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Abstract 
 

An experimental study was conducted on the high-strength flowable mortar (HSFM) 
reinforced by the different percentages of palm Fiber (0, 0.5& 1%), steel fiber (0, 0.5, 1.0& 
2%), and the hybridization of these two fibers with 2% volumetric fractions.  Different tests 
have been done to determine some aspects namely the density, compressive strength, 
splitting tensile strength, static modulus of elasticity, flexural strength, toughness and 
ultrasonic pulse velocity.  The results show that the use of hybridization of steel fiber with 
palm fiber gives an unambiguous improvement in these properties and thus the optimum 
percentages for these two fibers have been taken into consideration. The use of low volume 
fraction of palm fiber in hybrid fiber mixes was found to be a promising concept in HSFM 
mixes.  
 
Keywords: Steel fiber; Palm fiber; High strength mortar; Toughness; Ultrasonic pulse 
velocity. 
 

 
 

1. Introduction 
 

The use of fibers in cement-based materials may considerably enhance the toughness, impact 
resistance, durability and reduce the cracking in concrete [1].  The main weaknesses of 
incorporating the fibers, are the loss of workability and the increased difficulty of casting. This 
status may lead to an insufficient workability and high volumes of entrapped air in mortar, which 
cause reduction in its strength and durability [2].  The modern concrete can be designed to have the 
high flowability, whereby the term ‘flowability’ suggests that the concrete is able to flow in the 
congested reinforcement areas and fill complicated formwork without segregation [2, 3].  
Additionally, the repaired mortar applied to concrete is usually hard to consolidate well; therefore, 
the said mortar with high flowability may bring considerable advantages to the narrow mould 
system [4].  

Natural fibers have the potential to serve as a reinforcement to overcome the inherent 
deficiencies in cementitious materials. In recent years, there has been a sustained interest in utilizing 
natural fibers in cement composites and in manufacturing products based on these fibers with a 
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view that  alternative building materials which are energy-efficient, economical and eco-friendly 
can be made.  This is of course, with the condition that the function of natural fibres in a relatively 
brittle cement matrix is to achieve and maintain toughness and ductility of the composite [5-7]. 
 By far the best advantage of using natural fibers is that they offer significant cost reduction and 
benefits associated with processing as compared to synthetic fibers [8]. However, the primary 
problem with the use of natural fibers in concrete is their tendency to disintegrate in an alkali 
environment. Efforts are being made to improve the durability of these fibers in concrete or mortar 
by using admixtures to make concrete less alkaline and by subjecting the fibers to special 
treatment[5,8]. 
      Steel fiber has a considerably higher Young’s modulus, in comparison to the other fiber-types. 
This leads to an improved potential for crack control, although the volumetric density is high.  As a 
result, the steel fiber content has to be reduced to a certain level. Optimizations of mechanical and 
conductivity properties can be achieved by combining different types and sizes of fibers, such as in 
the case of Palm and steel fiber [9, 10].  
The research concentrates on highlighting some properties of high strength flowable mortar 
(HSFM) reinforced with different volume fractions of the single- palm fiber as well as the single -
steel fiber and then the hybridization of these two fibers.  

. 
 
2. Materials and mixed proportions 
            2.1  Materials 
            The cement used in mortar mixtures was the ordinary Portland cement type I from 

Tasek Corporation Berhad. Silica fume was obtained from Scancem Materials Sdn. Bhd. 
and used as partial replacement of cement. The chemical compositions of Ordinary Portland 
and silica fume are given in Table (1).       

