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 This investigation is conducted to study the cracking behavior due to 

the restrained drying shrinkage of the reinforced concrete slabs then 

subjected to direct fire flame. These slabs were externally restrained by 

different end restraints. Cracking was detected when these slabs were 

subjected to fire flames and shrinkage after burning. 

 In this study reduced scale slab models (which are believed to 

resemble as much as possible field conditions) were used. Slab movements, 

crack spacing, crack width and crack lengths were measured before and 

after exposure to fire flame. 

 The reinforced concrete slabs were exposed to drying shrinkage for a 

period of two months. Then, they were exposed to direct fire fame 

temperature of (266
o
C) for 5.1 hour period of exposure at the same day, 

without any imposed loads during burning. Then, the slabs were cooled to 

the laboratory temperature before burning (32
o
C) .A comparison of the 

slabs behavior before and after exposure to fire flames was made. 

 From the results obtained before and after burning, it was observed 

that there is a variation in the crack widths along the slab length. At edge 

level there is a certain crack width, which increases towards the center of 

the slab until the level of (36-165) and (51-285), of crack length before and 

after exposure to fire flame respectively where the maximum crack width 

usually occurs. Beyond which the crack width decreases to zero at a certain 

length depending on some factors including the position of the crack from 

the centerline of the slab. This behavior implies the cracks that appeared 

from the restrained ends of three and four end restrained slabs. Whereas, 

the cracks which appeared form the free ends of two and three end 
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restrained slabs possess maximum width at the edge level and decreases to 

zero towards the center of the slab.  

 In the present investigation the behavior of cracks and deflection in 

these slabs during and after burning was obtained. 

 Based on the results of this work, it can be noticed that the maximum 

crack widths were (6.30, 6.311 and 6.3.1) mm for two, three and four end 

restrained slabs respectively at the age of 26 days before burning. While 

the maximum crack widths for free, two end, three end and four end 

restrained slabs during burning and after burning at the age of 26 days were 

(6.31, 6..1, 6..31 and 6..5) mm and (6.6., 6.2.1, 6.. and 6..1) mm 

respectively. The deflection at mid span of the reinforced concrete slabs 

was measured during and after exposure to fire flames. It was noticed that 

the maximum deflection recorded was during burning (5..8)mm for free 

slab ,whereas, the minimum deflection during burning recorded was 

(6.81)mm for four end restrained slab. After a period of 26 days from 

burning the maximum and minimum deflections were (6.21 and 6.2)mm 

respectively. Therefore, it is obvious from the test results that the mid-span 

deflection of free end slab was greater by 1.5 than that of the four end 

restrained slab. 

 The results of the finite element analysis and field measurements 

were found to confirm the results obtained from the experimental tests. 

Hence, the finite element method was found to give a reasonable 

description of the observed cracking behavior. 

 Simplified formulas were modified and suggested for calculating the 

minimum and maximum crack spacing and maximum crack width at any 

position along the slab length. 

 



 

 

 

 

 

٘ذا اٌجحش رُ أجزاإٖ ٌدراصخ صٍٛن رشممبد الأىّابط اٌحبلاٍخ  اٟ اٌضامٛخ اٌنزصاب١ٔخ  

اٌّضٍحخ ٚاٌّم١دح ٚاٌزٟ رُ رعز٠عاٙب ثعاد كٌاه   ٌاٝ ٌٙات إٌابر اٌّجبهازل ٘اذٖ اٌضامٛخ راُ رم١١اد٘ب 

خ   ثحبلاد رم١د ِنزٍفخ ِٓ إٌٙب٠بدل اٌزشمك أ٠عآ رُ اٌزحزٞ عٕٗ عٕدِب جزٜ رعز٠ط ٘ذٖ اٌضمٛ

  ٌٝ ٌٙت إٌبر اٌّجبهزل

 ٟ ٘ذٖ اٌدراصخ رُ اصزنداَ ّٔبكج ثحش ِصغزح ٠عزمد  ٔٙب رٛ ز ظزٚ ب ِشبثٙخ ٌٍظزٚخ  

اٌطج١ع١خ اٌّٛلع١خ لٌماد راُ لااي اٌجحاش ألاذ لازاكاد ازوابد اٌضامٛخة اٌّضاب خ ثا١ٓ اٌزشاممبد ة 

 عزض اٌزشممبد ٚأغٛاٌٙب  لجً ٚثعد  ززح رعز٠عٙب  ٌٝ ٌٙت إٌبرل

عز٠ط اٌضمٛخ اٌنزصب١ٔخ اٌّضٍحخ  ٌٝ أىّبط اٌجفبخ ٌّادح هاٙز٠ٓل ٚثعاد كٌاه راُ رُ ر 

( درجخ ِئ٠ٛخ ٌّدح صبعخ ٚٔصف  ٟ ٔفاش 066رعز٠عٙب  ٌٝ ٌٙت إٌبر اٌّجبهز ثدرجخ ازارح )

ا١ٌَٛ ثدْٚ أْ ٠زُ رض١ٍػ أ٠خ أاّبي عزظ١خ أصٕبك ع١ٍّخ اٌحزقل ثعد كٌه رُ رجز٠د ّٔبكج اٌضامٛخ 

( درجخ ِئ٠ٛخ لجً اٌحزقل رُ عًّ ِمبرٔخ ٌضٍٛن ٘ذٖ 32اٌّنزجز ٚاٌزٟ وبٔذ )  ٌٝ درجخ ازارح

 اٌضمٛخ لجً ٚثعد رعز٠عٙب  ٌٝ ٌٙت إٌبرل

ِٓ إٌزبئج اٌّضزحصٍخ لجاً ٚثعاد ع١ٍّاخ اٌحازق راُ ِااظاخ ٚجاٛد الازاخ  اٟ عازض  

بٖ ِزواز اٌزشممبد اٌّٛجٛدح عٍٝ غٛي اٌضمفل  ٟ ِضزٜٛ اٌحب خ ٠ٛجد عزض ِع١ٓ ٠ززا٠د ثبرجا

%( ِاآ 23-50%( ٚ )06-36اٌضامف ازاٝ ٠صااً  ٌاٝ اوجااز ل١ّاخ ٌاٗ عٕااد ِضاب خ رزاازاٚ  ثا١ٓ )

غٛي اٌشك لجً ٚثعد اٌحز٠ك ثبٌززبثع ٚاٌذٞ  ١ٗ ٠حصً اوجز عزض ٌٍشاك عابدحل ٚثعاد كٌاه ٠ؤلاذ 

٘ذا اٌشك ثبٌزٕبلص ازاٝ ٠عاّحً ٠ٚزاهاٝ عٕاد غاٛي ِعا١ٓ اعزّابدا عٍاٝ عٛاِاً ِع١ٕاخ رشاًّ 

لػ اٌّزوز ٌٍضمفل ٘ذا اٌضٍٛن ٠شًّ اٌزشممبد اٌزٟ ظٙزد  ٟ اٌحب ابد اٌّم١ادح  ِٛلع اٌشك عٓ

ٌٍضاامٛخ اٌنزصااب١ٔخ اٌّم١اادح ِاآ صاااس جٙاابد أٚ أرثااع جٙاابدل ث١ّٕااب اٌزشااممبد اٌزااٟ ظٙاازد ِاآ 

اٌحب بد اٌحزح  ٟ اٌضامٛخ اٌّم١ادح ِآ جٙزا١ٓ أٚ صااس جٙابد رّزٍاه ألصاٝ عازض ٌٍشاك عٕاد 

  ثبرجبٖ ِزوز اٌضمف ل ِضزٜٛ اٌحب خ صُ رصً ٚرعّحً

 06ٚاعزّبدا عٍٝ ٔزبئج ٘ذا اٌجحاش ٠ّىآ الاصازٕزبج ثاؤْ ألصاٝ عازض ٌٍزشاممبد ثعّاز  

( ٍِااُ ٌّٕاابكج اٌضاامٛخ اٌنزصااب١ٔخ 3.0ل6ة  300ل6ة  30ل٠6ِٛااب لجااً رعزظااٙب ٌٍحاازق واابْ )

 اٌّم١دح ِٓ جٙز١ٓ ة ِٓ صاس جٙبد ِٚٓ أرثع جٙبد عٍٝ اٌزٛاٌٟ ل ث١ّٕاب وابْ عازض اٌزشاممبد

ٌٍضمف اٌحز ٚاٌّم١د ِٓ جٙز١ٓ ٚاٌّم١د ِٓ صاس جٙبد ٚاٌّم١د ِآ أرثاع جٙابد ثعاد  زازح صابعخ 

( ٍِااُ عٍااٝ 5.ل6ة  30.ل6ة  0.ل6ة  30ل6ٚٔصااف ِاآ رعزظااٙب ٌٍٙاات إٌاابر اٌّجبهااز وبٔااذ )

( 0.ل6ة  .ل6ة  0.0ل6ة  .6ل٠6ِٛاب ثعاد اٌحازق وبٔاذ ) 06اٌزٛاٌٟ  ٟ ا١ٓ عزظٙب ثعد ِادح 

ل رُ ل١بس الأحزاخ  ٟ ٚصػ اٌضمٛخ اٌنزصب١ٔخ أصٕبك ٚثعاد رعز٠عاٙب  ٌاٝ ٌٙات ٍُِ عٍٝ اٌزٛاٌٟ

ٍُِ ٚوبْ ٌحبٌخ اٌضمف اٌحزة ث١ّٕب أٚغؤ  3.ل5إٌبرل رُ ِااظخ  ْ أعٍٝ أحزاخ رُ رضج١ٍٗ ٘ٛ 

٠ِٛب ِآ  06ٍُِ ٌحبٌخ اٌضمف اٌّم١د ِٓ اٌجٙبد الارثعٗ ل ثعد  30ل6أحزاخ رُ رضج١ٍٗ  مد وبْ 

( ٍُِ عٍاٝ اٌزاٛاٌٟل ٌاذٌه ِآ اٌٛاظا  0ل6ٚ  00ل6أعٍٝ ٚالً أحزاخ ِضجً ٘ٛ  )اٌحزق وبْ 

ِاآ  .0ل6ِاآ لاااي إٌزاابئج اٌّنزجز٠ااخ  ْ الأحاازاخ ٌحبٌااخ اٌضاامف اٌحااز واابْ أوجااز ثّماادار 

 الأحزاخ  ٟ ابٌخ اٌضمف اٌّم١د ِٓ أرثع جٙبدل

ٚوااذٌه إٌزاابئج إٌزاابئج اٌزااٟ رااُ اصزحصاابٌٙب ثٛاصااطخ غز٠مااخ رح١ٍااً اٌعٕبلااز اٌّحااددح  

اٌّضزحصاٍخ ِآ اٌّشاب٘دح اٌحم١ٍاخ أ٠اادد إٌزابئج اٌع١ٍّاخل ٌاذٌه ٠ّىاآ اٌماٛي ثاؤْ غز٠ماخ اٌعٕبلااز 

 اٌّحددح رعطٟ ٚلفب ِعمٛلا ٌضٍٛن اٌزشممبد اٌذٞ رُ ِااظزٗل



رُ رح٠ٛز ٚاٌزٛل١خ ثبعزّبد ِعبدلاد ِجضطخ ٌغزض اضابة اٌّضاب بد اٌاد١ٔب ٚاٌمصاٜٛ  

صاٝ عازض ٌزٍاه اٌشامٛق  اٟ أٞ ِٛلاع عٍاٝ غاٛي اٌضامف ٚكٌاه ث١ٓ اٌشامٛق ٚواذٌه اضابة أل

 ثبصزنداَ إٌزبئج اٌزٟ رُ اصزحصبٌٙب ِٓ لاي اٌجحشل
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1.1 General 
 

 Concrete is universally used as a construction material because it can 

be molded into any shape man desires and it provides at reasonable cost a 

material that can be designed to ensure high compressive strength. 

 Cracking of concrete is perhaps its major disadvantage which results 

mainly from its low tensile strength and low tensile strain capacity, where 

concrete is considered as a brittle material and lacks ductility. 

 In general, concrete cracks when there are tensile stresses exceeding 

in magnitude its tensile strength. 

 Concrete would change volume without inducing stresses if it is free 

to move. This case rarely occurs in practice, since concrete is always 

restrained to some degree. Thus, cracking will take place due to the 

combination of the tendency of concrete to contract and the restraint which 

prevents it from doing so. 

 The tendency of concrete toward cracking will depend on the 

magnitude of volume change movement, restraint and the properties of the 

concrete itself, i.e., strength, extensibility and creep (relaxation).  

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. 
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The effect of fire on structural members depends on different factors 

such as: the amount, nature, and distribution of fire loading, ventilation and 

compartment size. 

One of these structural members is a reinforced concrete slab.  This 

type of structural member may be subjected to high temperatures during 

fire, which will cause change in properties of its constituents namely 

concrete and steel, therefore,  in reinforced concrete structural design of 

buildings it may be necessary to design not only for the dead and live loads, 

but also for fire resistance [1]. 

Fire could bring a chemical reaction, essentially decomposition of 

Ca(OH)2  will cause a decrease in concrete compressive strength, which 

follows the development of heat. Most huge fires start from small ones, and 

during their development the rate at which heat is produced exceeds the 

rate at which it is dissipated. 

The fire resistance of reinforced concrete slabs is expressed in terms 

of fire endurance as determined by standard fire tests. The fire endurance of 

the slab is then expressed as the time duration necessary to induce failure. 

ASTM E-111 standard method for floor slab fire tests specifies that a fire 

test will be considered as successful if: 

a- The slab does not allow the passage of flames or gases hot enough to 

ignite oven-dried cotton, and 

b- The rise in temperature of the unexposed surface is less than 121 
 o

C 

(251 
o
F). For steel reinforcement, these standards specify that steel 

temperature should not exceed 541
 o

C (1111 
o
F) within the rated fire 

endurance. 

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 [2]. 
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1.2 Objective of This Work 
 

 Many authors studied restrained shrinkage. They used several types 

of molds and ways for restraining. However, very little work was done on 

shrinkage cracking of reinforced concrete slabs with different cases of 

restraint that are exposed to fire flame. 

 In order to simulate this problem to practical site conditions, reduced 

scale slab models were cast and they were as close as possible to practical 

under laboratory circumstances. 

 The main goals of this study are; 

1- The main parameter studied was the effect of different restrained 

cases of reinforced concrete slabs on the cracking behavior (crack 

width, crack spacing and crack length) of these models. A comparison 

was made between the experimentally obtained data with the theoretical 

results of the finite element approach for each case of restraint. 

2- Studying the fire effect on cracking tendency and pattern in 

reinforced concrete slabs with different restrained cases before and after 

exposure to fire flame. 

3- Investigating the fire endurance of reinforced concrete slabs 

subjected to different end restraint conditions. 

4- Studying the fire flame effect on the deflection of the reinforced 

concrete slabs. 

 

 

 

1.3 Research Layout 
 

 The research work presented in this thesis is given through seven 

chapters: 

 Chapter One provides a general introduction.  
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          Chapter Two, “Review of Literature”, introduces a definition of the 

shrinkage and types of shrinkage, and the main factors influencing it. Also, 

the forms of restraint and their effects on cracking were reviewed. As well 

as reviews literature including the effect of fire endurance on the behavior 

of reinforced concrete slabs. 

 Chapter Three, “Experimental work”, a description of the 

experimental slab models which were made to observe cracking is being 

presented. Materials, mixing and casting procedures, and procedure of 

measurements carried out in this study are discussed.  

Chapter Four, includes theoretical analysis using “Finite Element 

Modeling of Reinforced Concrete Structures”. 

 Chapter Five includes “Experimental Results and Analysis”, based 

on the results obtained, a formula for the relationship between maximum 

crack width to be expected in the slabs and maximum crack spacing, free 

shrinkage strain, creep strain and elastic tensile strain capacity of concrete 

is presented in Chapter Five. The validity if this formula and formulas of 

previous researchers are examined with reference to the results of the tests 

performed on the slab models in the above-mentioned experimental 

research, and on actual slabs. It is found that there is a good agreement 

between the present formulas results and both experimental and actual slab 

models measurements.  

 In Chapter Six, “Analysis Results and Discussion”, A comparison 

between of the experimental and theoretical results are presented in this 

chapter. 

 Finally, Chapter Seven is devoted to the general conclusions and 

suggestions for further research. 
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1.2 Shrinkage of Concrete 
 

 Shrinkage is a time dependent phenomenon. It is mainly due to the 

drying out of cement gel. The process of drying depends on the rate of 

diffusion of moisture to the surface of the concrete where it evaporates. 

Therefore, shrinkage develops with time at high rate initially and slows 

down with concrete again. 

1.1 Types of Concrete Shrinkage 
 

 There are different types of concrete shrinkage, which can be 

summarized as below. 

3.3.2 Plastic Shrinkage  

 Plastic shrinkage is a reduction of volume in fresh concrete when 

placed in forms due to settlement of solids and bleeding of clear water at 

the top surface which is followed by its evaporation [3]. 

 The magnitude of plastic shrinkage is affected by the amount of 

water lost from surface of concrete, which is influenced by many factors 

related to the concrete properties or the ambient conditions like: concrete 

temperature, ambient temperature, relative humidity, and wind velocity. 

The properties of the material in contact with concrete surface also affect 

the amount of water loss from concrete. 
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According to ACI Committee 305[4], if  evaporation is more  than   

2 kg/m
1
/hr plastic shrinkage cracks may occur. 

3.3.3 Carbonation Shrinkage  

 The presence of carbon dioxide (CO1) and moisture in air can 

produce carbonic acid which reacts with hydrated lime in cement to 

produce CaCO3. 

 OHCaCOCOOHCa 2322)(    ........... (1-2) 

 The actual rate of carbonation depends on the permeability of 

concrete, moisture and the CO1 content and relative humidity of the 

ambient medium. Therefore concrete with high w/c ratio and inadequately 

cured will be more prone to carbonation. 

3.3.4 Drying shrinkage 

 This type of shrinkage is the most important type of concrete 

shrinkage with respect to cracking of hardened concrete. It is defined as the 

volumetric contraction, which is attributed to the withdrawal of water from 

concrete stored in unsaturated air. Thus when concrete is exposed to dry 

condition, moisture slowly diffuses from the interior mass to the surface 

where it is lost by evaporation. 

 According to Power and Brownyard [5] there are three types of 

water occurring in cement paste which are: 

2- Non-evaporable water [fixed water]. 

1- Gel water. 

3- Capillary water.      Free water  

The non-evaporable water is very difficult to evaporate under the 

normal conditions.  

Gel water is difficult to evaporate, its evaporation may take 10 years, 

and this is the principal cause of drying shrinkage. 
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Capillary water is easy to evaporate but its effect on shrinkage is 

limited by the paste structure. 

According to Hobbs [6], due to progressive loss of water from 

cement paste, capillary tension that develops in the residual water induces 

compressive stresses in concrete resulting in concrete shrinkage. 

3.3.5 Autogenous Shrinkage 

 The autogenous shrinkage of concrete is a result of chemical reaction 

of Portland cement and water, since the sum of dry cement and mixing 

water is greater than that of hydrated products plus the remaining free 

water. This type is considered small for the usual concrete mixes. For 

practical purposes, the typical value is normally taken equal to 40 

microstrains [7]. 

 Autogenous shrinkage tends to increase at higher temperatures, with 

a higher cement content, and possibly with finer cements, and with cements 

which have a higher C3A and C4AF content [8].  

 

1.3 Factors Affecting Shrinkage of Concrete 
 

 There are many factors influencing shrinkage of concrete but the 

main factors are summarized as follows: 

 

3.4.2 Influence of Aggregate  

 The aggregate appears clearly to have a great influence on shrinkage 

of concrete. It occupies about (65-75)% of total concrete volume and 

restrain the shrinkage of cement paste. 

 Carlson et. al. [9] reported that the aggregates dilute and reinforce 

the cement paste against contraction, thus reduce its magnitude to           

(2/4 to 2/6) its original value depending on the type and amount of 

aggregate used. 
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 ACI Committee 114 [20] explained that the ability of aggregate to 

restrain shrinkage of cement paste depends on compressibility and 

shrinkage of aggregate, extensibility of cement paste and bond between 

cement paste and aggregate. 

3.4.3 Cement Type and Fineness 

 In general the increase of cement content increases the shrinkage and 

therefore the cracking tendency, but at the same time the increase in cement 

content increases the strength of concrete and the tensile strain capacity. 

 Torrent [22] and Troxell et. al. [21] concluded that shrinkage of low 

heat cement (type IV) is greater than that of (type I). This is believed to be 

due to high C1S content in (type IV) cement, which exhibits high 

shrinkage. 

 Carlson [23] pointed out that fineness of cement has probably two 

opposing influences on shrinkage of concrete. Finer cement hydrates more 

extensively and thus produces a denser gel, which has a lesser shrinkage. 

While the gel of the finer cement is stronger and therefore it has a higher 

effect against restraint of aggregate and this increases shrinkage. 

 

3.4.4 Water to Cement Ratio 

 One of the most important factors in shrinkage is w/c ratio of the mix 

because its increase tends to increase shrinkage and, at the same time, to 

reduce the strength of the concrete. 

 Brooks [24] demonstrated that shrinkage of hydrated cement paste is 

directly proportional to w/c ratio. 

 Carlson [9] reported that a decrease of water content of concrete by 

25 percent causes a decrease in shrinkage of about 30 percent, as similar 

trend was given by the ACI Committee 114 [20] for 20 percent reduction 

of water content, the one year drying shrinkage decreased by 25 percent. 
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3.4.5 Effect of Curing, Exposure Conditions and Size of Member 

 Duration of moist curing of concrete does not seem to have much 

effect on drying shrinkage, especially for curing times of less than a month 

[25]. Neville [26] reported that the effect of curing on magnitude of 

shrinkage is small and that well cured concrete shrinks more rapidly. 

 When concrete is exposed to a hot and dry climate as much as half 

the total shrinkage may occur in the first month after casting [27]. Troxell 

et al. [21] reported that drying shrinkage of concrete in an atmosphere of 

70 percents relative humidity is about one-third lower than if the concrete 

was exposed to 50 percent relative humidity. 

 The rate and magnitude of shrinkage of small laboratory specimens 

is believed to be much greater than that of field concrete members (slabs, 

walls … etc). Hansen and Mattock [28]  concluded through extensive tests, 

that the volume/surface area ratio of the concrete member is a suitable 

parameter when estimating its shrinkage and creep deformations. 

Increasing the volume / surface area decreases the shrinkage. 

 

3.4.6 Relative Humidity 

 The standard condition assumes that the ambient relative humidity 

during drying is 40 percent. If the ambient relative humidity is greater than 

40 percent, the ultimate shrinkage is reduced. 

 According to Troxell et. al. [3] the drying shrinkage of concrete in 

atmosphere of 70 percent R.H. is about one-third lower than in 50 percent 

R.H. 

 

3.4.7 Temperature  

 It is well known that increasing concrete temperature after casting 

increases the evaporation of the water therefore shrinkage increases. 

1.4 Shrinkage Induced Cracking 
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 Shrinkage may cause cracking of concrete. If the shrinkage takes 

place without any restraint, the concrete would not crack. However, in 

practice the concrete is always under some degree of restraint either 

externally or internally. The combination of shrinkage and restraint 

develops tensile stresses. When the induced strain exceeds the tensile strain 

capacity of the concrete, cracking takes place. Alternatively, when the 

developed stress exceeds the tensile strength of concrete, cracking occurs 

as shown in Figure (1-2). 

 The magnitude of tensile stress developed during drying of the 

concrete is influenced by a combination of factors such as: 

i- the amount of shrinkage, 

ii- the degree of restraint, 

iii- the modulus of elasticity of the concrete, and 

iv- the creep or relaxation of the concrete. 

 

 

 

 

 

 

 

 

 

 

Thus, the amount of shrinkage is only one factor governing cracking. 

For prevention of shrinkage cracking, low modulus of elasticity and high 
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Figure (3-2): Sketch of Crack Development (Stress Wise) [11]. 
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creep characteristics of the concrete are desirable since they reduce the 

magnitude of tensile stresses [20]. 

The need to control crack spacing and width in reinforced concrete 

structures arises from aesthetic reasons, water tightness requirements, 

concrete durability, structural safety, and preservation of steel 

reinforcement considerations [29]. 

3.5.2 Plastic Shrinkage Cracking 

 Plastic shrinkage cracks are the most dangerous cracks. They occur 

when concrete is still in the plastic state and subjected to fast loss of large 

amount of water per unit area. The width of plastic shrinkage cracks may 

reach 6 mm, therefore, can result in serious problems. 

