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 الخلاصة 

دْٚ ٚصٔٙب  رأص١شرار١خ اٌشص ػٍٝ إٔٙب خشسبٔخ ٌٙب اٌمبث١ٍخ ػٍٝ سص ٔفسٙب رحذ خشسبٔخ اٌ طفٛر    

ٔزبط خشسبٔخ رار١خ اٌشص ِٓ اٌّٛاد اٌّزٛرشح لإ خططذاٌحبعخ إٌٝ ِزطٍجبد الا٘زضاص. ٘زٖ اٌذساسخ 

اٌّبٌئخ ِضً  الأطجبؽ  ِح١ٍب ؽجمب ٌّزطٍجبد لبث١ٍخ اٌزشغ١ً، ِٚٓ صُ دساسخ رأص١ش ثؼغ اٌّٛاد

(pigmentsٞاٌحغش اٌغ١ش ،) ُإٌبػ (limestone powder( ٓا١ٌّزبوبؤ١ٌ ٚ )metakaolin ٍٝػ )

اٌزار١خ اٌشص ِٚمبسٔزٙب ِغ اٌخشسبٔخ الاػز١بد٠خ. رُ اسزخذاَ ػزجبد  خٌٍؼزجبد اٌخشسب١ٔ اٌزغ١شاد اٌحغ١ّخ

 اٌحش ٚ اٌّم١ذ. ( ِم١ذح إٌٙب٠خ ٌذساسخ رشممبد الأىّبشBeams) خخشسب١ٔ

( اٌخشسب١ٔخ اٌزار١خ اٌشص plates) ٌجحش سٍٛن رشممبد الأىّبش رٟ الأٌٛاػ رٙذف  ٘زٖ اٌذساسخ    

اٌّسٍحخ ٚ اٌّم١ذح ػٓ اٌحشوخ ِٓ إٌٙب٠بد ثحبلاد رم١١ذ ِخزٍفخ. حبلاد اٌزم١ذ ٟ٘ رم١ذ ِٓ إٌٙب٠خ ٚ رم١١ذ 

لأٌٛاػ، اٌّسبرخ ث١ٓ اٌزشممبد، ػشع اٌزشممبد ٚ ا خِٓ اٌمبػذح. ٌمذ رُ خلاي اٌجحش ل١بط لشاءاد حشو

 أؽٛاٌٙب.

اٌفحٛطبد اٌّخزجش٠خ اٌزٟ اسزخذِذ لإ٠غبد لبث١ٍخ اٌزشغ١ً ٟ٘ رحض الأس١بة ٚ صِٓ الأس١بة ،      

ٔزبئظ . رشاٚحذ V ٚ اٌمّغ ػٍٝ شىً حشف U، اٌظٕذٚق ػٍٝ شىً حشف Lاٌظٕذٚق ػٍٝ شىً حشف 

اٌخشسب١ٔخ  اٌخٍطخ ،( صب١ٔخ ػٍٝ اٌزٛا5.5ٌٟ-0.5ٚ ) ( ٍُِ 752-682ِٓ الأس١بة ث١ٓ )الأس١بة ٚ ص

ٚ  إٌبػُ ِغ اٌحغش اٌغ١شٞثبٌّمبسٔخ ِغ اٌخٍطبد اٌخشسب١ٔخ اٌزار١خ  أػٍٝىْٛ ر الأطجبؽرار١خ اٌشص ِغ 

ٌضِٓ الأس١بة. وّب إْ ( ثبٌٕسجخ :42 ,02( ثبٌٕسجخ ٌلأس١بة ٚ الً ثّمذاس ):9 ,5)ا١ٌّزبوبؤ١ٌٓ ثّمذاس 

ِغ  رؼطٟ اٌخشسبٔخ رار١خ اٌشص ،( 2.95-2.92رزشاٚػ ث١ٓ ) Lٔسجخ الأسذاد ٌٍظٕذٚق ثشىً حشف 

 ٚ اٌحغش اٌغ١شٞ الأطجبؽا١ٌّزبوبؤ١ٌٓ ٔسجخ أسذاد الً ثبٌّمبسٔخ ِغ اٌخٍطبد اٌخشسب١ٔخ رار١خ اٌشص ِغ 

-٠2زشاٚػ ث١ٓ ) Uػٍٝ اٌزٛاٌٟ. إْ رشق الاسرفبع ٌٍّئ اٌظٕذٚق ثشىً حشف( :5 ,6ثّمذاس ) إٌبػُ

( صب١ٔخ، رظٙش 8-٠6زشاٚػ ث١ٓ ) V ق ثشىً حشفٌّشٚس اٌخشسبٔخ ِٓ اٌظٕذٚ َ( ٍُِ. اٌضِٓ اٌلاص2.4

اٌخٍطبد اٌخشسب١ٔخ رار١خ اٌشص   اٌخشسبٔخ رار١خ اٌشص ِغ ا١ٌّزبوبؤ١ٌٓ صِٓ ِشٚس أػٍٝ ثبٌّمبسٔخ ِغ

ِٓ اٌّّىٓ ( ػٍٝ اٌزٛاٌٟ. ثٕبءا ػٍٝ ٔزبئظ اٌؼًّ، %25 ,55ثّمذاس) إٌبػُ ِغ الأطجبؽ ٚ اٌحغش اٌغ١شٞ

ٚاْ إٔزبط خشسبٔخ ِشطٛطخ رار١ب ِٓ اٌّٛاد اٌّزٛرشح ِح١ٍب ٚ اٌّىٛٔخ ٌٙزا إٌٛع ِٓ اٌخشسبٔخ 

 إٌّزغخ رّزٍه لبث١ٍخ عش٠بْ ٚ رشغ١ً ع١ذح. اٌخشسبٔخ اٌّشطٛطخ رار١ب

ِاغ ثبٌّمبسٔاخ  أػٍا١ٝاخ اٌاشص ِاغ الأطاجبؽ رار خٌٍخشسابٔ ثبٌٕسجخ ٌٍؼزجابد وابْ أىّابش اٌغفابف اٌحاش    

 ٚاحذ١ٌَٛ  % 54)ثّمذاس ٚ  رٟ اٌشزبء ٌسز١ٓ ٠َٛ( % 5ٚاحذ ٚ  ١ٌَٛ % 04 )اٌخشسبٔخ الاػز١بد٠خ ثّمذاس

 أػٍاٝرار١خ اٌشص ِغ الاطاجبؽ ٚ وبْ الأىّبش اٌحش ٌٍخٍطخ اٌخشسب١ٔخ  رٟ اٌظ١ف. (ٌسز١ٓ ٠َٛ % 6 ٚ

 ,22ٚ  ١ٌاَٛ ٚاحاذ 45 ,55ثّماذاس ) ٚ ا١ٌّزبوابؤ١ٌٓ إٌابػُ ١اشٞاٌحغاش اٌغ ِآ اٌخٍطابد اٌخشساب١ٔخ ِاغ

ػٍاٝ  %( ٌساز١ٓ ٠اَٛ 24 ,١ٌ22َٛ ٚاحذ ٚ  54  ,55)ػٍٝ اٌزٛاٌٟ رٟ اٌشزبء ٚ ثّمذاس %( ٌسز١ٓ 29َٛ٠

ػٕاذ إػابرخ الأطاجبؽ ٚ ِجىشا  ى٠ْٛ حذٚس اٌزشممبد اٌزٛاٌٟ رٟ اٌظ١ف. رٟ اٌؼزجبد اٌّم١ذح إٌٙب٠خ ٚلذ

اٌخٍطاخ الاػز١بد٠اخ ثاذْٚ  راٟ ٚلاذ حاذٚس اٌزشاممبد ٠اَٛ( ث١ّٕاب  24-5) خالاياٌخٍطاخ  ( إٌاSPٝاٌٍّاذْ )

 ٠َٛ(. 08إػبرخ )



أسثاغ  ٚ اٌّم١اذح إٌٙب٠اخ ِآ عٙزا١ٓ، صالاس عٙابد ٌاٛاػالأظٙاش إْ واً ِآ اػزّبدا ػٍٝ ٔزبئظ اٌجحاش،     

ػااشع  رااٟ رااُ ِلاحظااخ ٚعااٛد اخاازلافأ٠ؼااب الأٚي ثؼااذ اٌظاات.  عٙاابد رزشاامك ثشااىً ِجىااش رااٟ ا١ٌااَٛ

بٖ ػشع ِؼ١ٓ ٠زضا٠ذ ثبرغا ٠ٛعذاٌّم١ذح  . رٟ ِسزٜٛ اٌحبرخ(plate) ٍٛػاٌاٌزشممبد اٌّٛعٛدح ػٍٝ ؽٛي 

ٚاٌازٞ ر١اٗ  ،%( ِٓ ؽٛي اٌشك02-٠62ظً إٌٝ اوجش ل١ّخ ٌٗ ػٕذ ِسبرخ رزشاٚػ ث١ٓ ) حزٝ ٍٛػِشوض اٌ

٠ؼاّحً ٠ٚزلاشاٝ ػٕاذ ٘زا اٌشك ثبٌزٕبلض حزاٝ  ػشع ثؼذ رٌه ٠أخز ٠حظً اوجش ػشع ٌٍشك ػبدح. ٚ

ػٕاذ ِسازٜٛ  ٙابرّزٍاه ألظاٝ ػاشع ٌ وبٔاذ اٌحبربد اٌحشح ػٕذزٟ ظٙشد ث١ّٕب اٌزشممبد اٌ .ِؼ١ٓؽٛي 

 . ػٌٍٛاٚرؼّحً ثبرغبٖ ِشوض  مًاٌحبرخ صُ ر

اػزّاابد ِؼاابدلاد ِجسااطخ ٌغااشع حساابة اٌّساابربد اٌااذ١ٔب ٚاٌمظااٜٛ ثاا١ٓ اٌشاامٛق ٚواازٌه ٚرااُ رحاا٠ٛش     

ٚرٌااه ثبساازخذاَ إٌزاابئظ اٌزااٟ رااُ  ٍااٛػق رااٟ أٞ ِٛلااغ ػٍااٝ ؽااٛي اٌحساابة ألظااٝ ػااشع ٌزٍااه اٌشاامٛ

 اسزحظبٌٙب ِٓ خلاي اٌجحش.

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



ABSTRACT 

     Self-Compacting Concrete (SCC) describes a concrete with the ability to 

compact itself by means of its own weight without the requirement of 

vibration. This study was included of producing SCC from locally available 

materials according to the requirement of workability measurements, and then 

studying the effect of some fillers (pigment, limestone powder and metakaolin) 

on dimensional changes of SCC beams in summer and winter compared with 

normal concrete. End restrained beams were used to study free and restrained 

shrinkage cracking.  

    This study is planned to investigate the cracking behavior of reinforced SCC 

plates restrained from movement at their ends for different restraint. These 

restraint were end and base restraints. Plates movement, crack spacing, crack 

width and crack length were measured. 

    Workability of SCC is determined by different test methods such as slump 

flow, T02 cm, L-box, U-box and V-funnel tests. The values of slump flow and T02 cm 

range between (612-002 mm) and (0.0-5.0 sec) respectively. The SCC mix 

containing pigment is higher than those mixes containing limestone powder 

and metakaolin by (5, 2) % for slump flow and less by (02-22 %) for T02 cm 

respectively. The value of blocking ratios (H0/H8) of L-box for SCC mixes are 

between (2.22-2.20). SCC with metakaolin gave less value of blocking ratio  

than SCC mixes with pigment and limestone powder by (6, 5) % respectively. 

The filling height (H8-H0) of U-box for SCC mixes is between (2-2.2 mm). The 

time of concrete flow immediately after mixing in V-funnel is between (6-1 

sec). The SCC mix with metakaolin shows higher flow time than SCC mixes with 

pigment and limestone powder by (55, 85) % respectively. Based on the results 

of this work, it is possible to produce SCC from locally available materials which 



satisfies the requirements of this type of concrete and it can be stated that SCC 

produced has good flowability and workability. 

    For beams the free drying shrinkage of SCC mix with pigment is higher than 

normal concrete mix by (02 % for 8-day and 0 % for 62-days) in winter and by 

(02 % for 8-day and 6 % for 62-days) in summer. Free shrinkage of SCC mix 

with pigment is higher than the SCC mixes with limestone powder and 

metakaolin by (55, 25) % for 8-day and (88, 82) % for 62-days respectively in 

winter and by (20, 00) % for 8-day and (82, 82) % for 62-days respectively in 

summer. In end restrained beams, the cracking time for SCC mix containing 

pigment powder and Superplasticizer occurs earlier  through (5-82 days), while 

for normal concrete mix the cracking time is (01-days).  

     From the results obtained, it was observed that two, three and four end 

restrained plates cracked early in the first day after casting. It was observed 

that there is a difference in the crack widths along the plate length. At 

restrained edge level there is a certain crack width, which increases towards 

the center of the plate until the level of (02-62 %) of crack length, where the 

maximum crack width usually occurs. Beyond which the crack width decreases 

to zero at a certain length. While, cracks which appeared at the free edge have 

maximum crack width at the edge level and decreases to zero towards the 

center of the plate.  

    Simplified formulas were adopted and modified for predicted the minimum 

and maximum crack spacing and maximum crack width at any position along 

the plate length. 
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CHAPTER ONE 

INTRODUCTION 

 

8.8- General 

    There is no doubt that concrete is one of the most important materials for 

construction, and its use increases with time. It is used in heavy constructions, 

such as expresses highways, bridges, dams as well as other civil engineering 

uses. 

    The increase in the complexity of construction, intricate reinforcement 

details of modern day concrete structures and lack of trained construction 

workers have demanded a solution to the increasing problems related to 

uncompacted concrete(8). 

    For this reason and because of many other problems that concrete exhibits, 

its manufacture has progressed into a highly technical branch of technology 

and science. Besides cement, aggregate and water, there is a trend to 

incorporate additional materials in concrete (e.g. admixtures, fibers, fillers and 

pozzolans) to improve specific features and / or to facilitate placing, conveying, 

compacting, finishing of concrete operations or to obtain desirable 

properties(0). In recent years, a lot of study is done on how to improve the 

performance of concrete, especially on topics regarding how to increase the 

strength, durability, and flowability of concrete. Self-compacting concrete 

(SCC) is a new class of a high performance concrete. It was first developed in 

Japan in order to reach durable concrete structures and to offset a growing 

shortage of skilled labour.  



     SCC is described as a concrete with the ability to compact itself only by 

means of its own weight without the requirement of vibration(5,2). Self-

compacting concrete is different than conventional concrete in that it has a 

lower viscosity and, thus, a greater flow rate when pumped; it also has non 

segregation, no blocking tendency and appropriate flowability(0,6). 

 

The benefits of Self-compacting concrete are(0,1):  

8. Self-levelling. 

0. Can be placed at a faster rate with no mechanical vibration and 

less screeding, resulting in savings in placement costs. The 

extremely fluid and soft consistency allows fast placing of 

concrete. 

5. Improved architectural surface finish with little to no remedial 

surface work. 

2. Improved productivity. 

0. Improved consolidation around reinforcement and bond with 

reinforcement. 

6. Shorter construction periods than the normal concrete, due to 

the fact that no time is wasted with the compaction through 

vibration. 

0. SCC fills all voids and gabs in structural members with high 

percentage of congested reinforcement. 

1. Minimizes movement of ready mixed trucks and pump during 

placement. 

2. Noise reduction. 

     Placing the concrete without vibration gives a dramatic reduction 



     in noise. This greatly improves the environment for both employes 

     and neighbours and increasing construction hours in urban areas. 

82.  Improved quality (reduces the need for vibration), 

durability (lower maintenance in future), reliability of concrete 

structures, and eliminates some of the potential for human 

error. 

 

orkWof this  iveObject -0-8 

    This work was planned for achieving Self-Compacting Concrete from locally 

available materials according to the requirement of fresh properties of 

concrete (workability measurements). 

    The main aims of this study are as follows:  

8. Studying the effect of superplasticizer and fillers (pigment, 

limestone powder and metakaolin) on free shrinkage of SCC 

beams (six beams were cast in winter and six beams were cast 

in summer). 

0. Studying the behavior of free and restrained drying shrinkage 

of normal concrete beams. 

5. Studying the effect of pigment powder on drying shrinkage of 

end restrained beams for plain and reinforced SCC (tensile 

strain capacity, elastic tensile strain capacity, first cracking time 

and creep).   

2. Studying the effect of pigment powder on reinforced SCC 

plates (free plate, two end restrained plate, three end 

restrained plate and four end restrained plate). 



0. The main parameter studied was the effect of  the end 

restraint, the base restraint (the roughness or interaction 

between edge of plate surround slab and the edge of 

restrained slab) and pigment powder on the cracking behavior 

of reinforced SCC plates (crack width, crack spacing and crack 

length). 

6. The compressive strength and flexural strength were tested in 

this work. 

 

Thesis Layout -5-8    

    This thesis consists of five chapters: 

Chapter Two “Literatures Review”, introduces a definition of the SCC (Self-

Compacting Concrete), SCC achievement, advanced materials used in 

production of SCC, workability of SCC, conformity control and conformity 

criteria of SCC, shrinkage cracking, shrinkage of SCC, types of shrinkage and 

factors influencing it. The end and the base restraints and their effect on 

cracking behavior of SCC were discussed in this chapter. 

    Chapter Three describes the experimental work, which consists of three 

parts. The first part deals with achieving SCC from locally available materials. 

The second part deals with the effect of some fillers on the dimensional 

changes of SCC. The third part describes the experimental plate models 

restrained from movement which was made to investigate the behavior of 

shrinkage cracking of SCC. Materials, mix design, mixing procedure, casting 

procedure and procedure of measurements carried out in this study are 

discussed.       



    Chapter Four, the analysis and discussion of the experimental work were 

presented. In this chapter properties of fresh SCC and the effect of fillers on 

free shrinkage, tensile strain capacity, elastic tensile strain capacity, creep, 

cracking time, crack width for SCC beams were analyzed and studied. The free 

and restrained shrinkage of plates, cracking age, crack spacing and a adopted 

and modified formula for the relationship between maximum crack width and 

maximum crack spacing were presented in this chapter. The validity of this 

adopted formula and formulas of previous researchers were examined with 

reference to the results of the tests performed on the plate models. It was 

found that there is a good agreement between the present formulas results 

and experimental plate model measurements.      

 

        

   

 

CHAPTER TWO 

REVIEW OF LITERATURES 

0-8- Self-Compacting Concrete 

    Self-Compacting Concrete (SCC) represents one of the most outstanding 

advances in concrete technology during the last decade. Due to its specific 

properties, SCC may contribute to a significant improvement of the quality of 

concrete structures and open new fields for the application of concrete. Self-

Compacting Concrete is not affected by the skills of workers, the shape and 



amount of reinforcing bars or the arrangement of the structure. Due to high-

fluidity and resistance to segregation it can be pumped longer distances(2). In 

principle, a Self-Compacting Concrete must: 

       8. Have a fluidity that can be self-compacted without external 

            energy. 

        0. Remain homogeneous in a form during and after the placing 

             process. 

        5. Flow easily through congested reinforcement. 

    The technology of SCC is based on adding or partially replacing Portland 

cement with amounts of fine materials such as fly ash, blast furnace slag, silica 

fume and limestone powder. A partial replacement of Portland cement by 

additives was soon realized to be the best compromise in terms of rheological 

properties, resistance to segregation, strength level and crack freedom, 

particularly in mass concrete structures exposed to restrained thermal stresses 

produced by the heat of hydration of cement(82). 