 
TABLE 1: CHEMICAL COMPOSITION OF ORDINARY PORTLAND CEMENT AND SILICA FUME 

 
 
 

Constituent 

Ordinary Portland Cement Silica fume 

% by weight % by  weight 

Lime (CaO) 64.64 1.0% (max) 
Silica (SiO2) 21.28 90% (max) 

Alumina(Al2O3) 5.60 1.2 % (max) 
Iron Oxide( Fe2O3) 3.36 2.0% (max) 
Magnesia(MgO) 2.06 0.6%(max) 

Sulphur Trioxode (SO3) 2.14 0.5%(max) 
N2O 0.05 0.8%(max) 

Loss of Ignition 0.64 6% (max) 
Lime saturation factor 0.92 ----- 

C3S 52.82 ----- 
C2S 21.45 ----- 
C3A 9.16 ----- 

C4AF 10.2 ----- 
 
              The superplasticizer (SP) is Conplast SP1000 obtained from Fosroc  Sdn. Bhd. It’s 

according to ASTM C494 type F. It was used to establish the desired flowability of mixes. 
The fine aggregate was natural sand, with a fineness modulus of 2.86 and maximum size of 
less than 5 mm. The palm fiber was supplied by Fiber-X (M) Sdn. Bhd, and their 
characteristics are shown in Table (2).  The steel fiber used in this study is hooked ends low 
carbon cold drawn produced by Hunan Sunshine Steel Fiber Co. Ltd, and its characteristics 
are presented in Table (3).   
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TABLE 2: CHARACTERISTICS OF PALM FIBER 

 

Fiber Properties Quantity 

Average fiber length,(mm) 30 
    Average fiber  width ,micron 21 

Tensile strength(MPa) 21.2 
Specific gravity 1.24 

Water absorption%, 24/48 hrs. 0.6 
 

TABLE 3: CHARACTERISTICS OF STEEL FIBER 
 

Fiber Properties Quantity 

Average fiber length,(mm) 30 
Average fiber  width,(mm) 0.56 

Aspect ratio(l/d) 54 
Tensile strength (MPa) > 1100 

Ultimate elongation (%) < 2 
Specific gravity 7.85 

 
 

            2.2 Mix proportions and mixing method   
                                                                    
             The design of Mortar compositions is shown in Table (4).  Ten mortar mixes were 

prepared using the water-binder (Cement+ Silica fume) ratio as 0.43 and silica fume 
replacement of 10%. The amount of cement, silica fume, sand and free water were kept 
constant. The amount of superplasticizer (SP) varied from 1.8% to 2.2% by weight of binder 
materials content to maintain the required flowability for all mixes.  The mix design of the 
control mix (MF0) was carried out according to the absolute volume method given by the 
ACI 211.1 [11] to achieve the criteria of flowing high strength mortar.  The palm fiber of the 
volumetric fractions 0.5 & 1.0% were used to prepare mixes:  MF1& MF2, respectively. 
The steel fiber of the volumetric fractions 0.5, 1.0 & 2.0 % were used to prepare mixes: 
MF3, MF4 & MF5, respectively.  The hybrid fiber of 2% was also used but with different 
amounts from each of palm fiber and steel fiber in the mortar mixes “MF6-MF9”.  

 
TABLE 4: MORTAR MIX PROPORTIONS 

 
Index Cement 

Kg./m3 
Silica 
fume 

Kg./m3 

Water 
Kg./m3 

Sand 
Kg./m3 

SP 
% 

W+SP/B *Steel 
fiber % 

*Palm 
fiber % 

Flow 
(mm) 

MF0  
 
 
 

550 

 
 
 
 

55 

 
 
 
 

260 

 
 
 
 

1410 

1.8 0.43 0 -- 160 
MF1 1.8 0.43 -- 0.50 150 
MF2 2.0 0.43 -- 1.0 145 
MF3 1.8 0.43 0.50 -- 145 
MF4 2.0 0.43 1.0 -- 145 
MF5 2.2 0.43 2.00 -- 140 
MF6 2.2 0.43 1.75 0.25 140 
MF7 2.2 0.43 1.50 0.50 145 
MF8 2.2 0.43 1.25 0.75 145 
MF9 2.2 0.43 1.0 1.0 150 

* Volumetric percentages are given in this Table; weight/volume of fibers should be used to calculate the mortar components 
per cubic meter. 
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Each batch of mortar was produced in a pan mixer. At first, cement, sand, water and SP 
were added to the mixer and mixed for 3 minutes. Then the silica fume was added and the 
mixture was further mixed for 2 minutes. Finally, the steel fiber or/and palm fiber was 
disseminated to prevent any agglomerates of fibers and the mixture was further mixed for 
other 3 minutes.    

