature on the 

properties of superplasticized concrete such as compressive strength, modulus of 

elasticity and Poisson’s ratio. The test specimens were (154mm cubes) and  
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(144x144x544mm) prisms. The specimens were exposed to temperatures of 154, 

344, 454 and 644
º
C for 3 and 6 hour in an electrical furnace. The test results 

showed that the residual strength of superplasticized concrete increased at 344
º
C 

while conventional concrete decreased. At 454
º
C the residual strength in 

superplasticized concrete decreased more than conventional concrete. They  also 

noticed a slight increase in compressive strength for both concrete below 344
º
C, 

while there was a rapid drop beyond 344
º
C. They found that the modulus of 

rupture decreased as the temperature increased, but the reduction in 

superplasticized was more than in conventional Concrete.  They also observed 

that the superplasticized concrete possessed better fire resistance than the 

conventional concrete.  

Castillo and Durrani 
(24) 

in
  
(1994) studied the effect of transient high 

temperature on high strength concrete. The concrete compressive strength varied 

between (31.1- 19) MPa and the temperature exposure was in the range of (23-

144
º
C). Cylindrical specimens (51x142mm) were used. The specimens were 

tested under both stressed and unstressed conditions. They concluded that high 

strength concrete showed ( 15-242) loss of compressive strength at temperature 

range of 144-344
º
C, and they found that after an initial loss of strength, high 

strength concrete recovered its strength between 344 and 444
º
C reaching the 

maximum value of (1-132) above the room temperature strength. They noticed 

that the strength dropped about 342 of the room temperature strength at 144
º
C. 

They also observed that the modulus of elasticity of high strength concrete 

decreased by 5 to 15 % when exposed to temperature in the range of 144 to 

344
º
C and at (644-144

º
C) the modulus of elasticity was only 24 to 252 of the 

value at the room temperature.     

 Valiasis and Papayianni 
(21)

 in (1994) studied the effect of high 

temperature on the mechanical properties of concrete in which Portland cement 

Concrete cylinder specimens (154x344 mm) were used. After 21 days of curing 

and six months of drying, the specimens were exposed to four temperature 
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levels, 244, 444, 644 and 144
º
C without any imposed load. Groups of three 

specimens each were crushed at 1 day, 9days and 3months after heating. The 

included variables were compressive strength, splitting tensile strength and 

modulus of elasticity. The test results showed that the concrete with Portland 

cement only had a reduction in strength about 252. While the concrete with 

pozzolanic material showed a reduction from 312 to 542 at 244
º
C. They observed 

that at a temperature over 444
º
C all tested concrete suffered deterioration and 

lost 94-142 of their initial strength. Also, they found that the thermal behavior of 

concrete with lignite fly ash (high lime) is closer to those of concrete with 

Portland cement of Greek-type. 

Phan and Carino 
(22) 

in (1991) provided a systematic comparison of 

results conducted by various researchers, about the effect of high temperature 

exposure on the mechanical properties of both normal strength concrete (NSC) 

and high strength concrete (HSC). Various types of specimens (prisms and 

cylinders) were used. The specimens, some were conventional with Portland 

cement, others included additives such as silica fume, fly ash and steel fiber. 

Two types of aggregate normal weight (NWA) and lightweight aggregate, were 

used. The compressive strengths of the specimens at testing ranged between (24-

54 MPa). Three conditions of testing were used, which were; stressed, 

unstressed and unstressed residual strength. They compared the test data with 

the design recommendations, prescribed by the CEN Euro Codes (CEN 1993 

(23)
, 1994 

(24)
 and CEB 1991.

(25)
 Table [2-1] showed the strength reduction 

factors according to CEN (1993 and 1994). They noticed that the material 

properties of HSC vary with temperature differently from those of NSC. The 

difference is more pronounced in the temperature range between 25-444
º
C. They 

also noticed that the recommended design curves of fire exposure of concrete 

are more relevant to NSC than HSC. The modulus of elasticity of all types of 

concrete suffers higher rate of decrease beyond 344
º
C. 
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Table[2-1]:Strength- reduction factors KC,θ for NSC 
                   according to CEN (1993 and 1994) ENV(22  ) . 

 

Concrete 

Temperature ºC 

θ 

KC,θ= fC,θ / fC,20 ˚C 

NSC  
 

LWC 
(4) 

Siliceous 
(2) 

Calcareous 
(3) 

24 1 1 1 
144 4.95 4.99 1 
244 4.94 4.94 1 
344 4.15 4.91 1 
444 4.95 4.15 4.11 
544 4.64 4.94 4.96 
644 4.45 4.64 4.64 
944 4.34 4.43 4.52 
144 4.15 4.29 4.44 
944 4.41 4.15 4.21 
1444 4.44 4.46 4.16 
1144 4.41 4.42 4.44 
1244 4 4 4 

 

Chan and Sun
 (26) 

in  (2000) carried out an experimental program to 

study the mechanical properties and pore structure of high performance concrete 

(HPC) and normal-strength concrete after exposure to high temperature. After 

the concrete specimens were subjected to a temperature of 800
º
C, their residual 

compressive strength was measured. The porosity and pore size distribution of 

the concrete were investigated by using mercury intrusion porosimetry. The test 

result showed that (HPC) had higher residual strength, although the strength of 

(HPC) degenerated more sharply than the normal-strength concrete after 

exposure to high temperature. They found that the changes in pore structure 

could be used to indicate the degradation of mechanical property of (HPC) 

subjected to high temperature. Another paper published by the same authors 
(27)
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in (0222) investigated the effect of heating and cooling regimes on residual 

strength and microstructure of normal strength and high performance concrete 

after they were exposed to high temperatures, 022
º
C and 5522

º
C and two cooling 

regimes. The test results obtained showed that the residual strength of both 

(HPC) and (NSC) dropped sharply after exposure to high temperatures. They 

observed that water cooling which resulted in a significant thermal shock, 

caused a bit more severe deterioration in strength compared to furnace cooling. 

They found that the thermal shock was not necessarily the primary cause for 

spalling in (HPC). They used mercury intrusion porosimetery to measure 

variation in the pore structure of concrete. They also noticed the significant 

changes in the cumulative pore volume curves before and after high 

temperatures in both (NSC) and (HPC). Moreover, they found that the 

cumulative pore volume of (HPC) increased more remarkably than of (NSC). 

Habeeb
 (82)

 in (8222) investigated the effect of high temperatures on 

the mechanical properties of high strength concrete (HSC). The specimens were 

subjected to elevated temperature ranging between (022-222
º
C). Five 

temperature levels of (022, 022, 022, 022 and 222
º
C) were chosen with three 

different exposure duration of 0, 8 and 4 hours without any imposed loads 

during heating. The specimens were heated and cooled under the same regime 

and tested either one day or one month after heating. Compressive strength of 

022mm cubes and flexural strength (022x 022 x 022mm) prisms were measured. 

Ultrasonic pulse velocity (U.P.V) and dynamic modulus of elasticity (Ed) were 

tested also. He observed that (HSC) was more sensitive to high temperature 

exposure than normal strength concrete (NSC). He found that the residual 

compressive strength ranged between (02-0221) at 022
º
C, (28-0201) at 022

º
C, 

(00-221) at 022
º
C and (88-001) between 022-222

º
C. The flexural strength was 

found to be more sensitive to high temperature exposure than the compressive 

strength. The residual flexural strength was in the range of (08-021), (08-021) 
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and (80-421) at 022
º
C, 022

º
C and 022

º
C respectively and (8-021) at 022-222

º
C. 

He also found that ultrasonic pulse velocity (U.P.V) and dynamic modulus of 

elasticity (Ed) were more sensitive to elevated temperatures than the 

compressive strength. He also noticed that exposure time after one hour has a 

significant effect on residual compressive strength of concrete. 

 

0-5-3  Fire Flame Effect on Non-destructive Test. 
 

0- 5- 3- 5 Ultrasonic Pulse Velocity (U. P. V) 
 

The ultrasonic test is a useful tool for assessing the uniformity of concrete 

and detecting cracks, voids, or honeycombing. It gives useful information about 

the size of micro- cracked zone and on crack growth and the interior structure of 

the concrete element. 
(80, 02, 00, 08) 

The pulse velocity of concrete is affected by variety of factors; the 

composition and maturity of concrete, the geometry of section being tested, and 

conditions at test time all affect the measured pulse velocity of Portland cement 

concrete, 
(00, 04, 00)

 
 

0- 5- 3- 0  Rebound Method 
 

The surface hardness of concrete members is tested by the “Schmidt 

Rebound hammer”. This testing by hammer estimates the surface hardness by 

the rebound number which can be taken as a measure of the concrete strength 

and percentage of voids.
 (00, 02, 02) 

A considerable number of research work had dealt with the effect of fire 

on the non-destructive testing of the concrete. 

Logothetis and Economou 
(33)

 in (5305) investigated the influence of high 

temperatures on the properties of concrete by using non-destructive methods 

such as the rebound hammer and pulse velocity. Two series of concrete 

specimens (02x 02 x 02cm) cubes were tested; the first series (A) consisted of 30 
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specimens of different mixes and subjected to different curing conditions. These 

were submitted to various oven temperatures (522, 022, 322, 022, 112, and 022
º
C) for 

three periods (5, 0 and 3 hours). The second series (B) consisted of 32 specimens 

cast in 3 groups of 52 specimens each., These series were exposed to four oven 

temperature (522,022, 122, 022
º
C ) for a period of 0 hours. They noticed that the 

pulse velocity has a constant decrease with increasing temperature. They also 

found that mixing proportions and heating time proved to have small influence 

on the results. Moreover, they observed that the rebound measurements showed 

no significant changes in the range up to around 222
º
C. 

Chung and Law 
(42) 

in 
 
(0020) tested the fire damage of concrete by 

ultrasonic pulse velocity. The test specimens were (002 x 002 x 202mm) prisms 

made from concrete of different composition by using granite aggregate. The 

specimens were heated to different temperatures not exceeding 022
º
C at age 82 

or 02 days. Two types of cooling, some cooled in the air, others quenched in the 

water. The test results showed that the reduction in pulse velocity was less than 

02 percent corresponding to practically no change in compressive strength when 

the concrete is air cooled after heating, but when the concrete is quenched, the 

same reduction in pulse velocity is accompanied by 82 percent reduction in 

strength. They noticed that the reduction in pulse velocity beyond 02 percent is 

accompanied by reduction in strength at faster rate both under air-cooled and 

quenched conditions. Also, they observed that ultrasonic testing could be used to 

assess the fire damage of concrete. The assessment is approximate and the 

compressive strength of concrete varies mainly with the type of the aggregate. 

 The same authors published in (0020) another paper
 (40)

, to assess the 

fire damage on concrete. The test specimens were concrete prisms 002x002x202. 

The test specimens were allowed to dry in the air for about a month and the 

initial pulse velocity was measured by the surface transmission method. The 

concrete prisms were burned with kerosene stoves placed underneath. The bare 

flame was intended to simulate the heating condition in an actual fire. The 
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intensity of the flame was adjusted to raise the specimen temperatures. After the 

target temperature was reached, burning was continued for a short period to 

ensure a constant surface temperature. After burning the concrete prisms were 

allowed to cool to the room temperature. At temperature of heating in the range 

between (022-222
º
C) with a maximum duration of 020 minutes.They found that 

the reduction in pulse velocity was between ( 00-001 ) from the initial pulse 

velocity. 

Mahmoud 
(48)

 in (0000) published a research on the strength of 

prestressed concrete girders of a hall roof exposed to three hours fire. The roof 

consisted of a grid of prestressed secondary girders forming a dome like roof. 

This dome was supported on four peripheral main prestressed concrete large 

girders, he made visual inspection and concrete testing. The concrete tests were 

ultrasonic pulse velocity (U.P.V) and core test. From the colours of concrete 

surface, spalling at various locations and conditions of debris on the floor, he 

concluded that the temperature inside the hall reached about 022
º
C. From 

ultrasonic pulse velocity and core test, he found that the concrete compressive 

strength was equivalent to 8270 MPa. While the original strength from project 

document was about 4070MPa. He also found that the ratio of concrete strength 

after and before fire was 2700. He used a graph from BS-2002 part 8, 0020 
(40)

 

which is titled “ Design curves of concrete strength with temperature ”, with 

reduction ratio 2700, the corresponding temperature for dense concrete is 002
º
C. 

Due to the reduction of load, the carrying capacity of four main girders were 

calculated. He suggested a new type of roof with new supports and the girders 

were lightly loaded after being repaired. 
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        Fig[8-0]:Design curves for variation of concrete strength with   

                     temperature, Ref: 
(03 ) 

 

Katwan and Abdul-Hammed
 (44)

 in (8222) presented an evaluation  

study of a fire, which took place at Al-Nahda intersection on the army canal in 

Baghdad city. The fire resulted from collision of a benzene tanker with tunnel 

deck slab and continued for more than three hours. They estimated the retained 

strength of concrete at fire exposed area by using semidestructive tests, such as 

concrete cores or non-destructive tests and such as ultrasonic pulse velocity and 

Schmidt hammer. It was found that the concrete compressive strength was 

equivalent to80 MPa. They found that the actual compressive strength of 

concrete as obtained from the project document was more than 00 MPa, it was 

estimated that the ratio between strength after and before fire was less than 2700. 

They found the attained temperature from BS-2002 part 8. The corresponding 
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temperature was estimated at 082 ˚C, which evidently in good agreement with 

the temperature assessment made from visual inspection. They found that the 

structure was still capable of sustaining the loads recommended by the 

specifications of State Organization for Roads and Bridges after carrying out 

loading test before putting the intersection back into service. 

Essa 
(40)

 in (8220) studied the effect of burning by fire flame on  the 

properties of concrete. The investigated properties were concrete compressive 

strength and density. Ultrasonic pulse velocity (U. P.V) and rebound hammer 

(R) were used also. The tested specimens were heated to two temperature levels 

022
º
C (achieved by subjecting the cubes to direct fire flame from petroleum gas 

burner) and 222
º
C (achieved by using a special oven). The heating durations 

were 0 and 8 hours for the specimens exposed to 022
º
C, while it was 0 hour for 

the specimens exposed to 222
º
C. The author concluded that the reduction in 

compressive strength ranged between (80-001) and 001 at 022
º
C, when the 

periods of burning were 0 and 8 hours respectively. At 222
º
C the reduction at 0 

hour was 221 from the original strength. He also found that the reduction in 

density ranged between (02-041) and (88- 841) at 022
º
C, when the periods were 

0 and 8 hours respectively. Moreover, the ultrasonic pulse velocity (U. P. V) and 

rebound number  (R) reduced at 022
º
C to (00-081) and (00-021) and  to about 

(00-081) and (00-801) for exposure periods 0 and 8 hours respectively. At 

exposure to 222
º
C for 0 hour duration the reduction in (U. P. V) was 021 while 

that in  rebound number was about 02701.  

 

          0-5-0 Fire Effect on Reinforced Concrete. 
 

The behavior of reinforced concrete structures exposed to fire depends on 

the thermal properties of steel and concrete, strength and stiffness properties of 

the concrete and steel at elevated temperatures, and on the ability of the structure 

to redistribute internal forces during the course of the fire.
 (40) 



Chapter Two                                                          Literature 
Review 

    

 05 

Gustaffero et al 
(42)

 in  (0020) studied the structural behavior of 

prestressed and reinforced concrete beams exposed to standard fire (ASTM- 

E000) 
(42)

. The test included 00 beams with 0878 m length loaded uniformly with 

design load. The beams were divided in two groups, the first group was pre-

tensioned concrete beams, the second was post-tensioned concrete beams. Each 

group reinforced by prestressing steel or ordinary deformed steel bars of grade 

42 or 02. Both normal and lightweight concretes were used. They found that the 

beams reinforced with ordinary deformed bars were superior to the prestressed 

concrete beams in fire resistance. They also noticed that the behavior of the 

beams was not affected significantly by the type of steel strength, but due to the 

low value of the elastic modulus of the lightweight concrete. Moreover, the 

initial deflection of the lightweight concrete beams was greater than that of 

normal weight beams, but after a period of one to two hours of standard fire 

exposure, the opposite was noticed. 

Ellingwood and Shaver 
(40)

 in  (0022) investigated the effect of some 

factors such as the fire temperature and yield stress of reinforcing steel and the 

average decrease in resistance of reinforcing steel and the concrete cover of 

reinforced concrete on the behavior of a simply supported beam exposed to 

standard fire.The analysis method includes finding the coefficients of the 

amount of suspect in the yield stress, available information accuracy about 

temperature and yield stress and the depth of the reinforcing bar and the 

reduction in yield stress to the original stress, which affect the amount of the 

maximum strength of the section . Relations of suspect coefficient of these 

variances were derived. By using these coefficients, the maximum resistance of 

the section at any temperature degree could be assessed. A relation was also 

derived to count the beam resistance period of fire. They have concluded the 

followings: 
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0- The beam resistance to fire increased when the thickness of the concrete 

cover of the reinforced concrete beam increased because the bar 

temperature keeps low. 

8- The coincidence between the theoretical calculations and practical results  

when compared was acceptable. 

0- The main factors, which affect determining the beam behavior, are the 

accuracy of assessing the bar temperature and the changes of its properties 

by heat. 

Khan and Royles
(02)

in (0020) studied the behavior of reinforced concrete 

beams after subjecting them to elevated temperatures. They investigated the 

load-deflection relationship, cracks pattern and steel to concrete bond. Prismatic 

concrete beams (002x 042x 00 or 022mm) were used. 2-mm plain bars and 

00mm torbars were used to reinforce them. The specimens were heated to 

temperature ranges from 82-222
º
C at a slow rate of heating (8

º
C/min) for one 

hour exposure duration. They found that the effect of temperature is 

insignificant at temperatures ranging from 022 to 822
º
C, but the strength 

decreases significantly between 002 to 022
º
C. Compared with ambient condition, 

the flexural strength characteristics weakened by 125 of the original strength. 

They also noticed that the thermal cracks appeared in a honeycomb fashion all 

over the surface and they seemed to originate from the top to the bottom edge 

and terminate near the mid-depth of beam, moreover, they also found that the 

deflection cracks were more prominent in the shear zone of the smaller section 

beams, whereas for larger beams, flexural tensile cracking developed in the mid-

span region. They also found that the deflection cracking initially followed some 

of the thermally induced cracks. 

Asa’ad 
(00)

 in  
(0022) studied the behavior of structural reinforced 

concrete specimens subjected to elevated temperature. Four types of reinforced 

concrete samples were used. Singly and doubly reinforced concrete beams 
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having the dimension of (022x 022x 0022mm) were used. The doubly reinforced 

concrete beams reinforced with both tension and compression steel, while the 

singly reinforced beams with tension steel only. Continuous beams (022x 002x 

0022mm) and structural frame with outer dimensions of (022x 202mm) were 

used. The frame had a cross-section of (022x 002mm) for the beam and 

(022x022mm) for the column. The specimens were subjected to temperatures of 

002, 022, 022,202 and 022
º
C at the age of 02 or 02 days and tested in flexure 

after cooling. The researcher found that both flexural strength and stiffness 

decreased with the temperature increase. He also noticed that the use of top 

reinforcement had limited this decrease. Moreover, he observed that the increase 

in temperature led an increase in the magnitude of moment redistribution in 

continuous beams. 

Fahmi and Khalil 
(08)

 in (0008) studied the effect of high temperature 

exposure on the behavior of prestressed concrete beams. The specimens used 

were unbounded post-tensioned beams having the dimensions of 

22x082x022mm. They were heated to a temperature ranging between 80-222
º
C 

and at age of 82 and 02 days to the specified temperatures for periods 0,0 and 0 

hours. The beams were reinforced with 02mm diameter prestressed deformed 

bars and 0 and 4mm bars for longitudinal and stirrups respectively. Cylindrical 

concrete specimens with dimension (002x022mm) were used for compressive 

and modulus of elasticity determination. Prisms of (022x 022x 422mm) were 

used for flexural strength. The test results showed that there is a slight increase 

in compressive strength at temperature up to 022
º
C at 82 days age. At 022

º
C and 

222
º
C the compressive strength reduction was 081 and 281 in comparison with 

original strength respectively. They also found that the flexural capacity of all 

prestressed concrete beams had decreased with the increase of the temperature. 

They noticed that the reduction in modulus of elasticity and flexural strength at 

222
º
C exposure were 021 and 001 from the original values respectively. 
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Sanjayan and Stocks
 (13)

 in (5333) carried out an investigation to study 

spalling of concrete in fire. They observed that the high strength concrete might 

be more prone to spalling in the fire than the normal strength concrete. 

Moreover, they noticed that the reason for spalling could not be attributed 

entirely to the large cover because a similar cover at web did not cause any 

spalling. No spalling occurred in the web, possibly because in the web the 

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

to escape was much shorter and also because of the existence of wider flexural 

cracks in the web. 

Al-Owasiy 
(04)

 in   (8220) studied the effect of temperatures on bond in 

reinforced concrete. Single concrete mix 0: 070: 0 with two water-cement ratios 

of (2740 and 2702). The concrete specimens were heated in electrical furnace for 

0 hour period of exposure at four temperature levels , 002 , 802, 422 and 022
º
C . 

