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 الخلاصة
 

يتضمم ه امملب ب درممة مخببممة  وتدخيممة رممصد  ومص ممة ب تممم  ص ومص ممة ب تم ممد ب بممم ر   

 لوخبممم ة ب  بمملرة دمف يمممي ب رميميممة صبوممخخ  بمملرة د ولكممم. ب يمممي ب  تمممه  تمم   يممم   ومص ممة 

   655ب تم  دمبتع مد فرص ع ل   صتى ده  ه  دد  ج ة  عهم ب وخبم ة بف خي    ب  خ  مة 

مص ممة ب تم مد ب بمم ر  دمتدممي ب  خيوممة ب  دبم ة صب ويمبممية ب  يممخ ب يهممم فم  ب  صبتممكة تم  بيجممم  و

  صيت مصد ب درة بيضم مخببمة ب ومصبص ب  ي م ي يمة بفومخخ صب  تضم  ة  DIN 60125بف  م ية 

 ومص ة بف ضغم  ص ومص ة ب يمم بف يم مخو ص عمميخ ب تتممي  ب  تغيمخب. ب تم  بعت مم. فم  امل  

ي بف يممي ص  يمة بف يممي ص ومص مة بف ضمغم   لوخبمم ة صع مخ ب   ممل   بضميك. ب مخببة ا   مص

% علممى 5% ص 1بف يمممي ب رميميممة ص ولكممم. ب يمممي ب  تمممه د بممف رج يممة  وتلكممة صتممل.   ممى 

 ب تصب    

بيمخ.  تمئج ب كرصتم. دأه زيممة ب  بدة ب رج يمة   ما ب  مصعيه  مه بف يممي يمىمو   مى  

% 5%  ه بف يمي ب رميمية ب  تعخجة ص 1م د ب ب ر   لوخبم ة   ه  ضمفة زيممة ف   ومص ة ب ت

%  ص 5 47 مه  ولكممم. ب يمممي ب  تمممه يمىمو   ممى تربممه  ومص ممة ب تم مد ب بمم ر  د ومممبخ   تممم  

% علممى ب تممصب    تت مبممف  ومص ممة ب بمم ل  لتم ممد ب  ومبممة دصببمم ة ع مم  ب تم ممد  لوخبممم ة  5 .1

ب  ي م ي ية بفوخخ ) ومص مة بف ضمغم  ص ومص مة ب يمم بف يم مخو ب  بلرة دمف يمي  ع ب وصبص 

 ص عميخ ب تتمي( 

بظهخ. ب وخبم ة ب  بلرة دمف يمي ب ت  تم  ت مص همم فم  املب ب درمة  ومص مة تمم   تكص مة  

 ومخ ة دم وخبمم ة ب عمميمة  تمزمبم امل  ب ومتمية دزيمممة   يمة بف يممي ب  ضممفة  ع مم  ومخ مة ب ومي  

%  مه  ولكمم. ب يممي 5ب تصتمد   مى به  ومص مة ب تمم   لوخبمم ة ب رمصيمة علمى  بمدة ب كعلية ت  

%  مه بف يممي ب رميميمة ب  تعخجمة  تمزمبم 1ب  تمه ا   ومخدمة  ص  علمى   همم  تلمح ب رمصيمة علمى 

 ومص ة ب تم  دزيممة  ومص ة بف ضغم   ل ممة ب  م ئمة  م ك  ب  بمدة ب رج يمة  مه بف يممي ب رميميمة 

 عمميه  مم  تدممم  دعممم  دم  وتمممه  تممزمبم  مدليممة ب تتمممص  م ممة ب تممم   لوخبممم ة ب  بمملرة  ص  ممى رممم

 د ولكم. ب يمي ب  تمه ع م زيممة  د  ه  ومص ة ب ضغم  ب  ممة ب  م ئة صب ع خ 

 ومممم دممميه ترليمممد  تممممئج ب كرصتمممم. ب  وتدخيمممة دمممأه  ومص مممة بف ضمممغم  ص ومص مممة ب يمممم  

جممصم بف يمممي ب رميميممة ب  تعخجممة ص   هممم ف تتممأ خ   يممخب بف يمم مخو ص عممميخ ب تتمممي تتربممه دص

 دمضمفة  ولكم. ب يمي ب  تمه 
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BSTRACT  

 

An experimental study was conducted to investigate the impact and 

surface abrasion resistance of concrete reinforced with steel fibers (SFRC) 

and waste flax fibers (WFFRC). The impact strength was measured by 

using a simple, portable and practical drop-weight test recommended by the 

ACI Committee 544. The abrasion resistance was determined according to 

a simple and standard test procedure outlined in DIN 52105. Other 

mechanical properties including compressive strength, splitting tensile 

strength and modulus of rupture were also examined. Variables 

incorporated in this research were fiber type, fiber content, compressive 

strength and age of testing. Steel fibers and waste flax fibers were added to 

concrete in various volume fractions of up to 1 and 44 respectively. 

Test results indicate that increasing the percentage of both types of 

fibers leads to increase abrasion resistance of concrete. Addition of 14 

crimped steel fibers and 44 waste flax fibers increase the abrasion 

resistance by a maximum of 3664 and 14644 respectively. The surface 

property (depth of wear) of fiber reinforced concrete is directly related to 

the bulk characteristics (compressive strength, splitting tensile strength and 

modulus of rupture). 

The fiber reinforced concrete (FRC) investigated is superior in 

impact strength to the plain control concrete. This property increases as the 

amount of fibers addition is increased. When the observed values are 

compared, the 44 volume fraction of waste flax fibers can produce impact 

strength comparable or higher than that obtained at 14 crimped steel fibers. 

For a given steel fiber content, the impact strength increases with matrix 



 C 

compressive strength up to a certain limit beyond which it starts to 

decrease. The capacity of WFFRC to absorb impact energy enhances as the 

compressive strength of the matrix and the age increase. 

The analysis of the test results also shows that compressive strength, 

splitting tensile strength and modulus of rupture are improved by including 

crimped steel fibers, but insignificantly influenced by waste flax fibers. 
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IST OF NOTATIONS 

 

SYMBOL                                           DESCRIPTION  
 

A Contact surface area of the specimen. 

As, max Maximum aspect ratio of the fiber. 

As, min Minimum aspect ratio of the fiber. 

c A factor represents the effect of Poisson’s ratio of fiber and 

matrix on the laws of mixtures. 

DOW Depth of wear. 

d Diameter of fiber. 

Ec, Ef, Em Elastic modulus of composite, fiber, matrix. 

ECT Compression toughness energy.  

EFT Flexural toughness energy. 

EI Impact energy. 

E10 Impact energy of plain concrete. 

Fcu Compressive strength. 
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Fcus , Fcuw Compressive strength of steel fiber reinforced concrete, waste 

flax fiber reinforced concrete.  

Fr Modulus of rupture. 

Frs , Frw Modulus of rupture of steel fiber reinforced concrete, waste 

flax fiber reinforced concrete. 

Fsp Splitting tensile strength. 

Fsps, Fspw Splitting tensile strength of steel fiber reinforced concrete, 

waste flax fiber reinforced concrete.  

FRC Fiber reinforced concrete. 

Ifs, Ifw Impact resistance at failure of steel fiber reinforced concrete, 

waste flax fiber reinforced concrete. 

Ivs, Ivw Impact resistance at first visible crack of steel fiber reinforced 

concrete, waste flax fiber reinforced concrete. 

SYMBOL                                           DESCRIPTION  

 

l Length of fiber. 

lc Critical length of fiber. 

 Mass of the drop hammer. 

N Number of blows to produce failure. 

p Percent reinforcement.  

s Average fiber spacing. 

SFRC Steel fiber reinforced concrete. 

Vf , Vm Volume fraction of fiber, matrix. 

Vf (crit) Critical fiber volume. 

Vfs , Vfw Volume fraction of steel fiber, waste flax fiber. 

VI Impact speed. 

WFFRC Waste flax fiber reinforced concrete.  

m Reduction in mass after 12 min. abrasion period.  

c , f , m Strain in composite, fiber, matrix. 

mu Matrix cracking strain. 



 I 

 Orientation efficiency factor. 

 Length efficiency factor. 

 Density of the specimen. 

c , f , m Stress in composite, fiber, matrix.  

fu Matrix failure stress of fully bonded fibers, or pull out stress of 

debonded fibers. 

mu Matrix cracking stress. 

t Tensile strength of the composite. 

 Average sliding friction bond stress between fiber and matrix. 

 

Note: Other symbols are defined as they appear in the text. 
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Table (A.1): Physical properties of the cement 

Physical Properties Test results IOS 5: 1894
(44)

 Limits 

Fineness, Blaine, 

cm2/gm 

Setting time, Vicat’s 

method 

Initial hrs: min. 

Final hrs: min. 

Compressive strength 

of 7.07 mm cube, MPa 

3 days 

7 days 

3.6. 

 

 

 

4554 

3535 

 

 

22 

22 

 23.. 

 

 

 4: .. 

 4.: .. 

 

 

 45 

 23 
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A-2 

Table (A.2): Chemical composition of the cement 

Oxide (%) IOS 5: 1894
(44)

 Limits 

CaO 

SiO2 

Fe2O3 

Al2O3 

MgO 

SO3 

Free lime 

L.O.I. 

I.R. 

64026 

2.02. 

302. 

6042 

404. 

2033 

.076 

4075 

.064 

 

 

 

 

 50. 

 202 

 

 40. 

 405 

Compound composition  (%) IOS 5: 1894
(44)

 Limits 

C3S 

C2S 

C3A 

C4AF 

L.S.F. 

35022 

32056 

4.02. 

3073 

.022 

 

 

 

 

.066-40.2 
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A-3 

Table (A.3): Properties of the sand 

Sieve size (mm) Percent passing IOS 45: 1894
(45)

 Limits, Zone 3 

305 

4075 

2036 

4042 

.06 

.03 

.045 

4.. 

35 

33 

73 

64 

22 

. 

4.. 

3.-4.. 

25-4.. 

75-4.. 

6.-73 

42-4. 

.-4. 

Properties  Test results IOS 45 : 1894
(45)

 Limits 

Sulphate content, 

 SO3  (%) 

Specific gravity 

Absorption (%) 

.027 

 

206. 

406 

 .05 
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Table (A.4): Properties of the gravel  

Sieve size (mm) Percent passing  IOS 45 : 1894 
(45)

 Limits 

440. 

305 

4075 

2036 

4.. 

4.. 

46 

.03 

4.. 

25-4.. 

.-25 

.-5 

Properties  Test results  IOS 45: 1894 
(45)

 Limits  

Sulphate content,  

SO3 (%) 

Specific gravity  

Absorption (%) 

.0.2 

 

2064 

.02 

 .04 

 

Table (A.5): Technical description of superplasitcizer (Melment L4.) 

Main action 

Subsidiary effect  

Appearance 

Solids in aqueous solution 

Density 

Chloride content 

Sugar content 

pH value 

Storage life 

Concrete superplsticizer 

Hardening accelerator 

Clear to slightly milky 

Approximately 2.4 

404 g /cm3 

Less than .0..5 % 

None 

7-3 

At least two years 
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Concrete is an inherently brittle material with a relatively low tensile 

strength compared to compressive strength. Reinforcing by randomly 

distributed short fibers presents an effective approach to the stabilization of 

the crack system and improving the ductility and tensile strength of 

concrete. A variety of fibers, including steel, polypropylene, glass and 

natural fibers have been applied to concrete. 

Fiber reinforcement of concrete is one of the most effective ways for 

improving its resistance to impact, blast, explosion and other forms of short 

duration dynamic loads. While the toughening mechanism is well 

understood in this composite under statically applied loads, unfortunately 

in the case of impact and other dynamic loads, our understanding is far 

from adequate and continued research is clearly needed 
(2,1)

. The root cause 

of this lack of understanding is the absence of a standardized test technique 

for conducting impact tests on fiber reinforced concrete (FRC) 
(1)

. 

A wide range of impact loading tests that are mostly complicated and 

expensive have been used in practice. However, the results arised from 

them are not comparable because the test method, specimen size and 

support conditions used in these tests are arbitrary. 

INTRODUCTION 
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Information about abrasion resistance of FRC is still very limited and 

contradictory. Also, testing surface abrasion resistance of FRC is extremely 

difficult with existing methods such as ASTM Test for Abrasion Resistance 

of Concrete by Sandblasting (C824) and ASTM Test for Abrasion 

Resistance of Horizontal Concrete Surfaces (C777), if realistic and practical 

results are desired 
(3)

. Therefore, this property of FRC need to be measured 

simply and accurately. 

Fiber reinforced concrete can be an alternative for the use in slabs on 

grade, overlays, pavements and other such applications 
(8)

 .These 

applications require the concrete to be more resistant to impact and 

abrasion. In such an environment the concrete is subjected to impact from 

falling objects, aircraft, or from motor vehicles. It suffers from the abrasive 

action of pedestrian traffic, loaded steel or rubber wheeled trolleys, and 

sliding of objects.  

The present work was conducted in two phases. In the first phase, the 

impact and abrasion properties of steel fiber reinforced concrete were 

investigated and measured by simplified and practical methods. In the 

second phase, the use of waste flax fibers as a reinforcement in concrete 

was studied. In both phases a total of 757 specimens were prepared and 

tested under impact, abrasion, splitting tension, flexure and compression. 

To undertake the experiments of impact strength, a portable and 

economical test recommended by ACI Committee   588 
(3)

 was adopted and 

used. To perform abrasion resistance tests, the German DIN 51274 standard 

test method was adopted and used. 