  

0-0- Development of Self-Compacting Concrete  

    For several years beginning in 8215, the problem of the durability of 

concrete structures was a major topic in Japan. The creation of durable 

concrete structures requires an adequate compaction by skilled workers. 

However, the gradual reduction in the number of skilled workers in Japans 

construction industry has led to a similar reduction in the quality of 

construction work. One solution for achievement of durable concrete 

structures independent of the quality of construction work is the employment 



of Self-Compacting Concrete, which can be compacted into every corner of a 

formwork, purely by means of its own weight and without the need for 

vibrating compaction. The concept of Self-Compacting Concrete was proposed 

in 8216 by Okamura(88), but the prototype was first developed in 8211 in Japan 

by Ozawa(80) at the University of Tokyo.  

          

0-5- Self-Compacting Concrete Achievement 

    Two important specific properties to SCC in its plastic state are their 

flowability and stability. The high flowability of SCC is generally attained by 

using high range water reducing (HRWR) admixture and not by adding extra 

mixing water.  The stability or resistance to segregation of the plastic concrete 

mixture is attained by increasing the total quantity of fines in the concrete and 

/ or by using admixtures that modify the viscosity of the mixture. To achieve a 

balance between flowability and stability, the total content of particles finer 

than 802µm has to be high, usually about (002 to 062) kg/m (85). SCC mixture 

typically have a higher paste volume, less coarse aggregate and higher fine-

coarse aggregate ratio than typical concrete mixtures(85). Table (0-8) shows an 

example of mix proportion used in SCC as compared to the normal concrete 

mix (N.C) (85). 

 

Table (0-1): Materials Used in Normal Concrete and SCC by Absolute 

                     Volume(85) 

 C % W % A % F % F.A % C.A % 

N.C 22 28 0 2 05 45 

SCC 22 28 0 8 06 56 

Notes: 



C: cement    W: water     A: air     F: additions     

F.A: fine aggregate         C.A: coarse aggregate 

    The frequency of collision and contact between aggregate particles increase 

as the relative distance between the particles decreases and the internal stress 

can increase when concrete is deformed, particularly near obstacles. Its found 

that the energy required for flowing is consumed by the increased internal 

stress, resulting in blockage of aggregate particles. Limiting the coarse 

aggregate content, whose energy consumption is particularly intense, to a level 

lower then normal is effective in avoiding this kind of blockage(82). 

    Kennedy(80) proposed the "Excess Paste Theory" which explains the fact that 

attaining workability is necessary to have not only enough cement paste to 

cover the surface area of the aggregate, so as to minimize the friction between 

them, but also more of it to give better flowability. In Figure (0-8), the left side 

model shows that the aggregates are closely contacted to each other, with 

voids in between them.  
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Figure (0-1): Excess Paste Theory(80) 

    If this model is mixed with cement paste, these closely packed aggregates 

are then separated by a thin film of cement paste around them, as shown in 

the model on the right side of the figure. Adding the cement paste will change 

the interaction between aggregate. This is a sort of dispersion effect, so 

aggregate are pushed away from each other, which is accompanied with better 

flowability.  

 

0-2- Advanced Materials 

    Concrete originally designed as a mixture of aggregate, cement and water 

developed recently into a composite material containing admixtures and fillers 

which completely changed the philosophy of its design. In the classical 

concrete, Figure (0-0a), the grains of coarse aggregate touch and produce a 

skeleton. The spaces among grains will be filled with the fine aggregate and a 

high energy was necessary for compaction(86).                                            On the 

other hand, the advanced concrete materials use a "floating" structure. The 

grains of a coarse aggregate are not in touching, the space among them will fill 

with fine aggregate, cement paste and fillers Figure (0-0b). The stress will be 

transferred from one grain to another and will not concentrate on the grain 

border. The stress will spread over a certain area of fine particles which make 

the concrete easier for compaction and high strength. The fine material 

between the grains also improves the workability  



 

 

Figure (0-0): Concrete Structure(86)         (a) Classical Concrete 

                                                                            (b) Advanced Concrete 

0-2-8- Cement 

    The first choice to be made when making SCC is definitely that of the 

cement, even when one or two supplementary cementitious materials are 

used. Because the performance of cement in terms of rheology and strength 

becomes critical issue as the target workability and compressive strength 

increase(80). 

    There is a wide variety of cements that are used to some extent in the 

construction and building industries, or to solve special engineering 

problems(81). The chemical composition of these cements can be quite 

different, but the greatest amount of concrete used today is made with 

Portland cements(82). 

    The direct effect of cement on concrete could be simplified by the fact that 

the cement paste is the effective part in the concrete, and the strength of 

mortar or concrete depends on the cohesion of the paste, and its adhesion to 

the aggregate particles(02). 

 



0-2-0- Aggregate 

0-2-0-8- Coarse Aggregate 

    SCC has been made with both gravels and crushed rock as coarse aggregate. 

Aggregate blocking must be avoided as SCC flows through the reinforcement 

and the L-box test is indicative of the passing ability of a SCC mix. The nominal 

maximum size is generally 0-02 mm(02), however particle size up to 22 mm or 

more have been used in SCC. Consistency of grading is of vital important. 

    Regarding the characteristics of different types of aggregate, crushed 

aggregates tend to improve the strength because of the interlocking of the 

angular particles, while rounded aggregates improve the flow because of lower 

internal friction(02). 

    Coarse aggregate makes about (20-00) % by volume of normal concrete 

according to Table (0-8)(85), thus the properties of hardened concrete is 

influenced considerably by the coarse aggregate, while in SCC the coarse 

aggregate makes up (52-52) % of the concrete volume(08,00,05), therefore, it has 

a lower effect on the properties of hardened SCC.  

    The amount of coarse aggregate is reduced as they take up a lot of energy in 

moving them. Reduction in the coarse aggregate content is balanced by the 

increase in paste volume, which has the effect of increasing the aggregate 

inter-particle distance, thereby reducing the possibility of contact and lowering 

the aggregate-aggregate friction(02). 

   

0-2-0-0- Fine Aggregate 



    All normal concreting sands are suitable for SCC. Both crushed and rounded 

sands can be used. The influence of fine aggregate on the fresh                     

properties of the SCC is significantly greater than that of coarse aggregate. The 

amount of fines less than 2.800 mm size is to be considered as powder and is 

very important for the rheology of SCC. 

    The high volume of paste in SCC mixes helps to reduce the internal friction 

between the sand particles but a good grain size distribution is still very 

important. The grading of fine aggregate in the mortar should maintain both 

workability and stability at the same time(00). 

 

0-2-5- Superplasticizers 

    Superplasticizes (high range water reducers) are low molecular-weight, 

water-soluble polymers designed to achieve high amount of water reduction 

(80-523) in concrete mixtures in order to attain a desired slump(06). These 

admixtures are used frequently to produce high-strength concrete (>02 MPa), 

since workable mixes with water-cement ratios well below 2.22 are 

possible(00). They also can be used without water reduction to produce 

concrete with a very high slump, in the range of (802 to 002 mm). At these 

high slumps, concrete flows like a liquid and can fill forms efficiently, requiring 

a very little vibration. These highly workable mixtures are called flowing 

concrete and require slumps to be in excess of 822 mm. The requirements for 

superplasticizer in Self-compacting concrete are summarized below:  

8. High dispersing effect for low water/powder ratio. 

0. Maintain of the dispersion effect for at least two hours after mixing. 

5. Less sensitivity to temperature changes. 



    Admixture helps to provide a very good homogeneity and reduces the 

tendency to segregation. It is a surface-active agent causing dispersion thereby 

reducing the friction among powder materials. The common superplasticizer 

used is a new generation type based on polycarboxylated polyether. 

 

0-2-2- Supplementary Cementitious Materials or Fillers      

    The use of  Supplementary Cementitious Materials or Fillers like fly ash, silica 

fume, metakaolin, and limestone powder have been adopted in prestigious 

projects, with an aim to achieve higher strengths and better durability(01). 

Special rheological requirements of SCC, both inert and reactive additions are 

commonly used to improve and maintain the workability as well as to regulate 

the cement content and so reduce the heat of hydration. There are two types 

of additions: 

8. nearly inert addition as filler aggregate, pigment, and limestone fines. 

0. pozzolanic or latent hydraulic addition as fly ash, silica fume, and 

metakaolin(01). 

    To avoid excessive heat generation, the Portland cement is generally 

partially replaced by mineral admixtures like limestone filler or fly ash. The 

nature and the amount of filler added are chosen in order to comply with the 

strength and durability requirements(02). Each filler has its influence on the mix 

for SCC and must be investigated by different methods (rheology test) and 

mixing trails. 

 

0-2-2-8- Pigment 



     The suitability of pigments used in SCC building permitted by BSEN 026-8(52) 

for the coloration of building and filling material to improve the properties of 

fresh and hardened concrete.  

    Pigments can be used successfully with SCC, applying the same attention and 

limitations as in traditional vibrated concrete. However, they can affect fresh 

properties so they should not be added to an existing SCC without first doing a 

trail. 

     Pigments for cement and cement products may be satisfactorily used in the 

form of water pastes as well as in the more usual milled powder form(58). 

Pigments can be added to the mixer, those are powders of fineness similar to, 

or higher than, that of cement. An improvement in the dispersion of the 

pigment can be obtained by the use of superplasticizer(50).  

 

0-2-2-0- Limestone Powder 

    Finely crushed limestone may be used to increase the amount of powder, 

the fraction less than 2.800mm will be of most benefit. Limestone filler will 

help to maintain stability in a high workability mix although it will not 

contribute significantly to the compressive strength development of SCC(55). 

Limestone filler will also help to control the heat of hydration in mixes that 

have a high Portland cement content(52). 

 

0-2-2-5- Metakaolin 

    Metakaolin is a highly pozzolanic material produced by calcining China clay 

at temperature of (022-222) C°. It is permitted by BS 1022 with an appropriate 



agreement certificate (BSEN 026-8 and BS 1022)(52). The particle size should 

not be more than 2.800 mm in order to achieve high workability and reactivity 

when added as a part of cement weight.                                                                                                    

 

0-0- Mix Design 

    There is no standard method for SCC mix design and many academic 

institutions, admixture ready-mix, precast and contracting companies have 

developed their own mix proportioning methods. Mix designs often use 

volume as a key parameter because of the importance of the need to over fill 

the voids between the aggregate particles. Some methods try to fit available 

constituents to an optimized grading envelope(50). Mix designs of SCC must 

satisfy the criteria on filling ability, passing ability and segregation resistance. 

The most common method of mix design is the general method developed by 

the University of Tokyo and since then, many attempts have been made to 

modify this method to suit local conditions(56).  

 

0-6- Mix Design Principles 

    To achieve the required combination of properties in fresh SCC mixes: 

8. The fluidity and viscosity of the paste is adjusted and balanced by 

careful selection and proportioning of the cement and additions, by 

limiting the water/powder ratio and then by adding a 

superplasticizer and (optionally) a viscosity modifying admixture. 

Correctly controlling these components of SCC, their compatibility 



and interaction is a key to achieving good filling ability, passing 

ability and resistance to segregation(50). 

0. The paste is the vehicle for the transport of the aggregate, therefore 

the volume of the paste must be greater than the void volume in the 

aggregate so that all individual aggregate particles are fully coated. 

5. The coarse to fine aggregate ratio in the mix is reduced so that 

individual coarse aggregate particles are fully surrounded by a layer 

of mortar. This reduces aggregate interlock and bridging when the 

concrete passes through narrow openings or gabs between 

reinforcement and increases the passing ability of the SCC(50). 

 

0-0- Adjustment of the Mix 

    Laboratory trials should be used to verify properties of the initial mix 

composition. If necessary, adjustments to the mix composition should then be 

made. Once, all requirements are fulfilled, the mix should be tested at a full 

scale at the concrete plant or at site. 

    In the event that satisfactory performance cannot be obtained, then 

consideration should be given to fundamental redesign of the mix. Depending 

on the apparent problem, the following courses of action might be 

appropriate(1): 

8. using additional or different types of filler, (if available) 

0. modifying the proportions of the sand or the coarse aggregate 

5. using a viscosity modifying agent, if not already included in the mix 

2. adjusting the dosage of the superplasticizer and / or the viscosity 

modifying agent 



0. using alternative types of superplasticizer (and / or Viscosity 

Modifying Admixture (VMA)), more compatible with local materials 

6. adjusting the dosage of admixture to modify the water content, and 

hence the water-powder ratio(50). 

    In SCC mixes, not only the coarse aggregate content might be limited but 

also the fillers, content of fines (sand and filler) and superplasticizer might be 

used to prevent segregation and increase flowability(50).  

 

0-1- Mix-Design Method 

    Some mix design methods developed at academic and other institution are 

summarized below: 

 

0-1-8- Rational Mix-Design Method 

    Self-Compactibility Concrete can be largely affected by the characteristics of 

materials and the mix proportions. A rational mix-design method for Self-

Compacting Concrete using a variety of materials is necessary. Okamura and 

Ozawa(51) have proposed a simple mix-proportioning system assuming general 

supply from ready-mixed concrete plants(52). The coarse and fine aggregate 

contents are fixed so that Self-Compactibility can be achieved easily by 

adjusting the water-powder ratio and superplasticizer dosage only. 

 

8. The coarse aggregate content in concrete is fixed at 023 of the 

solid volume. 

0. The fine aggregate content is fixed at 223 of the mortar volume. 



5. The water-powder ratio in volume is assumed as 2.2-8.2, 

depending on the properties of the powder. 

2. The superplasticizer dosage and the final water-powder ratio are 

determined so as to ensure Self-compactability. 

    Ouchi(22) summarized a rational mix-design method, as in Figure (0-5). Only 

water-powder ratio & S.P./powder are to be adjusted by testing with gravel 

and sand fixed. 

 

 

Gravel                 Sand                   Water       SP       Powder 

                                                                                    

           52 % of              42 %of                           Moderate 

solid volume    mortar volume       deformability & viscosity   

           can be fixed with material           can to be fixed with trial 

                      parameters                                         mixing 

 

Figure (0-3): Rational Mix-Design Method(22) 

 

    In the mix proportioning of conventional concrete, the water-cement ratio is 

fixed at first from the viewpoint of obtaining the required strength. With Self-

Compacting Concrete, however, the water-powder ratio has to be decided 

taking into account Self-compactibility because Self-compactibility is very 

sensitive to this ratio. In most cases, the required strength does not govern the 

water-cement ratio because the water-powder ratio is small enough for 

obtaining the required strength for ordinary structures unless most of the 

powder materials in use are not reactive. The mortar or paste in Self-



Compacting Concrete requires high viscosity as well as high deformability. This 

can be achieved by the employment of a superplasticizer, which results in a 

low water-powder ratio for high deformability(82). 

  

0-1-0- Common Design Method for SCC 

    There is no unique mix design solution for the production of SCC and a wide 

variety of materials have been used(00). Water-powder ratios are generally less 

than 2.0 (by weight) and mixes have lower coarse aggregate content and 

higher paste content than conventional concrete(00). Admixtures and fillers 

contribute to increase both the workability and segregation resistance(00). 

Experience in Japan and Europe showed that there are wide variations of 

materials and proportions that can be used to produce satisfactory SCC, with 

certain key factors which fall within certain limits. These limits are summarized 

in Tables (0-0) and (0-5).  

 

Table (0-0): Mix Proportions of Concrete(28)  

Materials     Housing Civil   

FSCC RH SCCH SCCC RC 

Free water 022 292 290 002 262 

Portland cement 40.5 095 082 552 525 085 

Limestone powder --- 045 --- --- 072 

GGBS --- --- 022 --- --- 

Fiber (Rc 65 255 BN)     52 

Total powder content 095 505 552 525 555 

Sand (2-5 mm) 842 865 872 655 942 

02 mm aggregate 

(*22mm) 

972 752 752* 952* 725 

Viscocrete 0, Kg  --- 4.0 5.5 --- 4.4 

Normal ---   6.4  



superplasticizer 

Water-cement ratio 2.68 2.68 2.58 2.45 2.56 

Water-powder ratio 2.68 2.56 2.56 2.45 2.09 

Notations: 

    SCCH: Self-Compacting Concrete Housing 

    SCCC: Self-Compacting Concrete Civil Engineering  

    RH    : Reference Housing             

    RC    : Reference Civil Engineering  

    FSCC: Fiber Self-Compacting Concrete 

 

 

Table (0-3): Range of Mix Constituents(08,00,05) 

Constituents By volume By weight (Kg/m ) of concrete 

Coarse aggregate 

Fine aggregate 

Powder 

Paste 

Water 

52-42 % of concrete 

42-52 % of mortar 

― 

54-42 % 

252-022 l/m  

752-902 

722-922 

452-622 

― 

252-022 

 

    The SCC mixes contain high-volume additions of limestone powder or blast 

furnace slag to enhance fluidity and cohesiveness and limit heat generation. 

Such materials are also less reactive than cement and can reduce the problems 

resulting from loss of fluidity of the rich concrete. The incorporation of one or 

more powder materials having different morphology and grain-size distribution 



can improve particle packing density and reduce interparticle friction and 

viscosity, hence improving deformability, Self-compactibility, and stability. 

 

0-2- Workability of SCC 

0-2-8- Rheology of SCC 

    The science dealing with deformation and flow of materials under stress, and 

the emphasis on flow means that it is concerned with the relation-ships 

between stress, strain rate and time(20). Fresh concrete can be described as a 

particle suspension. Its rheological properties are rather complex because of 

the large spread of particle sizes and the hydration reactions, which are time 

dependent(80). In the fresh state SCC corresponds rheologically to a good 

approximation to a Bingham solid with the parameters of yield value and 

viscosity Figure (0-2). The Bingham flow law describes the deformation 

behavior of a suspension under shear stress. It is composed of a constant 

factor, the yield value (το) and a variable component that depends on the ratio 

of the applied shear stress (τ) to the rate of load application (γ) and is 

described by the viscosity (η). The yield value gives the energy that must be 

applied externally to make the suspension start to flow. The viscosity describes 

the resistance to deformation during the flow. 

 

 

 

 

Bingham Model 

τ= τo + γ*η(25)  

 Newtonian Fluid  

8 

μ 
Shear 
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  τ (Pa) 

      

Tan α= η 



 

 

 

                    Figure (0-4): Bingham Rheology Model(08) 

 

    Once the concrete starts to flow, shear stress increases linearly with 

increases in strain rate as defined by plastic viscosity (μ). Thus, one target of 

rheological property of SCC is to reduce the yield stress to as low as possible so 

as to behave like a Newtonian fluid with zero yield stress. The other target 

property is an adequate viscosity(08). 

    The addition of water reduces both the yield stress and viscosity. However, 

too much water can reduce the viscosity to such an extent that segregation 

occurs. Segregation resistance between water and solid particles can be 

increased by increasing the viscosity of water through the incorporation of 

viscosity modifying admixtures. The incorporation of superplasticizer reduces 

the yield stress but causes limited reduction in viscosity(08,22). 

     

0-82- Properties of Fresh SCC Mixes 

    Fresh SCC  must possess at required level the following key properties: 

8. filling ability  

0. passing ability 

5. segregation resistance 

Strain Rate 

(γ) 8/s 

το 



    In order to be able to produce a good SCC, it is necessary to prepare the 

mixer before the first batch produced. This may be done by mixing a pre-batch 

of concrete before starting the production of SCC(80).  

