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curve. The following sequence for the permeable voids of the 
mixtures has been achieved:

~MF F MA A> > (12)

Using silica fume reduced the permeable voids but it was not 
as effective as changing the w/cm ratio. On the other hand, 
the influence of silica fume on reducing the permeable voids 
was not as significant as its effect on the reduction of chloride 
penetration. The reason could be due to the effect of silica 
fume on creating a tortuous pore structure. Several research 
studies have shown that silica fume cannot not reduce the 
pore volume [43].

3- 5- Compressive strength
The average results of compressive strengths at the ages of 
3 to 365 days are presented in the Figures 7 to 11. As shown 
in Figure 7, in three days, the mixtures with the Andreasen 
gradation had the lowest compressive strength among the 
other mixes. Other gradations have almost equal compressive 
strengths, however, in some cases, a slight increase in 
compressive strength could be observed for the modified 
Fuller aggregate gradation. By increasing the w/cm ratio, 
especially at w/cm of 0.45, the effect of Andreasen gradation 
on reducing the compressive strength has been diminished 
and similar strengths were obtained compared to the other 
mixtures. The following trend could be noticed for the effect 
of aggregate gradations on compressive strengths in three 
days.

~MF F MA A≥ > (13)
The similar trend on compressive strength to that obtained in 
three days was also observed at later ages and the Andreasen 
grading curve had the lowest compressive strength compared 
to the other gradations at low w/cm ratios. The results of this 
section are in a good agreement with the results obtained in 
section 3.3 on the influence of aggregate gradations on the 
packing density of concretes. In other words, the mixtures 
with Andreasen gradation which had the lowest dry density 
(packing density) had lower compressive strengths. It must 
be noted that the Andreasen curve had the highest packing 
density of aggregates.
At the ages of 3 days and 7 days, the compressive 

strengths of the mixtures were higher than 40 MPa and 45 
MPa, respectively, even in w/cm ratio of 0.45. Also, the 
compressive strengths of concrete mixtures with w/cm ratio 
of 0.31 have been higher than 60 MPa. By increasing the age, 
the compressive strengths were enhanced. Over 365 days, the 
mixtures with Andreasen grading curve at w/cm ratio of 0.45 
had the minimum compressive strength which was about 60 
MPa. In this regard, the concrete mixtures were in the range 
of high-performance concrete according to ACI 363-10 [44].
At 365 days, with w/cm ratio of 0.31, the minimum 
compressive strength of the silica fume incorporated concretes 
was about 82 MPa for the mixture with the Andreasen 
gradation and the highest strength was about 111 MPa for the 
mixture with the modified Fuller gradation. In other words, 
the mixture with the lowest dry packing density of aggregates 
(MF) outperforms that with the highest dry packing density 
of aggregates (A) by about 30% in compressive strength at 
low w/cm ratios. 
Replacing cement with silica fume did not have a positive 
effect on compressive strength in 3 days and lower strengths 
were obtained. This could be due to the slow pozzolanic 
reactivity of silica fume at an early age and the reduced cement 
content. At later ages, a higher rate of pozzolanic reactivity of 
silica fume occurred, leading to higher compressive strengths 
compared to the plain mixtures at the ages of  28 to 365 days.

Fig. 6. Permeable voids of concrete mixtures

Fig. 7. Compressive strength test results in 3 days 

Fig. 8. Compressive strength test results in 7 days 
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3- 6- Rapid Chloride Migration Test (RCMT)
The average results of RCMT are shown in Figures 12 and 
13. As can be seen in the figures, the dry packing density of 
aggregates is not an indicative of the resistance of concrete 
specimens against chloride ions penetration. The maximum 
RCMT coefficients were observed for the mixtures with 
Andreasen gradation which had the lowest dry packing 

density of aggregates and the minimum chloride diffusivity 
was obtained for the modified Fuller aggregate gradation. 
The differences between the gradations were reduced by 
increasing the w/cm ratio. The results of this section have 
a good conformance with those of the dry density. The 
following sequence of the chloride resistivity of the mixtures 
has been achieved:

MF MA F A≥ > > (14)
Using silica fume has caused a significant reduction in RCMT 
coefficient. This effect is mainly due to the high pozzolanic 
reactivity of this material which blocks the capillary pores in 
cement matrix [43]. This reduction is more evident at higher w/
cm ratio and has a great influence on improving the durability 
of the mixtures. Reducing w/cm ratio causes considerable 
reduction of RCMT coefficient of all the mixtures. In order 
to improve the durability, using silica fume had a significant 
influence compared to changing the aggregate gradations or 
reducing w/cm ratio.

Fig. 9. Compressive strength test results in 28 days 

Fig. 10. Compressive strength test results in 90 days 

Fig. 11. Compressive strength test results in 365 days 

Fig. 12. RCMT coefficients of concrete mixtures without silica 
fume

Fig. 13. RCMT coefficients of concrete mixtures containing 
silica fume
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