Four parameters were taken into account: mix proportion and hence 

compressive strength, type of fibers, namely, crimped steel fibers and waste 

flax fibers, volume fraction of fibers, and age of the specimens at test. The 

following reasons led to propose waste flax fibers in this investigation: (i) 
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they are a type of natural fibers and can be used in applications where 

impact damage is likely 
(5)

, (ii) they are locally available during reclaiming 

process of rubber tires, and (iii) they are disposable and thus, no additional 

cost will be added for concrete construction, in addition to environmental 

advantages. 

The research work presented in this study is given through five 

chapters. This introduction represents Chapter One. 

Chapter Two presents a literature review on the impact and abrasion 

resistance of concrete. Also it involves fiber reinforcement mechanism and 

the effect of fibers on some of static and dynamic properties of concrete. 

Chapter Three contains the properties of materials used, 

experimental procedure, specimens preparation and the tests carried out. 

Chapter Four includes the results of the experimental work and their 

discussion. 

 Chapter Five is devoted to the main conclusions and suggestions for 

further research. 
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1.2 Introduction 

 

The literature review presented in this chapter covers the following 

aspects: 

2. Composite material concept. 

1. Factors influencing the mechanical properties of FRC. 

3. The behavior of plain concrete in impact and abrasion. 

4. The influence of fibers on impact resistance, abrasion resistance, 

compressive strength, splitting tensile strength and flexural strength of 

concrete. 

1.1 Composite Material Concept 
 

The term “composite material” refers to the product made by 

combining two or more components of different physical characteristics in 

order to obtain a material having certain desired properties not available in 

either of the components alone 
(6)

. 

 FRC is a composite material made of hydraulic cements, fine and 

coarse aggregates and a dispersion of small fibers. It may also contain 

pozzolans and admixtures commonly used with conventional concrete 
(7)

.  

REVIEW OF LITERATURE 
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 The strength and the elastic modulus of the composite can be 

theoretically  obtained by using a simple elastic theory which can be 

applied to determine the stress of FRC for uncracked section 
(8)

. This theory 

is commonly called “Laws of Mixtures” and it is based on the following 

assumptions: 

2. The fibers are unidirectionally oriented in the direction of stress. 

1. The fibers are fully bonded to the matrix, i.e., equal strains in matrix 

and fiber. 

3. Poisson’s ratio in matrix and fiber is equal to zero. 

 mmffc VV    .......... (1.2a) 

Let volume of composite, Vc = 2 

 )1( fmffc VV    .......... (1.2b) 

where 

 c, f, m : stress in composite, fiber, matrix. 

 Vf, Vm     : volume fraction of fiber, matrix. 

Since c = f = m 

 mmffc VEVEE    .......... (1.1a) 

 )1( fmffc VEVEE    .......... (1.1b) 

where 

 c, f, m    : strain in composite, fiber, matrix. 

 Ec, Ef, Em : elastic modulus of composite, fiber, matrix. 

 The assumptions of the elastic theory are not likely to be real in 

practice, therefore the Equations (1.2b) and (1.1b) become: 
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   cVV fmffc  121    ............ (1.3) 

   cVEVEE fmffc  121   ............ (1.4) 

where 

 2 : orientation efficiency factor. 

 1 : length efficiency factor. 

 c : a factor represents the effect of Poisson’s ratio of fiber and matrix 

on the laws of mixtures. 

1.3 Factors Influencing the Mechanical Properties of FRC 
 

 The behavior of FRC is affected by many factors including mix 

design, method of compaction, fiber volume fraction, aspect ratio, spacing, 

orientation and the critical length of fiber. 

3.4.2 Mix Design 

 The mixture of FRC needs no much coarse aggregate to prevent the 

segregation or balling of fibers. Coarse aggregate larger than 29 mm is not 

recommended and 9.5 mm is preferable. 

 Compared to conventional concrete, fiber concrete mixes are 

generally characterized by higher cement content, higher fine aggregate 

content and smaller sized coarse aggregate. Thus, conventional procedures 

of mix design is not likely to be completely applicable and some 

adjustments may be required 
(7)

.  

3.4.3 Method of Compaction 

 FRC should be prepared by using external vibration whenever 

possible. Internal vibration is not desirable and rodding is not acceptable 

because these methods of compaction probably produce nonuniform 

distribution of fibers 
(4)

. 
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 Shaaban and Gesund 
(9)

 studied the influence of compaction method 

of SFRC cylinders on splitting tensile strength. They concluded that 

external vibration increased the splitting tensile strength by about 12 

percent beyond that of rodded specimens. While, they did not notice 

significant differences in compressive strengths for both concretes. 

3.4.4 Fiber  Volume Fraction  

 The term “volume fraction” of fibers refers to a ratio of fiber volume 

to the volume of composite. It is usually expressed as a percentage. 

 The mechanical properties of the composite material will be 

improved as the volume fraction of fibers increases. However, when too 

many fibers are added to a matrix, fibers balling will occur and thus, there 

is a limit to the volume of fibers beyond which the performance of FRC 

decreases. 

 The critical fiber volume can be defined as the minimum volume of 

fibers which will carry the load after matrix cracking. It can be 

characterized by the following equations 
(8)

: 

  
mufmufu

mu
f

E
critV




   ............ (1.5) 

where 

 Vf(crit) : critical fiber volume. 

 mu      : matrix cracking stress. 

 fu    : maximum failure stress of fully bonded fibers, or pull out 

stress of debonded fibers. 

 mu      : matrix cracking strain. 

Equation (1.5) can also be expressed as: 
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  
fu

m uc
f

E
critV




   ............ (1.6) 

where 

 Ec  : elastic modulus of composite (defined by Equation (1.1b)). 

 Critical fiber volume can also be graphically obtained as shown in 

Fig.(1.2). 

 

 

 

 

 

 

Fiber volume 

Fig.(3.2): Graphical representation of Equation (1.2b) and the position of critical 
fiber volume (8) 

 

 When the volume fraction of fibers is below Vf(crit), single fracture 

of matrix will be expected. While multiple fracture will occur when the 

volume fraction of fibers exceeds Vf(crit). 

3.4.5 Aspect Ratio of Fiber 

 Aspect ratio is defined as the fiber length divided by an equivalent 

diameter. Typical aspect ratios range from about 32 to 252  for length 

dimensions of 6.4 to 76 mm 
(7)

. It is one of the most important parameters 

governing the behavior of FRC both in fresh and hardened state. 

 The maximum aspect ratio is that ratio at which the fiber will be 

fractured instead of being pulled out from the matrix at the instant of 

Matrix failure here. 

Load must decrease 

Matrix failure here. 

Load can increase 

S
tr

en
g

th
  

f Vf + m(2-Vf) 
fu Vf  

Vf(crit)  
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failure
(22)

. It can be obtained by equating the force required to fracture the 

fiber to that required to pull out it from the matrix. 

 
44

2
l

d
d

fu 


  

 max,s
fu

A
d

l





   ............ (1.7) 

where 

 fu    : fracture strength of fiber. 

        : average sliding friction bond stress between fiber and matrix. 

 l, d    : fiber length, fiber diameter. 

 l/4     : average pull out length. 

 As, max: maximum aspect ratio of the fiber. 

 On the other hand, the minimum aspect ratio is an important 

parameter for strengthening a  flexural member in order to show a post-

cracking behavior. 

 Hannant 
(22)

 reaches to a suitable shape of stress block in flexural 

member and an expression for the minimum aspect ratio (As, min) for 

constant volume fraction of fibers (Vf) in plane and space orientation.  

For plane orientation, 

 
f

t
m in,s

V
..A

1

39

8




    ............ (1.8) 

For space orientation 

 
f

t
m in,s

V
..A

1

39

32




   ............ (1.9) 

where 

 As, min : minimum aspect ratio of the fiber. 

 t       : tensile strength of the composite. 
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3.4.6 Fiber Spacing 

 The average fiber spacing may be obtained either from the number of 

fibers crossing a unit area of a given plane section through the material or 

from the distance between the centroids of individual fibers 
(21, 23)

. 

 Romualdi and Baston 
(24)

 noticed a significant improvement in the 

tensile strength of mortar by using closely spaced fibers as crack arresters. 

 Romualdi and Mandel 
(26) 

found an expression to determine the 

average fiber spacing for randomly distributed fibers: 

 
p

ds
1

8.13   .......... (1.22) 

where 

 s : average fiber spacing. 

 d : diameter of fiber. 

 p : percent reinforcement by volume. 

3.4.7 Critical Fiber Length 

 Critical fiber length (lc) is the length at which the tensile stress of 

fiber reaches to the ultimate value. lc, therefore is a function of bond 

between the fiber and matrix. When the length of fiber (l) is below its 

critical length (lc), the failure of the composite happens due to the fiber 

pulling out. While in the case of long fibers (l > lc), the failure of FRC is 

due to the fiber yielding. 

 The critical fiber length can be determined from the following 

equation 
(23)

: 

  





2

.d
l

fu
c    .......... (1.22) 

where  
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 fu : fracture strength of fiber. 

 d : diameter of fiber. 

  : average sliding friction bond stress between fiber and matrix. 

3.4.7 Orientation of Fiber 

 The effectiveness of fibers incorporated in concrete depends also 

upon the orientation of fibers in relation to the direction of stress. Many 

factors may affect the orientation of fibers such as length and diameter of 

fiber, mixing, placing and compaction. 

 The fibers contribution to the strength of composite depend on the 

orientation efficiency factor, 2. 

 The value of 2 depends on the method of analysis used. Some 

typical values of this factor are given in Table (1.2). 

Table (3.2): Orientation efficiency factors for a given fiber orientation relative to the 
direction of stress (8) 

Fiber orientation  
2 according to  

Cox Krenchel 

2- D aligned  2 2 

1- D random in plane 2/3 3/8 

3-D random 2/6 2/5 

 

 From Table (1.2), it can be expected that the fibers oriented in the 

direction of stress exhibit the most efficiency in strengthening the FRC. 

 Romualdi and Mandel 
(25)

 suggested that only 42 percent of the total 

amount of randomly oriented fiber reinforcement is effective in crack 

control and post-cracking behavior. 
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1.4 Compressive Strength of FRC 
 

 Johanston 
(26) 

noticed that the increase in the compressive strength 

was 12: when 6: by weight of steel fibers were added. Ramakrishnan         

et al.
(27)

 reported the same improvement but with 2: steel fibers by volume. 

 Abdul – Hameed 
(28)

 found that as the aspect ratio was increased 

from 61.5 to 222, the compressive strength decreased for the same volume 

fraction of steel fibers. He related this to the increase in fiber spacing only. 

While the presence of fibers balling  at a high aspect ratio may be the main 

cause of such behavior 
(4)

. 

 Al-Imam 
(29) 

reported an increase in compressive strength of about 

12: using 2.5: crimped steel fibers. On the other hand, Ali and              Al-

Shamma 
(12)

 noticed that the 18 days compressive strength for 2: steel fiber 

content was varied from +6.8 to –7.9: with respect to plain concrete 

strength. 

 Mansur and Aziz 
(32) 

stated that there was no indication of the effect 

of either the volume fraction or the length of jute fibers on compressive 

strength of the composite. 

 

1.5 Flexural Strength of FRC  
 

 The increase in modulus of rupture of SFRC over that of ordinary 

concrete has been established by several investigations. 

 Synder and Lankard 
(33)

 found that the flexural strength of steel 

fibrous mortars was influenced by many factors. These included fiber 

length, fiber diameter, fiber volume, W/C ratio, workability and the degree 

of consolidation. They reported that the first crack flexural strength of 

mortars could be increased by three times and ultimate flexural strength by 
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four times through the use of short (7.5 to 74.6mm), small diameter (1.26 to 

1.79mm), steel fibers. 

 Al-Ausi 
(34)

 found an increase in first crack flexural strength of 7  and 

46: with 1.7 and 2: steel fibers respectively and an increase in ultimate 

strength of 47 and 79:  respectively. Matar 
(35) 

reported an increase in 

ultimate flexural strength at 38 days ranging from 28.7 and 41.7: due to the 

addition of 1.76 and 2.6: steel fibers respectively. 

 Soroushian et al. 
(36) 

observed that the inclusion of cellulose fibers in 

matrices improved the flexural strength of the specimens. 

 

1.6 Splitting Tensile Strength of FRC 
 

 The test results generated from Shaaban and Gesund 
(9)

 indicated 

that the split-cylinder tensile strength of SFRC was proportional to the 

amount of fibers up to the investigated limit (Vf=3.5:). 

 Rasheed 
(37) 

observed that the splitting tensile strength of concrete 

was increased by 62.6 and 82.7: with the addition of 2: duoform steel 

fibers of aspect ratios 244 and 211 respectively. 

 

1.7 Abrasion Resistance of Plain Concrete and FRC 
 

 The abrasion resistance of concrete is defined by the ACI Committee 

312 
(37)

 as the ability of surface to resist being worn away by rubbing and 

friction. Concrete may suffer from the abrasive action of: (2) foot traffic 

and skidding, scraping and sliding of objects (3) heavy trucking and cars 

(4) abrasive materials carried by waters and cavitational forces. 