 According to ACI 305R-92 [10] the risk of plastic shrinkage 

cracking is identical for the following combinations of temperature and 

relative humidity: 42
o
C and 90 percent, 35

o
C and 70 percent, 14

o
C and     

30 percent. Typical plastic shrinkage cracks are parallel to one another, 

spaced 0.3-2.0 m apart, and have considerable depth. 

 Plastic shrinkage cracking is some times confused with another type 

of cracking called plastic settlement cracking. The plastic settlement 

cracking occurs on the surface of fresh concrete and caused by differential 

settlement of fresh concrete due to some obstruction to settlement, such as 

large particles of aggregate or reinforcing bars. 

 Plastic shrinkage cracking can develop also when a large horizontal 

area of concrete makes contraction in the horizontal direction more difficult 

than vertically, deep cracks of an irregular pattern are then formed [12]. 

Such cracks can properly be called pre-setting cracks. 

3.5.3 Restrained Shrinkage Cracking  

 The term “restraint” is defined by ACI Committee 107 [13], as “to 

hold back from action; check; suppress; curb; to limit; restrict”. Restraint 
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acts to limit the change in dimensions and produces strain, with 

corresponding stress in concrete member. Numerically, the strain is equal 

to the product of the degree of restraint existing at the point in question and 

the change in unit length which could occur if the concrete was not 

restrained. 

 The degree of restraint depends largely on relative dimensions, 

strength, creep or relaxation, modulus of elasticity of concrete and the 

restraining object. In practice, the degree of restraint of any concrete 

section within the member depends largely on its location and the type of 

restraint [14]. 

 The possible restraints of concrete members are internal restraint, 

external end-restraint, and base-restraint. In practice, concrete is usually 

under some type of restraint, internally or externally. 

 The source of internal restraint is steel reinforcement, aggregate, and 

exists in members with nonuniform volume change in a cross section. This 

occurs for example, with slabs, walls, or masses with interior temperatures 

greater than surface temperatures. 

 In addition to internal restraints caused by aggregate and 

reinforcement, some restraint arises also from non-uniform shrinkage 

within the concrete member itself. Moisture loss takes place at the surface 

so that a moisture gradient is established in the concrete section, which is 

subjected to differential shrinkage. This shrinkage is compensated by strain 

due to internal stresses, tensile near the surface and compressive in the  

core [15]. 

 The external restraint occurs from the ends or the base of concrete or 

stem from other parts of the structure. Most researchers did not take into 

consideration difference between end restraint or base restraint. Test 

methods commonly used for measuring shrinkage cracking of concrete are: 



 Chapter Two : Literature  Review 

 

24 

bar test, plate test, and the ring type specimens for restraint shrinkage 

cracking test. All of these methods have several drawbacks, in particular, 

the difficulty of providing a constant restraint. Al-Rawi [16] used I-shaped 

molds having a channel section to study shrinkage crack spacing and crack 

width. 

 Figure (1-1) shows distribution of restrained movement expressed as 

degree of restraint (R) at the center – lines of concrete walls restrained 

completely at the base with different values of L/H ratios. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure (3-3): Degree of tensile restraint at center section [15]. 

A- End-Restrained Shrinkage Cracking 

 Since the restraining edges exist only at the member ends, the 

restraint in such members will be uniform; accordingly, a uniform state of 

tensile strain will develop in the member as it shrinks or contracts. 
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Cracking of the member will therefore begin to propagate at the weakest 

section existing at any position within the member length [29]. 

 In fact crack location depends mainly on the position of the weakest 

concrete section. As discussed previously, for a fully developed crack 

pattern, the spacing between cracks must be between Smin (bond slip 

distance) and Smax (twice the bond slip distance). As can be seen from 

Figure (1-3). 

    bb DSSSD 2maxmin   

where (Db) is the bond slip distance. 

 Evans and Hughes [18] derived the equation 
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1
min          (For rounded bars)   ........... (1-1) 

where; 

d  : bar diameter, 

  : steel ratio, 

ftu : tensile strength of concrete, and 

fb : average bond strength between steel and concrete. 

 Evans and Hughes assumed that ftu /fb ratio can be taken as 0.67, 0.8 

and 2.0 for ribbed, indented and plain round bars respectively. 
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Figure (3-4): Concrete stress conditions during the development of cracking [17]. 

 Al-Rawi [16] presented the following formula for the minimum crack 

spacing based on experimentally measured bond slip distance, using a new 

model which was believed to resemble field conditions: 

 



d

KS 85.0min   ........... (1-3) 

where (K) is a constant depending on the type of reinforcement 

 





barsdeformedribbedfor

barsdeformedindentedfor
K

67.0

8.0
 

(d) is the bar diameter and  is steel ratio. And Smax was taken as twice the 

above value for Smin. 

 The initial crack width formed can be calculated by the simple law of 

triangle area 

 
2

.max ult
i

eS
w    ........... (1-4) 

where; 
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wi  :   initial crack width, and 

eult :  elastic tensile strain capacity of concrete. 

 The width of fully developed crack due to drying shrinkage and heat 

of hydration in restrained slabs and walls may be obtained [19].  

   6
maxmax 10100  tecsSW   ........... (1-5) 

where; 

wmax  :  maximum crack width, 

Smax  :   maximum crack spacing, 

cs    :   shrinkage strain, and 

te  : total thermal contraction after peak temperature due to heat of 

hydration. 

The value of wmax can be calculated as suggested by [19] (taking into 

consideration cooling to ambient from the peak hydration and the seasonal 

variations): 

  21maxmax .
2

. TTSw 


   ........... (1-6) 

where; 

T2 :  fall in temperature between hydration peak and ambient, and 

T1 :  fall in temperature due to seasonal variations. 

 Evans and Hughes [18] expressed the maximum crack width as the 

product of maximum crack spacing by the average free shrinkage strain 

minus the average residual surface strain between cracks (taken as half the 

elastic tensile strain capacity of concrete): 

 









2
maxmax

ult
sh

e
eSw   ........... (1-7) 

 Al-Rawi [16] obtained the following equation to estimate the 

maximum final crack width in end restrained concrete members,         

Figure (1-4). 
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   

















2
int 2

1maxmax

creep
erestraoflosscreepeSw ultshr  ....... (1-8) 

where; 

creep2 :  creep prior to cracking, and 

creep1 :  creep after cracking. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 ACI-Committee 107 [13] presented an expression for crack width 

taking the effect of variation in restraint in the wall before cracking only 

into consideration: 

Longitudinal Steel 

Reinforcement 

(e) Final Strain Distribution of Concrete. 

Observed  contraction 

S max 

Loss of restraint 

Creep 2 

Creep 2 

Loss of Restraint 

S max 

eshi 

eult 

esh Creep 3 

eult 

Transverse Crack 

Tension 

Tension Tension 

Compression 

(a) Longitudinal Concrete Section 

(b) Steel Stress and Distribution 

(c) Concrete Stress Distribution 

Bond Slip Distance 

S min 

(d) Strain distribution of concrete immediately after cracking. 

Figure (3-5):Sketch of stress and strain distribution in steel and concrete for 
deformed bars.[37] 
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  cctecbave EfTRSw /5.1max     ........... (1-9) 

where; 

Save : average crack spacing. 

c : coefficient of thermal expansion of concrete. 

Te :effective temperature change including an equivalent temperature    

change to compensate for drying shrinkage. 

Fct : tensile strength of concrete. 

Ec : modulus of elasticity of concrete. 

 The committee suggested that the lower half of the wall, (near the 

base) requires maximum reinforcement and the upper half of the wall, 

requires minimum reinforcement. Again, this idea conflicts with facts that 

can be seen in practice. Figure (1-5) represents the cracking sequence that 

is proposed by the committee. 

 

 

 

 

 

 

Figure (3-6): Sequence of crack propagation.[34] 

 

B- Base Restrained Shrinkage Cracking 

 A concrete wall cast on a continuous concrete base is a typical 

example for base restrained concrete members. The restraint in the walls is 

not uniform throughout the wall height, but varies from point to point 

within the wall. The magnitude of restraint depends on: length/height ratio 

of the wall, wall and base dimensions, degree of fixity between the wall 
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and the base, position of the point, and amount and distribution of 

reinforcement. 

 Al-Rawi [29] investigated the combining effects of the base restraint 

and the reinforcing steel in distributing volume change cracking. He 

suggested the following equations for prediction of minimum crack spacing 

(Smin) and maximum crack width (wmax) in base – restrained concrete 

members: 

 
dKH

HdK
S

1

1
min


   ......... (1-20) 

where; 

K2  : factor equals 0.57 for deformed bars, 0.68 for indented bars, and 

0.85 for plain bars, 

d  : bar diameter, 

   : steel reinforcement ratio, and  

H  : wall height. 

   2/8.0maxmax ultshab eeRRKSw    ......... (1-22) 

 K=2-c’ 

where; 

Ra  : degree of restraint after cracking, 

Rb  : degree of restraint before cracking, 

Smax  : maximum crack spacing,  

esh  : free shrinkage, and  

eult  : elastic tensile strain capacity of concrete. 

 Assuming the sum of the creep strain before cracking Cb and the 

average value of the creep strain after cracking Ca to be c’ (constant) of the 

total net shrinkage, where c’ equals 0.4 for reinforced concrete walls and 

0.15 for plain concrete walls. 
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 The B.S. 5337 [19] gives the following equation for the prediction of 

maximum crack width: 

  2/2/maxmax ultshth eeeSw    ....... (1-21) 

 Using the equation above, results in a uniform predicted crack width 

along the wall height. Harrison [30] modified this equation by introducing 

the effect of the degree of restraint before cracking at the wall center line. 

Thus, Equation (1-21) will become: 

   2/maxmax 5.0 ultshthb eeeRSw    ....... (1-23) 

where Rb is the degree of restraint before cracking. 

 Since Rb is maximum at the wall base, and decreases toward the wall 

top, therefore according to Harrisons formula the crack width will be the 

maximum at the base and minimum at the wall top. Harrison considered the 

creep to be about 50: of the total volume change (eth+esh). 

  

1.5 Factors which Affect Cracking Resistance  
 

3.6.2 Creep or Relaxation of Concrete  

 Creep is generally defined as the continued deformation of concrete 

under sustained stress [20]. According to Neville [26], if the restraints are 

such that a stressed concrete specimen is subjected to a constant strain, 

creep will be expressed as a progressive decrease in stress with time known 

as (relaxation). 

 The basic effect of creep on cracking tendency of concrete is to delay 

or prevent the cracking of concrete through delaying the shrinkage strain 

propagation and preventing the stage at which tensile strain capacity is 

exceeded. 

 Many factors which affect creep such as; relative humidity, w/c ratio, 

mix proportion, age of concrete, ambient temperature, influence shrinkage 

in a similar manner. Hence, their influence on cracking tendency is very 

little. 
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3.6.3 Tensile Strain Capacity of Concrete 

 Control of shrinkage cracking of concrete depends partly upon the 

maximum strain which the concrete can sustain in tension before cracking 

occurs (strain capacity). The tensile strain capacity includes both the elastic 

strain capacity and the creep strain, which, develops during tensile strain 

build up by restrained shrinkage, which is time dependent. 

 Mann [32] reported a value for ultimate strain capacity is 

approximately 200 microstrain at a variety of ages and strength. Other 

researchers quoted experimental values of strain capacity ranging between 

(200-100) microstrain, however higher values can be used safely before 

cracking and this was confirmed by Al-Rawi [11]. Hughes and Ghunaim 

[31] reported that tensile that tensile strain capacity increases with increase 

of concrete age. Hoobs [33] concluded that the strain capacity will be 

improved with age and strength of concrete. An increase in strain capacity 

from (80-200) microstrain to (215-260) microstrain was obtained with 

increase in age from 7 to 280 days. 

 The values presented in previous literature are about (200-100) 

microstrain [32]. Higher values, however, have been reported more 

recently by Al-Rawi [11]. 

 

1.6 Cracking Age 
 

 It is the time required for the shrinkage induced strains to build up 

and exceed the tensile strain capacity of concrete. The age of first crack and 

the cracking sequence is dependent on the same factors that influence the 

cracking tendency of concrete (i.e. degree of restraint, shrinkage, creep, 

tensile strain capacity … etc). Thus, cracking age, as stated by Al-Rawi 

[11] could be used as an index to assess the possibility of cracking of 

various mixes. 
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 Al-Rawi [11] reported that the cracking time depends on both 

shrinkage and tensile strain capacity. It increases with decrease in w/c ratio 

(mix preparations being unchanged), with increase in normal curing time 

and amount of crushed coarse aggregate. 

 

1.7 Effect of Fire 
 

3.7.2 Introduction 

 Behavior of reinforced concrete under fire has been studied by many 

investigators. The effect of temperature on the reinforced concrete 

properties and the calculation of the resulting stress, deformations and 

strains has been subjected to considerable research in recent years. A 

number of research dealt with the effect of fire on reinforced concrete 

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

exposure to fire. 

 This review is concerned with the properties of concrete and 

reinforcing steel at temperatures higher than the normal range, which may 

occur through accidents by fire in conventional buildings. 

3.7.3 The effect of Fire on the Concrete 

 Harada et al. [34] showed that the strength of concrete generally 

decreases with the increase in temperature, although below 200
o
C 

exceptions to this rule have been found. Also, they found experimentally 

that the residual bond strength of concrete with steel reinforcement was 

44: of reference strength at a temperature range of 200 to 300
o
C but 

dropped rapidly to 20: at 450
o
C. This effect was more remarkable than the 

effect of temperature on the compressive strength where the residual 

strength was 60: at 450
o
C. 

  High temperature [35] induces a loss of strength, both in 

(compression and tension) and in concrete stiffness (Young’s modulus), 
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and an increase in the elastic deformability, creep and shrinkage by altering 

the chemical – physical composition of the cement paste transmigration 

and vaporization of the free water, loss of the combined and adsorbed 

water, dissociation of the calcium hydroxide at about 400
 o

C, shift from    

-quartz to -quartz in the crystalline silicon dioxide at 575
o
C. These 

processes occur not only at the micro-structural level [within the hydrated 

binder, i.e. within the cement paste], but also at the mesolevel for instance, 

in the medium and large aggregate particles, which may exhibit a sever 

splitting because of the loss of zeolitically – bonded water [36, 37]. 

   In the temperature range 300
o
C to 500

o
C, the total porosity of 

the cement paste increased rapidly due to formation of microcracks [38]. 

This behavior is attributed to the dehydration of some cement paste 

compounds. Additional significant increase in porosity beyond 500
o
C was 

stated to be caused by two chemical processes [38]: liberation of water 

from the dissociation of Ca(OH)1 in the range 450
o
C-550

o
C and liberation 

of CO1 as a result of CaCO3 decomposition above 600
o
C. 

 Umran [39] investigated the fire flame exposure effect on some 

mechanical properties of concrete. The specimens were subjected to fire 

flame ranging between (15-700
o
C). Three temperature levels of (400, 500 

and 700
 o

C) were chosen with four different exposure duration of 0.5, 2, 

2.5 and 1 hours without any imposed loads during heating. The specimens 

were heated and cooled under the same regime and tested after exposure to 

fire flame at ages (30, 60 and 90 days). Compressive strength of 250 mm 

cubes and flexural strength of (200x200x400 mm) prisms were measured. 

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

were tested also. He found that the residual compressive strength ranged 

between (70-85:) at 400
 o

C, (59-78:) at 500
 o

C and (43-61:) at 700
 o

C. 

The flexural strength was found to be more sensitive to fire flame exposure 

than the compressive strength. The residual flexural strength was in the 
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range of (67-78:) at 400
 o

C, (40-67:) at 500
 o

C and (10-45:) at 700
 o

C. 

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

of elasticity (Ed) were more sensitive to fire flame than compressive 

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

effect on residual compressive strength of concrete. 

3.7.3 The Effect of Fire on Reinforcing Steel 

 Edwared, and Gamble [40] investigated behavior of grade 60 

reinforcing bars of diameter (21.7 mm) after exposure to fire. The bars 

were heated to temperatures of (500-800
 o

C), the furnace was held at peak 

temperature for about one hour and then slowly cooled simulating one 

possible condition in a severe fire. The bars were tested in tension after 

they had been cooled. The yield stresses were reduced to a minimum of 

73: of the original strength and the ultimate strength was reduced to a 

minimum of 83: of the as rolled strength. The heating and cooling of the 

steel did not change the nature of the stress-strain curves. The modulus of 

elasticity remains constant at room and elevated temperatures. 

 M. Holemes and R.D, Anchor [42] studied the effect of elevated 

temperatures on the strength and stiffness properties of four reinforcing 

steels of varying size. The test program was designed to provide data on 

three major parameters (yield stress, ultimate strength, and elastic 

modulus). They found that the normalized results for the yield stress, 

ultimate strength and elastic modulus for all sizes are as follows: 

A- There was no significant change in the normalized values below   

300
 o
C. 

B-   A 50: reduction in both the yield stress and ultimate strength was 

obtained between 510
 o
C and 580

 o
C and between 540

 o
C and 700

 o
C for 

the elastic modulus. 
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3.7.4 The Effect of Fire on Reinforced Concrete Slabs 

 J. Hannant and P.S. Pell [41] investigated the thermal stresses in 

reinforced concrete slabs. An experimental and theoretical investigation 

into the stresses induced in steel and concrete in reinforced concrete slabs 

subjected to high temperatures and thermal gradient. They found that the 

observed stresses in the steel are dependent on time and previous 

temperature cycling of the slab. Initially, the stresses in the steel were in 

close agreement with the values derived from the elastic analysis, but as 

shrinkage and creep increased, with time and temperatures, large losses of 

tensile stress were measured until, in several cases, the steel developed 

compression even while the thermal gradients were considerable. The main 

cause of the loss of tensile stress in the steel was attributed to the increased 

rate of concrete shrinkage at temperatures near or above 200
 o

C, with 

secondary effects due to creep and reduction in the expansion coefficient. 

             Salse and Lin [43] carried out a theoretical study on the influence 

of high temperature on concrete structures. It included a theoretical part for 

the structural design for reinforced concrete members subjected to fire. To 

determine the properties of concrete and steel reinforcement during fire 

exposure, the thermal distribution through the member section should be 

known, therefore, they used a thermal analysis by finite difference method. 

 They reached the following conclusions: 

2- The resistance of a structural member to fire increases as the 

restraining force increases. 

1- Simple mathematical relationship may be used to find the resistance 

of sections at the negative and positive moment areas. 

3- The effects of restraining force were used to calculate the strength of 

the section in the ultimate moment areas only. 
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Shirly et al. [44], carried out a study dealing with high strength 

reinforced concrete slabs and their resistance to fire. The study includes 

five specimens having dimensions of 900x900x201 mm reinforced with 29 

mm diameter steel bars. Four high strength mixes were used along with one 

mix with normal strength for comparison. The specimens were subjected to 

a standard fire, and failure was determined when the average unexposed 

surface temperature reached 212
o
C. 

 The results showed that the behavior of the five slab specimens was 

the same, the fire endurance of the specimens were close, and there was no 

spalling or falling of the concrete surface due to high temperature exposure. 

Some cracks formed over embedded reinforcing bars during the fire tests. 

However, these cracks appeared in both the high and normal strength 

concrete specimens. 

 Gustaferro and Carlson [45], interpretated the effect of end restraint 

on the fire resistance of prestressed concrete members based on data 

obtained in some of the fire tests as shown in Figure (1-6). 

 

 

 

 

 

 

    

Figure (3-7): Effect of end restraint on fire resistance on prestressed concrete. 
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resistance to thermal expansion. Other percentages represents intermediate 

degree of restraint. Each point on this curve represents the fire resistance 

for a certain degree of restraint. It is evident that some restraints improve 

the fire resistance, however, complete or nearly complete restraint can 

result in a reduction in the fire resistance. One of the end points of fire test 

listed under ASTM standard E229 [46] is the “heat transmission” end point 

which is reached when the average temperature of the unexposed surface of 

a slab rises more than 212
 o

C. The relative position of the dashed line is 

principally a function of the slab thickness and the type of aggregate. The 

portion of the curve above the dashed line is principally of academic 

interest since the fire resistance would be determined by the elapsed time to 

the first end point. The portion of the curve to the left of the zone 

representing an end point by heat transmission indicates the structural end 

point, while the portion to the right indicates the end point by compression 

spalling or by compression failure. 

 Lie and Leir [47], investigated the effect of different parameters on 

the temperature distributions on reinforced concrete slabs under fire 

exposure, using 800x900mm specimens with different thickness 60, 200 

and 250 mm. Moreover, a computer program was used depending on the 

finite difference method to calculate the temperature distribution in the fire 

exposed slabs taking into account the effect of time of exposure to the 

elevated temperatures and concrete thermal properties. The authors 

concluded that there is good agreement between the experimentally and 

theoretically calculated temperature distribution for all the specimens. They 

also found that an increase of moisture in concrete leads to disagreement 

between the experimental results and those calculated using the computer 

program. Furthermore, they observed that the slab thickness affects the 

temperature distribution significantly. 
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 Hidayat [48], carried out an experimental and theoretical 

investigation concerning the behavior of reinforced concrete slabs 

subjected to high temperatures. The experimental part included fabricating 

and testing 28 reinforced concrete slab specimens having dimensions of 

600x600x400 mm, with different steel ratios. The specimens were heated 

and cooled, then tested to failure under uniformly distributed load. 

 The analytical investigation included thermal analysis using the 

computer program fires – T3 to predict the thermal distribution through the 

slab section, and a structural analysis of the slab specimens subjected to 

high temperatures. 

 He reached the following main conclusions: 

2- All the heated slabs were found to be capable of resisting the 

service loads. 

1- The ultimate flexural strength of the slab specimens decreased 

with the increase of temperature. 

3- Good agreement between the thermal analysis and the 

experimental results were obtained, which confirms the validity of 

the method and the mathematical models used. 

 

1.8 Temperatures Associated with Fires 
 

 The values of temperature associated with fires are according to the 

ASTM-E229 standard curve which can be described approximately by the 

following expression [46]: 

If t < 7100 sec. 

 Tf = To+
8.1

1
 [2044 + tanh (0.00013423 t) – 498.1 tanh 

(0.00017044t) 

                 + 2186 tanh (0.001475 t)]   ......... (1-24) 
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If t   7100 sec. 

 Tf = 917 + 0.022574 t   ......... (1-25) 

where; 

f   :  for the fire, 

t   :  time in seconds, 

T  :  the fire temperature at time t (
o
C), and 

To :  initial temperature (
o
C). 

 The curve representing this function; known as the “standard time-

temperature curve”, Figure (1-7). 

 Lie and Irwin [49] proposed a model to simulate the temperature – 

time curve for the standard ASTM-E229 fire test 

    ttT 41.17079553.3exp175020    ......... (1-26) 

where t is the time in hours. 

 

 

 

 

 

 

 

 

 

 

Figure (3-7): Standard time-temperature relationship of furnace atmosphere 

(ASTM E229).  
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 Concrete made with siliceous or limestone aggregate shows a change 

in colour with temperature, as this is dependant on the presence of certain 

compounds of iron, there is some difference in the response of different 

concrete. The change in colour is permanent, so that the maximum 

temperature during a fire can be estimated a posterior; the colour sequence 

is approximately as follows, pink or red between 300 and 600
o
C, then grey 

up to about 900
 o

C, and buff above 900
 o

C. Thus the residual strength can 

be approximately judged [26, 35]. 

 

 

1.9 Thermal Properties at Elevated Temperatures 
 

A- Thermal Expansion of Concrete 

 Thermal expansion is a very important free strain associated with 

fire. It changes rapidly with temperature. An envelope model [50] and a 

typical model for thermal expansion of concrete are shown in Figure (1-8). 

 A coefficient of thermal expansion of concrete is obtained from the 

slopes of Figure (1-8) as follows: 

   CTCT o
c

o /108.105000 6   ......... (1-27) 

   CTCT o
c

o /102.16500 6   ......... (1-28) 

 The free thermal strain in concrete for time step (i) is calculated as: 

     1,  iiicth TTTic   ......... (1-29) 

where; 

 
2

T
  i step  timeduring re temperatuaverage 1i 
 i

i

T
T  
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Figure (3-8): Thermal expansion of concrete as a function of temperature. 

  

 Figure (1-9) shows data on linear thermal expansion of concrete 

made with siliceous aggregate. The data were obtained by Cruz [52] using 

a dilatometric method but the results have not yet published. Harmathy and 

Allen [51] studied the thermal expansion of 26 different concretes, used in 

masonry units. Among these, pumice concrete was found to exhibit 

considerable shrinkage at temperatures above 325
o
C. Dettling [53] pointed 

out that thermal expansion of concrete is influenced by aggregate type, 

cement content, water content, and age. 
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Figure (3-9): Thermal expansion of concrete at high temperature. 