 

0-82-8- Filling Ability 

    It is the ability of SCC to flow into all spaces within the formwork under its 

own weight. Fluidity or deformability means the ability of the flowing concrete 

to fill every corner of the moulds, often referred to as filling ability. To enable 

this to occur, the interparticle friction of the materials must be reduced. This 

can be achieved in two ways(80): 

8. Surface tension can be reduced by the inclusion of superplasticizers. 

0. Optimizing the packing of fine particles can be achieved by the 

introduction of fillers or segregation controlling admixtures. 

 

0-82-0- Passing Ability 

    Passing ability describes the capacity of the fresh mix to flow through 

confined spaces and narrow openings such as areas of congested 

reinforcement without segregation, loss of uniformity or causing blocking. In 

defining the passing ability, it is necessary to consider the geometry and 

density of the reinforcement, the flowability/filling ability and the maximum 

aggregate size(50). To satisfy these requirements, the maximum size aggregate 

is generally limited to 00 mm. The amount of coarse aggregate is reduced as 

they take up a lot of energy in moving them. Reduction in coarse aggregate 

content is balanced by the increase in paste volume, which has the effect of 



increasing the aggregate inter-particle distance, thereby reducing the 

possibility of contact and lowering the aggregate-aggregate friction(50). 

0-82-5- Segregation Resistance (Stability) 

    Segregation resistance is the ability of SCC to remain homogenous in 

composition during transport and placing. Due to the high fluidity of SCC, the 

risk of segregation and blocking is very high. Preventing segregation is 

therefore an important feature of the control regime, therefore, needs to be 

addressed(80):  

8. The amount of free water needs to be minimized to avoid bleeding. This 

can be achieved by the use of superplasticizer to reduce the water 

demand and well-graded cohesive aggregate to minimize segregation. 

0. The liquid phase needs to be viscous to maintain the coarse particles in 

suspension, when mobile. The tendency to segregation can be reduced 

by the use of a sufficient amount of fines (< 2.800 mm) or using a 

Viscosity Modifying Admixture (VMA). 

 

0-88- Test Method 

    Many different test methods have been developed in attempts to 

characterize the properties of SCC. Table (0-2) lists the most common tests 

grouped according to the property investigate.  

 

Table (0-4): Test Methods for Evaluating SCC(2,20) 

Characteristic  Test Method Measured Value 



         Filling ability  

 

 

Slump flow 

T52 cm 

V funnel 

totals spread 

flow time  

flow time 

Passing ability L-box 

U-box 

passing ratio 

height difference 

segregation V funnel at T5 minutes time increase 

     

    No single test is capable of assessing all of the key parameters, and 

combination of tests is required to fully characterize a SCC mix. Similarly no 

single method has been found which characterizes all the relevant workability 

aspects so each mix design should be tested by more than one test method for 

the different workability parameters. 

     According to Ozawa et al.,(26) and Victor et al.,(20) to characterize and 

quantify the self-compactibility of fresh concrete, a number of tests in Table 

(0-2) were conducted, including deformability tests using slump flow, flow rate 

test using a funnel device and self-placing test using a box vessel with 

reinforcing bars as obstacles to SCC flow. These methods have generally been 

adopted to quantify the flow properties of Self-Compacting Concrete. 

    The most important test is: 

 

0-88-8- Slump Flow and T02 cm Test 

    The flowing ability of fresh concrete is measured by slump-flow investigated 

with Abrams cone. The slump-flow test is the most widely used method for 

evaluating concrete consistency in the laboratory and at job sites. The basic 

equipment used is the same as for the conventional slump test. With the 



slump flow test, the T02 slump flow time was measured. The T02 is the time to 

reach a spread of 022 mm(0,00).  

    The test method differs from the conventional one by the fact that the 

concrete sample placed into the mold is not rodded and when the slump cone 

is removed the sample collapses(21). The diameter of the spread of the sample 

is measured, i.e., a horizontal distance is determined as opposed to the vertical 

distance in the conventional slump test. The slump flow test can give an 

indication to the consistency, filling ability and workability of SCC. The SCC is 

assumed of having a good filling ability and consistency if the diameter of the 

spread reaches values between (602 to 122 mm). 

 

 

0-88-0- L-Box Test 

    The L-box test is useful in assessing different parameters such as mobility, 

filling ability and passing ability. The apparatus consists of a rectangular section 

box in the shape of an "L", with a vertical and horizontal sections, separated by 

a movable gate, in front of which vertical length reinforcement bar is fitted(22) 

as shown in Figure (0-0). This test, based on Japanese design for under water 

concrete was described by Petersson(02).  
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Figure (0-5): L-Box Test (22) 

     

    The horizontal section of the box can be marked at 022 mm and 222 mm 

from the gate and the times taken to reach these points are measured. These 

are known as the T02 and T22 times which are indication of the filling ability, and 

the heights H8 and H0 of concrete are measured and used to determine the L-

box result (H0/H8)(0,00,28). 

 

0-88-5- U-Box Test 

    This test was developed by the Technology Center of the Taisei Corporation 

in Japan(05,52). The test is used to measure the filling ability of Self-Compacting 

Concrete. 

    The equipment consists of U-box, as shown in Figure (0-6)(08). The sliding 

gate is fitted between the two sections. Reinforcing bars with nominal 

diameter of 85 mm are installed at the gate with center to center spacing of 02 



mm. According to EFNARC, 0220(05) acceptable value of the filling height, h8-h0 

is normally (2-52) mm. 

 

 

                Figure (0-6): U-Box Test(08)      

 

0-88-2- V-Funnel Test 

    Viscosity of the SCC is obtained by using a V-funnel apparatus, which has 

certain diameter (60mm) as shown in Figure (0-0) for a given amount of 

concrete to pass through an orifice(22). This test was developed in Japan and 

used by Ozawa et al.,(26). 

    The amount of concrete needed is 80 litters and the maximum aggregate 

size is 02 mm. The time for the amount of concrete to flow through the orifice 

is being measured. If the concrete starts to move through the orifice, it means 

that the stress higher than the yield stress, therefore, this test measures a 

202202  

822822  

822822  822822  

022022  

022022  

012012  

HH11  HH00  

Unit mm 

Rebars 5× Φ 85 mm @ 

02 mm 

Sliding- gate 



value that is related to the viscosity. If the concrete does not move, it shows 

that the yield stress is greater than the weight of volume used.  

    High flow time can be associated with low deformability due to high paste 

viscosity, and with high inter-particle friction(05). The V-funnel test used to 

assess the filling ability (flowability) and stability of Self-Compacting Concrete. 

 

Figure (0-7): V-Funnel Test(22) 

 

0-80- Conformity Control and Conformity Criteria                                                                           

    In the case of precast and site made concrete where the user and producer 

are the same party, testing and verification is undertaken as part of the 

production control at the same rate of testing and using the same criteria as 

for conformity. In this case, failure to satisfy the criteria does not lead to a 

declaration of non-conformity but to an internal investigation to assess 

whether this indication a non-conformity with the requirements of the 
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 00 

Trap door 

 002 
Unit mm 



hardened concrete. Conformity to the properties of SCC is confirmed if the 

specified criteria satisfy the limits given in Table (0-0)(05,00). Table (0-6) explain 

the description of suitability of different test methods for SCC(00). 

Table (0-5): Acceptance Workability Criteria According to Specification 

                       and Guidelines for the Fresh SCC (05,00) 

 

 

 

 

 

 

  

 

Table (0-6): Suggestion on Suitability of Different Test Methods for 

                           SCC(00) 

Method  Mobility  Passing ability  Segregation  Viscosity  

Slump flow 

T52cm 

L-Box 

xx 

n.a. 

n.a. 

n.a 

n.a. 

xx 

x 

n.a. 

x 

 

n.a. 

x 

x 

Notations: 

     xx : Most suitable         x : Less suitable                n.a : Not applicable 

 

0-85- Shrinkage Cracking 

Test Methods Unit Typical range of volume 

Minimum maximum 

Slump flow by Abrams cone 

T52 cm slump flow 

V-funnel 

L-box 

U-box 

mm 

sec 

sec 

h0/h2 

(h2-h0)mm 

652 

0 

6 

2.8 

2 

822 

5 

20 

2.2 

52 



0-85-8- General 

    Concrete is a vital component of our infrastructure and society from roads to 

buildings, and its durability needs to be maintained to insure a proper service 

life. One aspect of durability under consideration is the materials volume 

change of concrete, resulting from structural and environmental factors. The 

volume changes are often attributed to drying of concrete over a long period. 

Shrinkage is caused by evaporation of water, by hydration of cement, and by 

carbonation. Shrinkage of concrete occurs in two distinct stages: early and 

later stages. The early stage includes the first 02 hours of concrete life, 

whereas the long-term stage refers to the concrete at an age of 02 hours and 

beyond(05,02). 

0-85-0- Shrinkage of SCC 

    SCC recipes are often associated with high content of binder, fillers and 

plasticizing admixtures, which all may contribute to increase drying 

shrinkage(00). Many publications contain very different statements about these 

materials properties which can be explained with the various influence 

parameters on shrinkage and creep of concrete. There is a general agreement 

in existence, however, to the fact that SCC is affected in the same way as 

normal vibrated concrete by the water cement ratio as well as the kind of 

specimen curing(06). 

     In direction, the conclusion could be drawn that the shrinkage deformations 

can achieve clearly higher values in SCC than in comparable normal vibrated 

concrete. Nevertheless, it should be possible to modify the SCC composition in 

such a way that smaller shrinkage deformations will be adjusted, similar to 

these from normal vibrated concrete(06).  



    A large influence on the shrinkage deformations seems to result from the 

aggregate combination, especially the relation of coarse to fine aggregate as 

well as fineness and content of ultra fines. So the shrinkage can be reduced by 

using a higher content of coarse aggregates. However, a minimum paste 

volume must be presented in order to ensure an optimal Self-compacting of 

SCC without segregation. Furthermore, a denser microstructure of the cement 

paste can be achieved by addition of fillers with fineness larger than that of 

cement fineness, whereby the shrinkage dimension is positively affected 

(increased)(00). 

    In the majority of the publications it is shown that the drying shrinkage of 

SCC is (82 to 02) % higher than that of conventional concrete. Remarkable is 

the substantially steeper rise of the deformations particularly for young 

concrete aged up to 01 days, which decreases again with an increasing age. 

Special attention should be given to the early age shrinkage of SCC that is 

substantially stronger pronounced opposite to conventional concrete, which 

can be related to the increased fine grain portion. These deformations can be 

limited by appropriate subsequent curing methods(06). 

    Increased shrinkage may result in more cracks in restrained concrete 

elements, which can accelerate the deterioration of both the concrete and the 

reinforcement. It is important to consider that the risk of cracking is not solely 

linked to the shrinkage. Cracks develop when the shrinkage leads to stress 

equals to the tensile strength of the concrete. This stress is dependent on the 

product of shrinkage, modulus of elasticity and creep/relaxation provided that 

the structure is 822 % restrained (00). 

    Sonebi et. al.,(28) studied the drying shrinkage of different types of concrete. 

The dimensions of prisms used to measure the drying shrinkage were 



(822×822×222 mm). A demec gauge was used to measure the drying shrinkage 

on two parallel sides. The drying shrinkage of SCC at 0-days was slightly higher 

than that of the reference mix but at 01-days and later, the reference mixes 

exhibited greater shrinkage than SCC mixes. The drying shrinkage of the 

reference mixes was higher than those of the SCC at 802-days by (52 %) for 

Reference Housing and (503) for Reference civil engineering. This is considered 

to be due to the effect of the volume of paste and water-powder ratio. 

Similarly, the drying shrinkage of Fiber Self-Compacting Concrete at 802-days 

was about 20 % lower than that of   Reference civil engineering (222 Mm/m 

versus 002 Mm/m). 

 

0-82- Types of Concrete Shrinkage  

0-82-8- Plastic Shrinkage 

    Plastic shrinkage is due to moisture loss from the concrete before the 

concrete sets. When water evaporates from the surface of freshly placed 

concrete faster than it is replaced by bleed water, the surface concrete shrinks. 

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 such as, concrete temperature, 

ambient temperature, relative humidity and wind velocity(01). 

 

0-82-0- Drying Shrinkage 

    Drying shrinkage refers to the reduction in concrete volume resulting from a 

loss of water from the concrete stored in unsaturated air. Drying shrinkage 

magnitudes are highly dependent on the amount of water lost and the rate of 

evaporation. 



    According to Power and Brownyard(02) there are three types of water 

occurring in cement paste which are:  

8. Non-evaporable water           {fixed water}  

0. Gel water                                {free water} 

5. Capillary water                      {free water} 

    The non-evaporable water has entered into chemical combination with the 

cement and can be removed only by the application of considerable heat. The 

gel is composed of colloidal matter, which comprises an appreciable 

proportion of pores. These with the capillary pores are initially filled with 

water. The presence of these two types of water largely determines drying 

shrinkage. Capillary water is easily to evaporate but its effect on shrinkage is 

limited by the paste structure, while gel water is difficult to evaporate. The 

evaporation takes many years and it is the principle cause of drying shrinkage. 

    Neville(50) discussed the loss of water in concrete associated with drying 

shrinkage. The change in volume of the concrete is not equal to the volume of 

the water lost. The loss of free water occurs first, this causes little or no 

shrinkage. As the drying of the concrete continues, the adsorbed water is 

removed. This adsorbed water is held by hydrostatic tension in small capillaries 

(<2.20μm). The loss of this water produces tensile stresses which causes the 

concrete to shrink. The shrinkage due to this water loss is significantly greater 

than that associated with the volume of free water lost. 

    Reversible drying shrinkage is the part of the drying shrinkage of the 

concrete that is reproducible during wetting and drying cycles(62). Irreversible 

drying shrinkage is the part of the total drying shrinkage during the first drying 

cycle that cannot be reproduced during subsequent wetting and drying cycles. 

The authors state that the irreversible shrinkage is probably due to the 



development of the chemical bonds within the calcium silicate hydrate 

structure as a consequence of drying of the concrete. 

 

0-82-5- Carbonation Shrinkage 

    Carbonation occurs when cement paste in the hardened concrete (hydrated 

lime) reacts with moisture and carbon dioxide in the air, in accordance with 

equation (0-8) (Mehta and Monteiro)(62). This results in a slight shrinkage and a 

reduction in the pH of the concrete. Lowering the pH can be detrimental to 

concrete, primarily corrosion of steel reinforcement. The corrosive rust can 

cause expansion cracking and spalling of the concrete(68). 

 

        Ca(OH)0 + CO0                CaCO5 + H0O                      …..      (0-8) 

    The amount of carbonation is dependent on the concrete density and quality 

but is usually limited to 0cm of depth on the exposed surface. The actual rate 

of carbonation depends on the permeability of concrete, moisture and the CO0 

content and relative humidity of the ambient medium, therefore concrete with 

high water-cement ratio and inadequately cured will be more prone to 

carbonation. 

 

0-82-2- Autogenous Shrinkage 

    Autogenous shrinkage is defined as a concrete volume change occurring 

without moisture transfer to the environment. It is associated with the loss of 

water from the capillary pores due to the hydration of the cement(60). It is 

merely a result of the internal chemical reactions of the cement components. 

H0O 



    Autogenous shrinkage tends to increase at higher temperatures, with a 

higher cement content, cements which have higher C5A and C2AF contents and 

possibly with a finer cement(65). This type is considered small for the usual 

concrete mixes. For practical purposes, the typical value is normally taken 

equal to 22×82-6 at the age of one month and 822×82-6 at five years(50). Tazawa 

and Miyazawa(62) stated that, the autogenous shrinkage increases with 

decreasing water/cement ratio. It is slightly reduced by superplasticizers. It is 

usually a concern in high performance, or a high strength concrete (>22 MPa) 

where the water to cement ratio (w/c) is under approximately 2.20: indeed, in 

this case the cement does not have enough water for hydration(05). 

 

0-80- Factors Affecting Shrinkage of Concrete 

    Delarrard et al.,(60) discussed some of the factors that affect the magnitude 

of drying shrinkage in concrete. These factors include the aggregate used, the 

water-cement ratio, the relative humidity, and the member size. 

 

0-80-8- Cement Type, Composition 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(50). 

    Troxell et. al.(66) concluded that shrinkage of low heat cement (type IV) is 

greater than that of (type I). This is believed to be due to high (C0S) content in 

(type IV) cement, which exhibits high shrinkage. Shrinkage of high alumina 

cement is of the same magnitude as Portland cement, but it takes place more 

rapidly(50).  



    C5S has a relatively low shrinkage because of C5S produces a high percentage 

of Ca(OH)0 with a low surface area where the shrinkage is proportional to the 

surface area (0C5S+6H         C5S0H2+5Ca(OH)0). C0S has a high shrinkage because 

that C0S has a low percentage of Ca(OH)0 (0C0S+2H   C5S0H5+Ca(OH)0). C5A has a 

very high shrinkage for producing a family of non-stable compounds and with 

time these compounds loose water. For C2AF there is not enough information 

about its influence on shrinkage. 

    ACI Committee 022(60), showed that the shrinkage is lower with higher C2AF , 

lower Alkali content (Na0O and K0O) and lower C5A/SO5 ratio. According to 

Lerch(61) the addition of gypsum decreases the shrinkage of drying cement 

pastes, because it will alter the rate and products of hydration, thus changing 

the structure of the hardened paste. It was indicated that for cements of high 

C5A content or high alkalis, the concentration on drying can be decreased as 

much as 52-62 % by the use of larger addition of gypsum than are permitted 

by current specification.      

    Carlson(62) 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. On the other 

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

effect against restraint of aggregate and this increases the shrinkage. 

 

 

0-80-0- Aggregates 

   The aggregate appears clearly to have a great influence on the shrinkage of 

concrete. It occupies about (60-00 %) of total concrete volume and restrains 



the shrinkage of cement paste. Carlson et al.,(02) reported that the aggregate 

dilutes and reinforces the cement paste against contraction, thus, its 

magnitude to (8/2 to 8/6) its original value depending on the type and amount 

of aggregate used. 

    ACI Committee002(60), explained that the ability of aggregate to restrain 

shrinkage of cement paste depends on the compressibility (higher stiffness or 

modulus of elasticity), the shrinkage of aggregate, the extensibility of cement 

paste and the bond between the cement paste and the aggregate. Smaller 

aggregate experience more uniform shrinkage. The type of aggregate, rather 

than the aggregate size, has an enhanced effect on the concrete shrinkage. 

Aggregate that shrinks considerably has a low rigidity compared to the tensile 

stresses developed by the shrinkage of the cement paste. These types of 

aggregate may have a large water absorption value which will result in a 

concrete with higher shrinkage(66). Types of aggregate such as quarts, feldspar, 

limestone and dolomite with a high modulus of elasticity produce a concrete 

with less shrinkage(08). 

 

0-80-5- Water Content 

    Water content is the most important factor affecting the shrinkage of paste 

and concrete. The drying shrinkage is the main shrinkage, which is related to 

the water content because the later determines the amount of evaporation of 

water from the cement paste and the rate at which water can move towards 

the surface of the specimen(50). Brooks(00) demonstrated that shrinkage of 

hydrated cement paste is directly proportional to the water-cement ratio 

between the values of about 2.0 to 2.6. At higher water-cement ratios, the 

additional water is removed upon drying without resulting in shrinkage.  



    Carlson et al.(02) reported that the shrinkage decreases about (52) percent 

when water content is reduced to (80) percent. A similar trend was given by 

the ACI Committee 002(60), for (82) percent reduction of water content, the 

one year drying shrinkage was lowered by about (80) percent. 