The test variables were bond strength by pull-out test , compressive strength and 

splitting tensile strength . Two types of cooling were used, cooling in the air and  

in the water. The test results revealed that the reduction in compressive and 

splitting tensile strength for concrete specimens of water-cement ratio of 2702 

and cooled in air were 081, 881, 041 and 041, 821 and 041 at 002, 422 and 022
º
C 

respectively. For concrete of water-cement ratio of 2740, the reduction in 

compressive and splitting tensile strengths at 422 and 022
º
C were 841, 001 and 

021, 001 respectively. He found that the reduction in bond strength for pull-out 

with 08mm and 82mm reinforcing bar diameters at 002, 802, 422 and 022
º
C was 

about 041, 021 , 801 , 001 and about 021 , 001 , 841 and 481 respectively. The 

percentage reduction in compressive and bond strengths cooled in water 

compared to the air cooled specimens at 802, 422 and 022
º
C was about 21, 021, 

081 and about 01, 001 and 001 respectively. He observed also that the splitting 

tensile strength reduction for water cooled specimens was about 001, 021, 441 

and 221 after exposure to 002, 802, 422 and 022
º
C respectively. 
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Chapter Three 
 

 

 

MATERIALS AND EXPERIMENTAL WORK  

 
 

3-1 Introduction  
 

In this chapter, the detail of the experimental program of the present work 

is presented. It includes details of materials used, specimen preparation and tests 

procedure. Two mixes with design compressive strength of 03 and 03 MPa were 

used. Experimental variables were: 

1. Density. 

5. Compressive strength. 

0. Splitting tensile strength. 

0. Modulus of rapture.  

2. Modulus of elasticity. 

6. Load-deflection. 

        The specimens were cast, moist cured for 52 days, air-dried in the 

laboratory. They were tested for each mix at each of the ages 03, 63 and 03 days 

before and after exposure to fire flame at three temperature levels, 033, 233 and 

033
º
C and for four exposure periods of 3.2, 1.3, 1.2 and 5.3 hours. Two types of 

tests, destructive and non-destructive tests were used.  
 

3 –2 Materials      
 

3-2-1   Cement 

Ordinary Portland cement (O.P.C) manufactured by the New Cement 

Plant of Kufa was used throughout this investigation. This cement complied 

with the Iraqi specification No.2/ 1020.
(22) 

The cement was stored in a dry place 
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to avoid the exposure to the atmosphere. The physical properties and chemical 

compositions are presented in Tables [A-1] and [A-5]. 

3-2-2  Fine Aggregate (Sand) 
 

AL-Akhaidur well-graded natural silica sand was used. The results of 

physical and chemical properties of the sand are listed in Table [A-0]. Its 

grading conformed to the Iraqi specification No.0291020
(26)

, Zone (0). 

3-2-3 Coarse Aggregate ( gravel ) 

The coarse aggregate was AL-Nibaee gravel with a maximum size of 

10mm. The coarse aggregate was washed, then stored in air to dry. The coarse 

aggregate used conforms to the Iraqi specification No.0291020.Table [A-0] 

shows the grading and properties of the coarse aggregate. 

0-5-0 Water 

Tap water was used throughout this work for both making and curing the 

specimens. 

0-5-2 Reinforcing Steel. 

Deformed bars of diameters 2 and 13 mm were used for longitudinal 

reinforcement and plain bars of diameter 6 mm were used for stirrups. Table   [0-

1] gives the results of testing.   

Table [0-1]: Properties of reinforcement. 
 

Approximate 
  Diameter 

(mm) 

Measured 
 Diameter 
   (mm) 

Area 
 

(mm5) 

Yield stress 
Fy 

(MPa) 

Ultimate 
Strength 
Fu (MPa) 

Modulus of 
  Elasticity 
    (GPa) 

 
11 
 

 11 45.54 441.3 661.5 211 

 
5 
 

5.11 51.36  461 663 211 

6 
 

 6 25.24  351 441 211 
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0-0 Mix Preparations 
 

0-0-1 Mix Design 

 Two target design strengths of 31 and 41 MPa were denoted as series A 

and B respectively. They were designed according to British mix design method 

BS 5325: part2: 1661
(54)

 specifications.  

 

0-0-5 Mix proportions 

The proportions of the concrete mixes are summarized in Table [3-2] 

Table [0-5]: Mixes proportions 
 

 Mix  Proportions    (kg/m0) 

Series W/c-ratio Water Cement Sand Gravel Slump(mm) 

A 1.52 165 345 561 1166 51 

B 1.45 165 435 515 1215 61 

 

0-0 Fresh Concrete 
 

0-0-1 Mixing of Concrete 

The concrete was mixed in a horizontal drum laboratory mixer, with a 

capacity of 1.1m3. The interior surface of the mixer was cleaned and moistened 

before placing the materials. The gravel, sand and cement were weighed and 

added in accordance with the provisions of ASTM C 162 
(55)

. They were dry 

mixed in the mixer for about one minute before the required water was added to 

the mixture. The constituents were mixed wet for about two minutes until a 

homogeneous concrete was obtained and the slump was measured according to 

ASTM C 143- 56a: 1656 
(56)

 immediately after mixing. 

0-0-5 Compaction 

After mixing, the concrete was poured into the moulds with two layers, 

each layer was compacted by using a vibrating table for about 31 second until no 
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air bubbles emerged from the surface of the concrete. The moulds were leveled 

by hand trawling and covered with polyethylene sheet in the laboratory for about 

24 hours. 

 

0-2 Testing of  Hardened Concrete 
 

0-2-1 Destructive Tests 

0-2-1-1 Compressive Strength Test 
 

 Compressive strength was carried out and tested according to BS 1551: 

part 116: 1653
(61)

 . A total number of 451 standard cubes (151mm) were tested 

by using a digital universal testing machine of 2111 kN maximum capacity. The 

load was applied gradually and increased continuously at a constant rate. Each 

cube was weighed at a test before and after heating to determine its density. 

Each compressive strength value was the average of strength of three cubes. 
 

 

0-2-1-5 Splitting Tensile Strength Test 

The splitting tensile strength was determined according to the procedures 

outlined in ASTM C-466 
(61)

. A total number of 451 cylinders (111x211mm) 

were tested. Cylinders were cast, demolded and cured in a similar way as the 

cubes. Each splitting tensile strength value was the average of strength of three 

specimens. 

 

0-2-1-0 Flexural Strength Test 

Concrete prisms of dimensions (111x 111x411mm) were cast according to 

ASTM C45-54: 1656 
(62) 

procedure. A total number of 234 prisms were tested. 

The prisms were cast, demolded and cured in a similar manner as the cubes. 

Modulus of rupture tests were performed according to ASTM C45-54: 1656 

procedure using two-point load as shown in Plate [3-1]. Each value of the 

modulus of rupture was the average of the test results of three prisms. 
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0-2-1-0 Static Modulus of Elasticity Test 

The static modulus of elasticity was determined according to ASTM C- 

466
(63)

 specifications. A total number of 156 cylinders (151x 311mm) were 

tested. They were cast, demolded and cured as for the cubes. The top surface of 

the cylinders was well finished from irregularities and capped with cement paste 

to avoid any loss of strength. The load was applied gradually and increased 

continuously at constant rate of 1.24mm/min until 417 of the ultimate load. The 

compressometer used has a gauge length of 151 mm and gauge with an accuracy 

of 1.112mm as shown in Plate [3-2]. The recorded results were the average 

readings of two cylinders. 

 

Plate[3-1]: Set-up modulus of rupture test 
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0-2-5  - Non-Destructive Tests  
 

0-2-5-1 Ultrasonic Pulse Velocity Test (U.P.V) 
 

Ultrasonic pulse velocity was used to monitor the variations in 

compressive strength, quality and the intensity of microcracking of concrete 

before and after heating. The ultrasonic pulse velocity was measured by an 

ultrasonic concrete tester (CS1), type CC-4 as shown in Plate [3-3]. The test 

method is prescribed by BS- 1551: part 213: 1656
(64)

 specifications. 

 

 

 

 

Plate[3-2]: Set-up modulus of elasticity test 
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0-2-5-5   Rebound Hammer Test. 

Schmidt hammers were used to estimate the surface hardness of concrete 

specimens by recording the rebound number, which could be as a measure of the 

concrete strength and percentage of voids. Schmidt hammer type  (Proceq) was 

used as shown in Plate [3-4]. The test method is prescribed by BS-4415: part 

471641
(65)

 specifications. 
 

0-6 Heating and Cooling 
 

The concrete specimens were burnt with direct fire flame from a net of 

methane burners inside a brick stove with dimensions of  (451 x 611-x1211 mm) 

as shown in Plate [3-5]. The bare flame was intended to simulate the heating 

condition in an actual fire. The intensity of the flame was adjusted to raise the 

specimens to different temperatures. When the target temperature was reached, 

the temperatures were continuously recorded by two digital thermometers, one 

of them was positioned in flame contact with the bottom, while the other was at 

the top of the specimen as shown in Plate [3-6]. After burning, part of the 

concrete specimens was allowed to cool inside the stove for 3 hours and stored 

in the laboratory environment about 21 hours. The other specimens were 

quenched immediately in water for 2 hours and then stored in laboratory 

environment about 21 hours also before testing. 

Plate[3-3]: Ultrasonic pulse transit time 
equipment 
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Plate[3-4]:Rebound hammer test 

Plate[3-5]: Brick stove of net methane burners 
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0-0 Testing Reinforced Concrete Beams 
 

0-0-1 Beam Specimens Preparation 

The reinforcing bars were cut to the desired length, and 61-degree hooks 

were formed at the ends of each bar dimensioned according to sections (4-1) and 

(4-2) of ACI 315- 65
(64)

 code,
 
stirrups made from 6mm diameter plain bars were 

provided to prevent the shear failure. The total number of beams cast from each 

mix was twelve. Four beams were retained as reference beams for 31 and 61 

days of age, eight were exposed to fire flame with different ages, different 

periods of exposure and different temperature levels of exposure. A steel cage 

was fixed in the steel mould to prevent its movement during casting and 

vibration. The control specimens including cubes, cylinders and prisms were 

Plate[3-6]: Digital thermometer 
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cast from each batch of concrete in addition to the beam specimens as 

mentioned before. The beams and control specimens were covered with 

polyethylene sheet in the laboratory for about 24 hours, and then demolded for 

curing in water for 25 days. 

 

0-0-5 Beam Specimens Details 

The beams were simply supported. All beams were 1111mm length, 

151mm height and 111 mm width as shown in Fig [3-1]   
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Fig. [3-1]: Reinforced concrete beam 
details 
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Chapter Four 
 

 

 

RESULTS AND DISCUSSIONS 

 
 

4-1 Introduction 
 

Experimental results are presented in this chapter showing the effect of 

the fire flame on some mechanical properties of concrete, such as density, 

compressive strength, splitting tensile strength, flexural strength and modulus of 

elasticity. The test results of the load-deflection relationship of reinforced 

concrete beams are presented also.  

4-2 The Density  
 

Tables [4-1] and [4-2] show the effect of the exposure to fire flame on 

the density of concrete, while Figures [4-1] to [4-3] and [4-4] to [4-8] show the 

relations between fire flame temperature and the density for series A and B 

respectively. It can be seen from these Tables and Figures that the density 

behaved as follows:- 

1- At 444ºC fire flame temperature and for all ages and all periods of 

exposure, the reduction in density ranged between (4.8 – 7.7 %) and (1.9 

– 4.5 %) for series A and B respectively if compared with the initial 

density before exposure to fire. 

2-  The reduction was (5.9 -8:) and (4 – 7.1 %) for series A and B     

respectively at 544ºC fire flame temperature. 

3-  More reduction in density took place when the fire flame temperatures 

increased.At744ºC,the reduction in density was (8–11.2:), and (8–9.6 %) for 

series A and B respectively. The loss in density of series A was 1.6: more 



Chapter Four                                                                                                       Results and 
Discussion  

 36 

than that in density of series B.It can be observed that series B lose less 

weight than series A, which can be attributed to the less water- cement ratio 

and less evaporation of adsorbed water on interface of the gel crystals of 

hardened cement paste, also to less amount of pores and voids in series 

B.These results confirmed with that of Al-Elizzi
(18)

 , Habeeb
(28 )

 and Essa 
(45)

 

 

   Table [4-1]: Test values of the density of concrete specimens of  
     series-A- after exposure to fire flame temperatures. 

 

    Ratios 

ba  /  

Density ( kg/ m3) 
Period of 
Exposure 

(hours) 

Age at 
Exposure 

(days) 

Temperature ºC 

4/ 1 
(7) 

3/ 1 
(6) 

2/ 1 
(5) 

077 
(4) 

577 
(3) 

477 
(2) 

25 
(1) 

4.924 4.932 4.947 2139 2167 2242 

2325 

4.5 

37 
4.948 4.934 4.941 2124 2162 2188 1.4 

4.894 4.926 4.934 2479 2153 2163 1.5 

4.882 4.924 4.923 2451 2139 2148 2.4 

4.925 4.938 4.954 2149 2179 2247 

2323 

4.5 

67 
4.913 4.924 4.943 2121 2165 2194 1.4 

4.949 4.924 4.937 2112 2158 2176 1.5 

4.944 4.925 4.934 2491 2164 2169 2.4 

4.934 4.944 4.952 2158 2181 2249 

2324 

4.5 

07 
4.922 4.941 4.946 2137 2254 2195 1.4 

4.924 4.934 4.944 2134 2167 2181 1.5 

4.912 4.934 4.935 2116 2158 2169 2.4 

      

       a  The density of concrete after exposure to fire flame. 

    b  The density of concrete before exposure to fire flame     
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          Table [4-2]: Test values of the density of concrete  
                            specimens of series-B-after exposure 
                                        to fire flame temperatures. 
 
 

  Ratios 

ba  /  

Density ( kg/ m3) 
Period of 
Exposure 

(hours) 

Age at 
Exposure 

(days) 

Temperature ºC 

4/1 
(7) 

3/1 
(6) 

2/1 
(5) 

077 
(4) 

577 
(3) 

477 
(2) 

25 
(1) 

4.926 4.943 4.974 2242 2244 2347 

2378 

4.5 

37 
4.919 4.937 4.965 2185 2228 2295 1.4 

4.914 4.935 4.959 2164 2228 2282 1.5 

4.944 4.929 4.955 2154 2249 2271 2.4 

4.931 4.954 4.974 2212 2259 2316 

2376 

4.5 

67 
4.918 4.946 4.969 2181 2254 2342 1.4 

4.915 4.942 4.963 2174 2239 2294 1.5 

4.914 4.938 4.965 2162 2218 2293 2.4 

4.944 4.964 4.981 2233 2284 2332 

2375 

4.5 

07 
4.929 4.958 4.977 2246 2275 2324 1.4 

4.924 4.954 4.973 2195 2267 2312 1.5 

4.924 4.951 4.968 2185 2264 2344 2.4 

 

  a The density of concrete after exposure to fire flame. 

  b The density of concrete before exposure to fire flame. 
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Fig.(4-2) The effect of  fire flame on the               
               density of series-A at 1.0 hour 
                          period of exposure.
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        Fig.[4-1]  The effect of fire flame on the 
                       density of series-A at 0.5 hour
                              period of exposure.
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Fig.(4-3)  The effect of fire flame on the 
               density of series-A at 1.5 hours 
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Fig.(4-5) The effect of fire flame on the 
              density of series-B at 0.5 hour
                        period of exposure. 
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Fig.(4-6) The effect of fire flame on  the 
               density of series-B at 1.0 hour
                        peroid of exposure.
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Fig.(4-7) The  effect of fire flame on  the
              density of series-B at 1.5 hours 
                      period of exposure.
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4-3  Compressive Strength 
 

The compressive strength results are summarized in Tables [4-3] and [4-

4] for both series A and B respectively, while Figures [4-9] to [4-16] show the 

relation between compressive strengths and fire flame temperatures for both 

series A and B respectively. 

 

Table [4-3]: Test values of compressive strength of concrete    
       specimens of series -A- after exposure to fire flame 

temperatures. 
 

Type of 
Cooling 

  Ratios 
fcu a /fub 

Compressive Strength (MPa) 
Period of 
Exposure 

(hours) 

Age at 
Exposure 

(days) 

Temperature ºC 

4/1 
(7) 

3/1 
(6) 

2/1 
(5) 

077 
(4) 

577 
(3) 

477 
(2) 

25 
(1) 

Air 4.53 4.67 4.73 16.17 24.43 22.57 

34.54 

4.5 

37 

Water 4.46 4.62 4.74 14.43 18.91 21.35 

Air 4.47 4.63 4.74 14.34 19.22 22.57 
1.4 

Water 4.42 4.58 4.74 12.81 17.69 21.35 

Air 4.45 4.64 4.71 13.73 18.34 21.66 
1.5 

Water 4.36 4.54 4.66 14.98 16.47 24.13 

Air 4.43 4.59 4.75 13.12 18.44 22.88 
2.4 

Water 4.33 4.52 4.69 14.47 15.86 21.45 

Air 4.55 4.71 4.79 18.77 24.23 26.95 

34.12 

4.5 

67 

Water 4.54 4.67 4.75 17.46 22.86 25.59 

Air 4.51 4.66 4.76 17.44 22.52 25.93 
1.4 

Water 4.46 4.61 4.71 15.69 24.81 24.23 

Air 4.48 4.62 4.84 16.38 21.15 27.34 
1.5 

Water 4.43 4.58 4.74 14.67 19.79 25.25 

Air 4.45 4.64 4.77 15.35 24.47 26.27 
2.4 

Water 4.44 4.54 4.71 13.65 18.42 24.23 

Air 4.64 4.75 4.83 22.39 27.98 34.97 

37.31 

4.5 

07 

Water 4.55 4.74 4.84 24.52 26.12 29.85 

Air 4.54 4.69 4.84 24.15 25.74 29.85 
1.4 

Water 4.48 4.63 4.76 17.91 23.51 28.36 

Air 4.54 4.64 4.78 18.66 23.88 29.14 
1.5 

Water 4.45 4.58 4.74 16.79 21.64 27.61 

Air 4.48 4.61 4.79 17.94 22.76 29.47 
2.4 

Water 4.42 4.54 4.73 15.67 24.15 27.24 

     

         fcua = Compressive strength (cube) after exposure to fire flame. 

       fcub = Compressive strength (cube) before exposure to fire flame. 
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         Table [ 4-4 ] :Test values of compressive strength of concrete  
                                  specimens of series- B- after exposure to fire    
                                                     flame temperatures. 

 
 

Type of 
Cooling 

Ratios 
fcu a /fcub 

Compressive Strength (MPa) 
Period of 
Exposure 

(hours) 

Age at 
Exposure 

(days) 

Temperature ºC 

4/1 
(7) 

3/1 
(6) 

2/1 
(5) 

077 
(4) 

577 
(3) 

477 
(2) 

25 
(1) 

Air 4.58 4.69 4.74 23.95 28.54 28.91 

41.34 

4.5 

37 

Water 4.52 4.65 4.67 21.48 26.85 27.67 

Air 4.54 4.65 4.78 24.65 26.85 32.21 
1.4 

Water 4.44 4.62 4.75 18.17 25.61 34.98 

Air 4.46 4.63 4.75 19.44 26.42 34.98 
1.5 

Water 4.38 4.59 4.74 15.69 24.37 34.56 

Air 4.43 4.61 4.76 17.76 25.19 31.39 
2.4 

Water 4.35 4.55 4.71 14.46 22.72 29.32 

Air 4.64 4.74 4.81 27.44 33.41 36.57 

45.15 

4.5 

67 

Water 4.54 4.74 4.77 24.38 31.61 34.77 

Air 4.53 4.74 4.78 23.93 31.61 35.22 
1.4 

Water 4.48 4.66 4.74 21.67 29.74 33.41 

Air 4.54 4.65 4.76 22.58 29.35 34.31 
1.5 

Water 4.45 4.64 4.73 24.32 27.49 32.96 

Air 4.44 4.62 4.79 19.87 27.99 35.67 
2.4 

Water 4.39 4.58 4.77 17.61 26.19 34.77 

Air 4.62 4.78 4.86 29.88 37.64 41.45 

48.24 

4.5 

07 

Water 4.56 4.75 4.82 26.99 36.15 39.52 

Air 4.57 4.75 4.81 27.47 36.15 39.44 
1.4 

Water 4.53 4.71 4.78 25.55 24.22 37.64 

Air 4.52 4.74 4.78 25.46 33.74 37.64 
1.5 

Water 4.48 4.65 4.74 23.14 31.33 35.67 

Air 4.48 4.64 4.76 23.14 34.85 36.63 
2.4 

Water 4.42 459 4.73 24.24 28.44 35.19 

             
                   fcua = Compressive strength (cube) after exposure to fire flame.  

             fcub = Compressive strength (cube) before exposure to fire flame. 
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4-3-1 Air- Cooling 

 The residual compressive strength values were found for the two series 

exposed to 444ºC-fire flame temperature and for ages 34, 64,and 94 days and 

for all periods of exposure. The percentage of the residual compressive strengths 

was (74 – 83 %) for series A and (74 – 85 %) for series B, for all periods of 

exposure. Surface cracks of about (1mm) width took place on the concrete 

specimens. These results agreed with that obtained by other investigators, 

Neville and Brooks
 (38)

 result was 85:, Collet and Tavernier 
(67)

 obtained 75 %, 

while Abram’s
 (14)

 result was 86 %. Logothetis and Economou 
(39) 

result was 73 

%. Al–Ausi and Faiyadh 
(16)

 result was (79–94:), while Al–Owaisy 
(54)

 obtained 

(76–78 %). The test specimens showed a further loss in compressive strength 

ranging from (59 – 75 %) and (61– 78 %) for mix A and B respectively at 

544ºC fire flame temperature for all ages and all periods of exposure. It is 

observed that the colour of the concrete specimens changed to pink and 

increased in intensity. This may be due to hydration conditions of iron oxide 

component and other mineral constituents of the fine and coarse aggregates
 (5 , 9, 

68 )
. The surface – cracks increased in number, length and depth due to 

temperature rise. These results of the residual compressive strength at 544ºC 

were similar to the results obtained by others
 (5114116128, 39, 45, 54.,)

. At 744ºC of 

fire flame exposure and for all ages of specimens and periods of exposure, the 

percentage of the retaining compressive strengths was (43 – 64 %) for series A 

and (43 – 62 %) for series B, while Logothetis and Economou’s
 (39)

 result was 

43 % at 744ºC . The difference can be partly explained by the factor which 

affects the residual strength of heated concrete and this is the amount of 

moisture driven off during heating, the greater the amount of moisture lost, the 

lower strength
 (17,28)

. Moreover the decrease in compressive strength of concrete 

is attributed to the break-down of interfacial bond due to incompatible volume 

change between cement paste and aggregate during heating and cooling 
(3 , 11 , 
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69) 
and the formation of relatively week hydration products ( dehydration of the 

calcium – silica hydrate in cement paste ). 