 

 The aggregates, depending on the type of their rock origins, have 

different expansion behaviors during heating. The coefficient of thermal 

expansion of various rocks usually ranges from less than 3.6x20
-6

 /
o
C to 

more than 21x20
-6

/
o
C at normal temperature [54]. Testes by Harda et al. 

[34] revealed that thermal expansion of concrete was very close to that of 

aggregate used in it. This is attributed to the high content of aggregates as 

compared with the cement paste. So, in spite of the high contraction of the 

cement paste, expansion of concrete is predominant. Zoldner [54] stated 

that the quartz content in aggregate is the main factor influencing thermal 

expansion of aggregate. A higher quartz content to cause larger expansion 

due to heating. 

 During first heating, the cement paste is subjected to two opposite 

effects. An ordinary thermal expansion based on kinetic molecular 

movements, and a hygrothermal volume change associated with the 
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movement of internal moisture [54, 55]. Up to a temperature of 200
 o
C, the 

cement paste expands; then it will contract at higher temperatures [55]. 

This contraction continues as temperature rises as shown in Figure (1-20). 

 

 

 

 

 

 

 

 

 

Figure (3-21): Free thermal strain of cement pate and gravel. (After Khoury et al., 
2985) [55]. 

 

B- Thermal Expansion of Steel 

 In order to study the behavior of reinforced concrete structures up to 

failure, the mechanical properties of steel should be specified. These 

properties such as modulus of elasticity, Es, yield strength, fy and stress 

strain relation are temperature dependent. 

 It was stated earlier [50] that up to 700
o
C thermal expansion 

coefficient of steel increases with rise in temperature. Thereafter, steel 

undergoes transformations in its composition (i.e. crystalline 

transformations) resulting in an appreciable discontinuity in the expansion 

curve (Malhotra) [56]. However, the model suggested by Nizamuddin [61]  

is shown in Figure (1-22) in addition to the test result published by 

0 100 200 300 400

Temperature ( C)

-6000

-4000

-2000

0

2000

4000

6000

C
o

n
tr

a
ct

io
n

  
  

  
  

  
  

  
  

E
x

p
a

n
si

o
n

Cement paste

Gravel

o

S
tr

a
in

 (
M

ic
ro

st
ra

in
)



 Chapter Two : Literature  Review 

 

45 

Takeuchi et al. [57]. This model for calculation of the coefficient of 

thermal expansion, s, is shown by the formula: 

 CTCforC
T ooo

s 6500,108.10
100

6 







    ....... (1-10a) 

and 

 TCforC oo
s   650,103.17 6   ....... (1-10b) 

 

 

 

 

 

 

 

 

 

 

 

 

1.20 Deformation Properties at elevated Temperatures  
 

A – Creep of Concrete at Elevated Temperatures 

 Creep is one of the time dependent free strains associated with fire 

that it increases rapidly with increasing  temperature. Many investigators 

[58, 59] tried to study this strain by loading concrete after heating and 

different models were presented. However, this was discouraged when it 

became clear that transient thermal strain was significantly greater than the 

Figure (3-22): Coefficient of thermal expansion of steel at different temperatures. 
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basic creep and the elastic strain [55,56]. Moreover, heating of concrete 

before loading seems to occur rarely from structural point of view, and the 

structural element is heated mostly after loading. 

 The creep strain may be divided to the following components  [60]: 

i- creep strain before heating which may be calculated using any 

creep law at ambient temperature, 

ii- creep strain during heating which was considered as a part of 

load induced thermal strain (LITS), 

iii- creep strain at constant temperature exposure which was seen 

by Khoury 2993) [62], and 

iv- creep strain during and after cooling which was not considered 

in the published studies as far as known. 

B- Shrinkage of Concrete After Heating 

 The time-dependent behavior of concrete increases in importance 

when concrete structures are exposed to elevated temperatures. This is 

especially so in the case of prestressed concrete structures, such as storage 

and containment vessels, which could lose their prestress due to excessive 

creep and shrinkage experienced at high temperatures [37]. 

 J. Hannant and P.S. Pell [41] investigated the thermal stress in 

reinforced concrete slabs. An increase in temperature, particularly near 

200
o
C, was found to accelerate shrinkage, creep and change in expansion 

coefficient, all of which were related to loss of water. 

 Habeeb [61] investigated the effect of high temperature on the 

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

were subjected to elevated temperature ranging between (200-800 
o
C). 

Five temperature levels of (200, 300, 500, 600 and 800
 o

C) were chosen 

with three different exposure duration of 2,1 and 4 hours without any 
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imposed loads during heating. The specimens were heated and cooled 

under the same regime and tested either one day to one month after heating. 

For shrinkage of concrete before and after heating of [200x200x500 mm] 

prisms were measured in this work. He observed that (HSC) was more 

sensitive to high temperature exposure than normal strength concrete 

(NSC). He found from the test results, that the additional shrinkage values 

due to the heating are between (400-800) microstrains, and there is no 

significant increase in shrinkage values due to the increase of exposure 

time from 2 hour to 4 hours. Shrinkage values were not more than 20: of  

that at 2hour exposure. 

 

1.22 Structural Behavior  
 

 The overall effect of non-linear temperature distribution through the 

depth of reinforced concrete slabs may be considered of three parts: 

2- Owing to the main temperature induced in the cross-section, there 

will be an axial strain resulting in overall axial deformation if the slab is 

axially unrestrained and free to deform, such temperature strains are 

induced without stress. 

1- Owing to the main temperature gradient there will be a strain 

gradient causing an overall curvature of the section (remaining plane); if 

the slab is free to rotate, such temperature strains do not produce 

stresses. 

3- Owing to mechanical characteristics of the materials (steel and 

concrete) under the elevated temperatures, mainly the reduction in 

compressive strength concrete fc’, and yield stress of reinforcing steel fy. 
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3.22.2 Structural Behavior of Simply Supported (Unrestrained Slabs) 
 

 For a simply supported reinforced concrete slab, the rocker and roller 

supports indicate that the ends of the slab are free to rotate and expansion 

can occur without resistance. Therefore, no thermal stresses produce, and 

the reduction in nominal moment strength will affected only by the 

reduction produced in strength of structural materials due to exposure to 

high temperature. If the underside of the slab is exposed to fire, the bottom 

of the slab will expand more than the top, resulting in a deflection of the 

slab [63]. 

3.22.3  Structural Behavior of Continuous Slabs 
 

 Structures that are continuous or otherwise statically indeterminate, 

undergo changes in stresses when subjected to fire [64, 65]. Such changes 

in stress results for temperature gradients within structural members, or 

changes in strength of structural materials at high temperatures, or both. In 

this investigation there is no account of thermal stresses was considered 

due to temperature gradient by assuming that the heated portion of a slab 

can expand and push against the surrounding part of the slab, if a fire 

occurs beneath a small interior portion of large reinforced concrete slab. 

Concerned the effect of fire on the changes in strength of structural 

materials at high temperatures. 
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5.3 Introduction 
 

 This chapter describes the materials used in the production of the 

specimens, mix proportions and the methods of testing. 

 Considerable experimental work has been carried out to study the 

shrinkage cracking behavior of reinforced concrete members restrained 

from movement at their ends for different restrained cases. But, limited 

experimental work was carried out to study the effect of fire on some 

properties of reinforced concrete slabs. This research was designed to study 

the effect of fire on different cases of restrained reinforced concrete slabs 

after restrained shrinkage cracking had taken place. Hence, the first main 

aim of this research is to study the behavior of drying shrinkage cracks in 

reinforced concrete slabs for different restrained cases (crack width, crack 

length, crack spacing, cracking tendency and position of maximum crack 

width). The second main aim is to study the effect of fire on the behavior of 

these slabs after drying shrinkage had taken place for a period of 4 months 

in the laboratory. 

 Because the experiments of this study were made using reduced-

scale slab models, measurements for crack spacing, crack width and crack 

length were made also for actual (full scale) slabs, to link the results of this 

study with actual site observations. 
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5.4 Program of the Work 
 

 During this research, the study of cracking characteristics of slabs 

was based on four reduced scale reinforced concrete slabs cast in 

laboratory. The chosen dimensions were fixed for the four slabs as 

(4472*4472*322 mm) (length * width * thickness respectively). The slabs 

were all cast in the same period to prevent or minimize the variations in the 

exposure conditions. Ratio of steel reinforcement () was kept at (2.640) 

for the four slabs. Restraint cases were varied as (free slab, two end 

restrained, three end restrained and four end restrained) to investigate their 

effect on shrinkage and thermal cracking of the slabs when exposed to 

drying and fires. 

 The end restraint was provided by reinforced concrete rigid beams. 

Thus, the model used can be considered to represent a practical restrained 

slab situation. 

 The experimental work was carried out to decide upon the 

temperature range and duration of burning. It was decided to limit the 

maximum exposure to fire flame to about 822
o
C, with a duration of 

exposure to fire flame of 3.7 hour which cover the range of situation in the 

majority of elevated temperature tests. 

 The specimens were cast, moist cured for 7 days, air dried in the 

laboratory until age of 82 days, then subjected to fire flame. 

 Finally, crack spacing, crack length and crack width measurements 

were carried out for each slab for a period of 82 days before burning and 

other 82 days after burning. 
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5.5 Experimental Work 
 

8.8.3 Restraining Reinforced Concrete Rigid Beams 

 In order to provide different restrained cases from the ends to the 

slab models, square reinforced concrete rigid beams were cast with 

dimensions (4472*577*577 mm) (length * width * height respectively) for 

all beams as shown in Figure (5-3). A period of 5 months was allowed 

between the casting of the rigid beams and the casting of the slabs to permit 

a considerable amount of shrinkage to take place before casting the slabs. 

 

 

 

 

 

Note: All dimensions are in mm 

 

Figure (8-3): Details of the restraining reinforced concrete rigid beams. 

 The mix proportions of the concrete used in casting of the rigid 

beams were (657: 747: 3437) kg/m
5
 (cement: sand: gravel respectively), 

with a water to cement ratio of 2.67 and a slump of 82 mm. The rigid 

beams were cured as for the slab models. This mix was designed according 

to British mix design method BS 7545: Part 4: 3993 [88] specifications to 

give a 45-day cube compressive strength of 55.7 MPa. 

  The reinforced concrete rigid beams were used as end restraint. 

These beams were cleaned and greased from the upper surface to minimize 

the friction between the reinforced concrete slab and beams. In addition to 

the rigid beams, the edge surround beams and slab were cast at the same 

time. The edge surround beams provide the required end restraint. Figure 
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(5-4) shows the slab with the surround edge beams. The edges of the beams 

offer different end restraints to the slabs (two end, three end and four end 

restrained). These beams offer a better end restraint and at the same time 

allow shrinkage stress development very similar to that under field 

conditions. 

 Plates (5-3) show the mixes of these beams were casted into the 

plywood formwork. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure (8-0): Schematic diagram of the slab restraint. 
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8.8.0 Slabs 

 Four slab models were cast on the above mentioned square rigid 

beams. These slabs were cast with different restrained cases (two end, three 

end and four end restrained), and another slab was cast without any 

restraint (free slab). 

 The chosen dimensions for the slabs were (4472*4472*322mm) 

(length * width * thickness) respectively. The edge beams  which attain the 

action of restraint are of cross-section 522*422 mm and c/c span of 4672 

mm. Plate (5-4) shows these slabs. 

 The mix proportions were (767685763397) kg/m
5
 (cement: sand: 

gravel) respectively with an effective w/c ratio of 2.65 and a slump of    

352 mm. 

 The 7 and 45 days compressive strength of this mix were 45.5 and 

54.7 MPa respectively, whereas the 7 and 45 days flexural strength were 

6.27 and 8.2 MPa respectively. 

 The reinforcement used is of deformed steel bars grade 647 MPa 

with 32 mm-diameter for longitudinal bars (main reinforcement), and the 

steel ratio adopted in this work is (2.640) which is the minimum ratio 

allowed for shrinkage  according to ACI Code 535 [87]. 

 In order to get a constant cover, small pieces of steel as chairs of    

4.7 cm height were placed under the slab reinforcement and also under the 

beams reinforcement. Figure (5-5) shows the details of reinforcement for 

slabs and edge beams. 
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a- Free slab 

 

 

 

 

 

 

 

 

b- Restrained slab 

Note: All dimensions in mm 

Fig.(8-8) Details of the slabs  a- without edge beams , b-with edge beams 

 

8.8.8 Materials and Mixes 

8-8-8-3 Cement  

 Ordinary Portland cement manufactured by the new cement plant of 

Kufa was used for concrete mixes throughout the present work. The cement 

was properly stored in the laboratory. This cement complied with the Iraqi 

specification No.783956 [85]. The physical properties and chemical 

composition of the cement are given in Tables (A-3) and (A-4). 
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 8-8-8-0  Fine Aggregate 

 Al-Akhaidhur well-graded natural sand was used. The physical and 

chemical properties of the sand are listed in Table (A-5). Its grading 

conformed to the Iraqi specification No.6783956 [89], Zone(5). 

 

8-8-8-8  Coarse Aggregate 

 The gravel used was brought from Al-Nibaii area with a maximum 

size of 39 mm. The gravel was washed, then stored in air to dry. The gravel 

used conforms to the Iraqi specification No.67/3956. The grading and other 

properties of this type of aggregate were tested and shown in Table (A-6). 

 

8-8-8-0  Water 

 Tap water was used throughout this work for both mixing and curing 

of concrete. 

 

8-8-8-5  Reinforcement  

  Deformed steel bars of 32 mm diameter were used. The average 

yield strength of three samples is 647 MPa. The stress-strain curve for the 

reinforcing steel used is shown in Figure (5-6). 
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8-8-8-5  Mix Design and Proportions 

 The concrete mix was designed according to British mix design 

method BS 7545: Part 4: 3993 [88]. This mix was design to give the target 

design strength of 62 MPa and a slump of (82 mm). 

 The proportions of the concrete mix are summarized in Table (5-3). 

 

Table (8-3): Mix Proportions 

  Weight proportion Mix proportion kg/m
8
 

Slump 

mm 

W/c 

ratio 
Cement : Sand : Gravel Water Cement Sand Gravel 

82 2.67     3.2    :  3.4   :     4.7 397 657 747 3437 

 

8-8-0  Testing Fresh and Hardened Concrete 

8-8-0-3  Slump Test 

 The workability of the fresh concrete mixes was measured by the 

slump test before casting these mixes in their molds. This test was 

conducted according to ASTM C365-59a [72]. 

 

8-8-0-0 Compressive Strength Test 

 For the hardened concrete, the compressive strength test was carried 

out according to BS. 3553: part 33863955 [73], using a digital testing 

machine of 4222 kN maximum capacity. Three cubes (372 mm) were 

tested for each mix at each age for the determination of compressive 

strength. The cubes as tested were at right angles to the position as cast. 

The load was applied approximately at a constant rate and failure load is 

recorded to the nearest 3 kN. 
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8-8-0-8  Flexural Strength Test 

 Three points flexure tests were performed on three (322x322x622 

mm) prisms with a span of 522 mm using the machine meeting the 

requirement of ASTM C495-7963959 [74]. 

 

8-8-5 Casting Procedure of the Slabs 

8-8-5-3  Mixing and Casting of Slabs 

 The concrete was mixed using an electrical drum type mixer with a 

maximum capacity of 422 kg/batch. The interior surface of the mixer was 

cleaned and moisted before placing the materials. 

 Materials were put in the pan of the mixer, firstly coarse and fine 

aggregates were mixed together with small amount of mixing water. 

Cement and mixing water were added as mixing proceeded. By naked eye a 

homogeneous mix was observed. The total mixing time from the time of 

adding water was about 7 min. 

 Then the concrete mixes were caste into the plywood formwork of 

the slab as can be seen in Plate (5-5). The concrete mixes were cast in two 

layers, compaction was achieved using a portable electrical vibrator, then 

traweled to maintain an even surface. 

 

8-8-5-0  Curing and Exposure 

 To prevent plastic shrinkage cracking due to rapid evaporation from 

the upper surface of the slab. Wetted hessian sheets and polythene sheets 

were used to cover the upper surface of the slabs after 52-62 minutes from 

the casting as can be seen in Plate (5-6). 

 The formwork was strike after 7 days from casting and the slabs 

were covered with wetted hessian and polythene sheets during the 7 days as 

can be seen in Plate (5-6). The hessain sheets were wetted two times a day 

during this period. 



 Chapter Three : Experimental Work 

 

07 

 The same curing procedure was adopted to the beams. The casting 

and exposure of the slabs were carried out during the period from first of 

October to the first of December (4 months period) before exposure to fire 

flame and from first of December to the first of February (4 months period) 

after exposure to fire flame. 

 

8-8-5  Strain and Crack Width Measurements  

 Surface  strain measurements were carried out by using stainless 

steel demec points inserted in 5 rows on the slabs. The rows were at 47, 

472 and 3347 mm distance from all the edges. The spacing between demec 

points in the same row was 422 mm apart. The demec points were 

positioned in the prisms and slabs (7-37) minutes after casting. 

 An extensometer, Whittemore type, with an accuracy of (2.224 

mm/division) was used to measure strain in the panels of the slab (the panel 

is the distance between two consecutive demec points in the same row, 

panel length = 422 mm). The measurement devices are shown in Plate [5-

7]. 

 The measurements were registered early in the morning (about 5 

AM) every 4 days until occurrence of the first crack. Then, measurements 

were taken at an average of 32 days for a total period of about 82 days, 

until no appreciable change in demec readings were obtained, and a stable 

cracking pattern had been formed. 

 Crack widths were measured at 37 locations from the edges; these 

locations were at 2, 47, 72, 322, 372, 422, 472, 522, 572, 622, 722, 822, 

722, 522, 922, 3222 and 3347 mm distance from the edge. The 

measurements were carried out before and after exposure to fire flame by 

using a portable microscope with 62X magnification and a measuring field 

of 4.7 mm. A crack as can be seen under the portable microscope is shown 

in Plate (5-8). The crack pattern in the two and three end restrained of the 
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reinforced concrete slabs before and after exposure to fire flame are shown 

in Plates (5-7 and 5-5) respectively. 

8-8-7  Free Volume Change of the Slabs 

 In order to obtain an idea about the free volume change of the slabs, 

reduced-scale slabs with dimensions of (3222x3222x322 mm) were cast, 

and were exposed to the same conditions of restrained slabs. There was no 

connection between the slab and the rigid beams. The friction, in the plane 

of contact between the slab and the rigid beams was minimized by applying 

two layers of greased polythene sheets, then this slab was approximately 

free to shrinkage and move. The movements were measured by demec 

points and an extensometer as described in sec.(5-5-8). Plate (5-9) shows 

the free movement slabs. 

 The first day movement of the slab was obtained by the use of 4.4 

meter         -shape steel mold as shown in Figure (5-7) and plate (5.32), in 

which an artificial crack (gap) was made in the mid-span of the web by 

using a 3.7 mm steel diaphram. The beam was subjected to exposure 

conditions similar to that of the slabs. The increase in gap width after one 

day would represent the first day shrinkage [44], see Plate (5-33). 

 The first day thermal strain of the slab, due to loss of its heat of 

hydration to the surrounding atmosphere from its peak temperature to the 

temperature when the first strain reading of the slab was taken, was 

measured by embedded thermometer in the concrete slab to determine the 

temperature drop, then the thermal strain by adopting a coefficient of 

thermal expansion of 32x32
-8

/ 
o
C [45] for concrete. 

 In order to measure subsequent free shrinkage movements after the 

first day, two demecs which were inserted at the sides of the gap after 7-37 

minutes from casting, see Plate (5-33). 
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Note: All dimensions are in mm  
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Fig.(8-5): Schematic diagram of the             -shaped mold dimensions. 

8-8-3  Tensile Strain Capacity Tests 

 The elastic strain capacity is the amount of strain that is instantly 

relieved due to the elastic recovery of restrained concrete upon cracking. It 
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is defined as the observed free contraction of concrete at the onset of 

cracking [44]. 

 Elastic tensile strain capacity of concrete was measured by using two 

methods: 

i- The first is a direct method using the same                 -shaped 

steel mold described in article (5-4-7). Plain beams were cast and 

allowed to shrink. Soon after the first crack occurred, the amount of 

strain which was relieved as a result of elastic recovery of restrained 

concrete, was measured between plug fixed points together with 

crack width measurement by a microscope. This crack opening was 

assumed to represent elastic tensile strain capacity of concrete. 

ii- The second is an indirect method by dividing the flexural 

strength of concrete by the modulus of elasticity of concrete. 

According to ACI-Committee 446 [32]. This method produces 

significantly inaccurate values of tensile strain capacity due to the 

non-linearity of stress distribution across the beam, which causes the 

modulus of rupture to be 42-62 percent higher than the true tensile 

strength of concrete. 

 

8-8-3  Burning and Cooling  

 The reinforced concrete slabs were burnt with direct fire flame from 

a net work of methane burners inside the frame. The fire flame hits the 

lower face of these slabs. The dimensions of this burner net are 

(3722*3722mm) (length * width respectively) as shown in Plate (5-34). 

The bars of flame were intended to simulate the heating condition in an 

actual fire. 

 When the target was reached, the temperature was continuously 

measured by digital thermometers, one of them was positioned in the 

bottom surface of the slab in contact with the flame, while the other was 
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positioned at the unexposed upper surface of the slab, and by thermocouple 

that was inserted in the center of each slab to measure the temperature at 

the mid-depth (72 mm from the exposed or unexposed surface). The 

measurement devices are shown in Plate (5-35). After burning, the 

reinforced concrete slabs were allowed to cool in the laboratory to a room 

temperature of about 45
o
C. 

 

8-8-34  Duration and Range of Temperatures  

 The duration of fire depends on the speed with which it can be put 

out. Total fire duration, including the time of the build-up of the fire, can 

vary from about one hour to about one day [75,76]. 

 However, for this work, it was decided that exposure time of 3.7 

hour at the level of the maximum temperature would cover the range of 

situations occurring in the majority of elevated temperatures during fires 

[58,77,78]. 

 Although the maximum temperatures reached during fires of 

buildings are of the order of 3222 to 3422 
o
C [58,77] such high 

temperatures occur only at the surface of the exposed members. 

Considering the relatively small size modeling of the specimens to be 

tested, it was decided to limit the maximum fire flame exposure 

temperature to 822 
o
C. 

8-8-33  Shrinkage of Reinforcement Concrete Slabs After Exposure 
to Fire Flame 

 

 Shrinkage of slabs was monitored during and after exposure to fire 

flame and cooling in the laboratory to room temperature was about 45
o
C. 

Shrinkage was measured after the slabs were cooled to room temperature, 

at ages of (3, 5, 7, 37, 52, 67 and 82 days) after burning. Shrinkage strain 

of these slabs was measured during fire, the procedure of the measurement 

as shown in Plate (5-36). 
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8-8-30  Deflection of Reinforced Concrete Slabs During and After 
Exposure to Fire Flame 

 

 When the slabs were subjected to fire flame, the cracks which were 

developed from previous drying shrinkage propagated and widened. The 

thermal cracks appeared in a honeycomb fashion all over the lower surface 

of these slabs. The deflection of the slabs was due to fire only and without 

applying any superimposed load. The deflections were recorded by a dial 

gauge with an accuracy of (2.23mm/division) positioned at the center of 

these slabs. The deflection recording was at times (7, 37, 52, 67, 82, 77 

and 92 minutes) during exposure to fire flame. Plate (5-36) shows the 

procedure of deflection measurements mentioned above. Also, deflection 

after burning of these slabs was measured using the same procedure 

conducted during burning. 

 

5.6 Site Observations 
 

 In addition to the four reduced-scale experimental slabs investigated, 

measurements were made on actual size slabs in a newly constructed 

building in Hilla city. The measurements covered; length, width and 

thickness of the slabs, amount and distribution of reinforcement, crack 

spacing, crack length and crack width for each crack at intervals of 472 

mm from the edge of the slab. Some of these parameters were measured 

directly on the slabs by a portable measuring tape and a microscope. 

Whereas, the amount and distribution of reinforcement and thickness of the 

slab were taken from their design engineering drawings. The procedure of 

cracking measurements as shown in Plate (5-37). 
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1.4 Introduction 
 

 In this chapter, a brief review of some previous studies on the 

application of the finite element method to reinforced concrete structures 

will be presented. A review of the mathematical models for predicting 

long-term effects on concrete, such as creep and shrinkage, are described. 

In addition, a brief description of the convergence criteria used in the 

computer program is also described in this chapter. 

 A computer program was taken from reference [87], and had been 

modified to represent the problem of shrinkage cracking in different 

restrained cases for reinforced concrete slabs. This program was written in 

Q-Basic Language. 