 Abrasion resistance is not a bulk property such as strength but is a 

surface property that depends mainly on surface layer characteristics.  
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 There are several types of standard abrasion test methods published 

by the American Society of Testing and Materials (ASTM). They include: 

2. ASTM C528, “Standard Test Method for Abrasion Resistance of 

Concrete by Sand Blasting”; which simulates the wear condition in 

hydraulic structures subjected to abrasive materials
(38)

;  

3. ASTM C779, “Standard for Assessing the Abrasion Resistance of 

Horizontal concrete Surface, Procedure A, Revolving Disks”; which 

imitates rubbing, grinding, scuffing and sliding wear mechanisms
(39)

; 

4. ASTM C779, “Standard for Assessing the Abrasion Resistance of 

Horizontal Concrete Surface, Procedure B, Dressing Wheel” ; with 

testing apparatus producing high – impact stress by rolling, impact and 

cutting action prevalent in heavy industrial environments
(39)

; 

5. ASTM C779, “Standard for Assessing the Abrasion Resistance of 

Horizontal Concrete Surface, Procedure C,  Ball Bearing”; 

Simulating very severe conditions of wear such as steel-wheeled 

trolleys and actual traffic load in pavement applications 
(39)

; and  

6. ASTM C955, “Standard Test Method for Abrasion Resistance of 

Concrete or Mortar Surfaces by the Rotating Cutter Method”; intended 

to imitate cutting, sliding and impact wear mechanism 
(41)

. 

 Testing abrasion resistance of FRC with the above ASTM standards 

is extremely difficult, if realistic and practical results are desired 
(4)

.    

Nanni 
(42) 

concluded that the selected ball bearing abrasion test          

(ASTM C779) did not indicate any significant difference between plain 

concrete and steel or synthetic FRC. The researcher attributed this to that 

the performed test affected a small area and a small depth. 

 Currently three versions of abrasion resistance testing techniques     

are available in England which are slightly different from those listed 

above 
(43, 44)

:  
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(a) Aston abrasion tester (AT). 

(b) Cement and Concrete Association abrasion tester (BCAT). 

(c) Chaplin abrasion tester (CT). 

 Aston abrasion tester consists, basically, of a rotating plate carrying 

three case-hardened steel wheels. The plate is connected to a shaft, driven 

by electric motor so that the wheels abrade a circular path over the concrete 

surface. This path is 31 mm wide, and its depth is measured with a depth 

gauge after a standardized test period of 26 minutes, to determine the extent 

of abrasion. A dead load of 51 kg is placed around the machine as  a lead 

collar.  The other two abrasion testers are very similar to the Aston 

abrasion tester. 

 In Germany, a standard test method (DIN 63218), “Testing the 

Abrasive Wear of Inorganic Non-Melallic Materials Using the Böhme Disk 

Abrader”, is available 
(45)

. This method was adopted in the present 

investigation.  

 It is generally agreed that the abrasion test methods are used for 

evaluations of relative quality and are not intended for the measurement of 

expected life of a particular surface 
(46)

. 

 

1.7.2 Abrasion Resistance of Plain Concrete  

 It has been recognized that cement content, W/C ratio, type of finish 

and curing affect the properties of concrete surface layer. Since these 

parameters also influence the concrete compressive strength, there is a 

tendency to accept concrete strength as a guide for abrasion resistance 

evaluation. Unfortunately, however, it has been shown that variations in 

surface finish (Ytterberg) 
(47)

, curing method (Nanni) 
(47)

, or in testing 

conditions, i.e., air – dry versus wet (Ghafoori and Sukandar)
(46)

, have a 

much greater influence on surface resistance than strength. 
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 Carrasquillo 
(48)

 stated that the resistance to abrasion of concrete 

containing class C fly ash was greater than that of concrete containing class 

F fly ash or no fly ash. 

 Abrasion resistance of plain concrete has been studied also by 

various other investigators. Their results can be summarized as follows: 

 Abrasion resistance of concrete increases with the increase in 

cement content, compressive strength, unit weight and the decrease in 

W/C ratio (Liu 
(49)

, Sadegzadeh et al.
 (51)

, Ozturan and Kocataskin 
(52)

, 

Gjrv     et al. 
(53)

). 

 Concrete becomes more resistant to abrasion as the aggregate used 

is harder, better abraded and more resistant to abrasion (Liu 
(49)

,   

Pedersen 
(54)

). 

 Surface hardeners, liquid or dry – shake, are found to improve the 

resistance of concrete to abrasive action (Ytterberg 
(47)

, Sadegzadeh 

and Kettle 
(55)

). 

 

1.7.1 Abrasion Resistance of FRC 

        Published data is rare and recent for abrasion resistance of FRC
(56,57,57)

. 

        Liu and McDonald 
(56)

 developed testing method to evaluate the 

resistance of concrete to the abrasive action of water borne particles in 

stilling basin. The apparatus consisted of essentially a drill press, agitation 

paddle, a cylindrical steel container that houses a disk-shaped concrete 

specimens, and 71 steel grinding balls of various sizes. The water in the 

container was circulated by  immersed agitation paddle that was powered 

by the drill press rotating at approximately 2311 rpm. The circulating 

water, in turn, moved the abrasive charges (steel grinding balls) on the 

surface of the concrete specimen (398 mm diameter  213 mm high), 
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producing the desired abrasion effects. They reported that the average 73-

hour abrasion –erosion loss of SFRC was approximately 33: higher than 

that of concrete not containing fibers. The investigators attributed this 

behavior to two factors: 

(i) FRC has less coarse aggregate content per unit volume than that of 

the plain concrete. 

(ii)  The deterioration of concrete around the fibers was due to                 

the vibration of exposed fibers caused by the water flow and the  

movement of the abrasive charges in the test environment. 

 Eren et al. 
(57)

 developed abrasion testing machine from a concrete 

drilling machine. The abrasive action was achieved by using a stone of 231 

mm in diameter and 76 mm thick which was glued at the edge of the 

machine cylinder. At the beginning of the test, the abrasive stone was 

brought into contact with the surface of the specimen (261 mm diameter  

71 mm thick). The motor was then started and abrasion continued for 76 

seconds which was found to be sufficient to produce a significant wear 

(4mm) of the concrete surface. 

 Three different parameters, namely, silica fume of two different 

percentages (6 and 21: by weight of cement), three different types of 

hooked-end bundles of steel fibers having aspect ratios of 71, 76 and 84 and 

three different percentages of steel fibers (1.6, 2 and 3: by volume of 

concrete) were used. It was found that the addition of 3: steel fibers 

increased abrasion resistance by a maximum of 51, 56 and 57: at 1, 6 and 

21: silica fume respectively. The results indicated that the abrasion 

resistance of concrete increased with the increase in volume fraction of 

steel fibers. 

 Vassou 
(57)

 used the Aston abrasion tester to investigate the influence 

of steel fibers and polypropylene fibers on abrasion resistance of concrete. 
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Steel fiber content was varied from 1.62 to 4: by volume of the matrix. 

Polypropylene fiber content was 1.2: by volume. The length of steel fiber 

was varied from 56 mm to 71 mm to investigate the effect of steel fiber 

length on abrasion resistance. It was noticed that the fibers generally 

improved the abrasion resistance. The maximum increase in abrasion 

resistance was 76 and 87: due to the inclusion of 1.62: steel fibers and 1.2: 

polypropylene fibers respectively. It was also noticed that the longer steel 

fibers increased the depth of wear. 

 

1.8 Impact Resistance of Plain Concrete and FRC 
 

 Impact may be defined as a collision between two bodies which 

occurs in a short interval of time during which the two bodies exert on each 

other relatively large forces, called impact loads, which depends on 

velocity, mass, shape, elastic and plastic properties of the collided       

bodies 
(58)

. Some examples of impact loading are missile and projectile 

impact, ship collision and pile during driven. 

 Various techniques have been used to measure the impact resistance 

of concrete, such as: 

2. Free fall drop weight tests (single or repeated impact); 

3. Charpy / Izod tests;  

4. Explosive tests; and 

5. Fracture mechanics tests. 

In all of the above test methods there was an attempt to quantify the energy 

required to achieve failure. However, because both the failure criteria and 

the physical processes by which failure occurs vary from test to test, 

comparisons between any of the above tests are very difficult 
(59)

. 
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1.8.2 Impact Resistance of Plain Concrete  

 Sandhu 
(61)

 tested 263 mm concrete cubes under repeated impact by 

dropping about 55 kg steel hammer from a height of about 92 cm. It was 

found that the strength of concrete under the impact loading increased with 

the increase in compressive strength, tensile strength and age of curing. It 

was also noticed that the resistance to impact reduced significantly with the 

increase in water content. 

 Green 
(62)

, Hughes and Gregory 
(63) 

used  the ballistic pendulum to 

study the impact strength of concrete. The test was performed on             

211 mm concrete cubes. They observed that the impact strength increased 

with increasing cement content and compressive strength for concrete made 

with ordinary portland cement or supersulphate cement. 

 A drop hammer test had been used by Hughes and Watson 
(64)

 to 

measure the compressive strength, ultimate strain, energy absorption and 

the modulus of elasticity of 263 mm concrete cubes under the impact 

loading. Results have shown that the compressive strength of the specimens 

tested at a rate of strain less than 8 / sec. was almost the same as that 

obtained in static tests. The improvement in strength and modulus of 

elasticity was clear for higher strain rates. 

 Senbetta 
(65) 

developed a test to measure the impact resistance of 

industrial floor materials. He used 6 cm cubes as test specimens and the 

Los Angles Machine, traditionally used for testing aggregates, as the test 

equipment. After each 611 cycles of the drum turning, the mass of each 

specimen was taken. The test was continued until the drum rotated for a 

total of 3111 revolutions. The natural log of the mass of material after the 

given number of cycles was then plotted against the number of cycles. The 

investigator suggested that the inverse of the slope of a straight line could 

represent the impact resistance. 



Chapter Two  Review of Literature 

31 

 Biscoff and Perry  
(66) 

loaded plain concrete cylinders, 211 mm in 

diameter and 361 mm length in compression at both a slow static rate and 

higher impact rate. They reported that the compressive strength increased 

by 61-71: and  the energy absorption capacity by 75-228: under the impact 

loading. 

 Banthia et al. 
(59) 

suggested the following explanation of the higher 

impact strength and higher fracture energy at higher stressing rate. It was 

based on fracture mechanics concepts. The phenomenon of strain rate 

sensitivity can be explained by combining the classical Griffith theory with 

the concept of sub-critical crack growth. According to the Griffith theory, 

failure in brittle materials occurs when a flaw exceeds the critical flow size 

for a given stress. According to the concept of sub-critical crack growth, 

under sustained load a sub-critical flaw may grow until it reaches the 

critical flaw size and failure will then occur. Thus, if the load is applied 

very  slowly, the sub-critical flaws have time to grow and thus the failure 

occurs at a lower value of load. However, if the load is applied at a very 

high rate, there is little or no time available for the growth of sub-critical 

flaws, and a higher load can be reached by the structural element before 

failure occurs. 

1.8.1 Impact Resistance of FRC 

 One of the major advantages of concrete reinforced with randomly 

distributed fibers is the improved resistance to impact loads. Unfortunately, 

however, this property of FRC seems to be the least understood. The main 

cause of this lack of understanding is the absence of a standard technique 

for testing FRC under impact loads 
(2,3)

. 

 A number of investigators 
(27, 67, 67, 68) 

used the drop weight test 

developed by Schrader 
(69)

 and published by the ACI Committee 655 
(4)

 to 

measure the impact resistance of fiber reinforced cement composites. 
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Standard equipment used for testing compaction of soil has been used. The 

26175 mm cylindrical specimens were used. The number of blows to 

first visible crack as well as to failure were recorded. 

 From the drop weight test results, Ramakrishnan et al. 
(27)

 found 

that the concrete reinforced with 1.8: hooked steel fibers was 611 and 

2611: stronger than concrete reinforced with 2: straight steel fibers and 

plain concrete respectively. Ramakrishnan et al. 
(67)

 also stated that the 

hooked steel fibers have good ability to absorb impact load, but for 

shotcrete.  

 Morgan 
(67) 

reported that the number of blows to first crack at age of 

38 days of plain shotcrete and 2: steel fiber shotcrete was ranging from 49 

to 222 blows respectively. The number of blows to failure was 52 and 322 

blows. 

 Swamy and Jojagha 
(68)

 found that the impact strength of steel fiber 

reinforced lightweight concrete increased with the fiber length and aspect 

ratio. They also noticed that the impact strength of plain concrete and 

SFRC increased with increasing the compressive strength. They found, 

however, a limit for plain concrete strength (56 MPa) beyond which the 

impact resistance had decreased.  

 Clifton and Knab 
(71) 

suggested  a test to determine the impact 

resistance of concrete subjected to high velocity small projectiles. The 

depth of the projectile penetration into the concrete made by a special gun 

was used as a measure of the resistance of concrete to projectile 

penetration. They found that the type of reinforcement (fibers, expanded 

metal and rebar grid), did not appear to affect the projectile penetration. 

They also found that increases in the compressive strength values generally 

resulted in decreases in the projectile penetration values.  
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 Suaris and Shah 
(72) 

used the instrumented impact test to measure 

some mechanical properties of concrete under the impact loading. The 

instrumented impact system was of the drop weight type with the hammer 

and the striker (tup) assembly weighing 2.17 kN. The striker was 

instrumented with two strain gages which  enabled the measurement of the 

compressive-load interaction between the tup and the specimen during the 

impact event. A dynamic load cell was used to provide records of the load 

and energy absorption histories. The energy absorption trace was produced 

by the integration of the load time trace multiplied by the velocity at 

impact. The test was applied on the mortar beam specimens of dimensions 

48.2 mm wide  77.3 mm deep  567.3 mm long. The results indicated that 

the modulus of rupture of mortars and the deflection at peak load increased 

at high rate of strain. The investigators found that the tensile strength of 

concrete was more sensitive to strain rate than to its compressive strength. 

