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Abstract
in the hardened cement paste – through pozzolanic reactions – additional hydration products 
can be formed by the use of supplementary cementing materials (scms). the expected results 
of these processes are: increase in strength, decrease in permeability and the improvement of 
other important durability properties.
in the present research, properties of mortar mixtures were investigated with different cement 
substitution rates of scms both in fresh and hardened conditions. the consistence of mixtures 
was determined by flow table test, and the change in workability was repeatedly measured until 
120 minutes. the specimens were stored in water up to the age of 7 days then under laboratory 
conditions (in climate chamber of 20±3°c temperature and rH=65% relative humidity) up to 
the age of 28 days. Afterwards half of the specimens were immersed into and stored under 
water and the other half was kept continuously under laboratory conditions. the properties of the 
hardened specimens (flexural tensile strength, compressive strength, water absorption, apparent 
density and apparent porosity) were investigated at the age of 28, 56, 90 days. seven mortar 
mixtures were made of cem i 42.5 n Portland cement with different cement substitution ratios 
of metakaolin (mk) and/or silica fume (sF). Quartz sand was used as aggregate with the range of 
0/2 mm particle size. the results of consistence measurements showed that the flow values of 
the fresh mortar mixtures which contain scms are smaller comparing with the reference mixtures 
(without scms), since the physical properties of these materials (particle size, specific surface 
area, particle shape, etc.) influence the consistence. the specimens with smaller substitution 
ratio showed more effective utilization of scms in the view of strength. the water absorption and 
apparent porosity were higher, and at the same time the apparent density was smaller than those 
of the mixtures with higher substitution ratios.
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1. Introduction
The environmental impact of the cement industry is 

significant [1]. Nowadays, the development of eco- and 
environmentally friendly construction materials are among the 
main objectives of concrete research [2]. New supplementary 
cementing materials (SCMs) are able to reduce the rate of 
environmental pollution from production processes and able 
to decrease ecological footprint [3, 4]. 

The reduction of CO2 emission could be reached by the 
application of SCMs. These materials are usually industrial by-
products and, therefore, the production of these materials does 
not increase the CO2 emission of the cement industry. The amount 
of the used cement can be also reduced by the use of SCMs [5].

In the present research metakaolin (MK) and silica fume 
(SF) were studied. The metakaolin was made from kaolin by 
thermal activation, and the silica fume was a by-product of 
silicon and ferrosilicon alloy production [6, 7, 8]. The concrete 
structures, which contain these types of SCMs, could be 
applied in corrosive environment, like water treatment plants, 
sewage plants and systems, agricultural silos or slurry storage 
tanks [9]. These fields develop rapidly and it is very important 
to get more knowledge of the applied materials [10-14].

2. Materials and methods
In the present study, the effects of metakaolin (MK) and 

silica fume (SF) SCMs were investigated on the properties 
cement mortars in both fresh and hardened condition. 
Determined amounts of cement were substituted by the SCMs. 
The applied cement was CEM I 42.5 N Portland cement, the 
MK was in powder from, and the SF was in slurry form. The 
applied cement content was 520 kg/m3. Seven mixtures of 
mortar were prepared with the same water to binder ratio (w/b 
= 0.4), and the reference samples were made without SCMs. 
The water content of the slurry was 50 m% and it has been 
considered in the calculation of w/b ratio. Two mixtures were 
prepared with different amounts of MK, another two with 
different amounts of SF, while two mixtures contained MK and 
SF combined (Table 1). In the specimens, quartz sand was used 
as aggregate with the particle size of 0/2 mm. The ratios of the 
sand fractions were the following: 1/2 mm 40 m%, 0.2/1 mm 
42 m%, F 36 (0.08-0.25 mm) 18 m%. The dimension of the 
prismatic specimens was 40×40×160 mm. 