 In this chapter, the relationships and solution algorithm which were 

used in the steps of program are discussed. 

 

1.4 Finite Element Modeling of Reinforced Concrete Structures 
 

 During recent years and because of the development of relatively 

powerful analysis techniques implemented in electronic digital computers, 

interest in nonlinear analysis of concrete as a structural material was greatly 

increased. The most important analysis procedure that is already in wide 
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use for both linear and nonlinear analysis of structures is the finite element 

method. 

 The first published paper in finite element analysis of reinforced 

concrete structures to include the effect of cracking was by Ngo and 

Scordelis [87], 4798, who carried out a linear elastic analysis of beams 

with predefined crack patterns. The purpose of the study was to determine 

bond stresses and stresses in the concrete and steel for a particular crack 

configuration. By the separation of nodal points, the cracks were modeled. 

 Non-linearity was first introduced by Nilson [78], 4797, by treating 

the concrete material as an orthotropic material. Discrete cracking was 

introduced by stopping the solution when the average value of the principal 

tensile stress in two adjacent elements exceeded the tensile strength, then 

changing the topology of the structure by disconnecting the elements at 

their common corners. 

 Scanlon[74] in 4781 presented a finite element model which is 

capable of simulating the behavior of reinforced concrete slabs at working 

loads, including the effect of nonuniform reinforcing and tensile cracking. 

This study concentrates on technique for including the effect of creep and 

shrinkage. 

 Meyer and Bathe [74], 4774, studied the nonlinear analysis of 

reinforced concrete structures as one, two and three-dimensional elements, 

and the applicability of using nonlinear static and dynamic analysis in 

engineering practice. 

 In 4778, [78], Hu and Schnobrich developed a nonlinear model for 

cracked reinforced concrete subjected to inplane shear and normal stresses. 

In this model, a set of constitutive equations suitable for incremental F.E. 

analysis was derived. 
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1.8 Finite Element Method and Time Dependent Effects 
 

 The work of Selona (4797) [71] was to develop a mathematical 

model which predicted the time-dependent behavior of planar reinforced 

concrete frame structures subjected to service loads. The material behavior 

laws were developed for uniaxial creep, shrinkage and tensile cracking in 

the concrete and for instantaneous elastic-plastic strains in the reinforcing 

steel. 

 A finite element model which was capable of simulating the 

behavior of reinforced concrete slabs at working loads, including the 

effects of non-uniform reinforcing, tensile cracking, shrinkage and creep, 

was studied by Scanlon (4781) [74]. The inelastic strains resulting from 

creep and shrinkage behavior were treated by the initial strain method [78]. 

The CEB expressions based on available experimental data were used for 

the evaluation of creep and shrinkage strains. 

 Aldsted and Bergan (4787) [79] presented finite element models that 

were capable of predicting the long-term behavior of plane, slender 

reinforced concrete frames and which were subjected to loads up to their 

ultimate carrying capacities. Two models were adopted (distributed and 

discrete cracking). 

 Kang and Scordelis (4778) [78] developed a numerical procedure 

based on the finite element method for the material and geometric 

nonlinear analysis of planar reinforced and prestressed concrete frames 

including the time-dependent effects due to load history, temperature 

history, creep, shrinkage and aging of concrete and relaxation of prestress. 

 Chow (4771) [77] also developed a finite element analysis for the 

effects of creep and shrinkage in reinforced concrete beams. The ACI 

method was used to model the time dependent effects in the concrete. 
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 It can be stated the present study is one of the first attempts which 

tries to analyze the problem of time dependent shrinkage cracks for 

different restrained cases of reinforced concrete slabs by using the finite 

element method. 

 

1.1 Shrinkage Expressions 
 

 Three expressions to compute shrinkage strain can be estimated: 

4- Schorer Expression 

 For the reason of the importance of ambient humidity on shrinkage, 

Schorer’s equation has been used since (4718) [77]; which is: 

    uush H  90105.12 6   ........... (1-4) 

where H is the ambient humidity. 

4- Hyperbolic Expression  

 One of the most widely used methods for modeling shrinkage versus 

time is the hyperbolic equation in the same form of Ross creep equation, 

which is; 

    
ushtsh

t

t





35
  for moist cured concrete   ........... (1-4) 

    
ushtsh

t

t



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55
  for  steam cured concrete   ........... (1-8) 

8- Exponential Expression 

 An exponential form of equation is proposed by Lyse, Wallo and 

Kesler (4797): 
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1    ........... (1-1) 

where V/S is the volume-surface ratio in inches. 
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1.8 General Mathematical Modeling of Shrinkage 
 

 For the prediction of constitutive properties of shrinkage, a 

mathematical modeling needs to be used as the input for the finite element 

computer program [78]. The selection of functions should satisfy the 

following points: 

4- The function represents the available experimental data of concrete, 

such as age, environmental humidity and its variation, temperature and 

its variation, size and shape of cross section, curing conditions and their 

duration. 

4- The undetermined coefficients of the functions should be relatively 

easy to evaluate from the available experimental data. 

8- The function should be sufficiently simple to conduct the numerical 

evaluation in the finite element program. 

Several practical models for predicting shrinkage at any time were 

proposed: 

1- The model of ACI Committee 202 [6] 

 The ACI procedure for the evaluation of drying shrinkage strain at 

any time is based on the studies of Branson et al. [4788]: 

  
 
 

u
tt

tt
t sh

o

o
h  






35
  ........... (1-8) 

where t is the time in days since the concrete casting, to is the curing time 

and  ush  is the ultimate shrinkage strain. Its average value is given by the 

following relation: 

 s
sh CFu  610800   ........... (1-9) 

Where CF
s
 is the shrinkage correction factor given as: 

 s
A

s
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s
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s
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s
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s
H

s FFFFFFCF    ........... (1-8) 
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where s
A

s
F

s
B

s
S

s
T

s
H FandFFFFF ,,,,  are the shrinkage correction 

factors for humidity, minimum member thickness, slump, cement content, 

percent fines and air content respectively. All these factors assume the 

value of unity for the following standard conditions [8]. For conditions 

other than the standard ones, the correction factors are calculate in 

Appendix (B-4). 

2- Euo-international committee of concrete model 

 The procedure recommended by CEB for drying shrinkage 

prediction is based on the following: 

      1tBt sshsh    ........... (1-7) 

 in which sfrhss    ........... (1-7) 

sfrhss  ,,  = factors to account for the size, relative humidity, and slump 

respectively. 

 sh  = Shrinkage strain at (t) =  . 

Bs(t4) = factor to account for the rate at which shrinkage develops. 

t4 = t – to   [74] 

The ACI model is adopted in the present study. 

 

1.9 Mathematical Formulation of Creep 
 

 In the absence of experimental data, the following empirical 

expression for the prediction of creep deformation is recommended by ACI 

Committee [8], which is: 

 
 

 
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Tt
C 
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6..0

10
  ......... (1-48) 
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where Ct is the creep coefficient defined as the ratio of creep strain at t days 

after loading to the initial instantaneous strain at loading. T is the age in 

days of concrete at load application. Cu is the ultimate creep coefficient to 

be determined from experimental data defined as creep strain at in finite 

time after loading to the initial strain at time of loading. The ultimate creep 

coefficient is calculated as follows; 

 c
A

c
F

c
S

c
T

c
H

c
u FFFFFFC  35.2   ......... (1-44) 

where c
A

c
F

c
S

c
T

c
H

c FandFFFFF ,,,,  are correction factors for age at 

loading, humidity, minimum member thickness, slump, percent fines and 

air content. All the above correction factors assume the value of unity for 

the standard conditions. The correction factors are calculated in  

Appendix (B-4). 

 Creep deformation may be obtained by the superposition method 

which was stated by D. Macttenry as follows: [74] 

 “The strains produced in concrete at any time (tn) by a stress 

increment applied at any time, ti, are independent of the effects of any 

stress applied either earlier or later than ti”. The principle of superposition 

is reasonably valid for stresses below approximately f
c'4.0 , and for 

constant environment conditions. 

 Based on the above principle, for initial loading o, applied at time 

to, the total deformation t at time tn is  

 utootc C.   ......... (1-44) 

where 
o

o
o

E


 , Eo  is the elastic modulus of concrete at time to and, Cut, is 

the creep coefficient for a time interval (tn-to), for any stress increment 

( i) applied at time (ti) the strain increment in the time interval (tn-ti) is 

i

i
i

E


  and the total deformation is  
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 utiit C   ......... (1-48) 

where, Ei is the elastic modulus at time (ti), Cut is the creep coefficient of 

concrete loaded at time (ti) for an interval (tn-ti). The total deformation (nc) 

at time (tn) after number of stress changes is: 
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 In simple cases such as shown in Fig.(1-4), the stress history may be 

represented as a series of step. Knowing variation of (E) and (Cu) with time 

of initiation and duration of loading, the components of strain can be 

determined and the resultant strain can be obtained by superposition. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure [4.1]  Determination of creep strain by superposition method. [22]. 
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 However, using Eq.(1-48) with the superposition formulation 

requires the storage of the complete creep history in order to calculate a 

new creep value which requires a lot of computational effort and memory 

storage. 

 

1.8 Modeling of Concrete 
  

 Concrete is a heterogeneous nonlinear material and has completely 

different properties in tension as compared to compression. It is well 

known that the nonlinear response of concrete is caused by two major 

material properties, cracking in tension and plasticity in compression due to 

bond failure between aggregate and mortar and cracking of mortar itself. 

Time dependent effects such as creep, shrinkage and temperature volume 

change also contribute to the nonlinear response. These time dependent 

effects are considered in this research. There are several approaches for 

defining stress-strain relationship of concrete under various states. In 

general, they can be divided into four main groups: 

a- Elasticity theory. 

b- Plasticity theory. 

c- Viscoplasticity theory. 

d- Endochronic theory. 

Excellent reviews and extensive references on modeling the concrete 

material are given in Reference [87], [87] and [78]. 

 

1.7 Modeling of Steel Reinforcement 
 

 Steel is a homogenous material and usually has the same yield 

strength in both tension an compression. A typical stress-strain curve for 

steel is illustrated in Figure (1-4). Four regions can be distinct from this 

curve; initial linear elastic, yielding, strain hardening, and descending 

stage. 
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 In the present investigation, the steel reinforcement is smeared into 

equivalent steel layers with uniaxial properties. 

 

 

 

 

 

                                                                             su
        

Figure (4-2) Typical stress-strain curve for reinforcing steel. 

 

1.7 Modeling of Cracked Concrete 
 

 Probably the main feature of plain concrete material behavior is its 

low tensile strength, which results in tensile cracking at a very low stress 

compared to the failure stress in compression. 

 In the finite element method, two main mathematical models are 

used for crack representations; discrete crack model and smeared crack 

model. 

(a) Discrete Crack Model 

 This model represents the individual cracks as actual discontinuities 

in the finite element mesh. This model was firstly used by Ngo and 

Scordelis [71] to analyze simply supported reinforced concrete beams. 

Cracking initiated when failure criterion at a certain node is achieved and 

crack discontinuity is represented by physically splitting that node. An 

obvious restriction of such a model is that the cracks must be formed along 

the element boundaries. This makes crack patterns mostly dependent on the 

local mesh refinement. Furthermore, when a crack forms the topology of 
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the mesh varies, and the updating procedures are time-consuming. These 

difficulties have resulted in a very limited acceptance of this model in 

general structural applications. 

b- Smeared Crack Model 

 This model does not account for real discontinuities in the mesh. It 

was firstly introduced by Reshid (4797) [78]. Cracking concrete is assumed 

to remain a continuum and material properties are modified to account for 

the damage due to cracking. Concrete is initially isotropic, but cracking 

induces anisotropy. After cracking, concrete is assumed to become 

orthotropic, with the principal material axes oriented along the directions of 

cracking. Material properties are varied depending on the state of strain and 

stress. The Young’s modulus is reduced in the direction perpendicular to 

the crack plane, and Poisson’s effect is usually neglected due to the lack of 

continuity of the material. The shear modulus parallel to the crack plane is 

also reduced. Lin and Scordelis (4788) [79] introduced the retained shear 

modulus Go term, where Go is the shear modulus of uncracked concrete 

and is a reducing factor in the range of zero to one. 

 The smeared crack approach is used for most structural engineering 

applications, since it offers: 

i- Unchanging of topology of the mesh throughout the analysis, 

and only the stress-strain relationship need to be updated when 

cracking occurs. 

ii- Complete generality in possible crack direction. 

iii- Computational efficiency. 

In the present study the smeared crack model has been adopted. 
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1.48 Concrete Representation  
 

 For different restrained cases, reinforced concrete slabs can be 

represented by 1-node rectangular elements using polynomial function for 

the assumed displacement field: 

 yxyxU 4321    ......... (1-48) 

 yxyxV 8765     ......... (1-49) 

 The derivation of the strain displacement and stiffness matrices of 

the element can be found else where [78]. 

 Prior to cracking, the concrete is assumed to be isotropic, 

homogenous, and linearly elastic, thus, the stress-strain relationship for 

plane stress problem can be expressed as follows: 
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where; 

Ec(t) = modulus of elasticity of concrete at time (t). 

 = Poisson’s ratio of concrete. 

 The aim of this study is to describe the time dependent shrinkage 

effect on concrete, as, the properties of concrete are time dependent, the 

ACI-Committee 487 [8] proposes the following form of strength-time 

relationship of concrete: 

    28cc f
tba

t
tf 


   ......... (1-47) 

where f’c(t) and f’c(47) are the concrete compressive strength at any time t 

and at 47 days after casting, respectively, and the constants a and b depend 
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on cement type and curing method. For (8) days moist cured concrete, type 

I-cement, a=1, b=8.78. 

 The ACI Committee 487, also proposes the following equations to 

calculate the direct tensile strength f’c(t) and the modulus of elasticity Ec(t): 

    tfwtf ct
 .007.0  , MPa  ......... (1-47) 

    tfwtE cc
 5.1043.0  , MPa  ......... (1-48) 

where w, is the concrete unit weight in kg/m
8
 and f’c(t) is in MPa. 

 A crack is assumed to initiate in the planes perpendicular to the 

maximum principal tensile stress if the stress criteria controls or 

perpendicular to the maximum principal tensile strain direction if the strain 

criteria controls [78]. 

 Smeared crack representation treats concrete as an orthotropic 

material with principal axes normal and parallel to the crack direction as in 

Figure (1-8). 

 

 

 

 

 

Figure (4-3) Crack coordinates. [63] 

 The incremental stress-strain relationship associated with the crack 

coordinates [Eq.1.48] becomes. 
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 In equation (1-44) the modulus of elasticity of the concrete is 

reduced to zero in the direction normal to the crack. Et is the tangent elastic 

modulus of concrete parallel to the crack direction. The Poisson’s ratio is 

taken as zero due to the lack of interaction between the two orthogonal of 

directions.  is the shear retention factor with 
2

,10 cE
G   is the 

shear modulus of cracked concrete. 

 At the instant of crack initiation only the stress perpendicular to the 

cracked plane and the shear stress parallel to the cracked direction are 

released; other stresses are assumed to remain unchanged. It follows that 

the stress state of the cracked material is reduced to the uniaxial stress state 

parallel to the cracked direction for plane stress problems [78] as in   

Figure [1-1]. 

 

 

 

 

 

Figure (4-4) Stress distribution (a) just before crack  and  (b) just after a crack is 
formed. [23] 

 

 The residual stress is computed as the difference between the stresses 

existing prior to cracking and the stresses which the material can sustain at 

the same strain level after cracking. A load vector equivalent to this 

residual stress is then computed for each cracked element according to: 
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where    is the residual stress vector, [B] is the conventional nodal 

displacement strain matrix. Then, the application of the residual load vector 

to the structure causes stress redistribution due to cracking and results in 

additional deformation. 

 

4-10-1 Tension Stiffening 

 The use of the orthotropic constitutive Eq.(1-44) to represent cracked 

concrete may not be realistic enough because the cracked concrete of the 

reinforced concrete element can still carry some tensile stress in the 

direction normal to the crack. This phenomenon is termed tension 

stiffening. In this study a general tension stiffening relationship suggested 

by Bhide [78] is adopted. This relationship can be expressed as follows: 
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where; 

ft   :  the average tensile stress normal to the crack direction. 

t  :  the average tensile strain normal to the crack direction. 

 : measured in degrees counter clockwise from the steel direction to the 

crack direction. 
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Figure (4.5): Tension stiffening curves by Bhide for  Ø=78o. [63] 
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4-10-2 Concrete Strength Parallel to the Crack Direction 

 After cracking has taken place, the concrete parallel to crack is still 

capable of resisting either tensile or compressive stresses. When it is 

subjected to tension, a pure linear elastic behavior is assumed as in     

Figure (1-9) and Et is taken as Ec(t) in Equation (1-44). On the other side, 

when it is subjected to compression, experimental results show that the 

tensile cracks have caused a degrading effect not only on the compressive 

strength parallel to the crack but also on the compressive stiffness. This 

relationship is shown in Figure (1-8) and expressed by Eq.(1-41) below: 
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 It is used in this study to determine the degraded maximum 

compressive strength (fcm), for concrete parallel to the crack direction, 

where, o, is the strain corresponding to the maximum concrete 

compressive strength f’c. After the peak strength (fcm) is the determined the 

stress strain curve suggested by Saenz [87] is used to calculate fc. 
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where A=4,  B=(R+R-4):  C=4R-4:  D=R  ......... (1-49) 
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 In the present study it is assumed that R =1 and R =1, the tangent 

modulus (Et) used in Eq.(1-44) can then be calculated by differentiating 

Eq.(1-48) as follows:  
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Figure (4.6): Degraded maximum compressive strength for concrete. [63]  
 

Figure (4.6): Stress – strain curve for concrete parallel to the 

crack  direction. [63] 
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4-10-3 Shear Retention Factor 

 In plain concrete, the main shear transfer mechanism is the aggregate 

interlock and the main variables involved are the aggregate size and 

grading. In reinforced concrete dowel action will play a significant role, the 

main variables being the reinforcement ratio, the size of the bars and the 

angle between crack and bars, the shear transfer capacity being reduced as 

the width increases. A reduced shear modulus, G, is retained with 

 10   in the constitutive Eq.(1-44) instead of dropping that capacity to 

zero. Using a reduced shear modulus not only improves the realism of the 

cracking representation during the finite element analysis but also removes 

most of numerical difficulties caused by the singularity of the composite 

material constitutive matrix. 

 Various forms of the shear retention factor have been proposed, 

however a constant value of  = 8.48 is used in the present study. 

 

1.44 Reinforcing Steel Representation  
 

 The material stiffness of the composite element is obtained by 

superposition of the material stiffness of the individual material 

components, concrete and reinforcement. An element of reinforced 

concrete subjected to plane stress is shown in Figure [1-7]. 

 A stress-strain relation for the element can be written in the 

following form [78]. 

     tt D  .   ......... (1-84) 

 

 

 

 

Figure (4-6) Total stress reinforced concrete element. [23] 
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where the total stress vector  t  and the total strain vector  t  can be 

defined as follows: 
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[D] is the composite material stiffness matrix. The strains are similar for 

the two components steel and concrete, while the total stress vector is the 

sum of the component stress vectors, 

      



N

i
ict

1

   ......... (1-88) 

where  c  is the  concrete stress vector and  i  is the reinforcement 

stress vector for the reinforcement in the (i)th direction.  

 Stress      ict and  ,,  act on unit area of he composite cross 

section. It can be noted that the total stresses  t  don’t represent real 

stresses but internal forces acting on a composite element. These stresses 

can be found from the strain as follows: 

      tcc D  .   ......... (1-81) 

     tii D  .   ......... (1-88) 

in which [D]c and [Di] are the concrete and reinforcement material stiffness 

matrices respectively, by substituting Eqs.(1-81), (1-88) into Eq.(1-88), 

then comparing Eq.(1-84) with Eq.(1-88). The composite material stiffness 

matrices can be calculated as follows: 

     



N

i
ic DDD

1

  ......... (1-89) 

where, N is the number of reinforcing directions. The horizontal and 

vertical reinforcing steel is treated as an equivalent uniaxial layer material. 
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 The stress-strain curve of reinforcing steel is modeled by an 

idealized bilinear curve identical in tension and compression. The 

incremental constitutive matrix for the (i)th steel layer [Di] can be written 

as [78]: 

  
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000

000

00s

i

E

D   ......... (1-88) 

where  and Es are the steel ratio and the modulus of elasticity of 

reinforcement in the (i)th layer.  

 

 

 

 

 

 

 

Figure (4-2) Idealized stress-strain curve for steel.[63] 

 

1.44 Non-linear Solution Procedures  
 

 The solution of linear elastic analysis for structural problems can be 

obtained directly from solving a set of algebraic equations in the following 

forms  [77]: 

     FdKG    ......... (1-87) 

where; 

{F}   is the nodal force vector, 

[KG]  is a function of material properties and structural displacements, and 

{d}   is the unknown nodal displacement vector. 
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 The solution of non-linear problems is usually attempted by either 

step by step method, constant stiffness method, or a combination of the 

two. In the latter procedure, the load is applied incrementally and with each 

increment successive iterations are performed to get more accurate results. 

Depending on the sequence of stiffness matrix computation combined 

method can be classified into two forms. Full Newton form is the first in 

which stiffness matrix is continually updated during each iteration. The 

second form is the modified Newton Raphson in which stiffness matrix is 

computed at beginning of each load step and remains constant during 

iterations until reaching convergence. 

 The most commonly used method in non-linear analysis of 

reinforced concrete structure is the modified Newton Raphson method, 

hence, it is adopted in this study. 

 

1.48 Convergence Criteria 
 

 A termination criterion for the iterative process should be used to 

stop iteration when a sufficient accuracy is achieved. 

 The convergence criterion for non-linear structural problems can 

usually be classified as: 

A- Displacement convergence. 

B-       Forces convergence. 

The convergence criterion used in the present study is based on the 

forces, and is called the forces convergence criterion. The violation of 

equilibrium is estimated by the magnitude of the residual unbalanced nodal 

forces, which are calculated during each iteration as follows: 

      IFf    ......... (1-87) 

where {F} is the applied load vector and {I}, is the internal force vector 

which depends on the nodal deformations {d} [79]. 
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 The convergence can be considered when  
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   ......... (1-18) 
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 A tolerance force of (4.82) is taken throughout this study for the 

checking of solution convergence. 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure (4-10): Non linear solution.[26] 

a) Step by step c) Modified N.R. 

b) constant stiffness d) Full N.R. 
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1.41 Computer Program 
 

 The steps of the computer program are 

1- Input data 

a- Control data such as number of element (NEL), number 

of node (NON), number of element in one row (RE), number of 

node in one row (RN) and in one column (CON), Length (L), and 

width (w) of the slab. 

b- Reinforcement data such as giving number of layers, 

ratio, local coordinates, and modulus elasticity of steel. 

c- Concrete properties such as compressive strength at 

(47) days age, thickness of slab and Poisson’s ratio. 

d- Nodal number which gives the details of boundary 

condition. 

2- Automatic mesh generation 

 This step includes the estimation of node number and nodal 

connecting I4, I4, I8, I1 for each element. 

8- X and Y coordinates for each node are calculated automatically. 

1- Depending on the state of stress in each element and whether this 

element is close to be cracked, choose step of time (TT) in days. 

8- Calculating concrete properties at a time equal to (TIC) which 

include duration of curing (8days) by using equations (1.47, 1.47, 

1.48). To represent shrinkage strain and creep strain, the ACI model 

Eq.(1.4) is used to calculate equivalent nodal force {EIF} in duration 

(TT). 

9- Calculating total material stiffness from Eq.(1.89). 
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8- Finding element stiffness matrix [Kele]. These stiffness matrices are 

assembled to form to global stiffness matrix. As a result of the 

symmetry of the global stiffness matrix, the coefficient is stored in 

rectangular matrix with dimension. (No. of equation, half band width), 

[K], at the same time, form external nodal force {Gf}, by assembling 

equivalent nodal forces for each element {EIf} during {TT}.  

7- Solving [K].{d}={Gf} for displacement increments {d} and 

adding it to pervious accumulative displacement vector {d} to get the 

total displacement. 

7- The incremental strains are evaluated using the following 

relationship: 

     dBt  .   ......... (1.18) 

Incremental strains are calculated at each mid point of element and 

added to the previous accumulative strain  1 i  to get the total strain  i  

as the follows: 

     t
i
t

i
t  1   ......... (1-11) 

48- From     ,  is found using the following relation: 

       .ct D   ......... (1-18) 

where [D] is either (elastic) material stiffness or cracked material stiffness. 

Then, add {t} to the previous stress to obtain total stresses. Stresses in 

steel are also calculated. Using concrete and steel stress to find element 

internal force, which represents the lack of equilibrium between external 

forces and equivalent internal forces which depend on nodal deformation. 

