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Abstract
Usage of supplementary materials in concrete is one of ways
of reducing CO2 emission and contributing the sustainability.
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Silica fume is the most effective pozzolan in concrete due to its
high level of SiO2. Addition of silica fume in concrete improves
both strength and impermeability properties. Efficiency of
a supplementary material in concrete can be define as the
equivalent amount of addition in terms of cement. In this study
the efficiency of silica fume in concretes were determined
considering the compressive strength and also rapid chloride
penetration test (RCPT) results. The variation of efficiency
factor with silica fume percentage in concrete is determined
for both cases.
Keywords: Efficiency factor, silica fume, compressive strength,
RCPT
1. Introduction
Cement production is one of the most CO2 emitting industries.
The energy consumption in the cement production is also
high. In order to reduce CO2 emission and energy consumption
supplementary materials such as fly ash, blast furnace slag,
silica fume, etc., are utilized in cement or concrete production.
The percentage of clinker in a cement is defined as clinker
factor (CF). Replacement of clinker with a pozzolanic material
or with limestone powder reduce the CF. In 2010 the World CF
was 0.77 [1] and it was aimed to reduce it to 0.71 by 2050 [2].
Silica fume is a widely used supplementary material in cement
and concrete industry. Silica fume can be obtained from

ferrosilicon and silicon industries as a by-product material.
The silicon dioxide content in silica fume is over 90 percent and
they are all amorphous; for this reason it is a highly reactive
pozzolan. Furthermore, silica fume particles are very fine
with a specific surface area over 20,000 square meters. On
the other hand, silica fume particles have a spherical shape,
which improves the workability of concrete up to a certain
replacement level.
Most of the studies on the efficiency of supplementary materials
are concentrated on fly ash. In one of the pioneer studies on
efficiency of fly ash belongs to Smith [3]; in this study it was
mentioned that the cementing efficiency of an ash relative to
cement is measured by the effect of the ash on the W/C ratio. In
its effect on W/C ratio, a weight of fly ash (F) will be equivalent
to a weight KF of cement, where K shows the efficiency factor.
Akyuz and Pekmezci [4] used Bolomey and Feret formulas to
calculate the efficiency factor of natural pozzolan and they
reported that the most optimum natural pozzolan/cement
ratio was 0.28 in their study. Uyan et al. [5] investigated the
variation of efficiency factor of GGBS and a logarithmic equation
was proposed in terms of time and replacement ratio.
Babu and Prakash [6] suggested two efficiency factors; one of
which is a general factor independent of the replacement ratio
of silica fume and the second one depends on the replacement
ratio. The overall efficiency was the multiplication of these
two factors. Malathy and Subramanian [7] reported that the
efficiency factor for silica fume increases for up to replacement
ratio of 10%. Bhanja and Sengupta [8] found that compressive
strength of concrete increases with silica fume content for up to
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a certain replacement content and higher the W/C ratio, higher
this optimum ratio. Wang and Razak [9] proposed an efficiency
factor based on Abram’s rule and changes with pozzolan type,
replacement level and age.
In this study concretes were prepared in varying silica fume
contents and compressive strength and RCPT tests were
conducted. The efficiency factor of concretes were determined
and variation of this factor with silica fume ratio was obtained.
2. Experimental
2.1. Materials
An ordinary Portland cement (CEM I 42.5, in accordance with TS
EN 197-1) and a silica fume were used as binder. The chemical
composition and physical properties of cement and fly ash are
given in Table 1.
Natural and crushed stone sand were used as fine aggregates
with specific gravities of 2.60 and 2.70, respectively. Crushed
limestone with a maximum size of 25 mm and a specific gravity
of 2.72 was used as coarse aggregate. A polycarboxylate based
HRWR (Type F in ASTM C 494-92) admixture was employed in
all the mixtures to obtain a similar workability.