 

0-80-2- Admixtures 

    Chemical admixtures have varying effects on the drying shrinkage of 

concrete. Informations on the effect of water reducing admixture on shrinkage 

is conflicting. Long-term shrinkage may be less, depending on the degree to 

which the water content of the concrete is reduced(05). In other hand it is 

reported that superplasticizers increase the shrinkage by (82~02) percent, 

whereas, retarders may allow more shrinkage to be accommodated in the 

form of plastic shrinkage and probably increase the extensibility of concrete 

and therefore reduce cracking. Air entraining agents increase the amount of air 

in concrete and will increase shrinkage(50). 

    Al-Nassar(0) studied the effect of some admixture on dimensional changes 

and cracking of concrete. Four types of chemical admixtures were used: 

superplasticizer, plasticizer, water proofing and modified sodium 

lignosulphonate local plasticizer known commercially as (BVD). He found that 

the development of shrinkage is affected by the type and amount of 

admixture.  

    Shah et al.,(02) used three different organic admixtures as shrinkage-reducing 

agents. They concluded that the addition of these admixtures significantly 

reduce the free shrinkage of concrete. The increasing  amount of admixtures 

causes greater reduction of free shrinkage. 



    Silica fume increases the long-term shrinkage, fly ash and ground granulated 

blastfurnace slag increase shrinkage(50). 

    A study of four commercially available superplasticizers were used with type 

I Portland cement concrete mixes by Whiting(00). They represented both 

melamine and naphthalene formaldehyde condensation products. Hardened 

concrete specimens were prepared and tested for drying shrinkage. Whiting 

found that high range water reducers were capable of lowering the net water 

content of concrete mixtures from (82  to 02) % when they used in dosages 

recommended by the manufacturers. It was found that the drying shrinkage 

was slightly reduced in the attempt to lower the net water content of the 

concrete mixtures. 

    Lane(00) studied the shrinkage of Self-Consolidating Concrete. The mixtures 

contained type II Portland cement and class F fly ash was added 02 percent of 

the total cementitious material. Several admixtures were included in the 

mixture such as (HRWRA) complying with the requirements of ASTM C222-

20(06), Type F. The dimensions of prisms used to measure the drying shrinkage 

were (00×00×012 mm). The results showed that the shrinkage values varied 

from 202×82-6 to 220×82-6 at 01-days, which were higher than that required 

222×82-6, (which is the maximum limit for satisfactory performance in bridge 

deck concrete) (00). 

    Johansen and Hammer(00) studied the drying shrinkage of "Norwegian Self-

Compacting Concrete" with an open grain size distribution between (2.800 and 

0.2 mm) and with a natural filler (<2.800 mm), straight grain size distribution 

and dense grain size distribution between (2 and 1 mm) [the reduce amount of 

filler in straight and dense grain size due to loss fine sand, was compensated by 

increased amount of limestone filler (2-2.20 mm)], and studied drying 



shrinkage of SCC with different silica fume (SF) contents (2, 0, 82 %). Drying 

shrinkage was tested as the length change of (822*822*022mm) beams, with 

w/c ratio equal to 2.6. The grain size distribution, however, showed apparently 

a large influence, i.e. the dense distribution has a significantly lower shrinkage. 

The concrete with the highest content of limestone filler (dense) had a lowest 

shrinkage and evaporation. The result indicates that the silica fume contents (2 

and 82) % does not influence significantly the drying shrinkage. However, a 

comparison with the investigation results of concrete without silica fume 

indicates that the addition of silica fume increases drying shrinkage at first (0 

to 5) weeks of drying period. 

 

0-80-0- Volume-Surface Ratio 

    The duration of shrinkage is dependent on the concrete size and shape since 

they control the rate of moisture loss. The size and shape are often considered 

together as the volume to surface area ratio. Large specimens will shrink for 

longer periods but the ultimate magnitude may be lower. A high volume to 

surface ratio will usually result in a reduction of drying shrinkage magnitudes, 

as shown in Figure (0-1). 
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Figure (0-5): Effect of Volume to Surface Ratio on the Drying  

                                Shrinkage of Concrete(01) 

 

    Mindess and Young(01) also show the example of a T-beam compared to a 

solid beam with the different volume to surface ratios. If the two beams have 

equal widths and heights, the T-beam will dry more rapidly and will exhibit 

slightly more ultimate shrinkage since it has the lower volume to surface ratio. 

The faster drying is attributed to the shorter diffusion path for water to travel 

to reach an equivalent relative humidity through the cross-section. 

 

0-80-6- Relative Humidity and Temperature 

   The reduction in the shrinkage is proportional to the increase of relative 

humidity because of the reduction of water evaporation from the surface of 

concrete. Troxell et al.,(66) demonstrated that the drying shrinkage of concrete 

in an atmosphere of 02 percent relative humidity is about one-third lower than 

in 02 percent relative humidity. Neville(50) states that the magnitude of 

shrinkage is independent on the rate of drying except that transferring 

specimens directly from water to a very low humidity can lead to fracture.  
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0-80-0- Curing  

    Neville(50) reported that well cured concrete shrinks more rapidly and 

therefore the relief of shrinkage stress by creep is smaller where the concrete 

also is being stronger and having an inherent low creep capacity. These factors 

may balance the higher tensile strength of well-cured concrete and may lead 

to cracking. In another report by Neville prolonged moist curing delays the 

initiate of shrinkage but the curing effect on the shrinkage magnitude is small, 

though rather complex. As far as neat cement paste is considered, the greater 

the quantity of hydrated cement the smaller is the volume of unhydrated 

cement particles, which restrain the shrinkage. Thus prolonged curing could 

expect to lead to greater shrinkage. But the hydrated cement baste contains 

less water and becomes stronger with age and is able attain a larger fraction of 

its shrinkage tendency with out cracking. However, in concrete, if cracking 

takes place e.g. around aggregate particles, the overall shrinkage, measured on 

concrete specimens, apparently decreases. In general the length of the curing 

period is not an important factor in shrinkage(50).  

 

0-86- Shrinkage Induced Cracking 

    Concrete is always under some degree of restraint, either externally (by the 

foundation or by another part of the structure) or internally (by reinforcing steel 

embedded in concrete and the rigidity of the concrete aggregate) in structures 

during its contraction due to exposure to the environment of temperature and 

humidity variation conditions. So, the tendency of the concrete to contract upon 

drying and the restraint which resists action will develop tensile stresses within 

the concrete. These stresses increase with time, but the rate of this increase will 

decrease due to the decreased shrinkage rate and due to the relaxation of 



stresses in concrete. Relaxation takes place and may prevent the development of 

cracking when the shrinkage develops slowly. If the tensile stress produced by 

the restrained shrinkage and reduced by the relaxation exceeds the tensile 

strength of concrete, which is a function of time, the cracking will occur as 

shown in Figure (0-9)
(58,79)

.  

    The magnitude of tensile stress developed during drying of the concrete is 

influenced by a combination of factors such as: 

2. The amount of shrinkage. 

0. The degree of restraint. 

5. The modulus of elasticity of the concrete.  

4. The creep or relaxation of the concrete. 

 

 

 

       

 

 

 

 

 

 

 

 

Figure (0-9): Development of Tensile Stress in Concrete and the Time 
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                            Required for the First Crack(01,02) 

 

0-80- Plastic Shrinkage Cracking 

    Plastic shrinkage cracks are the most dangerous cracks. These cracks are 

often fairly wide at the surface(12). They occur when concrete is still in the 

plastic state and subjected to the 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. 

    Plastic shrinkage cracking is sometimes 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 obstructions to settlement, such as large 

particles of aggregate or reinforcing bars(50). 

 

0-81- Restrained Shrinkage Cracking 

    Restraint acts to hinder the change in dimensions due to volume change, 

thus producing elastic strain within the concrete member(18). Normally, 

restraint conditions that will induce compressive stresses in concrete are not 

considered in design because of the ability of concrete to withstand 

compression. On the other hand, restraint conditions that induce tensile 

stresses are of main concern because of the low tensile strength of concrete. 

Figure (0-82) shows the distribution of restrained movement expressed as 

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

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



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure (0-12): Degree of Tensile Restraint at Center Section(10) 

 

    The degree of restraint depends largely on relative dimensions, strength, 

creep or relaxation, modulus of elasticity of concrete and the restraining 
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object. The induced stresses in concrete due to the restraint tend to increase 

in-direct proportion to the decrease in stiffness of the restraining part. The 

possible restraints of concrete members are internal restraint, external end-

restraint, and base-restraint. 

 

0-81-8- Internal Restraint 

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

as a consequence of potential non-uniform volume change through a member 

cross-section, as in the case of mass concrete subject to shrinkage that will be 

non-uniform along its section. 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(10). Internal 

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

temperatures greater than surface temperatures(15). 

 

0-81-0- External Restraint 

0-81-0-8- End Restrained Shrinkage Cracking 

    Since the restraining edges 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. The member cracking will be 

to propagate at the weakest section existing at any position within the 

member length(15). 



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

concrete section. Al-Rawi(12) used concrete beams reinforced with deformed 

bars and welded wire mesh. He found that using the deformed bar 

reinforcement can control both the minimum crack spacing and the maximum 

crack width. He found also a formula for the minimum crack spacing, (based on 

experimentally measured bond slip distance), using a new model which was 

believed to resemble field conditions: 

              Smin = 2.10 K × d/ρ                                               ………     (0-0) 

Smin: the minimum crack spacing (mm). 

K    : constant depending on the type of reinforcement which may be  

         taken as (2.1) for indented deformed bars and (2.60) for ribbed 

         deformed bars.  

d     : diameter of bars (mm) 

ρ     : steel ratio 

        The width of crack at the onset of cracking (Wi) is: 

Wi = 0/5 Smax × eult                                                                 ……....     (0-5) 

        The final maximum crack width Wmax is: 

Wmax = Smax [eshr-(creep8+loss of restraint)-(eult+creep0) /0+   ……..     (0-2) 

Smax: maximum crack spacing (mm), Smax = 0 × Smin 

eshr : final shrinkage strain (82-6) 

eult : elastic tensile strain capacity of concrete (82-6) 



creep8: creep prior to cracking (82-6) 

creep0: creep after cracking (82-6) 

    Kadhum(15) studied the behavior of drying shrinkage cracking of reinforced 

concrete slabs for different restraint cases (crack width, crack length and crack 

spacing). The selected dimensions were fixed for the four slabs as 

(0002×0002×822 mm). Ratio of steel reinforcement (ρ) was kept at (2.203) 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. He found that the slabs which were cracked first are the four, three 

and two end restrained respectively, which means that the cracking age 

increases if restraint decreases.    

    Kadhum(15) suggested two formuli to calculate crack width for restrained 

slabs at any level by using the strain distribution in the concrete and steel 

adjacent to a crack, as suggested by Al-Rawi(12) as shown in Figure (0-88). 
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Figure (0-11): Sketch of Strain Distribution in the Concrete Adjacent to a 

                          Crack(12) 

 

    For two and three end restrained slabs from free edge the maximum crack 

width can be calculated from the following equation: 

    









2
22.5092.2606.10maxmax

ult

fshn

e
CeSWc             ………     (0-0) 

    For three and four end restrained slabs from restrained edge the maximum 

crack width can be calculated from the following equation: 

      









2
46.239.37.083.0maxmax

ult

fshnab

e
CeRRSWc       ………     (0-6) 

Smax : Maximum crack spacing, (mm), Smax= 0 × Smin 

For two and three end restrained slabs from free edge: 

    
 R

d
KS

 
 85.0min                                                      .........     (0-7) 

For three end restrained from restrained edge: 

    
 1

min 85.0
RK

d
KS





                                                           ………     (0-1) 

 For four end restrained slab: 

     KR

d
KS

2
8.0

85.0min





                                                     ………     (0-2) 

esh : Shrinkage strain plus strain due to decrease in temperature (22
-6

). 

eult : Elastic tensile strain capacity (22
-6

). 

eshn : Net shrinkage stain, (eshn=esh-L.O.R) (22
-6

). 



L.O.R.: Loss of restraint due to ends contraction before cracking (22
-6

). 

Cf : Final creep strain, (Cf = K× eshn) (22
-6

). 

Ra  : Degree of restraint after cracking 

Rb : Degree of restraint before cracking (at slab center) 

 

    Evans and Hughes(10) derived the equation: 

Smin = 8/2 .d/ρ × ftu/fb      (For rounded bars)                      ………     (0-82) 

d:  bar diameter (mm). 

ρ: steel ratio. 

ftu:  tensile strength of concrete (MPa). 

fb: average bond strength between steel and concrete (MPa). 

 

    Evans and Hughes(10) assumed that the ftu/fb ratio can be taken as 2.60, 2.1, 

and 8.2 for ribbed, indented and plain round bars respectively. They 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):  

      Wmax = Smax (esh-eult/0)                                                ………     (0-88) 

    The width of crack due to drying shrinkage and heat of hydration in 

restrained slabs and walls may be obtained by B.S. 0550(16).   

      Wmax = Smax *εcs + εte-(822 ×82-6)]                              ………     (0-80) 

εcs: shrinkage strain 

εte: total thermal contraction after peak temperature due to heat of hydration 



    The value of Wmax can be calculated as suggested by B.S.0550(16) [taking 

into consideration the cooling to ambient from the peak hydration and the 

seasonal variation]: 

Wmax = Smax α/0 (T8+T0)                                                    ………     (0-85) 

T8: fall in temperature between hydration peak and ambient  

T0: fall in temperature due to seasonal variations. 

α : coefficient of thermal expansion of concrete 

 

0-81-0-0- Base Restrained Shrinkage Cracking 

    Walls cast on a continuous base are examples of the base restrained 

members. The restraint in the walls is not uniform throughout the wall, but 

varies from point to point within the wall. This variation depends on several 

factors, these factors include the walls (length/height ratio), the position of the 

roughness of the contact surface between the wall and base, and amount and 

distribution of reinforcement.  

    Al-Rawi and Kheder (10) investigated the combining effects of the base 

restraint and the reinforcing steel in distribution volume change cracking. They 

suggested the following semi empirical equation for prediction of minimum 

crack spacing (Smin (mm)) in base restrained concrete members: 

         Smin = [K8×d×H] / *ρ×H+K8×d]                             ………     (0-82)                             

K8: equals to (2.00, 2.61 and 2.10) for deformed, indented and plain rod 

      bar, respectively 



d: bar diameter which its unit is (mm) 

ρ: steel reinforcement ratio 

H: wall height, which its unit is (mm) 

    In the same investigation, the following semi empirical equation was given 

for predicting the crack width: 

      Wmax = Smin [K (Rb-2.1Ra)×eult/0]                              ………     (0-80)            

K:  equals to (8.2-c    ُ  ُ ), assuming the sum of 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    ُ  ُ is equal to  (2.22)  and 

(2.00) for reinforced and plain concrete walls, respectively. 

 

  Ra and Rb: degree of restraint after cracking and before cracking                           

respectively. In addition, a reduction factor of (02 %) in the degree of restraint in 

the wall after cracking, due to the slippage between the wall and the base was 

assumed. 

    The B.S. 0550(16) gives the following equation for the predication of maximum 

crack width:  

         Wmax = Smax [eth/0+esh-eult/0]                                   ………     (0-86) 

    Using the equation above, results in a uniform predicated crack width along 

the wall height. Harrison(11) modified this equation by introducing the effect of 

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

 Thus, equation above will become: 

       Wmax =Smax[2.0Rb(eth+esh)-eult/0]                              ……...       (0-80) 



Rb: is the degree of restraint before cracking 

    Since Rb is the 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 023 of the total volume change (eth+esh). 

    ACI Committee 020(18) presented an expression for crack width taking the 

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

consideration: 

Wmax = 8.0 Save (Rb× αc Te-fct/Ec)                                     ………      (0-81) 

Save : average crack spacing (mm). 

αc : 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 (MPa). 

Ec : modulus of elasticity of concrete (MPa). 

Rb : the degree of restraint before cracking  

    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. 

 

0-82- Factors Influencing Cracking Resistance 



0-82-8- Creep (Relaxation) of Concrete 

    Creep is defined as the gradual increase in deformation (strain) with time for 

a constant applied stress, also taking into account other time dependent 

deformations not associated with the applied stress, i.e. shrinkage, swelling 

and thermal deformation(50). 

    Creep in compression reduces the prestressing forces in prestressed 

concrete elements and causes a slow transfer of load from the concrete onto 

the reinforcement. Creep in tension can be beneficial in that it in part relieves 

the stresses induced by other restrained movements, e.g. drying shrinkage and 

thermal effects. However, if the restraints are such that a stressed concrete 

specimen is subjected to a constant strain (such as the case of restrained 

shrinkage movement), creep will be expressed as a progressive decrease in 

stress with time known as "relaxation"(50). 

     Creep takes place in the cement paste and it is influenced by its porosity 

which is directly related to its water/cement ratio. During hydration, the 

porosity of the cement paste reduces, and so for a given concrete, creep 

reduces as the strength increases. The type of cement is important if the age of 

loading is fixed. Cements that hydrate more rapidly will have a higher strength 

at the age of loading, a lower stress/strength ratio and a lower creep(50). As the 

aggregates restrain the creep of the cement paste, the higher the volume of 

the aggregate and the higher the E-value of the aggregate, the lower the creep 

will be. Due to the higher volume of cement paste, the creep coefficient for 

SCC may be expected to be higher than for normal concrete of equal strength. 

 

0-82-0- Tensile Strain Capacity 



    Cracking of concrete depends partly upon the maximum strain that concrete 

can sustain in tension before cracking occurs. The maximum strain is termed 

the "tensile strain capacity". The tensile strain capacity includes both the 

elastic strain capacity and the creep strain. It develops during tensile strain 

built up by restrained shrinkage, which is time dependent. Hughes and 

Ghunaim(12) reported that tensile strain capacity increases with the increase of 

concrete age. Hoobs(22) concluded that the strain capacity will be improved 

with age and strength of concrete. The values of tensile strain capacity are 

about (822-022) microstrain(28).    

 

0-82-5- Elastic Tensile Strain Capacity 

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

relived due to the elastic recovery of restrained concrete upon cracking. It is 

defined by Al-Rawi(02) as the observed free contraction of concrete at the onset 

of cracking. Elastic tensile strain capacity does not include creep strain, which 

was lost during tension built up, before the occurrence of cracking. It is 

considered as a basic concrete property that may be used for calculation of 

shrinkage crack width(12). From the researchs it was found that the elastic 

tensile strain capacity for 0- days was 21, and 22 and for 01-days 850, and 820 

by(10,15) respectively. 

0-02- 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 the first crack and the 

cracking sequence is dependent on the some 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(02) could be 

used as in index to assess the possibility of cracking of various mixes. He also 

reported that the cracking time depends on both shrinkage and tensile strain 

capacity. It increases with a decrease in water/cement ratio, an increase in a 

normal curing time and the use of smaller size and amount of the crushed 

coarse aggregate. 

CHAPTER THREE 

EXPERIMENTAL WORK 

5-8- Introduction 

    This chapter describes the experimental work, which consists of three parts. 

The first part deals with the experimental work, which is necessary for 

achieving Self-Compacting Concrete from locally available materials according 

to the requirement of fresh properties of concrete (workability measurement). 

    The second part deals with the effect of some fillers such as (Pigment, 

Limestone powder and Metakaolin) on the dimensional changes of Self-

Compacting Concrete in two seasons (Summer and Winter) and also studies 

the dimensional changes of normal concrete. For free and end-restrained 

drying shrinkage, end restrained beams were used to determine free 

shrinkage, first cracking time, crack width, tensile strain capacity, elastic tensile 

strain capacity and creep prior to cracking.  