The steps (9-48) are repeated until convergence is reached. 

44- The change in elastic restrained strain is found for each uncracked 

element which is used to calculate free creep strain by superposition 
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method. Change in elastic strain is calculated during (TT) from the 

following relationship: 

          e
c
f

s
fte     ......... (1-19) 

where, t is the total strain at time (t=n4), 
s
f  free shrinkage strain at (t=n4), 

c
f  free creep strain at (t=n4-TT), e the total elastic strain until            

(t=n4-TT). This value of change in elastic strain in stored a matrix for 

obtaining the change in free creep strain at time (t=n4) by subtracting free 

creep strain at (t=n4-TT) from free creep strain at (t=n4). This strain is 

converted to equivalent nodal force which is reapplied on the member, and 

steps (9-48) are repeated until convergence occurs, then computation will 

follow step (44). 

44- The change in restrained strain which occurs during (TT) is found 

from the following equation: 

          
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TTn

i
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c
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s
ftr

1

   ......... (1-18) 

with the notice that free creep strain is calculated at time (t=n4). This strain 

is added to previous value to find the total restrained strain. The same 

procedure is followed for stress to find total restraining stress.  

48- Principal strains and stresses are then calculated. 

41- Check cracking, if cracking happens in any element, the restrained 

stress normal to crack is released and return to step (8). 
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1.5 Free Volume Change of Slabs 
 

 Using the model described in Chapter Three, Article (3.3.3), the free 

shrinkage strain of concrete slabs was measured under the same indoor 

exposure conditions of the restrained slabs. Figure (1-5) shows the free 

shrinkage strain development in the slabs with drying period. 

 In the first day after casting, there was a contraction in the slabs due 

to the drop of the concrete slab temperature from its peak temperature (due 

to heat of hydration) to its temperature when the first demec reading was 

taken, which was carried out early in the morning. The temperature drop 

observed was about to 51
o
C in the slab temperature. Thus the amount of 

free thermal contraction will be 

 TCe Tth    ......... (1-5) 

CT : linear coefficient of thermal expansion of concrete which is taken 

as 51x51
-6

/
o
C [31, 511]. 

 Therefore a total contraction strain of 511x51
-6

, due to the effect of 

temperature drop was recorded. 

 Free shrinkage strains of the slabs as illustrated in Figure (1-5) were 

not uniform with distance from the edge to the center of the slabs. In 

general, the shrinkage strain at 5.1 cm from the edge was greater than the 

shrinkage strain at the center of these slabs because the surface area at 5.1 
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cm from the edge includes (edge and surface area) which was subjected to 

drying shrinkage more than that at the center which includes the surface 

area of slab only. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.5 Restrained Movement of the Slabs 

Figure (5-1): Free shrinkage development with age for plain concrete free slab. 
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 The measurement of movements of the slabs was carried out to 

investigate the effect of different restraint cases of the slabs on the cracking 

behavior (cracking age, cracking sequence, crack spacing, crack width, 

crack length and location of maximum crack width). These measurements 

were conducted for a drying shrinkage period of 5 months and then 

behavior of cracking during (5.1 hr) under fire, then after exposure to fire 

flame for a period of 5 months. 

 Figures (1-5) and (1-3) show the internal restrained shrinkage strain 

development with age before and after exposure to fire flame of the 

reinforced concrete free slab respectively, at three rows (5.1, 51 cm a part 

from the edge and at the center) of the slab. 

 Since the restraining effect of the ends decreases towards the center 

of the slab, therefore the movement of the slab will vary with the distance 

from the restraining ends. As described in Article [3.3.6] the movement of 

the slab was obtained at three different levels [5.1, 51 and 555.1 cm] 

distance from the edges by using a demec gauge (extensometer). 

 Figures (1-1 to 1-8) show the measured movement of most of the 

slabs studied. From this figure it can be observed that movements of the 

slab increase towards the centerline of the slab from the restrained edges. A 

gradual reduction in the readings of measured shrinkage strain at any panel 

would indicate a crack occurrence at that panel. An abrupt positive change 

would indicate that cracking had taken place at that panel which was 

denoted by zero strain in these figures. 

 In addition to the measurement of slab movement, the movement of 

the rigid beams was also recorded during the same period. The contraction 

of the rigid beams during the exposure period of the slabs was called “Loss 

of restraint – L.O.R.”. The average value of loss of restraint for each slab is 

illustrated in Table (1-5). 
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Figure (5-9):Shrinkage development with age for reinforced concrete free slab 
before exposure to fire flame. 

Figure (5-9): Relation between contraction, shrinkage and age for reinforced 
concrete free slab after exposure to fire flame. 
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Figure (5-9): Strain development history for reinforced concrete free slab at 5.1 

cm from the edge. 
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 Figure (5-5): Strain development history for two end restrained of reinforced 
concrete slab at 5.1 cm from the free edge. 
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Figure (5-9): Strain development history for three end restrained of reinforced 
concrete slab at 5.1 cm from the restrained edge. 
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Figure (5-7): Strain development history for three end restrained of reinforced 
concrete slab at 5.1 cm from the free edge. 
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  Figure (5-8): Strain development history for four end restrained of reinforced 
concrete slab at 5.1 cm from the restrained edge. 
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5.3 Elastic Tensile Strain Capacity Tests 
 

 Elastic tensile strain capacity of concrete was obtained directly by 

measuring the immediate movement after cracking of plain concrete of 

channel     - shaped beams. It was also measured indirectly by 

determination of tensile strength and dynamic modulus of elasticity. The 

elastic tensile strain capacity is taken as the tensile strength divided by the 

dynamic modulus of elasticity. The results of these tests are illustrated in 

Table (5-1). 

 It was worth noting from the experimental results that the elastic 

tensile strain capacity of concrete measured by the direct method was 

greater than that of the indirect method and Al-Rawi also found [22] such 

result. 

 As can be seen from the results of the present work that the tensile 

strain capacity of concrete is much higher than that reported in some of the 

literatures [7, 31, 101]. Al-Rawi [22] also reported that tensile strain 

capacity values of concrete are much higher than those reported in previous 

literature. The results of the present work are in line with Al-Rawi’s results. 

 

Table (5-0): Direct and indirect results of elastic tensile strain capacity. 

 
Loss of restraint 

L.O.R*01-6 

Indirect method Direct 
method 7 days 82 days 

Mix Prop. 

Cement: sand: gravel  w/c 
Beam Slabs Ed 

GPa 

Ru 

MPa 

eult 

*10-6 

Ed 

GPa 

Ru 

MPa 

eult 

*10-6 

eult 

*10-6 

    1 :        1:      2      

0.40 
45 60 

41 4.05 99 46 6 130 145 

 

Ed = Dynamic modulus of elasticity. 

Ru = Tensile strength of concrete. 

eult = Elastic tensile strain capacity. 
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5.4 Cracking of the Slabs 
  

 In Table (5-2) the cracking characteristics are summarized for slabs 

investigated at age of (60 days) before exposure to fire flames. Table (5-3) 

presents the site observations and cracking data for drying shrinkage only 

of actual size slabs are summarized for a newly constructed building in 

Hilla city. 

 The experimental and site observation results clearly indicated that 

there is no difference in the characteristics of shrinkage cracking. 

 

Table (5-8): Cracking data of the slabs before exposure to fire flame. 

Slabs % 
Number of 

cracks 
Maximum 
Lc (cm) 

D-wmax 
from edge 

(cm) 

Observed spacing of 
cracks at edge (mm) 

Maximum 
crack width 

(mm) Min. Max. 

Two end restrained 0.42 0 20 0 320 690 0.24 

Three end 
restrained 

From free 
edge 

0.42 

4 22.5 0 200 500 0.2 

From 
restrained 

edge 
3 32 12 460 1260 0.255 

Four end restrained 0.42 11 33 12.5 305 1090 0.275 

Lc = Length of crack. 

D-wmax = Position of maximum crack width. 

 

Table (5-3): Cracking data of the observation slabs. 

Slabs % 
Number of 

cracks 
Maximum 
Lc (cm) 

D-wmax 
from edge 

(cm) 

Observed spacing of 
cracks at edge (mm) 

Maximum 
crack width 

(mm) Min. Max. 

Three end 
restrained 

From free 
edge 0.32

3 

4 105 0 600 1250 0.3 

From 
restrained

edge 
9 110 50 1000 2250 0.35 

Four end restrained 
0.32

3 
13 147.5 35 750 1075 0.40 

 

Lc = Length of crack. 

D-wmax = Position of maximum crack width. 
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5.4.0 Cracking Age and Sequence 

 The cracking age can be used as an index for the vulnerability to 

cracking [20]. 

 Table (5-4) shows the effect of restraint on the cracking age. From 

this table, it is obvious that the slabs which cracked first are the four, three 

and two end restrained respectively, which means that the cracking age 

decreases if restraint increases (as shown in the table below). 

 

Table (5-4): Effect of different restraint cases on the cracking age of reinforced 
concrete slabs before exposure to fire flame.  

 

Types of restraint Cracking age (days) 

Two end restrained 

Three end restrained 

Four end restrained 

21-45 

10-41 

16-43 

 

 The schematic pattern of crack development when stress is relieved 

by creep is shown in Figure [2-1]. Cracking could occur only when the 

stress induced by restrained shrinkage strain, reduced by creep, reaches the 

tensile strength of the concrete. Since the restraint is highest at the center 

line of the slab for four end restrained and three end restrained from the 

restrained edge [23, 30], the first crack must occur at this position 

assuming that concrete is homogeneous and other characteristics are 

uniform. This is confirmed by the experimental results for three and four 

end restrained reinforced concrete slabs. While, the first crack in the two 

end restrained slab generally occurs at the weakest section of the slab, as 

the force induced due to restrained shrinkage exceeds that provided by the 

concrete section. This section is either weaker in tension than the rest of the 

slab (due to non-homogeneity of concrete), or it is under higher restraint 

which tends to increase the cracking force imposed at section. 
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 Figures (A-1 to A-3) show the development of crack pattern of slabs 

during two months period of observation before exposure to fire flame. 

Only one side of four end restrained slab, as indicated in Figure(A-3), 

deviated from this trend. This may be attributed to the existence of non-

homogeneity in the rigid beams or in the slab. 

 Generally, cracking sequence became slower with age as shrinkage 

became more exhausted with time. 

 After the formation of first crack, the formation of further cracks 

became rather more difficult. This is because the tensile strength of 

concrete slabs increases with increasing age and the remaining amount of 

restrained volume change decreases with age. The positions of further 

cracks depend on the new arrangement of degree of restraint along the slab. 

 From Figures (A-1 to A-3) it can be concluded that the first crack 

always occurs within the middle third of the restrained edge slab length. 

The cracks at and near the center line of slab propagated towards the point 

of intersection of centerlines of these slabs, whereas, the cracks near edge 

of slabs extended in a direction inclined to the other restrained edge (at the 

corner). The same trend was also observed in full size slabs, as can be seen 

from Figure (A-4). The propagation of cracks depends on the direction of 

tensile stresses. 

 Table (5-5) gives the cracking sequence of crack formation in slabs 

during exposure to fire flame for the slabs studied in this work. Similar 

trend have been observed by Nizomuddin et al. [102]. 

 The crack propagation continued although the rate of free volume 

change was decreasing. This may be due to the facts that cracks propagate 

at a decreasing stress field once they have initiated [23], and the crack 

propagation is much easier than crack initiation. 
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Table (5-5): Observed sequence of crack formation in slabs during exposure to fire 
flame. 

Time of 

observation (min) 
Observations 

10 

Cracks were formed on top surface of these slabs due 

to drying shrinkage propagation and extended in width 

and length. Radial cracks were observed on bottom 

surface of slabs at and near centerlines. 

 

20 

Radials cracking on bottom of slab were continuing to 

initiate and propagate with some cracks now 

extending toward the edge of slab. 

 

30 

More cracks were visible on edge of slab at top 

surface. Some of these cracks extended perpendicular 

toward the slab center. 

 

45 

One crack near the centerline of four end restrained 

reinforced concrete slab was visible on top surface of 

slab and extended to approx. 2.5 cm toward center of 

slab. 
 

60 

Cracking at top surface continued. The crack noticed 

at 45 min now extended to approx. 20 cm. Some of 

cracks, especially the cracks formed at the middle of 

the edge of slab noted increasing in depth from top to 

bottom of slab. 
 

70-90 

Some top surface cracks particularly near middle of 

slab extended to 50-75 cm, and propagated to full 

depth of these slabs. 
 

95 

Some cracks were noticed on top and bottom surfaces 

and extended from the free edge to the restrained edge 

for two and three end restrained slabs. 
 

105 

Radial cracks were formed at the lower surface of 

these slabs and were visible at the middle of slab and 

extended perpendicular towards the edges of slab. 

These cracks stopped at a distance of (10-20) cm from 

the edges of the slab. Also, it was noticed that cracks 

appeared in a honeycomb fashion in the lower surface 

for all the slabs investigated. 
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 5.4.8 Crack Spacing 

 As stated in the literature review, it was reported by Hughes [103] 

that the minimum crack spacing, Smin, is equal to the bond slip distance, in 

end restrained members. Al-Rawi [104] proved experimentally the 

soundness of this statement. 

 By adopting the same procedure, described in Sec.(3.3.6), from 

strain measurement, Al-Rawi determined the distance over which the bond 

slip occurs. 

 In the present work, the data obtained from the demec gauge 

readings were misleading in determining the bond slip distance. Thus, 

the consideration of minimum and maximum crack spacing was based on 

the observation of crack locations. 

 Table (5-2) shows the information obtained with respect to the 

minimum and maximum observed crack spacing. 

 Figures (A-5 to A-7) and (A-4) show the final crack pattern in the 

experimentally investigated slabs before and after exposure to fire flame 

and in some of actual size observed slabs without burning, respectively. 

From these figures, it appears that the cracks are generally more numerous 

in the proximity of the edge than at some distance from it. It can be stated 

that the maximum crack spacing in the slabs increases with increasing 

distance from the edge. Also, the observed crack spacing was largely 

affected by the different restrained cases investigated, which play an active 

part in distribution of cracks before and after exposure to fire flame. 

 Al-Rawi [26] presented the following equation, for the prediction of 

minimum crack spacing, Smin, in members subjected to end restraint: 

 


d
KS 85.0min    ......... (5-2) 
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        In the present work the following equation is suggested for two and 

three end restrained slabs and for cracks in free edge.  

                
 R

d
KS

 
 85.0min                                    ......... (5-3) 

R : this factor was estimated by STATISTICA program version 5.0 

from experimental data with coefficient of correlation r=0.90, as 

follows 

 

6.0

1.19.0 









L

l
R   ......... (5-4) 

where; 

k : a constant depending on the type of reinforcement which can be 

taken as 0.0 for indented deformed bars and 0.67 for ribbed 

deformed bars. 

d : bar diameter. 

 : reinforcement steel ratio. 

R : effect of end restraint as a ratio. 

L : slab length or width. 

l         : distance from the to the position of calculated crack width. 

 From the above equation it can be noticed that the effect of end 

restraint can be expressed in terms of additional steel ratio (R). Thus, in 

reinforced end restrained slabs, the total steel ratio is equal to the 

summation of the actual steel ratio and the calculated ratio (R). Also, this 

equation is applicable from the edge to the center of slab. 

 The equations which can be used for calculating minimum crack 

spacing for cracks which appear from restrained edge for three and four 

end restrained reinforced concrete slabs can be written as follows: 

 
 1

min 85.0
RK

d
KS





  ......... (5-5) 

For three end restrained from 

restrained edge. 

KR1 : this factor was estimated by STATISTICA program version 5.0 

from experimental data with coefficient of correlation r=0.90 . 
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4.0

1.11 









L

l
K R  

            For four end restrained slab. 

 

  KR

d
KS

2
8.0

85.0min





  ......... (5-6) 

 
2RK  Is taken from Figure (5-9). 

 Based on the information in Figure (2-2) of ACI committee 207[23] 

which was used to find the degree of restraint at center section of base 

restrained walls, a new relationship demonstrated in Figure (5-9) is 

suggested. This suggested relationship could be used to estimate the degree 

of restraint at center sections of restrained slabs. 

 

 

                                            

    Two end restrained slab 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure (5-9): Degree of tensile restraint at center section. 
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maximum crack width is associated with maximum crack spacing [30, 103, 

104,105]. 

5.4.3 Crack Length and Crack Location 

  The experimental and site observation results clearly indicate that the 

maximum crack width increases with increasing maximum crack length as 

can be seen in Figures (5-10 and 5-12) as follows: 

  Wmax = 0.000 Lc + 0.0006        for experimental slabs before 

burning. 

           Wmax = 0.002 Lc + 0.274          for experimental slabs after burning. 

          Wmax = 0.00265 Lc+0.000713   for actual size slabs without burning. 

 

 From these figures, it is obvious that if the prediction of maximum 

crack length is satisfactory, an assumption of maximum crack width can be 

made. Hence, the reduction of the width of cracks which is developed in 

reinforced concrete slabs is associated with the reduction in maximum 

crack length before and after exposure to fire flame. 

 Regarding the model used during the present study, it can be seen 

(from cracking history figures) that early cracks initiated mainly within the 

middle third of the slab rather than at its ends. Also that end portions 

showed that the strain values are higher than the internal portions. This 

means that the restrained shrinkage strain is higher at the middle of the slab 

than at its ends. This leads to suggest that stress concentration in these 

regions is higher. 

 Al-Rawi [26] attributed this behavior to the generation of a strain 

gradient at the end parts which increases the loss of restraint and reduces 

the possibility of cracking. While at interior zones, higher restraint would 

be developed due to the build up of friction forces and the absence of strain 

gradient, hence, cracks would be expected to appear at the interior zones 

and away from the ends. 
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Figure (5-01): Relation between maximum crack width and maximum crack 
length for experimental slabs investigated before exposure to fire 
flame. 

Figure (5-00): Relation between maximum crack width and maximum crack 
length for experimental slabs investigated after exposure to fire 
flame. 
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 The level of maximum crack width in a slab was designated as         

(D-wmax). It was observed that D-wmax for cracks which appeared from the 

restrained edge for the experimental and site observed slabs (three and four 

end restrained) was related to its maximum crack length (Lc). For 

experimental slabs, D-wmax was found to be equal to (5335 Lc+1311 and 

5314 Lc+1331) before and after exposure to fire flame respectively, and 

(53220 Lc+33113) for site observed slabs without exposure to fire flame as 

shown in Figures (5-12 to 5-21). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure (5-12): Position of maximum crack width from the restrained the (D-wmax) 

as a function of crack length for the site observed three and four end 
restrained slabs. 

Figure (5-22): Position of maximum crack width from the restrained edge (D-wmax) 
as a function of crack length for the experimental three and four end 
restrained slabs before burning. 
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Figure (5-10): Position of maximum crack width from the restrained edge (D-
wmax) as a function of crack length for the experimental three and 
four end restrained slabs investigated after burning. 
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 There is a further aspect to be considered in the investigated slabs 

(three and four end restrained), which is occurring the maximum crack 

width at a certain level from the restrained edge (532-535 and 5315 – 

5331)Lc before and after exposure to fire flame respectively. Moreover, the 

maximum crack width also occurs at a certain level from the restrained 

edge in site observed slabs (5323-5355)Lc. In the investigated slabs, the 

crack width decreases, from the level of maximum crack width (D-wmax), to 

zero at the end of the crack, and to a certain value at the beginning of the 

crack. 

 By using the strain distribution in the concrete and steel adjacent to a 

crack, as suggested by Al-Rawi [26], the maximum crack width that may 

occur in the slab at the three different levels has been calculated. The 

equation used to calculate crack width developed by Al-Rawi [26] was 

adopted by considering the strain distribution in Figure (5-22) and using 

non-linear estimation analysis (STATISTICA program version 535). Hence, 

the equation used to calculate crack width for two and three end restrained 

for cracks which appear from the free edge at any level of the slab, is as 

follows: 

 









2
maxmax

ult
fshn

e
CCbeaSWc   ......... (5-0) 

Where: 

a,b,c : constants (estimated statistically using STATISTICA program) 

a = -15356 

b = -26322 

c = 55322 

Coefficient of correlation (r=53221). 

 The notations of the model referred to are as follows: 

- Smax : Maximum crack spacing, (mm), Eq.(5-3). 
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- esh : Shrinkage strain plus strain due to decrease in temperature. 

- L.O.R. : Loss of restraint due to ends contraction before cracking. 

- eult : Elastic tensile strain capacity. 

- eshn : Net shrinkage stain, (eshn=esh-L.O.R). 

- Cf : Final creep strain, (Cf = K* eshn). 

 It was assumed that the value of final creep strain to be constant (K) 

of the net shrinkage strain, where K equals to 536 and 5365 for reinforced and 

plain concrete walls respectively [12]. 

 The equation which is used to calculated crack width for three and 

four end restrained slabs for cracks which appear from the restrained edge 

at any level of the slab by considering the strain distribution in Figure (5-

22) and using STATISTICA program can be written as follows: 

 

   









2
7.0maxmax

ult
fshnab

e
CCbeRRaSWc   .......... (5-1) 

 

 

Where: 

a,b,c = constants (estimated statistically using STATISTICA program    

version 535) 

a = 5313 

b = -332 

c = 23346 

 Coefficient of correlation (r=53215) 

- Smax : Maximum calculated crack spacing, (mm), Eq.(5-5 and 5-6) for 

three and four end restrained from the restrained edge respectively). 

-Rb : Degree of restraint before cracking (at slab center) 

 

4.0

1.11 









L

l
Rb  For three end restrained. 
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And Rb = from Figure (5-2) for four end restrained. 

- Ra  : Degree of restraint after cracking, 

 
sf

sr
a

e

e
R 1  (Assumed) 

esr : restrained strain in the slab. 

esf : free strain in the slab, (esf = eshn (1-Rb)). 

 

 

 

 

 

 

 

 

 

 

Figure (5-11): Sketch of strain distribution in the concrete adjacent to a crack.  

 

It was assumed a reduction factor of 353 of the restraint of the slab 

after cracking, due to the slippage between the slab and the restrained rigid 

beams. 

From the Equations (5-0 and 5-1), it can be seen that there is an 

internal contradiction. This contradiction appears when using 

STATISTICA program. This program can not be performed and utilized 

without internal contradictions. Nevertheless, a function is acceptable if it 

is capable of reproducing the predicted data close enough to the 

comparable observed data provided by the prototype within reasonable 

limits [156]. 
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Using the above Equations (5-0 and 5-1), with the experimentally 

measured values for esh, eshn, eult and L.O.R, the crack width for 

experimental slabs at three different levels are calculated.                       

Tables (5-0 to 5-2) summarize the required parameters to calculate 

maximum crack widths by using Eqs.(5-0 and 5-1) for two end , three end 

restrained from the free edge and three end, four end restrained from the 

restrained edge respectively. 

The maximum crack widths calculated (wc) at the three levels using 

Eq.(5-0 and 5-1) are summarized in the mentioned tables together with the 

maximum crack widths that are measured experimentally (wo) before 

exposure to fire flame. 

Based on the experimental results, an equation to estimate crack 

width in mid span of these slabs after burning was suggested as follows: 

   KLTTWc cbd max   .......... (5-2) 

Where; 

Tb, Td : temperature of the unexposed surface before and during burning 

respectively, (
o
C).  

c  : Coefficient of thermal expansion of concrete, (
c = 12 * 15

-6) [35]. 

L : half-length of slab, (mm). 

K : reduction factor depends on restraint. 

 (K = 53545, 534, 53425 and 5345) for (free, two, three and four end 

restrained slabs respectively). These values for K obtained by 

STATISTICA program. 

 To ensure the validity of the present method for the experimental 

reduced scale slabs and actual size slabs, Equation (5-0 and 5-1) have been 

used to calculate the maximum crack width for actual size slabs (three end 

restrained from the free edge and four end restrained from the restrained 

edge respectively) (a newly constructed building in Hilla city). The 
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characteristics and measured cracking data for these slabs are illustrated in 

Table (5-3). 

 To be able to calculate maximum crack widths for these slabs, some 

assumptions must be made. These assumptions are: 

- Elastic tensile strain capacity, (eult = 145*15
-6). 

- Strain due to temperature change, (eth = 255*15
-6). 

- Loss of restraint due to ends contraction, (L.O.R = 65*15
-6). 

