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ABSTRACT 

An experimental work was carried out to investigate some mechanical properties 

of Reactive Powder Concrete (RPC) which are particularly required as input data for 

structural design. These properties include compressive strength, tensile strength 

(direct, splitting and flexural), flexural toughness, load-deflection capacity and static 

modulus of elasticity. The effects of three variable parameters on these properties were 

carefully studied which are, the silica fume content SF (0%, 10%, 15%, 20%, 25%, and 

30%) as a partial replacement by weight of cement, hooked macro steel fibers volume 

fraction Vf (0%, 1%, 2% and 3%) and superplasticizertype(Sikament®-163N and 

PC200).The diameter of the steel fiber is 0.5mm and its length is 30mm with aspect 

ratio 60.The experimental results showed that as the silica fume content (SF) increases 

from 0% to 30% the compressive strength significantly increases, while the increase in 

tensile strength is relatively lower. The inclusion of steel fibers leads to a considerable 

increase intensile strength, while the addition of steel fibers causes a slight increase in 

compressive strength of RPC as fiber volume fraction increases from 0% to 3%.The 

increase in the steel fibers volume fraction and silica fume content improved the load-

deflection behavior and consequently gave higher ductility and fracture toughness of 

RPC. 
  

Keywords: Reactive Powder Concrete, Mechanical Properties, Load-Deflection          

                   Capacity, Steel Fiber, Silica Fume, Superplasticizer. 
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محتويات مختلفةذات الخواص الميكانيكية لخرسانة المساحيق الفعالة   

من الالياف الفولاذية وابخرة السليكا المكثفة   

 
 الخلاصة

حسممخقااجح اعخ ممرجح جعضممخ اصحاجح حانخكاناممرج ات ممخكرووصممبج جتممإجراممتحرجتعممت جتحدمم ج  ع  مم 

 ةخو ممرجح شمم جج,حلاكضممطخ جهمم اجح اصحصممحةخو رشممحد ج.ح  صحاحخلاكشممخ  تدمماجح  مم ج  اد  ممخججخ جخصصصمم

تممإجج.حلاكعممتحوجو عخ ة حتوكرح سمم ختان - ممدصاجح عحمم ,جصممة رحلاكعءخر,ج,جحلاكشمماخ ,جحلاكعءممخر ح خشممتح )

،ج%10،ج%0(د ح ممممرجو ءختشممممرجتمممميراتجرممممةهج  طاممممتحةجوح  مممم جهاحع ممممص جح اممممت جح سممممدانخجح حن اممممر

ح حعةصفمممرجح اصلاذ ركسممم رجحلا امممخوجكخ ممم   حزجا  ممم ج ممممجو, جحلا مممحء ,ج)%30،%25،ج20%،15%

تاممممتجحلا اممممخوجج.(Sikament®-163N, PC200)كصتخ حدمممم  جح ح اممممص وج %3,ج%2،ج1%،0%)

أظ تةجح ء خ ججح حا  ت رجحكهج   خد ج ع ص جح امت ج.جج60 إجو ءس رج ختارج30 إجو ص  خجج0.5ح حس عحدرج

 جح   ممخد جفمم جفممخ ج ةخو ممرجحلاكضممطخ جتمم دحدج شممن جك اتفمم جقممامجحج%30ح مم جج%0ح سممدانخجح حن اممرج مممج

 ةخو رجح ش جحتم جكسم اخ .جح جحد حاجحلا امخوجح اصلاذ مرجحد جح م ج, مخد جك امت جفم ج ةخو مرجح شم جفم جقمامجح ج

حدةجح مم ج, ممخد ج اااممرجفمم ج ةخو ممرجحكضممطخ جخت ممخكرجج%3ح مم جج%0, ممخد جكسمم رجحلا اممخوجح اصلاذ ممرج مممج

مء ج مدصاججح حسخقااجح اعخ ر.جر جح   مخد جفم جكسم رجحلا امخوجح اصلاذ مرجو ع مص  ح امت جح سمدانخجح حن امرجقس 

ج ات خكرجح حسخقااجح اعخ ر.جأتد حلاكعتحوجو خ  خ  جحتا ج اادارجوصة رجكستج-ح عح 

ج
ج

INTRODUCTION 

esearch over the past decades has yielded a new classification of highly 

resilient concrete called Reactive Powder Concrete (RPC), now labeled and 

classified as Ultra High Performance Concrete (UHPC). RPC is one of the 

latest advances in concrete technology and it addresses the shortcomings of many 

concretes today[1].RPCis advanced cement based material, which originally developed 

in the early 1990s by the technical division of Bouygues, France. RPC possess ultra 

high static and dynamic strength, high fracture capacity, low shrinkage and excellent 

durability under severe condition. The microstructure of RPC is optimized by precise 

gradation of all particles in the mix to yield maximum compactness[2]. 