    The third part has been carried out to study the shrinkage cracking behavior 

(crack width, crack length, crack spacing) of reinforced Self-Compacting 

Concrete plates restrained from movement at their ends for different 

restrained cases. 



 

5-0- Materials 

5-0-8- Cement 

    The cement used in this study is ordinary Portland cement manufactured by 

the New Cement Plant of Kufa. The cement was properly stored in the 

laboratory. This cement complied with the Iraqi specification No.0/8212(20). 

Tables (5-8) and (5-0) show the chemical and physical properties of this 

cement respectively. The test was made in the environmental laboratory of 

Babylon University.   

Table (3-1): Chemical Composition of Cement 

Oxide % I.O.S. 514984
(90) 

Limits 

CaO 

SiO0 

Fe0O5 

Al0O5 

MgO 

SO5 

L.O.I 

L.S.F 

62.79 

02.75 

5.22 

6.02 

4.22 

0.50 

0.22 

2.88 

─ 

─ 

─ 

─ 

< 5.2 

< 0.8 

< 4.2 

2.66-2.20 

Compound Composition  % I.O.S. 514984
(90) 

 Limits 

C5S 

C0S 

C5A 

C4AF 

57.06 

52.59 

22.55 

9.20 

---- 

---- 

---- 

---- 

 

Table (3-0): Physical Properties of Cement 



Physical Properties Test Results I.O.S. 514984
(90)  

Limits 

Fineness, Blaine, cm /gm 5204 > 0522 

Setting Time: 

Initial      hrs: min. 

Final       hrs: min 

 

2445 

5446 

 

 > 22 :45 

 < 22 :22 

Compressive Strength MPa 

5-days 

7-days 

08-days 

 

02 

07 

55 

 

> 25 

> 05 

 

 

5-0-0- Coarse Aggregate 

    The coarse aggregate was AL-Nibaee gravel of maximum size 82 mm is used. 

The gravel used conforms to the Iraqi specification (I.O.S.) No.20/8212(25). 

Table (5-5) shows the grading of the coarse aggregate. Table (5-2) shows the 

physical and chemical properties of the coarse aggregate. 

Table (3-3): Grading of Coarse Aggregate 

Sieve Size (mm) Passing % I.O.S. 4514984 Limits
(95)

 

           57.5 

29 

9.5 

4.75 

222 

222 

65 

6 

222 

95-222 

52-85 

2-22 

 

Table (3-4): Physical and Chemical Properties of Coarse Aggregate 

I.O.S. 4514984 

Limits
(95)

 

Test Results Physical Properties 



─ 

─ 

≤ 2.2 

≤ 2.2 

0.64 

2.7 

2.28 

2.6 

Specific gravity (S.G) 

Absorption % 

Sulfate content (SO5)% 

Clay % 

 

5-0-5- Fine Aggregate 

    Natural sand from AL-Akaidur region was used. Table (5-0) shows the 

grading of the fine aggregate and the limits of the Iraqi specification 

NO.20/8212(25). Table (5-6) shows the physical and chemical properties of fine 

aggregate. 

 

Table (3-5): Grading of Fine Aggregate 

Sieve Size (mm) Passing % I.O.S. 4514984
 
Limits

(95) 
Zone (3) 

5 

0.56 

2.28 

2.62 

2.52 

2.25 

222 

94 

84 

66 

57 

5 

92-222 

85-222 

75-222 

62-79 

20-42 

2-22 

Table (3-6): Physical and Chemical Properties of Fine Aggregate 

Physical Properties Test Results I.O.S. 4514984 Limits
 (95) 

  

Specific gravity (S.G) 

Absorption % 

Sulfate content (SO5)% 

Clay % 

0.65 

2.6 

2.450 

0.5 

─ 

─ 

≤ 2.5 

≤ 5.2 

 



5-0-2- Superplasticizer 

    For the production of Self-Compacting Concrete, superplasticizer (high range 

water reducing agent) called as URA-PLAST SF is used. The normal dosage for 

the Ura-plast is between 8-0 liters per 822 Kg of cement. According to ASTM 

C222-20(06), this SP is classified as type G, it has a retarding effect on the SCC. 

The typical properties are shown in Table (5-0). 

 

Table (3-7): Typical Properties of Superplasticizer(22) 

 

 

5-0- 0- 

Types of Fillers  

5-0-0-8- Pigment 

    This material is brought from local market, and then it is used in the 

concrete mixes after passing sieve size 2.2280mm (No. 222) sieve. The 

chemical composition of the pigment is shown in Table (5-1). The test was 

made in the chemical laboratory of Old Cement Plant of Kufa.  

Table (3-5): Chemical Analysis of Pigment 

% Oxide 

Subsidiary effect                                  Hardening retarder 

Form                                                     Viscous liquid 

Colour                                                   Dark brown 

Relative density                                    2.2 @ 02c˚ 

Viscosity                                               208 
±
 52 CPS @ 02c˚  

pH                                                         6.6 



66.74 

2.84 

2.64 

2.84 

2.65 

06.82 

2.54 

CaO 

Al0O5 

Fe0O5 

SiO0 

MgO 

L.O.I 

SO5 

 

5-0-0-0-  Limestone Powder  

    Finely crushed limestone which has been brought from local market is used. 

The chemical composition of this limestone is shown in Table (5-2). It is passing 

sieve size 2.2280mm (No. 222) sieve. The test was made in the environmental 

laboratory of Babylon University.   

 

Table (3-9): Chemical Analysis of Limestone Powder 

%  Oxide 

50.76 

2.72 

2.27 

2.42 

2.22 

─ 

42.62 

0.92 

CaO 

Al0O5 

Fe0O5 

SiO0 

MgO 

Na0O+K0O 

L.O.I 

SO5 

         

5-0-0-5- Metakaolin 



    Metakaolin is a highly pozzolianic material produced by calcining     China 

clay using an oven at temperature of (022-222) C˚ for                                                                                                                      

2.0 hour(52). Then, the sample is left to cool. The particle passing sieve size 

2.2280mm (No. 222) sieve. The chemical composition of kaolin and metakaolin 

is shown in Table (5-82). The test was made in the environmental laboratory of 

Babylon University.   

 

Table (3-12): Chemical Analysis of Kaolin and Metakaolin 

Oxide Kaolin % Metakaolin % 

CaO 

   Al0O5 

Fe0O5 

SiO0 

MgO 

L.O.I 

SO5 

22.22 

25.85 

2.20 

50.07 

      6.52 

24.26 

2.50 

6.24 

20.74 

5.50 

68.84 

6.26 

2.42 

2.86 

 

5-0-6- Water 

    Tab water is used throughout this work for both mixing and curing concrete. 

 

5-0-0- Reinforcement 

    Deformed steel bars of 82 mm diameter were used. 

 

5-5- Mix Design 



5-5-8- Determination of Mix Design Method 

    Mix design of SCC must satisfy the criteria of filling ability, passing ability and 

segregation resistance. The concrete is designed according to the Japanese mix 

design system, (fine aggregate content 22-023 of mortar volume, coarse 

aggregate 52-223 of concrete volume)(08,00,05), as shown in Table (0-0). 

Superplasticizer type (G) is added to attain the retarding effect. Three types of 

filler are added to the concrete mixes to improve the quality of binding phase 

and the aggregate matrix bond.                        

    Many trail mixes were done in the construction materials laboratory to find 

a suitable mix that satisfy the requirements of Self-Compacting Concrete in the 

fresh state as well as at hardened. Table (5-88) shows the mix proportion 

details of fresh and hardened concrete properties in preliminary investigations. 

 

Table (3-11): Mix Proportions in Preliminary Investigations 

Mix 

proportions 

Test 

series 

4 0 3 4 5 6 7 

Units  
Cement 

Filler (pigment) 

Sand  

Gravel 

Water 

W/p 

SP 

(Kg/m ) 

(Kg/m ) 

(Kg/m ) 

(Kg/m ) 

(Kg/m ) 

--- 

 (L/m ) 

522 

064 

709 

752 

052 

2.42 

5 

502 

262 

920 

762 

297 

2.42 

4.2 

082 

045 

865 

752 

022 

2.4 

4.0 

568 

262 

822 

785 

092 

2.55 

8 

502 

262 

920 

762 

566 

2.7 

8 

502 

262 

920 

762 

069 

2.56 

8 

422 

82 

920 

762 

042 

2.52 

8 

U-box (H2-H0) 

L-box (H0/H2) 

V-funnel 

cm 

% 

sec 

6 

--- 

--- 

4 

--- 

--- 

--- 

27 

--- 

--- 

--- 

--- 

5 

95 

7 

0 

86 

7 

2 

95 

6 

Compressive strength 



5-days 

0-days 

01-days 

MPa 

MPa 

MPa 

 

 

 

   80 

80 

81 

82 

08 

50 

08 

00 

52 

 

    Table (5-80) shows the mix proportions by weight used for normal concrete 

and Self-Compacting Concrete in this work. 

 

 

Table (3-10): Mix Proportions by Weight 

Materials Normal concrete mix Self-Compacting concrete mix 

Cement (Kg/m ) 

Filler (Kg/m ) 

Sand (Kg/m ) 

Gravel (Kg/m ) 

Water (l/m ) 

SP (l/m ) 

W/P 

W/C 

422 

─ 

920 

762 

042 

─ 

2.52 

2.62 

422 

82 

920 

762 

042 

8 

2.52 

2.62 

 

5-5-0- Mixing Procedure 

    Mixing procedure is important to obtain the required workability and 

homogeneity of the concrete mix. Concrete is mixed in tilting laboratory mixer. 

The sequence of mixing is shown in Figure (5-8). 



 

                                             Mixing 8 minute 

 

                      Mixing 2.0 minute 

 

            Mixing 2.0 minute 

 

                                    Mixing 8 minute                                     

  

Figure (3-1): Ribbon Diagram Mixing Sequence 

5-4- Testing of Fresh and Hardened Concrete 

    The test methods used for the assessment of fresh properties of SCC are 

Slump flow, L-box, U-box and V-funnel. 

 

5-2-8- Slump Flow and T02 cm Test: 

    The slump flow test is used to determine filling ability and consistency of 

SCC. The procedure described below has been used: 

8. The flow table is surely made horizontal and a concentric diameter of 

022 mm is marked on it.  

0. The surface of the cone and the table are cleaned with water then dried 

with a cloth so that they are moist, but without free water. 

5. The slump cone is placed centrally on the table. 

2. The slump cone is filled with about 6 liters of concrete. 

Sand + 2/5 of water  

Cement +filler +2/5 of  (water +SP) 

2/0 coarse aggregate+2/5 of (water + SP)  

2/0 coarse aggregate +2/5 SP 



0. The slump cone is lifted vertically and allow the concrete to flow out 

freely. 

6. Start the stop watch and record the time taken for concrete to reach the 

022 mm spread circle, (this is T02 cm). 

0. The final diameter (D-final) of concrete is measured by measuring two 

perpendicular diameters. The value (602-122) mm, is the best indicator 

of flow. 

 

5-2-0- L-Box Test 

    L-box test is used to measure filling ability, passing ability and segregation of 

the Self-Compacting Concrete. The procedure described below has been used: 

8. The vertical part of the box is filled with 80.0 liters of concrete    and left 

to stay for one minute in order to allow any segregation to occur. 

0. The sliding gate is opened and the concrete flows out of the vertical part 

into the horizontal part through the reinforcement bars. 

5. After the sliding gate is opened and when the concrete has stopped, the 

height of the concrete at the beginning (H8) and end of the box (H0) is 

measured and used to determine the L-box result (H0/H8), which is 

acceptable when ranges from 2.1 to 8.2.   

 

5-2-5- U-Box Test 

    U-box test is used to measure the filling ability of SCC. The procedure of the 

test is as follows: 

8. The apparatus is leveled on the firm ground and the sliding door is 

checked to make sure that it can be opened and closed freely. 



0. The inside surface of U-box are moistened, and then any surplus water is 

removed. 

5. The left chamber of the U-box is completely filled with about 02 liters of 

SCC, while the sliding door between the two chambers is closed. 

2. The concrete is left to stay for 8 minute. 

0. The door is then opened and the concrete flows through the rebars into 

the right chamber. 

6. After the concrete has come to rest. The height of the concrete in the 

chamber is measured in two places and the mean (h8) is calculated. The 

height in the right chamber (h0) is measured also. 

0. The filling height (h8-h0) is calculated. The filling height is considered as 

acceptable value for SCC when it ranges from 2 to 52 mm. The "filling 

height" close to zero, the better the flow and passing ability of the 

concrete. 

 

5-2-2- V-Funnel Test 

    V-funnel test is used to determine flowability and stability of SCC. The 

procedure of the test is as follows: 

8. About 80 liters of concrete are needed to perform the test. 

0. The V-funnel is sited on firm ground. 

5. The inside surfaces of the funnel are moistened 

2. The bottom gate is kept open to allow any surplus water to drain. 

0. The container is placed under the funnel opening. 

6. The concrete (without compaction) is poured into the funnel with the 

gate blocking the bottom opening. 



0. Within 82 sec after the funnel is completely filled, the bottom gate is 

opened and the time for the concrete to flow out of the funnel (flow 

time) is measured. The flow time (6-80) sec is the best indication of flow 

ability and stability of SCC. 

5-4-5- Compressive Strength Test 

    For the hardened SCC, the compressive strength test was carried out 

according to BS. 2882: part 22642985
(95)

, using a machine of 0222 kN 

maximum capacity. Three cubes (252 mm) were tested at (7, 08-days) for the 

determination of compressive strength. All specimens were cured in water until 

testing age. The load was applied and increased gradually at a constant rate.  

5-4-6- Flexural Strength Test 

    Concrete prisms of dimensions (822*822*222) mm with a span of 522 mm 

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

cubes. Modulus of rupture test according to BS8118:881:8215(26) were 

performed using two-point load.  

 

5-0- Program of the Work 

5-0-8- Beams 

    In this work, end restrained beams with the dimensions (850×802×5222) 

mm (height, width, length) respectively shown in Figure (5-0) were used to 

study free  and end-restrained shrinkage for normal concrete and Self-

Compacting Concrete.  
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Figure (3-0): Schematic Diagram of the End Restrained Beam 

     

The end-restrained beams used in this study were as follows: 

8. Eight beams were cast in winter from first of December to first of 

February. Two beams were cast for normal concrete (without filler and 

superplasticizer), and six beams were cast for Self-Compacting Concrete 

[for each filler (pigment, limestone powder and metakaolin)] to study the 

free shrinkage of these beams, and also to determine the filler of the 

higher effect on free shrinkage. 
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0. Eight beams as above were cast in summer from first of March to first of 

May.  

5. After decision, that the pigment filler has caused the relatively high free 

shrinkage than normal concrete and the others fillers, six end-restraint 

beams were cast to find out first cracking time, crack width, tensile strain 

capacity, elastic tensile strain capacity and creep prior to cracking (in 

Summer in the same period of the beams cast for free shrinkage). Two 

end-restrained beams was cast for normal concrete, and the other four 

end-restrained beams were cast for Self-Compacting Concrete (pigment 

and superplasticizer) two with reinforcement and the others without 

reinforcement.   

2. Self-Compacting Concrete plates containing (pigment and superplasticizer) 

were cast in Summer at first of July to the first of September, to study the 

behavior of drying shrinkage cracks. Two beams were cast to determine 

the free shrinkage (first day movement) for plates, and also two end-

restrained beams were cast to determine elastic tensile strain capacity for 

plates. 

These beams were cleaned and rigidly tightened. Polyethylene sheets were 

put over the steel base of beam and sides and oiled to minimize the base and 

the side friction. 

 

5-0-0- Plates 

    The study of cracking characteristics of plates was based on four reduced 

scale reinforced SCC plates cast in laboratory. The selected dimensions were 

varied for the four plates as (0002*0002*10mm), (0602*0002*10mm), 



(0602*0202*10mm) and (0602*0602*10mm) (length*width*thickness 

respectively).  

    The plates were all cast in the same period to prevent or minimize the 

variation in the exposure conditions. Ratio of steel reinforcement (ρ) was kept 

constant at (2.003) for the four plates. Two types of restraint were provided to 

investigate their effect on shrinkage when exposed to drying. The first type of 

restraint was end restraint (two end restrained, three end restrained and four 

end restrained). The end restraint was provided by reinforced concrete slabs 

which were cast in laboratory by Kadhum(15) from first of October to the first of 

December (0225). The second type of restraint was the base restraint. It was 

provided by roughness between the plate cast and the side of the slab 

restraint. Crack spacing, crack length and crack width measurements were 

carried out for each plate for a period of 62 days. Plate (5-8) shows these 

plates. 

 

 

Plate (3-1): The Reinforced SCC Plates 

 



5-6- Restrained Reinforced Concrete Slabs 

    An existence reinforced concrete slab (cast in laboratory by Kadhum(15) from 

the first of October to the first of December (0225)) was used as a base in 

order to provide different restrained conditions from the ends to the  new 

plates. These slabs were with different dimensions (0002*0002*822mm), 

(0602*0002*822mm), (0602*0202*822mm) and (0602*0602*822mm) 

(length ×width× thickness respectively) for free slab, two end restrained, three 

end restrained and four end restrained slabs. Plate (5-0) shows these slabs.  

     Figure (5-5) and (5-2) show the free and end restrained slab respectively.  

These slabs were cleaned and a layer of polythene sheets was put over them to 

minimize the friction between the reinforced Self-Compacting Concrete plate 

and slabs. 

 

 

 

 

 

 

 

 

 

Plate (3-0): The Reinforced Concrete Slabs(15) 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Section (A-A) 

Figure (3-3): Schematic Diagram of Free Slab(15) 
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Section (A-A) 

Figure (3-4): Schematic Diagram of End Restrained Slab(15). 

 

5-0- Plate molds 

    Four plate molds were cast on the above slabs. These plates were cast with 

different restrained conditions (two end, three end and four end restrained), 
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and another plate was cast without any restraint (free plate). The edges 

surrounded slabs which attain the action of restraint are of cross-section 

(060×802mm) and c/c span of 0122 mm as shown in Figure (5-6). The mix 

proportions of SCC were (222 : 280 : 062 : 12 : 1) (cement : sand : gravel : filler 

(pigment) : superplasticiser) respectively with an effective water/powder ratio 

of 2.02 and slump flow of SCC is (002 mm). The 0 and 01 days compressive 

strength of this mix were 00 MPa and 52 MPa respectively, whereas the 

flexural strength was 5.0 MPa and 5.6 MPa. Figure (5-0) and (5-6) show free 

and end restrained plate respectively. The reinforcement used is deformed 

steel bars with 82 mm diameter, and the steel ratio adopted in this work is 

(2.003) which is the minimum ratio allowed for shrinkage according to ACI 

Code 581(21). In order to get a constant cover, small pieces of steel as chairs of 

0.0 cm height were placed under the plate reinforcement. Figure (5-0) shows 

the details of reinforcement for free plate and restrained plate. 
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Section (A-A) 

Figure (3-5): Schematic Diagram of Free SCC Plate 

 

 

 

 

 

 

 

 

 

Smooth 

surface 

Rigid 

beam 

500 mm 8022 mm 500 mm 

8
2
2

 

m
m

 

5
0
0

 

m
m

 

Free plate Free slab 

1
0

m
m

 

0
2
0
2

 m
m

 

A A 

0202 mm 



 

 

 

 

 

 

 

 

 

 

 

 

 

Section (A-A) 

Figure (3-6): Schematic Diagram of End Restrained SCC Plate 
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a- Free Plate 

 

 

 

 

 

 

 

 

 

b- Restrained Plate 

Figure (3-7): Details of the Reinforced SCC Plate.   