The energy absorbed by concrete reinforced  with steel, polypropylene and 

glass fibers under the impact loading was found to be about 211, 42 and 7 

times respectively, that for plain concrete. 

 Gopalaratnam and Shah 
(73)

, Naaman and Gopalaratnam  
(74)

 tests 

led to similar conclusions in respect of modulus of rupture, energy 

absorbed and compressive strength of steel fiber reinforced mortar. 

 Fattuhi 
(75) 

tested concrete slabs (76176171mm) reinforced with 

different types of fibers under repeated impact by dropping a 7.25 kg steel 

ball at the center of the slab. The deflection, which was used as the impact 

resistance criterion, was measured after different number of blows. He 

found that the residual deflection of hooked steel fiber reinforced slabs was 

less than that for polypropylene fiber reinforced slabs. 

 Rostasy and Hartwich 
(76)

, testing (81411mm) cylinders in 

uniaxial compression, observed that the deformation energy of concrete 
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increased strongly with the amount of steel fiber addition and with the rate 

of strain. 

 Ali et al. 
(77)

 tested simply supported concrete slabs (84184176 

mm) under the impact load by repeated falling of 9 kg steel ball from a 

height of 396 cm on the slab center. The number of blows to initial 

scabbing and to penetrate all the slab thickness were recorded. They 

reported an increase in the impact resistance of about 571 percent at 76 mm 

slab thickness penetration and 611 percent at initial scabbing stage due to 

the addition of 2: steel fibers. 

 Banthia et al. 
(77, 78)

 used the instrumented drop weight impact 

machine to study the impact resistance of fiber reinforced shotcrete. A 74.6 

kg hammer was dropped from a height of 1.56 m on a beam 

(211211461mm). The contact load developed between the hammer and 

the shotcrete specimen was measured by a dynamic load cell mounted on 

the striking end of the hammer, and the beam itself was instrumented with 

accelerometers to measure its response during the impact event. The 

contact load time pulse and the accelerometer data were further analyzed to 

perform a complete dynamic analysis of the event. The output of the test 

was plotted as impact load-displacement plot and hence the fracture energy 

was the area under the plot. 

 In other investigations Banthia et al. 
(79, 71)

 used a similar machine to 

that described above to study the impact resistance of shotcrete, but the test 

specimen was a plate (461461211 mm) instead of the beam. The results 

showed that the fiber reinforced shotcrete was highly sensitive to the rate of 

loading for beam and plate test specimens. Both flexural strength and 

fracture energy were enhanced under impact load. A superior performance 

of steel fibers over the lower modulus polypropylene, polymeric fibers was 

presented. 
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 Marar et al. 
(72) 

suggested a repeated impact drop-weight test which 

was performed on 261 mm (diameter)71 mm (length) concrete cylinders. 

The weight of the drop hammer was 24.6 kg and the height of the drop was 

1.4 m. It was aimed to produce a relationship between compression 

toughness and impact energy of high strength SFRC. Toughness was 

determined from the area under the stress-strain curve in compression. 

Hooked – end bundles steel fibers with three different l/d ratio of 71,76 and 

84 were used. The fiber content was varied from 1.6 to 3: by volume. The 

investigators found that as the fiber content and aspect ratio were increased, 

both the compression toughness energy and the impact energy increased. 

They reported the following relationship between compression toughness 

energy and impact energy for aspect ratios of 71, 76 and 84 respectively: 
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where 

ECT    : compression toughness energy (N.m). 

EI    : impact energy (N.m). 

E21 : impact energy  of plain concrete (N.m).  

 In  another research Marar et al. 
(73) 

used the same impact test 

summarized above and the same type of fibers to produce a relationship 

between flexural toughness and impact energy of high strength SFRC. 

Flexural toughness was calculated as the area under the load-deflection 

plot. For fiber aspect ratios of 71, 76 and 84, regression analysis was found 
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to be provided a logarithmic relationship between flexural toughness 

energy and impact energy as shown below respectively: 
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where EFT is flexural toughness energy (N.m). 

 Aziz et al. 
(6) 

found that the inclusion of jute fibers which are a type 

of natural fibers (fiber length = 36mm and volume fraction=4:) in a cement 

paste improved the impact strength by 511:. Similar finding was reported 

by Siraskar and Kumar 
(74)

 in their research work on the impact resistance 

of coconut and jute fiber reinforced cement composites (Table(3.3)). 

 

Table (1.1):  Impact strength of various natural fiber reinforced cement 

composites(74) 

Concrete type 
Impact strength (N.cm/m1) 

7 days 12 days 92 days 

Plain concrete  246 314 718 

4: coconut fiber reinforced 574 2258 3194 

4: jute fiber reinforced  371 574 3136 
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1.3 Introduction 

 

This chapter is concerned with the properties of materials used, 

experimental procedure, specimens preparation and the tests carried out. 

 

1.3 Materials 
 

1.6.3 Cement  

 Ordinary portland cement manufactured by the New Cement Plant of 

Kufa was used throughout this study which was conformed with IOS 5: 

3891 
(41)

. The physical properties and chemical composition of the cement 

are given in Tables (A.3) and (A.3). 

1.6.6 Fine Aggregate 

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

chemical properties of the sand are listed in Table (A.1). Its grading 

conformed with IOS 15: 3891 
(45)

, Zone 1. 

 

 

EXPERIMENTAL WORK 
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1.6.1 Coarse Aggregate  

 The gravel used was brought from Al-Nebaee area. it was sieved on 

8.5 mm sieve to exclude the large size particles in order to obtain good 

workability and uniform dispersion of fibers throughout the composite. 

Table (A.1) shows the physical and chemical properties of the gravel. The 

table also includes the limits specified by IOS 15: 3891 
(45)

. 

1.6.3 Water 

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

specimens. 

1.6.3 Superplasticizer 

 The high – range water – reducing admixtures or superplasticizers 

available are relatively a new category of chemical admixtures and of  

considerably higher efficiency than those within the range of normal 

plasticizers. 

 In the present work, a commercially marketed superplasticizer Iraqi-

admixture known as Melment L31 was used; chemically is sulphonated 

melamine formaldehyde condensate composition (Type F according to 

ASTM C181
(47)

). It was used to reduce the water content of some mixes 

while maintaining workability in order to produce  concrete with high 

compressive strength. The technical description of this admixture is shown 

in Table (A.5). 

1.6.2  Fibers 

 Two types of fibers were used: crimped steel fibers and waste flax 

fibers. The later fibers were disposable during reclaiming process of rubber 

tires. The properties of fibers investigated are presented in Table (1.3). 
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Table (1.3): Properties of the fibers 

Fiber type 
Density 

(kg/m1) 

Tensile 

strength 

(MPa) 

Length 

(mm) 

Diameter 

(mm) 

Aspect 

ratio 

Crimped 

steel 

4911 3151 11 1.1 45 

Waste flax 935 371-131 31-41 1.9-3.1 31.1-94.5 

 

 

1.1 Mix Proportions  
 

 The mix design of FRC is a matter of trial and error and there is no 

standard procedure which has been agreed upon so far 
(7, 44)

. In addition, the 

fiber mixes require higher cement and sand contents comparing to the plain 

mixes and so conventional procedure of mix design is not directly 

applicable 
(1,4)

. Accordingly, the proportioning of mixes was based mainly 

on previous works 
(44, 49)

. 

 Two basic mixes were used in the experimental work of the present 

study. The proportions by weight were 3: 3: 3 and 3: 3: 3 (cement: sand: 

gravel). Superplasticizer was also added to the second mix to produce a 

third one with less W/C ratio and same workability. 

 

1.1 Experimental Procedure  
 

1.3.3 Optimum Dosage of Superplasticizer 

 The use of superplasticizer requires a very high degree of control to 

be exercised over the batching of concrete. Trial mixes were found to be 

necessary to fix the superplasticizer dosage to the optimum. A concrete mix 

3: 3: 3: 1.18 (cement: sand: gravel: water by weight) with 41 mm slump was 

used to examine this dosage. Fig.(1.3) shows the effect of superplasticizer 



Chapter Three  Experimental Work 

 62 

content on the reduction in water requirement to produce the same mix 

workability. It can be seen from this figure that 14 by weight of cement 

dosage of the admixture is the optimum with the reduction in W/C ratio of 

35.1 %. 

 

 

 

 

 

 

 

 

Fig.(1.3): Relation between reduction in water requirement and superplasticizer 
dosage  

1.3.6 Concrete Mixes 

 Normal – strength and medium – strength plain concrete and FRC 

were investigated. Superplasticizer was also added to the medium – 

strength mixes in a dosage of 14 to attain the desired water reduction and 

hence further strength development. The details of the mixes are given in 

Table (1.3). Concrete mixes, therefore, can be divided into six series 

according to the strength level and type of fiber. 

 Twelve crimped steel fiber mixes were made using different fiber 

concentrations, 1.1, 1.5, 1.4 and 3.14 by volume. Twelve mixes were made 

with waste flax fiber of 3, 3, 1 and 14 volume percentages. To compare the 

properties of FRC with plain concrete, six plain concrete mixes were also 

prepared using the basic mix proportions. 
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Table (1.6): Details of plain concrete and FRC mixes 

Series 

Mix proportions 

cement: sand: 

gravel (by wt.) 

W/C      

(by wt.) 

Superplasticizer dosage 

(% by wt. of cement) 
Fiber type Vf(%) 

ASF 3:3:3 1.53 1 

No-fiber 1.1 

Steel 

1.1 

1.5 

1.4 

3.1 

BSF 3:3:3 1.18 1 

No-fiber 1.1 

Steel 

1.1 

1.5 

1.4 

3.1 

CSFS 3:3:3 1.11 1 

No-fiber 1.1 

Steel 

1.1 

1.5 

1.4 

3.1 

DWF 3:3:3 1.54 1 

No-fiber 1.1 

Waste flax 

3.1 

3.1 

1.1 

1.1 

EWF 3:3:3 1.11 1 

No-fiber 1.1 

Waste flax 

3.1 

3.1 

1.1 

1.1 

FWFS 3:3:3 1.17 1 

No-fiber 1.1 

Waste flax 

3.1 

3.1 

1.1 

1.1 

 

1.5 Specimens Preparation 
 

1.3.3 Mixing  

 Conventional and steel fiber concretes were mixed in a horizontal 

pan-type mixer of 1.3 m1 capacity. The interior surface of the mixer was 

cleaned and moistened before it was used. The aggregate and cement were 
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first mixed dry for 71 sec., then the water or the water with superplasticizer 

was added and mixed for another 11 sec. The steel fibers were then fed 

continuously to the mixer for a period of 3 to 7 min. depending upon the 

fiber content, using a 35 mm steel sieve to separate and prevent fiber 

clumps from entering the mixer. 

 Attempts of mixing the waste flax fiber concretes in the mixer were 

failed due to the phenomenon of fibers balling when the fiber content is 

high, and thus they were manually mixed. The aggregate and cement were 

first mixed dry. Then the water or the water with superplasticizer was 

added and mixed until a homogeneous mix was obtained. The waste flax 

fibers were then added and mixed until  a uniform distribution of fibers 

within the mixture was achieved.    

1.3.6 Casting 

 After mixing, the concrete was poured into the moulds and 

compacted using a vibrating table. The specimens were left for about 11 

min. before they were leveled by hand trowelling. 

1.3.1 Curing and Age of Testing 

 The moulds of concrete specimens were covered with polyethylene 

sheets and left in the laboratory for 31 hrs. The specimens were then 

demoulded carefully and stored in a water tank until 1 days before testing 

date. The specimens of series ASF, BSF, CSFS and FWFS mixes were 

tested at ages 39 and 81 days apart from abrasion ones which were tested at 

ages 11 and 83 days. Series DWF and EWF tests were performed at only 39 

days, or 11 days in the case of abrasion tests. 
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1.7 Testing Fresh and Hardened Concrete  
 

1.2.3 Slump Test 

 The slump of fresh mixes was measured according to ASTM C311 

(48)
 test method. 

1.2.6 Compressive Strength Test 

 Compressive strength tests were  carried out according to B.S. 3993: 

Part 337 
(91)

,  using a digital testing machine of 3111 kN maximum capacity. 

Three cubes (353 mm) were tested for each mix at each age for 

determination of compressive strength. The load was applied without shock 

and increased continuously at a constant rate. 

1.2.1 Modulus of Rupture Test 

 Three points flexure tests were performed on three 

(311311111mm) prisms with a span of 111 mm using the machine 

meeting the requirement of ASTM C381 
(93)

. 

1.2.3 Splitting Tensile Strength Test 

 The splitting tensile strength was determined according to the 

procedure outlined in ASTM C187 
(93)

, using (311311 mm) cylinders. Each 

strength value is the average of strength of three specimens. 

 

1.2.3 Abrasion Resistance Test 

 The abrasion resistance was determined according to the German 

DIN 53319 
(11)

 standard test method which was applied on 41 mm cubes. 

The apparatus required for this test are the Böhme disk abrader and the 

abrasive materials. 
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    The Böhme disk abrader consists mainly of three parts ( Plate (1.3)). 

3. An approximately 451 mm diameter rotating disk positioned 

horizontally with the speed of (113) revolution / min. 

3. A U frame about 11 mm thickness and 43 mm length of each side to 

hold the test specimen. 