RPC has been shown to exhibit significantly improved tensile strength, both before and 

after cracking. This tensile strength of RPC is achieved as a result of the interaction of 

the randomly oriented steel fibers actingas reinforcement on a micro level which  

prevents cracks from forming. After cracking has occurred, the steel fibers are capable 

of sustaining additional tensile loads until the fibers are pulled from the matrix and the 

sectionsevers [3]. The basic principles for the development of RPC were explained by 

Richard and Cheyrezy[4,5]. These principles can be listed as below: 

 There is no coarse aggregate and maximum aggregate size may be between 0.3 

to 0.6 mm. 

 Powder is carefully optimized to achieve very high compactness. 

 Using high cement content, low water to cement ratio (less than 0.2). 

 Silica fume or another suitable pozzolanic material can be added to the mix.  

 Superplasticizer is in need to get high flowable concrete.  

R 
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 Steel fibers are to be added to increase theconcreteductility. 

 Pressing during hardeningmay be helpfulto get ridof excesswater and to 

increase the paste density.  

  Heat treatment during curing canimprove the chemical processand strength 

gain.  

Lee and Chisholm[6] studied the effect of steel fibers on the mechanical 

properties of RPC. They observed that the addition of 2% straight steel fibers with 

aspect ratio of 65 to the RPC mix primarily improve the normally poor tensile strength 

of composite cementitious materials. They also found that the addition of steel fibers 

provided a marked improvement in the measured compressive strength. 

Wille et al.[7] carried out an experimental study on thetensile behavior of 

different Ultra High Performance Fiber Reinforced Concrete (UHPFRC) mixes using 

four types of high strength steel fibers; straight with aspect ratio 65, hooked withaspect 

ratio 79, high twisted with aspect ratio 100, and low twisted with aspect ratio 100 with 

different volume fractions (1%, 1.5%, 2% and 2.5%). The results showed that both the 

tensile strength and the maximum post-cracking strain are significantly improved by 

using deformed steel fibers instead of smooth fibers. Moreover the path of the stress 

strain curves of UHPFRC reinforced with hooked steel fibers and UHPFRC reinforced 

with twisted steel fibers are similar up to the peak load of UHPFRC reinforced with 

hooked steel fibers. While UHPFRC reinforced with hooked steel fibers begins 

softening at post cracking strain εtp = 0.46%, UHPFRC reinforced with twisted steel 

fibers keeps increasing the tensile stress up to post cracking strain εtp ≈ 0.6%. 

Local researches[8,9,10] studied the properties and structural behavior of RPC 

containing, straight micro steel fiber (diameter 0.2mm, length 13mm) with maximum 

volume fraction 2% , maximum content of SF of 15% as a replacement by weight of 

cement. The main aim of this research is to study the mechanical properties of RPC 

containing, different volume fraction (1%, 2%, and 3%) of hooked macro steel fiber 

(diameter 0.5mm, length 30mm), different content of SF (10%, 15%, 20%, 25%, and 

30%) asa replacement by weight of cement. 

 

EXPERIMENTAL PROGRAM 

Materials 

Cement 

Aljisir sulfate resisting Portland cement, Type V, manufactured in Iraq was used 

throughout this research. The chemical and physical properties of this cement indicate 

that the cement conforms to the provisions of Iraqi specification No.5/1984. 

Fine Aggregate 

AL-Ukhaider natural sand of maximum size 600µmwas used. Its gradation lies in 

zone (4), as shown in Table (1).The gradation and sulfate content results of fine 

aggregate were within the requirements of the Iraqi specification No. 45/1980. 
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Admixtures 

Two types of concrete admixtures were used in this work: 

a) Superplasticizer 

Two different types of superplasticizer were used to produce the RPC mixes. They 

are, Naphthalene formaldehyde sulphonate polymer manufactured and supplied by 

SIKA® company under the commercial name Sikament®-163N, and polycarboxylate 

ether polymer manufactured by PAC Technologies company under the commercial 

name PC 200.These admixtures comply with the requirement of ASTM C494. 

b)Silica Fume 

Silica fume has been used as a mineral admixture added to the RPC mixes of this 

study. The percentages used were 10%, 15%, 20%, 25%, and 30% as partial 

replacement of cement weight. Its accelerated pozzolanic strength activity index with 

Portland cement at 7 days is 125.6%. The chemical composition and physical 

requirements show that the silica fume conforms to the chemical and physical 

requirements of ASTM C1240 specifications. 
 