 

5-1- Casting Procedure of the Beams and Plates 

5-1-8- Mixing and Casting of Beams and Plates 

    For beams and plates, the concrete was mixed in tilting mixer. The interior 

surface of the mixer was cleaned and moistened before placing the materials. 

The SCC beams and plates were mixed using the same procedure shown in 

Figure (5-8). The SCC plates were cast into the plywood formwork as shown in 

plate (5-5). 

 

Ф82 mm @ 022 straight and bent  

0202 mm 
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2Ф 82 mm 802 mm 802 mm 
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Plate (3-3): Ply Wood Formwork of Plate 

5-1-0- Curing 

    To prevent plastic shrinkage cracking due to rapid evaporation from the 

upper surface of the beams and plates, Wetted Hessian sheets and polythene 

sheets were used to cover the upper surface of the beams and plates after 52 

minute from the casting. The beams and plates were cured by covered them 

with Hessian and polythene sheets and wetted  once every day for  first 0-days, 

then air dried in uncontrolled laboratory conditions until age of 62-days. 

 

5-2- Strain and Crack Width Measurements 

    Surface strain measurements were carried out by using stainless steel 

demec points inserted on 5 rows on the plates. The rows were at 02 mm, 802 

mm from all edges and at the center as shown in Figure (5-2). The spacing 

between demec points in the same row was 022 mm apart. The demec points 

were positioned in the beams and plates after 02 hours from casting. 
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Figure (3-5): Stainless Steel Demec Points of  Reinforced SCC Free 

                           Plate 

    An extensometer, with an accuracy of (2.220 mm/division) was used to 

measure the strain in panels of the plate. The panel represents the distance 

between any two consecutive demec points in the same row so, panel length = 

022 mm. The measurement devices are shown in Plate (5-2).  
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Plate (3-4): The Measurement Devices 

 

     The measurements were taken in the first three days after casting and 

continued until no appreciable changes in demec readings were obtained (at 

about 62 days), and a stable cracking pattern had been formed. Crack widths 

have also been measured at many locations from the edges, the spacing 

between these locations was 022 mm apart.  

    The measurement was carried out by using a portable microscope. The crack 

pattern in the (two, three and four) end restrained of the reinforced Self-

Compacting Concrete plates are shown in plates (5-0, 5-6 and 5-0) 

respectively. 
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Plate (3-5): The Cracks of Two End Restrained SCC Plate at 62 Days 

                       Age 
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Plate (3-6): The Cracks of Three End Restrained SCC Plate at 62 Days 

                    Age 

 

 

 

 

Plate (3-7): The Cracks of Four End Restrained SCC Plate at 62 Days 

                    Age 

 

5-82- Free Volume Change of the Plates 

    In order to obtain an idea about the free volume change of the plates.  Plate 

with dimensions of (8222*8222*10mm) was cast, and was exposed to the 

same conditions of restrained plates. There was no connection between the 

plate and slab. The friction, in the plane of contact between the plate and the 

Restrained edge 

(0202×0202×10mm) 

Restrained edge 



slab was minimized by applying two layers of greased polythene sheets, and 

this plate was left free to shrink and move. The movements were measured by 

demec points and an extensometer. Plate (5-1) shows the free movement 

plate. 

    The first day movement of the plate was obtained by the use of 5.2 meter 

end restrained beams as shown in Figure (5-0), in which an artificial crack (gap) 

was made in the mid-span of the web by using a 2.00mm steel diaphram. This 

beam was subjected to exposure conditions similar to those of the plates. The 

increase in gap width after one day would represent the first day shrinkage(02), 

see plate (5-2). A portable microscope was used to measure subsequent free 

shrinkage movements after the first day. 

 

 

 

 

 

 

 

 

 

Plate (3-5): The Free Movement Plate 
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    The first day thermal strain of the plate, 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 plate was taken, was measured by 

embedded thermometer in the concrete plate to determine temperature drop, 

then the thermal strain by adopting a coefficient thermal expansion of 82*82-

6/C˚(10) for concrete.  

 

 

Plate (3-9): The Artificial Gap and Two Demec points on the Sides of the 

                    Gap.  

5-88- Tensile Strain Capacity Test 

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

due to the elastic recovery of restrained concrete upon cracking. It is defined 

as the observed free contraction of concrete at the onset of cracking(02). Elastic 

tensile strain capacity of concrete was measured by using the same end 

restrained beam. Plain beams were cast and allowed to shrink. After the first 

crack occurred, the amount of strain which was relieved as a result of elastic 

recovery of restrained concrete was measured between fixed points together 

with crack width measurement by a microscope. This crack opening was 

assumed to represent elastic tensile strain capacity of concrete. 



 

5-80- Restrained-Shrinkage Test  

    Concrete beams were tested for restrained shrinkage. The shrinkage 

cracking model was based on the model devised by Hassan(20) shown in Figure 

(5-0). The beams were left in the molds (to achieve a restraint by the mold). 

For each filler, four end restrained beams with artificial crack (opening) in the 

web were used to determine free shrinkage, two were cast in winter and the 

others were cast in summer. Another six of end restrained beams were cast for 

the restrained shrinkage test for normal concrete and Self-compacting 

concrete (pigment and SP) with and without reinforcement. The depth of the 

beam was about 10 mm. The ends of the beam provide end restraint to the 

web, so that transverse cracks across the web can be formed as a result of 

stresses induced when the concrete shrinks.  

    The contraction at the surface of the dried concrete web was measured by 

taking readings at demec points, using mechanical dial gauge with (02 cm) 

gauge length and an accuracy of (2.220 mm/division). The demec points were 

fixed along the center of the web at (02 cm) distance using an adhesive epoxy 

resin. 

    After the occurrence of cracking, the measurement was repeated to record 

the recovery free contraction of concrete (the elastic tensile strain capacity) at 

the onset of cracking. Further demec points were fixed at the beam side in 

order to measure the amount of loss of restraint, which is due to shortening of 

the steel mold prior to cracking as shown in Figure (5-0). The free shrinkage of 

concrete was determined by fixing demec points at both sides of the gap for 

beams with artificial crack (opining) in the web and by daily measuring the 



widening of the artificial crack in the middle of the beam. Readings were taken 

from the next day after leaving the molds in the laboratory, till little or no 

movement could be recorded. 

    Creep strain was calculated by subtraction the tensile strain capacity from 

the elastic tensile strain capacity.  

 

 

 

 

 

 

                              CHAPTER FOUR 

RSEULTS AND DISCUSSION 

2-8- Introduction 

    In this chapter, the results obtained from the experimental work are 

analyzed and studied. These results include the following characteristics of the 

concrete. 

  

2-0- Properties of Fresh SCC 

    Workability tests are conducted on the fresh concrete immediately after 

mixing, including Slump flow, T02 cm, L-box, U-box and V-funnel tests.  



 

2-0-8- Slump-Flow and T02 cm Test 

    The flowing ability of the fresh concrete is measured by slump-flow 

investigated with Abrams cone. The results of slump-flow and T02 cm range 

between (612-002) mm and between (0.0-5.0) sec. respectively. These results 

are shown in Table (2-8).  

  

Table (4-1): Properties of Fresh SCC  

Workability 

tests 

Type of filler Limitation 

Pigment Limestone Powder Metakaolin 

Slump-flow 

T52 cm 

L-box 

U-box 

V-funnel 

752 

0.5 

2.95 

2 

6 

752 

5.2 

2.95 

2.2 

7 

682 

5.5 

2.92 

2.4 

8 

652-822 mm 

0-5 sec 

2.82-2.22 

2-5 cm                  

6-20 sec 

 

    These results show that the SCC mix used is complying with the 

requirements found in the literature(00,25,00). Its found from results that the SCC 

which is used has a good consistency, flowing ability and workability in its fresh 

state. This can be attributed to the high content of fine materials which reduce 

the voids in the original mixture, and   produce less hydrate in the first few 

minutes. This agrees with other researchers(80,55).  

    These results can be attributed to high sand to coarse aggregate ratio, use of 

superplasticizer and the small particle size of aggregate(85). As the particle size 

decreases, the surface area of the particles increases. Thus, the particle size 

influences material properties which depend upon the surface area. The 



increase in specific surface area of paste gives an indication of workability and 

flowability of Self-Compacting Concrete.  

    The type of filler influenced the workability of the SCC. The results show that 

the slump-flow of SCC mix with pigment is relatively higher than those 

containing limestone powder as well as metakaolin by (5, 2) %, and T02 cm of 

SCC mix with pigment is lesser than limestone powder and metakaolin by (02, 

22) %. This high workability can be attributed to the dispersion of pigment 

powder throughout the concrete mix which can be obtained by using 

superplasticizer(58,50).  

    Limestone powder gives higher workability than metakaolin by (0) % for 

slump-flow and less by (80) % for T02 cm. The relatively low value of metakaolin 

can be attributed to the shape and size of metakaolin particles which are long, 

hexagonal plates making obstructions in the fresh mix. Relatively, these 

materials deform by viscous flow, the same manner in which liquid deform; 

this characteristic property for viscous flow, (viscosity) is a measure of a non-

crystalline material resistance to deformation(22). Also the chemical 

composition of metakaolin particles consists of two layers of (Si0O0) connected 

together by weak van der Waals forces cause decrease in workability(22). The 

higher the slump-flow value is, the greater ability to fill formwork under its 

own weight, and the shorter flow times of T02 cm indicates greater flowability. 

 

                                                                                                     

                                                                          Box Test-L -0-0-2 

    The results in Table (2-8) show that the blocking ratio (H0/H8) is ranged 

between (2.22-2.20). The L-box results reflected a good flowability and show 



that the blocking ratio values for all fillers are greater than 2.12 which is often 

considered in the EFNARC 0220(05) as the critical low limit. 

    It can be seen from the results that the SCC mix with metakaolin gives 

relatively less value of blocking ratio than the SCC mixes with pigment and 

limestone powder by (6, 5) % respectively. This behavior can be attributed to 

the relatively high viscosity of metakaolin compared to pigment and limestone 

powder, because the viscosity increased markedly with the increase of SiO0
(822), 

as shown in the chemical analysis of metakaolin (SiO0 = 61.12), also this 

behavior may be attributed to the shape and the composition of metakaolin 

particles.   

       

2-0-5- U-Box Test 

    The test is used to measure the filling ability of Self-Compacting Concrete. 

The results presented in Table (2-8) show that the SCC used can be described 

as Self-Compacting due to the fact that after opening the sliding gate, the 

concrete raised in the other half of the U-box to a height greater than 2.10 of 

the maximum possible height. (H8-H0) must be ranged between (2-5) cm. 

According to Table (2-8), the results of U-box are ranged between (2-2.2) cm, 

which is an acceptable limits. This may be attributed to the limit  of coarse 

aggregate content which reduces the potential for the formation of internal 

stresses leading to blockage of the mix. The results show that the filling ability 

of the fresh SCC mixes with pigment, limestone powder and metakaolin is (2, 

2.8, 2.2) respectively. The less value of filling ability of SCC with metakaolin can 

be attributed to the shape and composition of metakaolin particle, long 

hexagonal plates. If concrete flows as freely as water as rest, it will be 



horizontal, so when (H8-H0=2), better flow and passing ability of the concrete 

will be achieved(05). 

 

2-0-2- V-Funnel Test  

    This test measures the ease of concrete flowing, where shorter flow times 

indicate to greater flowability. From the results shown in Table (2-8) it can be 

seen that the time of flow is between (6-1) seconds for SCC mixes containing 

fillers. This gives an indication for the high flowability of the concrete mixes, 

which is in agreement with the requirements of EFNARC 0220(05), and other 

researchers Celik and Stephen(25). This behavior can be attributed to the use of 

fillers and also, use of SP which reduces surface tension (dispersion activity) (50). 

     It is apparent from Table (2-8) that the flow time of SCC mix with metakaolin 

is slightly higher than SCC mixes with pigment and limestone powder by (55, 

85) % respectively. This may be due to the high viscosity of metakaolin 

compared to pigment and limestone powder because the viscosity increases 

markedly with the increase of SiO0
(822) as shown in the chemical analysis of 

metakaolin (SiO0 = 61.12). The high flow time can be associated with low 

defomability due to the higher paste viscosity, and higher interparticle 

friction(22). 

 

2-5- Free Shrinkage Test for Beams  

    By using the steel beam described in chapter three, concrete beam with a 

gap at its middle was cast to ensure free movement. Free shrinkage strain was 

measured for all mixes in winter and summer. Shrinkage strain development of 

concrete beams for different drying periods of normal concrete and Self-



Compacting Concrete are shown in Figures (2-8) and (2-0) in winter and 

summer respectively. 
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Figure (4-1): Free Shrinkage Development With Age for End Restrained 

                       Beam in Winter 
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Figure (4-0): Free Shrinkage Development With Age for End Restrained 

                        Beam in Summer 

    The experimental results for normal concrete and Self-Compacting Concrete 

mixes show that the drying shrinkage of SCC mix with pigment is higher than 

that the normal concrete mix by (02 % for 8-day and 0 % for 62-days) in winter 

and by (02 % for 8-day and 6 % for 62-days) in summer. This is may be relating 

to the effect of volume of paste on drying shrinkage amount and high content 

of fine materials (powder) which increase drying shrinkage. This is compatible 

with the study carried out by  Johansen and Hammer(00) 

    Figures (2-8) and (2-0) show that the free shrinkage of SCC mix with pigment 

is higher than the SCC mixes with limestone powder and metakaolin by (55, 25 

for 8-day and 88, 82 for 62-days) % respectively in winter and by (20, 00 for 8-

day and 82, 82 for 62-days) % respectively in summer. This may be attributed 
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to the large surface area of the pigment which is presented to the reaction 

with the water and hydration takes place rapidly. 

    Free shrinkage of SCC mix with metakaolin is relatively higher than the SCC 

mix with limestone powder in the two seasons (winter and summer) by (82, 81 

for 8-day and 2, 0 for 62-days) % respectively. This may be due to the high 

content of (SiO0 = 61.12) in metakaolin (as shown in the chemical analysis of 

metakaolin) that is able to react with calcium hydroxide (produced by the 

hydration of Portland cement) in the presence of water to form calcium 

silicates hydrates. This reaction results in a reduction of large crystals of 

Ca(OH0) and consequently produce of shrinkage. The SCC with limestone 

powder has lower drying shrinkage than SCC mixes with pigment and 

metakaolin by (00, 80 for 8-day and 02, 82 for 62-days) % respectively in 

winter and by (800, 00 for 8-day and 80, 0 for 62-days) % respectively in 

summer, because of slow hydration rate and lower evaporation. This is 

compatible with the study carried out by Holschemacher and Klug (06) and 

Rahim(00). 

2-2- Restrained Shrinkage Test for Beams 

2-2-8- Tensile Strain Capacity 

    The determination of tensile strain capacity was based on the end restrained 

shrinkage beam. Table (2-0) shows the values of tensile strain capacity 

obtained in the present work. In general it can be observed from the results 

that the tensile strain capacity increases with the increase of date of crack. This 

result is compatible with the study carried out by Hughes and Ghunaim(12) and 

Hobbs(22). 
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     It is clear from Table (2-0) that the tensile strain capacity for normal 

concrete mix, plain SCC mix and reinforced SCC mix for two cracks (crack 8, 

crack 0) is (260, 002, 080, and 520*82-6) respectively. The higher tensile strain 

capacity of the normal concrete  mix can be attributed to the longer time for 

the occurrence of cracking (01-day) compared with its counterparts of the SCC 

mix (5, 0, 82-day).  

    The tensile strain capacity decreased when addition of pigment powder. This 

may be due to the high early shrinkage and early shrinkage cracking (5, 0, 82-

day) for plain and reinforced SCC mixes, and when strength of concrete is in a 

weak stage and the tensile strength was [8.2 N/mm ] in 8-day and [0.25 

N/mm ] in 5-days compared with the tensile strength for normal concrete mix 

which was [8.0 N/mm ] in 8-day and [0.0 N/mm ] in 5-days. 

 

2-2-0- Elastic Tensile Strain Capacity 

    Elastic tensile strain capacity of concrete was obtained directly by measuring 

the immediate movement after cracking of concrete on end restrained beams. 

Mix  

notation 

Date 

of 

crack 

 

(day) 

Free 

shrinkage 

 

 

*22
-6

 

Loss of` 

restraint 

 

 

*22
-6

 

Tensile 

strain 

capacity  

 

*22
-6

 

Elastic 

tensile 

strain 

capacity  

*22
-6

 

Creep 

 

 

 

*22
-6

 

Width 

of 

crack 

 

(mm) 

Normal concrete mix 08 545 82 465 262 524 2.45 

Plain SCC mix 

 (pigment+SP) 

7 552 62 072 227 265 2.52 

Reinforced 

SCC mix 

(pigment+SP) 

Crack 

2 

5 055 42 025 75 242 

 

2.0 

 

Crack 

0 

24 425 72 545 92 055 2.05 



Table (2-0) shows that the elastic tensile strain capacity for normal concrete 

mix, plain SCC mix and reinforced SCC mix for two cracks is (868, 820, 00, and 

22*82-6) respectively. The reduction in elastic tensile strain capacity for SCC 

mix can be attributed to the decrease of   cracking time. 

 

2-2-5- Creep 

    Creep strain of concrete subjected to the restrained shrinkage was 

calculated as the difference between the tensile strain capacity and the elastic 

tensile strain capacity. Table (2-0) shows that the creep for normal concrete 

mix, plain SCC mix and reinforced SCC mix for two cracks is (522, 865, 822, and 

000*82-6) respectively. 

    It is obvious that the lower creep strain (at cracking) for SCC mixes may be 

attributed to that SCC mixes hydrate more rapidly and more evaporation which 

causes early cracks therefore, the given period for creep is lower. The increase 

in creep for the normal concrete mix is due to the elongation of cracking time 

and restrained shrinkage stress. 

 

2-2-2- First Crack Time 

    The first crack time can be used as an index for the liability of concrete to 

crack (10). 

    Table (2-0) shows that for normal concrete mix, the first cracking time takes 

place at 01-days. When the pigment and superplasticizer were used, 0-days 

were required for occurrence of the first crack. For reinforced SCC model, two 

cracks appeared on the surface of the same beam, one at 5-days and the other 



at 82-days. It can be observed that the cracking time decreases with the 

addition of pigment powder and superplasticizer to the mix. This may be 

related to the fact that these additions would increase drying shrinkage, thus, 

the possibility of cracking at early ages will be increased, and the time required 

for cracking will be lower.  

    For reinforced SCC mix the cracking time decreased. That means more 

microcracks, higher internal restraint, higher stresses, which indicate that 

cracks appear earlier because the strength of concrete is still in a weak stage. 

 

2-2-0- Crack Location 

    Figure (2-5) shows the location of crack for normal concrete mix and  plain as 

well as reinforced SCC mixes.  
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    The results show that the cracks occurred within the middle third of the 

beam rather than at the side. This means that the restraint shrinkage strain is 

higher at the middle thirds of the beam than at the sides. 

    Al-Rawi(12) attributed this behavior to the generation of a strain gradient at 

the end part 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, so crack 

would be expected at the interior zones and away from the ends. 