 

4-3-2 Water- Cooling 

From previous tables and figures, it can be observed that the  water – 

cooled concrete specimens suffer more reduction in strength than the air – 

cooled specimens. The residual compressive strength after exposure to fire 

flame and cooling in water was as follows:- 

         At 444ºC the residual compressive strengths compared to the original 

strength before exposure to fire flame were (66 – 84 %) for series A and (67 – 

82 %) for series B . These results conformed to Al – Ausi and Faiyadh result 

which was (64 – 71 %) and Al – Owaisy result that was 71 %. Raising the 

temperature to 544ºC caused concrete strength retaining (52– 74 %) from the 

original strength before burning for series A and (55 – 75 %) for series B. These 

results were similar to that obtained by Al- Ausi and Faiyadh and Al- Owaisy 

which were (35 – 53 %), and 58: respectively. Further loss in compressive 

strength took place in specimens burnt to 744ºC and then cooled in water. The 

residual compressive strength ranged between (33 – 55 %) for series A and (35 

– 56 %) for series B. The concrete specimens cooled in water exhibited more 

deterioration than the air–cooled specimens, the further reduction in strength 

was ranging from (3-5:), (4-7:) and (5-14:) for series A and (2-5:), (3-6 %) 

and (5-8:) for series B compared with the strength of companion air-cooled 

specimens. This is because of the destructive thermal shock produced when 

quenching the hot specimens in water
( 74 )

 and the penetration of the water into 

the concrete pores and cracks .The penetration of water into dry concrete pores 

is known to result in the dilation of the cement gel thereby decreasing the 

cohesive forces between the cement particles and reducing the strength.
 (16)

 Also, 

decomposition of the calcium hydroxide occurs, so that the lime is left behind in 

consequence of drying. If ,  however ,  after cooling, water ingress into     
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concrete takes place the rehydration of the lime can be disruptive 
(5)

. 

The test results show that large proportion of the decrease in 

compressive strength occurs at the first 5.5-hour period of exposure. It can be 

seen that the adverse effect of fire is pronounced on series A more than on series 

B, while the effect is equal when the period of fire exposure reaches two hours. 
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Fig (4-9) The effect of fire  flame  on  the 
               compressive  strength of  series
               A at 0.5 hour period of exposure.
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Fig (4-10) The  effect  of  fire  flame  on  the 
                 compressive strength of series-A
                 at 1.0 hour period of exposure .

The age (days)

90

60

30

Air-Cool 

 
Water-Cool 

 

  ْ C   ْ C 

Air-Cool 

 
Water-Cool 

 

0 100 200 300 400 500 600 700 800
Temperature 

5

10

15

20

25

30

35

40

C
o

m
p

re
s

s
iv

e
 s

tr
e

n
g

th
  

(M
P

a
)

Fig.(4-11) The  effect  of fire flame  on  the 
                compressive strength of series-A 
                at 1.5 hours period of exposure.
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Fig.(3-12) The  effect  of  fire  flame  on  the
                compressive  strength of  series -
                A at 2.0 hours  period of exposure.
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4-3-3  The effect of the age of concrete at exposure to fire  

 The test results show that the residual compressive strength after exposure 

to fire, the reduction at 05 days age was more than the reduction at 65 and 35 
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Fig.(4-14) The  effect of  fire  flame  on  the 
                 compressive strength of series-B
                  at 1.0 hour period of exposure.

The age (days)

90

60

30

0 100 200 300 400 500 600 700 800
Temperature 

10

15

20

25

30

35

40

45

50

C
o

m
p

re
s

s
iv

e
 s

tr
e

n
g

th
 (

M
P

a
)

Fig.(4-13) The  effect  of  fire  flame  on the
                 compressive strength of series-B
                  at 0.5 hour period of exposure.
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Fig.(4-15) The  effect  of fire  flame on  the 
                 compressive strength of series-B 
                  at 1.5 hours period of exposure.
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Fig.(4-16) The  effect  of fire flame  on  the 
                 compressive strength of series-B
                 at 2.0 hours period of exposure.
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days. This may be attributed to the fact that hydration of cement paste is more 

complete at later ages.
         

 

4-3-4 Comparison between residual compressive strength results and 

recommended design curves (CEB & CEN) 
 

Euro-Code Nos.2 and 4 [Committee European de Normalization] (CEN) 

(3330,3334), specified rules for strength and deformation properties of 

uniaxially stressed, normal weight aggregate (NWA) (siliceous and calcareous) 

concrete at temperatures up to 3255ºC.The CEB Bulletin D’ Information 

No.252 (CEB) (3333),
(25)

recommended design curves for compressive strength 

of siliceous (NWA) concrete based on the work of many investigators.The 

residual compressive strength results obtained from tests carried out by many 

researchers in addition to the present study are plotted with the CEN and CEB 

design curves as shown in Fig.[4-31].It can be seen that the temperature range 

between (255-055˚C)was characterized by a maximum residual 

strength(Malhotra
(3) 

Abrams
(35) 

,Collet et al
(61)

,Al-Ausi and Faiyhad
(36)

 and Al-

Owasiy
(54)

 ). Improvement in compressive strength was observed to a maximum 

value in a temperature ranged between (355-355˚C) ( Fahmi and Asa’ad , Al- 

Ausi and Faiyhad and Habeeb). This behavior was attributed to the cement paste 

response due to causing weakening of bond between (55-355˚C), thereafter, 

densification due to thermal drying contributed to the increase of strength.. 

Beyond 055˚C there was a further reduction in compressive strength. In the 

present study some of test results of residual compressive strength were found to 

lie between CEB and CEN curves, while other results were far away from the 

CEB curve and near the CEN curve especially at 455˚C and 555˚C of fire 

exposure. At 155˚C the test results were found to be near the CEN curve only. 

From the figure, it can be concluded that the test results of the current study 

have better agreement with CEN design curve than with CEB curve. 
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4-4    Splitting Tensile Strength. 
 

 

The values of splitting tensile strength of the specimens considered in 

the present investigation are abstracted in Tables [8-5] and [8-6]. The relation 

between the splitting tensile strength and fire flame exposure temperature is 

shown in Figures [8-84] to [8-18] for series A and (1-11) to (8-15) for series B. 

It is clear from the test results that the splitting tensile strength is more sensitive 

to the exposure to high temperatures than the concrete compressive strength. It 

can be observed that concrete deteriorates at a faster rate when tested in tension 

rather than in compression. This observation confirms the results obtained by 

other investigators 
(61.986)

. 
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                        Table [4-5]:Test values of splitting tensile strengths of concrete  

                   specimens of series- A-after exposure to fire flame  
                                          temperatures. 

 
 

Type of 
Cooling 

   Ratios 
fsa /fsb 

Splitting Tensile Strength (MPa) 
Period of 
Exposure 

(hours) 

Age at 
Exposure 

(days) 

Temperature ºC 

4/4 
(7) 

1/4 
(6) 

1/4 
(5) 

077 
(8) 

577 
(6) 

477 
(1) 

15 
(8) 

Air 2961 2984 2971 8982 8965 1987 

6986 

295 

17 

Water 2918 2965 2964 2971 8912 1966 

Air 2916 2987 2972 294. 8962 1982 
892 

Water 2984 2982 2965 2961 8967 1916 

Air 2916 2952 2971 297. 8971 1987 
895 

Water 2988 2981 2966 2964 8988 1916 

Air 2918 2987 2967 2961 8968 1962 
192 

Water 2982 2967 295. 2968 8917 1921 

Air 2968 2958 2975 8962 1926 1947 

6941 

295 

67 

Water 2.14 2958 2972 8927 89.5 1967 

Air 291. 2951 2978 8988 89.. 1978 
892 

Water 2911 2988 2966 2948 8964 1951 

Air 2962 2958 2978 8985 1926 1946 
895 

Water 2911 2987 296. 2948 8942 1968 

Air 2915 2984 2978 29.. 8946 1971 
192 

Water 2912 2986 2966 2977 8968 1988 

Air 2988 2954 2976 1965 1917 6924 

8925 

295 

07 

Water 2966 2951 2971 1988 89.8 19.1 

Air 296. 2957 2976 8954 1968 19.6 
892 

Water 2962 298. 2964 8911 1922 1975 

Air 2964 2962 2975 8958 1986 6928 
895 

Water 291. 2956 2978 8987 1.85 1944 

Air 2968 2958 2972 8964 198. 1946 
192 

Water 2916 2986 296. 8925 8946 197. 

 

               fsa = Splitting tensile strength after exposure to fire flame. 

               fsb = Splitting tensile strength before exposure to fire flame. 
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                                      Table[4-6]:Test values of splitting tensile strengths of     
                             concrete specimens of series- B-after exposure    
                                               to fire flame temperatures. 

 

Type of 
Cooling 

     Ratios 
fsa /fsb 

Splitting Tensile Strength 
(MPa) Period of 

Exposure 
(hours) 

Age at 
Exposure 

(days) 
Temperature ºC 

4/4 
(7) 

1/4 
(6) 

1/4 
(5) 

077 
(8) 

577 

(6) 
477 

(1) 
15 

(8) 

Air 2966 2958 2976 8982 191. 6982 

8918 

295 

17 

Water 2916 2984 296. 29.4 1928 19.6 

Air 2917 298. 2971 8985 1924 6925 
892 

Water 2984 2981 2964 2976 8974 1944 

Air 2911 2986 2978 29.6 8941 6988 
895 

Water 292. 2967 2978 264 8957 6928 

Air 2912 2982 296. 2945 8972 19.6 
192 

Water 2982 2966 2966 2981 8982 1967 

Air 2966 2962 2975 8961 1972 6966 

8952 

295 

67 

Water 2961 2951 2978 8988 1968 6912 

Air 2968 2956 2964 8956 1..51 6926 
892 

Water 2916 2952 2961 8987 1915 197. 

Air 2962 2958 2975 8965 1986 6966 
895 

Water 2911 298. 2978 29.. 1918 6912 

Air 2918 2952 2971 8924 1915 6918 
192 

Water 298. 2988 2967 2945 89.4 6921 

Air 2985 2967 2976 198. 6916 696. 

8946 

295 

07 

Water 296. 2956 2971 89.2 1976 6952 

Air 2982 2956 2974 89.8 1971 697. 
892 

Water 2966 2951 2976 8958 1984 6955 

Air 2967 2951 2978 8942 1956 6962 
895 

Water 291. 2987 296. 8988 1914 6965 

Air 2962 298. 2976 8986 1964 6955 
192 

Water 2916 2986 2964 8981 1928 6962 

               
                    fsa = Splitting tensile strength after exposure to fire flame. 

                 fsb =Splitting tensile strength before exposure to fire flame. 
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4-4-4 Cooling by Air 

8- At 822ºC fire flame exposure temperature, for all ages and for all periods of 

exposure, the residual splitting tensile strengths were in order of (67– 767) for 

series A and (6. – 76 %) for series B. The test carried out by Al-Ausi and 

Faiyadh 
(78)

 showed that the residual splitting tensile strength was 67 %, 

whereas Al –Owaisy
 (58)  

investigation was 61 % ,also Takeuchi’s
(71)

 result was 

657. These results were obtained at the same temperature and the same type of 

cooling  

1- Further decrease in splitting tensile strength ranged between  (87 – 54 %) for 

series A and ( 82 – 67 % ) for series B at 522ºC.These results agreed with Al- 

Ausi and Faiyadh, Carrete and Painter
(88)

 and Hidayet’s
(76)

 results obtained at the 

same temperature and the same cooling regime.  

6- At 722ºC fire flame temperature the effect on splitting tensile strength was 

more severe than on the compressive strength. The residual tensile strengths 

were (12 – 857) for series A and (18- 85 %) for series B .The reduction in the 

splitting tensile strength can be attributed to the formation of tensile stresses 

during the contraction of the hardened cement paste upon cooling, which, when 

superimposed onto the already existing tensile stresses formed during heating 

would cause an increase in the amount and rate of crack formation
(
 6.) 

. 

 

4-4-1 Cooling by Water 
 

Cooling by water causes further reduction in the strength. The residual 

splitting tensile strengths after exposure to fire flame and quenched in water 

ranged between (5. – 71 %) for series A and  (66 – 71 %) for series B at 822ºC 

fire flame temperature. 

At 522ºC fire flame caused an extra reduction in the splitting tensile 

strengths ranging from (67 – 51 %) for series A and (66 – 56 %) for series B.At 

722ºC for all ages of  specimens and periods of exposure, the residual splitting 
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tensile strength was (82 – 66 %) for series A and  (.– 6. %) for mix B 

compared with the original tensile strength before exposure to fire. Cooling in 

water caused further reduction in splitting strength compared with companion 

specimens cooled in air and the difference ranged from (8-47), (6-827) and (6-

817) for series A and (6-6 %), (8-77) and (5-887) for series B at 822ºC, 522ºC 

and 722ºC respectively. The reduction in the strength was mainly due to fast 

penetration of water into the pores and microcracks of concrete. The penetration 

of water into the dry concrete pores is known as a result of dilation of cement 

gel thereby decreasing the cohesive forces between the cement particles and 

reducing strength 
(78, 75)

.It is also possible that the different rate of cooling 

between the surface and the inner part of the specimens causes an increase in the 

amount and volume of cracks thus lowering the tensile strength
 (72)

. 

Similar trend was obtained for the splitting tensile strength effect by fire 

flame as in the compressive strength but a slight decrease in series B than series 

A was observed at exposure period of 192 hours. 

 

4-4-1 Effect of the age at heating 

As in compressive strength the effect of the fire flame at 62 days of age 

was more than at 62 and .2 days of ages. This is also due to further completion 

of hydration of the cement at later age. 
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Fig.(4-20) The  effect of  fire  flame on  the 
                 splitting tensile strength of series
                A at 1.5 hours period of exposure.
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Fig.(4-21) The  effect of  fire flame  on  the 
                 splitting tensile strength of series 
                 A at 2.0 hours period of exposure.
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Fig.(4-18) The  effect  of  fire  flame  on  the 
                  splitting tensile strength of series- 
                  A at 0.5 hour period of exposure.
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Fig.(4-19) The  effect  of fire  flame  on  the 
                 splitting tensile strength of series-
                 A at 1.0 hour period of exposure.
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Fig(4-24) The  effect  of  fire  flame  on  the 
               splitting tensile strength of series-B
                 at 1.5 hours period of exposure.
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Fig.(4-25) The  effect  of  fire  flame  on  the 
                splitting tensile strength of series-B
                  at 2.0 hours period of exposure.
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Fig (4-22) The  effect of  fire  flame  on  the 
                 splitte tensile strength of series-B
                   at 0.5 hour period of exposure.
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Fig.(4-23) The  effect  of  fire  flame  on  the 
                splitting tensile strength of series-B
                   at 1.0 hour period of exposure.
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Fig.(4-56) The effect of  fire flame on the 
                  rebound number of series  -B- 
                 at1.5 hours period of exposure.
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Fig.(4-57) The effect of  fire flame on the 
                 rebound number of series  -B- 
                at 2.0 hours period of exposure.
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Fig.(4-54) The effect of  fire  flame on the 
                   rebound  number of  series-B-
                   at 0.5 hour period of exposure.
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Fig.(4-55) The effect of fire flame on the 
                rebound number of series-B-
                at 1.0 hour period of exposure
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4-9 Mathematical models for prediction of mechanical 
properties of concrete after exposure to fire flame 

 

In order to obtain useful mathematical relationships, that yield good 

prediction accuracy, nonlinear regression is used for this purpose, due to its 

efficiency in derivation of exponential equations, which are extremely useful for 

fitting experimental data with more than one independent variable
 (77,12, 78)

. The 

exponential equation used was of the following general form: 

 

n
n

aaa
x............xxxaY

3
3

2
2

1
10               ------------------ (4-7) 

where: 

Y = Dependent variable. 

nx..............x,x 21 Independent variables. 

na........a,a,a 210 Constants. 

 

The mechanical properties of concrete are assumed to be known before 

exposure to fire flame, such as initial compressive strength , temperature of fire 

flame , flexural strength , ultrasonic pulse velocity , rebound number, ages, 

period of exposure and density . Independent variables were ranged in these 

equations according to their descending degree of significance. 

 

4-9-1 Models for prediction of compressive strength (fcua)  

To find the regression for prediction of (fcua) .Equation (4-7) can be 

written as follows :  

7654321

0 )()()()()()()(
aaaa

N

aaa

cubcua AgePeRVPUTfaf        -------- (4-7) 

where 

fcua =   Compressive strength of the specimens after exposure to fire flame            

               temperature (MPa). 

fcub          =   Compressive strength of the specimens before exposure to fire flame 

temperature (MPa). 
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T         = Temperature of fire flame (ºC). 

U.P.V  = Ultrasonic pulse velocity (km/sec) 

RN     = Rebound number after exposure to fire flame. 

        = Density of concrete after exposure to fire flame (kg/m
7
) . 

Pe       = The period of exposure to fire flame (hour).   

Age    = The age of the specimens at the time of exposure (days)  

             

4-9-2  Models for prediction of splitting tensile strength fsa . 
 

The regression for prediction of fsa can be written in form as follow: 

54321
0

a
cub

aaaa
sbsa )f()Age()Pe()T()f(af  ------(4-7) 

where : 

fsa   = Splitting tensile strength of specimens after exposure  

           to fire flame (MPa) . 

T      = Temperature of fire flame (ºC). 

Pe     =    Period of fire flame exposure (hours). 

Age  = The age of the specimens at the time of exposure (days) 

fcub   = Compressive strength of the specimens before exposure to fire 

            flames (MPa). 

 

4-9-3    Models for prediction of flexural strength (fra). 

The regression for prediction of fra can be written in form as follows: 
54321

0
a

cub
aaaa

rbra )f()Age()Pe()T()f(af   --------(4-4) 

where: 

fra   = Modulus of rupture of specimens after exposure to fire flame  

       (MPa). 

frb    = Modulus of rupture of specimens before exposure to fire  

        flame(MPa). 

T     = Temperature of fire flame (ºC). 
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Pe    =  The period of exposure to fire flame (hour).  

Age =  The age of the specimen at exposure to fire flame (days). 

fcub  = Compressive strength of specimens before exposure to fire 

      flame (MPa) .          

                                                                                                                   

4-9-4    Models for prediction of static modulus of elasticity ( cE ). 

The regression for prediction of ( cE ) can be written as follows: 

54321
0

a
cub

aaaa
cbca )f()Age()Pe()T()E(aE  -------.(4-5) 

where: 

            caE  = Static modulus of elasticity after exposure to fire flame (GPa). 

cbE  = Static modulus of elasticity before exposure to fire flame (GPa). 

T      = Temperature of fire flame (ºC). 

Pe     = The period of exposure to fire flame (hours)                

Age  = The age of specimen at the time of exposure to fire flame . 

 fcub = Compressive strength of concrete specimens before exposure to fire           

      flame (MPa) . 

Table (4-75) gives the values of the constants (a0, a1, a2… an) for the 

regressions for fcua , fsa,,  fra and Eca . This table also gives the values of the 

coefficients of correlation. From the values of the coefficients of correlation 

obtained, it can be concluded that these regressions are statically significant, for 

the size of data investigated of 17, each with 4-1 independent variables. 
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Table [4-15] : Coefficient of exponential regressions for the prediction of: 

1-fcua 

Regr. 