Steel Fibers 

Macro hooked steel fibers was used throughout the experimental program. The 

steel fiber used has diameter 0.5mm, length 30mm (aspect ratio lf/df =60), density 7800 

kg/m3 and ultimate tensile strength of 1180 MPa. 

Concrete Mixes 

The key features of RPC mix design include high Portland cement content, fine 

sand with a particle size of between 150 and 600 µm, extremely low w/c ratio made 

possible by high dosages of the latest generation of superplasticizer, the presence of a 

high reactivity silica fume, and the incorporation of steel fibers. Sand to cement ratio 

(S/C) in mortar has a significant effect on compressive strength,S/C ratio equal to 1.0 

was found to be very effective for the optimization of mortar mixture with 

superplasticizer and mineral admixture [11]. 

Within the above limits and according to pervious researches [12,13,14,15,16] 

many mix proportions were tried in this investigation to have maximum compressive 

strength and flow of (110±5%) according to ASTM C109 and ASTM C1437  

respectively. Ten RPC mixes were used in the present research as listed in Table (2) to 

investigate the performance of RPC in the fresh and hardened state. 

Three variable parameters were considered in the preparation of these ten RPC 

mixes. They were; 

1. The silica fume content (as partial replacement by weight of cement). Six ratios 

were employed (0%, 10%, 15%, 20%, 25% and 30%). 

2. The steel fibers volume fraction (as ratio of the mix volume). Four ratios were 

used (0%, 1%, 2% and 3%). 

3. The type of the superplasticizer used in the mix, which was either type N 

(Sikament®-163N) or type P (PC200). 

All mixes shown in Table (2) had a flow ranging between 105% and 115%. 

Mixing of Concrete 

     All RPC mixes were performed in a rotary mixer of 0.1m3.Silica fume and cement 

were mixed in dry state for about 3 minutes to disperse the silica fume particles 
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throughout the cement particles, then the sand was added and the mixture was mixed 

for 5 minutes. The superplasticizer is dissolved in water and the solution of water and 

superplasticizer is gradually added during the mixing process then the whole mixture 

was mixed for 3 minutes. The mixer was stopped and mixing was continued 

manually especially for the portions not reached by the blades of themixer. The 

mixer then operated for 5 minutes to attain reasonable fluidity. Fibers were uniformly 

distributed into the mix in 3 minutes, and then the mixing process continued for 

additional 2 minutes. In total, the mixing of one batch requires approximately 15 

minutes from adding water to the mix. Fiber balling was not observed during mixing 

especially for fiber volume fraction 3%; this is due to the ability of the 

superplasticizer used to disperse the fibers. 
Preparation and Testing of Specimens 

All specimens wereprepared, cured for 28 days then tested tostudy some 

properties of RPC. These properties are compressive strength (using cubes of 100 mm 

and cylinders of 100 x 200 mm), direct tensile strength (using dogbone-shaped 

briquettes of 76 mm long, 25 mm thick, and 645-mm2 cross section at mid-length) as 

shown in Figure (1a), splitting tensile strength (using cylinders of 100 x 200 mm) as 

shown in Figure (1b), flexural tensile strength and toughness (using prisms of 100x100 

x400 mm) as shown in Figure (1c), and static modulus of elasticity(using cylinders of 

100x 200mm) as shown in Figure (1d). 

Curing 

All specimens were demolded after 24 hours, and then they were steam cured at 

about 90oC for 48 hours in a water bath. After that they were left to be cooled at room 

temperature, and then they placed in water and left until the end of water curing at 28 

days. 

RESULTS AND DISCUSSIONS 

Compressive Strength 

The results of the compression test on RPC cubes and cylinders are shown in 

Table (3) and Figures (2 and 3) (each result represents the average for three specimen’s 

results). The ratios of cube  compressive  strength to cylinder compressive   strength 

(fcu / f '
c) at 28 days ranged between (1.008 - 1.067). These ratios are lower than 1.25 

that was stated by Neville[17] for conventional concrete and so close to the range of 

(1.0- 1.075) for ultra high performance fiber reinforced concrete 

foundbyGraybeal[18]. This phenomenon can be explained by the high powder content 

and smaller maximum aggregate size of RPC [19]. 

