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Abstract 
The two basic characteristics for concrete are strength and durability. These are in most cases 

mutually dependent with one another. From sustainability point of view, durability is the key 
criterion as it is the dominant characteristic controlling the service life. Durability becomes 
significant when concrete is in contact with waters contain chlorides and sulfates. Concrete may 
deteriorate as a result of direct interaction of sulfates with the hydration products of cement and 
rebar corrosion. The shortcut for preventing this scenario is to design and produce concrete as 
much dense as possible. To solve this problem, mineral additives are generally incorporated in 
concrete mix. Concretes containing mineral additives are considered to be less permeable 
compared to those without mineral additives since such materials are usually finely ground. 
Silica fume is generally used for this purpose as it is the finest among these. In the meantime, 
silica fume is frequently used in cases where high strength is aimed since its pozzolanic 
reactivity is relatively high.  

In this study, concretes were produced with binders in which cement was replaced by silica 
fume at different ratios, and the rapid chloride permeability, the maximum depth of water 
penetration, the capillary coefficient and the compressive strength were measured to determine 
the effectiveness of silica fume replacement. 5% silica fume replacement resulted in a relatively 
high reduction in chloride ingress. This improvement can also be observed in the maximum 
penetration depth of water and the capillary coefficient. A considerable increase in compressive 
strength is also observed as the ratio of silica fume is increased. Overall, the results revealed 
that silica fume incorporation is favorable with respect to the strength gain and durability and 
hence sustainability aspects. 
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1. INTRODUCTION 
Concrete is one of the most commonly used materials in construction sector as it is relatively 

low cost, readily available and can be produced and shaped as desired, and also as it sufficiently 
resistant to the aggressive environments compared to its alternatives.  

Concrete is an alkaline material with high pH. Therefore, concrete mostly deteriorates in 
acidic environments due to the chemical reactions taking place. Permeability is the chief factor 
influencing the durability of concrete exposed to such conditions [1].  

The factors controlling the permeability of concrete are the number and the size of the voids 
in concrete, their distribution and the conditions of the surrounding environment. Minimization 
of the number and the size of such voids would be possible as long as the principles of concrete 
technology are applied properly [2]. 

Mineral additives such as silica fume, fly ash and ground granulated blast furnace slag are 
the common materials that have been used in the production of high strength concrete by 
replacing Portland cement by them at certain ratios. A considerable energy can be saved and a 
reduction in CO2 emission is possible by incorporating such materials as cementitious 
components of binders in the production of concrete [1,3]. The amount of CO2 emission is 
approximately 1 kg per 1 kg of cement production [4]. The reduction provided in gas emission 
is more or less equivalent to the replacement ratio in case silica fume is used as the mineral 
constituent.   

Silica fume is a by-product of the manufacture of silicon metal and ferro-silicon alloys. The 
process involves the reduction of high purity quartz (SiO2) in electric arc furnaces at 
temperatures in excess of 2000°C. It is a very fine powder consisting mainly of spherical 
particles or microspheres of mean diameter about 0.15 microns, with a very high specific 
surface area of 15000–25000 m2/kg. Each microsphere is on the average 100 times smaller than 
an average cement grain [5]. Silica fume reacts chemically with the calcium hydroxide 
produced by the hydration of the Portland cement to form calcium silicate hydrates (C-S-H). 
Silica fume is highly reactive due to the high proportion of non-crystalline SiO2 and the large 
surface area [6]. 

Reinforced concrete is a worldwide construction material [7]. Chloride ingress in concrete 
is undesirable due to its electrochemical reaction with reinforcing steel in concrete and the 
eventual detrimental effect on the durability of reinforced concrete structures [8]. Permeation 
of sulfate and chloride ions into concrete takes place by diffusion and capillary suction [9].  
Corrosion of rebar in concrete may result in structural damage to buildings, bridges, viaducts, 
marine structures, and many other similar structures. The money spent annually is 
approximately 5 billion Euros to compensate for the damage in reinforced concrete structures 
in Europe [10].  

It is stated out in many studies that it is possible to reduce the permeability of concrete 
considerably and increase its strength by replacing a certain amount of Portland cement with 
silica fume [11-13]. For example, in a study [11], it is stated that concrete with a water to cement 
ratio of 0.50 and 10% silica fume substitution yielded a compressive strength 25% higher 
compared to the concrete without silica fume at the end of 28 days of standard curing. Based 
on the results of rapid chloride permeability test carried out on the same concrete, compared to 
concrete without silica fume, a reduction of approximately 80% in chloride permeability is 
measured.  
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2. PURPOSE OF THE STUDY 
In the scope of this study, the effect of silica fume replacement of cement at different ratios 

on the chloride ingress, water permeation, capillarity, and compressive strength of concrete was 
investigated. 