 For calculating maximum crack width, value of free shrinkage strain 

namely esh = 555*15
-6 was adopted. The value is approximately equal to the 

measured value for concrete with thick section exposed to Iraq 

environmental conditions [150]. The maximum crack width at the levels of 

55, 1555 mm from the restrained edge of four end restrained slab and at the 

level of maximum observed crack width of these slabs were calculated 

using the present method. Table (5-15) summarizes the observed and 

calculated maximum crack widths (using Eq.(5-1)) with the measured and 

assumed parameters mentioned above. An example of the calculation of 

maximum crack width for different restrained cases of reinforced concrete 

slab is given in Appendix D.  

 The calculated crack width mentioned above, and the actual crack 

width (which is measured by the microscope and using demec point 

readings) are compared in Figures (A-15 to A-12). 

 Tables (5-11 to 5-13) give a comparison between values of crack 

width at different levels of slabs, using different procedures reviewed in the 

literature with both calculated and observed crack width. 

 Also, Table (5-14) summarizes the observed and calculated 

maximum crack widths (using Eq.(5-2)) at center of each slab with the 

measured parameters mentioned above. 

 Finally, the results of calculated maximum crack widths, using the 

methods proposed by various researchers and bodies [12, 23, 26, 21, 22, 35], 

together with the observed maximum crack widths for both experimental 

and site observed slabs were compared with the present theoretically 
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predicted values. This comparison is shown in Figures (5-23 to 5-26). It is 

clear that there is a very close agreement between the observed maximum 

crack widths and the calculated maximum crack widths using the present 

methods for both experimental and actual size slabs before exposure to fire 

flame. Also, from Table (5-14), it can be concluded that the calculated 

maximum crack width for investigated slabs by using Eq.(5-2) which gives 

a good agreement with the experimental results after exposure to fire flame. 
 

Table (5-0): Maximum crack width calculations for two end restrained slab. 

Level 
(cm) 

Smax 
(mm) 

esh  

(*20-6) 

L.O.R. 
(*20-6) 

eshn 

(*20-6) 

Cf 

(*20-6) 

eult 

(*20-6) 

Wc 
(mm) 

Wo 

(mm) 

235 
15 
25 

215 
225 

1515 

035 
055 
605 

65 
65 
65 

605 
645 
615 

455 
315 
305 

155 
155 
155 

53231 
53152 
53552 

5324 
5316 
5351 

 

Table (5-1): Maximum crack width calculations for three end restrained slab from 
the restrained edge. 

Level 
(cm) 

Smax 
(mm) 

esh 

 (*20-6) 

L.O.R. 
(*20-6) 

eshn 

(*20-6) 

Cf 

(*20-6) 

eult 

(*20-6) 
Rb Ra 

Wc 
(mm) 

Wo 
(mm) 

235 

15 

25 

225 

1555 

1115 

035 

055 

605 

65 

65 

65 

605 

645 

615 

455 

315 

305 

145 

145 

145 

5312 

5361 

5354 

5365 

-5351 

5355 

53151 

53222 

53566 

53155 

53245 

53505 

Table (5-2): Maximum crack width calculations for the four end restrained slab from 
the restrained edge. 

Level 
(cm) 

Smax 
(mm) 

esh 

 (*20-6) 

L.O.R. 
(*20-6) 

eshn 

(*20-6) 

Cf 

(*20-6) 

eult 

(*20-6) 
Rb Ra 

Wc 
(mm) 

Wo 
(mm) 

235 

15 

25 

1515 

1145 

1265 

035 

055 

605 

65 

65 

65 

605 

645 

615 

455 

315 

305 

145 

145 

145 

5311 

5302 

5365 

5305 

-5355 

5350 

53115 

5320 

53522 

5312 

5326 

5352 

 

Table (5-20): Maximum crack width calculations in site observation four end 
restrained slab. 

Level 
(cm) 

Smax 
(mm) 

esh 

 (*20-6) 

L.O.R. 
(*20-6) 

eshn 

(*20-6) 

Cf 

(*20-6) 

eult 

(*20-6) 
Rb Ra 

Wc 
(mm) 

Wo 
(mm) 

5 

35 

155 

1325 

1555 

2505 

055 

055 

055 

65 

65 

65 

645 

645 

645 

315 

315 

315 

145 

145 

145 

5312

5 

5305

5 

530 

-5355 

5352 

53565 

53311 

5316 

5315 

5345 

5311 
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Notes: Wc for free shrinkage = 500 * 20-6. 

eth = 100 * 20-6. 

eullt = 200 * 20-6. 

Loss of restraint = 60 * 20-6. 

 

Table (5-22): Comparison between values of calculated maximum crack width 
using different methods for two end restrained of experimental 
reinforced concrete slab from the free edge. 

 

 Calculated crack width in mm. 

Distance from the 
edge (cm) 

BS: 5..0 Al-Rawi 
Evans and 

Hughes 
Wc Wo 

235 
15 
25 

53655 
53503 
53555 

53455 
53305 
53325 

53521 
53555 
53415 

53235 
53152 
53552 

5324 
5316 
5351 

 

Notes: 

- BS: 5330, (Ref.22) 

- Al-Rawi, (Ref.26) 

- Evans and Hughes, (Ref.21) 

- Wc : calculated crack width as obtained from Eq.(5-0). 

- Wo : Observed crack width. 

 

 

 

Table (5-21): Comparison between values of calculated maximum crack width 
using different methods for different restrained cases of reinforced 
concrete slabs. 

 Calculated crack width in mm.  

Distance from the 
edge (cm) 

Al-Rawi 
ACI-Committee 

(100) 
Harrison Wc Wo 

235 
15 
25 

53512 
5336 

53100 

535232 
53505 
53134 

53100 
53122 
53515 

53151 
53222 
53566 

53155 
53245 
53505 

A- Three end restrained of the reinforced concrete slab from the restrained 

edge. 

 Calculated crack width in mm.  

Distance from the 
edge (cm) 

Al-Rawi 
ACI-Committee 

(100) 
Harrison Wc Wo 

235 53561 53525 53124 53115 53125 
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15 
25 

53301 
53210 

53515 
53165 

53145 
53155 

53205 
53522 

53265 
53525 

B- Four end restrained of the reinforced concrete slab from the restrained 

edge. 
 

Notes  

- Al-Rawi, (Ref.12). 

- ACI Committee 250, (Ref.23). 

- Harrison, (Ref.35). 

- Wc : Calculate crack width as obtained from Eq.(5-1). 

- Wo : Observed crack width. 
 

Table (5-2.): Comparison between values of calculated maximum crack width 
using different methods in site observed four end restrained slab. 

 

 Calculated crack width in mm.  

Distance from the 
edge (cm) 

Al-Rawi 
ACI-Committee 

(100) 
Harrison Wc Wo 

5 
35 

155 

53525 
53630 
53255 

53536 
53256 

533 

53213 
53210 
5313 

53565 
53311 
5316 

531 
534 

5311 
 

Notes  

- Al-Rawi, (Ref.12). 

- ACI Committee 250, (Ref.23). 

- Harrison, (Ref.35). 

- Wc : Calculate crack width as obtained from Eq.(5-1). 

- Wo : Observed crack width. 
 

 

Table (5-20): Maximum crack width calculations at mid span for different restrained 
cases of reinforced concrete slabs after exposure to fire flame. 

 

Slabs Tb oC Td oC K c*20-6 L (mm) Wc (mm) Wo (mm) 

Free end 23 145 53545 12 1125 53504 5350 

Two end 
restrained 

23 145 534 12 1125 53652 53645 

Three end 
restrained 

23 145 53425 12 1125 .622 53605 

Four end 
restrained 

23 145 5345 12 1125 5304 530 
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Figure (5-10): Comparison of the observed and calculated maximum crack width 
at different levels for three end restrained slab. 
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Figure (5-15): Comparison of the observed and calculated maximum crack 
width at different levels for the four end restrained slab. 
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535 Shrinkage Before, During and After Burning 
 

 The values of restrained shrinkage of the reinforced concrete free 

slab before, during and after exposure of fire flame are shown in Table 

[5315], and plotted in Figure (5-20) against age. Figure (5-21) shows the 

restrained shrinkage strain of this slab during burning at temperature 655
o
C 

for period of exposure of (135 hour), at three rows (235, 25 and 11235) cm 

from the edge of the slab. 

 From Figure (5-20), it can be seen that the test results for shrinkage 

increasing before burning, decreasing during exposure to fire flame and 

then increasing after burning until constant at the later ages (after 35 days). 

 The values of drying shrinkage at age of 65 days before burning 

were added to each corresponding shrinkage value after burning to plot the 

Figure (5-22). 

 Figures (5-35 and 5-31), it is obvious that the comparison between 

shrinkage development of the slab before and after exposure to fire flame  

Figure (5-16): Comparison of the observed and calculated maximum crack width 
at different levels in site observed four end restrained slab. 
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with age. From these figures it can be concluded that the shrinkage strain at 

65 days age before burning was higher than that the shrinkage strain at 65 

days age after burning. It can also be seen from the above figures that the 

rate of shrinkage strain after burning is greater compared to that before 

burning during the early ages. A similar trend has been observed by many 

researchers [30, 62]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Contraction

Figure (5-10): Relation between strain before, during and after burning of the 
reinforced concrete free slab. 
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Figure (5-11): Measured strain of the reinforced concrete free slab width time 
during exposure to fire flame. 
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Figure (5312): Relation between additional shrinkage before and after burning with 
age of reinforced concrete slab. 
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536 Surface Conditions and Fire Endurance of Tested Slab 

Figure (5-.2): Relation between shrinkage and age at the center of the 
reinforced concrete free slab before and after exposure to fire flame. 
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Figure (5-.0): Relation between shrinkage and age at 235cm from the edge of 

the reinforced concrete free slab before and after exposure to fire 
flame. 
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 The aim of design for fire safety should be to limit damage due to 

fire. The unexposed surface of each tested slab was observed throughout 

135 hr fire test. In the four tested slabs more cracks developed from the 

edge of these slabs towards the center during exposure to fire flame. 

 At the exposed surface, as exposure to fire flames continued more 

cracks appeared and propagated towards the edge of the slab and stopped at 

about 15-25 cm distance from these edges. The main drying shrinkage 

cracks which appeared before burning proceeded and widened due to 

burning as well as initiating new cracks which appeared due to burning at 

upper and lower surface of the slab. These crack developments were 

noticed accompanied with deflection development. Cracking through the 

depth was observed at approx. (05, 01 and 15 min) for (two, three and four 

end restrained) of reinforced concrete slabs respectively. 

 Figure (5-32) shows the temperature-time curves for the exposed, 

mid-depth and unexposed surface for slab. At the beginning the slabs are at 

room temperature, measured to be 23
o
C. The experimental results clearly 

indicate that the temperature near the surface to fire is higher and decreases 

towards the top of the slab thickness similar behavior was observed by 

other investigators [40, 41 , 151]. 

 Fire endurance periods are determined normally by physical tests 

conducted according to the provisions of ASTM E112-11 [46]. Under this 

standard, the fire endurance of a member or assembly is determined by the 

time required to reach any of the following three end points: [46] 

1- The passage or propagation of flame to the unexposed surface of the 

test assembly; 

2- A temperature rise of 163
o
C at a single point or 121

o
C as an average 

on the unexposed surface of the test assembly; and 

3- Failure to carry the applied design load or structural collapse.  
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 Based on the results of this work, it was noticed that the test results 

agreed with (ASTM E112) [46]. While, these slabs were subjected under 

fire exposure to fire flame temperature of (655
o
C) at 135 hr, the fire 

endurance of all the slabs investigated was reached when the average 

temperature rise of the unexposed surface exceeded the allowable (121
o
C), 

then these slabs were considered failed according to ASTM E112 [46]. 

Similar results of the endurance for slab thickness (15cm) were obtained by 

others [441152]. 

 Also, based on the results obtained, it was found that the fire 

endurance of reinforced concrete slabs increases as the restraining force 

increases (531113151133 and 134) hr for (free, two, three and four end 

restrained) respectively. This conclusion is in a good agreement with that 

obtained by Salse and Lin [43].  

 Finally, results indicate that the fire endurance is imposed by 

increasing the restraint on these slabs. 
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Figure (5-.1): Slab temperature as a function of time at various depths (Slab 

thickness: 15cm) . 
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530 Deflection Behavior of Reinforced Concrete Slabs 
 

 The mid span deflection of these slabs was measured throughout 

each test. Because of the differences in restrained cases for these slabs, 

differences in mid span deflection of these slabs were expected. Deflection 

of these slabs which occurs immediately when were subjected to fire flame 

temperature of (655
o
C) for (25 min) period of exposure was measured. 

This deflection is called immediate deflection or short-term deflection or 

instantaneous deflection. The principal factors that influence this type of 

deflection are the span length, conditions of end restraint, magnitude and 

distribution of the load, section properties including steel percentage and 

material properties [115]. In the present work, deflection due to the 

influence of fire only without any applied load was measured. 

 The test results for mid span deflection during and after exposure to 

fire flame are summarized in Table (5-16), and the relation between the 

deflection during burning and time is illustrated in Figure (5-33), the 

temperature at the lower surface is about 655
o
C. From this figure it can be 

noticed that the rate of deflection increases rapidly during the early minutes 

of fire test, then remains nearly constant for the latter period of exposure to 

fire flame, this phenomena was observed only for free and two end 

restrained slabs. While, the rate of deflection of three and four end 

restrained increases slowly during the early minutes period of exposure, 

then increases rapidly for the latter period of exposure to fire flame. This 

can be attributed to the early cracking and lower modulus of elasticity for 

each slab tested, on the other hand to the number restraint beams. This note 

agrees with the conclusions of other researchers [32 , 41].    

 Figure (5-34) shows the mid span deflection with age for all the 

slabs after exposure to fire flame. From this figure, it is obvious that the 

deflection of free end restrained slab during (24 hr) after burning decreases 

more rapidly if compared with four end restrained, whereas, two and three 
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end restrained slabs behave in between. Based on the results obtained, it 

can be concluded that the deflection of slabs is highly sensitive to the 

restraint under and after exposure to fire flame. 
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Figure (5-..): Relation between mid-span deflection of reinforced concrete slabs 
with time during exposure to fire flame. 
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Figure (5-.0): Relation between mid-span deflection of reinforced concrete slabs 
with age after exposure to fire flame. 
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Table (5-26): Measured deflection at mid-span of the reinforced concrete slabs 
during and after burning. 

A-During exposure to fire flame. 

Time 

(min) 

Deflection (mm) 

Free slab 
Two end 

restrained 

Three end 

restrained 

Four end 

restrained 

5 

5 

15 

35 

45 

65 

05 

25 

5 

5335 

5305 

1325 

1305 

132 

1326 

1321 

5 

5324 

5355 

532 

132 

135 

1362 

130 

5 

53125 

5325 

534 

536 

5315 

1315 

1325 

5 

53505 

5315 

5326 

5335 

535 

530 

5315 
 

B-After exposure to fire flame 
 

Age 

(days) 

Deflection (mm) 

Free slab 
Two end 

restrained 

Three end 

restrained 

Four end 

restrained 

61 

05 

25 

155 

125 

1325 

5315 

530 

53605 

5365 

1325 

1 

53105 

5315 

5315 

1 

532 

5314 

53115 

531 

530 

5365 

53625 

53615 

536 

 

531 The Effect of Fire Flame on the Reinforcing Steel Bars 
 

 The effect of fire flame on the properties of reinforcing steel bars is 

summarized in Table (5-10). At 655
o
C, both burning and subsequent 

cooling was observed to have little effect on mechanical properties of the 

reinforcing steel bars. The residuals in the yield stress and in the ultimate 

stress were (25353 and 21313) respectively for the bar 15 mm diameter. 

The modulus of elasticity was not affected by burning and cooling at this 

temperature. Similar behavior was observed by others [34, 32141, 111]. 
 

Table (5-20): The effect of fire flame on properties of steel bars. 

Bar 

diameter 

(mm) 

Exposure 

temp. (
o
C) 

Yield stress 

N/mm
1

 

Residual 

stress % 

Ultimate 

stress 

N/mm
1

 

Residual 

stress % 

Modulus of 

elasticity 

Es(GPa) 

Residual 

% 

               
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1.6 Introduction 
 

The present chapter deals with theoretical representation of the 

problem. The finite element method is applied to represent shrinkage 

cracking for some different restrained cases of reinforced concrete slabs. 

The results obtained experimentally were compared with the results 

obtained by finite element analysis. Table (1-6) gives the details of the 

material properties that are used in the analysis. 

The required data for applying the ACI-Committee 909 equations [7] 

[Appendix (B)] to predict shrinkage and creep values in the slabs 

investigated are used as follows: 

to=7day; S=680 mm; f=0.370; A=%:; B=0%0 kg/m
3
; Hu=%0:. The 

thickness of the slabs and duration of drying are equal to (0.6 m) and (10) 

days respectively. 

During analysis if the tensile strain in the element reaches (6%0*60
-1

) 

cracking is assumed to initiate. 

Onset of crack, tensile stress in reinforced concrete element will drop 

to direct tensile strength estimated from Eq.(%-69). 
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A tolerance of 9.0: has been used to monitor the convergence of the 

finite element solutions. Number of elements and nodes which are used to 

solve these cases are (671, 90%) respectively. 

Table (6-4): Material properties of the reinforced concrete slabs investigated. 

Material Properties Value 

Concrete Young’s modulus, Ec, GPa 

Compressive strength, cf  , MPa 

Tensile strength, tf  , MPa 

Poisson’s ratio, v 

90.% 

39.0 

3.%3 

0.67 

Steel Young’s modulus, Es, GPa 

Yield strength, fy, MPa 

Diameter of all bars (mm) 

Reinforcement ratio, x,% 

Reinforcement ratio, y,% 

960 

%90 

60 

0.%9 

0.%9 

 

1.9 Sequence of Cracking 
 

 Theoretically the first crack usually occurs at the mid of the 

restrained edge slab length, since the restraint is highest at this position of 

three and four edge restrained slab. Also, the first crack usually occurs at 

the weakest section in the free edges in two end restrained slab. As each 

new crack forms at approximately the mid point of the uncrack portions of 

the slab, the previously formed cracks will propagate vertically [78]. 

Hence, the first crack propagates and new cracks initiate at approximately 

mid length of the uncracked portions of the slab. This sequence of cracking 

is shown in Figures (1-6) and (1-9). 
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Figure (6-4): Theoretical sequence of crack propagation for two end restrained 
reinforced concrete slab. 

 

Table (6-2): Theoretical crack data for two end restrained of reinforced concrete 
slab. 

Element No. 
Date of 

cracking 
(days) 

Strain in 

concrete   

 * 41-6  

Spacing (mm) 
Crack width 

(mm) 

6 90.900 18%.896 %09.60 0.6%06 

9 91.807 039.099 307.913 0.660% 

3 98.0%8 913.117 6690.0 0.00% 

% 36.179 000.88 301.890 0.6637 

 


 At (61) days after curing duration. 
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Figure (6-2): Theoretical sequence of crack propagation for three end restrained 
reinforced concrete slab. 

 

Table (6-3): Theoretical crack data for three end restrained of reinforced concrete 
slab. 

 

Element 
No. 

Date of 
cracking 

(days) 

Strain in concrete   
 * 41-6 

Spacing 
(mm) 

Crack width 
(mm) 

6 67.790 36%.980 %09.60 0.0701 

9 96.8%9 130.719 %09.60 0.630 

3 93.900 999.860 307.913 0.0099 

3* 93.900 970.9%0 6690.0 0.0388 
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% 9%.190 738.788 6690.0 0.6009 

0 36.%70 089.816 307.913 0.6907 

0* 36.%70 916.600 301.890 0.00%% 

1 33.691 077.909 301.890 0.6683 

1* 33.691 %%0.1%0 6690.0 0.019 

7 31.716 979.%%9 6690.0 0.0079 

7* 31.716 699.1%8 6690.0 0.039% 


 At (10) days after curing duration. 

 Table (1-9) and (1-3) show the average distance between cracked 

elements at the end of the drying duration studied. Figures (1-3) and (1-%) 

give the minimum spacing between cracks at the end of drying duration for 

two and three end restrained reinforced concrete slabs respectively. It is 

obvious from these figures that the minimum spacing between cracks 

increases with its distance from the edge. It can also be seen that the 

minimum crack spacing using finite element analysis is greater than 

calculated using Eq.(0-3) and (0-0) and experimental work. 

 It can be seen from Figure (1-3) that the theoretical results of 

minimum crack spacing for two end restrained using Eq.(0-3) is closer to 

the experimental results than theoretical using finite element analysis. 

Whereas, in three end restrained Figure (1-%), it can be seen that the 

minimum crack spacing at the restrained edge using Eq.(0-0) is closer to 

the experimental results at the first stage of distance from the restrained 

edge, while that of finite element analysis closes better to the experimental 

results at the second stage. 
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1.3 Crack Width 
 

 Tables (1-9) and (1-3) show the cracking data for two and three end 

restrained of reinforced concrete slabs respectively. These tables show the 

average distance between cracked elements at the end of the drying 

duration studied. Also, the values of crack width given in these tables are 

calculated by multiplying the element width by the strain which is 

calculated in the center of the cracked element. 

Figure (6-3): Experimental ,theoretical and finite element analysis(F.E.A),(Smin) 
with distance from free edge for two end restrained of reinforced 
concrete slab. 
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Figure (6-4): Experimental theoretical and finite element analysis (F.EA),(Smin) 
with distance from the restrained edge for three end restrained of 
reinforced concrete slab. 
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 The crack width at any level in the slab is simply a function of the 

amount of the tensile strain formerly carried by concrete and relieved by 

the process of cracking. In other words, the crack width at any level of the 

slab is proportional to the difference between the restrained shrinkage 

strain and the tensile strain capacity of concrete. 

 Figure (1-0) shows the development of crack length with time. From 

this figure, it is obvious that the (increasing the end restraint) increases the 

propagation of any crack which permits other cracks to initiate on both 

sides of that crack. It can be seen that the increase in restraint will cause to 

increase the length of cracks at the end of the drying period. 

 Figure (1-1) shows the variation in the width of the middle crack 

with its relative length and for different restrained cases. It can be seen 

from this figure that there is a decrease in the middle crack width with 

decreasing of the number of restrained edges. 

 Table (1-%) gives the crack widths calculated according to the 

present finite element procedure and the results obtained from the present 

experimental work. From comparing the values of crack width at a certain 

level from the edge, it can be seen that there is a reasonable agreement 

between the experimental results and the theoretical results. 
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Table (6-4): Calculated crack width at different level for different restrained cases 
of reinforced concrete slabs. 

  Crack width (mm) 

Slabs Level % Experimental Theoretical 

Two end restrained 
0.03690 0.670 0.6%0 

0.09370 0.01 0.00%3 

T h r e e e n d
 r e st r ai n e d
 

F r o m
 

r e st r ai n e d
 

e d g e 0.03690 0.690 0.0701 

Figure (6-5): Middle crack propagation for different restrained cases of 
reinforced concrete slabs. 

0.00 0.05 0.10 0.15 0.20 0.25

Relative level of middle crack

0.00

0.05

0.10

0.15

0.20

0.25

W
id

th
 o

f 
m

id
d

le
 c

r
a

ck
 (

m
m

)

Three end restrained

From the restrained edge

From the free edge 

Two end restrained

Figure (6-6): Width of middle crack versus its relative level with different 

restrained cases of reinforced concrete slabs. 
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0.09370 0.6%0 0.6009 

0.60190 0 0.066 
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e 0.03690 0.69 0.630 

0.09370 0.0%0 0.0079 
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1.7 Introduction 
 

        Based on the test results and theoretical analysis of the present work, 

the following conclusions can be drawn: - 

4 Cracks in end restrained slabs have a certain width at the restrained 

edge before and after burning. As the distance from the restrained edge 

increases, the crack width increases up to (%02-%02) and (7%2-%82) of 

the crack length before and after exposure to fire flame respectively, 

then the width decreases to zero at the tip of the crack. But, the cracks 

which appeared from the free edge have a maximum crack width at the 

edge and decreases to zero towards the center of the slab before and 

after exposure to fire flame. 

 

2 The crack width in end restrained members is variable with its length, 

and its variation depends on the degree of restraint in the slab before 

and after cracking. 
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3 Experimental and theoretical results show that the shrinkage cracks in 

end restrained slabs are numerous in the proximity of the edge and 

decrease away from the edge. It appears that the minimum crack 

spacing for shrinkage cracks decreases linearly with the distance (D) 

from the edge.  

 

 

 

 

 

4 Based on experimental results, an equation to estimate crack width in 

slabs after burning was suggested as follows: 

  KLTTW cbd max  

This equation gave a good agreement with the observed crack width in 

the experimental work.  

 

5 The predicted values of maximum crack width using the present 

method and those proposed by various previous researchers and bodies 

were compared with experimental and site observed data on reinforced 

concrete slabs. This comparison shows that the present method gives 

the closest results to the observed crack widths in both experimental 

and actual size slabs. 