The results demonstrate that increasing fibers volume fraction from 0% to 1.0%, 

2.0%, and 3.0% causes slight increase in the cube compressive strength (fcu) of 3.72%, 

8.36%, and 8.89% respectively and the cylinder compressive strength (f '
c) slightly 

increased by 6.36%, 9.9%, and 11.54% respectively. Such increase may be associated 

with crack arrest theory of the fibers which accounts for the increase in compressive 

strength.The effect of steel fibers on compressive strength was also observed by others 

like Orgass and Klug[15] and Lee and Chisholm[6]. According to the latter the 

improved compressive strength does likely reflect the contribution of steel fibers to the 

tensile capacity of RPC. An accepted view was given that concrete under uniaxial 
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compressive load fails because of lateral strain induced by Poisson’s ratio effects, 

leading to lateral swelling of unconfined central section accompanied by cracking 

parallel to the loading axis and shear failure near the specimen ends. 

Table (3) and Figure (3) showthat increasing silica fume content (SF) from 0% to 

10%, 15%, 20%, 25%, and 30% causes a considerable increase in both the cube 

compressive strength (fcu) by 13.54%, 18.02%, 24.72%, 29.86%, and 34.17% and the 

cylinder compressive strength (f '
c) by 17.56%, 20.30%, 30.92%, 33.79%, and 41.04% 

respectively.This can be explained by the high pozzolanic reaction of silica fume 

particles with calcium hydroxide released from cement hydration leading to pore size 

and grain size refinement processes which can strengthen the microstructure and 

reducing the microcracking. The extreme fineness of the silica fume particles provides 

nucleation sites for calcium hydroxide and the additional contribution to the progress 

of hydration of the cement occurs. The beneficial effects of silica fume are not limited 

to its pozzolanic reaction; there is also a physical effect which comes from the 

enhanced particle packing, this leads to improving the microstructure of RPC matrix 

and increases its density and the bond strength between cement matrix and fibers [17]. 

The influence of superplasticizer type on RPC performance in terms of w/cm and 

compressive strength was also studied in the present research. The results show that in 

the presence of PC200 the w/cm was much lower than that with the Sikament®-163N, 

accordingly the compressive strength with PC200 (MSP-P) was much higher than that 

with  Sikament®-163N (MSP-N). 

Tensile Strength of RPC 

Table (4) and Figures (4) to (9) illustrate the tensile strength [direct (ftd), splitting 

(fsp) and flexural (fr)] results for different RPC mixes used throughout this work (each 

result represents the average for three specimen’s results).Generally, the addition of 

steel fibers to all RPC mixes improves the direct tensile strength significantly relative 

to the nonfibrous RPC specimens. Increasing the volume fraction of fibers from 0% to 

1.0%, 2.0%, and 3.0% increase the direct tensile strengthby 59.4%, 145.05%, and 

238.35%, the splitting tensile strengthby 90.88%, 186.51%, and 258.45% and the 

flexural tensile strengthby 52.62%, 166.61%, and 217.27%respectively. This is due to 

the fact that fibers are able to: (1) bridge tensile cracks and retard their propagation, (2) 

transmit stress across a crack and counteract crackgrowth [10].In general, hooked end 

fibers lead to a great increase in tensile strength because of the fact that geometry of 

hooked end fibers influence the bond development between fiber and the matrix 

causing an increase in energy required to pull the fiber out of the matrix. 

The results also indicated that when SF content increased from 0% to 10%, 15%, 

20%, 25%, and 30% the direct tensile strength increased by 2.63%, 3.96%, 9.5%, 

14.04%, and 16.89%,the splitting tensile strengthincreased by 1.4%, 4.68%, 6.85%, 

13.61%, and 15.57%, and the flexural tensile strengthincreased by 5.49%, 8.58%, 

15.35%, 17.17%, and 19.01% respectively.This can be attributed to the fact that the 

increase of SF content in RPC matrix enhanced the steel fiber-matrix bond 

characteristics due to the interfacial-toughening effect. This effect of SF results in 

densification of the RPC matrix which comes from the enhanced particle packing, 
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which leads to improving the microstructure of RPC matrix and increase its density as 

well as from the intensive chemical reaction due to pozzolanic reaction [20]. 