Table1. Physical and chemical compositions of cement
and silica fume
Cement

Silica fume

Specific gravity

3.15

2.24

Sp. surface, cm2/g

3680

20100

Loss on ignition, %

1.35

SiO2, %

mm sizes. The specimens were stored in water at 20±2oC until
testing date and tested at the age of 90 days. RCPT test was
conducted according to ASTM 1202 standard on 90-day water
cured specimens which were cut from prisms of 100x100x500
mm size.
3. Test Results and Discussion
Compressive strength and RCP test results of 90-day water
cured specimens were given in Table 2.
Figs. 1 and 2 show the plotting of compressive strength and
RCPT results given in Table 2 with (C+kSF)/W, respectively.
During plotting the value of “k” was determined such that
correlation coefficient should be the highest as well as the
point corresponding to the control mixture (the mixture without
silica fume) should lie on the regression line.
From Figs. 1 and 2, the efficiency factors was obtained as k=2.5
(R2=0.835) for compressive strength and k=4.5 (R2=0.867) for
passed charge in RCPT, respectively. These results reveal
that silica fume 2.5 and 4.5 times more efficient than cement
in concrete with respect to compressive strength and chloride
penetration resistance, respectively.
The pozzolanic materials in concrete causes two effects;
pozzolanic and filling. As a result of pozzolanic effect new C-SHs are formed other than those formed during the

Table 2. Test results
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W/C

SF/C

2.11

Cement
content
(kg/m3)

Comp.
Strength
(MPa)

Charge
passed (C)

20.14

92.48

350

0,53

0

38,7

4501

Al2O3, %

5.04

0.38

400

0,58

0,03

40

4295

CaO, %

63.92

0.77

400

0,48

0,03

45,1

2804

MgO, %

1.35

1.16

300

0,58

0,03

37,9

4829

SO3, %

2.84

0.21

300

0,48

0,03

48,1

1569

Na2O, %

–

0.85

350

0,45

0,075

49

448

K2O, %

0.84

0.78

350

0,61

0,075

37,5

3966

Fe2O3, %

3.78

0.69

350

0,53

0,075

39,8

2151

The mixing proportions of the aggregates in concrete mixtures
are as follows:
Natural sand: 20%
Crushed stone sand: 25%
Crushed stone 1: 25%
Crushed stone 2: 30%
The concretes were prepared at three cement contents of 300,
350 and 400 kg/m3, respectively. The silica fume/cement ratio
(in weight) varied as 3%, 7.5% and 12%. A pan mixer with a
capacity of 40 dm3 was used for mixing of concretes.
Compressive strength specimens were cubic with 150x150x150

400

0,48

0,12

47,4

1224

400

0,58

0,12

41,1

2403

300

0,58

0,12

41,6

1330

300

0,48

0,12

47,7

644

hydration of the clinker. Beside this, pozzolan particles may
provide more space for clinker hydration products and also
create nucleation sites [10]. It was reported that in pozzolan
added concretes the volume of large pores decreases due to
the pozzolanic action [11]. These two effects improve both
strength and impermeability properties.
On the other hand, in RCPT test the charge passed through
the concrete specimen does not depend only on permeability
properties but also on the pore solution properties of concrete.
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During testing both Cl- and OH- ions contribute to the total
charge. When a pozzolan, for example silica fume, is used due
to the pozzolanic reaction the amount of OH- ions are reduced,
which results in decrease in passed charge [12,13].
It seems that addition of silica fume decreased the amount
of pores in concrete which resulted increase in strength and
reduction in chloride permeability, however silica fume also
effected the transported ion concentration, especially OH- ions,
which caused a higher efficiency factor for passed charge than
that of compressive strength.

than that for compressive strength showed that in the
RCPT test not only pore volume or size are important but
also the chemistry of pore solution may be more important.
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4. Conclusions
The following conclusions were drawn from this study.
1-
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as expected.
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strength and passed charge, respectively.

4-

The obtained higher efficiency factor for passed charge
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