 

6 The cracking tendency of concrete was seen to be affected by the 

restraint. Cracking time decreases with increased restraint, since 

cracking time (71, %7) days for four and two end restrained reinforced 

concrete slabs respectively. 

 

 

7 The limit of shrinkage crack width in reinforced concrete slabs is 

associated with the reduction in maximum crack length (Lc), and 

delaying in cracking age. 

 

 



 Chapter Seven : Conclusions and Future Works 

 

45

4 

8 The unexposed surface temperature increases as the exposure time 

increases. The unexposed surface temperature reaches a limit of 

(7%7
o
C) at which the slab is considered to have failed as specified in 

ASTM-E771. It was noticed in the experimental work that this limit of 

temperature could be raised to 7%%
o
C. 

 

9 The temperature distribution through the thickness of slab that was 

found in this investigation is similar for all the slabs, which have the 

same thickness and exposed period to fire flame. The results obtained 

show a good agreement with ASTM-E771 specifications. 

 

40 It was noticed that the fire endurance of the reinforced concrete slab 

increases when the slab restraint is more.  

44 Fire endurance of four end restrained slab is larger by (%%2) than that 

of free end slab for the same temperature and slab thickness.  

42 Based on the results obtained, it was found that the mid-span slab 

deflection was highly sensitive to the restraint under exposure to fire 

flame. The increase in restraint causes a decrease in deflection of 

reinforced concrete slabs, where the deflection of free end slab was 

larger by (%12) than that of four end restrained slab for the same 

exposure conditions such as temperature (100
o
C) and duration (7.% 

hr). 

 

 

43 The experimental results clearly indicate that the cracks are developed 
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 in reinforced concrete slabs during (7.% hr) period of exposure to fire 

flame temperature (100
o
C), and these cracks remain open even after 

cooling, i.e. the contraction of concrete and steel are insufficient to 

close the cracks. From observation of the experimental work, some 

cracks may close due to contraction of concrete and steel this 

phenomena occurs especially in the free slab. 

44 The sequence of cracking, crack spacing and crack width show a 

resonable agreement with the test results, finite element analysis and 

theoretical results. 
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1.% Recommendations and Further Works 
 

 To extend and complete the present investigation, the following 

recommendations are made for further work: 

 Research is required to studying the combination effect of the fire 

flame and load on the behavior of reinforced concrete slabs with 

different restrained cases.  

 Studying the effect of rainy-weather (wetting and drying) on the 

cracks behavior of reinforced concrete slabs with different restrained 

cases before and after exposure to fire flame. 

 Considering thermal strains in the analysis. 

 The two – dimensional finite element analysis can be developed to 

three dimensional finite element analysis. 

 Using 8-node element in the computer program. 
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Table (A-1) : Physical properties of the cement. 

Physical properties  Test results I.O.S. 5 :1894(69):  Limits 

Fineness , Blain, cm2/gm 0303  2033 

Setting time, Vicat’s method 

Initial             hrs : min. 

Final              hrs : min.  

 

75:1 

0523 

 

 753 

 7353 

Compressive strength of 1301 
mm cube, MPa 

0 days 

1 days 

 

 

23 

210: 

 

 

 7: 

 20 

  

 

 

 

 

 

 

 

Table (A-2) : Chemical composition of the cement. 



 

 

Appendix A: Experimental Data 

A-2 Oxide ( % ) I.O.S. 5: 1894(69) Limits 

CaO 

SiO2 

Fe2O0 

Al2O0 

MgO 

SO0 

Free lime 

L.O.I 

I.R. 

17.21 

23003 

0023 

1072 

.0.3 

2000 

3011 

701: 

3017 

____ 

____ 

____ 

____ 

 :03 

 200 

____ 

 .03 

 70: 

 

 

Compound composition ( % ) I.O.S.5: 1894(69)  Limits 

C0S 

C2S 

C0A 

C.AF 

L.S.F 

0001. 

030:2 

0002 

0010 

3000 

____ 

____ 

____ 

____ 

3011-7032 

 

 

 

 

 

 

 

 

 

Table (A-3): Properties of the sand 



 

 

Appendix A: Experimental Data 

A-3 Sieve size 

(mm) 

Percent passing I.O.S. 45: 1894(68) Limits 

Zone 3 

00: 

.01: 

2001 

7070 

301 

300 

307: 

733 

01 

02 

07 

:1 

21 

3 

733 

03-733 

0:-733 

1:-733 

13-10 

72-.3 

3-73 

 

Properties Test results I.O.S.45 : 1894(68) Limits 

Sulphate content, 

SO0 

Specific gravity 

Absorption (%) 

3021 

 

2013 

7013 

 

 30: 

 

____ 

____ 

 

 

 

 

 

 

 

 

 

 

 



 

 

Appendix A: Experimental Data 

A-4 Table (A-4): Properties of the gravel 

 

Sieve size 

(mm) 

Percent passing I.O.S. 45: 1894(68) Limits 

010: 

23 

00: 

.01: 

 

733 

733 

:. 

0 

733 

0:-733 

03-13 

3-73 

 

Properties Test results I.O.S.45 : 1894(68) Limits 

Sulphate content, 

SO0 

Specific gravity 

Absorption (%) 

3031 

 

2010 

300 

 

 307 

 

____ 

____ 
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Figure  (A-11): Comparison between calculated (Wc), observed (Wo)                                  
and measured (Wm) crack widths at different levels from 
the free edge of two end restrained slab.    
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Figure (A-12): Comparison between calculated (Wc), observed (Wo) and 
measured (Wm) crack widths at different levels from the 
restrained edge of four end restrained slab. 
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Figure (A-11): Comparison between calculated (Wc), observed (Wo) and 
measured (Wm) crack widths at different levels from the 
restrained edge of three end restrained slab. 
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B-1 

 

 

 

     

        The representation models of shrinkage and creep include correction factors 

other than standard conditions. 

 

 

   B-1  Correction factors of shrinkage are: 

          1- Humidity 

                HF
s

H
01.04.1                                         404  H  %04  

                   H03.00.3                                              %04  H  1004 

          2- Minimum member thickness  (T=mm) 

              TF
s

T
0015.023.1                                      for  1 year loading 

                  T00114.017.1                                       for ultimate loading 

         3- Slump 

           SF
s

S
00264.089.0       ;      ( S=mm ) 

         4- Number of 50 kg sacks/1m3
  concrete 

            BF
s

B
00061.075.0                 

       5- Fine aggregate 

            FF
s

F
014.03.0                                            F  504 

                    F002.09.0                                            F  504 

       6- Air content 



 Appendix B: Correction factors for shrinkage and creep 

B-2             AF
s

A
008.095.0   

  B-2   Correction factors of creep are: 

          1- Loading age 

               

118.0
25.1


F

c
                                        for moist curing 

                      
094.0

13.1


                                         for steam curing 

            2- Humidity 

                    HF
c

H
0067.027.1                               H  404 

             3- Minimum member thickness  (T=mm) 

                     TF
c

T
00092.014.1                             for  1 year loading 

                            T00067.01.1                                for ultimate loading 

              4- Slump 

                      SF
c

S
00264.082.0       ;          (S=mm) 

               5- Percent fines 

                       FF
c

F
0024.088.0                       

               6- Air content 

                       1F
c

A
                                                    for A  64                  

                               A09.046.0                                for A >64 

 

 

 

 



  

C-1 

 

 

 

 

 

 

 

               4964, Saenz proposed a mathematical model for the uniaxial 

compression stress – strain relation for concrete. This formula is easy to apply and 

it shows good fit with experimental results for both ascending and descending parts 

of the  ,  curve because it incorporates several parameters, namely, E, f 
c’, strain 

at f c’  o ,the ultimate stress ( u ), and the ultimate crushing strain f  , Saenz 

equation has the form 






32
DCBA

Ec




       --------------------------- C-4 

 where A, B, C, D are coefficient. The conditions to be fulfilled are: 

 

 

                                                                                                                                         

                 Fc'  

                   u      

 

 

Ec 

Eo 

Ft 
o  f

 
Figure(C-1): Typical     curve for concrete under uniaxial compression. 

Stress 

Strain 



 Appendix C: Saenz Formulation 

C-2 4- @  Ec










 0       ( value of young modulus ) 

2- @     o
fc’           ( point of maximum stress ) 

3- @    0








 o

         ( maximum of the curve ) 

4-@      uf
        ( point of maximum strain ) 

             Fulfilling these conditions, the following coefficients are easily obtained 

A=4,
 

'

2

cE

cE

fR

ERR
B


 ,  

 

 ocE fR

R
C

'

12 
 ,  

 ocE

c

fR

ER
D

'
  --------------C.(2-

5) 

Where: 

 

  



RR

RR
R E 1

1

1
2





          (Ratio relation) --------------- C-6 

o

c
E

E

E
R                                 (Modulus ratio) --------------- C-7 

u

c
f

R




'

                                (Stress ratio)     --------------- C-8 

o

f
R




                                  (Strain ratio)      --------------- C-9 

o

c
o

f
E



'

             (Secant modulus at 
'c

f )       -------------- C-41 
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Example -1- 

           Calculation of maximum crack width at 11cm from the free edge of 

experimental two end restrained reinforced concrete slab: - 

            By using the information given in the experimental work, these parameters 

can be written  

 :maxS    Maximum crack spacing, 
 R

MinMax

d
KSS

 
 85.022  

               Where:      

6.0

1.19.0 









L

l
R  

                                        %73.0
225

10
1.19.0

6.0









  

          
 












 mmS 990

%73.042.0

10
67.085.02max  

                             

:she       Shrinkage strain, 610700 she ( Figure 5-1 ). 

:.. ROL   Loss of restraint due to ends contraction before cracking.  

                  61060.. ROL           (Table 5-1)   

:ulte        Elastic tensile strain capacity 610140 ulte       ( Table 5-1 ). 

                  The calculated parameters are : 

:shne       Net shrinkage strain,  

                  666 10640106010700..   ROLee shshn  



 Appendix D: Examples 

D-2 fc        Final creep strain,  

                  66 10385106406.06.0   shnf ec  

Therefore, the calculated maximum crack width using equation (5-7) is: 

  

                       ultfshn eccbeaSWc 
2

1
max   

 

                                   Where: 

                       

22.50

92.26

06.10







c

b

a

                                  

 666 10150
2

122.501038592.261064006.10990  Wc

mmWc 159.0  

              Whereas the maximum observed crack width, Wo is 1116mm. 

 

Example -2- 

Calculation of maximum crack width at 35cm from the restrained edge for site 

observed four end restrained reinforced concrete slab: - 

             The calculated parameters are: 

:maxS Maximum crack spacing, 
 RK

d
KSS

8.0
85.022 minmax





   

               
 












 mmS 1550

7.08.0%323.0

12
67.085.02max  

:Rb     Degree of restraint before cracking at center line of slab  

                







1

L

l
 at  a level of 








 L

L

l
%7.0  from the restrained edge, 

                7.0Rb  (Figure 5-9 ) 

 

                 The other parameters can be assumed as flows: 

:ulte       Elastic tensile strain capacity =141×11-6   

:she        Shrinkage strain plus strain due to loss of heat of hydration,  



 Appendix D: Examples 

D-3                   666 107001020010500  she  

:.. ROL    Loss of restraint, 61060.. ROL   

:shne        Net shrinkage strain = esh-L.O.R=641×11-6 

:fc         Final creep strain, ( 66 10385106406.06.0   shnf ec ) 

              Therefore, the calculated maximum crack width using equation (5-8 ) is: 

                ultfshn eccbeRaRbaSWc 
2

17.0max    

   

               Where: 

              

46.23

9.3

83.0







c

b

a

                  

  666 10140
2

146.23103859.31064005.07.07.083.01550  Wc

mmWc 387.0  

               Whereas the maximum observed crack width, Wo is 114mm  

 

Example -3- 

          Calculation of maximum crack width at 25cm from the free edge for site 

observed three end restrained reinforced concrete slab. 

             The calculated parameter is:  

:maxS  Maximum crack spacing, 
 R

d
KSS

 8.0
85.022 minmax


    

               

6.0

1.19.0 









L

l
R ,  717.0

500

25
1.19.0

6.0









R  

      
 %717.0323.0

12
67.085.02max


S  

                The other parameters can be assumed as flows: 

- ulte :       Elastic tensile strain capacity =145×11-6 

- she :       Shrinkage strain plus strain due to loss of heat of hydration,  

                666 107001020010500  she  
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D-4 - ROL .. :    Loss of restraint, ROL ..  =61×11-6  

       shne :   Net shrinkage strain,  610640..  ROLee shshn . 

fc       Final creep strain, 66 10385106406.06.0   shnf ec   

Therefore, the calculated maximum crack width using equation (5-7 ) is: 

             ultfshn eccbeaSWc 
2

1
max  

             Where: 

            

22.50

92.26

06.10







c

b

a

            

 666 10145
2

122.501038592.261064006.101315  Wc

mmWc 375.0  

           Whereas the maximum observed crack width, oW is 11325mm    



 

 

 

 

 

              We certify that the thesis titled “Shrinkage Cracking of Reinforced Concrete 

Slabs Exposed to Fire”, was prepared by “Mohammed Mansour Kadhum”, under our 

supervision at Babylon University in fulfillment of partial requirements for the degree of 

Master of Science in Civil Engineering. 

 

 

 

Signature:                                                      Signature: 

Name: Assist Prof. Dr.Mahdi S. Essa                    Name: Assist Prof. Mr. Samir A. AL-Mashhedi 

Date:     /     / 3002                                         Date:     /     /3002                                         



 Chapter Four : Finite Element Analysis 

 

88 

START 

Automatic mesh generation 

Generate steel stiffness for each 

element in both direction Dx; Dy 

KON=MAS=1, DREM=0 

Limiting duration analysis (T1) 

If KON=1 and 

DREM=0 

A 

NO 

YES 

Select time step 

Calculate concrete properties  

f’c,, Ec,, ft  

For I=1 to NEL 

Evaluate concrete material 

stiffness O
N

 I
 

If  

KON=MAS=1 
NO 

YES 

Find free shrinkage strain  

t-t-1 

And change in creep strain 

=(ci-cn)*DREM and find {f) 

Evaluate the equivalent nodal force 

     fBTEIF   

1 

Figure (4-11): Flow chart of the computer program. 
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1 

Calculate total material stiffness by 

summation material stiffness of 

concrete and steel 

Calculate element stiffness and 

assemble it in band width form 

Find external force vector during TT 

{GF}i={GF}i-1+{ELF} 

If  

KON=MAS=1 
NO 

YES 

Find total external force 

{TF}={TF}+{GF} 

Put boundary conditions 

Solve 

    DKGF .  

For I=1 to NEL 

Find  t  and total  t  

Find change in steel stress 

Eq.(4335) and total stress 

Find change in concrete stress, 

Eq.(4334) and total stress 

Summation the stress of  

concrete and steel 

Find internal nodal force 
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C 
Figure (4-11): Continue.  
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Find unbalanced force, (I=1 to NON), 

DA(2*I-1)=TF(2*I-1)-IFX(I) 

 DA(2*I)=TF(2*I)-IFY(I) 

S1=S2=0, (I=1 to NON), find norm of 

unbalance force 

S1=(DA(2*I-1))
2
+(DA(2*I))

2
+S1 

S2=(TF(2*I-1))
2
+(TF(2*I))

2
+S2 

Find factor of convergence 

21 /. SSCONV   

If DREM=1 and 

CONV2352 

 

NO YES 

If DREM=1 

and 

CONV.>235
% 

If 

CONV<=235
% 

NO 

MAS=2 

NO 

YES 

YES 

KON=0 

I=1 to NON 

GF(2*I-1)=DA(2*I-1) 
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F E 

Figure (4-11): Continue.  
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For I=1 to NEL 

    0:  IciIcicn   

Find elastic strain from 

eq.(4346) 

For K=1 to NO. of 

application load 

Find Ct(k) 

Find creep strain 

cre=Ct(k)*r(k) 

ci1=ci(I)+cre 

A 

Find restraint strain from 

Eq.(4344 )  and degree of 

restraint DR=




f

r
 

Find principle stress and 

strain  

Check for cracking 

If element 

is cracking 

Evaluate the residual 

stress for reinforced 

concrete slab 

If TI = end 

of duration 

analysis 

NO 

YES 

NO 

YES 

END 

Figure (4-11): Continue.  
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Most commonly used symbols are listed below, these and others are 

defined where they appear in the research. 
 

Symbol Description 

A, B, C, D Coefficients of Saenz equation. 

a, b Constant depends on cement type and curing method. 

Bs(t1) Factors to account for the rate at which shrinkage develops. 

[B]
T
 Conventional nodal displacement strain matrix. 

C  Constant of total net shrinkage. 

Ca Creep strain after cracking. 

Cb Creep strain before cracking. 

Ct Creep coefficient at time (t). 

COV Convergence factor. 

Cu Ultimate creep coefficient. 

CON Number of node in one column. 

d Bar diameter. 

[D] Total stiffness material for reinforce concrete . 

[D]c Material stiffness for concrete element. 

[Di] Material stiffness for (i)th steel layer. 

DR, KR Degree of restraint. 

{DA} Vector of residual unbalanced nodal force. 

{d} Vector of displacement. 

Ec Modulus of elasticity of concrete. 

Es Modulus of elasticity of steel. 

Eo Secant modulus of elasticity at fc' for concrete. 

Et Tangent modulus of elasticity of concrete parallel to the crack 

direction. 

{Elf} Vector of change in equivalent external force during (TT) for 

element. 

esh Free shrinkage strain. 

eshn Net shrinkage strain. 

eth Thermal strain. 

eult Elastic tensile strain capacity of concrete. 

{F} Vector of external force. 

fb Average bon strength between concrete and steel. 

fc’(t) Compressive strength at time (t) (MPa). 

fc' Maximum compressive strength of concrete. 

Ft Average tensile stress normal to the crack direction. 

Fcm Degraded maximum compressive strength. 



 Notations 

 

Q 

Symbol Description 

fcf, u Stress corresponding to (f) on the uniaxial stress strain curve. 

ftu Tensile strength of concrete. 

G,Go Shear modulus of cracked and uncracked concrete respectively. 

{Gf} Vector of total external equivalent force during (TT) for all 

elements. 

H Height of wall. 

I1, I2, I3, I4 Nodes related to each element. 

{I} Nodal internal force vector. 

{Ifx}, {Ify} Vectors of internal nodal force in the (x) and (y) direction 

respectively. 

K Constant. 

[K] Band width matrix of total elements. 

[KG] Stiffness matrix. 

[Kele] Element stiffness matrix. 

n Number of equivalent load application. 

NEQ Number of equation. 

NEL Number of element in mesh. 

NON Number of node in mesh. 

{P} Vector of residual stress after cracking. 

r Correlation coefficient. 

R Ratio relation. 

Ra Degree of restraint after cracking. 

Rb Degree of restraint before cracking. 

RE Number of element in one row. 

RN Number of node in one row. 

RE Modulur ratio. 

R Stress ratio. 

R  Strain ratio. 

S1, S2 Norm of internal and external nodal force respectively. 

Smax Maximum crack spacing. 

Smin Minimum crack spacing. 

T Temperature. 

To Initial temperature. 

Tf Fire temperature. 

TIC Age of concrete including duration of curing. 

TI Analysis duration. 

{TF} Vector of total external equivalent force. 

t Time. 

to Curing duration. 

U Displacement in (x) direction. 

V Displacement in (y) direction. 

V/S Volume / surface ratio. 

Wi Initial crack width. 

Wmax Maximum crack width. 

Wc Calculated maximum crack width. 



 Notations 

 

R 

Symbol Description 

Wo Observed crack width (by microscope). 

X, Y Node coordinates. 

c Coefficient of expansion of concrete. 

s Coefficient of expansion of steel. 

8 Coefficient of displacement field. 

 Reducing and shear retention factor respectively. 

(sh)u Ultimate shrinkage strain. 

t Average tensile strain normal to the crack direction after 

cracking or tensile strain in concrte. 

o Strain corresponding to the maximum concrete compressive 

strength (fc'). 

f Maximum compressive strain on the uniaxial stress-strain curve. 

ci Free creep strain at time t=n1. 

cn Free creep strain at time t=n1-TT 

cre Free creep strain for changes in elastic strain. 

tc Total strain including creep stain at (t). 

nc Total strain including creep strain at (tn). 

 s
f  Vector of free shrinkage strain. 

 c
f  Vector of free creep strain. 

 r  Vector of total restraint strain. 

 Poission’s ratio. 

 Steel ratio. 

x, x Stress and strain in x-direction respectively. 

y, y Stress and strain y-direction respectively. 

{} Vector of residual stress. 

{c}, {t} Vectors of total stress and strain respectively. 

{c} Vector of stress in concrete. 

o1, o1 Initial stress and strain respectively. 

ii   ,  Increased stress and strain change respectively. 

Txy , xy Shear stress and strain respectively. 

 The angle between steel direction and crack direction counter 

clockwise in degree. 

{r} Vector of change in restrained strain during (TT). 

TT Time step. 

x Stress change in (x) direction. 

y Stress change in (y) direction. 

Txy Shear stress change. 

{t}, {t} Vectors of change in strain and stress due to equivalent external 

force during (TT). 

{Gf} Vector of change in total external equivalent force during (TT). 

{f} Vector of residual unbalanced nodal force. 



 Notations 

 

S 

Symbol Description 

{d} Vector of change in displacement.  

 



 
 

51

4 

 

 

 

 

 

1.  Salse, E. and Lin, T.D., “Structural Fire Resistance of Concrete”, 
ASCE, Journal of the Structural Division, V.102, No.ST1, Jan.1795, 
p.51. 

2.  Shettey, M. S., “Concrete Technology Theory and Practice”, Third 
Edition, 1711, pp.361. 

3.  Troxell, G.E., Davis, H.E. and Kelly, J.W., “Composition and 
Properties of Concrete”, McGraw-Hill, 2

nd
 Edition, 1761, pp.527. 

4.  ACI-Committee 501, “Hot Weather Concreting”, American 
Concrete Institute, 1771. 

5.  Powers, T.C. and Brownyard, T.L. “Studies of the physical 
properties of Hardened Portland Cement Paste”, Proceeding of the 
ACI, V.43, October-December, 1746. 

6.  Hobbs, D.W. and Parrot, L.J., “Prediction of Drying Shrinkage”, 
Concrete, Feb., 1797, pp.105-110. 

9.  ACI Committee 902, “Prediction of Creep, Shrinkage and 
Temperature Effect in Concrete Structures”, ACI Manual of Concrete 
Practice, Part1, 1717,pp.173-300. 

1.  Houk, I.E., Borge, O.E. and Houghton, D.L. “Studies of 
Autogenous Volume Change in Concrete for Dworshak Dam”, J. 
Amer. Concr. Inst, 66, (July 1767), p.560. 

7.  Carlson, R.W., Houghton, D.L. and Polivka, M., “Causes and 
Control of Cracking in Unreinforced Mass Concrete”, ACI Journal, 
V.96, No.9, July 1797, pp.121-139. 

10.  ACI Committee 994, “Control of Cracking in Concrete Structures”, 
ACI 224R-10, ACI Manual of Concrete Practice, 1715, Part 3. 

11.  “New Technical Methods for Control Thermal Cracks in Mass 
Concrete”, Paper Submitted to the International Convention on 
Temperature Effects on Concrete by R.T. Torrent, Translated by 
Dr. Moufuk Al-Harbi, Oct. 1777, pp. 5-36. 



 References 

 

51

1 

12.  Troxel, G.E., Raphael, J.M. and Davis, H.E., “Long Time Creep 

and Shrinkage Tests in Plain and Reinforced Concrete”, ASTM, 

V.51, 1751. 

13.  Carlson, R.W. “Drying Shrinkage of Concrete as Affected by Many 

Factors”, Proceedings ASTM, V.35, Part II, (1735), pp.390. 

14.  Brooks J.J and Neville, A. “Creep and Shrinkage of Concrete as 

Affected by Admixture and Cement Replacement Materials and 

Environmental”, ACI SP-135, (Detroit, Michigan, 1772), pp.17-36. 

15.  Hanson, J.A., “Effects of Curing and Drying Environments on 

Splitting Tensile Strength of Concrete”, ACI Journal, July 1761, 

pp.535-543. 

16.  Neville, A.M., “Properties of Concrete”, Fourth and Final Edition, 

Wiley, New York and Longman, London, 1775. 

19.  Campbell-Allen, M.A. “The Prediction of Shrinkage for Australian 

Concrete”, Civil Engineering Transactions, V.CE15, No.2, 

Institution of Engineering (Australia), 1793, pp.53-59. 

