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Figure 4.7  Relationship between compressive strength and density of 

PRC and SFRRC mixes 
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Figure 4.8  Post-failure patterns of concrete cylinders 
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Figure 4.9  Stress-strain curve of plain concrete with different ratios 

of crumb rubber aggregate 
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Figure 4.10  Stress-strain curve of steel fiber concrete with different 

ratios of crumb rubber aggregate 
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Figure 4.11  Effect of crumb rubber content on static modulus of 

elasticity of PC and SFC 

 

 133 

Figure 4.12  Percentage of reduction ratios of static modulus of 

elasticity of different mixes 
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Figure 4.13  Effect of crumb rubber ratio on the modulus of elasticity 

(experimental and ACI equation) 
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Figure 4.14  Relationship between compressive strength and modulus 

of elasticity of concrete 
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Figure 4.15  Effect of crumb rubber content on compression toughness 
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Figure 4.16  Effect of crumb rubber content on toughness index 
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Figure 4.17  Effect of crumb rubber content on specific toughness ratio 
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Figure 4.18  Effect of crumb rubber content on splitting tensile 
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Figure 4.19  Correlation between compressive and splitting tensile 

strength of PRC and SFRRC mixes 
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Figure 4.20  Load-deflection curve of PRC mixes beams under four-

point 
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Figure 4.21  Load-deflection curve of SFRRC mixes beams under 

four- point bending load 
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Figure 4.22  Effect of crumb rubber content on flexural strength 
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Figure 4.23  Correlation between compressive and flexural strengths 

of PRC and SFRRC 
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Figure 4.24  Strain capacity of different mixes 
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Figure 4.25  Simulation of the effect of steel fiber and crumb rubber 

on crack bridging in cement paste 
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Figure 4.26  Microstructure of rubberized concrete (a) steel fiber 

within the cement matrix; (b) rubber to concrete interface 
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Figure 4.27  Effect of crumb rubber aggregate content on stiffness 
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Figure 4.28  Load-midspan deflection curves of notched specimens of 

(a) PRC, and (b) SFRRC 
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Figure 4.29  Load vs. CMOD of:  (a) PRC, and (b) SFRRC 
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Figure 4.30  Fracture energy versus rubber content by sand aggregate 
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Figure 4.31  Relationship between KIC and compressive strength of 

cubes at 28 days 
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Figure 4.32  Relationship between JIC and rubber content 
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Figure 4.33  The effect of crumb rubber content on characteristic 

length 
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Figure 4.34  Load-deflection curves of concrete slabs 
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Figure 4.35  The effect of crumb rubber content on toughness of (a) 

plain concrete, (b) steel fiber concrete slabs  
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Figure 4.36  Failure of steel fiber reinforced rubberized concrete 

slabs, (a) cracks after failure, (b) crack pattern at the back 

of slab, and (c)  observed slab integrity after failure.  
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Figure 4.37  Effect of crumb rubber aggregate content on UPV 
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Figure 4.38  Zones of rubberized concrete based on UPV (Marie, 

2016)  
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Figure 4.39  Relationship between UPV and density 
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Figure 4.40  Relationship between UPV and compressive strength 
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Figure 4.41  Effect of crumb rubber content on dynamic modulus of 

elasticity of plain and steel fiber concrete 
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Figure 4.42  Relationship between ED and compressive strength of 

cubes at 28 days 
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Figure 4.43  Effect of crumb rubber on first crack impact resistance 
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Figure 4.44  Effect of crumb rubber on ultimate failure impact 

resistance 
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Figure 4.45  First crack flexural impact energy against volume fraction 

of crumb rubber 
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Figure 4.46  Ultimate failure flexural impact energy versus volume 

fraction of crumb rubber 
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Figure 4.47  Tup load history of (a) PRC, and (b) SFRRC 
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Figure 4.48  Impulsive load vs. crumb rubber content 
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Figure 4.49  The acceleration vs. time of PRC and SFRRC 
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Figure 4.50  Deflection history of PRC and SFRRC 
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Figure 4.51  History of tup, inertial and impact  bending loads of 

different beams 
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Figure 4.52  Calculated impact-bending load vs. deflection 