 
 

3. Test methods  
 

       Three cube samples of 50 mm were used for each mix to test the density and compressive 
strength at 28 days, after undergoing water curing.  The Flow test for the mixes was performed 
according to ASTM C230 [12] with a targeted flow of 150 ±10mm.  The cube specimens were left 
in the moulds for 24 hours at 20 °C.  After demoulding, the specimens were transferred into the 
water for curing until the age of test.  Saturated surface dry specimens were used to determine the 
density, and this test was carried out according to ASTM C642 [13].                                     
The compressive strength test was done immediately after determining the density test specimens 
according to ASTM C109 [14] for each test age.  The splitting tensile strength test was achieved 
using the average of three cylindrical specimens (D=100 mm × H=200mm) according to         
ASTM C496 [15].  On the other hand, the average of three cylinders (D=150 × H=300 mm) was 
used to determine the static modulus of elasticity test according to ASTM C469 [16]. The flexural 
strength and the toughness indices of the specimens were performed by using  40 × 40 × 160 mm 
samples (the average of three specimens)  at similar ages according to ASTM C348[17], and      
ASTM C1018[18], respectively. Finally, the test of ultra sonic pulse velocity was carried out 
according to BS EN 12504-4:2004[19].                                                                                                 

 
4. Results and Discussion       
            4.1  Effect of fibers on flowability 
 
             The effect of fibers on the flow of the ten mortar mixes is highlighted in Table (4). It 

is easy to note that the inclusion of steel fiber in HSFM reduces the flowing ability and thus 
higher dosage of SP is needed to achieve the required workability. On the other hand, in 
mortar mixes with hybrid fibers, a higher amount of palm fibers makes better flowability.  In 
summary, the effect of palm fiber on either the flowing or working capacity is much less 
than that of the steel fiber. 
 
4.2  Saturated surface dry density 
 

             Table (5) shows the results of the saturated surface dry density for all mixes.  The 
saturated surface dry density results at 28 days for the mixes of palm fiber (MF1& MF2), 
show that the density reduced uniformly with the increase of palm fiber content: The 
behavior is probably due to the specific gravity of palm fiber which reduces the overall 
density of mortar. On the other hand, the saturated surface dry density at 28 days for the 
different mixes of steel fiber (MF3-MF5) show that there is a rise in the density level as the 
volume fraction of steel fiber increases and again this is resulted from the specific gravity of 
steel fiber which increases the overall density of mortar. Continuously, the hybrid fiber 
results (MF6-MF9) also illustrate that the use of palm fiber as a partial replacement of steel 
fiber reduces the overall density of HSFM.   

                    
            4.3  Compressive strength 
             From Table (5), when a single type of fibers was used, the increase in the 

compressive strength of the high strength flowable mortar (HSFM) reinforced with palm 
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fiber was up to 14.4 % compared with that of the reference mortar.  This result was obtained 
from the low volume fraction of palm fiber up to 0.5% used in the mix (MF1).  The use of 
1.0% of palm fiber reduces the compressive strength and this is probably due to air voids 
and disintegration when the excessive fiber content was used in the mortar mixes [20]. 
Alternatively, the compressive strength of the high strength flowable mortar (HSFM) with 
steel fibers volume fraction increased significantly compared to the reference mortar.  It is 
observable that the increase of the compressive strength by using 1.0% volume fraction of 
steel fiber (MF4) would increase the compressive strength up to 12.1%, as opposed to the 
reference mortar. This condition can be rooted from the improvement in the mechanical 
bond strength when the fibers allow the ability to delay the micro-crack formation and arrest 
their propagation afterwards up to a certain extent [20-22].  The comparison between control 
mortar mix (MF0) with the highest volume fraction of steel fiber (2%) used in this study 
(MF5) shows that there is no significant enhancement of compressive strength. This is again 
due to the increase of air voids and disintegration when the excessive fibers were used in the 
mortar    mixes [20]. The results of hybrid fiber (MF6-MF9) in the HSFM also indicate that 
the use of low volume fraction of palm fiber (0.25% & 0.5%) improves the compressive 
strength of the HSFM as observed from mixes MF6 & MF7. This is due to the fact that 
hybrid fibers with different sizes and types are contributed to different restraints [23].  