 

2-2-6- Crack Width 

    The results of crack width for normal concrete mix and  plain as well as 

reinforced SCC mixes are given in Table (2-5) and plotted in Figure (2-2). 

    From the figure, it can be seen that the crack width development of plain 

SCC mix after cracking is higher than its companion of the normal concrete mix. 

This may be due to the present of fine powder.  

    It is obvious, that the rate of crack widening is high at early ages and 

decreases at later ages. This notice is expected as a higher percentage of creep 

would be consumed for the later age crack, and consequently less crack 

widening would be experienced in this case, and also the rate of shrinkage 

reduced at the later ages. 

    For reinforced SCC, the rate of crack widening for two cracks in the same 

beam is less compared with plain SCC, because steel reinforcement 

For reinforced SCC mix (pigment +SP) 

 

    Figure (4-3): Location of Cracks of Concrete Beam Specimens 



redistribute the tensile strain resulting from restrained volume changes for 

many small cracks rather than single wide crack width. 

 

 

 

Table (4-3): Crack Width of Beam Specimens of Normal and SCC Mixes 

Age 

(days) 

Crack width (mm) 

Normal 

mix  

 

Plain SCC mix 

(pigment +SP)  

Reinforced SCC mix 

(pigment +SP) 

Crack 4 Crack 0 
5 

7 

24 

02 

08 

55 

45 

55 

62 

--- 

--- 

--- 

--- 

2.45 

2.52 

2.58 

2.65 

2.68 

--- 

2.52 

2.59 

2.55 

2.66 

2.78 

2.87 

2.90 

2.95 

2.02 

2.04 

2.52 

2.57 

2.42 

2.45 

2.48 

2.52 

2.52 

--- 

--- 

--- 

2.05 

2.52 

2.56 

2.59 

2.42 

2.40 
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Free Volume Change of plates -0-2 

     The free shrinkage strain of Self-Compacting Concrete plates was measured 

under the same indoor exposure conditions of the restrained plates. Figure (2-

0) shows the free shrinkage strain development in the plates with drying 

period. 

    In the first day, there was a contraction in the plates due to the drop of the 

concrete plate temperature from its peak temperature (due to heat of 

hydration) to its temperature when the first reading was taken, which was 

carried out early in the morning. The temperature drop observed in the plate 

was about 80˚C. Thus, the amount of free thermal contraction will be 

     eth = CT * T                                                                         ……..       (2-8) 

Figure (4-4): Development of Crack Width With Age of Beams for 

                   Normal Mix, Plain SCC Mix  and Reinforced SCC  

                           Mix 

 



CT: linear coefficient of thermal expansion of concrete which is taken as 

      82*82-6/˚C(11). 

    Therefore, a total contraction strain of 802*82-6, due to the effect of 

temperature drop was recorded. 

     Because it is difficult to measure the first day shrinkage strain directly from 

the free plate due to the difficult position of the demec points on the surface 

of plates since the SCC plates are not yet hardened, it was measured by using 

the end restrained beam which is cast and measured from (8-July to the 8-

Septemper) as shown in Figure (2-6). Also, this figure shows the free shrinkage 

in summer for SCC containing (pigment+SP) and normal concrete cast and 

measured in (8-March to 8-May) compared with SCC containing (pigment+SP) 

cast and measured from (8-July to the 8-Septemper). 
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Figure (4-5): Free Shrinkage Development With Age for Plain SCC Free 

                         Plate. 
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    Free shrinkage strain of the plates as illustrated in Figure (2-0) was not 

uniform with distance from the edge to the center of the plates. In general, the 

shrinkage strain at 0 cm from the edge was greater than that at the center of 

plate (02 cm) by (25 % for first 5-days and 82 % for 62-days). The surface area 

at 0 cm from the edge includes (edge and surface area) which is more 

subjected to the drying shrinkage than at the center which includes the surface 

area of plate only. 
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Figure (4-6): Free Shrinkage Development in Summer with Age for Beam 

                      Model in Different Cast and Measured of SCC (Pigment+SP) 

                      and Normal Concrete. 

     

   Figure (2-0) shows the free shrinkage strain development with age for 

reinforced SCC free plate at three rows (0, 80 cm a part from the edge and at 
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the center) of the plate. This figure shows that free shrinkage strain of 

reinforced SCC at 0 cm from the edge was greater than the shrinkage strain at 

the center of this plate 880.0 cm by (58 % for first 5-days and 85 % for 62-

days). The surface area at 0 cm from the edge includes (edge and surface area) 

which is subjected to the drying shrinkage more than at the center which 

includes the  upper surface area of plate only. 
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Figure (4-7): Free Shrinkage Development With Age for Reinforced SCC  

                         Free Plate. 

   

    From Figure (2-0) also, it is clear that the effect of internal restrained 

(reinforcement) on SCC free plate at the centerline (012*82-6 for 62-days) gives 

relatively the same trend compared with plain SCC (without reinforcement) 

free plate (620*82-6 for 62-days). While at the edge the effect of internal 
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restraint (reinforcement) on SCC free plate (602*82-6 for 62-days) is higher 

compared with plain SCC (without reinforcement) free plate (002*82-6 for 62-

days). This means that the internal restraint affects on the edges of plate and 

has a lower effect toward the centerline of plate.   

 

 Restrained Movement of the Plates -6-2 

    The movements of the plates were measured at three rows (0, 80 cm a part 

from the edge and at the center) of the plate by using a demec gauge 

(extensometer) to investigate the effect of base (the roughness or interaction 

between edge of plate surround slab and the edge of restrained slab) as shown 

in Figure (5-6)) and end restraint 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 0 months (8-July to the 8-Septemper).  

    For the restrained plates (two, three and four end restrained), the 

restraining effect of the base decreases towards the centerline of plate, 

therefore, the movement of the plate will vary with the distance from the 

restraining base. This is compatible with the study carried out by Al-

Mashhedi(10).  

    Figures (2-1 to 2-85) show the measured movement of the plates studied. 

From Figures (2-2 to 2-85) it can be observed that movements of the plate 

increase towards the centerline of the plate from the restrained edge. The 

main reason of this behavior is the base restrained effects which decrease 

toward the centerline of the plate 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 is denoted by zero 

strain in these figures. 

     In addition to the measurement of the plate movement, the contraction of 

the slabs (which were used as base in order to provide different restrained 

cases from the ends to the plate models) was also measured during the same 

period. The contraction of the slabs was called “Loss of restraint” “L.O.R.”. The 

average value of loss of restraint for slabs is about 02 microstrain. 

 

1 2 3 4 5 6 7 8 9 10 11

Panel no. (panel length = 200 mm)

0

100

200

300

400

500

600

S
h

ri
n

k
a
g

e
 s

tr
a
in

 (
m

ic
ro

s
tr

a
in

)

Age (3-days)

 
1 2 3 4 5 6 7 8 9 10 11

Panel no. (panel length = 200 mm)

0

100

200

300

400

500

600

S
h

ri
n

k
a
g

e
 s

tr
a
in

 (
m

ic
ro

s
tr

a
in

)

Age (15-days)

 

1 2 3 4 5 6 7 8 9 10 11

Panel no. (panel length = 200 mm)

0

100

200

300

400

500

600

S
h

ri
n

k
a
g

e
 s

tr
a
in

 (
m

ic
ro

s
tr

a
in

)

Age (30-days)

 
1 2 3 4 5 6 7 8 9 10 11

Panel no. (panel length = 200 mm)

0

100

200

300

400

500

600

S
h

ri
n

k
a
g

e
 s

tr
a
in

 (
m

ic
ro

s
tr

a
in

)

Age (60-days)

 

0 cm 



1

11

2

10

3

9

4

8

5

7

6

6

7

5

8

4

9

3

10

2

11

1

10 2

9 3

8 4

7 5

6 6

5 7

4 8

3 9

2 10

 

Figure (2-1): Shrinkage Strain Development for Reinforced SCC Free Plate 

                       at 0 cm from the Edge 
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Figure (2-2): Shrinkage Strain Development of Two End Restrained SCC 

                     Plate at 0 cm from the Free Edge 
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Figure (2-82): Shrinkage Strain Development of Two end Restrained SCC 

                       Plate at 0 cm from the Restrained Edge 
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Figure (2-88): Shrinkage Strain Development of Three End Restrained SCC  

                       Plate at 0 cm from the Free Edge 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Panel no. (panel length =200 mm)

0

100

200

300

400

500

600

S
h

r
in

k
a

g
e
 s

tr
a

in
 (

m
ic

r
o

s
tr

a
in

)

Age (3-days)

 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Panelno. (panel length = 200 mm)

0

100

200

300

400

500

600

S
h

r
in

k
a

g
e
 s

tr
a

in
 (

m
ic

r
o

s
tr

a
in

)

Age (15-days)

 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Panel no. (panel length = 200 mm)

0

100

200

300

400

500

600

S
h

r
in

k
a

g
e
 s

tr
a

in
 (

m
ic

r
o

s
tr

a
in

)

Age (30-days)

 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Panel no. (panel length = 200 mm)

0

100

200

300

400

500

600

S
h

r
in

k
a
g

r
 s

tr
a

in
 (

m
ic

r
o

s
tr

a
in

)

Age (60-days)

 

 



41

1

40

2

39

3

38

4

37

5

36

6

35

7

34

8

33

9

32

10

27

15

52 16

49 19

48 20

47 21

46 22

45 23

44 24

43 25

42 26

31 30 29 28

11 12 13 14

50 18

51 17

 

Figure (2-80): Shrinkage Strain Development of Three End Restrained SCC 

                         Plate at 0 cm from the Restrained Edge 
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Figure (4-13): Shrinkage Strain Development of Four End Restrained SCC  

                          Plate at 0 cm from the Restrained Edge 

BeamsElastic Tensile Strain Capacity of  -0-2 

    Elastic tensile strain capacity of Self-Compacting Concrete was obtained 

directly by measuring the immediate movement after cracking of concrete on 

end restrained beams. The result is about 852 microstrain. 

 

Cracking of the Plates -1-2 

    The cracking characteristics of plates (two, three and four end restrained) 

are shown in Table (2-2) at age of 62 days. 

 

Table (2-2): Cracking Data of Plates 

 

Plates Number 

of 

crack 

Maximum 

Lc 

(mm) 

 

D-Wmax 

From  

edge 

(mm) 

observed 

crack spacing 

at edge (mm) 

 

Maximum 

crack 

width 

(mm) 

0 cm 



 Min. Max. 

Two end 

restrained 

At free 

edge 

25 552 2 252 882 2.00 

At 

restraint 

edge 

9 552 052 222 772 2.2 

Three end 

restrained 

At free 

edge 

5 522 2 542 992 2.875 

At 

restraint 

edge 

25 652 075 262 972 2.07 

Four end restrained 25 722 522 82 2042 2.55 

 

Lc: Length of crack. 

D-Wmax: Distance of maximum crack width from edge
 

 

 

 

 

 

4-9- Cracking Age and Sequence 

    The cracking age can be used as an index for the tendency to the cracking. 

Table (4-5) shows the effect of restraint condition variations on the cracking 

age. 

Table (4-5): Cracking Age of Reinforced SCC Plates. 

Types of restraint Cracking age (days) 

Two end restrained 

Three end restrained 

Four end restrained 

2-08 

2-02 

2-05 

 

    From this table, it is obvious that all plates of various restraint conditions 

mentioned above are cracked early at the same period (in the first day after 

casting). These results deviated from the results obtained by Kadhum
(85)

, which 



concluded other trend in his study that the normal concrete slabs cracked at later 

ages (26, 28, and 02-days) for (four, three and two end restrained) respectively. 

This means that the cracking age of SCC is earlier compared with normal 

concrete. The reason for this behavior may be attributed to the roughness 

between SCC plate and the edge of restrained slab, and addition of pigment 

powder and SP.  

    The schematic pattern of crack development when stress is relieved by creep 

is shown in Figure (0-9). Cracking could occur only when the stress induced by 

restrained shrinkage strain, reduced by creep, reaches the tensile strength of 

concrete. Figures (4-24 to 4-26) show the development of crack pattern of 

plates during 08-days period of observations.  

    At the restrained edge, the restraint is the highest at the middle third of the 

edge for two, three and four end restrained plates. This agrees with other 

researchers
 (82,85,88)

. So, the early first crack occurs at this position for each edge 

assuming that concrete is homogeneous and other characteristics are the same. 

This behavior is due to the effect of base restraint (the roughness or interaction 

between edge of plate surround slab and the edge of restrained slab) on two end 

restrained plate at restrained edge, and effect of base and end restraints on three 

and four end restrained at restrained edge. While, at free edge in two end 

restrained plate the first crack generally occurs at the weakest section of the 

plate as indicated in Figure (4-24) [a and c edges] due to the effect of end 

restraint, when the stresses induced due to restrained shrinkage exceeding that 

provided by the concrete section. This section is either weaker in tension than 

the rest of the plate or under a higher restraint which tends to increase the 

cracking force imposed section. This is compatible with the study carried out 

by Kadhum
(85)

.  

    It is known that the degree of base restraint is the highest at the end of the 

plate and decreases towards the centerline. This agrees with other 



researchers
(82,80)

. Thus, cracks should initiate at the end of plates and propagate 

at different lengths and directions. 

    After the formation of early first crack in each edge of plates, the formation 

of further cracks became rather difficult. This is because the tensile strength of 

concrete plates increases with increasing age and the remaining amount of 

restrained volume change decreases with age. This is compatible with the study 

carried out by Mashhedi
(80)

. The position of further cracks depends on the new 

arrangement of degree of restraint along the plate.  
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Figure (4-44): Crack Formation Sequence in Two End Restrained SCC 

                             Plate. 
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Figure (4-45): Crack Formation Sequence in Three End Restrained SCC 

                            Plate. 
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Figure (4-46): Crack Formation Sequence in Four End Restrained SCC 

                             Plate. 

 

    Indicating to the same figures it can be observed also that the cracks at and 

near the centerline of plate propagated towards the point of intersection of 

centerlines of these plates. Whereas, the cracks near edge of plates extended in a 

direction inclined to the other restrained edge (at the corner) with degree about 

(42-72º) for two end restrained edge, (52-72º) for three end restrained and (52-

82º) for four end restrained.  

 

Crack Spacing -28-2 

    In Table (2-2) the observed minimum and maximum crack spacing are 

summarized. The minimum and maximum crack spacing was based on the 

observation of crack locations. 

    Figures (2-80 to 2-82) show the final cracks pattern in the experimentally 

investigated plates.  
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Figure (4-17): Final Cracks Pattern in Two End Restrained of Reinforced 

                           SCC Plate. 
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Figure (4-15): Final Cracks Pattern in Three End Restrained of Reinforced 



                          SCC Plate. 
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Figure (4-19): Final Cracks Pattern in Four End Restrained of Reinforced 

                           SCC Plate. 

    From these figures, it appears that the cracks were 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 plates increases with increasing 

distance from the edge. The maximum crack spacing was measured 

experimentally and , it was (002 mm, 202 mm and 8022 mm) for two, three 

and four end restrained respectively as shown in Table (2-2) and Figures (2-80 

to 2-82). 

    It is observed also, that the observed crack spacing was affected by the 

varying  restrained conditions investigated, which they play an active part in 

the distribution of cracks. 

    Al-Rawi(12) presented the following equation, for the prediction of minimum 

crack spacing, Smin, in the members subjected to end restraint: 



     











d
KS **85.0min                                                              ……..       (2-0) 

    In the present work the equations used for two, three and four restrained 

plates which subjected to the base restraint (the roughness or interaction 

between edge of plate surround slab and the edge of slab restraint) and end 

restraint were concluded from equations suggested by Al-Rawi(12) and 

Kadhum(15). 

    For two and three end restrained plates at free edge the equation used was 

based on equation by Kadhum(15): 

        
 R

d
KS

 
 **85.0min                                                      ……..        (2-5) 

       
b

L

l
aR 








 *9.0                                                       ……..        (2-2)                

                            

a, b: constant were estimated by STATISTICA program version 0.0 from 

       experimental data with coefficient of correlation R = 2.22, as follows: 

 a =8.1 , b =2.1 

 
8.0

*8.19.0 









L

l
R                                                         ……..        (2-2)                

                                            

 Smin: minimum crack spacing (mm). 

Smax: maximum crack spacing (mm). 

      min*2max SS                                                                    ……..        (2-0)      

K: constant depending on the type of reinforcement. It can be taken as  



     2.1 for indented deformed bars and 2.60 for ribbed deformed bars. 

d: bar diameter (mm). 

: reinforcement steel ratio (2.00 %).   

R: effect of end restraint as a ratio. 

l: distance from the edge to the position of calculated crack width (mm). 

L: plate length (0602 mm). 

    From the above equation it can be noticed that the effect of end restraint 

can be expressed in terms ( R ). Thus, in reinforced restrained plates, the total 

steel ratio is equal to the summation of actual steel ratio (  ) and the 

calculated ratio ( R ).  

    The equations which can be used for calculating the minimum crack spacing 

for cracks which appear at restrained edge for three and four end restrained 

reinforced SCC plate can be written as follows: 

    For three end restrained at restrained edge the equation used was based on 

equation by Kadhum(15): 

       
 1

**85.0min
RK

d
KS


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
                                               ……..        (2-6)    

       
b

R

L

l
aK 








 *11                                                               ……..        (2-0)                 

            

a, b: constant were estimated by STATISTICA program version 0.0 from 

       experimental data with coefficient of correlation R = 2.22, as follows: 

 a =0.2 , b =2.2 



        
9.0

1 *0.21 









L

l
KR                                                       ……..        (2-0)                 

            

 

For four end restrained the equation used was based on equation by 

Kadhum(15):  

       
 RK

d
KS

*8.0
**85.0min





                                             ……..        (2-1)               

RK: is taken from Figure (2-02). 
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Figure (4-02): Degree of Tensile Restraint at Center Section
(85). 

 

    Based on the information in Figure (0-82) of ACI Committee 020(18) which 

was used to find the degree of restraint at center section of base restrained 

walls, a relationship demonstrated in Figure (2-02) is used, adopted and 

modified by Kadhum(15). This relation could be used to estimate the degree of 

restraint at center section of restrained plates. 

 

Crack Length -88-2 

    From Table (2-2), it can be seen that the maximum crack width increases 

with increasing maximum crack length as can be seen in Figure (2-08) and 

expressed by the expression below:   

For two, three and four end restraint  

Wmax = a × Lmax – b                                                             ……..        (2-2) 

a, b : constant were estimated by STATISTICA program version 0.0 from 

         experimental data with coefficient of correlation R = 2.22, as follows: 

a =2.20 , b =-2.208 

Wmax: maximum width of crack (mm). 

Lmax: maximum length of crack (cm) 
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Figure (4-04): Relation Between the Maximum Crack Width and 

 Maximum Crack Length for Plates 

    From figure above, 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 plates is associated with the reduction in maximum crack length.  

    The position of maximum crack width from free and restrained edge plates 

was denoted as (D-Wmax). It was observed that D-Wmax for each crack at 

restrained edge was related to its maximum crack length (Lmax) as shown in 

Figure (2-00). At restrained edge, the equation used to calculate D-Wmax for 

two, three and four end restraint is shown below: 

    D-Wmax = a × Lmax -b                                                    ……..        (2-82) 

a, b : constant were estimated by STATISTICA program version 0.0 from 

         experimental data with coefficient of correlation R = 2.22, as follows: 

a = 8.00 , b = -22.65 



D-Wmax: Distance of maximum crack width from edge 
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Figure (4-00): Position of Maximum Crack Width From the Restrained 

                     Edge Versus Crack Length for the Different Restrained 

                            Condition                           

    This behavior is due to the effect of end restraint and base restraint (the 

roughness or interaction between edge of plate surround slab and the edge of 

slab restraint) for three and four end restrained plates and effect of base 

restraint for two end restrained.  