No. 
a0 

a1 

(fcub) 

a2 

(T) 

a3 

(U.P.V) 

a4 

(RN) 

a5 

(Pe) 

a6 

(Age) 

a7 

(ρ) 
C.C* 

1 177717 
87777

1 
-877776 

87761

1 
87577 -87777 

-

8785

1 

87844 
8726

1 

2 687742 
87287

7 
-877764 

87727

7 
87612 -87277 

-

8785

1 

- 
8726

4 

3 877825 
87677

7 
-878785 

87727

5 
87767 878727 

- - 8725

6 

4 877757 
87675

7 
-878787 

87727

7 
87767 - 

- - 8725

8 

5 777251 
77878

7 
-877158 

87487

7 
- - 

- - 8727

7 

6 777847 
77777

7 
-871768 - - - 

- - 8727

7 

7 777761 
77788

7 
-871774 - - - 

-

8782

8 

87675 
8725

7 

8 787568 
77728

1 
-871777 - - - 

-

8787

2 

- 
8724

1 

9 777121 
77822

8 
-871751 - - - 

- 87861 8727

7 

2-fsa 

Regr. a0 a1 a2 a3 a4 a5 C.C* 
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No. (fsa) (T) (Pe) (Age) (fcub) 

1 
87882

47 

87676

7 
-777274 

-878747 87757

8 
775477 872717 

2 
77147

11 

77817

1 
-774787 

-878576 87771

8 
- 872756 

3 
77257

77 

77776

7 
-774777 

-875778 
- - 872788 

4 
77767

17 

77772

7 
-774762 

- 

  872776 

5 
72147

47 

77867

1 
-774778 

- 87771

5 
- 872727 

3- fra 

Regr. 

No. 
a0 

a1 

(fra) 

a2 

(T) 

a3 

(Pe) 

a4 

(Age) 

a5 

(fcub) 
C.C* 

1 4687787 872628 -775471 -87877 878577 872465 872677 

2 5477786 777847 -775477 -87877 878412 - 872677 

3 5617767 777877 -775472 -87877 - - 872687 

4 5617767 777875 -775577 - 878412 - 872418 

5 5278785 777812 -775575 - - - 872458 

 

4- Eca 

Regr. 

No. 
a0 

a1 

(Ecb) 

a2 

(T) 

a3 

(Pe) 

a4 

(Age) 

a 5 

(fcub) 
C.C* 

1 
676724

2 
77287 -77777 -87748 

878415 87145

7 

87251

7 

2 
747171

8 
77768 -77774 -87748 

878547 
- 

87251

2 
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3 
677777

1 
77582 -77775 -87748 

- 
- 

87264

2 

4 
272177

7 
77747 -77775 - 

878546 
- 

87272

1 

5 
621578

7 
77421 -77776 - 

- 
- 

87277

8 

 

* C.C … Coefficient of Correlation. 

From Table [4-75], the following equations could be used to estimate the 

corresponding values with good coefficient correlation and fewer variables 

introduced in them.         

 
403.0275.0011.1

)..()()(394.2 VPUTff cubcua

          ---------.(4-6) 

118.0418.1064.1
)()()(32.1974 AgeTff sbsa

            ---------(4-1) 

554.1208.1
)()(05.5980
 Tff rbra                           ---------(4-7) 

837.1497.1
)()(02.6975
 TEE cbca                       ---------(4-2)  

 

 

4–10 Load – Deflection Behavior 
 

4–10–1 Introduction 

The deflection which occurs immediately upon application of the load is 

called short-term deflection or instantaneous deflection. The principal factors 

that influence this type of deflection are the magnitude and distribution of the 

load, span and conditions of end restraint, section properties including steel 

percentage and material properties.
 (77)     
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To study the influence of fire flame on the immediate deflection, twelve 

rectangular beams of 011-mm width, 051-mm depth and 0111-mm length 

were tested in flexure. Two series of beams were cast with same mix proportion 

of series A and B. Two control beams were tested for each series without 

exposure to fire, the others were subjected to fire flame at the age of 01 and 01 

days with temperature level of 511˚C and 611˚C for 0 hour period of 

exposure. The properties of the reinforced concrete beams are shown in Table 

[4-06]. 

4-01-2 Ultimate Moment Strength 
 

 

 

One-point load on simply supported beams gives only one section of 

maximum stresses, this occurs under the point load as shown in Plate [4-0]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Plate [4-0]: Beam under testing 
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The theoretical ultimate strengths of beams which were calculated 

according to ACI-Code 
(66)

 by using Equation (4-00) and according to CP001 

(28)
 by using Equation (4-06) are shown in Table (4-06). 

The ACI- Code nominal moment equation is:- 
















c

y

yn
f

f
.bdfM 5901

2                       -----------------.(4-01) 

The ultimate moment Mu (for design) is : 

Mu =  nM   ,  90.0    

           











c

y

u
f

f
bdM  59.01

2                                -----------------(4-00) 

where   cuc ff 85.0  

The CP-001 ultimate moment equations are: - 

AsZfM yu 87.0                                              -----------------(4-08) 

 dZ
bd.fcu

Asf. y11
1                                    ----------------- (4-00) 

By eliminating the safety factors, 

bf.

Asf
dZ

cu

y

341
                                          ------------------(4-04) 

AsZfM yn                     -----------------(4-05) 











bf

Asf
dAsfM

cu

y

yu
34.1

87.0                            -----------------.(4-06) 

 

Table [4-01]: Measured and calculated ultimate moment strengths 

 

Series Beam 
No. 

Temp 
(˚ C ) 

Age 
(days) 

 

Experimental 
Mu 

(kN.m) 

Calculated 
Mu 

(kN.m) 

Ratio 

(0)/(2) 

Ratio 

(0 )/(3) 



Chapter Four                                                     Results and 
Discussions 

 66 

(0 ) ACI 
(2) 

CP001 
(3 ) 

A A0 85 01 00.58 6.21 6.42 0.60 0.62 

A4 85 01 00.00 6.00 6.61 0.65 0.20 

B B0 85 01 08.60 6.12 6.60 0.65 0.20 

B4 85 01 00.64 6.80 6.00 0.00 0.00 

 

It can be noticed that the ACI Code method predicts the values of ultimate 

moment strengths very close to CP001 method. But both methods underestimate 

the actual ultimate moment strength of beam (for conservative design). The ratio 

of experimental to calculated ultimate moment of the beam ranged from (0.60) 

to (0.00) with an average value of (0.62) when the calculations were based on 

ACI- Code equations and ranged from (0.62) to (0.00) with an average value of 

(0.25) when the calculations were based on CP001 equations. The calculated 

theoretical values are lower than the experimental values due to the considerable 

residual capacity of the section beyond reaching concrete and steel to yielding, 

 4-01-3 Deflection 

         Single load was applied at midspan because of the limitation of the 

machine available, which did not permit the application of two-point load to get 

pure constant moment region. The deflection were recorded at each stage of 

loading, the load at the first visible crack and at failure were recorded. 

4-01-3-0 Deflection before exposure to fire flame 

         The failure load of the reference beams (A0, A4, B0 and B4) was divided 

by (0.6) to calculate the service load. A comparison of the measured and 
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computed midspan deflection of the beams at service load according to ACI 

Code and BS code are shown in Table [4-02]. An example of the calculation of 

deflection is given in Appendix B.  

 

 

      Table [4-01]: Measured and calculated service load deflection                                   
                            at mid-span of the beam.  

 

Series Beam 
No. 

Temp. 
(˚ C ) 

Service 
Load 
(kN) 

 

Experimental 
deflection 

(mm) 
(0 ) 

Calculated 
deflection 

(mm) 

Ratio 

(0)/(2) 

Ratio 

(0 )/(3) 

ACI 
(2) 

CP001 
(3 ) 

A A1 85 08.11 0.01 0.28 0.61 0.14 0.08 

A4 85 00.60 0.28 0.00 0.21 1.05 0.10 

B B0 85 04.45 0.60 0.01 0.60 1.01 0.11 

B4 85 02.00 0.60 8.15 0.04 1.24 1.20 

  

The ratio of the measured deflection to the calculated service load 

deflection of the beams ranged from (0014) to (1014) with an average value of 

(10.3) when the calculations were based on ACI- Code and ranged from (0002) to 

(101.) with an average value of (001) when the calculations were based on 

CP001–Code. It can be concluded that CP001 procedure gives comparable 

results to the measured values for all beams. This behavior was due to the fact 

that as the load increases, the section of the beam become closer to the partially 

cracked section used in CP001 calculations. 

4-01-0-8 The effect of fire flame on the reinforcing steel bars 
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The effect of fire flame on the properties of reinforcing steel bar was 

summarized in Table [4-0.]. At 511˚C, both burning and subsequent cooling did 

not affect the mechanical properties of the reinforcing steel bars, but the effect 

was observed at 111˚C. The residual in the yield stress was (138) and in the 

ultimate stress (64028) for the bar of 1 mm diameter .But for the bar of 01 mm 

diameter the residual in yield stress was (14058) and the ultimate stress was 

(15018). The modulus of elasticity was not affected by burning and cooling at all 

range of temperatures. Similar behavior was observed by others
 (02, 05)

 . 

 

Table [4-0.]: The effect of fire flame on properties of steel bars 

 

Bar 
diameter 

(mm) 

Exposure 
Temp. 
(˚C ) 

Yield 
stress 
Nlmm

2 

Residual 
Stress 

% 

Ultimate 
Stress 

N/mm2 

Residual 
Stress 

% 

Modulus 
of 

elasticity 
Es  

Residual 
% 

1010 

85 461 011 660 011 801 011 

511 461 011 660 011 801 011 

611 020.

2 

20 552.8 24.8 801 011 

01 

85 461.

0 

011 601.5 011 801 011 

511 461.

0 

011 601.5 011 801 011 
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611 006.

4 

24.5 508.4 25.2 801 011 

 
 
4-01-3-3 Deflection after burning by fire flame 

 

 The test results were summarized in Table [4-81] and the relation between 

the load and deflection were illustrated in figures from (4-52) to (4-60). After the 

beams were subjected to fire flame, two types of cracks developed, the first was 

thermal cracks appearing in a honeycomb fashion all over the surface. They 

originated from top or bottoms edges and terminated near the mid-depth of the 

beam. The crack width was about (0-mm). The patterns of fine cracks were 

consistent with the release of moisture being greater in the outer layers than in 

the interior resulting in differential shrinkage. The second cracks were flexural 

tensile cracking due to loading developed in the mid-span region. 

At 511 ˚C, (a)- for 01 days age and 0.1 hour period of exposure, first crack 

and yield stress in steel were observed at load (00.01) and (26.o%) from the 

ultimate load respectively for beam A8 and (00.61) and (26.61) from the ultimate 

load for beam B8. (b)- for 01 days age and 0.1 hour period of exposure, first 

crack and yield stress in steel were observed at load ( 05.51) and (20.41) from the 

ultimate load for beam A5 and (00.11) and (22.41) for the beam B5.  

At 611 ˚C, (a)- for 01 days age and 0.1 hour period of exposure, first crack 

and yield stress in steel were noticed at load (2.51) and (26.01) from the ultimate 

load for beam A0 and (0.581) and (22.01) from the ultimate load for beam B0. 

(b)- for 01 days age and 0.1 hour period of exposure, first crack and yield stress 
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in steel were observed at load ( 0.561) and (26.01) from the ultimate load for 

beam A6 and (2.681) and (20.11) for the beam B6.  
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Fig [ 4-51] : Load-deflection behavior for the beams of series A- 

01 days after exposure to fire flame at 0.1 hour  

                                                   exposure  

Beam             T (˚C) 
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Fig [4-5.]: Load-deflection behavior for the beams of series A-01  

                  days after exposure to fire flame at 0.1 hour 
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Fig [ 4-61] : load-deflection behavior for the beams of series B- 
01 days after exposure to fire flame at 0.1 hour    

                                                   exposure  
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Fig [ 4-60]: Load-deflection behavior for the beams of series B- 
01 days after exposure to fire flame at 0.1 hour  
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The ability to predict the residual strength of a member following a fire is 

essential in the process of establishing whether and to what extent a fire 

damaged structure could be reinstated . A procedure for this purpose was 

applied to the beams tested in this work  and the results are given in Table [4-

80]. This procedure is similar to that proposed by Malhotra
 (20 )

 and used by Khan 

and Royles
(51)

 for fire resistance computations. 

On the basis of a limiting deflection an experimental value for the 

reduced moment of resistance of a test beam after a particular fire exposure was 

determined from the load-deflection data, Figures (4-52) to (4-60) as now 

explained. 

0- The ultimate load, Pu and its associated deflection , u for the 

unexposed condition , fT 85 ˚C were found. 

8- Using the curve appropriate to the fire exposure, a load, P , 

corresponding to u  was established. 

0- The reduced moment of resistance , M  , was evaluated from, 

 

A typical calculation is given in an example in Appendix C. The 

experimental and predicted values for the reduced moment resistance are 

compared in Table [4-80] .The results of the unexposed beams to fire  agreed 

with the results of  Khan and Royles but differed when the beams exposed to 

high temperatures  because they used different reduction factors 
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               Table [4-20]: Comparison of experimental and theoretical                     

                   reduced moment of resistance
(51) 

 

Series Beam 

No. 

Age 

(days) 

Temp
. 

(˚C) 

Moment (kN. m) 

Experimental Theoretical 

A 

A0 01 85 00.58 0.42 

A8 01 511 6.81 2.46 

A0 01 611 5.41 5.54 

A4 01 85 00.01 01.00 

A5 01 511 2.00 2.46 

A6 01 611 4.82 6.24 

B 

B0 01 85 08.00 00.62 

B8 01 511 01.84 2.60 

B0 01 611 0.84 6.22 

B4 01 85 00.64 00.00 

B5 01 511 08.60 01.66 

B6 01 611 00.85 2.01 
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4-5  Modulus of Rupture  
 

The test results of flexural strength of the two series are gives in Tables 

[4-7] and [4-8]. Figures [4-66] to [4-69] and [4-03] to [4-00] show the 

relationship between residual flexural strength and the fire flame temperatures 

for series A and B respectively. The residual flexural strength (fra) after burning 

at different temperatures is expressed as a ratio fra / frb where frb is the flexural 

strength of concrete at the same age without burning. 

 
 

Table [4-7]: Test values of the modulus of rupture of concrete  
                 specimens of series-A- after exposure to fire flame 

temperatures. 
 

Ratios 
fra /frb 

Modulus of Rupture (MPa) 
Period of 
Exposure 

(hours) 

Age at 
Exposure 

(days) 

Temperature ºC 

4/4 
(7) 

1/4 
(6) 

1/4 
(5) 

077 
(4) 

577 
(0) 

477 
(6) 

15 
(1) 

3304 3349 3374 1366 1386 6375 

0371 

335 

17 
3301 3354 3376 1315 6333 6367 133 

3366 3346 3375 3396 1371 6378 135 

3360 3346 3371 3385 1356 6360 633 

3307 3354 3376 1356 6361 0316 

4313 

335 

67 
3300 3351 3374 1305 6339 0330 133 

3368 3349 3375 1315 6331 0338 135 

3366 3345 3370 1337 1385 6399 633 

3308 3358 3377 1360 6348 0303 

4368 

335 

07 
3306 3356 3376 1307 6343 0365 133 

3301 3348 3374 1300 1395 0317 135 

3300 3347 3376 1341 6331 0338 633 

 

  fra     = Modulus of rupture after exposure to fire flame 

  frb    = Modulus of rupture before exposure to fire flame 
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  Table [4-8 ]:Test values of the modulus of rupture of concrete  

                        specimens of series-B- after exposure to fire flame                      
                                                  temperatures. 

 

 Ratios 

rb/ra ff  
Modulus of Rupture (MPa) 

Period of 
Exposure 

(hours) 

Age at 
Exposure 

(days) 

Temperature ºC 

4/4 
(7) 

1/4 
(6) 

1/4 
(5) 

077 
(4) 

577 
(0) 

477 
(6) 

15 
(1) 

3307 3350 3371 1357 6304 0314 

4346 

335 

17 
3304 3353 3376 1353 6361 0318 133 

3368 3347 3376 1364 6338 0306 135 

3366 3340 3371 3397 1393 0314 633 

3343 3356 3370 1398 6377 0361 

4395 

335 

67 
3300 3354 3371 1360 6367 0351 133 

3303 3351 3376 1.49 6356 0376 135 

3365 3346 3370 1364 6368 0361 633 

3341 3363 3378 6315 0315 4313 

5365 

335 

07 
3306 3358 3379 1389 0335 4315 133 

3369 3350 3376 1356 6378 0399 135 

3306 3353 3374 1368 6360 0389 633 

  

  fra     = Modulus of Rupture after exposure to fire flame 

  frb    = Modulus of Rupture before exposure to fire flame 
 

At 433ºC the residual flexural strengths were in the range of   (71 – 77 %) 

for series A, while series B showed a residual flexural strength of order         

(71–79 %).  

At 533ºC the specimens exhibited a loss of flexural strength, the residual 

flexural strengths were (46 – 58 %) for series A and  (48- 63 %) for series B. 

Hair-cracks and pink color were observed in the prisms. This trend is similar to 

that obtained by Habeeb.
 (68)

 A closer result was found by Purkiss,
 (46)

 that was 

43: from the original value. 

At 733ºCthe residual flexural strengths were (60 – 08 %) and  (66 – 41 %) 

for series A and series B respectively. The effect of the fire was seen to be in a 

range less than that obtained by Asa’ad 
(51)

 and Purkiss
 (46)

 .   These results may 
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are attributed to less homogeneity of the heat in stoves than the heat in the 

furnace especially at temperature more than 533˚C. 
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Fig (4-28) The  effect  of fire  flame  on  the
                  modulus of rupture of  series -A 
                  at 1.5 hours period of exposure.
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Fig.(4-29) The effect of fire  flame on  the 
                 modulus of rupture of  series-A 
                 at 2.0 hours period of exposure.
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Fig.(4-26) The  effect of  fire  flame on the 
                 modulus of rupture of series-A
                 at 0.5 hour period of exposure.
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Fig.(4-27) The effect of fire flame on the 
                 modulusof rupture of series -A
                 at 1.0 hour period of exposure
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Fig.(4-32) The  effect of  fire flame  on  the  
                 modulus of rupture of series -B 
                 at1.5 hours period of exposure.
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Fig (4-33) The  effect  of  fire flame  on  the
                  modulus of rupture of  series -B 
                  at 2.0 hours period of exposure.
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Fig.(4-31) The  effect of fire  flame  on the
                  modulus of rupture of series -B
                  at 1.0 hour period of exposure.
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Fig.(4-30) The  effect of  fire flame on  the 
                 modulus of rupture of series -B 
                 at 0.5 hour period of exposure.
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4-6 Modulus of Elasticity  
 

Test results of the modulus of elasticity are summarized in Tables  [4-9] 

and [4-13] for mix A and mix B respectively. Figures [4-04] to   [4-07] and [4-

08] to [4-41] illustrate the relationship between the residual modulus of 

elasticity and fire flame exposure temperatures for series A and series B 

respectively. 

From the figures, it can be seen that the test results for Ec somewhat is 

similar to the pattern of compressive strength and flexural strength, but with 

reduction values which is more than the compressive and flexural strength at fire 

flame temperatures. 

 

Table [4-0]: Test values of the modulus of elasticity of concrete  

                               specimens of series-A- after exposure to fire flame  

                                                          temperatures. 

  Ratios 
Eca /Ecb 

Modulus of elasticity(GPa) 
Period of 
Exposure 

(hours) 

Age at 
exposure 

(days) 

Temperature ºC 

4/4 
(7) 

1/4 
(6) 

1/4 
(5) 

077 
(4) 

577 
(0) 

477 
(6) 

15 
(1) 

3364 3341 3364 36313 13341 16366 

65343 

335 

17 
3363 3346 3368 35338 13367 17367 133 

3318 3308 3363 34357 9365 15364 135 

3316 3305 3355 34336 8389 10397 633 

3365 3346 3367 36388 11355 18340 

67351 

335 

67 
3360 3345 3373 36300 16308 19366 133 

3361 3309 3360 35378 13370 17300 135 

3318 3304 3358 34395 9305 15396 633 

3303 3340 3371 38360 16306 63341 

68375 

335 

07 
3367 3345 3369 37376 14308 19384 133 

3366 3343 3364 36300 11353 18343 135 

3363 3306 3361 35375 13305 17354 633 

 

  Eca = Modulus of elasticity after exposure to fire flame. 

  Ecb = Modulus of elasticity before exposure to fire flame. 
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Table [4-47]:Test values of the modulus of elasticity of concrete  
    specimens  of series-B- after exposure to fire flame. 

 

    Ratios 
Eca /Ecb 

Modulus of elasticity(GPa) 
Period of 
exposure 
(hours) 

Age at 
exposure 

(days) 

Temperature ºC 

4/4 
(7) 

1/4 
(6) 

1/4 
(5) 

077 
(4) 

577 
(0) 

477 
(6) 

15 
(1) 

3366 3345 3369 38306 14347 66318 

06315 

335 

17 
3361 3346 3367 36375 10353 61354 133 

3319 3341 3361 36311 10318 19.46 135 

3316 3307 3357 35314 11393 18300 633 

3303 3348 3376 13330 16336 64339 

00346 

335 

67 
3368 3346 3368 39307 15309 66375 133 

3360 3346 3360 37373 14335 61338 135 

3318 3308 3359 36336 16371 19374 633 

3304 3351 3370 11381 17376 65306 

04374 

335 

07 
3309 3347 3375 10359 16306 66336 133 

3364 3346 3365 38304 14359 66358 135 

3361 3309 3363 37303 10355 63384 633 

    
      Eca = Modulus of elasticity after exposure to fire flame. 

