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ABSTRACT 

The current study deals with obtaining the high performance mortars to use in the 

applications of ferrocement. The main problem that has greatly affected the 

performance of mortar is the workability. A low water-cement ratio mostly resulted in 

increases in the compressive strength and led to the enhancement of durability 

characteristics, but decreases in the workability.        

Workability becomes an important factors, as the mortar has to easily penetrate 

between the layers of the mesh wires. A reasonably workable with high strength 

cement mortar can be obtained by using a high cement content coupled with the use 

of silica fume and superplasticizers. In this investigation a series of compression tests 

were conducted on 50 mm cube and 150 ×300 mm, cylindrical specimens to obtain 

the compressive strength and the stress-strain behavior of mortar with silica fume and 

superplasticizers and flexural tests were conducted on 50 ×5 0 × 200 mm prism to 

obtain the modulus of rupture. The results of this study indicated that the variation in 

mortar strength depend on the water-to-binder ratio of the mix and percentages of 

cement replacing. The effects of these parameters on the stress-strain curves are 

presented. The best replacement percentage of silica is 3% was concluded in this 

study. From the experimental results a mathematical model has been developed to 

predict the 28-day compressive strength of silica fume mortar with different water-to-

cementitious ratios and superplasticizers percentage 
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 أستخدام المونة عالية األداء في تطبيقات الفيروسمنت
 الخالصة

 فاي تبييااجا الريروسامناالساتدداماج  األداءموناة عجلياة  انتاج  تم التركيز علىفي هذه الدراسة        
غجليج مج تنتج الدلبة الكونكريتية ذاا المحتاو  الماج ي الالياق ماجوماة عجلياة ولكنااج عاجد  ماج . المدتلرة

تكااوذ ذاا بجيليااة ت ااييق بليلااة حيااي اذ لاجيليااة الت ااييق صهميااة كيياار  ود و ااج فااي اسااتددامجا 
 لاذل  اذال ايير  دادا ة يافتحاجا الم ايكجا الحديدداداق الموناة  تيلياقالريروسمنا حيي نحتاج  الاى 

باد  استددام المونة الحجوية على نسية معينة مذ السيليكج فياوم ماك كمياة منجساية ماذ الملادنجا المتروباة 
. فاي هاذه الدراساة تام التعجماق ماك مدموعاة ماذ تنتج مونة عجلياة االداء يمكاذ اساتدداماج ي اكق واساك
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ماذ السايليكج فياوم والملادنجا المتروباة لمعرفاة ماجوماة االن ايجب  مدتلرةينسب و الكونكريتيةالدلبجا 
لدراساة  mm 150×300يجيعاجد  جاو اب مدموعاة ماذ االسابوان mm  50 ×50لمكعيجا الموناة

العالبة ييذ االداجد واالنرعجق لمدموعة مذ الدلبجا المدتلرة وكذل  تام عماق مدموعاة ماذ الموا اير 
التييار فاي الماجوماة يعتماد جذ ياومة االنثنجء. او حا النتج ج لدراسة ماج mm 50×50 ×200يجيعجد 

تاجثير  ةساادرتام وكذل  تعتمد على نسية السيليكج المستددمة.  (االسمنا والسيليكج)على نسية المجء الى 
مذ السيليكج فيوم يدال  %3ستددام نسية مذ دالق رسم منحي االداجد واالنرعجق. ا كذل  العجمليذ اعاله
  .  امذ النساب المساتددمة فاي هاذه الدراساة هي  نسية مثجلية النتج  موناة عجلياة االداء مذ االسمنا

يجالعتماجد علاى النتاج ج العملياة تام ابتارال معجدلاة ريج اية لحساجب ماجوماة االن ايجب لموناة االساامنا 
 وللم جفجا الملدنة .  (w/c)مذالحجوية على السيليكج ولنسب مدتلرة 

 
INTRODUCTION 

ith the rapid progress in innovative construction techniques, application of 

ferrocement is becoming increasingly common for use in various structural 

engineering applications. This has led significant research activities for this 

material resulting in enhancement of chemical and physical properties and the overall 

behavior of this material. 

Ferrocement is a composite material constructed by cement mortar reinforced 

with closely spaced layers of wire mesh [1-5]. The compressive strength is equal to 

that of the unreinforced mortar. It has been found that many ways to improve the 

mechanical properties of cementitious composites. In recent years, silica fume is one 

of the most recent pozzolanic materials currently used in concrete, the use of silica 

fume in concrete has been increasing rapidly; it has been used either as a partial 

replacement for cement or as an additive when special properties are desired. 