    At free edge the D-Wmax was equal to zero for two and three end restrained 

due to the effect of end restrained only.   

    For two end restrained the D-Wmax at free edges (a edge =2 and c edge =2 

cm) while, D-Wmax  at restrained edges (b edge =00 and d edge =02 cm ), for 

three end restrained the D-Wmax at free edge (d edge =2 cm) while, D-Wmax  

at restrained edges (a edge =02, b edge =00.0 and c edge =00 cm), and for four 



end restrained the D-Wmax for (a edge =02, b edge =02, c edge =52, and d 

edge =00 cm ). 

 

Crack Location -08-2 

    From cracking Figures (2-82 to 2-86), it can be seen that early cracks of 

plates initiated mainly within the middle third of the edges rather than at its 

end. End portions of  plate edges showed that the strain values are higher than 

the middle third of edges. This means that the restrained shrinkage strain is 

higher at the middle third of edges of the plate than at its end. This leads to 

suggest that stress concentration in these regions is higher. 

    Al-Rawi(12) 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 middle third of edges, 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. This behavior of SCC plates is in the same with normal 

concreter slabs studied by Kadhum(15).  

 Crack Width -58-2 

    Crack widths were measured at regular distances (every 02 mm from edge 

to the center of plate) by using portable micrometer- microscope with an 

accuracy of (00 micron).  

    Figure (2-05) shows the development of the maximum crack width with 

different ages for the plates investigated. These cracks widened progressively 

until a certain nearly constant width which occurred in about 62 days. The first 



crack in each plate was observed at the age which is indicated by the first point 

in the corresponding curve. 
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Figure (4-03): Development of Maximum Crack Width With Age of 

                               Reinforced SCC Plates for Different Restrained Cases 

                               

    It can be observed that the occurrence of earlier cracking age of plates may 

be attributed to the use of the fine powder (pigment) and also to the 

roughness of the edges of slabs (interaction between the slabs and the edge of 

plates). Results indicate that the maximum crack width in each plate was that 

of the earliest crack. The cracks which have been observed for the crack width 

measurement were plotted in Figures (2-02 to 2-06).                                               
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Figure (4-04): Variation of Final Crack Width With Distance for Two End 

                           Restrained SCC Plate. 

Note:  

a 

d 

c 

b 

d-edge 



8, 0, 5, 2, 0, 6: number of cracks according to the formation of them as shown 

in Figure (2-80, 2-81 and 2-82). 
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Figure (4-05): Variation of Final Crack Width With Distance for Three End 

                          Restrained SCC Plate. 
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Figure (4-06): Variation of Final Crack Width With Distance for Four End 

                          Restrained SCC Plate. 

      

    From these figures it is seen that the crack width initiated at a certain value 

at the restrained edge (2 cm) and, then, increased towards the center of the 

plate up to a certain level (00 cm at b-edge and 02 cm at d-edge) for two end 

restrained, (02 cm at a-edge, 00.0 cm at b-edge and 00 cm at c-edge) for three 

end restrained and (02 cm at a-edge, 02 cm at b-edge, 52 cm at c-edge and 00 

cm at d-edge) for four end restrained, beyond which it decreased to zero at the 

top of the crack. 

    At the free edge, the crack width was the maximum at (2 cm) for two end 

restrained at (a-edge and c-edge) and for three end restrained at (d-edge), and 

d 

a 

b 

c 



gradually decreases towards the center of the plate, and diminishes at the end 

of crack. The same trend was also observed in walls by Al-Mashhedi(10) and for 

slabs by Kadhum(15).                                                                

    The equation used to calculate crack width developed by Kadhum(15) was 

adopted by considering the strain distribution in Figure (0-88) and using non-

linear estimation analysis. The equation used to calculate crack width for two 

and three end restrained for cracks which appear at the free edge at any level 

of the plate, is  as follows: 

    For two and three end restrained at free edge the equation used was based 

on equation by Kadhum(15): 

   







 

2
maxmax

ult
fshn

e
CeSWc                                ……..        (2-88)  

              Cf = K* eshn                                                                                                                     ……..        (2-80)  

The equation can be adopted and modified as follows:  

               
2

*1*maxmax
ult

shn
e

bKeaSWc                              ……..      (4-25) 

a, b : constants (estimated statistically) 

     For two end restrained: 

a = 09.20 , b = 98.72 

Coefficient of correlation (R=2.99). 

     For three end restrained:  

a = 55.68 , b = 204.22 

Coefficient of correlation (R=2.98). 

The notations of the model referred to are as follows: 

- Smax : maximum crack spacing, (mm). 

- eshn : net shrinkage stain, (eshn =esh-L.O.R). 



- esh : shrinkage strain plus strain due to decrease in temperature. 

- L.O.R : loss of restraint due to ends contraction before cracking. 

- eul t: elastic tensile strain capacity. 

- Cf : final creep strain. 

     It was assumed that the value of the final creep strain of the SCC to be 

constant (K) of the net shrinkage strain where K equals to 2.6 and 2.65 for 

reinforced and plain concrete walls respectively
(87)

.  

    The equation which is used to calculated crack width for three and four end 

restrained plates for cracks which appear at the restrained edge at any level of 

the plate by considering the strain distribution as shown in the Figure (0-22) can 

be written as follows: 

    For three and four end restrained at the restrained edge the equation used was 

based on equation by Kadhum
(85)

: 

             










2
8.0maxmax

ult
fshn

e
CRaRbeSWc                       ……..        (4-24) 

              Cf = K* eshn                                                                                                                      ……..       (2-80)  

The equation can be adopted and modified as follows: 

             
2

*8.0*maxmax
ult

shn
e

bKRaRbeaSWc  












           ……..        (4-25) 

a, b = constants (estimated statistically) 

     For three end restrained: 

a = 75.50 , b = 45.29 

Coefficient of correlation (R=2.99) 

      For four end restrained:  

a = 77.20 , b = 72.25 

Coefficient of correlation (R=2.99) 

The notations of the model referred to are as follows: 

           Smax: Maximum calculated crack spacing, (mm)  



          Rb:  Degree of restraint before cracking (at plate center) 

       For three end restrained: 

9.0

*0.21 









L

l
Rb  

       For four end restrained: 

Rb = from Figure (4-06). 

Ra  : Degree of restraint after cracking, 

 
sf

sr
a

e

e
R 1   

esr : restrained strain in the plate. 

esf : free strain in the plate after cracking, (esf = eshn (2-Rb)). 

    Using the previous Equations (4-25 and 4-25), with the experimentally 

measured values for esh, eult and L.O.R, the crack width for experimental plates 

at three different levels are calculated.                       

    Tables (4-6 to 4-9) summarize the required parameters to calculate maximum 

crack widths by using Equation (4-25) for two end and three end restrained at the 

free edge and by using Equation (4-25) for three end and four end restrained at 

the restrained edge. 

    The maximum crack widths calculated (Wc) at the three levels using 

Equations (4-25 and 4-25) are summarized in the mentioned tables together with 

the maximum crack widths that are measured experimentally (Wo) at 62-days. 

Table (4-6): Maximum Crack Width Calculations for Two End Restrained 

                       Plate at Free Edge Equ. (4-25). 

Level 

(cm) 

Smax 

(mm) 

esh 

(*42
-6

) 

L.O.R. 

(*42
-6

) 

eshn. 

(*42
-6

) 
K 

eult 

(*42
-6

) 

Wc 

(mm) 

Wo 

(mm) 

5 

25 

05 

802 

882 

952 

752 

725 

695 

72 

72 

72 

682 

645 

605 

2.6 

2.6 

2.6 

252 

252 

252 

2.054 

2.260 

2.108 

2.002 

2.222 

2.822 

 

        

   Table (4-7): Maximum Crack Width Calculations for Three End 



        Restrained Plate at Free Edge Equ. (4-25).    

Level 

(cm) 

Smax 

(mm) 

esh 

(*42
-6

) 

L.O.R. 

(*42
-6

) 

eshn 

(*42
-6

) 
K 

eult 

(*42
-6

) 

Wc 

(mm) 

Wo 

(mm) 

5 

25 

05 

802 

882 

952 

752 

725 

695 

72 

72 

72 

682 

645 

605 

2.6 

2.6 

2.6 

252 

252 

252 

2.920 

2.555 

2.522 

2.875 

2.605 

2.522 

 

 

Table (4-8): Maximum Crack Width Calculations for Three End Restrained  

                    Plate at Restrained Edge Equ. (4-25).    

Level 

(cm) 

Smax 

(mm) 

esh 

(*42
-6

) 

L.O.R. 

(*42
-6

) 

eshn 

(*42
-6

) 
K 

eult 

(*42
-6

) 
Rb Ra 

Wc 

(mm) 

Wo 

(mm) 

5 

25 

05 

752 

822 

162 

752 

725 

695 

72 

72 

72 

682 

645 

605 

2.6 

2.6 

2.6 

252 

252 

252 

2.942 

2.852 

2.762 

2.555 

2.022 

2.280 

2.494 

2.262 

2.299 

2.522 

2.222 

2.052 

                      

Table (4-9): Maximum Crack Width Calculations for Four End Restrained 

                    Plate at Restrained Edge Equ. (4-25).    

Level 

(cm) 

Smax 

(mm) 

esh 

(*42
-6

) 

L.O.R. 

(*42
-6

) 

eshn 

(*42
-6

) 
K 

eult 

(*42
-6

) 
Rb Ra 

Wc 

(mm) 

Wo 

(mm) 

5 

25 

05 

922 

972 

2202 

752 

725 

695 

72 

72 

72 

682 

645 

605 

2.6 

2.6 

2.6 

252 

252 

252 

2.86 

2.76 

2.68 

2.02 

2.26 

-2.25 

2.609 

2.212 

8.000 

2.605 

2.222 

2.052 

 

    Tables (4-22 to 4-25) give a comparison between values of crack width at 

different levels of plates, using different procedures reviewed in the literature 

with both calculated and observed crack width. 

     

Table (4-42): Comparison Between Values of Calculated Maximum Crack          

                     Width  Using  Different  Methods for  Two End Restrained of 

              the Experimental Reinforced SCC Plate at the Free Edge. 

 Calculated crack width in mm. 



Distance from 

 the edge (cm) 
Kadhum

(83)
  

BS 

:5337
(86)

  

Evans and 

Hughes
(85)

  
Wc Wo 

5 

25 

05 

2.70 

2.59 

2.50 

2.65 

2.65 

2.68 

2.56 

2.57 

2.59 

2.054 

2.965 

2.802 

2.002 

2.222 

2.822 

    

 

Table (4-44): Comparison Between Values of Calculated Maximum Crack 

                       Width  Using Different  Methods for Three End Restrained of 

                       the Experimental Reinforced SCC Plate at the Free Edge. 

 Calculated crack width in (mm). 

Distance from  

the edge (cm) 
Kadhum

(83)
   

BS : 

5337
(86)

   

Evans and 

Hughes
(85)

   
Wc Wo 

5 

25 

05 

2.70 

2.59 

2.50 

2.65 

2.65 

2.68 

2.56 

2.57 

2.59 

2.920 

2.555 

2.542 

2.875 

2.605 

2.522 

 

 ultfshn eceSWc 
2

122.5092.2606.10max            for Kadhum(53)    

 2/2/maxmax ultshth eeeSW                                                             for BS: 0550(56)    











2
maxmax

ult

sh

e
eSW                                                    for Evans and Hughes(85)

    

Wc = Calculated crack width from equation (mm) (2-85) 

Wo = Observed crack width (mm) 

Table (4-40): Comparison Between Values of Calculated Maximum Crack 

                       Width Using Different  Methods  for Three End Restrained  of 

                       the Experimental Reinforced SCC Plate at the Retrained Edge. 

 Calculated crack width in mm. 

Distance from 

the edge (cm) 
Al-Rawi

(87)
   Kadhum

(83)
   Harrison

(88)
   Wc Wo 



5 

25 

05 

2.278 

2.285 

2.295 

2.548 

2.090 

2.059 

2.076 

2.049 

2.007 

2.494 

2.262 

2.299 

2.522 

2.222 

2.052 

 

Table (4-43): Comparison Between Values of Calculated Maximum Crack 

                       Width Using Different  Methods  for  Four End Restrained  of 

                       the Experimental Reinforced SCC Plate at the Retrained Edge. 

 Calculated crack width in (mm). 

Distance from 

the edge (cm) 
Al-Rawi

(87)
    Kadhum

(83)
    Harrison

(88)
    Wc Wo 

5 

25 

05 

2.008 

2.055 

2.042 

2.452 

2.558 

2.527 

2.522 

2.065 

2.054 

2.609 

2.989 

2.057 

2.605 

2.222 

2.052 

 

  2/8.0maxmax ultshab eeRRKSW                                        for Al-Rawi(57)    

  ultfshn eceRaRbSWc 
2

146.239.37.083.0max           for Kadhum(53)    

  2/maxmax 5.0 ultshthb eeeRSW                                                     for Harrison(55)    

Wc = Calculated crack width from equation (mm) (2-80) 

Wo = Observed crack width (mm) 

    The results of calculated maximum crack widths, using the methods 

proposed by various researchers, together with the observed maximum crack 

widths for experimental plates were compared with the present theoretically 

predicted values. This comparison is shown in Figures (2-01 to 2-58). It is clear 

that there is a very close agreement between the observed maximum crack 

widths and the calculated maximum crack widths using the presen 
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       Figure (4-07): Comparison Between the Observed and Calculated 

                               Maximum Crack Width at Different Levels  for Two End 

               Restrained Reinforced SCC Plate at Free Edge. 
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Figure (4-05): Comparison Between the Observed and Calculated 

                            Maximum Crack Width at Different Levels for Three  

                          End Restrained Reinforced SCC Plate at Free Edge. 
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Figure (4-09): Comparison Between the Observed and Calculated 

                            Maximum Crack Width at Different Levels for Three 

        End Restrained Plate at Restrained Edge. 
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Figure (4-32): Comparison Between the Observed and Calculated 

                            Maximum Crack Width at Different Levels for Four  

                                  End Restrained Plate. 

CHAPTER FIVE 

DATIONSNCONCLUSIONS AND RECOMME 

 sonclusionC -8-0 

    Based on the experimental results presented in the preceding chapters and 

on the basis of the observations made in the present work, the following 

conclusions were found: 

8. SCC can be produced with locally available materials (pigment, 

limestone powder and metakaolin) by careful proportioning and 

mixing. 

0. The values of slump-flow and T02 cm for SCC range between (612-002) 

mm and between (0.0-5.0) sec respectively, the results show that SCC 

mix with pigment is more than SCC mixes with limestone powder and 

metakaolin by (5, 2) % for slump flow and less by (02, 22) % for T02 cm 

respectively. 

5. The values of blocking ratio (H0/H8) range between (2.22-2.20). The 

SCC mix with metakaolin relatively gives less value of blocking ratio 

than SCC mixes with pigment and limestone powder by (6, 5) % 

respectively. 

2. The filling height values of U-box range between (2-2.2) cm. 

0. The time of flow of SCC mixes is between (6-1) sec. The SCC mix with 

metakaolin is higher than SCC mixes with pigment and limestone 

powder by (55, 85) % respectively. 



6. The drying shrinkage of beams cast with SCC mix with pigment is 

higher than the normal mix by (02% for 8-day and 03 for 62-days) in 

winter and by (02% for 8-day and 6% for 62-days) in summer. 

0. The free shrinkage of beams cast with SCC mix with pigment is higher 

than the SCC mixes with limestone powder and metakaolin by (55, 25 

for 8-day and 88, 82 for 62-days) % respectively in winter and by (20, 

00 for 8-day and 82, 82 for 62-days) % respectively in summer. 

1. The cracking time in the end restrained beams for SCC mix containing 

pigment powder and Superplasticizer occurs earlier  through (5-82 

days), while the normal mix without addition the cracking time is (01-

days). 

2. The cracks in the end restrained beams occurred within the middle 

third of the beam rather than at the side. 

82. The crack width development of plain SCC mix after 

cracking is higher than its counterpart in normal concrete mix. 

88. For plain and reinforced SCC free plates, the shrinkage 

strain at 0 cm from the edge was greater than that at the center of free 

plates by (82, 85) % for 62-days respectively. 

80. The cracking age results show that all plates (two, three 

and four end restrained) casting with SCC are cracked early at the same 

period (in the first day after casting). 

85. The interaction between the plate and the edge of 

restrained slab (base restraint) decreases the cracking time. 

82. Addition of pigment powder to the SCC mix decreases 

the cracking time. 



80. For reinforced SCC plates, the first crack occurs at the 

middle third of the restrained edge, while, at free edge the first crack 

occurs at the weakest section of the plate. 

86. The cracks of SCC plates at and near the centerline 

propagated towards the point of intersection of centerline of these 

plates, whereas, the cracks near edge of plate extended in a direction 

inclined to the other restrained edge with degree about (22-02º) for 

two end restrained edge, (02-02º) for three end restrained and (02-

12º) for four end restrained. 

80. The cracks in the end restrained plates are more 

numerous in the proximity of the edge and decrease away from the 

edge. It appears that the minimum crack spacing for cracks decreases 

linearly with the distance from the edge. 

81. The crack width in the end restrained plates is variable 

with its length, and its variation depends on the degree of restraint. 

82. The reduction of the maximum width of cracks in 

reinforced SCC plates is associated with the reduction in maximum 

crack length. 

02. The position of maximum crack width (D-Wmax) at the 

restrained edge was equal to (8.00 Lmax – 22.65), while at free edge it 

was equal zero. 

08. The crack width at the restrained edge initiated at a 

certain value (at edge), as the distance from the restrained edge 

increases, the crack width increases up to (02-623) of crack length, 

than the width decreases to zero at the top of crack. While, at the free 

edge the crack width was the maximum at (the edge) and decreases to 

zero towards the center of the plates. 



00. Formulas for calculating width of crack at any level 

from edge are adopted and modified. The maximum crack width 

(Wmax) can be calculated from the following equation. 

        For two and three end restrained plates from free edge. 

      
2

*1*maxmax
ult

shn
e

bKeaSWc 

       For three and four end restrained from restrained edge. 

      
2

*8.0*maxmax
ult

shn
e

bKRaRbeaSWc  

05. The predicted values of maximum crack width using the 

present method and those proposed by various previous researchers 

were compared with experimental reinforced SCC plates. This 

comparison shows that the present method gives the closest results to 

the observed crack width experimental plates.   

 

for the Works Recommendations -0-0 

8. Studying the effect of maximum size and grading of coarse aggregate on 

SCC shrinkage cracking. 

0. Use of supplementary cementitious materials such as sand, fly ash, silica 

fume and rice husks ash to produce SCC and studying their effect on 

shrinkage cracking of SCC.  

5. Using fibers in SCC mix such as steel fiber, polypropylene, nylon and 

cellulose to increase early tensile strength and crack resistance. 

2. Suggestion a test method to assess the early age shrinkage (shrinkage 

occurring immediately after mixing the concrete and continuing for the 

first 02-hours) of SCC. 



0. Studying the effect of admixtures quantity and their types on the 

behavior of SCC shrinkage cracking.  
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