It can be noticed that, the influence of silica fume content and superplasticizer type 

on direct tensile strength is less pronounced than that on compressive strength. This is 

due to the fact that tensile strength of RPC is related to the strength, volume fraction, 

and geometry of the fiber used as well as the bond between fiber and the matrix[21].  

The ratio of direct tensile strength to cylinder compressive strength (ftd/f '
c) for RPC 

mixes investigated in the present study is illustrated in Table (4). It was found that this 

ratio at 28 days is 2.68% for the nonfibrous RPC mix and ranged between (4.01-

8.13%) for RPC mixes with (1-3%) steel fibers volume fraction. 

Static Modulus of Elasticity 

The modulus of elasticity is strongly influenced by the concrete materials and their 

proportions[10].The static modulus of elasticity results for all RPC mixes are presented 

in Table (5) and Figures (10 and 11)(each result represents the average for two 

specimen’s results). It can be noticed that the increase in steel fibers ratio show only 

slight increases in the static modulus of elasticity. This may be because the modulus of 

elasticity was calculated to the stress corresponding to 40% of the ultimate load, so it is 

determined prior to concrete cracking; therefore, the fibers were not activated. In 

general increasing silica fume content show increases in the static modulus of elasticity 

and this may be attributed to the interfacial-toughening effect and densification of the 

RPC matrix which comes from the enhanced particle packing as well as from the 

intensive chemicalreaction due to pozzolanic reaction. This leads to improving the 

microstructure of RPC matrix and increase its density [20]. 

Flexural Toughness and load-deflection capacity 
Flexural toughness can be defined as the area under the load-deflection curve in 

flexure, which is the total energy absorbed prior to complete separation of the 

specimen [22]. The values of the toughness indices I5 and I10 of the entire tested RPC 

prisms are presented in Table (6). 

The load-deflection curves of RPC for typical nonfibrous control specimens and 

specimens with 1%, 2%, and 3% steel fibers are plotted in Figure (12). It can be 

concluded that plain RPC fails suddenly at a small deflection by separation into two 

pieces, while fibrous RPC suffers damage by gradual development of single or 

multiple cracks with increasing deflection, but retains some degree of structural 

integrity and post-crack resistance even with considerable deflection.  

Figure (12) shows that the addition of steel fibers to plain RPC changes the brittle 

nature of the nonfibrous matrix to a composite mass with a plastic behavior after first 

crack. On the other hand, the presence of steel fibers led to a continuation of the load-

carrying capacity beyond the peak load implying an improved post-peak toughness. It 

can be seen from Table (6) and Figure (12) that with the increase of the fibers volume 

fraction from 0% to 3% the load-deflection behavior and consequently the ductility and 

fracture toughness can be improved. This can be traced back to thefact that, the fibers 

are able to transfer emerging loads by bridging the cracks. After reaching the 

maximum load the descending part of the load-deflection curve doesn’t drop down at 

once. 
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The load-deflection curves of RPC for specimens with silica fume content of 0%, 

10%, 15%, 20%, 25%, and 30% are plotted in Figure (13). The results illustrate that 

increasing silica fume content causes an increase in the flexural toughness of RPC. 

This behavior can be attributed to the fact that the incorporation of silica fume will 

effectively enhance the fiber–matrix interfacial properties due to densification of the 

mix by the effect of microfilling and pozzolanic reaction of silica fume. This increases 

the bond between the matrix and the fibers and therefore the pullout energy is 

remarkably enhanced causing an improvement in toughness [20, 23]. 

Regression Analysis for RPC Properties 

Regression analysis is an important statistical method that uses the relationships 

between two or more quantitative variables to generate a model that may predict one 

variable from the other (s). 

Relationship between Direct Tensile Strength and Cylinder Compressive Strength 

Compression test is frequently used as a quality control method for structural 

concrete; therefore, engineers often attempt to relate other characteristics of concrete 

behavior to this parameter.Results of tests carried out on the ten RPC mixes 

investigated in the present study show that fibrous RPC has direct tensile strength to 

compressive strength ratio higher than that for nonfibrous RPC. This is expected since 

the inclusion of steel fibers leads to a considerable increase in direct tensile strength 

while the increase in compressive strength is relatively lower. Therefore to include this 

important effect of steel fibers volume fraction, a data fit computer program has been 

adopted to carry out a regression analysis for the sake of establishing an empirical 

equation to predict the relationship between direct tensile strength and cylinder 

compressive strength for the ten RPC mixes investigated in the present study with R2= 

0.969 as given below. 