Addition of silica fume plays an important role in the improvement of the mechanical 

properties of concrete and/or mortar. The higher strength and low permeability are the 

two important results that  obtained from added the silica fume to concrete, there are 

other properties that may enhance the behavior by addition of silica fume such as 

modulus of elasticity [6], drying shrinkage and resistance to reinforcing steel 

corrosion and sodium sulfate attack due to low permeability to water and chloride 

ions [7, 8, 9]. However, some unfavorable properties are associated with the addition 

of silica fume to concrete such as loss of slump and reduction in ductility. 

There are many papers have been carried out within the last two decades on the 

use of Silica fume (SF) and superplasticizers (SP) in the concrete or mortar. Bhanja 

and Sengupta [10] performed an experimental study to determine the isolated effect 

of silica fume on the properties of concrete over a wide range of w/c ratios varying 

from 0.3 to 0.42 and silica fume replacement percentages ranging from 5 to 30. 

Toutanji and El-Korchi [11] presented an experimental study to evaluate the 

compressive strengths of silica fume cement paste and mortar at various water-

cementitious ratios. The results showed that the increase in compressive strength of 

mortar containing silica fume, as a partial replacement for cement, greatly contributes 

to strengthening the bond between the cement paste and aggregate. Venkatesh and 

Natesan [12] Investigated on physico-mechanical properties of High performance 

concrete mixes, with different replacement levels of cement with silica fume. Duval1 

and Kadri [13] considered a tests to investigated the workability and the compressive 

strength of silica fume concretes at low water-cementitious materials ratios with a 

naphthalene sulphonate superplasticizer. Huang and Feldman [14] have found that 

mortar without silica fume has a lower strength than cement paste with the same 

water-cement ratio, while mortar with 30% of the cement replaced by silica fume has 

a higher strength than cement silica fume paste with the same water-cementitious 

W 
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ratio. They concluded that the addition of silica fume to mortar results in an improved 

bond between the hydrated cement matrix and the sand in the mix. Rathish Kumar 

[15] conducted an experimental program to study the functional efficacy of an SF 

condensate used as a water reducing SP. The compressive strength and flow 

characteristics of the mortars were determined to decide their suitability for 

ferrocement works. Cheah Chee and Ramli [16] carried out an experimental study to 

evaluate the workability and compressive strength properties of structural grade 

mortar mixes with various cement: sand ratios ranging from 1:2.0-1:2.75 and varying 

water/binder ratio between 0.35 and 0.50. Throughout the laboratory investigation, 

the incorporation of super plasticizer in the mortar mix with cement: Sand ratio of 

1:2.25 results in higher degree of enhancement in workability as compared to mortar 

mix with cement: Sand ratio of 1: 2.5 and resulted in reduction of compressive 

strength of hardened mortar mix. 

In this study, we aim at defining the influence of the content of silica fume (SF) 

and superplasticizer (SP) on the workability, the compressive strength, modules of 

rupture and the stress-strain relationship. The laboratory investigation program of this 

study is designed to determine optimum proportion of mortar mix to achieve best 

strength performance with acceptable level of workability. 

 

EXPERIMENTAL PROGRAM 

Materials 

The same materials (cement, sand, water, silica fume and superplasticizer) were 

used for all specimens throughout this investigation. The materials used in the 

program were tested to comply with the relevant ASTM standards. 

Cement  

The Ordinary Portland Cement was used throughout this investigation. The 

chemical compositions of cement used throughout this work are presented in Table 1. 

Results indicate that the cement conforms with the Iraqi standard No. 5/1984 [17]. 

 

Table (1) Chemical composition of cement. 

Iraqi standard 

No. 5/1984 limits % 

Tested cement % 

 

Chemical components 

 

No. 

 

 - 61.1 CaO 1 

- 20.7 2SiO 2 

- 4.2 Al2O3 3 

- 4.5 Fe2O3 4 

5≤ 5 MgO 5 

≤ 2.8 2 SO3 6 

0.66-1.02 1.01 Lime Saturated Factor 7 

4 ≤ 3.9 Loss on ignition 8 

1.5 ≤ 1.3 Insoluble residues 9 

- 3.5 C3A 10 

 

Fine Aggregate (Sand) 

Natural sand brought from Al-Zubair region was used as a fine aggregate in this 

research. The sieve analysis test was conducted according to ASTM C33 [18]. Table 

2 shows the grading of sand used in this work. 

Water 
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Ordinary tap water was used for casting and curing the specimens. 