The specimens were stored under water up to 7 days then 
in climatic chamber up to 28 days (20±3°C temperature and 
RH=65% relative humidity). Half of the specimens were kept in 
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the climatic chamber until the age of testing, and the other half was 
immersed into and stored under water until the age of testing. The 
consistence was measured by flow table test and the workability 
was repeatedly determined on the fresh mortar up to 120 
minutes after mixing. Flexural tensile strength and compressive 
strength were determined on the hardened mortar specimens. 
Water absorption, apparent porosity, and apparent density were 
measured as well. The measurements on the hardened samples 
were carried out at the age of 28, 56 and 90 days.

mixture  
designation

cement 
[m%]

mK [m%] SF [m%] mK+SF 
[m%]

1 cem i 100 - - -

2 mk 10 90 10 - -

3 mk 17 83 17 - -

4 sF 5 95 - 5 -

5 sF 10 90 - 10 -

6 mk/sF 7/3 90 7 3 7+3=10

7 mk/sF 12/5 83 12 5 12+5=17

 Table 1.  Composition of mortar mixtures
 1.táblázat  Habarcs keverékek összetétele

3. Results and discussion
3.1 Properties in fresh condition

Consistence of the fresh mortars was tested by flow table test, 
according to the EN 1015-3:1999/A2:2006 European Standard 
[15]. The flow value was determined by measuring the mean 
diameter of the test samples. The water to binder ratio and the 
amount of the superplasticizer was the same for each mixture. 
According to the results, it can be found that the flow values of 
the fresh mortars with the use of SCMs are smaller than those 
of the reference mixture (Fig.1). 

 Fig. 1.  Change of flow values in time
 1. ábra  Terülés mértékének időbeli változása

Differences were observed between the properties of the 
mixtures in the fresh condition. With the addition of SCMs, the 
total surface area of the particles in the mixtures was increased, 
since the average particle size of the SCMs is smaller than that 
of the cement. The median particle size for cement is 10 µm, for 
silica fume is 0.1 µm, and for metakaolin is 1.3 µm [16]. There 
is also some difference in the shape of the particles (see Figs. 
2 and 3). Particles of MK have lamellar shape, while particles 
of SF are more spherical. The observed differences in the 
consistence are attributed to these reasons. Fig. 4 indicates the 
differences of the initial and final flow values of the mixtures.

 Fig. 2.  Scanning electron microscopic observation of metakaolin [17]
 2. ábra  Metakaolin pásztázó elektronmikroszkópos felvétele [17]

 Fig. 3.  Scanning electron microscopic observation of silica fume [18]
 3. ábra  Szilikapor pásztázó elektronmikroszkópos felvétele [18]

 Fig. 4.  Initial and final (120 mins) flow values for the mixtures
 4. ábra  A keverékek terülése kezdetben és 120 perc után

The highest change in the workability was found in the 
reference mixture and the decrease in flow values were less for 
the samples made with SCMs. According to the test results, the 
increasing replacement ratio of each SCM results the decrease 
of flow values. The same effect was found in case of combined 
application of MK and SF. The consistence of the reference 
mixture changed in the largest extent in time (measured up 
to 120 minutes) compared to the consistencies of the other 
mixtures. Studying the fresh properties (such as consistence) 
is, therefore, important in practical applications where SCMs 
are used in cement mortars. 

3.2 Flexural tensile strength and compressive strength of 
hardened mortar

The flexural tensile strength measurements were carried out 
on hardened prisms by three point bending tests on standard 
geometry mortar specimens (Haegermann-type prisms with 
40×40×160 mm dimensions) at the age of 28, 56 and 90 days. 
Specimens of mixtures were stored in two different conditions 
between the age of 28 and 90 days as it was detailed above 
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(notations: ‘wet’ specimens = stored in water; ‘conditioned’ 
specimens = stored in climate chamber, 20±3°C, RH=65%). 
Figs. 5 and 6 demonstrate the flexural tensile strength values of 
‘conditioned’ and ‘wet’ specimens as a function of time.