 
 

222 

Figure 4.53  Flexural impact energy of PRC and SFRRC 
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Figure 4.54  Impact tup load history of (a) LPRC, and (b) LSFRRC 
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Figure 4.55  Impulsive load against crumb rubber content for layered 
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Figure 4.56  Impact resistance of concrete slabs 

 

 343 

Figure 4.57  Distribution of steel fiber and rubber aggregate in the 

cement matrix 
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Figure 4.58  Bridging of concrete provided by steel fiber 
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Figure 4.59  Comparison of energy absorption capacities of slabs 
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Figure 4.60  Failure patterns of concrete specimens after conducting 

impact test 
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Figure 5.1  The hexahedron 8 element node and natural coordinates 
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Figure 5.2  Constitutive law for Concrete 94 model (Bahrami et al., 

2011) 
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Figure 5.3  Geometry of the different models used in this study and 

their materials representation 
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Figure 5.4   Loading and support condition (side view) 
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Figure 5.5 Load deflection curves for plain concrete specimen  266 
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Figure 5.6 Deflection vs. time of plain concrete  
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Figure 5.7  Distribution of stress contours at different time intervals 

of PC 
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Figure 5.8  Load deflection curves for plain rubberized concrete 

specimen at different crumb rubber ratios 
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Figure 5.9  Deflection history of PRC25 
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Figure 5.10  Deflection history of different plain rubberized concrete 

mixes 
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Figure 5.11  Distribution of stresses contours at different time intervals 

of PRC15 
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Figure 5.12  Load-deflection trend of SFC 
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Figure 5.13  Deflection against time of SFC 
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Figure 5.14  Stress distribution at different time intervals of SFC 
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Figure 5.15  Load deflection curves for steel fiber reinforced 

rubberized concrete specimen with different crumb 

rubber ratios 
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Figure 5.16  Deflection history of SFRRC5 
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Figure 5.17  Deflection history of different steel fiber reinforced 

rubberized mixes 
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Figure 5.18  Stress contours at 0.8 ms of SFRRC5 
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Figure 5.19  Load deflection curves of layered plain rubberized 

concrete specimen with different crumb rubber ratios 
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Figure 5.20  Load deflection curves of layered steel fiber rubberized 