 
TABLE 5: MECHANICAL PROPERTIES OF MORTAR MIXES 

 
Index Density 

Kg./m3 

(28days) 

Compressive 
strength (MPa) 

(28days) 

 

Splitting 
Tensile 

strength (MPa) 
(28days) 

Static modulus 
of elasticity 

(GPa) 
(28 days) 

Ultra sonic 
pulse velocity 
(m/s)            90 
days 

MF0 2300 54.3 2.1 33.1 3770 
MF1 2280 62.1 2.15 36.8 4170 
MF2 2265 52.4 2.0 33.5 4050 
MF3 2340 58.9 2.23 37.9 3920 

 MF4 2360 60.9 2.53 40.4 4070 
MF5 2400 55.7 2.62 45.1 4110 
MF6 2325 57.8 2.71 47.8 4140 
MF7 2305 58.4 2.89 44.9 4100 
MF8 2285 54.9 2.35 42.7 4080 
MF9 2280 54.4 2.25 41.8 4060 

 
 
            4.4  Splitting Tensile strength 
 
             The splitting tensile strength results of the HSFM mixes are shown in Table (5).  It is 

important to note that the incorporation of single-palm fiber may not improve the splitting 
tensile when 1% of palm fiber was used. In contrast to that, the influence of steel fiber on 
the splitting tensile strength is much effective. The increase of splitting tensile strength was 
recorded with the increase of steel fiber inclusion in the mix. The splitting tensile strength 
was increased by using 2% of steel fiber as 29% higher than that of the control mix [24].  On 
the other hand, the hybrid fiber results indicated that the use of 1.5% steel fiber with the 
0.5% palm fiber increases the splitting tensile strength by about 38% higher than that of 
control mix. This is because the mortar with the ability of two different types of fibers to 
bridge the major crack and thus, the micro-mechanical feature of crack bridging is operative 
from the stage of damage evolution to beyond ultimate loading [25]. 
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            4 .5  Static modulus of elasticity Ec 
 
             The modulus of elasticity results for all HSFM mixes are presented in Table (5). The 

comparison between MF0 with MF1 indicates that the use of 0.5% palm fiber leads to an 
increase in static modulus of elasticity of HSFM. On the other hand, the use of steel fiber in 
HSFM, enhances the static modulus of elasticity. It can be concluded that the higher 
percentage of the steel fiber gives the higher the modulus of elasticity.  This is probably due 
to high stiffness of steel fiber, which leads to a higher modulus of elasticity for HSFM [25-
27]. The hybrid fiber results show that the use of 0.25% of palm fiber with 1.75% steel fiber, 
gives the higher improvement for the static modulus of elasticity of HSFM. This is probably 
due to the optimization of these percentages of fibers to produce the higher bond strength 
behavior and thus a higher modulus of elasticity [25-28]. 

 
            4.6 Flexural strength 
             

The flexural strength results of HSFM mixes are shown in Table 6. The results of 
mortar mixes containing the single palm fiber indicate that the increase of the flexural 
strength using 0.5% volume fraction (MF1) is 16.4% higher than that of the control mix 
(MF0).  On the other hand, the use of single steel fiber up to 2.0% for the mix (MF5) 
increases the flexural strength of 109% higher than the control mix (MF0) and this could be 
due to better compactness and homogeneity of fiber distribution in HSFM [20,23,25]. The 
hybrid fibers results are also given the limelight in Table 5. The mortar mix MF7 (1.5% steel 
fiber + 0.5% palm fiber) exhibits the highest increment, which is up to 132.5% higher than 
that of the control mix (MF0).  Fig. (1) summarizes the mechanical properties that utilize the 
different percentages of fibers.  

                                                       

 
Figure 1: Relationship between fiber mortar mixes with mechanical properties percentage. 