In the experimental program, concrete mixes containing 290 kg/m3 and 340 kg/m3 
cementitious materials were produced. The reason for choosing these dosages is these binder 
contents was that these are the binder contents generally used in the production of concrete 
grades C20/25 and C25/30 commonly used in the local construction sector. Cement was 
replaced by silica fume at ratios of %5, %10, and %15 for each cement contents. Control mixes 
without silica fume for each cement content were produced for comparison. Slump was kept 
within 60 mm±10 mm for all mixes. This was realized by using a super plasticizer chemical 
admixture. All concrete specimens were kept under standard (20oC±2oC, in lime saturated 
water) curing condition until the testing age.   

3. EXPERIMENTAL WORK 

3.1 Materials used 
The aggregate used was a mixture of calcareous crushed aggregate with a maximum size of 

16 mm and crushed sand. The particle density at SSD state, water absorption and moisture 
content of the aggregates are given in Table 1. The gradation of the aggregate mix along with 
the reference curves is given in Figure 1.  

 
Table 1: Particle density, water absorption, and moisture content of the aggregates. 

Aggregate Particle density, Mg/m3 Water absorption, % Moisture content, % 
Crushed stone 
coarse aggregate 2.74 1.00 0.25 

Crushed sand 2.64 2.60 1.60 
 

 
Figure 1: Gradation of the aggregate mix and the reference curves. 

 
In the program, CEM I 42.5 R type cement manufactured by Aşkale Trabzon Cement 

Factory was used. The properties of the cement are given in Table 2.  
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Table 2: Chemical composition, physical and mechanical properties of cement. 

Chemical Composition  Physical and Mechanical Properties 
Oxides Content, % Retained on 45 µm sieve, % 9.8 
SiO2 19.46 Retained on 90 µm sieve, % 1.0 
Al2O3 5.11 Specific surface-(Blaine), m2/kg 412.6 
Fe2O3 3.31 Particle density, Mg/m3 3.12 
CaO 60.23 

Setting times-(Vicat), min. 
Initial 140 

MgO 2.08 Final 200 
SO3 3.05 Water demand, % 29.2 
Na2O 0.27 Soundness, mm 1.0 
K2O 0.69 

Compressive strength, MPa 
2-day 28.0 

Cl- 0.02 7-day 40.4 
Loss on ignition 3.00 28-day 51.5 

 
The silica fume used is provided by İKSA Concrete and Construction Chemicals. A super 

plasticizer chemical admixture was also used in the experimental program.  

3.2 Mix proportions 
The mix proportions of the concretes prepared are given in Table 3. The water to binder ratio 

was kept constant at 0.50 for all mixes. Four 150 mm cube, two 100 mm cube, one 100 mm 
diameter and 200 mm height cylinder specimens were prepared for each batch. Two 150 mm 
cubes were used for compressive test while the other two were used for water ingress test. The 
two cube specimens of 100 mm were used for determining capillarity coefficient. The cylinder 
specimen was used for rapid chloride permeability test. All concrete specimens were tested at 
the end of 28 days of standard curing. 

 
Table 3: Mix proportions of the concretes produced.  

Production 
No 

Silica fume 
replacement, % 

Amount of constituent materials, kg/m3 
Slump, mm 

Cement  Water Aggregate Silica fume 
1 0 290 

145 

1994.5 0 60 
2 5 275.5 1989.4 14.5 80 
3 10 261 1984.2 29 45 
4 15 246.5 1979.1 43.5 60 
5 0 340 

170 

1883.9 0 65 
6 5 323 1877.8 17 50 
7 10 306 1871.8 34 55 
8 15 289 1865.8 51 50 
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3.3 Rapid chloride permeability test 
The rapid chloride permeability test was carried out according to ASTM C 1202. Initially, 

25-mm slices were cut off from the two ends of the 100-mm cylinder specimens and then 50-
mm sliced specimens were prepared from the remaining part of each specimen for the test. Prior 
to the testing, the concrete specimen was initially water saturated. The specimen was then 
placed in the test set up shown in Figure 2 so as to have one face of the specimen in contact 
with a 3% NaCl solution and the other face with a 0.3M NaOH solution. The cylindrical faces 
of the specimen not in conduct with the solution were isolated using a silicone agent to prevent 
water leakage. The charge that passed through the specimen within 6 hours under 60 V potential 
difference was measured in Coulombs (C). 

 

 
Figure 2: Set up for rapid chloride permeability test.  

Based on the charge passed, chloride ion permeability may be classified according to ASTM 
C 1202 as given in Table 4.  

 
Table 4: Chloride ion permeability classification according to ASTM C 1202. 

Electrical Charge Passing (Coulomb) Chloride Ion Permeability  
>4000 High 

2000-4000 Moderate 
1000-2000 Low 
100-1000 Very low 

<100 Negligible 

3.4 Water permeation test 
Water permeation test was performed according to TS EN 12390-8. The specimens were 

subjected to a water pressure of 5 bars for a period of 72 hours and then they were split 
perpendicular to the face of the specimen subjected to water ingress to determine water 
permeation. The apparatus used for the test is shown in Figure 3. The maximum depth of water 
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ingress on the splitted face was determined by marking the water profile as indicated in Figure 
4.  

        
 

           Figure 3: Set up for water ingress.            Figure 4: Marked depth of water ingress.  