The compressive strength tests were carried out on hardened 
mortar half-prisms after the bending tests, at the same ages (26, 
56, 90 days). Figs. 7 and 8 illustrate the compressive strength 
values of the ‘conditioned’ and ‘wet’ specimens as a function 
of time. The tests were carried out according to the EN 1015-
11:1999/A1:2006 European Standard [19].

Differences between the flexural tensile strength values of 
the ‘conditioned’ and ‘wet’ samples were recognized. The same 
tendencies with different extent were found as a function of 
age of specimens. It can be seen, that the specimens which 
were saturated with water (‘wet’), had higher strength values 
than that of the samples conditioned in climate chamber. The 
observation is the opposite in the case of compressive strength 
values. Compressive strength is smaller for specimens tested 
in “wet” condition. Similar observations are found in the 
literature for the influence of water content on flexural tensile 
strength and compressive strength of concrete [20, 21].

 Fig. 5.  Flexural tensile strength of ‘conditioned’ specimens
 5. ábra  Klímakamrában tárolt próbatestek hajlító-húzószilárdsága

 Fig. 6.  Flexural tensile strength of ‘wet’ specimens
 6. ábra  Víz alatt tárolt próbatestek hajlító-húzószilárdsága

 Fig. 7.  Compressive strength of ‘conditioned’ specimens
 7. ábra  Klímakamrában tárolt próbatestek nyomószilárdsága

 Fig. 8.  Compressive strength of ‘wet’ specimens
 8. ábra  Víz alatt tárolt próbatestek nyomószilárdsága

According to the measured data, specimens containing SCM 
had higher flexural tensile strength and compressive strength 
than that of the reference samples. In the case of the samples with 
MK, the smaller substitution ratio (10 m%) was more effective, 
than the higher substitution ratio (17 m%). The compressive 
strength of the samples with 17 m% substitution ratio is very 
similar to that of the reference samples. The higher dosage of MK 
is expectedly resulted in the aggregation of the particles, which 
could not completely disperse during the sample preparation. 
The results of the samples with SF were the opposite; the higher 
substitution ratio (10 m%) was found to be more effective 
than the smaller substitution ratio (5 m%) in both testing 
conditions (‘conditioned’ and ‘wet’). In the mixtures made with 
the combination of the two SCMs, also the higher substitution 
ratio provided the better results. According to the literature [4], 
higher dosage of the SCM usually increases the strength. In our 
experiments this statement fit with the results determined on 
specimens made with SF or with the combination of MK and SF.

3.3 Water absorption
The water absorption measurements were carried out at the 

same ages as the mechanical tests (28, 56, 90 days). The half-
prisms (that became available after the bending tests) were 
immersed into water, and mass measurements were repeated 
regularly until constant mass of the specimens was reached. 
Both ‘conditioned’ and ‘wet’ specimens were investigated after 
the same drying process. Water absorption tests were started on 
oven dry specimens that were dried at 40±5°C until reaching 
constant mass before the measurements. 

Test results are presented in Figs. 9 and 10. The diagrams 
show the highest water content as a function of time for both 
‘conditioned’ and ‘wet’ samples. 

 Fig. 9.  Water absorption of ‘conditioned’ specimens
 9. ábra  Klímakamrában tárolt próbatestek vízfelvétele
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 Fig. 10.  Water absorption of ‘wet’ specimens
 10. ábra  Víz alatt tárolt próbatestek vízfelvétele

After a gentle drying procedure (in 40 °C in drying cabinet) the 
water absorption of the ‘conditioned’ specimens was slightly higher 
than that of the ‘wet’ (and dried) samples. A reasonable explanation 
is that the ‘conditioned’ samples performed considerable shrinkage, 
which caused micro-cracks and the porosity of these samples was 
increased. On the other hand, the hydration of the cement was 
restricted due to of the lack of external curing water. In the case of 
‘wet’ samples, the hydration was prolonged which resulted lower 
permeability and lower water absorption. 