1. A loading device. 

The artificial silica sand was used as the abrasive material. During 

the abrasion event the sand was allowed to be in contact between the 

specimen and the  rotating disk in order to produce appreciable loss of the 

specimen thickness. 

 

 

3. Loading weight  

3. Specimen 

1. Specimen holder  

1. Rotating disk  

 

 

 

 

Plate (1.3): Abrasion resistance testing machine 

 

 

 

3 

6 

1 

3 



Chapter Three  Experimental Work 

 13 

1.2.3.3 Testing Procedure 

 Prior to each test, the specimen was weighed to the nearest 1.13g and 

measured to the nearest 1.3 mm. It was then placed in the holder and 

subjected to a standard abrasive load of 381 N. The disk was then rotated 

and the sand was dropped on the disk taking care that the sand remained 

evenly distributed over the area which is defined by a width of the 

specimen. At the end of each 71 sec. abrasion period both the disk and 

contact face were cleaned. The test was continued for a standard 33 min. 

period of abrasion. The specimen was then weighed at accuracy of 1.13 g. 

 The depth of wear was considered as the mean reduction in the 

specimen thickness, using the following equation: 

 

 
A

m
DOW

.


    ............ (1.3) 

where 

 DOW : depth of wear. 

 m : reduction in mass after 33 min. abrasion period. 

  : density of the specimen. 

 A : contact surface area of the specimen. 

 Each value of abrasion or wear depth is the average of test results of 

three cubes. 

 

1.2.2 Impact Resistance Test 

 A portable and economical impact test published by the ACI 

Committee 511 
(1)

 was used.  
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 Referring to Plate (1.3) and Fig.(1.3), the equipment for the drop-

weight test consists of three main components: 

i) A 1.51 kg standard, manually operated compacting hammer 

with a 154 mm drop (ASTM D3554) 
(91)

. 

ii) A 71.5 mm hardened steel ball. 

iii) A manufactured flat base plate with four positioning lugs and a 

bracket to position the steel ball on top of the test specimen. 

 Cylindrical steel moulds having the inside dimensions of 351   71 

mm were made to cast the disk specimens. 

 

1.2.2.3 Testing Procedure 

 Prior testing, the thickness of the specimen was recorded. The samples 

were then coated on the bottom with a heavy grease and placed on the base 

plate within the positioning lugs with the finished face up. The bracket with 

the cylindrical sleeve was bolted in place and the hardened steel ball placed 

on the top of the specimen within the bracket. The drop hammer was then 

placed with its base upon the steel ball and held vertically. The hammer 

was then dropped repeatedly, and the number of blows required for the first 

visible crack to form at the top surface and for ultimate failure was 

recorded. Ultimate failure is defined by the ACI Committee 511 in terms of 

the number of blows required to open the cracks in the specimen 

sufficiently to enable the fractured pieces to touch three of the four 

positioning lugs on the base plate.  

 To carry out the test satisfactorily, the base plate was held rigidly by 

securing it firmly on about (711711151 mm) concrete block. The stage of 

ultimate failure is clearly recognized by the fractured specimen butting 

against the lugs on the base plate as shown in Plate (1.1). 

 Three test samples were used for each variable. 
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Plate (6.3): Impact resistance testing device 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig.(6.3): Section through test equipment for impact resistance 

 

36.6 mm Dia. steel pipe 

36.6 mm Dia. hardened  

steel ball 

653.6 mm Steel bar 

65633.6 mm Bar 

656536 mm Bar 

36 mm 

66 mm 

63 mm 

36.6 mm Specimen  

365 mm Dia. 

56 mm  6 mm  

3.6mm  

656 mm  Dia. 
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Plate (6.6): The fractured test specimen on the base plate   
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1.4 Introduction 

 

This chapter presents the results of the experimental work which was 

carried out according to the testing program. To condense the data, only the 

average values are provided in form of tables and figures and then 

discussed. 

1.4 Slump Test Results 
 

Table (1.4) summarizes the measured values of slump of plain and 

fiber concrete mixes. It is obvious from the table that the fresh mix 

workability is appreciably lowered with increasing the fiber content. This 

could be related to the large surface area of fibers and also the interparticle 

friction of fibers and fibers and aggregate. 

1.4 Compressive Strength Test Results 
 

The failure mechanism under compression loading in FRC and the 

role of fibers in this mechanism is not well understood 
(44, 41)

. Compressive 

strength of concrete is strongly related to density and presence of voids and 

FRC mixes may have more voids and less density than plain concrete 

mixes if they are not properly compacted. The compressive strength results 

of plain concrete and FRC mixes are summarized in Table (1.4). 

RESULTS AND DISCUSSION 
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Table (1.4): Slump of plain and fiber concrete mixes 

Series 

Mix proportions 

cement : sand : gravel 
(by wt.) 

W/C       
(by wt.) 

Superplasticizer 
dosage (% by wt. 

of cement) 
Fiber type Vf (%) 

Slump 
(mm) 

ASF 4:4:4 2..4 2 

No-fiber 2.2 02 

Steel 

2.4 5. 

2.. .. 

2.0 1. 

4.2 42 

BSF 4:4:4 2.40 2 

No-fiber 2.2 5. 

Steel 

2.4 52 

2.. .2 

2.0 4. 

4.2 42 

CSFS 4:4:4 2.44 1 

No-fiber 2.2 02 

Steel 

2.4 5. 

2.. .2 

2.0 4. 

4.2 4. 

DWF 4:4:4 2..0 2 

No-fiber 2.2 452 

Waste flax 

4.2 02 

4.2 .. 

4.2 42 

1.2 . 

EWF 4:4:4 2.14 2 

No-fiber 2.2 45. 

Waste flax 

4.2 02 

4.2 .. 

4.2 4. 

1.2 42 

FWFS 4:4:4 2.45 1 

No-fiber 2.2 45. 

Waste flax 

4.2 02 

4.2 1. 

4.2 42 

1.2 2 
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Table (1.4): Compressive strength test results  

Series Fiber type Vf (%) 
Compressive strength  

(MPa) 
Increase in compressive 

strength (%) 

43 days 34 days 43 days 34 days 

ASF 

No-fiber 2.2 40.1 45.. - - 

Steel 

2.4 42.. 40.4 0.1 1.0 

2.. 44.0 14.2 4... 4..4 

2.0 41.4 1..4 42.1 44.0 

4.2 44.0 14.0 40.1 41.. 

BSF 

No-fiber  2.2 11.0 10.5 - - 

Steel 

2.4 10.4 .4.4 0.0 4.2 

2.. 10.. .4.0 42.. 5.4 

2.0 .2.4 .4.2 44.4 5.0 

4.2 10.4 .4.0 42.2 1.5 

CSFS 

No-fiber  2.2 .4.4 .0.4 - - 

Steel 

2.4 .4.0 .0.0 4.. 4.5 

2.. .5.2 54.4 ... ..4 

2.0 .0.5 54.2 0.. 5.. 

4.2 .5.4 54.0 5.2 5.1 

DWF 

No-fiber 2.2 41.4 - - - 

Waste flax  

4.2 4..1 - ..2 - 

4.2 4..4 - 1.. - 

4.2 41.0 - 4.0 - 

1.2 41.4 - 2.2 - 

EWF 

No-fiber 2.2 40.1 - - - 

Waste flax  

4.2 40.0 - 4.1 - 

4.2 40.5 - 2.. - 

4.2 40.4 - -2.. - 

1.2 4..5 - -0.4 - 

FWFS 

No-fiber 2.2 15.5 .5.1 - - 

Waste flax  

4.2 10.4 .5.5 4.4 2.1 

4.2 10.2 .0.0 2.0 4.0 

4.2 15.4 .4.5 -2.5 -..2 

1.2 1..4 .4.0 -4.4 -0.2 
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 Figs.(1.4) and (1.4) show the variation of compressive strength with 

volume percentage of steel fibers, for ages 40 and 02 days respectively. It is 

clear from the figures that the compressive strength increases due to the 

inclusion of crimped steel fibers, and as the fiber content is increased the 

compressive strength increases up to a limit beyond which the 

improvement achieved in strength goes down. This limit is 2.00 volume 

fraction of fibers for all SFRC mixes. The enhancement in compressive 

strength of concrete caused by incorporating steel fibers was also 

previously reported by Johanston 
(45)

, Ramakrishnan et al. 
(40)

, Abdul- 

Hameed 
(40)

 and Al-Imam 
(40)

. 
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Fig.(1.4): Variation of the 40 days cube compressive strength with volume fraction 
of steel fibers for different series 
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Fig.(1.4): Variation of the 02 days cube compressive strength with volume fraction 
of steel fibers for different series 

 

 The relation between compressive strength and waste flax fiber 

content is presented in Figs.(1.4) and (1.1). It can be seen that the waste flax 

fibers do not affect the concrete strength appreciably. The fair reduction in 

strength at high fiber content mixes is attributed to the reduction in 

workability of these mixes and the presence of fibers balling during mixing 

which lead to incomplete compaction and more voids. 

 It is evident from the results that the effect of using a superplasticizer 

results in an increase in the strength of plain concrete and FRC with the 

decrease in W/C ratio. 

The presence of steel and waste flax fibers enabled the cubes to keep 

their integrity even after failure, while plain concrete cubes disintegrated 

after the maximum load was reached.  
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Fig.(1.8): Variation of the 40 days cube compressive strength versus volume 
percentage of waste flax fibers for different series 
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Fig.(1.1): Variation of the 02 days cube compressive strength with volume 
percentage of waste flax fibers 
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1.1 Splitting Tensile Strength Test Results  
 

 The values of splitting tensile strength of the specimens considered 

in the  present investigation are abstracted in Table (1.4). 

Table (1.8): Splitting tensile strength test results 

Series Fiber type Vf (%) 
Splitting tensile strength 

 (MPa) 
Increase in splitting tensile 

strength (%) 

43 days 34 days 43 days 34 days 

ASF 

No-fiber 2.2 4.44 4.05 - - 

Steel 

2.4 4..0 4.42 44.4 44.0 

2.. 4.15 4.0. 10.4 41.5 

2.0 4.04 1.40 5..4 .4.4 

4.2 1.2. ..44 01.5 04.4 

BSF 

No-fiber  2.2 4.0. 1.42 - - 

Steel 

2.4 1.44 1.14 4... ..2 

2.. ..40 ...5 12.0 44.1 

2.0 ..00 5.44 .5.0 15.2 

4.2 5.44 5.15 54.4 .4.0 

CSFS 

No-fiber  2.2 1.14 ..44 - - 

Steel 

2.4 1.05 ...0 0.0 0.4 

2.. ..54 5..0 45.5 45.4 

2.0 5.24 5.01 4..0 44.4 

4.2 5.44 5.01 12.1 44.4 

DWF 

No-fiber 2.2 4.0. - - - 

Waste flax  

4.2 4.42 - 44.0 - 

4.2 4.40 - 44.0 - 

4.2 4.00 - 4.. - 

1.2 4.00 - -1.4 - 

EWF 

No-fiber 2.2 4.40 - - - 

Waste flax  

4.2 4.04 - 44.4 - 

4.2 4.05 - 44.5 - 

4.2 4.54 - 0.0 - 

1.2 4.40 - -4.1 - 

FWFS 

No-fiber 2.2 4.02 1..4 - - 

Waste flax  

4.2 1.42 1.02 42.4 5.4 

4.2 4.05 ..20 4.. 44.1 

4.2 4.00 1..1 -4.4 2.1 

1.2 4.04 1.44 -1.0 -1.4 
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 The influence of steel fiber content on the splitting tensile strength at 

ages 40 and 02 days is shown in Figs. (1..) and (1.5) respectively. It is 

obvious from these figures that the indirect tensile strength increases with 

increasing the percentage of crimped steel fibers. This clearly confirms that 

the addition of steel fibers improves the concrete tensile strength which is 

due to the capacity of fibers to arrest cracks and prevent them from 

propagating until the composite ultimate stress is reached. The observed 

increases are anticipated and conformed with the published data 
(0, 45, 01)

. 

 From Table (1.4) it can be seen that the amount of improvement in 

splitting tensile strength is often higher in series ASF specimens than the 

other two series of SFRC. For example, at 40 days it is 01.5, 54.4 and 12.10 

for series ASF, BSF and CSFS respectively with 40  steel fibers by volume. 

This may be related to the less coarse aggregate content of series ASF 

which results a better  fiber  distribution  through  the  mixtures. 
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Fig.(1.4): Effect of volume fraction of steel fibers on 40 days splitting tensile 
strength for different series 
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Fig.(1.4): Effect of volume fraction of steel fibers on 02 days splitting tensile 
strength for different series 

 

When fibers are introduced into concrete they  are separated by coarse 

particles which will be of a larger size than the average fiber spacing. This 

lead to bunching and greater interaction of fibers between the coarse 

aggregate particles. This effect becomes more pronounced as the volume of 

steel fibers and the gravel content are increased 
(0)

.  

 The results plotted in Figs.(1.0) and (1.0) show the variation of 

splitting tensile strength with volume percentage of waste flax fibers. It can 

be observed that the inclusion of the waste flax fibers in concrete slightly 

improves the splitting tensile strength up to a certain point beyond which it 

starts to drop again. The maximum enhancement generally occurs with the 

initial inclusion of fiber content, at 40 by volume. The insignificant 

improvement in the tensile strength of concrete may be attributed to the 

high flexibility and low aspect ratio of the waste flax fibers. On the other 

hand, at higher volume fractions, fibers tended to cluster together resulting 

in an inadequate bond and reduction in strength. 
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Fig.(7.4): Influence of volume percentage of waste flax fibers on 82 days splitting 
tensile strength for various series 
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Fig.(7.4): Influence of volume percentage of waste flax fibers on 09 days splitting 
tensile strength  
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 The increase in splitting tensile strength of waste flax fiber 

reinforced concrete (WFFRC) beyond the plain concrete is not found to be 

dependent on the gravel content of mixes. This is due to the little influence 

of waste flax fibers on concrete tensile strength. 