11.  Hansen, T.C. and Mattock, A.H., “Influence of size and Shape of 

Member on the Shrinkage and Creep of Concrete”, Journal of the 

ACI, No.63-10, February, 1766. 

17.  Al-Rawi, R.S. and Kheder, G.F., “Control of Cracking due to 

Volume Change in Base-Restrained Concrete Members”, ACI-

Structural Journal, July-August 1770, pp.379-405. 

20.  ACI 501R-25 “Hot Weather Concreting”, ACI Manual of Concrete 

Practice Part 2, Construction Practices and Inspection Pavements, 

Detroit, Michigan 1774, p.20. 

21.  Lerch, W., “Plastic Shrinkage”, J. Amer. Concr. Inst. 53, 

(Feb.1759). pp.979-102. 

22.  Al-Rawi, R.S., “Determination of Tensile Strain Capacity and 

Related Properties of Concrete Subjected to Restrained Shrinkage”, 

ACI Symp. Singapore, Aug. 1715, Our world in Concrete and 

Structure, 11.pp. 

23.  ACI Committee 902, “Effect of Restraint, Volume Change and 

Reinforcement on Cracking of Massive Concrete”, ACI 209. 2R-93, 

ACI Manual of Concrete Practice, 1715, Part1. 



 References 

 

51

6 

24.  Gilbert, R.I. “Shrinkage, Cracking and Deflection the Serviceability 

of Concrete Strucutures”, Electronic Journal of Structural 

Engineering, Vol.1, No.1, 2001, pp.2-14. 

25.  Al-Mashhedi, S.A., “Control of Secondary Shrinkage Cracks in 

Reinforced Concrete Walls”, M.Sc Thesis, University of Baghdad, 

College of Engineering, Sep. 1717. 

26.  Al-Rawi, R.S. “Laboratory Tests on Small Beams to Study 

Shrinkage Cracking in Continuously Reinforced Concrete 

Pavement”, Transportation Research Board, Annual Meeting, 

Washington, D.C., U.S.A. January 1716, 24pp. 

29.  Beeby , A. W.,“The Prediction of Crack Widths in Hardened 

Concrete”, The Structural Engineer ,V.59A.No.1,Jan.1797,PP.7-19.  

21.  Evans, E.P and Hughes, B.P., “Shrinkage and Thermal Cracking in 

a Reinforced Concrete Retaining Wall”, Proceedings The Institution 

of Civil Engineers (London), V.37, Jan., 1761, pp.111-125. 

27.  B.S. Code 1552 5299 (Amendment 9). 

30.  Harrison, T.A. , “Early Age Thermal Crack Control in 

Concrete”,CIRIA Report No.71, Construction Industry Research and 

Information Association, London, 1711, 41pp.  

31.  Mann, “Designing for Effects of Creep, Shrinkage and Temperature 

in Concrete Structures”, ACI Publication SP.29, American Concrete 

Institute, 1791. 

32.  Hughes B.P. and Ghunaim, F., “An Experimental Study of Early 

Thermal Cracking in Concrete”, Magazine of Concrete Research, 

V.34, No.111, England, March 1712, pp.11-24. 

33.  Hobbs, D.W., “Influence of Aggregate Restraint on the Shrinkage of 

Concrete”, ACI Journal, Title No.91-30, September 1794. 

34.  Harada, T., Takeda, J., Vamane, S., and Furumura, F., “Strength, 

Elasticity and Thermal Properties of Concrete Subjected to Elevated 

Temperatures”, ACI Special Publication, SP-34, V.1, 1792, pp.399-

401. 

35.  RILEM-Committee 44-PHT, “Behavior of Concrete at High 

Temperature” Edited by U. Schneider, Dept. of Civil Engineering 

Gesamtho-Chschulc, Kassel University, Kassil, Germany, 1715, 

122p. 



 References 

 

51

2 

36.  Mohamadbhai, G.T.G., “Effect of Exposure Time and Rates of 

Heating and Cooling on Residual Strength of Heated Concrete”, 

Magazine of Concrete Research, V.136, September 1716, pp.151-

151. 

39.  Dias, W.P., Khoury, G.A., and Sulilivon, P.J., “Shrinkage of 

Hardened Cement Paste at Temperature up to 690
o
C (1231 F)”, ACI 

Materials Journal, V.19, No.3, May-June 1770, pp.204-207. 

31.  Piasta, J., Sawicz, Z. and Rudzinski, L., “Changes in the Structure 

of Hardened Cement Paste Due to High Temperature”, RILEM, 

Materials and Struct., V.19, No.100, 1714, pp.271-276. 

37.  Umran, M.K., “Fire Flame Exposure Effect on Some Mechanical 

Properties of Concrete”, M.Sc. Thesis, College of Engineering, 

Department of Civil Engineering, University of Babylon, October, 

2002, 103 pp. 

40.  Edwards, W.T., and Gamble, W.L., “Strength of Grade 60 

Reinforcing Bars After Exposure to Fire Temperatures”, Concrete 

International, Oct., 1716, p.1. 

41.  Holmes, M., and Anchor, R.D., “The Effects of Elevated 

Temperatures on the strength Properties of Reinforcing and 

Prestressing Steels”, Structural Engineering, V.60, No.1, March 

1712, pp.9-13. 

42.  J. Hannant and P.S. Pell, “Thermal Stresses in Reinforced Concrete 

Slabs”, Magazine of Concrete Research, V.14, July 1762, pp.71-77. 

43.  Salse, E., and Lin, T.D., “Structural Fire Resistance of Concrete”, 

Journal of Structural Division, ASCE, V.102, No.ST1, Jan 1796, 

pp.51-63. 

44.  Shirly, S.T., Burg, R.G., and Fiorato, A.E., “Fire Endurance of 

High Strength Concrete Slabs”, ACI Material Journal march-April 

1711, pp.102-101. 

45.  Gustaferro, A.H., and Carlson, C.C. “An Interpretation of Results 

of Fire Tests of Prestressed Concrete Building Components”, Journal 

of Prestressed Concrete Institute, V.9, No.5, 1762, pp.14-22. 

46.  “Standard Method of Fire Tests of Building Construction and 

Materials”, ASTM E117-11, American Society for Testing and 

Materials, Philadelphia, Pennsylrania, 1711. 



 References 

 

51

9 

49.  Lie, T., T., and Leir, G., W., “Factors Affecting Temperature of 

Fire Exposed Concrete Slabs”, Fires and Materials, V.3, No.2, 1797, 

pp.94-97. 

41.  Hidayat, A., “Influence of High Temperature on the Behavior of 

Reinforced Concrete Slabs’, MSc. Thesis, University of Technology, 

1774. 

47.  Lie, T.T. and Irwin, R.J., “Method to Calculate the Fire Resistance 

of Reinforced Concrete Columns with Rectangular Cross Section”, 

ACI Struct., Jou., V.70, No.1, 1773, pp.52-60. 

50.  Nizamuddin, Z., “Thermal and Structural Analysis of Reinforced 

Concrete Slabs in Fire Environments”, Thesis Presented to the 

University of California at Berkeley, California in 1796, in Partial 

Fulfillment of the Requirements for the degree of Doctor of 

Philosophy. 

51.  Cruz, Carlos, R., “Elastic Properties of Concrete at High 

Temperatures”, Journal, PCA Research and Development 

Laboratories, V.1, No.1, Jan. 1766, pp.39-45, Also, Research 

Department Bulletin, No.171, PCA, land. 

52.  Haramathy, T.Z., and Allen, L.W., “Thermal Properties of Selected 

Masonry Unit Concrete”, ACI Journal, Proceeding, V.90, No.2, Feb. 

1793, pp.132-142.  

53.  Dettling, Heinz, “The Thermal Expansion of Hardened Cement Past, 

Aggregates, and Concrete (Die Warmedhung des Zementsteines, Der 

Gesteine and der Betone)”, Bulletin No.164, Deutscher Ausschuss 

Fur Stanlbeton Berlin, 1764, Part2, pp.1-64, Also, English 

Translation, Foreign Literature Study No.451, Portland Cement 

Association. 

54.  Zoldners, N.G., “Thermal Properties of Concrete Under Sustained 

Elevated Temperatures”, ACI Publ. SP-25, Temperature and 

Concrete, 1767, pp.1-11. 

55.  Khoury, G.A., Grainger, B.N. and Sullivan, P.J.E., “Transient 

Thermal Strain of Concrete: Literature Review, Conditions Within 

Specimen and Behavior of Individual Constituents”, Magazine of 

Concrete Research, V.39, No.132, 1715a, pp.131-144. 

56.  Malhotra, H.L., “Properties of Materials at High Temperatures”, 

RILEM, Materials and Structures, V.15, No.16, 1711, pp.161-190. 



 References 

 

51

2 

59.  Takeuchi, M., Hiramoto, M., Kumagai, N., Yamazaki, N., 

Kodaira, A. and Sugiyama, K., “Material Properties of Concrete 

and Steel Bars at Elevated Temperatures”, Trans. of the 12
th

 Int. 

Conf. on SMIRT, V.H, pp.133-131. 

51.  Nasser, K.W., “Creep of Concrete at Low Stress-Strength Ratios and 

Elevated Temperatures”, ACI Publ. SP-25, Temperature and 

Concrete, 1767, pp.139-149. 

57.  Khoury, G.A., Grainger, B.N. and Sullivan, P.J.E., “Strain of 

Concrete During First Cooling from 600
o
C Under Load”, Magazine 

of Concrete Research, V.31, No.134, 1716, pp.3-12. 

60.  Attiyah, A.N., “Elevated Temperature Response of Reinforced 

Concrete Slabs”, Ph.D. Thesis, College of Engineering, Department 

of Civil Engineering, University of Baghdad, February 2000, 215 pp. 

61.  Khoury, G.A., “Separation and Prediction of Irrecoverable Strain 

Components of Concrete During the First Thermal Cycle”, Trans. of 

the 12
th

 Int. Conf. on SMIRT, V.H, 1773, pp.351-362. 

62.  Habeeb, G.M., “Residual Mechanical Properties of High Strength 

Concrete Subjected to Elevated Temperature”, Ph.D. Thesis, College 

of Engineering, Department of Civil Engineering, Al-Mustansiriyah 

University, Baghdad, Iraq, November, 2000, 164, pp. 

63.  Gustaferro, A.H., and Selvaggio, S.L., “Fire Endurance of Simply-

Supported Prestressed Concrete Slabs”, Journal, Prestressed Concrete 

Institute, V.12, No.1, Feb., 1769, pp.39-52. Also, Research 

Department Bulletin No.212, Portland Cement Association. 

64.  Ehm, H., and Von Postel, R., “Tests of Continuous Reinforced 

Beams and Slabs under Fire”, Proceedings, Symposium of Fire 

Resistance of Prestressed Concrete, English Translation, SLA 

Translation Center, John Crerar Library, Chicago. 

65.  Gustaferro, A.H., “Temperature Criteria at Failure”, Fire Test 

Performance, STP-464, American Society for Testing and Materials, 

Philadeiphia, 1790, pp.1790, pp.61-14.  

66.  British Standards Institution, “Method for Specifying Concrete 

Mixes”, BS 5321: Part2: 1771.  

69.  ACI Committee 559, “Building Code Requirement for Structural 

Concrete (311-77)”, American Concrete Institute, Michigan, pp.63. 



 References 

 

56

0 

61.  Iraqi Organization of Standards, IOS 1: 5294, for Portland 

Cement. 

67.  Iraqi Organization of Standards, IOS 45: 1714; for Aggregate. 

90.  American Society for Testing and Materials, C143-17a, “Standard 

Test Method for Slump of Hydraulic Cement Concrete”, Annual 

Book of ASTM Standards, V.04.02, 1717, pp.15-16.  

91.  British Standard Institution, “Method for Determination of 

Compressive Strength of Concrete Cubes”, B.S. 1111: Part 116: 

1713: 3 pp. 

92.  American Society for Testing and Materials, C925-22, “Standard 

Test Method for Flexural Strength of Concrete (Using Simple Beam 

with Center-point Loading)”, Annual Book of ASTM Standards, 

V.04.02, 1717, pp.165-166. 

93.  Metha, P.K. “Concrete : Structure Properties and Materials, 

Prentice-Hall; pp.450, 1716. 

94.  Abrams, M.S., “Compressive Strength of Concrete at Temperatures 

to 1600F” Temperature and Concrete, SP-25, American Concrete 

Institute, Detroti, 1790, pp.33-51. 

95.  Felicetti, R., and Gambarova, P.G., “Effect of High Temperature 

on the Residual Compressive Strength of High-Strength Siliceous 

Concrete”, ACI Material Journal, V.75, No.4, Jully-August 1771, 

pp.375-406. 

96.  Phan, L.T., and Carino, N.J. “Review of Mechanical Properties of 

High Strength Concrete at Elevated Temperature” Journal of 

Materials in Civil Engineering, February, 1771, 51-64. 

99.  Castillo, C., and Durrani, A.J., “Effect of Transient High 

Temperature on High-Strength Concrete”, ACI Mat. J. V.19, No.1, 

Jan-Feb.1770, pp.49-53. 

91.  Al-Saadi, A.U., “Shrinkage Cracks in Base Restrained Plain and 

Reinforced Concrete Walls”, MSc. Thesis, College of Engineering, 

Department of Civil Engineering, University of Babylon, August 

2000, 10pp. 

97.  Athman, K. “Lectures Stated in 1776 for Graduated Studies in 

Structures”. 



 References 

 

56

5 

10.  Nilson, A.H., “Nonlinear Analysis of Reinforced Concrete by the 

Finite Element Method”, American Concrete Institute Journal, 

Vol.65, No.7,Sept., 1761. 

11.  Scanlon, A. and Murry, D.W., “Time-Dependent Reinforced 

Concrete Slab Deflection”, ASCE J. of Structure Divisions, V.100, 

ST7, 1794, pp.1711-1724. 

12.  Christian Meyer and Bathe K.J., “Nonlinear Analysis of R/C 

Structures in Practice”, J. of Strut. Div. ASCE, V.101, No.ST9, 

1712. 

13.  Hu, H.T. and Schnobrich, W.C. “Nonlinear Analysis of Cracked 

Reinforced Concrete”, ACI Struct. J., V.19, No.2 March-April, 1770, 

pp.177-209. 

14.  Selna, L.G., “Creep Cracking and Shrinkage in Concrete Frame 

Structures”, J. of Struct. Eng. Div., ASCE, V.75, No.ST12, 

December, 1767. 

15.  Zienkiewicz, O.C., “The Finite Element Method”, McGraw Hill Co., 

3
rd

, Edition, 1799. 

16.  Aldstedt, E. and Bergan, P.G., “Nonlinear: Time-Dependent 
Concrete-Frame Analysis”, Journal of the Structural Division, ASCE, 
V.104, No.ST9, July 1791, pp.1099-1072. 

19.  Kang., Y.J. and Scordelis, A.C., “Nonlinear Analysis of Prestressed 
Concrete Frames”, ASCE, J. of Struct. Eng. Div. V.106, No.ST2, 
Feb, 1710. 

11.  Chow, C.O. “The Finite Element Analysis of Creep and Shrinkage 
Effects in Reinforcing Concrete Beams” M.Sc, Thesis, Dept. of Civil 
Engineering, Univer. Coll of Swansea, 1714. 

17.  Branson, D.E., “Deformation of Concrete Structures”, McGraw-Hill 
Inc., 1799. 

70.  Bazant, Z.P., and Witlman, F.H., “Creep and Shrinkage in 
Concrete Structures”, 1791. 

71.  Challal, O., Benmokrane, B. and Ballivey, G. “Drying Shrinkage 
Strains: Experimental Versus Codes”, ACI Materials J., V.17, No.3, 
May-June, 1772, pp.236-266. 

72.  “Some Factors in the Investigation of Long Term Behavior of 

R.C. Struct.” Report of Road Research Laboratory. Harmonds 

Worth, Middle Sex, February-March-1762. 



 References 

 

56

9 

73.  Chen, F.W. “Plasticity in Reinforced Concrete”, McGraw-Hill Book 

Company, 1712. 

74.  Ngo, D. Scordelis, A.C., “Finite Element Analysis of Reinforced 

Concrete Beams”, ACI Journal, V.64, No.3, March 1769. 

75.  Schnobrich, W.C. “Behavior of Reinforced Concrete Structures 

Predicted by the Finite Element Method”, Computer and Structures, 

V.9, 1799, pp.365-396. 

76.  Al-Naimi, H.A., “3-Dimensional Dynamic and Static Time 

Depended Finite Element Analysis of Reinforced Concrete Member”, 

Ph.D Thesis, University of Baghdad, College of Engineering, Feb. 

1776. 

79.  Rockey, K.C., Evans, H.R., Griffths, D.W., and Nethercot D.A. 
“The Finite Element A Basic Introduction of Engineering”, 1795. 

71.  Taan, S.A. and Ali, T.Q.M., “Nonlinear Finite Element Analysis of 

Fibrous Concrete Deep Beams”, Eng. And Technology, V.19, No.7, 

1771, pp.162-199. 

77.  Mercer, J.G. and Palazatto, A.N., “Elastic – Plastic Non-Linearties 

Considering Fracture Mechanics” Comp. And Struct. J., V.25, No.6, 

1719, pp.717-735. 

100.  ACI Committee 902, “Mass Concrete for Dams and Other 
Structures”, ACI Manual of Concrete Practice, Part 1, 1791. 

101.  Lee, C.R., and Lamb, W. “Effects of Various Factors on the 
Extensibility of Concrete”, Building Research Establishment, 
London, England, Jan.1797, 96pp. 

102.  Nizomuddin, Z. and Bresler, B. “Fire Response of Reinforced 
Concrete Slabs”, ASCE, J. of Stru. Div., V.105, No.ST1, August 
1797, pp.1653-1667. 

103.  Hughes, B.P., “Controlling Shrinkage, and Thermal Cracking”, 
Concrete, V.6, No.5, May 1792, pp.37-42. 

104.  Al-Rawi, R.S., “Control of Shrinkage Crack Spacing in Reinforced 
Concrete”, T.R.B., Annual Meeting Jan, 1716, Washington, D.C., 
U.S.A. 

105.  Campbell-Allen, D. and Hughes, G.W., “Reinforcement to Control 
Thermal and Shrinkage Cracking”, The Institution of Engineers, 
Australia, CET, V.CE 23, No.5, August 1711, pp.151-165. 



 References 

 

56

5 

106.  Popovics, S., “Model for the Quantitative Description of the Kinetics 

of hardening of Portland Cement”, Cement and Concrete Research, 

No.5, 1719,pp.121-131.  

الددتور هانددمحمد فاما   ددفا، ”السللك ا التمدتللى اكللن الللدة  لخاتللىة المسللل     التسللك  "  .109

، التللمرتس المكتللر السامللس لتبكللا الم للب المكتللر، م للىا ، وال  نددتنا   دديا ع دد ا   دد 

 .1716المساق، 

101.  Dhahir, K.N., “Fire Endurance of Concrete joist Floors”, MSc. 

Thesis College of Engineering ,Department of Civil Engineering 

,University of Al-Nahrain, October 1777, 11pp. 

107.  Abrams, M.S., and Gustaferro, A.H., “Fire Endurance of Concrete 

Slabs as Influenced by Thickness, Aggregate Type and Moisture” 

PCA Research Department Bulletin 223. 

110.  ACI Committee 451, “Deflection of Reinforced Concrete Flexural 

Member”, ACI Journal, Proc., V.63, No.6, June 1766, pp.639-694. 

111.  Nuri, D., “The Effect of Temperature on Some Properties of 

Concrete”, MSc. Thesis, Submitted to the Building and Construction 

Department, University of Technology, September 1713. 

 

 

 



 
 
 
 
Table (5-55): Strain before, during and after exposure to fire flame of reinforced 

concrete free slab. 
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Table (5-6): Maximum crack widths measured for cracks in each slab before, 
during and after burning. 
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5.4.4 Crack Width 

 Crack widths were measured to the slabs investigated at regular 

intervals. The crack width was measured at levels spaced (0, 52, 20, 000, 

020, 500, 520, 000, 020, 000, 200, 000, 000, 000, 000, 0000, and 0052 

mm) from the edge. The crack width was obtained by two different ways. 

The first way is by the use of a portable micrometer-microscope with an 

accuracy of (52 micro-m), and 00 x magnification as illustrated in Article 

(0-0-0). The second way is from the demec readings across the crack.  A 

comparison between the final crack width after a period of 5 months of 

drying shrinkage before and after exposure to fire flame of these slabs as 

obtained by the two different ways as can be seen in Appendix (A-0 and A-

0) for different restrained cases of reinforced concrete slabs. For the site 

observed slabs the measurement levels were spaced 520 mm along the slab 

Figure (5-12): Relation between maximum crack width and maximum crack length 
for site observation of three and four end restrained slabs. 
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dimensions, and the crack width was obtained by a portable microscope 

only. 

 Figure (2-00) shows the development of maximum crack width with 

different ages for the slabs investigated. These cracks widened progressively 

until a certain nearly constant width in about 00 days occurred. The first 

crack in each slab was observed at an age which is indicated by the first 

point in the corresponding curve. There are many factors affecting cracking 

age, i.e.; the high roughness of the rigid beams surface (interaction between 

the rigid beams and edge beams for slabs) may be the most important factor 

governing earlier cracking age. Whereas, the low early rate of shrinkage and 

low temperature variation for reinforced concrete slabs are the most 

important factors which lead to delay cracking age. For the investigated 

slabs, the maximum crack width in each slab was that of the earliest crack. 
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Figure (5-13): Development of maximum crack width with age of reinforced 
concrete slabs for different restrained cases before exposure to fire 
flame. 
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 Figures (2-00 and 2-02) show the development of maximum crack 

width with age during and after exposure to fire flame. The crack width 

increases during burning for (0.2 hour) at a temperature of (000
o
C). The 

maximum crack width reached was (0.52, 0.02, 0.052 and 0.00 mm) for 

(free, two, three and four end restrained slabs respectively). After one day 

from exposure date the maximum crack width became (0.052, 0.2, 0.2 and 

0.252 mm). Then these cracks developed with age for a period of 5 months 

from exposure date to fire flame to become (0.002, 0.002, 0.0 and 0.02 mm) 

for (free, two, three and four end restrained respectively). 
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Figure (5-14): Development of maximum crack width with time of reinforced 
concrete slabs for different restrained cases during exposure to fire 
flame. 
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 From the above figures, it can be concluded that the rate of crack 

widening, however, tended to decrease with age for all slabs investigated 

before and after exposure to fire flame. This notice is expected as a higher 

percentage of shrinkage would be consumed for the later age cracks, and 

consequently less crack widening would be experienced in this case. 

 According to the experimental results, it was found that the range of 

crack widths measured in the present study varies between (0.02-0.502 and 

0.00-0.02 mm) for slabs before and after exposure to fire flame respectively.  

Table (2-0) summarizes the final crack widths measured for cracks in 

each slab before, during and after burning. 
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Figure (5-15): Development of maximum crack width with age of reinforced 
concrete slabs for different restrained cases after exposure to fire 
flame. 
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 The cracks which have been observed for the crack widths 

measurement were selected and plotted in Figures (2-00 to 2-00). From 

these figures it is clearly seen that the crack width initiated at a certain value 

at the restrained edge and , therefore, increased towards the center of the slab 

up to a certain level beyond which it decreased to zero at the tip of the crack, 

while at the free edge the crack width was the maximum and gradually 

decreases towards the center of the slab, and diminishes at the end of the 

crack. Also, it was obvious from Figures (2-00 and 2-00) that the same trend 

was also observed in walls for the variation of maximum crack width with 

wall height by Al-Rawi [00], ACI-Committee [50] and Al-Mashhedi [52]. 

 From Figures (2-00 and 2-00), it can be seen that the variation of 

crack width with its length for cracks which appeared from the restrained 

edge could be explained according to the theory of change of restraint, 

where in edge restrained members there will be a residual restraint after 

cracking. Due to the effect of the edge beam, the variation of the crack width 

will depend on the (length/width) ratios of the newly formed slabs after 

cracking. Thus, the crack width will depend on the difference between the 

restrained movement before and after cracking or in other words it will be a 

function of change in restraint along the member length. This trend was 

found by Al-Rawi [00],  ACI-Committee – 500 [50] and Al-Mashhedi [52] in 

walls. 
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Figure (5-16): Variation of final crack width with distance from the  free edge 
for two end restrained reinforced concrete slab. 
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Figure (5-10): Variation of final crack width with distance from the restrained edge 
of four end restrained reinforced concrete slab. 
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Figure (5-18): Variation of crack width with distance from the restrained edge for 

selected cracks in site observed four end restrained slab. 