concrete specimens with different crumb rubber ratios  
292 

file:///C:/Users/Ahmed/Desktop/TABLES.xlsx%23RANGE!_Toc470357273
file:///C:/Users/Ahmed/Desktop/TABLES.xlsx%23RANGE!_Toc470357273
file:///C:/Users/Ahmed/Desktop/TABLES.xlsx%23RANGE!_Toc470357273
file:///C:/Users/Ahmed/Desktop/TABLES.xlsx%23RANGE!_Toc470357274
file:///C:/Users/Ahmed/Desktop/TABLES.xlsx%23RANGE!_Toc470357274
file:///C:/Users/Ahmed/Desktop/TABLES.xlsx%23RANGE!_Toc470357274
file:///C:/Users/Ahmed/Desktop/TABLES.xlsx%23RANGE!_Toc470357275
file:///C:/Users/Ahmed/Desktop/TABLES.xlsx%23RANGE!_Toc470357275
file:///C:/Users/Ahmed/Desktop/TABLES.xlsx%23RANGE!_Toc470357276
file:///C:/Users/Ahmed/Desktop/TABLES.xlsx%23RANGE!_Toc470357276
file:///C:/Users/Ahmed/Desktop/TABLES.xlsx%23RANGE!_Toc470357276
file:///C:/Users/Ahmed/Desktop/TABLES.xlsx%23RANGE!_Toc470357277
file:///C:/Users/Ahmed/Desktop/TABLES.xlsx%23RANGE!_Toc470357277
file:///C:/Users/Ahmed/Desktop/TABLES.xlsx%23RANGE!_Toc470357278
file:///C:/Users/Ahmed/Desktop/TABLES.xlsx%23RANGE!_Toc470357279
file:///C:/Users/Ahmed/Desktop/TABLES.xlsx%23RANGE!_Toc470357280
file:///C:/Users/Ahmed/Desktop/TABLES.xlsx%23RANGE!_Toc470357281
file:///C:/Users/Ahmed/Desktop/TABLES.xlsx%23RANGE!_Toc470357281
file:///C:/Users/Ahmed/Desktop/TABLES.xlsx%23RANGE!_Toc470357281
file:///C:/Users/Ahmed/Desktop/TABLES.xlsx%23RANGE!_Toc470357281
file:///C:/Users/Ahmed/Desktop/TABLES.xlsx%23RANGE!_Toc470357282
file:///C:/Users/Ahmed/Desktop/TABLES.xlsx%23RANGE!_Toc470357282
file:///C:/Users/Ahmed/Desktop/TABLES.xlsx%23RANGE!_Toc470357283
file:///C:/Users/Ahmed/Desktop/TABLES.xlsx%23RANGE!_Toc470357283
file:///C:/Users/Ahmed/Desktop/TABLES.xlsx%23RANGE!_Toc470357283
file:///C:/Users/Ahmed/Desktop/TABLES.xlsx%23RANGE!_Toc470357284
file:///C:/Users/Ahmed/Desktop/TABLES.xlsx%23RANGE!_Toc470357285
file:///C:/Users/Ahmed/Desktop/TABLES.xlsx%23RANGE!_Toc470357285
file:///C:/Users/Ahmed/Desktop/TABLES.xlsx%23RANGE!_Toc470357286
file:///C:/Users/Ahmed/Desktop/TABLES.xlsx%23RANGE!_Toc470357286
file:///C:/Users/Ahmed/Desktop/TABLES.xlsx%23RANGE!_Toc470357285


xxii 

 

4 LIST OF ABBREVIATIONS  

 

ACI  American Concrete Institute  

ASTM  American Society for Testing and Materials  

BI Brittleness  index  

BS British Standards  

C Cement 

C agg.  Coarse aggregate  

CMOD  Crack mouth opening displacement  

CR  Crumb rubber  

CRED  Completely random experimental design  

EU  European Union  

FEM  Finite element method  

FRC Fiber reinforced concrete  

GHGs Greenhouse gases 

HQRR High quality recycled rubber 

I Industrial steel fiber  

ITZ Interfacial transition zone 

LUSAS  London University Stress Analysis System  

MS  Malaysian Standards  

OPC  Ordinary Portland cement  

PC  Plain concrete  

PRC Plain rubberized concrete 

R  Recycled steel fiber  

RILEM  Reunion Internationale des Laboratoires et Experts des    

Materiaux, Systemes de Construction et Ouvrages  

RHFRC Rubberized hybrid fiber reinforced concrete 

S  Sand   
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SEM  Scanning electron microscope 

SF  Steel fiber   

SFC  Steel fiber  concrete  

SFRRC  Steel fiber-reinforced rubberized concrete 

SHPB  Split-Hopkinson pressure bar  

SP Superplasticizer   

STC Shredded tire chips   

UPV  Ultrasonic-pulse velocity  

w/c  Water to cement ratio  
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5 LIST OF SYMBOLS   

 

A Cross sectional are of concrete section  

a Notch depth  

b Width of beam   

βr Uniaxial principal stress ratio  

D Cylinder diameter 

d Depth of beam  

E Modulus of elasticity of concrete  

Ed Dynamic modulus of elasticity of concrete 

ε Strain of concrete  

εo Strain at effective end of the tensile softening 

εc Strain of concrete at ultimate compressive strength  

fcu Uniaxial compressive strength  

ftu Maximum tensile strength 

g Gravitational acceleration  

Gf Fracture energy  

GIC The critical energy release rate 

H Depth of the beam  

h Falling height  

JIC The critical J-integral 

K Flexural stiffness  

L Sample length 

lch  Characteristic length   

m Mass   

Pb Impact bending load  

Pc Compression load  

Pf Flexural load  
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