 

Table (2) Sieve analysis of sand. 

 

 

Cement Mortar 

The sand-cement mortar was mixed in the ratio of one part by weight of cement to 

two parts of sand. The water-cement ratios used are 0.325, 0.375, 0.425 and 0.475.  

Silica Fume and Superplasticizer 

The silica fume was in powder form containing 91.4% silicon dioxide (SiO2) and 

having a specific surface area of about 18,000 m2/kg was used. The chemical 

properties of silica fume are given in Table (3). A high range water reducing  

admixture (superplasticizer) was used in preparing all the specimens in this 

investigation. Chemically it is Naphthalene formaldehyde sulphonate. It was used in 

its liquid state as a percentage of cement content (by weight). 

 

Table (3) Chemical properties of silica fume. 

SiO2 Fe2O3 Al2O3 CaO MgO SO3 Loss of ignition 

91.4 1.25 1.74 1.28 1.5 0.29 3.8 

 

Experimental Procedure 

The general objective of the previous researches was working with a number of 

mix design variables that affect the strength and find out an optimum combination by 

trial and error so that maximum strength is obtained. As a result, the individual 

contribution of the different parameters on the strength of mortar has not been 

properly assessed. The present experimental research program was carefully designed 

to determine the effect of silica fume incorporation with superplasticizer on mortar 

properties. Cement was replaced by silica fume at different constant water–binder 

ratios, superplasticizer was incorporated in all mixes; the content was adjusted for 

each mix to ensure that the slump within S3 class (slump between 100-150 mm and 

maximum allowable deviation on range limit is -20, +30 mm), keeping other mix 

design variables, like quality of ingredients, mix proportions, including the fine 

Sieve Size mm 

 

Percent Passing 

 

Sand used 

 

Limits of Iraqi 

Specification 

No. 45/1984 

ASTMC33-86 

 

Cumulative 

retained % 

4.75 

 

95 

 

90-100 

 

90-100 

 

5 

2.36 

 

86 75-100 

 

80-100 

 

14 

1.18 

 

74 55-90 

 

50-85 

 

26 

0.60 

 

57 35-59 

 

25-60 

 

43 

0.30 

 

19 8-30 

 

10-30 81 

0.15 

 

2 0-10 

 

2-10 98 



Eng. &Tech. Journal, Vol.31, Part (A), No.13, 2013    High Performance of Silica Fume Mortars for  

                                                                                       Ferrocement Applications 

   

2481 

 

aggregate–binder ratios, mixing procedures, curing conditions and testing procedures, 

constant. The experimental program included four sets of mortar mixes, at w/binder 

ratios of 0.325, 0.375, 0.425 and 0.475, prepared by partial replacement of cement by 

equal weight of silica fume. Each set had mixes at five different percentages of 

cement replacement. The dosages of silica fume were 0% (control mix), 1.5%, 3%, 

4.5% and 6% of the total cementitious materials. For the compressive strength 

determination, 50 mm cube specimens were used, while 150×300 mm cylinders were 

used to plot the stress strain curves,  figure 1 shows the test setup of the cylinders. For 

flexural tensile strength, 50×50×200 mm beams were used. A point loading setup, 

was used for the flexural test. All the specimens were moist cured under water at 

room temperature until testing at 28 days. Each strength value was the average of the 

strength of three specimens. Specimens were tested according to ASTM standards. 

Tables 4 shows the details of  mixes properties used in this study. 

 

Table (4) Details of mortar mixes containing silica fume 

and superplasticizer. 

Mix 

number 
SF% SP% 

Cement 

Kg/m3 

Water 

Kg/m3 

w/(c+SF) 

ratio 

Sand 

Kg/m3 

1 0 0.0 712 231 

 

0.325 

1424 

2 1.5 3.1 701 231 1424 

3 3 5.2 691 231 1424 

4 4.5 7.4 680 231 1424 

5 6 10.3 669 231 1424 

6 0 0.0 712 267 

 

 

0.375 

1424 

7 1.5 2.1 701 267 1424 

8 3 3.7 691 267 1424 

9 4.5 4.8 680 267 1424 

10 6 7.0 669 267 1424 

11 0 0.0 712 303 
 

 

 

0.425 

1424 

12 1.5 1.4 701 303 1424 

13 3 2.8 691 303 1424 

14 4.5 4.1 680 303 1424 

15 6 6.0 669 303 1424 

16 0 0.0 712 338 

 

 

 

0.475 

1424 

17 1.5 0.7 701 338 1424 

18 3 2.4 691 338 1424 

19 4.5 3.4 680 338 1424 

20 6 5.0 669 338 1424 
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Figure (1) Cylinder Compressive strength and 

Compressometer with dial gauge. 