       Ecb = Modulus of elasticity before exposure to fire flame. 
 

At 433ºC, there was a significant reduction in the modulus of elasticity 

due to the effect of fire flame. The residual modulus of elasticity was              

(55 – 71 %) and (57 – 75 %) for series A and B respectively. Similar results 

were obtained by Schenider,
(76)

Fahmi and Ibrahim
(77)

.  At 533ºC, there was a 

sharp reduction in Ec values for both series and the residual of modulus of 

elasticity was (04 – 45 %) for series A and (07 – 51:) for series B. These results 

confirmed with Lankard et al
 (78)

, Schneider
 (76)

, Fahmi and Ibrahim
 (77)

.  

At 733ºC, the residual modulus of elasticity was (16 – 03 %) and         

(16 – 04 %) for series A and series B respectively. Similar results were reported 

by Castello and Durani
 (63)

 and Schneider
 (76)

.      
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Fig.(4-34 ) The effect  of  fire  flame  on  the 
                   modulus of elasticity of Series-A-
                   at 0.5 houre period of exposure.
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Fig.(4-35) The  effect of  fire  flame on the
                 modulus of  elasticity  of  series
                 A at 1.0 hour period of exposure
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Fig.(4- 36) The  effect  of  fire  flame  on  the 
                  modulus of elasticity of Series- A- 
                  at 1.5 hours period of exposure.
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Fig.(4-37) The  effect of fire  flame  on the 
                 modulus of elasticity of series-A 
                 at 2.0 hours period of exposure.
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Fig.(4- 38)  The  effect of  fire  flame  on  the
                   modulus of elasticity of Series- B
                    at 0.5  hour  priod of  exposure.
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Fig.(4- 39) The  effect of  fire  flame  on  the 
                  modulus of elasticity of Series- B
                  at 1.0 hour  period of exposure.
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Fig.(4-41) The  effect  of  fire  flame on  the 
                 modulus of elasticity of Series- B
                 at 2.0 hours period of exposure.
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Fig.(4-40) The  effect  of  fire flame  on  the 
                 modulus of elasticity of Series- B
                 at 1.5 hours period of exposure.

The age (days)

90

60

30

   ˚ C    ˚ C 



Chapter Four                                                                                                   Results and 
Discussion 

 

 66 

 

4-7 Ultrasonic pulse velocity results (U.P.V). 
 

 The ultrasonic pulse velocity test results are presented in Tables [4-11] 

and [4-11] for series A and series B respectively. 
 

      Table [4–11]: Test values of the ultrasonic pulse velocity of   
                 concrete specimens of series -A- after exposure 

to fire flame . 
 

Ratios 
(U.P.V )a / (U.P.V)b 

(U.P.V) km/sec 
Period of 
exposure 
(hours) 

Age at 
Exposure 

(days) 

Temperature ºC 

4/1 
(7) 

1/1 
(6) 

1/1 
(5) 

777 
(4) 

077 
(6) 

477 
(1) 

10 
(1) 

1441 1451 1476 14.6 1416 6415 

4445 

145 

17 
1460 1451 1475 1474 1417 6464 141 

1465 1445 1471 1456 1411 6416 145 

1466 1441 1476 1447 14.6 6415 141 

1446 1451 1476 1401 1461 6441 

444. 

145 

07 
146. 1451 1474 1471 1414 6461 141 

1464 1447 1476 1451 1411 6417 145 

1465 1446 1471 1457 1401 641. 141 

1446 1454 1477 1417 1446 6440 

4440 

145 

97 
1441 1456 1476 14.4 146. 6441 141 

146. 1440 1475 1471 1411 6467 145 

1466 1446 1476 1461 1417 641. 141 

 

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

     (U.P.V)b = Ultrasonic pulse velocity before exposure to fire flame . 
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       Table [4-11]: Test values of the ultrasonic pulse velocity of  
                concrete  specimens of series-B- after exposure 

to fire flame temperatures. 
 

Ratios 
(U.P.V )a / (U.P.V)b 

(U.P.V) km/sec 
Period of 
exposure 
(hours) 

Age at 
exposure 

(days) 

Temperature ºC 

4/1 
(7) 

1/1 
(6) 

1/1 
(5) 

777 
(4) 

077 
(6) 

477 
(1) 

10 
(1) 

1445 1461 1471 1410 147. 6415 

4464 

145 

17 
1441 1456 1477 1401 1461 6457 141 

146. 1.51 1471 1476 1467 6464 145 

1461 1440 1476 144. 1476 6460 141 

1440 1461 14.1 141. 1401 6476 

4466 

145 

07 
1445 1457 147. 1411 1466 6466 141 

1441 1454 1471 14.6 1451 6465 145 

1464 1456 1475 145. 1461 6440 141 

1451 1466 14.1 146. 1404 64.6 

4467 

145 

97 
1446 1461 147. 1411 14.1 6464 141 

1446 1456 1476 1415 1461 6455 145 

1465 1457 1477 1464 1466 6461 141 

           

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

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

 

Figures [4-41] to [4-45] and [4-46] to [4-40] show the relationship 

between the residual ultrasonic pulse velocity and the fire flame temperatures. 

It can be seen from figures that the reductions in the ultrasonic pulse velocity 

after exposure to fire flame were as follow: - 

At 411ºC, the reduction in (U.P.V) was (16 – 10 %) for series A and 

(1. – 1. %) for series B. Similar results were observed by Logothetis and 

Economou 
(60)     

 

At 511ºC the reduction was (46 – 50 %) for series A and (67 – 51 %) 

for series B . These results agreed with the results found by Habeeb
(1. )

, which 

were  (41 – 45 %) . Essa
 (45)

 result showed that the reduction in (U.P.V) at the 

same temperature was (60 – 56 %). At 711ºC, the reduction in (U.P.V) was 
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(54 – 77 %) for series A and (40 – 6. %) for series B. Purkiss 
(46)

 reported that 

the reduction in (U.P.V) at this temperature was 717. 
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Fig.(4-44) The  effect of  fire  flame  on  the 
                 ultrasonic pulse velocity of series
                 A at 1.5 hours eriod of exposure.
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Fig.(4-45) The  effect of  fire  flame  on  the 
                ultrasonic pulse velocity of series
               A at 2.0 hours period of exposure.
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Fig.(4-42) The  effect  of fire  flame  on  the 
                ultrasonic pulse velosity of series
                 A -at 0.5 hour period of exposure.
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Fig.(4-43) The  effect of  fire  flame  on  the 
                 ultrasonic pulse velocity of series
                A- at 1.0 hour period of exposure.
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Fig.(4-46) The  effect  of  fire  flame on  the 
                 ultrasonic pulse velocity of series
                  B at 0.5 hour period of exposure.
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Fig.(4-47) The  effect  of  fire  flame  on  the
                 ultrasonic pulse vlocity of series
                 B at 1.0 hour period of exposure.
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Fig.(4-48)The  effect  of  fire  flame  on  the 
                ultrasonic pulse velocity of series
                B at 1.5 hours period of exposure.
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Fig.(4-49) The  effect  of  fire  flame on  the
                 ultrasonic pulse velocity of series
                 B at 2.0 hours period of exposure.
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4-8 Surface Hardness Results 
 

Surface hardness of the concrete cubes was assessed by the “ Schmidt 

rebound hammer ”. Tables [4-16] and [4-14] show the results of the rebound 

number for the concrete specimens of the two series before and after exposure 

to fire flame. 

  

           Table [4-11]: Test values of the rebound number of concrete   
                specimens of series-A-after  exposure to fire flame  

temperatures. 
 

Ratios 
RNa / RNb 

Rebound number 
Period of 
exposure 
(hours) 

Age at 
exposure 

(days) 

Temperature ºC 

4/1 
(7) 

1/1 
(6) 

1/1 
(5) 

777 
(4) 

077 
(6) 

477 
(1) 

10 
(1) 

1465 1..1 14.4 1141 1545 1641 

61 

145 

17 
1460 147. 14.7 1144 1441 1741 141 

1464 14.1 14.7 104. 1544 1741 145 

1461 1476 14.4 1041 1146 1641 141 

1467 14.4 14.7 1144 1741 1.41 

61 

145 

07 
1471 147. 14.7 1147 1541 174. 141 

1467 14.1 14.0 1144 1546 1.45 1.5 

1465 1475 14.6 1141 1441 1646 141 

1471 14.1 14.. 164. 1741 6141 

64 

145 

97 
146. 14.1 14.6 1641 1745 6146 141 

1460 14.1 1401 1645 1.41 6146 145 

1466 1476 14.5 1145 1641 1041 141 

  
   RN a = Rebound number after exposure to fire flame. 

    RN b = Rebound number before exposure to fire flame 
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        Table [ 4 -14 ]: Test values of the rebound number of concrete    
     specimens  of  series -B-  after exposure to fire 

flame temperatures. 

 

Ratios 
RNa / RNb 

Rebound number 
Period of 
Exposure 

(hours) 

Age at 
exposure 

(days) 

Temperature ºC 

4/1 
(7) 

1/1 
(6) 

1/1 
(5) 

777 
(4) 

077 
(6) 

477 
(1) 

10 
(1) 

1471 14.1 14.6 1445 1.41 6141 

65 

145 

17 
146. 14.1 14.7 164. 1.47 6145 141 

1466 14.1 14.4 1141 1.41 1044 145 

1461 1477 14.6 1141 1741 1041 141 

1460 14.1 14.0 1541 1041 6141 

66 

145 

07 
1460 14.6 14.6 1641 6141 6141 141 

1475 14.1 14.7 1644 1045 6146 145 

146. 1470 14.4 1147 1.44 6141 141 

1476 14.6 1401 1747 6145 6445 

6. 

145 

97 
1471 14.4 14.. 1646 6141 6644 141 

1460 14.6 14.4 1641 61.5 6141 145 

1461 14.1 14.5 1641 6141 6146 141 

 

  RN a = Rebound number after exposure to fire flame. 

  RN b = Rebound number before exposure to fire flame. 
 

The effect of the burning by fire flame on rebound number is shown in 

Figures [4-51] to [4-56] and [4-54] to [4-57]. It can be seen that subjecting the 

concrete surface to fire causes to decrease the rebound number significantly as 

follows: - 

At 411ºC the reduction in the rebound number was (11 – 11 %) and     

(0 – 11 %) for the series A and B respectively. The tests carried out by 

Logothetis and Economou
(60)

 show that the reduction in the rebound number 

was 117. 

 At 511ºC the reduction in the rebound number was    (16 – 17 %) and 

(16 – 16 %) for series A and B respectively. Essa 
(45)

 showed that the reduction 
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in rebound number was (11 – 117) at this temperature, while Logothetis and 

Economou
(60)

 showed that  the reduction in rebound number was 11 %. 

At 711ºC the reduction in rebound number was (10 – 6. %) and       

(15- 41 %) for series A and B respectively, while Logothetis and 

Economou
(60)

showed that the reduction was 417 at the same temperature. The 

decrease in the rebound number with increase in temperature can be attributed 

to the fact that fire causes damage to the surface of concrete rather than to 

concrete in the core of the member. 
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Fig.(4-50) The effect of  fire flame on the
                 rebound number of series - A-
                 at 0.5 hour period of exposure.
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Fig.(4-51) The effect of  fire flame on the
                 rebound  number of series  -A- 
                 at 1.0 hour period of exposure.
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Fig.(4-52) The effect of  fire flame on  the
                 rebound umber of series -A- at 
                  1.5 hours period of exposure.
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Fig.(4-53) The effect of fire flame on the 
                 rebound number of series-A- at 
                  2.0 hours period of exposure
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4-7 Ultrasonic pulse velocity results (U.P.V). 
 

 The ultrasonic pulse velocity test results are presented in Tables [4-11] 

and [4-11] for series A and series B respectively. 
 

      Table [4–11]: Test values of the ultrasonic pulse velocity of   
                 concrete specimens of series -A- after exposure 

to fire flame . 
 

Ratios 
(U.P.V )a / (U.P.V)b 

(U.P.V) km/sec 
Period of 
exposure 
(hours) 

Age at 
Exposure 

(days) 

Temperature ºC 

4/1 
(7) 

1/1 
(6) 

1/1 
(5) 

777 
(4) 

077 
(6) 

477 
(1) 

10 
(1) 

1441 1451 1476 14.6 1416 6415 

4445 

145 

17 
1460 1451 1475 1474 1417 6464 141 

1465 1445 1471 1456 1411 6416 145 

1466 1441 1476 1447 14.6 6415 141 

1446 1451 1476 1401 1461 6441 

444. 

145 

07 
146. 1451 1474 1471 1414 6461 141 

1464 1447 1476 1451 1411 6417 145 

1465 1446 1471 1457 1401 641. 141 

1446 1454 1477 1417 1446 6440 

4440 

145 

97 
1441 1456 1476 14.4 146. 6441 141 

146. 1440 1475 1471 1411 6467 145 

1466 1446 1476 1461 1417 641. 141 

 

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

     (U.P.V)b = Ultrasonic pulse velocity before exposure to fire flame . 
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       Table [4-11]: Test values of the ultrasonic pulse velocity of  
                concrete  specimens of series-B- after exposure 

to fire flame temperatures. 
 

Ratios 
(U.P.V )a / (U.P.V)b 

(U.P.V) km/sec 
Period of 
exposure 
(hours) 

Age at 
exposure 

(days) 

Temperature ºC 

4/1 
(7) 

1/1 
(6) 

1/1 
(5) 

777 
(4) 

077 
(6) 

477 
(1) 

10 
(1) 

1445 1461 1471 1410 147. 6415 

4464 

145 

17 
1441 1456 1477 1401 1461 6457 141 

146. 1.51 1471 1476 1467 6464 145 

1461 1440 1476 144. 1476 6460 141 

1440 1461 14.1 141. 1401 6476 

4466 

145 

07 
1445 1457 147. 1411 1466 6466 141 

1441 1454 1471 14.6 1451 6465 145 

1464 1456 1475 145. 1461 6440 141 

1451 1466 14.1 146. 1404 64.6 

4467 

145 

97 
1446 1461 147. 1411 14.1 6464 141 

1446 1456 1476 1415 1461 6455 145 

1465 1457 1477 1464 1466 6461 141 

           

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

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

 

Figures [4-41] to [4-45] and [4-46] to [4-40] show the relationship 

between the residual ultrasonic pulse velocity and the fire flame temperatures. 

It can be seen from figures that the reductions in the ultrasonic pulse velocity 

after exposure to fire flame were as follow: - 

At 411ºC, the reduction in (U.P.V) was (16 – 10 %) for series A and 

(1. – 1. %) for series B. Similar results were observed by Logothetis and 

Economou 
(60)     

 

At 511ºC the reduction was (46 – 50 %) for series A and (67 – 51 %) 

for series B . These results agreed with the results found by Habeeb
(1. )

, which 

were  (41 – 45 %) . Essa
 (45)

 result showed that the reduction in (U.P.V) at the 

same temperature was (60 – 56 %). At 711ºC, the reduction in (U.P.V) was 
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(54 – 77 %) for series A and (40 – 6. %) for series B. Purkiss 
(46)

 reported that 

the reduction in (U.P.V) at this temperature was 717. 
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Fig.(4-44) The  effect of  fire  flame  on  the 
                 ultrasonic pulse velocity of series
                 A at 1.5 hours eriod of exposure.
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Fig.(4-45) The  effect of  fire  flame  on  the 
                ultrasonic pulse velocity of series
               A at 2.0 hours period of exposure.
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Fig.(4-42) The  effect  of fire  flame  on  the 
                ultrasonic pulse velosity of series
                 A -at 0.5 hour period of exposure.

The age (days)

90

60

30

0 100 200 300 400 500 600 700 800
Temperature 

1

2

3

4

5

U
lt

ra
s

o
n

ic
 p

u
ls

e
 v

e
lo

c
it

y
 K

m
/s

e
c

Fig.(4-43) The  effect of  fire  flame  on  the 
                 ultrasonic pulse velocity of series
                A- at 1.0 hour period of exposure.
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Fig.(4-46) The  effect  of  fire  flame on  the 
                 ultrasonic pulse velocity of series
                  B at 0.5 hour period of exposure.
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Fig.(4-47) The  effect  of  fire  flame  on  the
                 ultrasonic pulse vlocity of series
                 B at 1.0 hour period of exposure.
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Fig.(4-48)The  effect  of  fire  flame  on  the 
                ultrasonic pulse velocity of series
                B at 1.5 hours period of exposure.
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Fig.(4-49) The  effect  of  fire  flame on  the
                 ultrasonic pulse velocity of series
                 B at 2.0 hours period of exposure.
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4-8 Surface Hardness Results 
 

Surface hardness of the concrete cubes was assessed by the “ Schmidt 

rebound hammer ”. Tables [4-16] and [4-14] show the results of the rebound 

number for the concrete specimens of the two series before and after exposure 

to fire flame. 

  

           Table [4-11]: Test values of the rebound number of concrete   
                specimens of series-A-after  exposure to fire flame  

temperatures. 
 

Ratios 
RNa / RNb 

Rebound number 
Period of 
exposure 
(hours) 

Age at 
exposure 

(days) 

Temperature ºC 

4/1 
(7) 

1/1 
(6) 

1/1 
(5) 

777 
(4) 

077 
(6) 

477 
(1) 

10 
(1) 

1465 1..1 14.4 1141 1545 1641 

61 

145 

17 
1460 147. 14.7 1144 1441 1741 141 

1464 14.1 14.7 104. 1544 1741 145 

1461 1476 14.4 1041 1146 1641 141 

1467 14.4 14.7 1144 1741 1.41 

61 

145 

07 
1471 147. 14.7 1147 1541 174. 141 

1467 14.1 14.0 1144 1546 1.45 1.5 

1465 1475 14.6 1141 1441 1646 141 

1471 14.1 14.. 164. 1741 6141 

64 

145 

97 
146. 14.1 14.6 1641 1745 6146 141 

1460 14.1 1401 1645 1.41 6146 145 

1466 1476 14.5 1145 1641 1041 141 

  
   RN a = Rebound number after exposure to fire flame. 

    RN b = Rebound number before exposure to fire flame 
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        Table [ 4 -14 ]: Test values of the rebound number of concrete    
     specimens  of  series -B-  after exposure to fire 

flame temperatures. 

 

Ratios 
RNa / RNb 

Rebound number 
Period of 
Exposure 

(hours) 

Age at 
exposure 

(days) 

Temperature ºC 

4/1 
(7) 

1/1 
(6) 

1/1 
(5) 

777 
(4) 

077 
(6) 

477 
(1) 

10 
(1) 

1471 14.1 14.6 1445 1.41 6141 

65 

145 

17 
146. 14.1 14.7 164. 1.47 6145 141 

1466 14.1 14.4 1141 1.41 1044 145 

1461 1477 14.6 1141 1741 1041 141 

1460 14.1 14.0 1541 1041 6141 

66 

145 

07 
1460 14.6 14.6 1641 6141 6141 141 

1475 14.1 14.7 1644 1045 6146 145 

146. 1470 14.4 1147 1.44 6141 141 

1476 14.6 1401 1747 6145 6445 

6. 

145 

97 
1471 14.4 14.. 1646 6141 6644 141 

1460 14.6 14.4 1641 61.5 6141 145 

1461 14.1 14.5 1641 6141 6146 141 

 

  RN a = Rebound number after exposure to fire flame. 

  RN b = Rebound number before exposure to fire flame. 
 

The effect of the burning by fire flame on rebound number is shown in 

Figures [4-51] to [4-56] and [4-54] to [4-57]. It can be seen that subjecting the 

concrete surface to fire causes to decrease the rebound number significantly as 

follows: - 

At 411ºC the reduction in the rebound number was (11 – 11 %) and     

(0 – 11 %) for the series A and B respectively. The tests carried out by 

Logothetis and Economou
(60)

 show that the reduction in the rebound number 

was 117. 

 At 511ºC the reduction in the rebound number was    (16 – 17 %) and 

(16 – 16 %) for series A and B respectively. Essa 
(45)

 showed that the reduction 



Chapter Four                                                                                                   Results and 
Discussion 

 

 60 

 

in rebound number was (11 – 117) at this temperature, while Logothetis and 

Economou
(60)

 showed that  the reduction in rebound number was 11 %. 

At 711ºC the reduction in rebound number was (10 – 6. %) and       

(15- 41 %) for series A and B respectively, while Logothetis and 

Economou
(60)

showed that the reduction was 417 at the same temperature. The 

decrease in the rebound number with increase in temperature can be attributed 

to the fact that fire causes damage to the surface of concrete rather than to 

concrete in the core of the member. 
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Fig.(4-50) The effect of  fire flame on the
                 rebound number of series - A-
                 at 0.5 hour period of exposure.
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Fig.(4-51) The effect of  fire flame on the
                 rebound  number of series  -A- 
                 at 1.0 hour period of exposure.
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Fig.(4-52) The effect of  fire flame on  the
                 rebound umber of series -A- at 
                  1.5 hours period of exposure.
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Fig.(4-53) The effect of fire flame on the 
                 rebound number of series-A- at 
                  2.0 hours period of exposure
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Chapter Four 
 

 

 

RESULTS AND DISCUSSIONS 

 
 

4-1 Introduction 
 

Experimental results are presented in this chapter showing the effect of 

the fire flame on some mechanical properties of concrete, such as density, 

compressive strength, splitting tensile strength, flexural strength and modulus of 

elasticity. The test results of the load-deflection relationship of reinforced 

concrete beams are presented also.  