 

ftd = 0.024 ( f ′c) + 2.614 (Vf )                                   … (1) 
 

where: 

ftd: direct tensile strength (MPa). 

f′
c: cylinder compressive strength (MPa). 

Vf: steel fibers volumetric ratio. 
 

Equation. (1) gives a mean value statistic mean (μ) of (ftd observed /ftd predicted) for the test 

results of this investigation of 1.0 with standard deviation (SD) of 0.0528 and 

coefficient of variation (COV) of 5.28%. Figure (14a) shows the direct tensile strength 

obtained from the experimental work (observed) versus the corresponding calculated 

strength using Equation. (1) (predicted), while Figure (14b) shows the ratio ftd observed 

/ftd predicted versus the cylinder compressive strength  f ′c . 

Relationship between Static Modulus of Elasticity and Cylinder Compressive 

Strength 

Figure (15) shows the relationship between the static modulus of elasticity (E) and 

the cylinder compressive strength (f ′
c) for the different RPC mixes investigated in the 

present study. Results indicated that the static modulus of elasticity and compressive  
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strength of RPC are related to each other such that when the compressive strength 

increases, the static modulus of elasticity also increases at a certain rate. A data fit 

computer program has been adopted to carry out a regression analysis for the sake of 

establishing an empirical equation to predict the relationship between E and f ′
c for 

RPC. The equation obtained (Eq. 2) has R2 = 0.985, as given below. 

 

Ec = 113.43 (f ′c) + 31126.74                                      … (2) 

 
where: 

Ec: static modulus of elasticity of RPC (MPa). 

f ′c: cylinder compressive strength (MPa). 

Equation. (2) gives a mean value (μ) of (Ec observed /Ec predicted) for the test results 

of this investigation of 0.99 with SD of 0.004 and COV of 0.406%. Figure (16a) shows 

the static modulus of elasticity obtained from the experimental work (observed) versus 

the corresponding calculated static modulus of elasticity using Eq. (2) (predicted), 

while Figure (16b) shows the ratio Ec observed /Ec predicted versus the cylinder 

compressive strength f ′c. 

 

CONCLUSIONS 

From the experimental results presented in this study, the following conclusions can be 

drawn: 

1-The shape of the control specimens was found to have little effect on the 

compressive strength of RPC. A comparison between the cube and cylinder 

compressive strengths of all RPC mixes of the present research showed a maximum 

difference of 7% only. 

2-Results indicated that by increasing the volume fraction of steel fibers from 0% to 

1.0%, 2.0%, and 3.0% the cube compressive strength was increased by 3.72%, 

8.36%, and 8.89% respectively, while the cylinder compressive strength was 

increased by 6.36%, 9.9%, and 11.54% respectively. 

3- Increasing silica fume content from 0% to 10%, 15%, 20%, 25%, and 30% caused a 

considerable increase in the cube compressive strength by 13.54%, 18.02%, 24.72%, 

29.86%, and 34.17% respectively, as well as a comparative  

  Increase in the cylinder compressive strength by 17.56%, 20.30%, 30.92%, 33.79%, 

and 41.04% respectively. 

4-The inclusion of steel fibers leads to a considerable increase in tensile strength 

(direct, splitting and flexural). Increasing the volume fraction of fibers from 0% to 

1.0%, 2.0%, and 3.0% resulted in an increase in the direct tensile strengthby 59.4%, 

145.05%, and 238.35%, the splitting tensile strengthby 90.88%, 186.51%, and 

258.45% andthe flexural tensile strengthby 52.62%, 166.61%, and 

217.27%respectively. 

5-The ratio of direct tensile strength to cylinder compressive strength (ftd/f′c) of 

nonfibrous RPC at 28 days age is (0.0268) while it ranged between (0.0401-0.0813) 

for 28 days age of RPC containing (1-3%) steel fibers ratio. 
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6-The increase in the steel fibers volume fraction and silica fume content improved the 

load-deflection behavior and consequently gave larger ductility and fracture 

toughness of RPC. Addition of steel fibers to nonfibrous RPC was found to change 

the brittle nature of the nonfibrous matrix to a composite mass with a plastic behavior 

after first crack. The presence of steel fibers gave a longer plastic range of the load-

deflection behavior with higher peak load and larger post-peak toughness. 
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Table (1) Fine aggregate properties. 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

Sieve size 

(mm) 
Cumulative passing % 

Limits of Iraqi specification 

No.45/1984, zone 4 

4.75 100 95-100 

2.36 100 95-100 

1.18 100 90-100 

0.60 100 80-100 

0.30 44 15-50 

0.15 7 0-15 

Fineness modulus = 1.5 

Specific gravity =2.69 

Sulfate content =0.13% 

(Iraqi specification requirement ≤ 0.5%) 

Absorption = 0.73% 

Material finer than 75µm=1.24% 

(Iraqi specification requirement ≤ 0.5%) 
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Table (2) RPC mixes used in the present research. 