 

RESULTS AND DISCUSSION 

For all the mortar mixes, compressive, flexural strengths and stress-strain 

relationship were determined at the end of 28 days. 

Effect of SF and SP Content on Workability and Compressive Strength  
Figure (2) and Table (5) show the variation of compressive strength with silica 

fume replacement percentage and SP content. The content of SP was used for each 

mix to ensure that the slump stay within S3 class (slump between 100-150mm). From 

Table 4 it can be seen that with increasing the percentage of silica fume in the mix the 

SP should be increased to enhance the workability this indicate that the silica fume 

leads to decrease the workability of mortar. This may be due to the silica fume is finer 

than the cement, therefore the specific surface increase as the silica fume increases, in 

this case, more water and/or  SP is needed to complete the process of hydration and 

for increasing the workability of mortar with silica fume.   

The compressive strength values at different w/(c+SF) ratios were plotted at each 

silica fume replacement percentage; this is clear from Figure (2). The results indicate 

that the strength of mortar with silica fume increases up to 3% replacement 

percentage of silica fume with superplasticizer dosage with regardless the w/c ratio; 

beyond this percentage the strength was started to decrease. In other words, 3% is the 

best percentage used in this study. The maximum value of compressive strength was 

obtained as 63.8 MPa at 3% replacement level at a water/ cement ratio of 0.325, and 

the minimum value is 39.5 MPa was obtained at 6% silica fume with a water/cement 

ratio of 0.425. Three mechanisms have been listed for the strength enhancement by 

SF [19-22]: the first one attributed the  improve in strength to pore size refinement 

and matrix densification, the second one going to reduction in the content of 

Ca(OH)2 (CH) when using SF may be  enhancement strength and the last one 

attributed the strength enhancement to cement -aggregate interfacial zone refinement. 

While Larbi and Bijen [23] explained that in the presence of SF, the pozzolanic 

reaction reduces the CH content in cement, which leads to increase the compressive 
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strength. Silica fume changes the orientation of CH crystals in the zone, resulting in 

less micro cracking at the transition zone. The optimum benefit of the addition of 

silica fume is attained when it is used in combination with superplasticizer. This 

combination increases the cohesiveness of the fresh composites and reduces the water 

content. These factors facilitate the formation of a more densely compacted matrix at 

the interfacial zone which significantly improves the transition zone and, thus, the 

compressive strength of the system [6]. On the other hand, the observed decrease in 

the strength of mortar due to the addition of silica fume can be explained by the fact 

that larger increase in silica fume contents in mortar lead to a surplus of the small-

sized fraction, which begins to move apart Portland cement grains, causing unpacking 

of the system and thus leading to a considerable decrease in the strength of the mortar 

[24]. 

A statistical regression analysis was performed for the results of compressive 

strength using the multiple regression method with Mattlab program [25] and the 

unknown parameters were determined. The validity of the model predicted was 

investigated by the ratio of the predicted to experimental values of 28-day 

compressive strength of mortar as shown in Table 5. The parameters that used to 

propose the model are silica fume replacement percentages, w/c ratios and 

superplasticizers percentages. The proposed model is: 

𝑓𝑐𝑢𝑝 = 61.43(𝑆𝐹) − 2.18(𝑆𝑃) + 2.04(𝑤 𝑐⁄ ) − 34.59 

where: 𝑓𝑐𝑢𝑝: predicted compressive strength of mortar; SF: silica fume percentage;  

SP: superplasticizers percentage; w/c: water to cement ratio. 

Effect of SF and SP Content on Flexural Strength  
The variations of flexural strength with silica fume replacement percentage and SP 

content are summarized in Table (5) and Figure (3). It is observed that in general 

silica fume incorporation increases the of flexural strength of mortar. It important to 

mention that, since the dosage of SP is varied with the silica fume replacement 

percentage, then the variations in the compressive and flexural strength would occur 

not only due to variations in the silica fume contents but also may be due to change in 

the dosage of SP. Figure (3) exhibits that very high percentages of silica fume do not 

guaranty increase the flexural strength, and the significantly increases in flexural 

strength is found within 3% of silica fume for all the w/(c+SF) ratios, 0 – 3% 

replacements considerably improve the flexural strength with respect to control 

specimens. The initial filling of the voids by silica fume significantly improves the 

strength, but at higher levels, the improvements decrease. On computing the 

percentage gains in flexural strength of silica fume mortar with respect to control at 

0.325, 0.375, 0.425 and 0.475 water/(c+SF)  ratios, the values of the average gains at 

1.5%, 3%, 4.5% and 6% replacement levels are obtained as 11%, 42%, 21% and  5%, 

respectively.  