 The visual inspection indicated that the plain concrete cylinders 

failed suddenly and were split into two separate halves. While in SFRC or 

WFFRC cylinders, the mode of failure varied, the specimens just cracked at 

failure without any sign of separation. 

 

5.4 Modulus of Rupture Test Results  
 

 A summary of the data obtained from the modulus of rupture tests is 

presented in Table (5.5). 

 The relation between 82 days and 09 days modulus of rupture 

(flexural strength) of specimens and volume of steel fibers is shown in 

Figs.(5.0) and (5..9) respectively. The figures clearly show that there is an 

increase in the flexural strength as the volume fraction of fibers is 

increased. The reason could be that, the number of fibers that arrest 

microcracks and delay development of unstable crack system is increased. 

This note agrees with the conclusions of other authors 
(.2,88,82,85,81) 

that the 

flexural strength increases linearly with steel fiber content. However, there 

is a variability in the amount of increase in the published work possibly due 

to the differences in the geometry, aspect ratio and orientation of fibers; 

coarse aggregate size and content; and the workability of mixes. This is 

also true for other mechanical properties of FRC. 

 Again, as with the splitting tensile strength Table (5.5) indicates that 

the percentage of improvement in modulus of rupture decreases with the 

increase in coarse aggregate content. 
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Table (7.7): Modulus of rupture test results 

Series Fiber type Vf (%) 
Modulus of rupture  

(MPa) 
Increase in modulus of rupture 

(%) 

84 days 49 days 84 days 49 days 

ASF 

No-fiber 9.9 5.95 5.48 - - 

Steel 

9.2 5.82 5.22 4.0 4.2 

9.4 5.2. 4.28 .0.. .2.2 

9.2 4.48 1.54 21.1 58.2 

..9 4.09 1.28 51.9 52.2 

BSF 

No-fiber  9.9 4.5. 1..4 - - 

Steel 

9.2 4.49 1.80 ..2 8.2 

9.4 1.40 2.98 8..2 .5.. 

9.2 2.8. 2.22 22.2 81.4 

..9 2.15 2..2 5..8 28.8 

CSFS 

No-fiber  9.9 1.52 1.22 - - 

Steel 

9.2 1.29 2..8 2.1 2.4 

9.4 2.21 2.04 .2.2 .4.1 

9.2 2.22 2.24 8..1 8..5 

..9 2..8 2.20 84.4 82.2 

DWF 

No-fiber 9.9 2.2. - - - 

Waste flax  

..9 5..9 - .9.4 - 

8.9 5.91 - 0.5 - 

2.9 2.04 - 1.4 - 

5.9 2.22 - 5.2 - 

EWF 

No-fiber 9.9 4..1 - - - 

Waste flax  

..9 4.42 - 2.. - 

8.9 4.48 - 2.9 - 

2.9 4.89 - 9.2 - 

5.9 4.91 - -..0 - 

FWFS 

No-fiber 9.9 4.11 1.25 - - 

Waste flax  

..9 1..1 1.28 2.2 2.1 

8.9 4.24 1.29 2.5 2.2 

2.9 4.28 1.24 8.2 9.8 

5.9 4.20 1..8 -5.2 -2.4 
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Fig.(7.4): Effect of volume percentage of steel fibers on 82 days modulus of rupture 
for different series  
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Fig.(7..9): Effect of volume percentage of steel fibers on 09 days modulus of 
rupture for different series 
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 The trend of modulus of rupture variation with waste flax fiber 

content is very similar to that of splitting tensile strength as can be seen 

from Figs.(5...) and (5..8). there is a moderate change in modulus of 

rupture by including fibers and so it does not depend on the gravel content 

of mixes. 

 The failure of plain concrete prisms was always brittle and the crack 

passed through the section causing complete collapse. With fiber 

reinforcement, the specimens merely cracked at failure without separation. 

 

5.1 Abrasion Resistance Test Results 
 

 One of the most serious durability problems that are experienced in 

concrete floor is their ability to resist the abrasion forces present in an 

industrial environment 
(22)

. Therefore, the abrasion resistance of plain 

concrete was studied by many investigators and it was found to be 

primarily affected by: 

.. Compressive strength. 

8. Aggregate properties. 

2. Finishing methods. 

5. Use of toppings and coatings. 

4. Curing. 

During recent years floor construction methods involving the 

addition of steel fibers into a concrete mix have become common in 

England and other some of developed countries 
(52)

. However, a detailed 

literature survey has revealed that only a few researchers (Liu and 

McDonald 

(54)
, Eren et al.

 (51)
 and  Vassou 

(74)
) have reported experimental 

work on the abrasion resistance of FRC specimens. The very limited 

experimental work reported to date has not employed the German  standard  

test  method  to  determine  abrasion  resistance of FRC. 
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Fig.(7...): Effect of volume fraction of waste flax fibers on 82 days modulus of 
rupture for different series 
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Fig.(7..8): Effect of volume fraction of waste flax fibers on 09 days modulus of 
rupture  
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In addition, other fibers than steel or polypropylene such as natural fibers 

have not been included. Furthermore, the investigations are contradictory in 

respect of the effect of fibers on abrasion resistance or the optimum fiber 

content for the maximum improvement in abrasion resistance. This lack of 

experimental data was considered to be a significant gap in the literature 

and it was deemed to examine in detail the above issues. 

 The abrasion resistance test results of the 29 mixes of plain concrete 

and FRC are summarized in Table (5.4). The percentages of improvement 

in abrasion resistance when comparing the FRC mixes to the plain concrete 

mixes are also given in this table. 

 

7.1.. Effects of Fiber Type and Content on Abrasion Resistance 

 The influence of steel fiber content on the depth of wear, for ages 29 

and 08 days is shown in Figs.(5..2) and (5..5) respectively. Figs. (5..4) and 

(5..1) show the increase in abrasion resistance of SFRC when increasing 

the volume percentages of fibers compared to the plain concrete. It can be 

noticed from these figures that the inclusion of crimped steel fibers into the 

concrete improves abrasion resistance, and the higher the addition of fibers 

the lower is the depth of wear. It can be seen that the addition of .1 crimped 

steel fibers improves the 29 days abrasion resistance by 82.8, 21.5 and 81.21 

for series ASF, BSF and CSFS respectively. 
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Table (7.0): Abrasion resistance test results  

Series Fiber type Vf (%) 
Depth of wear 

(mm) 
Increase in abrasion resistance 

(%) 

59 days 48 days 59 days 48 days 

ASF 

No-fiber 9.9 9.22 9.14 - - 

Steel 

9.2 9.21 9.18 8.1 5.1 

9.4 9.18 9.4. 89.4 8..4 

9.2 9.1. 9.54 8..2 29.2 

..9 9.41 9.58 82.8 24.5 

BSF 

No-fiber  9.9 9.44 9.52 - - 

Steel 

9.2 9.45 9.51 ..2 8.. 

9.4 9.54 9.59 .2.8 .5.0 

9.2 9.22 9.21 28.2 82.5 

..9 9.24 9.24 21.5 84.4 

CSFS 

No-fiber  9.9 9.54 9.22 - - 

Steel 

9.2 9.58 9.25 1.2 2.. 

9.4 9.22 9.28 .2.2 .2.4 

9.2 9.22 9.82 81.2 82.9 

..9 9.22 9.84 81.2 28.5 

DWF 

No-fiber 9.9 9.28 - - - 

Waste flax  

..9 9.22 - 5.0 - 

8.9 9.22 - 1.. - 

2.9 9.24 - 2.4 - 

5.9 9.25 - 0.2 - 

EWF 

No-fiber 9.9 9.19 - - - 

Waste flax  

..9 9.19 - 9.9 - 

8.9 9.40 - ..2 - 

2.9 9.44 - 2.2 - 

5.9 9.42 - ...2 - 

FWFS 

No-fiber 9.9 9.51 9.22 - - 

Waste flax  

..9 9.55 9.24 5.2 4.5 

8.9 9.52 9.25 1.4 2.. 

2.9 9.20 9.25 .4.8 2.. 

5.9 9.22 9.22 .2.5 .9.2 
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Fig.(7..5): Variation of the depth of wear at 29 days with volume percentage of 
steel fibers for different series  
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Fig.(7..7): Variation of the depth of wear at 08 days versus volume percentage of 
steel fibers for different series  
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Fig.(7..0): The percentage of increase in abrasion resistance at 29 days versus 
volume fraction of steel fibers for different series  
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Fig.(7..1): The percentage of increase in abrasion resistance at 08 days against 
volume fraction of steel fibers for different series  
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 The values of the depth of wear of plain and WFFRC mixes are 

plotted against fiber content in Figs.(71.4) and (71.4). The improvement 

percentages in abrasion resistance are given in Figs.(71.4) and (71.4). It can 

be observed that the presence of waste flax fibers also enhances abrasion 

resistance of concrete and as the fiber content is increased the depth of 

wear decreases. The following is a possible explanation of the 

improvement achieved in surface abrasion resistance due to the inclusion of 

both types of fibers. When FRC is subjected to abrasion, the film of surface 

mortar resist the abrasion forces initially; but as the surface mortar is worn 

away, fibers are exposed to abrasion. These fibers now begin to provide 

resistance to abrasion in addition to that of concrete and the influence 

becomes more pronounced with increasing the percentage of fibers. 

 It can be concluded from the results that the crimped steel fibers are 

more effective in improving the surface quality of concrete than waste flax 

fibers. This may be due to the higher surface hardness of steel fibers and 

their positive effects on compressive strength. 

 The test results emphasize recent researches conducted by Eren et 

al.
(74)

 and Vassou 
(74)

 which stated that metallic (steel) and non-metallic 

(polypropylene) fibers improve the abrasion resistance of concrete. 

However, the general trend of abrasion resistance variation with fiber 

content experienced in the present investigation is in agreement with that 

obtained by Eren et al. and disagreement with Vassou. These differences 

may be attributed to the variation in abrasion testing techniques adopted 

throughout the investigations. In addition,  fiber type, fiber content and 

workability of mixes may also affect the trend. 
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Fig.(71.5): Effect of volume percentage of waste flax fibers on depth of wear at 04 
days for various series 
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Fig.(71.5): Effect of volume percentage of waste flax fibers on depth of wear at 4. 
days  
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Fig.(71.5): The percentage of increase in abrasion resistance at 04 days versus 
volume fraction of waste flax fibers for different series 
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Fig.(71.4): The percentage of increase in abrasion resistance at 4. days versus 
volume fraction of waste flax fibers  
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7101. Effect of Compressive Strength on Abrasion Resistance  

 

 The abrasion resistance of plain concrete and FRC having 

compressive strength ranging from .7 to 4. MPa was investigated. 

 The relationship between the depth of wear and the compressive 

strength for all the mixes and ages is shown in Fig.(71..). This graph 

suggests that the compressive strength and the depth of wear are inversely 

proportional and so the abrasion resistance and the compressive strength 

are in direct proportion. This finding confirms the conclusions of other 

investigators 
(03, 04, 74)

, but direct comparison is not possible, as the previous 

researchers only considered plain concrete. 

 

 

 

 

 

 

 

 

 

 

 

Fig.(71..): Fitted relationship between depth of wear and compressive strength 
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 The equation of the best fit line for the results obtained in this study 

is  

 DOW = .13. – 41303  ln (Fcu)      ……..(71.)  

where 

 DOW : depth of wear (mm). 

 Fcu : compressive strength of concrete (MPa). 

 

7101. Relationships of Abrasion Resistance with Splitting Tensile 

Strength and Modulus of Rupture  

 

 Figs.(71..) and (71.0) present results of statistical analysis, where the 

abrasion property (depth of wear) is plotted against split – cylinder tensile 

strength and modulus of rupture respectively. The proposed equations with 

their coefficients of determination (R.) are also shown. Higher results of R. 

indicate that there is a significant correlation between dependent and 

independent variables. The most suitable regression equations are found to 

be of logarithmic form as shown bellow: 

 DOW = .144 – 417.7  ln(Fsp)      ……..(71.) 

 DOW = .140 – 41470  ln(Fr)      ……..(710) 

where 

 DOW: depth of wear (mm). 

 Fsp : split – cylinder tensile strength (MPa). 

 Fr : modulus of rupture of .44  .44  744 mm prisms (MPa). 
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Fig.(71..): Fitted relationship between depth of wear and splitting tensile strength 

 

 

 

 

 

 

 

 

 

 

 

Fig.(71..): Fitted relationship between depth of wear and modulus of rupture 
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71017 Effect of Age of the Specimens on Abrasion Resistance  

 The specimens were tested at ages of 04 and 4. days except those of 

series DWF and EWF which were tested at 04 days only. 

 Examination of Table (713) shows that the depth of wear decreases 

with the age of plain and FRC specimens investigated. Considering the 

average values of depth of wear for each series, the abrasion resistance at 

4. days age was .417, 414, .417 and .4141 higher than that of 04 days age for 

the series ASF, BSF, CSFS and FWFS respectively. There is no available 

data which concerns the effect of curing age on the abrasion resistance of 

concrete samples. 