 
           4.7 Toughness Indices 
           
             The Toughness Indices were determined according to ASTM C1018.  The indices I-

5 and       I-10 can be gained from this test. Table 6 illustrates the results of the I-5 & I-10 



321 
 

for 28 days.  It can be observed that the mono palm fiber fraction up to 0.5% has no effect 
on the toughness indices, while the use of 1% of this fiber was found to give a slight 
improvement in the toughness concerns. Fig. (2), illustrates the load-deflection curves for 
mortar containing different percentages of palm fiber. On the other hand, the use of single 
steel fiber has a clear effect when the volume fraction used is 0.5% and more. The toughness 
indices increase with the increasing content of fibers, the reason being the ability of fibers in 
arresting cracks at both micro-and macro–levels.  At micro-level, fibers inhibit the initiation 
of cracks, while at macro-cracks, fibers provide effective bridging and impart sources of 
toughness and ductility [24, 25]. These findings are also supported by other researchers [20, 
29], whereby it is added that the flexural toughness can be increased as the fiber volume 
fraction is increased and similarly higher values of the toughness indices can be obtained at 
higher fiber volume fractions.  However, the use of 2% of steel fiber can be utilised in 
HSFM to give the significant improvement for the toughness indices.  Figure 3 shows the 
load-deflection curve of mortar mixes with different percentages of steel fiber.  The hybrid 
fiber results show that the use of hybrid fiber as: 1.5% steel fiber + 0.5% palm fiber (MF7) 
was found to show the highest improvement for the toughness indices. Figure 4 illustrates 
the load-deflection curve of hybrid fiber mortar mixes. By viewing the Figs (2, 3 & 4), it can 
be seen that the stronger and stiffer steel fibers enhance the first crack and ultimate strength, 
whereas the more flexible and ductile fibers palm fibers improve the toughness and strain 
capacity in the post- crack zone [30-32]. Fig. (5) summarizes the respective effects of using 
different volume fractions of palm fiber, steel fiber and the combination between these 
fibers on the toughness indices at 28 days of normal water curing. 

 
 

 
Figure 2: Load-deflection curves for high strength flowable mortar (HSFM) reinforced by different 

percentages of palm fiber. 
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Figure 3: Load-deflection curves for high strength flowable mortar (HSFM) reinforced by different 

percentages of steel fiber. 

 
Figure 4: Load-deflection curves for high strength flowable mortar (HSFM) reinforced by hybird 

fibers. 
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Figure 5: Relationship between fiber mortar mixes with toughness index. 

 
 

TABLE 6: TOUGHNESS INDICES FOR MORTAR MIXES 
 

Index Flexural 
strength (MPa) 

(28days) 

Toughness 
Index (I 5) 
(28 days) 
 

Toughness 
Index  (I 10) 
(28 days) 

MF0 7.60 --- --- 
MF1 8.85 --- --- 
MF2 7.10 1.88 --- 
MF3 9.49 3.64 5.42 
MF4 13.25 4.10 6.16 
MF5 15.90 5.05 8.22 
MF6 15.92 5.15 7.67 
MF7 17.67 5.82 8.62 
MF8 13.12 3.84 6.32 
MF9 11.65 3.66 6.12 

        
            4.8 Ultrasonic pulse velocity test 
 
             The ultrasonic test for all HSFM was implemented at age of 90 days. The highest 

value of ultrasonic velocity (4170 m/s) was obtained by the inclusion of 0.5% palm fibers in 
HSFM mixes. On the other hand, the results showed that the steel fibers enhanced the results 
for the velocity of ultrasonic test. Therefore, the inclusion of 2% vol. of steel fibres in 
HSFM mixes increased the ultrasonic velocity from 3770 m/s to 4110 m/s. The greatest 
value of ultrasonic pulse velocity test (4110 m/s) was obtained when 2% vol. of steel fibers 
was used  

            The results for all hybrid fibres also show that the ultrasonic results increases with the fibers 
inclusions. The highest value of hybrid fibers for HSFM was 4160 m/s which was obtained 
in mortar mix (MF6) using 1.75 % of steel fiber + 0.25 % palm fiber.  However, for HSFM 
mixes reinforced with hybrid fibers, it was found that the ultrasonic pulse velocity is related 
to compressive strength.  
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5. Conclusions                                                          
      The results of an experimental study on the high strength flowable mortar (HSFM), 
reinforced with various volume fractions of palm fiber and/ or steel fiber reveal the following 
conclusions:                            
 
1. The compressive strength results show that the use of 0.5% mono- palm fiber increases the 

compressive strength by about 14.4%, while the use of 1.0% mono -steel fiber increases the 
compressive strength by about 12.1%. 