The flexural strengths almost follow the same trend as the 28 days compressive 

strength does. The results of the present investigation indicate that the optimum silica 

fume replacement percentage for 28 days flexural tensile strength is 3% and the 

increasing dependent on water cementitious material ratio of the mix. 
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Figure (2) Variation of 28-day compressive strength with  

percentage replacement of silica fume. 

 

 

Table (5) Strength and slump of mortar mixes. 

Bach 

No. 

Slump 

(mm) 

Experimental 

compressive 

strength value 

𝑓𝑐𝑢 (MPa) 

 

 

𝑓𝑐𝑢𝑝/𝑓𝑐𝑢 

Flexural strength 

fr (MPa) 

 

1 0 47 0.94 6.4 

2 150 52.7 0.99 6.9 

3 110 63.8 1.17 10.8 

4 120 58.7 1.06 8.4 

5 100 52.9 0.91 8.3 

6 120 43.6 0.90 5.6 

7 120 48.6 0.98 5.8 

8 150 54.8 1.11 7.0 

9 150 51.5 1.06 6.3 

10 120 45 0.91 5.5 

11 110 40.8 0.87 5.9 

12 100 47.5 1.03 7.1 

13 100 52.3 1.13 9.2 

14 100 42.9 0.95 8.1 

15 120 39.5 0.86 6.0 

16 120 43 0.96 6.0 

17 100 45.7 1.06 6.7 

18 140 47 1.08 7.0 

19 120 45.6 1.08 6.2 

20 120 40.0 0.95 5.5 
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Figure (3) Variation of 28-day flexural strength with 

percentage replacement of silica fume. 

 

Stress -Strain Relationship 

The variation in mortar strength obtained by varying a combinations of factors 

such as the water to binder ratio, percentages of cement replacing by silica fume.  

From Table (4 and 5) it can be noted that use of the same water to binder ratio for a 

particular series yields mortars with different strengths depending on mix contents.  

Figures (4) through 7 show the comparison of the stress-strain curves of mortars 

with constant water to binder ratio. It may be observed that there is a considerable 

difference in the shape of the four curves of samples tested. Also it can be seen that 

using the silica fume with superplizteser  increase the compressive strength but 

slightly decreases in ductility. It can be seen that the optimum silica fume 

replacement percentage is not a unique one but depend on SP content and w/c ratio. 

 

 
Figure (4) Stress-strain curves of specimens with  

w/(c+SF) equal to 0.325. 
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Figure (5) Stress-strain curves of specimens with 

w/(c+SF) equal to 0.375. 

 

 
       

Figure (6) Stress-strain curves of specimens with  

w/(c+SF) equal to 0.425. 

 

 
 

Figure (7) Stress-strain curves of specimens with 

w/(c+SF) equal to 0.475. 
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CONCLUSIONS 

This paper presents an experimental investigation to determine the effect of silica 

fume and superplasticizer combinations on the compressive strength, flexural strength 

and stress-strain relationship of mortar at water to binder ratios ranging from 0.325 to 

0.475 and cement replacements of 0% to 6%. From the results of this study, it can be 

concluded that silica fume and superplasticizer combinations can improve the 

strength of mortars. Considerably, a higher value of 28 days compressive strength is 

63.8 MPa was achieved at 3% admixing level by weight of cement. The increase in 

strength can be attributed to the improved the hydrated cement matrix and the sand 

bond resulting from the formation of a less porous transition zone in the silica fume 

mortar. Optimum percentage of silica fume to achieve maximum compressive 

strength varies with the water content. 3% of silica fume with w/c is 0.325 it is the 

best percentage obtained in this study.  

The silica fume and superplasticizer combinations can be used to get a high 

strength mortar reached to 63.8 MPa at the end of 28 day compressive strength, with 

reasonable workability to use in many applications of ferrocement. These mortar also 

exhibited a 28 day high flexural strength. From stress-strain curves for different water 

to binder ratio, it can be concluded that using the silica fume with superplasticizer 

increase the compressive strength but slightly decreases in ductility.  

A statistical model has been developed, which can serve as a useful tool for 

predicting the compressive strengths of silica fume mortars for w/c ratios ranging 

from 0.325 to 0.475. 
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