The evaluation regarding the maximum depth of water permeation measured on concrete 
specimens according to TS EN 12390-8 is given in Table 5.  

 
Table 5: Criteria for water permeation in concrete. 

 

Maximum Water Permeation, mm Classification  
> 50 Pervious Concrete  
< 50 Impervious Concrete 
< 30 Impervious Concrete to Aggressive Environments  

3.5 Capillary test 
Cube specimens of 100-mm were prepared for capillary testing. The test was carried out 

according to ASTM C1585. The specimens were initially kept in an oven at 70oC for two days 
and then were left in laboratory condition for cooling. Following the cooling process, the 
specimens were placed in the set up shown schematically in Figure 5 so as to have the bottom 
2 mm ±1 mm of specimens submerged in water. The side faces of the specimens were sealed 
to prevent water ingress. The amount of water absorbed with time due to capillary suction was 
measured and recorded at time intervals of 0, 5, 10, 20, 30, 45, 60, 120 and 1440 minutes. The 
capillarity coefficients in m2/s were then calculated using these measurements. 
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Figure 5: Set up for the capillary test. 

3.6 Compression test  
Compressive strengths were determined on 150 mm cube specimens. The test was carried 

out conforming to procedure described by TS EN 12390-3.  

4. EXPERIMENTAL RESULTS 
The rapid chloride ingress measurements obtained according to ASTM C 1202 are given in 

Figure 6. The associated graph is a clear picture of the variation of the rapid chloride 
permeability of concretes depending on the silica fume replacement at ratios of 0%, 5%, 10% 
and 15%. Evaluation is carried out for concrete specimens of two batches containing total 
cementitious materials (binder) of 290 kg/m3 and 340 kg/m3. A considerable decrease in the 
chloride permeability of concretes was observed as the replacement ratio increased.  

In a study [11], a reduction of 81% in rapid chloride permeability has been reported for 
concretes with total cementing materials content of 372 kg/m3 and a silica fume replacement 
ratio of 10%. In this study, 77% and 79% reductions were obtained for concretes with 
cementing materials of 290 kg/m3 and 340 kg/m3 binder contents, respectively.   

 

 
 

Figure 6: Rapid chloride permeability profiles for concretes. 
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Figure 7 illustrates the variation of the maximum depth of water ingress depending on the 
replacement ratio of silica fume for concretes produced with cementing materials contents of 
290 kg/m3 and 340 kg/m3. According to the relevant standard TS EN 12390-8, concrete with a 
maximum depth of water ingress smaller than 50 mm is considered impervious. In the case of 
exposure to aggressive environment, this value is desired to be smaller than 30 mm.  

As seen from Figure 7, the maximum depth of water for concretes containing cementing 
materials of 290 kg/m3 exhibit a significant decrease as the silica fume replacement increases 
while the maximum depth of water ingress for concretes with cementing materials content of 
340 kg/m3 did not change with increasing silica fume replacement level. In other words, at high 
total binder contents, the silica fume replacement did not affect the water ingress. This finding 
is corroborated by the research [14] carried out on concrete of 0.5 water to binder ratio and a 
binder content of 330 kg/m3.  

 

 
Figure 7: The maximum depths of water ingress measured for concretes. 

The capillarity coefficients obtained on concretes are given in Figure 8. As can be seen from 
the graph, the capillary coefficients indicate a remarkable decrease as the silica fume 
replacement increases for both concretes containing 290 kg/m3 and 340 kg/m3 cementing 
materials.  
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Figure 8: Capillarity coefficients measured on concretes.  

The compressive strengths obtained on concretes are illustrated in Figure 9.  As can be seen 
from the figure, a noticeable increase in the compressive strength of concretes is observed as 
the silica fume replacement increases. The tendency in the compressive strength increase is 
quite similar for both concretes containing 290 kg/m3 and 340 kg/m3 cementing materials. This 
result is corroborated by the results in reference [11].   

 
Figure 9: Compressive strengths versus silica fume replacement.  
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5. CONCLUSIONS 
Based on the experimental study carried out, the following main findings may be outlined: 

• The rapid chloride permeability values decreased remarkably for both concretes 
containing different binder contents as the silica fume replacement ratio increases. The 
reduction is much more noticeable for concrete with higher binder content.  

• The reduction observed in the maximum water ingress depending on the increase in the 
silica fume replacement is more pronounced for concretes containing cementing materials 
of 290 kg/m3. In view of impermeable concrete production, this indicates that silica fume 
is more effective in concretes of low binder contents.   

• Depending on the increase in the silica fume replacement, the reduction observed in the 
capillary coefficient is significant for both concretes containing cementing materials of 
290 kg/m3 and 340 kg/m3.  

• The compressive strengths of concretes regardless of the cementing materials contents 
increase as the silica fume replacement ratio increases.  

• Consequently, regardless of the cementing materials contents, the durability and the 
compressive strength properties of the concretes improved as the silica fume replacement 
ratio increased. It is obvious that silica fume replacement up to 5% to 10 % is favorable 
particularly for concretes exposed to environments containing sulfates and/or chlorides. 
This is also desirable so far as the sustainability is concerned. 
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