 

714 Impact Resistance Test Results 
 

 The results of impact resistance for the 4 series are given in       Table 

(714). The table includes measured thickness of the specimens and the 

impact behavior expressed by three indices: the number of blows required 

to cause the first visible crack, the number of blows required to cause the 

full failure and the calculated impact energy. The impact energy delivered 

to the specimen produce by the hammer until failure is calculated as 

follows: 

 NVME II
2

2

1
    ............ (717) 

where 

 EI : impact energy (N.m). 

 M : mass of the drop hammer (kg). 

 VI : impact speed (m/s). 

 N : number of blows to produce failure. 

The speed of the drop hammer (VI) was calculated as .144.4 m/s. 

 The percentages of increase in impact resistance of FRC specimens 

beyond the corresponding plain concrete specimens are provided in      

Table (714). 
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Table (710): Impact resistance test results  

Series 
Fiber 
type 

Vf (%) 
Specimen 
thickness 

(mm) 

Impact resistance (number of blows) Impact energy at 
complete failure 

(N.m) .5 days 54 days 

First 
crack 

Complete 
failure 

First 
crack 

Complete 
failure  

.5 days 54 days 

ASF 

No-fiber 414 4714 .4 .7 .4 0. 744 404 

Steel 

410 4713 0. 44 4. .43 .474 ..03 

413 4013 ..7 .44 .07 0.. 3444 4374 

414 4013 .4. 74. .44 437 4344 .0.44 

.14 4313 .4. 474 400 444 .4.4. .4444 

BSF 

No-fiber  414 4713 04 04 .4 .3 440 043 

Steel 

410 4013 3. 43 .4 30 .40. .444 

413 4314 .44 004 ..7 ..4 4440 704. 

414 4714 ..4 444 .43 .43 .7044 3444 

.14 4714 733 ...3 .4. 3.. ..443 .4044 

CSFS 

No-fiber  414 4013 43 44 .30 .34 .04. 0..0 

Steel 

410 4014 0. 44 .47 .4. .43. 0447 

413 4714 .40 0.3 .43 .44 4743 3444 

414 4714 .4. 744 04. 730 4304 4... 

.14 4314 7.4 444 704 40. .4734 .7447 

DWF 

No-fiber 414 4713 .4 .. - - .77 - 

Waste flax  

.14 4013 .3 43 - - .40. - 

.14 4014 .0 .44 - - 0443 - 

014 4713 .4 344 - - ..4.. - 

714 4313 .. .4.4 - - .4444 - 

EWF 

No-fiber 414 4713 .4 .4 - - 044 - 

Waste flax  

.14 4714 .. ... - - .74. - 

.14 4714 .. .40 - - .434 - 

014 4013 .. 34. - - ..4.4 - 

714 4014 .4 ..04 - - .0..4 - 

FWFS 

No-fiber 414 4313 04 7. 44 4. 437 .444 

Waste flax  

.14 4314 30 .74 4. ..4 0444 74.4 

.14 4013 73 034 44 0.4 4.04 4444 

0.4 4014 04 4.. 43 440 .4744 .4447 

714 4013 .3 ...3 4. ..4. .7444 .344. 
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Table (715): Improvement in impact behavior due to fiber inclusion  

Series 
Fiber 
type 

Vf (%) 

Increase in impact resistance (%) Increase in impact 
energy at complete 

failure (%) .5 days 54 days 

First 
crack 

Complete 
failure 

First 
crack 

Complete 
failure  

.5 days 54 days 

ASF 

No-fiber 414 - - - - - - 

Steel 

410 44 .34 .34 .04 .34 .04 

413 330 ..44 044 404 ..44 404 

414 434 .444 3.4 .4.4 .444 .4.4 

.14 .044 07.3 .3.4 0444 07.3 0444 

BSF 

No-fiber  414 - - - - - - 

Steel 

410 77 .77 .44 .30 .77 .30 

413 7.4 444 ..74 .074 444 .074 

414 3.4 .4.3 .334 .444 .4.3 .444 

.14 ..47 .443 4.4 0044 .443 0044 

CSFS 

No-fiber  414 - - - - - - 

Steel 

410 -3. 70 4 .. 70 .. 

413 .44 044 .4 40 044 40 

414 04. 444 .04 .44 444 .44 

.14 37. ..44 .44 040 ..44 040 

DWF 

No-fiber 414 - - - - - - 

Waste flax  

.14 34 44. - - 44. - 

.14 04 .300 - - .300 - 

014 4 7444 - - 7444 - 

714 .4 4040 - - 4040 - 

EWF 

No-fiber 414 - - - - - - 

Waste flax  

.14 .4 344 - - 344 - 

.14 .7 .3.4 - - .3.4 - 

014 .7 0.40 - - 0.40 - 

714 .. 4..4 - - 4..4 - 

FWFS 

No-fiber 414 - - - - - - 

Waste flax  

.14 04 .3. 4 .44 .3. .44 

.14 .4 474 3 044 474 044 

014 -3 .40. -. .444 .40. .444 

714 -07 .4.4 -4 .704 .4.4 .704 

 



Chapter Four  Results and Discussion 

 00 

7151. Effects of Fiber Type and Content on Impact Resistance  

 The variation of impact resistance with volume percentage of fibers 

for SFRC series is shown in Figs. (71.7) to (71.4). Figs.(71.7) and (71.3) 

show the relationship at the age of .4 days, while Figs.(71.4) and (71.4) 

show the relationship at the age of 44 days. It is obvious from these figures 

that the SFRC has a tremendous ability to absorb impact load. This ability 

increases as the steel fiber content is increased both at first crack (except 

for a few specimens of series BSF and CSFS) and at failure. The 

exceptions are related to the natural scatter of the results. The improvement 

in first crack resistance is achieved mainly through the arrest of 

microcracks by fibers. While, the substantial increase in impact resistance 

at failure could be due to the large energy required to de-bond and pull out 

or fracture the steel fibers when the cracks open at impact loading 
(.)

. 

 It can be seen that the inclusion of .1 crimped steel fibers by volume 

increases the impact resistance to produce first visible crack at the age of .4 

days by .044, ..47 and 37.1 for series ASF, BSF and CSFS respectively. 

While the corresponding increase in impact resistance or the impact energy 

to produce failure is 07.3, .443 and ..441 respectively compared to the 

plain concrete specimens. 

 Ramakrishnan et al. 
(.4)

 used the same impact test adopted in this 

study. They used two types of steel fibers, namely, hooked and straight 

fibers with aspect ratios of .44 and 44 respectively. Their results indicated 

that the .4 days increase in impact resistance to produce failure due to the 

addition of .1 straight fibers and 4141 hooked fibers was ranging from ..4 

to ..341 respectively. The crimped steel fibers used in the present work are 

somewhat comparable to hooked steel fibers and greater capacity to absorb 

impact energy than straight fibers. This could be mainly attributed to the 

favorable bond characteristics of crimped and hooked fibers compared to 

the poor bond between the straight fiber and the matrix. 
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Fig.(71.7): Variation of the .4 days impact resistance at first crack with volume 
percentage of steel fibers for different series  
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Fig.(71.7): Variation of the .4 days impact resistance at failure with volume 
percentage of steel fibers for different series  
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                           Series  
 

Fig.(71.0): Variation of the 44 days impact resistance at first crack with volume 
percentage of steel fibers for different series  
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Fig.(71.5): Variation of the 44 days impact resistance at failure with volume 
percentage of steel fibers for different series  
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 The superior ability of SFRC to resist impact load has been also 

reported by other investigators 
(., 44-44, 4., 4.) 

using totally different testing 

procedures. A direct comparison is not reliable due to the fact that the 

recorded value of impact is strongly dependent on many factors such as the 

energy and velocity of the impacting mass, the size of specimen, rigidity of 

supports, the type of test and even the definition of failure 
(., 4)

. 

 Figs.(71.4) to (7104) show the impact resistance against waste flax 

fiber content. It can be noticed that the waste flax fibers, in general, slightly 

delay the appearance of visual cracks regarding the fiber content. The 

reason is thought to be due to the significant flexibility of these fibers and 

thus their capacity to arrest microcracks is very small. On the  other hand, 

the impact  resistance or the impact energy at failure substantially improves 

as the percentage of waste flax fibers is increased. This enhancement could 

be related to the large amount of energy absorbed in debonding and pulling 

out the fibers which is required after the matrix has been cracked. 

 It can be seen that the addition of 71 waste flax fibers to the concrete 

increases the impact resistance or the impact energy to produce complete 

failure at .4 days by 4040, 4..4 and .4.41 for series DWF, EWF and FWFS 

respectively. 

 According to the results obtained, it can be summarized that the 

introduction of 71 waste flax fibers to concrete leads to produce impact 

strength comparable or higher than that obtained when .1 crimped steel 

fibers are included. 
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Fig.(71.5): Variation of the .4 days impact resistance at first crack against volume 
fraction of waste flax fibers for different series 

 

 

 

 

 

 

 

 

 

                                                      DWF                             EWF                           FWFS  

                                    Series  
 

Fig.(71.5): Variation of the .4 days impact resistance at failure against volume 
fraction of waste flax fibers for different series 
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Fig.(4330): Variation of the 09 days impact resistance against volume fraction of 
waste flax fibers for series FWFS 

 

43132 Effect of Compressive Strength on Impact Resistance  

4313237 The Effect on Plain Concrete Specimens  

 Tables (2.4) and (2.4) show that, keeping the same workability for the 

mixes, as the compressive strength  increases the impact resistance of plain 

concrete also increases both to initiate the first crack and to produce failure. 

However, the plain specimens of series BSF at 09 days age adversely 

behaved when the number of blows at failure were even less than that 

produced by the weaker series ASF plain samples. Although the exact 

reason for this behavior is not clear, Biscoff and Pery 
(55) 

also reported 

similar results and stated that the failure to account for stress wave 

propagation effects, especially at the impact loading, may lead to incorrect 

conclusions. Both aggregate-matrix bond and the relative stiffness of the 

aggregate and matrix have a part to play in impact resistance similar to 

their effect on compressive strength and thus the resistance of concrete to 

impact improves with increasing the strength. 
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 On the other hand, increasing the water content leads to reduce the 

impact resistance significantly more than reducing compressive strength. 

Comparing the results of plain specimens of SFRC series with those of 

corresponding specimens of WFFRC series, the impact resistance at failure 

is found to be decreased in the order of 24 to 525, while the reduction in 

strength is only about 4 to %55 due to the increase in water content. This 

conclusion is in a good agreement with that obtained by Sandhu 
(59)

. A 

possible explanation of this behavior is that, under static loading a highly – 

stressed weak region may transfer load to a region of lower stress or high 

strength through the effect of creep. Under impact this redistribution of 

stress can not take place during the short period of deformation and the 

effect of local weakness may therefore have a great influence on the 

strength of the specimen 
(5%)

. 

 

2.2.4.4 The Effect on SFRC Specimens  

 For the same steel fiber content, the impact resistance at failure 

generally increases with increasing compressive strength of the matrix up 

to a certain limit beyond which any increase in compressive strength 

reduces the impact resistance. This limit for the compressive strength is 

found to be around 25 MPa. For example, the values of the impact 

resistance to produce failure for concrete containing %5 crimped steel fibers 

are 624, %%45 and 690 blows for the matrix strength of 46.2, 22.6 and 54.% 

MPa respectively. This behavior may be related to the dependence of the 

fiber pull out resistance on the strength of the matrix; at higher matrix 

strengths, more instances of fiber fractures has been reported to occur 
(%) 

and so the percentage of fibers which are effective in impact resistance 

control will be reduced. As a result, the SFRC will behave less ductile than 

the state before fracturing of fibers. 
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 Recently, Banthia et al. 
(%) 

found a similar trend that the 

effectiveness of steel fibers in improving impact resistance decreases with 

the increase in compressive strength of the matrix. This conclusion was 

drawn when they used an instrumented impact machine as a testing tool 

and 9.55 volume fraction of different types of steel fibers. According to the 

available information, no other work has been previously published in this 

area. 

 It is clear from Figs. (2.4%) and (2.44) that the percentages of 

improvement in impact strength due to fiber inclusion are higher for the 

weak series ASF specimens than the strong series BSF specimens which 

are in turn higher than that for the strongest series CSFS specimens. This 

finding is also in accordance with results obtained by Banthia et al. 
(%)

. 

However, Fig.(2.44) shows that the series BSF exhibits very close trend to 

that for series ASF, the reason may be due to the brittle response under 

impact of series BSF plain specimens at 09 days age. 
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Fig.(4337): The percentage of increase in 46 days impact resistance at failure with 
volume fraction of steel fibers for different series   
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Fig.(4.32): The percentage of increase in 09 days impact resistance at failure with 
volume fraction of steel fibers for different series 

 

 On the basis of the data recorded here, the observed value of the 

impact resistance at first crack of SFRC does not seem to be dependent on 

the matrix strength. 

 

4313233 The Effect on WFFRC Specimens 

 For the same waste flax fiber concentration, the impact resistance at 

first crack and at failure generally increases with the increase in matrix 

compressive strength. On the other hand, Fig.(2.44) illustrates that the 

higher the strength of the  matrix the lower is the improvement in impact 

strength of WFFRC beyond the corresponding plain concrete. 