It can be concluded that the samples (both ‘conditioned’ 
and ‘wet’) showed lower water absorption with higher cement 
substitution ratio (MK17, SF10 MK/SF 12/5). It can be supposed 
that the ability of SCMs is better in filling the pores due to their 
smaller particle size and it can result a more compact structure. 
On the other hand, higher amount of SCMs can result higher 
amount of hydrate phases during the pozzolanic reactions. 

3.4 Apparent density
The apparent density of the hardened mortar depends on the 

quantity and the density of the components, the air content, the 
moisture content and the intensity of compaction. Apparent 
density measurements were carried out according to the EN 
1015-10:1999/A1:2006 European Standard [22]. The measured 
data are represented in Figs. 11 and 12. 

The tendencies of the measured data were similar in 
both cases (‘conditioned’ and ‘wet’); only a slight increase is 
recognizable in time. 

The samples with SCMs had lower apparent density than 
that of the reference samples. The ‘wet’ samples had higher 
apparent density, which can be the result of the formation of 
the hydrate phases. 

 Fig. 11.  Apparent density of ‘conditioned’ samples
 Fig. 11.  Klímakamrában tárolt próbatestek testsűrűsége

 Fig. 12.  Apparent density of ‘wet’ samples
 Fig. 12.  Víz alatt tárolt próbatestek testsűrűsége

3. 5 Apparent porosity
During drying the samples perform shrinkage and 

the porosity is increased [23]. The apparent porosity was 
determined by Eq. (1):

 (1)

where: 
 – apparent porosity [V%],
 – water absorption [m%],

 – oven dry apparent density [kg/m3],
 – density of water [kg/m3].

Figs. 13 and 14 represent the calculated data from the 
measurements.

 Fig. 13.  Apparent porosity of ‘conditioned’ samples
 Fig. 13.  Klímakamrában tárolt próbatestek látszólagos porozitása

 Fig. 14.  Apparent porosity of ‘wet’ samples
 Fig. 14.  Víz alatt tárolt próbatestek látszólagos porozitása

The ‘conditioned’ samples had higher apparent porosity due to 
the presence of more open pores. In the case of ‘wet’ samples the 
hydration mechanism continued and more pores could be closed. 
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The apparent porosity was higher for the samples with smaller 
cement substitution ratios. In the case of higher cement substitution 
ratios, there are more small particles available in the system and it 
can cause a more compact structure, which decreases the amount 
of the open pores and decreases the apparent porosity as well.

4. Conclusions
Based on the test results it can be concluded that the application 

of SCMs does not have disadvantageous influence on the 
properties of cement mortars in fresh and hardened condition. 

Differences were observed between the properties of the 
mixtures in the fresh condition. Addition of SCMs is resulted in 
decrease of consistence, however, the change of workability in 
time is less pronounced than that of the reference cement mortar.

Different curing conditions resulted differences in the 
properties of hardened samples. Flexural tensile strength 
was higher and compressive strength was lower for the 
specimens stored under water and tested in wet condition 
when compared to the results obtained for specimens tested 
in air dry condition. Water absorption and apparent porosity 
were lower and apparent density was higher for the specimens 
stored under water than those of the specimens stored in 
climatic chamber. The differences are attributed on one hand to 
the presence of the water and on the other hand to the different 
rates of hydration due to different curing methods.

The composition and the cement substitution ratios induced 
further differences. The specimens with smaller substitution 
ratio showed more effective utilization of SCMs in the view 
of strength. The water absorption and apparent porosity were 
higher, but the apparent density was smaller than those of the 
mixtures with higher substitution ratios.

It is important to find optimum dosage and substitution ratio, 
because application of SCMs over the optimum amount may reduce 
the performance both in strength and durability parameters. 
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