2. The splitting tensile strength, flexural strength and the toughness indices of mortar mixes 
containing mono-steel fibers increase with the increasing of volume fraction. 

3. The static modulus of elasticity for steel fiber high strength flowable mortar has increased 
through the inclusions of steel fiber. However, the highest increase of modulus of elasticity has 
been obtained when the hybridization of steel fiber and palm fiber are applied as much as 1.75% 
and 0.25%, respectively. 

4. The flexural strength and the toughness indices results show that the use of hybrid fibers          
as:1.5 %steel fiber + 0.5% palm fiber fraction betters the  performance  of HSFM compared with 
other mixes when the single-steel fiber or palm fiber were used, and this further indicates that the 
use of hybrid fiber combinations in mortar would boost their overall performance.   

5. The ultrasonic pulse velocity was found to be related to the compressive strength of high strength 
flowable mortar reinforced with hybrid fibers.  

                                                                                                                            
 6.        Acknowledgement 

     The work described in this paper was a part of PhD research program of the first author. The 
authors would express their thanks to Universiti Sains Malaysia for funding supports by a 
research grant and USM fellowship.       

                
   References 

 
[1]  F. Burak , S. Turkel & Y. Altuntas "Effects of steel fiber reinforcement on surface wear 

resistance on self compacting repair mortar", Cem. & Conc. Comp.; 29, 2007, pp.391-396. 
[2]  L. Gang ,K. Wang & T.J. Rudolphi  "Modeling reheological behavior of highly flowable 

mortar using concepts of particle and fluid mechanics", Cem. & Conc. Comp.; 30, 2008, pp.1-
12.               

[3]  H.Okamura , & M.Ouchi "Self compacting concrete", J. Adv. Concr. Technolgy, 1(1); 2003, 
pp.1-15.                      .                                                                                 

[4]   K.H. Khayat  , R. Morin "Performance of self-consolidating concrete used to Repair parapet 
wall in Montreal", Proceedings of the first north American conference on the design and use 
of self-consolidating concrete, 2002, pp. 475-481. 

[5]  K.Bilba ,M.A. Arsene & A. Ouensanga " Sugar cane bagasse fibre reinforced  cement 
composites. Part I. Influence of the botanical components of bagasse on the setting of bagasse 
“cement   composite. Cement& Concrete Composites 2003; 25:91–6.   

[6]   G. Ramakrishna & T.Sundararajan "Impact Strength of a few natural fiber reinforced cement 
mortar slabs:a comparative study” Cement and concrete composite, 2005; 27, pp. 547-53 

[7]   R.D. Filho, K. Scrivener , G.L.England, K. Ghavami .”Durability of alkali-sensitive sisal and 
coconut fibres in cement mortar composites “Cement & Concrete Composites 2000; 
22(6):127–43. 

[8]   A. Kriker, G. Debicki, A. Bali, M.M. Khenfer & M.Chabannet    “ Mechanical properties of 
date palm fibers and  concrete reinforced with date palm fibers in hot-dry climate”, Cement & 
Concrete Composites 2005; 27,pp.554-64. 



325 
 

[9]   A. Bentur  & S. Mindess "Fiber Reinforced Cementitious Composites ", Elsevier Applied 
Science, London, UK, 1990.          

[10]  C. X. Qian & P. Stroeven  " Development of hybrid polypropylene-steel fiber reinforced 
concrete", Cement & Concrete Research, 30, 2000, pp. 63-69. 

[11]   The American Concrete Institute (ACI 211.1-91) Standard P "Standard Practice for selecting 
Proportions for Normal,Heavyweight, and Mass Concrete ", ACI Manual of Concrete 
Practice 2000, Part 1: Materials and General Properties of Concrete.     