 It was found that it is difficult to formulate a strict relationship 

between impact resistance and compressive strength for each SFRC and 

WFFRC samples. 
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Fig.(4333): The percentage of increase in impact resistance at failure with volume 
fraction of waste flax fibers for different series 

43133 Effect of Age of the Specimens on Impact Resistance  

 Table (2.4) shows that the impact resistance at initial cracking and at 

failure of the plain concrete increases with age except for series BSF plain 

samples. It can also be seen from this table that the first crack resistance of 

SFRC in general increases with age with the exception of series BSF 

specimens. On the other hand, series ASF of SFRC experienced further 

resistance to impact at failure with increasing age, while series BSF and 

CSFS were adversely affected. Again, this behavior may be resulted from 

the higher strength of the later two series which is significantly developed 

with age and hence some of steel fibers are thought to be fractured during 

impact. 

 The results of series ASF of SFRC are generally in agreement with 

that recorded by Ramakrishnan et al. 
(%2)

, which are only reported work on 
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this issue. In the case of the other series of SFRC, a similar comparison is 

not available as these workers considered the matrix strength of only        

24 MPa at 09 days which is lower than the upper strength level for complete 

pulling out of fibers obtained in this study. 

  With a few exceptions, increasing the age of series FWFS samples 

leads to increase the impact resistance both to initiate first visual crack and 

to produce failure. 

 

2.2.2 Modes of Failure Under Impact 

 Plate (2.%a) shows the different modes of failure of plain concrete 

specimens subjected to the falling weight test used in this study. The tested 

plain cylinders were broken into two or three segments. The mode of 

failure of the specimens was brittle and generally occurred through the 

aggregate-matrix interface. 

 In the case of FRC (Plate (2.%b) to (2.4)), the mode of failure was 

different. It can be stated that even after the matrix has cracked the samples 

could carry the additional blows. This is owing to the action of fibers that 

bridge the crack which hampered the failed pieces to be separated. Only a 

few exceptions occurred in samples which containing 9.4 and %5 volume 

fraction of steel fibers and waste flax fibers respectively. 

 The FRC test cylinders showed multiple cracking, multiple failure 

planes, crushing, spalling and disintegration.  
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(a) Plain concrete samples 

 

 

 

 

 

 

 

 

 

 

(b) 9.55 SFRC samples  

Plate (437): Failure modes under impact of plain concrete and 9.55 SFRC samples 
for different series  

(% , %%) ASF (4 , %4) BSF (4 , %4) CSFS (2) DWF (5) EWF (0) FWFS; 46 days 

(4 , %2) ASF (2 , %5) BSF (6 , %4) CSFS (%9) FWFS; 09 days 
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(a) 9.25 SFRC specimens  

 

 

 

 

 

 

 

 

 

 

(b) %.95 SFRC specimens  

Plate (432): Failure modes under impact of 9.2 and %.95 SFRC specimens 

(% , 2) ASF (4 , 6) BSF (4 , 0) CSFS; 46 days 

(2 , %9) ASF (5, %%) BSF (4 , %4) CSFS; 09 days 
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(a) %5  WFFRC samples                (b) 45  WFFRC samples 

  

 

 

 

 

 

 

 

 

(c) 45  WFFRC samples                    (d) 25  WFFRC samples 

  

Plate (433): Failure modes under impact of WFFRC samples 

(%, 5, 0, %4) DWF (4, 4, %9, %2) EWF (4, 2, %%, %5) FWFS; 46 days 

(2, 6, %4, %4) FWFS; 09 days 
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43135 Relationships of Compressive Strength, Splitting Tensile 
Strength, Modulus of Rupture and Volume of Fibers with 
Impact Resistance 

  Mathematical models were developed in this study in order to 

correlate the static strength and the volume of fibers to the impact 

resistance for each type of FRC investigated. The coefficients of correlation 

were also determined for each regression to check its statistical 

significance. 

 The general form of the regression is 

 
 YaXa

o eaaZ 32
1


    ............ (2.5) 

where the regression coefficients a9, a%, a4 and a4 were determined by using 

a statistical computer program called “Statistica 4”.  

 The empirical relationships of compressive strength and volume 

percentage of fibers with impact resistance are listed below: 

 
 fscus VF

vs eI



0046.0

170190    ............ (2.4) 

 
 fscus VF

fs eI



0023.0

541485    ............ (2.2) 

 
 fwcuw VF

vw eI
027.00731.0

206.1198.2


    ............ (2.6) 

 
 fwcuw VF

fw eI
4536.00092.0

157217


    ............ (2.0) 

where 

Ivs, Ivw: impact resistance at first visible crack of SFRC and WFFRC 

respectively (number of blows). 

Ifs, Ifw: impact resistance at failure of SFRC and WFFRC (number of 

blows). 

Fcus, Fcuw: cube compressive strength of SFRC and WFFRC (MPa). 

Vfs, Vfw : volume fraction of steel and waste flax fibers (%). 

 Considering the values of splitting tensile strength, the following 

empirical equations can be written: 
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 fssps VF

vs eI



0461.0

155163    .......... (2.%9) 

 
 fssps VF

fs eI



0168.0

543510    .......... (2.%%) 

 
 fwspw VF

vw eI
0081.07838.0

787.16229.0


    .......... (2.%4) 

 
 fwspw VF

fw eI
4739.01019.0

146195


    .......... (2.%4) 

where 

Fsps , Fspw : split-cylinder tensile strength of SFRC and WFFRC 

respectively (MPa). 

 The following relationships of modulus of rupture and volume of 

fibers with impact resistance are also formulated by using Eq.(2.5): 

 
 fsrs VF

vs eI



0335.0

160171    .......... (2.%2) 

 
 fsrs VF

fs eI



0196.0

573517    .......... (2.%5) 

 
 fwrw VF

vw eI
03361.07877.0

3996.07552.0


    .......... (2.%4) 

 
 fwrw VF

fw eI
484.0117.0

108187


    .......... (2.%2) 

where  

Frs, Frw : modulus of rupture of SFRC and WFFRC respectively 

(MPa). 

 The above correlation equations are also graphically represented in 

Figs.(2.42) to (2.40). 

 From the values of coefficient of correlation, R it can be concluded 

that these regressions are statistically significant. 

 Due to the very limited published data in the previous research work 

on the impact resistance of FRC, no attempts were made to correlate the 

variables. In addition, the possibility of analyzing the previous 

investigations data is not available mainly due to the variation in impact 

resistance testing techniques 
(20)

. 
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 fscus VF

vs eI



0046.0

170190  

(R=9.69) 

 
 fscus VF

fs eI



0023.0

541485  

(R=9.04) 

 
Fig.(4334): Relationship of compressive strength and volume of steel fibers with 

impact resistance  
 

800 

600 

400 

200 

0 

730 

038 

036 

034 

032 

030 30 

40 

50 

60 

Im
p

a
c
t 

r
es

is
ta

n
c
e 

 (
n

u
m

b
er

 o
f 

b
lo

w
s 

to
 f

ir
st

 c
ra

c
k

) 

Compressive 

strength (MPa) 

Vf (%) 

7400 

7200 

7000 

800 

    600 

    400 

200 

0 

038 

036 

034 

032 

0.0 

50 

60 

40 

30 

730 

Im
p

a
c
t 

r
es

is
ta

n
c
e 

 (
n

u
m

b
er

 o
f 

b
lo

w
s 

to
 f

a
il

u
re

) 

Compressive 

strength (MPa) 



Chapter Four  Results and Discussion 

 83 

 fwcuw VF

vw eI
027.00731.0

206.1198.2


  

(R=9.02) 

 
 fwcuw VF

fw eI
4536.00092.0

157217


  

(R=9.00) 

 
Fig.(4335): Relationship of compressive strength and volume of waste flax fibers 

with impact resistance  
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 fssps VF

vs eI



0461.0

155163  

(R=9.69) 

 
 

 fssps VF

fs eI



0168.0

543510  

(R=9.04) 

 
Fig.(4336): Relationship of splitting tensile strength and volume of steel fibers with 

impact resistance  
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 fwspw VF

vw eI
0081.07838.0

787.16229.0


  

(R=9.02) 

 
 

 fwspw VF

fw eI
4739.01019.0

146195


  

(R=9.00) 

 
Fig.(4331): Relationship of splitting tensile strength and volume of waste flax fibers 

with impact resistance  
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 fsrs VF

vs eI



0335.0

160171  

(R=9.20) 

 
 

 fsrs VF

fs eI



0196.0

573517  

(R=9.04) 

 
 

Fig.(4338): Relationship of modulus of rupture and volume of steel fibers with 
impact resistance  
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 fwrw VF

vw eI
03361.07877.0

3996.07552.0


  

(R=9.05) 

 
 fwrw VF

fw eI
484.0117.0

108187


  

(R=9.00) 

 
 

Fig.(4339): Relationship of modulus of rupture and volume of waste flax fibers with 
impact resistance  
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1.5 Conclusions 

 

Based on the experimental results of the present research, the 

following conclusions can be drawn: 

5. The inclusion of crimped steel fibers improves the compressive 

strength of concrete. Nevertheless, the maximum improvement is 

achieved at %..0 volume of fibers. This improvement is about 5.1 to 

%%.00 at %5 days and 2.1 to %8.50 at 0% days. 

%. The presence of waste flax fibers in concrete has insignificant 

effect on the compressive strength. The compressive strength of 

WFFRC is varied from +1 to –50 with respect to plain concrete. 

8. The percentage of increase in splitting tensile strength and 

modulus of rupture is directly proportional to the crimped steel fiber 

content. The %5 and 0% days increase in splitting tensile strength is in 

the range of 0%.0 to .0.20 and 88.% to 5%.%0 respectively for 50 steel 

fibers. The corresponding increase in modulus of rupture is about %1.1 

to 02.%0 and %..5 to 05..0. 

0. It was found that the inclusion of waste flax fibers to plain 

concrete results in a slight increase in splitting tensile strength and 

modulus of rupture. The maximum increase is generally observed with 

CONCLUSIONS AND RECOMMENDATIONS 
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the initial inclusion of fiber content, at 50 by volume. However, in 

general, there appears to be a limiting fiber content, Vf = 80, beyond 

which the both strengths marginally reduce. 

1. The results indicate that increasing the amount of crimped steel 

fibers leads to increase the abrasion resistance significantly. When 

steel fibers are included at 50, enhancement in the range of %2.. to 

82.0% and %1.1 to 81.00 is recorded at ages of 8% and 0% days 

respectively. 

2. The abrasion resistance of concrete was found to be increased 

with the increase in the percentage of waste flax fibers. Increasing the 

fiber content from % to 00 increases the abrasion resistance by 0.5 to 

5..00 at 8% days and 5%.5 % at 0% days. 

..  It was found that the compressive strength and age of specimens 

have a significant enhancement effect on abrasion resistance of plain 

concrete and FRC. 

5. It was found that there is an obvious statistical relationships 

between the surface property (depth of wear) and bulk characteristics 

(compressive strength, splitting tensile strength and modulus of 

rupture). The proposed logarithmic equations are found to give an 

accurate representation of these relations. 

0. The impact resistance at first crack can be improved when 

increasing the percentage of crimped steel fibers. 

5%. The results show that the higher the volume fraction of crimped 

steel fibers the more resistant to impact at failure is the 

composite.  

55. It was found that waste flax fibers have a moderate effect on the 

impact resistance up to first visible crack. 
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5%. The results reveal that the capacity of concrete to resist impact 

loading at failure can be significantly improved by increasing the 

content of waste flax fibers. 

58. It was found that reinforcing concrete by 00 waste flax fibers 

produces impact strength comparable or higher than that obtained 

when 50 standard crimped steel fibers is added.  

50. Maintaining the same mix workability, the impact resistance of 

plain concrete generally increases with  compressive strength and 

age. Impact resistance was found to be drastically lowered as the 

W/C ratio of the mix is increased. 

51. With the SFRC, there appears to be a limit to matrix compressive 

strength beyond which the impact resistance at failure starts to 

decrease. A strength of around 01 MPa is such a limit. 

52. It was found that WFFRC generally exhibits more resistance to 

impact at the higher matrix strengths and the later ages. 

5.. With an adequate fiber content, it was found that the failure 

mode under repeated impact loads involves multiple cracking, spalling 

and disintegration.  

55. New and more accurate models were developed for correlating 

static strength and the volume of fibers to the impact resistance for 

each SFRC and WFFRC. 

50. Among the most serious problems that are experienced in 

industrial floors, overlays, pavements and other such concrete 

applications, are their ability to resist impact and abrasion forces. For 

those problems the following solutions can be suggested: 

a. If the impact resistance, then abrasion resistance are of 

major concern, the use of superplasticized concrete mix 5252%2%.82 

(cement: sand: gravel: water by wt.) reinforced with 00 volume of 

waste flax fibers will give the most significant resistance to impact 

and good resistance to abrasion. 
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b.  If the abrasion resistance, then impact resistance are of 

major importance, the use of superplasticized concrete mix 

5252%2%.88 containing 50 crimped steel fibers will produce a 

composite with a maximum resistance to abrasion and a significant 

resistance to impact. 

1.% Recommendations  
 

5. Further work is required to investigate the effect of surface coatings 

on abrasion resistance of SFRC and WFFRC. 

%. The influence of the testing conditions (air-dry or wet) on abrasion 

resistance of SFRC and WFFRC should be investigated. 

8. Further research is necessary to provide information about the effect 

of the curing method, rather than that used in this research, on the 

impact and abrasion resistance of SFRC  and WFFRC (i.e. one week 

moist curing and accelerated curing). 

0. More experimental work is required to investigate the effect of other 

types of fibers such as glass, polyethylene and cellulose fibers on 

impact and abrasion resistance of concrete. 
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