4-2 The Density  
 

Tables [4-1] and [4-2] show the effect of the exposure to fire flame on 

the density of concrete, while Figures [4-1] to [4-3] and [4-4] to [4-8] show the 

relations between fire flame temperature and the density for series A and B 

respectively. It can be seen from these Tables and Figures that the density 

behaved as follows:- 

1- At 444ºC fire flame temperature and for all ages and all periods of 

exposure, the reduction in density ranged between (4.8 – 7.7 %) and (1.9 

– 4.5 %) for series A and B respectively if compared with the initial 

density before exposure to fire. 

2-  The reduction was (5.9 -8:) and (4 – 7.1 %) for series A and B     

respectively at 544ºC fire flame temperature. 

3-  More reduction in density took place when the fire flame temperatures 

increased.At744ºC,the reduction in density was (8–11.2:), and (8–9.6 %) for 

series A and B respectively. The loss in density of series A was 1.6: more 
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than that in density of series B.It can be observed that series B lose less 

weight than series A, which can be attributed to the less water- cement ratio 

and less evaporation of adsorbed water on interface of the gel crystals of 

hardened cement paste, also to less amount of pores and voids in series 

B.These results confirmed with that of Al-Elizzi
(18)

 , Habeeb
(28 )

 and Essa 
(45)

 

 

   Table [4-1]: Test values of the density of concrete specimens of  
     series-A- after exposure to fire flame temperatures. 

 

    Ratios 

ba  /  

Density ( kg/ m3) 
Period of 
Exposure 

(hours) 

Age at 
Exposure 

(days) 

Temperature ºC 

4/ 1 
(7) 

3/ 1 
(6) 

2/ 1 
(5) 

077 
(4) 

577 
(3) 

477 
(2) 

25 
(1) 

4.924 4.932 4.947 2139 2167 2242 

2325 

4.5 

37 
4.948 4.934 4.941 2124 2162 2188 1.4 

4.894 4.926 4.934 2479 2153 2163 1.5 

4.882 4.924 4.923 2451 2139 2148 2.4 

4.925 4.938 4.954 2149 2179 2247 

2323 

4.5 

67 
4.913 4.924 4.943 2121 2165 2194 1.4 

4.949 4.924 4.937 2112 2158 2176 1.5 

4.944 4.925 4.934 2491 2164 2169 2.4 

4.934 4.944 4.952 2158 2181 2249 

2324 

4.5 

07 
4.922 4.941 4.946 2137 2254 2195 1.4 

4.924 4.934 4.944 2134 2167 2181 1.5 

4.912 4.934 4.935 2116 2158 2169 2.4 

      

       a  The density of concrete after exposure to fire flame. 

    b  The density of concrete before exposure to fire flame     
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          Table [4-2]: Test values of the density of concrete  
                            specimens of series-B-after exposure 
                                        to fire flame temperatures. 
 
 

  Ratios 

ba  /  

Density ( kg/ m3) 
Period of 
Exposure 

(hours) 

Age at 
Exposure 

(days) 

Temperature ºC 

4/1 
(7) 

3/1 
(6) 

2/1 
(5) 

077 
(4) 

577 
(3) 

477 
(2) 

25 
(1) 

4.926 4.943 4.974 2242 2244 2347 

2378 

4.5 

37 
4.919 4.937 4.965 2185 2228 2295 1.4 

4.914 4.935 4.959 2164 2228 2282 1.5 

4.944 4.929 4.955 2154 2249 2271 2.4 

4.931 4.954 4.974 2212 2259 2316 

2376 

4.5 

67 
4.918 4.946 4.969 2181 2254 2342 1.4 

4.915 4.942 4.963 2174 2239 2294 1.5 

4.914 4.938 4.965 2162 2218 2293 2.4 

4.944 4.964 4.981 2233 2284 2332 

2375 

4.5 

07 
4.929 4.958 4.977 2246 2275 2324 1.4 

4.924 4.954 4.973 2195 2267 2312 1.5 

4.924 4.951 4.968 2185 2264 2344 2.4 

 

  a The density of concrete after exposure to fire flame. 

  b The density of concrete before exposure to fire flame. 
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Fig.(4-2) The effect of  fire flame on the               
               density of series-A at 1.0 hour 
                          period of exposure.
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        Fig.[4-1]  The effect of fire flame on the 
                       density of series-A at 0.5 hour
                              period of exposure.
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Fig.(4-3)  The effect of fire flame on the 
               density of series-A at 1.5 hours 
                        period of exposure.
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Fig.(4-5) The effect of fire flame on the 
              density of series-B at 0.5 hour
                        period of exposure. 
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Fig.(4-6) The effect of fire flame on  the 
               density of series-B at 1.0 hour
                        peroid of exposure.
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Fig.(4-7) The  effect of fire flame on  the
              density of series-B at 1.5 hours 
                      period of exposure.

0 100 200 300 400 500 600 700 800
Temperature 

2100

2150

2200

2250

2300

2350

2400

D
e

n
s

it
y

  
K

g
/m

3

The age(days)

90

60

30

Fig.(4-8) The effect of the fireflame on the
               density of series -B-at 2.0 hours 
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4-3  Compressive Strength 
 

The compressive strength results are summarized in Tables [4-3] and [4-

4] for both series A and B respectively, while Figures [4-9] to [4-16] show the 

relation between compressive strengths and fire flame temperatures for both 

series A and B respectively. 

 

Table [4-3]: Test values of compressive strength of concrete    
       specimens of series -A- after exposure to fire flame 

temperatures. 
 

Type of 
Cooling 

  Ratios 
fcu a /fub 

Compressive Strength (MPa) 
Period of 
Exposure 

(hours) 

Age at 
Exposure 

(days) 

Temperature ºC 

4/1 
(7) 

3/1 
(6) 

2/1 
(5) 

077 
(4) 

577 
(3) 

477 
(2) 

25 
(1) 

Air 4.53 4.67 4.73 16.17 24.43 22.57 

34.54 

4.5 

37 

Water 4.46 4.62 4.74 14.43 18.91 21.35 

Air 4.47 4.63 4.74 14.34 19.22 22.57 
1.4 

Water 4.42 4.58 4.74 12.81 17.69 21.35 

Air 4.45 4.64 4.71 13.73 18.34 21.66 
1.5 

Water 4.36 4.54 4.66 14.98 16.47 24.13 

Air 4.43 4.59 4.75 13.12 18.44 22.88 
2.4 

Water 4.33 4.52 4.69 14.47 15.86 21.45 

Air 4.55 4.71 4.79 18.77 24.23 26.95 

34.12 

4.5 

67 

Water 4.54 4.67 4.75 17.46 22.86 25.59 

Air 4.51 4.66 4.76 17.44 22.52 25.93 
1.4 

Water 4.46 4.61 4.71 15.69 24.81 24.23 

Air 4.48 4.62 4.84 16.38 21.15 27.34 
1.5 

Water 4.43 4.58 4.74 14.67 19.79 25.25 

Air 4.45 4.64 4.77 15.35 24.47 26.27 
2.4 

Water 4.44 4.54 4.71 13.65 18.42 24.23 

Air 4.64 4.75 4.83 22.39 27.98 34.97 

37.31 

4.5 

07 

Water 4.55 4.74 4.84 24.52 26.12 29.85 

Air 4.54 4.69 4.84 24.15 25.74 29.85 
1.4 

Water 4.48 4.63 4.76 17.91 23.51 28.36 

Air 4.54 4.64 4.78 18.66 23.88 29.14 
1.5 

Water 4.45 4.58 4.74 16.79 21.64 27.61 

Air 4.48 4.61 4.79 17.94 22.76 29.47 
2.4 

Water 4.42 4.54 4.73 15.67 24.15 27.24 

     

         fcua = Compressive strength (cube) after exposure to fire flame. 

       fcub = Compressive strength (cube) before exposure to fire flame. 
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         Table [ 4-4 ] :Test values of compressive strength of concrete  
                                  specimens of series- B- after exposure to fire    
                                                     flame temperatures. 

 
 

Type of 
Cooling 

Ratios 
fcu a /fcub 

Compressive Strength (MPa) 
Period of 
Exposure 

(hours) 

Age at 
Exposure 

(days) 

Temperature ºC 

4/1 
(7) 

3/1 
(6) 

2/1 
(5) 

077 
(4) 

577 
(3) 

477 
(2) 

25 
(1) 

Air 4.58 4.69 4.74 23.95 28.54 28.91 

41.34 

4.5 

37 

Water 4.52 4.65 4.67 21.48 26.85 27.67 

Air 4.54 4.65 4.78 24.65 26.85 32.21 
1.4 

Water 4.44 4.62 4.75 18.17 25.61 34.98 

Air 4.46 4.63 4.75 19.44 26.42 34.98 
1.5 

Water 4.38 4.59 4.74 15.69 24.37 34.56 

Air 4.43 4.61 4.76 17.76 25.19 31.39 
2.4 

Water 4.35 4.55 4.71 14.46 22.72 29.32 

Air 4.64 4.74 4.81 27.44 33.41 36.57 

45.15 

4.5 

67 

Water 4.54 4.74 4.77 24.38 31.61 34.77 

Air 4.53 4.74 4.78 23.93 31.61 35.22 
1.4 

Water 4.48 4.66 4.74 21.67 29.74 33.41 

Air 4.54 4.65 4.76 22.58 29.35 34.31 
1.5 

Water 4.45 4.64 4.73 24.32 27.49 32.96 

Air 4.44 4.62 4.79 19.87 27.99 35.67 
2.4 

Water 4.39 4.58 4.77 17.61 26.19 34.77 

Air 4.62 4.78 4.86 29.88 37.64 41.45 

48.24 

4.5 

07 

Water 4.56 4.75 4.82 26.99 36.15 39.52 

Air 4.57 4.75 4.81 27.47 36.15 39.44 
1.4 

Water 4.53 4.71 4.78 25.55 24.22 37.64 

Air 4.52 4.74 4.78 25.46 33.74 37.64 
1.5 

Water 4.48 4.65 4.74 23.14 31.33 35.67 

Air 4.48 4.64 4.76 23.14 34.85 36.63 
2.4 

Water 4.42 459 4.73 24.24 28.44 35.19 

             
                   fcua = Compressive strength (cube) after exposure to fire flame.  

             fcub = Compressive strength (cube) before exposure to fire flame. 
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4-3-1 Air- Cooling 

 The residual compressive strength values were found for the two series 

exposed to 444ºC-fire flame temperature and for ages 34, 64,and 94 days and 

for all periods of exposure. The percentage of the residual compressive strengths 

was (74 – 83 %) for series A and (74 – 85 %) for series B, for all periods of 

exposure. Surface cracks of about (1mm) width took place on the concrete 

specimens. These results agreed with that obtained by other investigators, 

Neville and Brooks
 (38)

 result was 85:, Collet and Tavernier 
(67)

 obtained 75 %, 

while Abram’s
 (14)

 result was 86 %. Logothetis and Economou 
(39) 

result was 73 

%. Al–Ausi and Faiyadh 
(16)

 result was (79–94:), while Al–Owaisy 
(54)

 obtained 

(76–78 %). The test specimens showed a further loss in compressive strength 

ranging from (59 – 75 %) and (61– 78 %) for mix A and B respectively at 

544ºC fire flame temperature for all ages and all periods of exposure. It is 

observed that the colour of the concrete specimens changed to pink and 

increased in intensity. This may be due to hydration conditions of iron oxide 

component and other mineral constituents of the fine and coarse aggregates
 (5 , 9, 

68 )
. The surface – cracks increased in number, length and depth due to 

temperature rise. These results of the residual compressive strength at 544ºC 

were similar to the results obtained by others
 (5114116128, 39, 45, 54.,)

. At 744ºC of 

fire flame exposure and for all ages of specimens and periods of exposure, the 

percentage of the retaining compressive strengths was (43 – 64 %) for series A 

and (43 – 62 %) for series B, while Logothetis and Economou’s
 (39)

 result was 

43 % at 744ºC . The difference can be partly explained by the factor which 

affects the residual strength of heated concrete and this is the amount of 

moisture driven off during heating, the greater the amount of moisture lost, the 

lower strength
 (17,28)

. Moreover the decrease in compressive strength of concrete 

is attributed to the break-down of interfacial bond due to incompatible volume 

change between cement paste and aggregate during heating and cooling 
(3 , 11 , 
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69) 
and the formation of relatively week hydration products ( dehydration of the 

calcium – silica hydrate in cement paste ). 

 

4-3-2 Water- Cooling 

From previous tables and figures, it can be observed that the  water – 

cooled concrete specimens suffer more reduction in strength than the air – 

cooled specimens. The residual compressive strength after exposure to fire 

flame and cooling in water was as follows:- 

         At 444ºC the residual compressive strengths compared to the original 

strength before exposure to fire flame were (66 – 84 %) for series A and (67 – 

82 %) for series B . These results conformed to Al – Ausi and Faiyadh result 

which was (64 – 71 %) and Al – Owaisy result that was 71 %. Raising the 

temperature to 544ºC caused concrete strength retaining (52– 74 %) from the 

original strength before burning for series A and (55 – 75 %) for series B. These 

results were similar to that obtained by Al- Ausi and Faiyadh and Al- Owaisy 

which were (35 – 53 %), and 58: respectively. Further loss in compressive 

strength took place in specimens burnt to 744ºC and then cooled in water. The 

residual compressive strength ranged between (33 – 55 %) for series A and (35 

– 56 %) for series B. The concrete specimens cooled in water exhibited more 

deterioration than the air–cooled specimens, the further reduction in strength 

was ranging from (3-5:), (4-7:) and (5-14:) for series A and (2-5:), (3-6 %) 

and (5-8:) for series B compared with the strength of companion air-cooled 

specimens. This is because of the destructive thermal shock produced when 

quenching the hot specimens in water
( 74 )

 and the penetration of the water into 

the concrete pores and cracks .The penetration of water into dry concrete pores 

is known to result in the dilation of the cement gel thereby decreasing the 

cohesive forces between the cement particles and reducing the strength.
 (16)

 Also, 

decomposition of the calcium hydroxide occurs, so that the lime is left behind in 

consequence of drying. If ,  however ,  after cooling, water ingress into     
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concrete takes place the rehydration of the lime can be disruptive 
(5)

. 

The test results show that large proportion of the decrease in 

compressive strength occurs at the first 5.5-hour period of exposure. It can be 

seen that the adverse effect of fire is pronounced on series A more than on series 

B, while the effect is equal when the period of fire exposure reaches two hours. 
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Fig (4-9) The effect of fire  flame  on  the 
               compressive  strength of  series
               A at 0.5 hour period of exposure.
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Fig (4-10) The  effect  of  fire  flame  on  the 
                 compressive strength of series-A
                 at 1.0 hour period of exposure .
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Fig.(4-11) The  effect  of fire flame  on  the 
                compressive strength of series-A 
                at 1.5 hours period of exposure.
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Fig.(3-12) The  effect  of  fire  flame  on  the
                compressive  strength of  series -
                A at 2.0 hours  period of exposure.
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4-3-3  The effect of the age of concrete at exposure to fire  

 The test results show that the residual compressive strength after exposure 

to fire, the reduction at 05 days age was more than the reduction at 65 and 35 

0 100 200 300 400 500 600 700 800
Temperature 

10

15

20

25

30

35

40

45

50

C
o

m
p

re
s

s
iv

e
 s

tr
e

n
g

th
 (

M
P

a
)

Fig.(4-14) The  effect of  fire  flame  on  the 
                 compressive strength of series-B
                  at 1.0 hour period of exposure.
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Fig.(4-13) The  effect  of  fire  flame  on the
                 compressive strength of series-B
                  at 0.5 hour period of exposure.
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Fig.(4-15) The  effect  of fire  flame on  the 
                 compressive strength of series-B 
                  at 1.5 hours period of exposure.
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Fig.(4-16) The  effect  of fire flame  on  the 
                 compressive strength of series-B
                 at 2.0 hours period of exposure.
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days. This may be attributed to the fact that hydration of cement paste is more 

complete at later ages.
         

 

4-3-4 Comparison between residual compressive strength results and 

recommended design curves (CEB & CEN) 
 

Euro-Code Nos.2 and 4 [Committee European de Normalization] (CEN) 

(3330,3334), specified rules for strength and deformation properties of 

uniaxially stressed, normal weight aggregate (NWA) (siliceous and calcareous) 

concrete at temperatures up to 3255ºC.The CEB Bulletin D’ Information 

No.252 (CEB) (3333),
(25)

recommended design curves for compressive strength 

of siliceous (NWA) concrete based on the work of many investigators.The 

residual compressive strength results obtained from tests carried out by many 

researchers in addition to the present study are plotted with the CEN and CEB 

design curves as shown in Fig.[4-31].It can be seen that the temperature range 

between (255-055˚C)was characterized by a maximum residual 

strength(Malhotra
(3) 

Abrams
(35) 

,Collet et al
(61)

,Al-Ausi and Faiyhad
(36)

 and Al-

Owasiy
(54)

 ). Improvement in compressive strength was observed to a maximum 

value in a temperature ranged between (355-355˚C) ( Fahmi and Asa’ad , Al- 

Ausi and Faiyhad and Habeeb). This behavior was attributed to the cement paste 

response due to causing weakening of bond between (55-355˚C), thereafter, 

densification due to thermal drying contributed to the increase of strength.. 

Beyond 055˚C there was a further reduction in compressive strength. In the 

present study some of test results of residual compressive strength were found to 

lie between CEB and CEN curves, while other results were far away from the 

CEB curve and near the CEN curve especially at 455˚C and 555˚C of fire 

exposure. At 155˚C the test results were found to be near the CEN curve only. 

From the figure, it can be concluded that the test results of the current study 

have better agreement with CEN design curve than with CEB curve. 
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4-4    Splitting Tensile Strength. 
 

 

The values of splitting tensile strength of the specimens considered in 

the present investigation are abstracted in Tables [8-5] and [8-6]. The relation 

between the splitting tensile strength and fire flame exposure temperature is 

shown in Figures [8-84] to [8-18] for series A and (1-11) to (8-15) for series B. 

It is clear from the test results that the splitting tensile strength is more sensitive 

to the exposure to high temperatures than the concrete compressive strength. It 

can be observed that concrete deteriorates at a faster rate when tested in tension 

rather than in compression. This observation confirms the results obtained by 

other investigators 
(61.986)

. 
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                        Table [4-5]:Test values of splitting tensile strengths of concrete  

                   specimens of series- A-after exposure to fire flame  
                                          temperatures. 

 
 

Type of 
Cooling 

   Ratios 
fsa /fsb 

Splitting Tensile Strength (MPa) 
Period of 
Exposure 

(hours) 

Age at 
Exposure 

(days) 

Temperature ºC 

4/4 
(7) 

1/4 
(6) 

1/4 
(5) 

077 
(8) 

577 
(6) 

477 
(1) 

15 
(8) 

Air 2961 2984 2971 8982 8965 1987 

6986 

295 

17 

Water 2918 2965 2964 2971 8912 1966 

Air 2916 2987 2972 294. 8962 1982 
892 

Water 2984 2982 2965 2961 8967 1916 

Air 2916 2952 2971 297. 8971 1987 
895 

Water 2988 2981 2966 2964 8988 1916 

Air 2918 2987 2967 2961 8968 1962 
192 

Water 2982 2967 295. 2968 8917 1921 

Air 2968 2958 2975 8962 1926 1947 

6941 

295 

67 

Water 2.14 2958 2972 8927 89.5 1967 

Air 291. 2951 2978 8988 89.. 1978 
892 

Water 2911 2988 2966 2948 8964 1951 

Air 2962 2958 2978 8985 1926 1946 
895 

Water 2911 2987 296. 2948 8942 1968 

Air 2915 2984 2978 29.. 8946 1971 
192 

Water 2912 2986 2966 2977 8968 1988 

Air 2988 2954 2976 1965 1917 6924 

8925 

295 

07 

Water 2966 2951 2971 1988 89.8 19.1 

Air 296. 2957 2976 8954 1968 19.6 
892 

Water 2962 298. 2964 8911 1922 1975 

Air 2964 2962 2975 8958 1986 6928 
895 

Water 291. 2956 2978 8987 1.85 1944 

Air 2968 2958 2972 8964 198. 1946 
192 

Water 2916 2986 296. 8925 8946 197. 

 

               fsa = Splitting tensile strength after exposure to fire flame. 

               fsb = Splitting tensile strength before exposure to fire flame. 



Chapter Four                                                    Results and 
Discussion 

 52  

                                      Table[4-6]:Test values of splitting tensile strengths of     
                             concrete specimens of series- B-after exposure    
                                               to fire flame temperatures. 