 

†MSF15 in group 2 is the same mix designated MSP-P in group 1 
†† MSF25 in group 2 is the same mix designated MFR2 in group 3 

* Percent by weight of cement. 

** Percent of mix volume. 

*** Percent of cementitious materials (cement + silica fume) weight. 

 

Table (3) Cube and cylinder compressive strengths of RPC. 

Group 
Mix 

Symbol 

Silica 

Fume 

SF (%) 

Steel 

fibers 

Vf (%) 

fcu 

(MPa) 

%Increase in  

fcu withrespect 

to the first mix 

in each group 

f 'c 

(MPa) 

%Increase in  f '
c 

withrespect to the 

first mix in each 

group 

fcu/ f ′c 

1 
MSP-N 15% 2% 126.84 0 118.91 0 1.067 

MSP-P 15% 2% 139.56 10.03 134.33 12.97 1.039 

2 

MSF0 0% 2% 118.26 0 111.66 0 1.059 

MSF10 10% 2% 134.28 13.54 131.27 17.56 1.023 

MSF15 15% 2% 139.56 18.02 134.33 20.30 1.039 

MSF20 20% 2% 147.49 24.72 146.19 30.92 1.009 

MSF25 25% 2% 153.57 29.86 149.39 33.79 1.028 

MSF30 30% 2% 158.67 34.17 157.48 41.04 1.008 

3 

MFR0 25% 0% 141.72 0 135.93 0 1.043 

MFR1 25% 1% 146.99 3.72 144.57 6.36 1.017 

MFR2 25% 2% 153.57 8.36 149.39 9.90 1.028 

MFR3 25% 3% 154.33 8.89 151.62 11.54 1.018 

Group 
Mix 

symbol 

cement 

kg/m3 

fine 

sand 

kg/m3 

silica 

fume* 

(%) 

silica 

fume 

kg/m3 

steel 

fibers** 

(%) 

steel 

fibers 

kg/m3 

w/cm 

ratio 

HRWRA*** 

(%) 

HRWRA 

type 

1 
MSP-N 935 1100 15% 165 2% 156 0.181 9.5% 

Sikament®-

163N 

MSP-P 935 1100 15% 165 2% 156 0.169 8.7% PC200 

2 

MSF0 1100 1100 0% 0 2% 156 0.161 8.7% PC200 

MSF10 990 1100 10% 110 2% 156 0.166 8.7% PC200 

MSF15† 935 1100 15% 165 2% 156 0.169 8.7% PC200 

MSF20 880 1100 20% 220 2% 156 0.174 8.7% PC200 

MSF25†† 825 1100 25% 275 2% 156 0.180 8.7% PC200 

MSF30 770 1100 30% 330 2% 156 0.188 8.7% PC200 

3 

MFR0 825 1100 25% 275 0% 0 0.171 8.7% PC200 

MFR1 825 1100 25% 275 1% 78 0.175 8.7% PC200 

MFR2 825 1100 25% 275 2% 156 0.180 8.7% PC200 

MFR3 825 1100 25% 275 3% 234 0.187 8.7% PC200 
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Table (4) Tensile strength results of RPC mixes. 

Group 
Mix 

Symbol 

Silica 

Fume 

SF (%) 

Steel 

fibers 

Vf (%) 

ftd 

(MPa) 

fsp 

(MPa) 
fr 

(MPa) 
ftd/ f ′c 

(%) 

1 
MSP-N 15% 2% 7.65 14.78 20.86 6.43 

MSP-P 15% 2% 8.13 15.90 22.77 6.05 

2 

MSF0 0% 2% 7.82 15.19 20.97 7.00 

MSF10 10% 2% 8.03 15.40 22.12 6.12 

MSF15 15% 2% 8.13 15.90 22.77 6.05 

MSF20 20% 2% 8.56 16.23 24.19 5.86 

MSF25 25% 2% 8.92 17.25 24.57 5.97 

MSF30 30% 2% 9.14 17.55 24.96 5.80 

3 

MFR0 25% 0% 3.64 6.32 9.22 2.68 

MFR1 25% 1% 5.80 10.50 15.07 4.01 

MFR2 25% 2% 8.92 17.25 24.57 5.97 

MFR3 25% 3% 12.32 21.59 29.24 8.13 

 

Table (5) Static modulus of elasticity results of RPC mixes. 