[12]   ASTM C230 "Standard Specification for Flow Table for Use in Tests of Hydraulic Cement ". 
Annual book of ASTM standard; 2002. PA, www.astm.org. 

[13]  ASTM C642. “Standard Test Method for Density, Absorption, and Voids in Hardened 
Concrete”. Annual book of ASTM standard; 2002. 

[14]   ASTM C109 "Standard Test Method for Compressive Strength of Hydraulic Cement Mortars 
Using 50mm Cube Specimens ". Annual book of ASTM standard;  2002. 

[15]   ASTM C496 "Standard Test Method for Splitting for Splitting Tensile Strength of Cylindrical 
Concrete Specimens ". Annual book of ASTM standard; 2002. 

[16]   ASTM C469 "Standard Test Method for Static Modulus of Elasticity and Poisson’s Ratio of 
Concrete in Compression ". Annual book of ASTM standard; 2002. 

[17]   ASTM C348 "Standard Test Method for Flexural Strength of Hydraulic-Cement Mortars " 
Annual book of ASTM standard; 2002.  

[18]  ASTM C1018 "Standard Test Method for Flexural Toughness and First-Crack Strength of 
Fibre-Reinforced Concrete” Annual book of ASTM standard; 2002. 

[19]   BRITISH STANDARD, BS EN 12504-4. Testing hardened Concrete (2004).   Determination 
of ultrasonic pulse velocity. BSI, London.  

[20] E. T. Dawood & M. Ramli. “Development of high strength flowable mortar with hybrid 
fiber” Construction and Building Materials Journal 2010, 24 (6), 2010, 1043–1050. 

[21]  G. Steffen  & C.W. Joost    "Parameter study on the influence of steel fibers and coarse 
aggregate content on the fresh properties of self compacting concrete” Cement & Concrete 
Research; 31, 2001, pp.1793-1798.      .                                                                         

[22]   B. Chen & J. Liu “Residual strength of hybrid-fiber-reinforced high-strength concrete after 
exposure to high temperatures” Cement & Concrete Research; 34, 2004. pp.1065-69. 

[23]   I. Markovic , J.C. Walraven  & M. J. Van  "Self compacting hybrid fiber concrete-mix design, 
workability and mechanical properties", Proceedings of third international symposium on 
self-compacting concrete, 2003, pp.763-775.                                           

[24]   P.N. Balaguru & S.P.Shah "Fiber Reinforced Cement Composites", McGraw-Hill Inc., 1992, 
New York.      

[25]   E. T. Dawood & M. Ramli. “High strength characteristics of cement mortar reinforced with 
hybrid fibres” Construction & Building Materials Journal, 2011, 25(5), 2240-47 

[26]  P.K. Mehta & P.J.M. Monterio    "Concrete, structures, properties and materials" 2nd ed. New 
Jersey, USA: Prentice-Hall: 1993.pp. 447. 

[27]   A. Mor   "Steel-concrete bond in high strength-lightweight concrete"  ACI Materials Journal; 
89(1):pp.76-82.  

[28]   O.Kayali, M. N. Haque & B. Zhu    "Some characteristics of high strength fiber reinforced 
lightweight aggregate concrete" Cement &Concrete Composites, 25, 2003, pp.207–13.  

[29]   N. Banthia & M. Sappakittipakorn "Toughness enhancement in steel fiber reinforced concrete 
through fiber hybridization", Cem. & Conc. Research; 37, 2007, pp.1366-1372.                         

[30]  M.C. Nataraja , N. Dhang & A.P. Gupta "Stress-strain curves for steel fiber reinforced  
concrete under compression" , Cement & Concrete Composite; 21,1999, pp. 383-390. 

[31]    D.J. Hannant   “Fiber cement and fiber concrete” Chichester 1987, UK: Wiley.   
[32]   A. Sivakumar & M. Santhanam    "Mechanical properties of high strength concrete reinforced 

with metallic and non-metallic fibers". Cement &Concrete Composites, 29, 2007, pp.603–08.  
 

http://www.astm.org