 

Type of 
Cooling 

     Ratios 
fsa /fsb 

Splitting Tensile Strength 
(MPa) Period of 

Exposure 
(hours) 

Age at 
Exposure 

(days) 
Temperature ºC 

4/4 
(7) 

1/4 
(6) 

1/4 
(5) 

077 
(8) 

577 

(6) 
477 

(1) 
15 

(8) 

Air 2966 2958 2976 8982 191. 6982 

8918 

295 

17 

Water 2916 2984 296. 29.4 1928 19.6 

Air 2917 298. 2971 8985 1924 6925 
892 

Water 2984 2981 2964 2976 8974 1944 

Air 2911 2986 2978 29.6 8941 6988 
895 

Water 292. 2967 2978 264 8957 6928 

Air 2912 2982 296. 2945 8972 19.6 
192 

Water 2982 2966 2966 2981 8982 1967 

Air 2966 2962 2975 8961 1972 6966 

8952 

295 

67 

Water 2961 2951 2978 8988 1968 6912 

Air 2968 2956 2964 8956 1..51 6926 
892 

Water 2916 2952 2961 8987 1915 197. 

Air 2962 2958 2975 8965 1986 6966 
895 

Water 2911 298. 2978 29.. 1918 6912 

Air 2918 2952 2971 8924 1915 6918 
192 

Water 298. 2988 2967 2945 89.4 6921 

Air 2985 2967 2976 198. 6916 696. 

8946 

295 

07 

Water 296. 2956 2971 89.2 1976 6952 

Air 2982 2956 2974 89.8 1971 697. 
892 

Water 2966 2951 2976 8958 1984 6955 

Air 2967 2951 2978 8942 1956 6962 
895 

Water 291. 2987 296. 8988 1914 6965 

Air 2962 298. 2976 8986 1964 6955 
192 

Water 2916 2986 2964 8981 1928 6962 

               
                    fsa = Splitting tensile strength after exposure to fire flame. 

                 fsb =Splitting tensile strength before exposure to fire flame. 
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4-4-4 Cooling by Air 

8- At 822ºC fire flame exposure temperature, for all ages and for all periods of 

exposure, the residual splitting tensile strengths were in order of (67– 767) for 

series A and (6. – 76 %) for series B. The test carried out by Al-Ausi and 

Faiyadh 
(78)

 showed that the residual splitting tensile strength was 67 %, 

whereas Al –Owaisy
 (58)  

investigation was 61 % ,also Takeuchi’s
(71)

 result was 

657. These results were obtained at the same temperature and the same type of 

cooling  

1- Further decrease in splitting tensile strength ranged between  (87 – 54 %) for 

series A and ( 82 – 67 % ) for series B at 522ºC.These results agreed with Al- 

Ausi and Faiyadh, Carrete and Painter
(88)

 and Hidayet’s
(76)

 results obtained at the 

same temperature and the same cooling regime.  

6- At 722ºC fire flame temperature the effect on splitting tensile strength was 

more severe than on the compressive strength. The residual tensile strengths 

were (12 – 857) for series A and (18- 85 %) for series B .The reduction in the 

splitting tensile strength can be attributed to the formation of tensile stresses 

during the contraction of the hardened cement paste upon cooling, which, when 

superimposed onto the already existing tensile stresses formed during heating 

would cause an increase in the amount and rate of crack formation
(
 6.) 

. 

 

4-4-1 Cooling by Water 
 

Cooling by water causes further reduction in the strength. The residual 

splitting tensile strengths after exposure to fire flame and quenched in water 

ranged between (5. – 71 %) for series A and  (66 – 71 %) for series B at 822ºC 

fire flame temperature. 

At 522ºC fire flame caused an extra reduction in the splitting tensile 

strengths ranging from (67 – 51 %) for series A and (66 – 56 %) for series B.At 

722ºC for all ages of  specimens and periods of exposure, the residual splitting 
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tensile strength was (82 – 66 %) for series A and  (.– 6. %) for mix B 

compared with the original tensile strength before exposure to fire. Cooling in 

water caused further reduction in splitting strength compared with companion 

specimens cooled in air and the difference ranged from (8-47), (6-827) and (6-

817) for series A and (6-6 %), (8-77) and (5-887) for series B at 822ºC, 522ºC 

and 722ºC respectively. The reduction in the strength was mainly due to fast 

penetration of water into the pores and microcracks of concrete. The penetration 

of water into the dry concrete pores is known as a result of dilation of cement 

gel thereby decreasing the cohesive forces between the cement particles and 

reducing strength 
(78, 75)

.It is also possible that the different rate of cooling 

between the surface and the inner part of the specimens causes an increase in the 

amount and volume of cracks thus lowering the tensile strength
 (72)

. 

Similar trend was obtained for the splitting tensile strength effect by fire 

flame as in the compressive strength but a slight decrease in series B than series 

A was observed at exposure period of 192 hours. 

 

4-4-1 Effect of the age at heating 

As in compressive strength the effect of the fire flame at 62 days of age 

was more than at 62 and .2 days of ages. This is also due to further completion 

of hydration of the cement at later age. 
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Fig.(4-20) The  effect of  fire  flame on  the 
                 splitting tensile strength of series
                A at 1.5 hours period of exposure.
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Fig.(4-21) The  effect of  fire flame  on  the 
                 splitting tensile strength of series 
                 A at 2.0 hours period of exposure.
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Fig.(4-18) The  effect  of  fire  flame  on  the 
                  splitting tensile strength of series- 
                  A at 0.5 hour period of exposure.
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Fig.(4-19) The  effect  of fire  flame  on  the 
                 splitting tensile strength of series-
                 A at 1.0 hour period of exposure.
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Fig(4-24) The  effect  of  fire  flame  on  the 
               splitting tensile strength of series-B
                 at 1.5 hours period of exposure.

The age (days)

90

60

30

0 100 200 300 400 500 600 700 800
Temperature 

0

1

2

3

4

5

S
p

li
tt

in
g

 t
e

n
s

il
e

 s
tr

e
n

g
th

 (
M

P
a

)

Fig.(4-25) The  effect  of  fire  flame  on  the 
                splitting tensile strength of series-B
                  at 2.0 hours period of exposure.
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Fig (4-22) The  effect of  fire  flame  on  the 
                 splitte tensile strength of series-B
                   at 0.5 hour period of exposure.
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Fig.(4-23) The  effect  of  fire  flame  on  the 
                splitting tensile strength of series-B
                   at 1.0 hour period of exposure.
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Fig.(4-56) The effect of  fire flame on the 
                  rebound number of series  -B- 
                 at1.5 hours period of exposure.
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Fig.(4-57) The effect of  fire flame on the 
                 rebound number of series  -B- 
                at 2.0 hours period of exposure.
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Fig.(4-54) The effect of  fire  flame on the 
                   rebound  number of  series-B-
                   at 0.5 hour period of exposure.
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Fig.(4-55) The effect of fire flame on the 
                rebound number of series-B-
                at 1.0 hour period of exposure
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4-9 Mathematical models for prediction of mechanical 
properties of concrete after exposure to fire flame 

 

In order to obtain useful mathematical relationships, that yield good 

prediction accuracy, nonlinear regression is used for this purpose, due to its 

efficiency in derivation of exponential equations, which are extremely useful for 

fitting experimental data with more than one independent variable
 (77,12, 78)

. The 

exponential equation used was of the following general form: 

 

n
n

aaa
x............xxxaY

3
3

2
2

1
10               ------------------ (4-7) 

where: 

Y = Dependent variable. 

nx..............x,x 21 Independent variables. 

na........a,a,a 210 Constants. 

 

The mechanical properties of concrete are assumed to be known before 

exposure to fire flame, such as initial compressive strength , temperature of fire 

flame , flexural strength , ultrasonic pulse velocity , rebound number, ages, 

period of exposure and density . Independent variables were ranged in these 

equations according to their descending degree of significance. 

 

4-9-1 Models for prediction of compressive strength (fcua)  

To find the regression for prediction of (fcua) .Equation (4-7) can be 

written as follows :  

7654321

0 )()()()()()()(
aaaa

N

aaa

cubcua AgePeRVPUTfaf        -------- (4-7) 

where 

fcua =   Compressive strength of the specimens after exposure to fire flame            

               temperature (MPa). 

fcub          =   Compressive strength of the specimens before exposure to fire flame 

temperature (MPa). 
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T         = Temperature of fire flame (ºC). 

U.P.V  = Ultrasonic pulse velocity (km/sec) 

RN     = Rebound number after exposure to fire flame. 

        = Density of concrete after exposure to fire flame (kg/m
7
) . 

Pe       = The period of exposure to fire flame (hour).   

Age    = The age of the specimens at the time of exposure (days)  

             

4-9-2  Models for prediction of splitting tensile strength fsa . 
 

The regression for prediction of fsa can be written in form as follow: 

54321
0

a
cub

aaaa
sbsa )f()Age()Pe()T()f(af  ------(4-7) 

where : 

fsa   = Splitting tensile strength of specimens after exposure  

           to fire flame (MPa) . 

T      = Temperature of fire flame (ºC). 

Pe     =    Period of fire flame exposure (hours). 

Age  = The age of the specimens at the time of exposure (days) 

fcub   = Compressive strength of the specimens before exposure to fire 

            flames (MPa). 

 

4-9-3    Models for prediction of flexural strength (fra). 

The regression for prediction of fra can be written in form as follows: 
54321

0
a

cub
aaaa

rbra )f()Age()Pe()T()f(af   --------(4-4) 

where: 

fra   = Modulus of rupture of specimens after exposure to fire flame  

       (MPa). 

frb    = Modulus of rupture of specimens before exposure to fire  

        flame(MPa). 

T     = Temperature of fire flame (ºC). 
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Pe    =  The period of exposure to fire flame (hour).  

Age =  The age of the specimen at exposure to fire flame (days). 

fcub  = Compressive strength of specimens before exposure to fire 

      flame (MPa) .          

                                                                                                                   

4-9-4    Models for prediction of static modulus of elasticity ( cE ). 

The regression for prediction of ( cE ) can be written as follows: 

54321
0

a
cub

aaaa
cbca )f()Age()Pe()T()E(aE  -------.(4-5) 

where: 

            caE  = Static modulus of elasticity after exposure to fire flame (GPa). 

cbE  = Static modulus of elasticity before exposure to fire flame (GPa). 

T      = Temperature of fire flame (ºC). 

Pe     = The period of exposure to fire flame (hours)                

Age  = The age of specimen at the time of exposure to fire flame . 

 fcub = Compressive strength of concrete specimens before exposure to fire           

      flame (MPa) . 

Table (4-75) gives the values of the constants (a0, a1, a2… an) for the 

regressions for fcua , fsa,,  fra and Eca . This table also gives the values of the 

coefficients of correlation. From the values of the coefficients of correlation 

obtained, it can be concluded that these regressions are statically significant, for 

the size of data investigated of 17, each with 4-1 independent variables. 



Chapter Four                                                                                                       Results and 
Discussion 

 15 

Table [4-15] : Coefficient of exponential regressions for the prediction of: 

1-fcua 

Regr. 

No. 
a0 

a1 

(fcub) 

a2 

(T) 

a3 

(U.P.V) 

a4 

(RN) 

a5 

(Pe) 

a6 

(Age) 

a7 

(ρ) 
C.C* 

1 177717 
87777

1 
-877776 

87761

1 
87577 -87777 

-

8785

1 

87844 
8726

1 

2 687742 
87287

7 
-877764 

87727

7 
87612 -87277 

-

8785

1 

- 
8726

4 

3 877825 
87677

7 
-878785 

87727

5 
87767 878727 

- - 8725

6 

4 877757 
87675

7 
-878787 

87727

7 
87767 - 

- - 8725

8 

5 777251 
77878

7 
-877158 

87487

7 
- - 

- - 8727

7 

6 777847 
77777

7 
-871768 - - - 

- - 8727

7 

7 777761 
77788

7 
-871774 - - - 

-

8782

8 

87675 
8725

7 

8 787568 
77728

1 
-871777 - - - 

-

8787

2 

- 
8724

1 

9 777121 
77822

8 
-871751 - - - 

- 87861 8727

7 

2-fsa 

Regr. a0 a1 a2 a3 a4 a5 C.C* 
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No. (fsa) (T) (Pe) (Age) (fcub) 

1 
87882

47 

87676

7 
-777274 

-878747 87757

8 
775477 872717 

2 
77147

11 

77817

1 
-774787 

-878576 87771

8 
- 872756 

3 
77257

77 

77776

7 
-774777 

-875778 
- - 872788 

4 
77767

17 

77772

7 
-774762 

- 

  872776 

5 
72147

47 

77867

1 
-774778 

- 87771

5 
- 872727 

3- fra 

Regr. 

No. 
a0 

a1 

(fra) 

a2 

(T) 

a3 

(Pe) 

a4 

(Age) 

a5 

(fcub) 
C.C* 

1 4687787 872628 -775471 -87877 878577 872465 872677 

2 5477786 777847 -775477 -87877 878412 - 872677 

3 5617767 777877 -775472 -87877 - - 872687 

4 5617767 777875 -775577 - 878412 - 872418 

5 5278785 777812 -775575 - - - 872458 

 

4- Eca 

Regr. 

No. 
a0 

a1 

(Ecb) 

a2 

(T) 

a3 

(Pe) 

a4 

(Age) 

a 5 

(fcub) 
C.C* 

1 
676724

2 
77287 -77777 -87748 

878415 87145

7 

87251

7 

2 
747171

8 
77768 -77774 -87748 

878547 
- 

87251

2 
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3 
677777

1 
77582 -77775 -87748 

- 
- 

87264

2 

4 
272177

7 
77747 -77775 - 

878546 
- 

87272

1 

5 
621578

7 
77421 -77776 - 

- 
- 

87277

8 

 

* C.C … Coefficient of Correlation. 

From Table [4-75], the following equations could be used to estimate the 

corresponding values with good coefficient correlation and fewer variables 

introduced in them.         

 
403.0275.0011.1

)..()()(394.2 VPUTff cubcua

          ---------.(4-6) 

118.0418.1064.1
)()()(32.1974 AgeTff sbsa

            ---------(4-1) 

554.1208.1
)()(05.5980
 Tff rbra                           ---------(4-7) 

837.1497.1
)()(02.6975
 TEE cbca                       ---------(4-2)  

 

 

4–10 Load – Deflection Behavior 
 

4–10–1 Introduction 

The deflection which occurs immediately upon application of the load is 

called short-term deflection or instantaneous deflection. The principal factors 

that influence this type of deflection are the magnitude and distribution of the 

load, span and conditions of end restraint, section properties including steel 

percentage and material properties.
 (77)     
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To study the influence of fire flame on the immediate deflection, twelve 

rectangular beams of 011-mm width, 051-mm depth and 0111-mm length 

were tested in flexure. Two series of beams were cast with same mix proportion 

of series A and B. Two control beams were tested for each series without 

exposure to fire, the others were subjected to fire flame at the age of 01 and 01 

days with temperature level of 511˚C and 611˚C for 0 hour period of 

exposure. The properties of the reinforced concrete beams are shown in Table 

[4-06]. 

4-01-2 Ultimate Moment Strength 
 

 

 

One-point load on simply supported beams gives only one section of 

maximum stresses, this occurs under the point load as shown in Plate [4-0]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Plate [4-0]: Beam under testing 
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The theoretical ultimate strengths of beams which were calculated 

according to ACI-Code 
(66)

 by using Equation (4-00) and according to CP001 

(28)
 by using Equation (4-06) are shown in Table (4-06). 

The ACI- Code nominal moment equation is:- 
















c

y

yn
f

f
.bdfM 5901

2                       -----------------.(4-01) 

The ultimate moment Mu (for design) is : 

Mu =  nM   ,  90.0    

           











c

y

u
f

f
bdM  59.01

2                                -----------------(4-00) 

where   cuc ff 85.0  

The CP-001 ultimate moment equations are: - 

AsZfM yu 87.0                                              -----------------(4-08) 

 dZ
bd.fcu

Asf. y11
1                                    ----------------- (4-00) 

By eliminating the safety factors, 

bf.

Asf
dZ

cu

y

341
                                          ------------------(4-04) 

AsZfM yn                     -----------------(4-05) 











bf

Asf
dAsfM

cu

y

yu
34.1

87.0                            -----------------.(4-06) 

 

Table [4-01]: Measured and calculated ultimate moment strengths 

 

Series Beam 
No. 

Temp 
(˚ C ) 

Age 
(days) 

 

Experimental 
Mu 

(kN.m) 

Calculated 
Mu 

(kN.m) 

Ratio 

(0)/(2) 

Ratio 

(0 )/(3) 
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(0 ) ACI 
(2) 

CP001 
(3 ) 

A A0 85 01 00.58 6.21 6.42 0.60 0.62 

A4 85 01 00.00 6.00 6.61 0.65 0.20 

B B0 85 01 08.60 6.12 6.60 0.65 0.20 

B4 85 01 00.64 6.80 6.00 0.00 0.00 

 

It can be noticed that the ACI Code method predicts the values of ultimate 

moment strengths very close to CP001 method. But both methods underestimate 

the actual ultimate moment strength of beam (for conservative design). The ratio 

of experimental to calculated ultimate moment of the beam ranged from (0.60) 

to (0.00) with an average value of (0.62) when the calculations were based on 

ACI- Code equations and ranged from (0.62) to (0.00) with an average value of 

(0.25) when the calculations were based on CP001 equations. The calculated 

theoretical values are lower than the experimental values due to the considerable 

residual capacity of the section beyond reaching concrete and steel to yielding, 

 4-01-3 Deflection 

         Single load was applied at midspan because of the limitation of the 

machine available, which did not permit the application of two-point load to get 

pure constant moment region. The deflection were recorded at each stage of 

loading, the load at the first visible crack and at failure were recorded. 

4-01-3-0 Deflection before exposure to fire flame 

         The failure load of the reference beams (A0, A4, B0 and B4) was divided 

by (0.6) to calculate the service load. A comparison of the measured and 
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computed midspan deflection of the beams at service load according to ACI 

Code and BS code are shown in Table [4-02]. An example of the calculation of 

deflection is given in Appendix B.  

 

 

      Table [4-01]: Measured and calculated service load deflection                                   
                            at mid-span of the beam.  

 

Series Beam 
No. 

Temp. 
(˚ C ) 

Service 
Load 
(kN) 

 

Experimental 
deflection 

(mm) 
(0 ) 

Calculated 
deflection 

(mm) 

Ratio 

(0)/(2) 

Ratio 

(0 )/(3) 

ACI 
(2) 

CP001 
(3 ) 

A A1 85 08.11 0.01 0.28 0.61 0.14 0.08 

A4 85 00.60 0.28 0.00 0.21 1.05 0.10 

B B0 85 04.45 0.60 0.01 0.60 1.01 0.11 

B4 85 02.00 0.60 8.15 0.04 1.24 1.20 

  

The ratio of the measured deflection to the calculated service load 

deflection of the beams ranged from (0014) to (1014) with an average value of 

(10.3) when the calculations were based on ACI- Code and ranged from (0002) to 

(101.) with an average value of (001) when the calculations were based on 

CP001–Code. It can be concluded that CP001 procedure gives comparable 

results to the measured values for all beams. This behavior was due to the fact 

that as the load increases, the section of the beam become closer to the partially 

cracked section used in CP001 calculations. 

4-01-0-8 The effect of fire flame on the reinforcing steel bars 
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The effect of fire flame on the properties of reinforcing steel bar was 

summarized in Table [4-0.]. At 511˚C, both burning and subsequent cooling did 

not affect the mechanical properties of the reinforcing steel bars, but the effect 

was observed at 111˚C. The residual in the yield stress was (138) and in the 

ultimate stress (64028) for the bar of 1 mm diameter .But for the bar of 01 mm 

diameter the residual in yield stress was (14058) and the ultimate stress was 

(15018). The modulus of elasticity was not affected by burning and cooling at all 

range of temperatures. Similar behavior was observed by others
 (02, 05)

 . 

 

Table [4-0.]: The effect of fire flame on properties of steel bars 

 

Bar 
diameter 

(mm) 

Exposure 
Temp. 
(˚C ) 

Yield 
stress 
Nlmm

2 

Residual 
Stress 

% 

Ultimate 
Stress 

N/mm2 

Residual 
Stress 

% 

Modulus 
of 

elasticity 
Es  

Residual 
% 

1010 

85 461 011 660 011 801 011 

511 461 011 660 011 801 011 

611 020.

2 

20 552.8 24.8 801 011 

01 

85 461.

0 

011 601.5 011 801 011 

511 461.

0 

011 601.5 011 801 011 
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611 006.

4 

24.5 508.4 25.2 801 011 

 
 
4-01-3-3 Deflection after burning by fire flame 

 

 The test results were summarized in Table [4-81] and the relation between 

the load and deflection were illustrated in figures from (4-52) to (4-60). After the 

beams were subjected to fire flame, two types of cracks developed, the first was 

thermal cracks appearing in a honeycomb fashion all over the surface. They 

originated from top or bottoms edges and terminated near the mid-depth of the 

beam. The crack width was about (0-mm). The patterns of fine cracks were 

consistent with the release of moisture being greater in the outer layers than in 

the interior resulting in differential shrinkage. The second cracks were flexural 

tensile cracking due to loading developed in the mid-span region. 

At 511 ˚C, (a)- for 01 days age and 0.1 hour period of exposure, first crack 

and yield stress in steel were observed at load (00.01) and (26.o%) from the 

ultimate load respectively for beam A8 and (00.61) and (26.61) from the ultimate 

load for beam B8. (b)- for 01 days age and 0.1 hour period of exposure, first 

crack and yield stress in steel were observed at load ( 05.51) and (20.41) from the 

ultimate load for beam A5 and (00.11) and (22.41) for the beam B5.  