Group 
Mix 

Symbol 

Silica 

Fume 

SF (%) 

Steel 

fibers 

Vf (%) 

Ec 

(MPa) 

% Increase in  E 

withrespect to the 

first mix in each 

group 

1 
MSP-N 15% 2% 44841 0.00 

MSP-P 15% 2% 46398 3.47 

2 

MSF0 0% 2% 43836 0.00 

MSF10 10% 2% 45900 4.71 

MSF15* 15% 2% 46398 5.84 

MSF20 20% 2% 47422 8.18 

MSF25** 25% 2% 48295 10.17 

MSF30 30% 2% 49103 12.02 

3 

MFR0 25% 0% 46262 0.00 

MFR1 25% 1% 47363 2.38 

MFR2 25% 2% 48295 4.39 

MFR3 25% 3% 48538 4.92 
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Table (6) Toughness indices for RPC mixes. 

Group 
Mix 

Symbol 

Silica 

Fume 

SF (%) 

Steel 

fibers 

Vf (%) 

δcr  

(mm) 

Pcr  

(kN) 

def. at 

peak load 

(mm) 

peak 

load 

(kN) 

Toughness 

indices 

I5 I10 

1 
MSP-N 15% 2% 0.55 49.9 1.33 69.5 5.31 9.71 

MSP-P 15% 2% 0.52 51.5 1.41 75.9 5.36 9.98 

2 

MSF0 0% 2% 0.56 51.1 1.35 70.0 5.28 9.65 

MSF10 10% 2% 0.58 53.6 1.45 73.7 5.34 9.95 

MSF15* 15% 2% 0.52 51.5 1.41 75.9 5.36 9.98 

MSF20 20% 2% 0.54 52.9 1.50 80.6 5.51 10.88 

MSF25** 25% 2% 0.47 50.3 1.39 81.9 5.55 11.07 

MSF30 30% 2% 0.53 54.7 1.49 83.2 5.61 11.30 

3 

MFR0 25% 0% 0.45 30.7 0.45 30.7 1 1 

MFR1 25% 1% 0.43 43.1 0.90 50.2 5.15 9.06 

MFR2 25% 2% 0.47 50.3 1.39 81.9 5.55 11.07 

MFR3 25% 3% 0.46 54.8 1.51 97.4 5.84 12.99 

  

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

   
 

         (d) Static modulus of elasticity              (c) Flexural toughness 
 

Figure (1) Tests set-up. 

 

(a) Direct 
(b) Splitting 
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Figure (2) Effect of steel fibers content on cube and cylinder 

compressive strength of RPC. 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

Figure (3) Effect of silica fume content on cube and cylinder 

Compressive strength of RPC. 
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Figure (4) Effect of steel fibers volume fraction         Figure (5) Effect of silica fume content on 

              on direct tensile strength of RPC.                         direct tensile strength of RPC. 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure (6) Effect of steel fibers volume fraction         Figure (7) Effect of silica fume content on 

             on splitting tensile strength of RPC.                        splitting tensile strength of RPC. 
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Figure (8) Effect of steel fibers volume fraction        Figure (9) Effect of silica fume content             

  on flexural tensile strength of RPC.                             on flexural tensile strength of RPC. 

 

          
                                                                                       

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure (10) Effect of steel fibers volume fraction        Figure (11) Effect of silica fume content  

           on the modulus of elasticity of RPC.                on  the modulus of elasticity of  RPC. 
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Figure (12) Load-deflection relationship of RPC prisms with 

Various steel fibers contents. 

 

 

 

 

 
 

 

 
 

 

 

 
Figure (13) Load-deflection relationship of RPC prisms 

With various silica fume contents. 

 

 

 

 

 

 

 

 

 

 

 

(a)                                                     (b) 
Figure (14) (a) Observed versus predicted values of direct tensile strength, (b) The                  

ratioftd observed /ftd predicted versus the cylinder compressive strength f ′c. 
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Figure (15) Relationship between compressive strength and 

static modulus of elasticity for RPC. 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 (a)     (b) 

 

Figure (16) (a) Observed versus predicted values of static modulus of elasticity,  

(b) The ratioEc observed /Ec predicted versus the cylinder compressive strength f ′c. 
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