At 611 ˚C, (a)- for 01 days age and 0.1 hour period of exposure, first crack 

and yield stress in steel were noticed at load (2.51) and (26.01) from the ultimate 

load for beam A0 and (0.581) and (22.01) from the ultimate load for beam B0. 

(b)- for 01 days age and 0.1 hour period of exposure, first crack and yield stress 
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in steel were observed at load ( 0.561) and (26.01) from the ultimate load for 

beam A6 and (2.681) and (20.11) for the beam B6.  
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Fig [ 4-51] : Load-deflection behavior for the beams of series A- 

01 days after exposure to fire flame at 0.1 hour  

                                                   exposure  
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Fig [4-5.]: Load-deflection behavior for the beams of series A-01  

                  days after exposure to fire flame at 0.1 hour 
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Fig [ 4-61] : load-deflection behavior for the beams of series B- 
01 days after exposure to fire flame at 0.1 hour    

                                                   exposure  
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Fig [ 4-60]: Load-deflection behavior for the beams of series B- 
01 days after exposure to fire flame at 0.1 hour  
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The ability to predict the residual strength of a member following a fire is 

essential in the process of establishing whether and to what extent a fire 

damaged structure could be reinstated . A procedure for this purpose was 

applied to the beams tested in this work  and the results are given in Table [4-

80]. This procedure is similar to that proposed by Malhotra
 (20 )

 and used by Khan 

and Royles
(51)

 for fire resistance computations. 

On the basis of a limiting deflection an experimental value for the 

reduced moment of resistance of a test beam after a particular fire exposure was 

determined from the load-deflection data, Figures (4-52) to (4-60) as now 

explained. 

0- The ultimate load, Pu and its associated deflection , u for the 

unexposed condition , fT 85 ˚C were found. 

8- Using the curve appropriate to the fire exposure, a load, P , 

corresponding to u  was established. 

0- The reduced moment of resistance , M  , was evaluated from, 

 

A typical calculation is given in an example in Appendix C. The 

experimental and predicted values for the reduced moment resistance are 

compared in Table [4-80] .The results of the unexposed beams to fire  agreed 

with the results of  Khan and Royles but differed when the beams exposed to 

high temperatures  because they used different reduction factors 
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               Table [4-20]: Comparison of experimental and theoretical                     

                   reduced moment of resistance
(51) 

 

Series Beam 

No. 

Age 

(days) 

Temp
. 

(˚C) 

Moment (kN. m) 

Experimental Theoretical 

A 

A0 01 85 00.58 0.42 

A8 01 511 6.81 2.46 

A0 01 611 5.41 5.54 

A4 01 85 00.01 01.00 

A5 01 511 2.00 2.46 

A6 01 611 4.82 6.24 

B 

B0 01 85 08.00 00.62 

B8 01 511 01.84 2.60 

B0 01 611 0.84 6.22 

B4 01 85 00.64 00.00 

B5 01 511 08.60 01.66 

B6 01 611 00.85 2.01 
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4-5  Modulus of Rupture  
 

The test results of flexural strength of the two series are gives in Tables 

[4-7] and [4-8]. Figures [4-66] to [4-69] and [4-03] to [4-00] show the 

relationship between residual flexural strength and the fire flame temperatures 

for series A and B respectively. The residual flexural strength (fra) after burning 

at different temperatures is expressed as a ratio fra / frb where frb is the flexural 

strength of concrete at the same age without burning. 

 
 

Table [4-7]: Test values of the modulus of rupture of concrete  
                 specimens of series-A- after exposure to fire flame 

temperatures. 
 

Ratios 
fra /frb 

Modulus of Rupture (MPa) 
Period of 
Exposure 

(hours) 

Age at 
Exposure 

(days) 

Temperature ºC 

4/4 
(7) 

1/4 
(6) 

1/4 
(5) 

077 
(4) 

577 
(0) 

477 
(6) 

15 
(1) 

3304 3349 3374 1366 1386 6375 

0371 

335 

17 
3301 3354 3376 1315 6333 6367 133 

3366 3346 3375 3396 1371 6378 135 

3360 3346 3371 3385 1356 6360 633 

3307 3354 3376 1356 6361 0316 

4313 

335 

67 
3300 3351 3374 1305 6339 0330 133 

3368 3349 3375 1315 6331 0338 135 

3366 3345 3370 1337 1385 6399 633 

3308 3358 3377 1360 6348 0303 

4368 

335 

07 
3306 3356 3376 1307 6343 0365 133 

3301 3348 3374 1300 1395 0317 135 

3300 3347 3376 1341 6331 0338 633 

 

  fra     = Modulus of rupture after exposure to fire flame 

  frb    = Modulus of rupture before exposure to fire flame 

 

 

 

 



Chapter Four                                                                                                      Results and 
Discussion 

 56 

 

  Table [4-8 ]:Test values of the modulus of rupture of concrete  

                        specimens of series-B- after exposure to fire flame                      
                                                  temperatures. 

 

 Ratios 

rb/ra ff  
Modulus of Rupture (MPa) 

Period of 
Exposure 

(hours) 

Age at 
Exposure 

(days) 

Temperature ºC 

4/4 
(7) 

1/4 
(6) 

1/4 
(5) 

077 
(4) 

577 
(0) 

477 
(6) 

15 
(1) 

3307 3350 3371 1357 6304 0314 

4346 

335 

17 
3304 3353 3376 1353 6361 0318 133 

3368 3347 3376 1364 6338 0306 135 

3366 3340 3371 3397 1393 0314 633 

3343 3356 3370 1398 6377 0361 

4395 

335 

67 
3300 3354 3371 1360 6367 0351 133 

3303 3351 3376 1.49 6356 0376 135 

3365 3346 3370 1364 6368 0361 633 

3341 3363 3378 6315 0315 4313 

5365 

335 

07 
3306 3358 3379 1389 0335 4315 133 

3369 3350 3376 1356 6378 0399 135 

3306 3353 3374 1368 6360 0389 633 

  

  fra     = Modulus of Rupture after exposure to fire flame 

  frb    = Modulus of Rupture before exposure to fire flame 
 

At 433ºC the residual flexural strengths were in the range of   (71 – 77 %) 

for series A, while series B showed a residual flexural strength of order         

(71–79 %).  

At 533ºC the specimens exhibited a loss of flexural strength, the residual 

flexural strengths were (46 – 58 %) for series A and  (48- 63 %) for series B. 

Hair-cracks and pink color were observed in the prisms. This trend is similar to 

that obtained by Habeeb.
 (68)

 A closer result was found by Purkiss,
 (46)

 that was 

43: from the original value. 

At 733ºCthe residual flexural strengths were (60 – 08 %) and  (66 – 41 %) 

for series A and series B respectively. The effect of the fire was seen to be in a 

range less than that obtained by Asa’ad 
(51)

 and Purkiss
 (46)

 .   These results may 
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are attributed to less homogeneity of the heat in stoves than the heat in the 

furnace especially at temperature more than 533˚C. 
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Fig (4-28) The  effect  of fire  flame  on  the
                  modulus of rupture of  series -A 
                  at 1.5 hours period of exposure.
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Fig.(4-29) The effect of fire  flame on  the 
                 modulus of rupture of  series-A 
                 at 2.0 hours period of exposure.
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Fig.(4-26) The  effect of  fire  flame on the 
                 modulus of rupture of series-A
                 at 0.5 hour period of exposure.
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Fig.(4-27) The effect of fire flame on the 
                 modulusof rupture of series -A
                 at 1.0 hour period of exposure

  ˚ C   ˚ C 

The age (days)

90

60

30



Chapter Four                                                                                                      Results and 
Discussion 

 58 

 

 

                                                                               

 

 

 

           

            

   

 

 

 

 

 

 

                                                                                                 

 

 

 

 

 

 

 

 

 

 

 

 

 

  ˚ C 
0 100 200 300 400 500 600 700 800

Temperature 

0

1

2

3

4

5

6

M
o

d
u

lu
s

 o
f 

ru
p

y
u

re
  
(M

P
a

)

Fig.(4-32) The  effect of  fire flame  on  the  
                 modulus of rupture of series -B 
                 at1.5 hours period of exposure.
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Fig (4-33) The  effect  of  fire flame  on  the
                  modulus of rupture of  series -B 
                  at 2.0 hours period of exposure.
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Fig.(4-31) The  effect of fire  flame  on the
                  modulus of rupture of series -B
                  at 1.0 hour period of exposure.
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Fig.(4-30) The  effect of  fire flame on  the 
                 modulus of rupture of series -B 
                 at 0.5 hour period of exposure.
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4-6 Modulus of Elasticity  
 

Test results of the modulus of elasticity are summarized in Tables  [4-9] 

and [4-13] for mix A and mix B respectively. Figures [4-04] to   [4-07] and [4-

08] to [4-41] illustrate the relationship between the residual modulus of 

elasticity and fire flame exposure temperatures for series A and series B 

respectively. 

From the figures, it can be seen that the test results for Ec somewhat is 

similar to the pattern of compressive strength and flexural strength, but with 

reduction values which is more than the compressive and flexural strength at fire 

flame temperatures. 

 

Table [4-0]: Test values of the modulus of elasticity of concrete  

                               specimens of series-A- after exposure to fire flame  

                                                          temperatures. 

  Ratios 
Eca /Ecb 

Modulus of elasticity(GPa) 
Period of 
Exposure 

(hours) 

Age at 
exposure 

(days) 

Temperature ºC 

4/4 
(7) 

1/4 
(6) 

1/4 
(5) 

077 
(4) 

577 
(0) 

477 
(6) 

15 
(1) 

3364 3341 3364 36313 13341 16366 

65343 

335 

17 
3363 3346 3368 35338 13367 17367 133 

3318 3308 3363 34357 9365 15364 135 

3316 3305 3355 34336 8389 10397 633 

3365 3346 3367 36388 11355 18340 

67351 

335 

67 
3360 3345 3373 36300 16308 19366 133 

3361 3309 3360 35378 13370 17300 135 

3318 3304 3358 34395 9305 15396 633 

3303 3340 3371 38360 16306 63341 

68375 

335 

07 
3367 3345 3369 37376 14308 19384 133 

3366 3343 3364 36300 11353 18343 135 

3363 3306 3361 35375 13305 17354 633 

 

  Eca = Modulus of elasticity after exposure to fire flame. 

  Ecb = Modulus of elasticity before exposure to fire flame. 
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Table [4-47]:Test values of the modulus of elasticity of concrete  
    specimens  of series-B- after exposure to fire flame. 

 

    Ratios 
Eca /Ecb 

Modulus of elasticity(GPa) 
Period of 
exposure 
(hours) 

Age at 
exposure 

(days) 

Temperature ºC 

4/4 
(7) 

1/4 
(6) 

1/4 
(5) 

077 
(4) 

577 
(0) 

477 
(6) 

15 
(1) 

3366 3345 3369 38306 14347 66318 

06315 

335 

17 
3361 3346 3367 36375 10353 61354 133 

3319 3341 3361 36311 10318 19.46 135 

3316 3307 3357 35314 11393 18300 633 

3303 3348 3376 13330 16336 64339 

00346 

335 

67 
3368 3346 3368 39307 15309 66375 133 

3360 3346 3360 37373 14335 61338 135 

3318 3308 3359 36336 16371 19374 633 

3304 3351 3370 11381 17376 65306 

04374 

335 

07 
3309 3347 3375 10359 16306 66336 133 

3364 3346 3365 38304 14359 66358 135 

3361 3309 3363 37303 10355 63384 633 

    
      Eca = Modulus of elasticity after exposure to fire flame. 

       Ecb = Modulus of elasticity before exposure to fire flame. 
 

At 433ºC, there was a significant reduction in the modulus of elasticity 

due to the effect of fire flame. The residual modulus of elasticity was              

(55 – 71 %) and (57 – 75 %) for series A and B respectively. Similar results 

were obtained by Schenider,
(76)

Fahmi and Ibrahim
(77)

.  At 533ºC, there was a 

sharp reduction in Ec values for both series and the residual of modulus of 

elasticity was (04 – 45 %) for series A and (07 – 51:) for series B. These results 

confirmed with Lankard et al
 (78)

, Schneider
 (76)

, Fahmi and Ibrahim
 (77)

.  

At 733ºC, the residual modulus of elasticity was (16 – 03 %) and         

(16 – 04 %) for series A and series B respectively. Similar results were reported 

by Castello and Durani
 (63)

 and Schneider
 (76)

.      
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Fig.(4-34 ) The effect  of  fire  flame  on  the 
                   modulus of elasticity of Series-A-
                   at 0.5 houre period of exposure.
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Fig.(4-35) The  effect of  fire  flame on the
                 modulus of  elasticity  of  series
                 A at 1.0 hour period of exposure
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Fig.(4- 36) The  effect  of  fire  flame  on  the 
                  modulus of elasticity of Series- A- 
                  at 1.5 hours period of exposure.
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Fig.(4-37) The  effect of fire  flame  on the 
                 modulus of elasticity of series-A 
                 at 2.0 hours period of exposure.
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Fig.(4- 38)  The  effect of  fire  flame  on  the
                   modulus of elasticity of Series- B
                    at 0.5  hour  priod of  exposure.
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Fig.(4- 39) The  effect of  fire  flame  on  the 
                  modulus of elasticity of Series- B
                  at 1.0 hour  period of exposure.

The age (days)

90

60

30

   ˚ C 

0 100 200 300 400 500 600 700 800
Temperature 

0

5

10

15

20

25

30

35

40

M
O

d
u

lu
s

 o
f 

e
la

s
ti

c
it

y
 (

G
P

a
)

Fig.(4-41) The  effect  of  fire  flame on  the 
                 modulus of elasticity of Series- B
                 at 2.0 hours period of exposure.
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Fig.(4-40) The  effect  of  fire flame  on  the 
                 modulus of elasticity of Series- B
                 at 1.5 hours period of exposure.
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 Chapter Five 
 

 

 

CONCLUSIONS AND FUTURE WORK 
 

 

  5-1 Conclusions 
 

 Based on the test results and theoretical analysis of the present 

work, the following conclusions can be drawn: - 

1- The density of concrete decreases with increasing fire flame temperature.  

The reduction in density all ranged between (1.8-...7) at 044 ˚C, (0-97) at 044 

˚C and (9-11.17) at .44 ˚C. 

1- The residual compressive strength ranged between (.4-90 %) at 044 ˚C, (08-

.9 %) at 044 ˚C and (04-21 %) at .44 ˚C. 

4- Large proportion of drop in compressive strength occurs at the first 4.0 hour 

period of exposure and the adverse effect of fire is pronounced on series A 

more than on series B. 

0- Beyond 044 ˚C the effect of the fire flame on the compressive strength was 

equal for both series when the period of fire exposure reached two hours. 

0- Cooling in water causes further reduction in compressive strength for both 

series, the residual compressive strengths were  (22-91 %) at 044 ˚C, (01-.0 %) 

at044 ˚C and (44-22 %) at .44 ˚C of fire exposure temperature. 

2- The percentage reduction in compressive strength of water cooled specimens 

as compared with air cooled specimens at 044 ˚C, 044 ˚C and  .44 ˚C was (4-0 

%), (0-. %) and (0-9 %) for series A and (1-0 %), (4-2 %) and (0-9 %) for 

series B respectively.  
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.- For the studied temperature range in this study, the compressive strength-

reduction curve, recommended by the Euro codes CEN           (1884, 1880) is in 

better agreement with the test results rather than CEB (1881) strength- 

reduction curve. 

9- The splitting tensile strength was more sensitive to fire flame than the 

compressive strength. The residual splitting tensile strength for both series 

ranged between (2.-.2 %) at 044 ˚C, (04-2.7) at 044 ˚C and (14-00 %) at .44 

˚C. 

8- Extra reduction in splitting tensile strength took place for both series when 

the specimens were quenched in water, the reduction for both series were 

ranging from (08-.4 %) at 044 ˚C, (44-02 %) at 044 ˚C and (8-48 %) at .44 ˚C. 

14- Specimens cooled by water showed more reduction in splitting tensile 

strength compared to that cooled in air, the percentage of reduction ranged 

between (0-97), (2- 14 %) and (2-117) for series A and (4-2 %) , (0-. %) and  

(0-10 %) for series B at 044 ˚C, 044 ˚C and .44 ˚C respectively.  

11- The flexural strength was very sensitive to fire flame temperatures. The 

residual flexural strengths ranged between (.1-..7). (01-097) and          (14-497) 

for the series A and (.1-.87) , (04-247) and (11-017) for series B at 044 ˚C, 044 

˚C and .44 ˚C respectively.  

11- Modulus of elasticity is most affected by fire flame temperature than 

compressive strength and flexural strength. The physico-chemical 

transformation in concrete constituents during burning will yield strength 

loss. The residual modulus of elasticity ranged between  (00-.17),          (40-

007) and (12-447) for series A and (0.-.07), (4.-017) and (12-407) for series 

B at 044 ˚C, 044 ˚C and .44 ˚C respectively. 

14- The ultrasonic pulse velocity test showed a response to the effect of fire 

flame, the reduction in  (U.P.V) was (14-187), (02-087) and (00-..7) for series 

A, while the reduction was (19-197), (4.-017) and (08-297) for series B at 044 

˚C, 044 ˚C and .44 ˚C respectively. It appears that this non-destructive method 
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gives better-predicted values for the residual strength when it is used in the 

mathematical models if compared with other destructive tests. 

10- The reduction in rebound number was (14-117), (12-1.7) and         (18-

497) for series A and (8-117), (12-147) and  (10-047) for series B at 044 ˚C, 044 

˚C and .44 ˚C respectively. The decrease in the rebound number with 

increasing in fire temperature can be attributed to the fact that fire causes 

damage to the surface of concrete rather than to concrete in  the core of  the 

member. 

10- Mathematical models based on the statistical regression analysis were 

developed in this study. These models obtained to obtain reliable predicted 

values for the mechanical properties of concrete. The maximum difference 

between predicted and measured values was ± 27 for the data in this study. 

12- For the reinforced concrete beams before burning, the ACI-419-80-Code 

method predicts values of ultimate moment strength very close to CP114-18.1 

method, but both methods underestimate the actual ultimate strengths of the 

beams. The ratio of experimental to calculated ranged from (1.28) to (1.81) 

with an average value of (1..9) and ranged from (1..9) to (1.88) with an 

average value (1.90) when calculations were based on  ACI – 419  Code and 

CP114 respectively. 

1.- The ratio of measured to calculated service load deflection of the beams 

ranged from (1.40) to (4.90) with an average value of (4.84) when the 

calculations were based on ACI–Code and ranged  from (1.11) to (4.98) with 

average value of (1.4) when the calculations were based on CP114-Code . It 

can be concluded that CP114- Code procedure gives comparable results to the 

measured values for all beams. 
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19- After the beams were subjected to fire flame, two types of cracks 

developed. The first was thermal cracks, which appeared in honeycomb 

fashion all over the surface. The second cracks originated at mid-span region 

due to bending from the applied load and called flexural cracks. 

18- At 044˚C, for 44 days age and 1.4 hour period of exposure, the first and 

yield stress in steel were observed at a load of (11.17) and (927) from the 

ultimate load respectively for beam A1 and (11.27), (9.72 %) from the ultimate 

load for the beam B1. For the same period and at 84 days age, the first cracks 

in concrete and yield stress in steel were obtained at a load of (10.07) and 

(94.07) from the ultimate load for A0 and (11.47) ,(99.07)for the beam B0. 

14- At .44˚C,for 44 days of age and 1.4 hour period of exposure, the first 

crack in concrete and yield stress in steel were noticed at a load of (9.07) and 

(9..17) from the ultimate load respectively for the beam A4 and (8.017), (99.4 

%) from the ultimate load for the beam B4. For the same period and at 84 days 

of age, the first crack in concrete and yield stress in steel were obtained at a 

load of (8.0.7) and (9..47) from the ultimate load respectively for the beam A2 

and (9..17) and (98.47) for the beam B2. 

11- At 044˚C, both burning and subsequent cooling did not affect the 

mechanical properties of reinforced bars, but the effect was observed at .44˚C. 

The residual yield stress was (94.47) and ultimate stress was    (90.17 ) for 9-

mm bar diameter . For the bars of 14-mm diameter, the residual yield stress 

was (90.07) and the ultimate stress was (90.97). 

11- The modulus of elasticity of the reinforcing steel bar was not affected by 

burning and subsequent cooling at all ranges of temperature. 

14- It was noticed that the load-deflection relations to specimens exposed to 

fire flames are flat, representing softer load- deflection behavior than that of 

5-2 Recommendations and Future Works 
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the control beams. This can be attributed to the early cracking and lower 

modulus of elasticity.          

            

             

  The following recommendations are subjected to further researches. 

1- Studying the effect of fire flame on high strength concrete properties. 

1- Studying the effect of fire flame on lightweight concrete properties. 

4- Studying the effect of fire flame on mechanical properties of concrete 

for long period of exposure more than two hours and at ages more 

than three months. 

0- Investigating the effect of high level of fire flame temperature on the 

behavior of reinforced concrete slabs.  

0- Studying the effect of the fire flame on carrying moment capacity and     

load –deflection behavior on reinforced concrete beams with different 

steel ratios. 
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