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Accelerated tests were conducted to evaluate the potential reactivity of one of the potentially dangerous aggregates from 
the point of view of combination with high alkaline cement with the measurement of linear expansion deformations in order to 
study the impact of nano-silica on the process of alkaline corrosion of the concrete and formation of cement matrix. It was 
revealed by using electron microscopy that the addition of nano-silica in concrete mixture promotes the formation of alkali-silica 
gel in the cement matrix, but not in the pores of the sample, which contributes to slowing, but not prevention of an alkaline 
corrosion of concrete. 
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1. Introduction 

 
American scientist T. Stanton established a 

base of numerous studies in the field of internal 
corrosion of the concrete in 1940 by publishing 
information about the destruction of a number of 
structures which were built between the late 1920s 
to the beginning of the 1940s in California (Virginia) 
and called this phenomenon as an alkali-silica 
reaction (ASR) [1]. 

Elevated temperature of environment is one 
of the factors which contributing to this reaction and 
that's why it was suggested that this problem 
should not arise in some countries, such as 
Denmark, northern Germany and the UK, in 
connection with theirs geographical location and 
geological situation. Reports that were published 
later about damages of some constructions show 
that it was erroneously. 

The destruction of the bridge in Luebeck in 
1964 is the first diagnosed case of alkali-silica 
reaction in northern Germany. Also destructions 
were observed in such countries as Denmark 
(1950), Iceland (1960-1970 ), England (1971), 
Turkey (1975), Australia (1980), Sweden and 
Norway (1980-1990), Switzerland (1995), The 
Netherlands (1995-1998) and Finland (2011). 
Buildings, bridges, highways, airfield pavements, 
dams, waterworks and reinforced concrete under-
rail structures have been exposed to destructions 
[2 - 11]. According to the analysis of officially 
recorded cases of damages of structures due to the 

 

 
Fig. 1 – Distribution of damages by the type of structures. 
 
AAR worldwide, their classification is shown in 
Figure 1. 

There is almost no statistical data about the 
destructions of reinforced concrete structures due 
to internal corrosion of the concrete in Russian 
Federation, however, reinforced concrete sleepers 
that have been subjected to alkali-silica reaction 
after 3 years of exploitation were investigated by 
authors in 2004 [12]. 

An application of the active mineral additives 
such as silica fume, fly ash and ground granulated 
blast furnace slag is an effective way which used in 
practice to prevent an alkali-silica reaction, though 
many aspects are related with their inhibitory effect 
remain to be elucidated [13,14]. On the other hand, 
there are some works which show that certain their 
species may conversely increase the undesirable  
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expansion of samples [15, 16]. 
Currently, there is no specific method for 

assessment of the impact of active mineral 
additives on the process of internal corrosion of 
concrete, there is no information about the required 
dosage and the size of their particles, and 
therefore the study was conducted to evaluate the 
influence of nano-silica on the process of 
expansion of the samples. 

 
2. Materials and methods 
2.1. Characteristics of materials 

It is a well known fact that the maximum 
allowable content of the alkalis in the cement as 
0.6% in recalculation on sodium oxide equivalent 
was defined in a number of national and 
international standards.  

In this study was purposely used a highly 
alkaline Portland cement (PC) to provoke an alkali-
silica reaction with the following chemical and 
mineralogical composition (Table 1). 

It was gotten that the cement contents 1.19 
% of alkalis in recalculation on Na2Oeq as a Na2O + 
0.658 K2O which is in two times higher than the 
allowable limit. 

The crushed coarse aggregate from one of 
the occurrences in southern Russia was used in 
the preparation of the concrete samples. It 
composed of   ~ 20-25% of quartz, feldspars ~ 20-
25%, 18-20% chalcedony ~, ~ 13-15% amphibole, 
ore minerals ~ 13-14% pyroxene ~ 3-4% , mica 
and hydromica ~ 3-4% and 1-2% CaCO3 according 
to the results of petrography analysis.  

According to the chemical analysis results it 
was revealed that the aggregate contains 38.1 
mmol/L of amorphous silica, which is on 24% 
below the limit in 50 mmol/L. 

The most reactive minerals of the rocks are 
opal, chalcedony and quartz with a damaged 
crystalline lattice which also called amorphous 
silica. The presence of the last in the used 
aggregate was validated by the pictures which 
were made with a polarizing microscope (Fig. 2). 

Quartz has a crystalline structure and when 
the angle of incidence of light is changed one can 
see an alteration of coloring of the mineral from 
dark to the light immediately. 

It becomes the most active and exposed to 
influence of alkalis of the cement and called as 
amorphous silica, when its crystal lattice is 
disturbed. 

 

 

Fig. 2 – Quartz with damaged crystalline lattice, x50 
 
In order to prevent the occurrence of the 

alkali-silica reaction and to reduce the expansion 
deformations colloidal nano-silica (NS), containing 
of SiO2 - 99.2% with a specific surface area of 300 
m2/g in an amount of 0.025 % and 0.125% by 
weight of cement has been introduced in concrete 
mixture. 
 
2.2. Test methods 

Currently, there are two test methods for 
assessing of the potential reactivity of aggregates: 
accelerated test (for two weeks) and long test (for 
1 year). 

The most common technique is presented in 
American standards ASTM C 1260 and ASTM C 
227, the analog of which is national standard of 
Russian Federation - GOST 8269.0-97. 

According to these documents, accelerated 
tests conducted on samples of size 25x25x254 
mm, made of fine-grained concrete mix with ratio 
of cement and crushed aggregate 1:2.25 by 
weight. Water-cement ratio is established with a 
standard method of pre-selection. The samples 
should be placed in a container with distilled water 
and incubated for a day at 80 °C after 24 hours of 
curing in the molds; further, the samples should be 
stored in a solution of 1M NaOH at the same 
temperature. Measurements are made daily for 
two weeks. If the extension of the samples after 11 
cycles exceeds 0.1 %, the aggregate is considered 
as a potentially reactive. 

 

Table 1 
 

Chemical and mineralogical composition of the cement 
Mineralogical composition, % Chemical composition, % 

C3S  
(3CaO·SiO2) 

52.9 SO3 2.89 
SiO2 20.7 

C2S  
(2CaO·SiO2) 

19.4 Al2O3 5.21 
Fe2O3 4.15 

C3A  
(3CaO·Al2O3) 

6 CaO / free CaO 63.9 / 0 
MgO 1.75 

C4AF (3CaO·Al2O3·Fe2O3) 12.5 K2O 0.60 
Na2O 0.80 
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In Germany, for example, accelerated tests 

are carried out on samples of size 40x40x160 mm, 
made of fine-grained concrete with water-cement 
ratio of 0.5 with the content of 450 g of the cement 
and 1350 g of the aggregate which was divided in 
equal proportions: per 450 g of fractions 0.5-1 mm 
and 2.1 mm and 450 g of natural nonreactive sand. 
The samples are kept above the water at a 
temperature of 70°C for 28 days; the limit of 
expansion is 0.15%. 

The same size samples are used in 
Denmark, but one should prepare a mixture 1:2 
with water-cement ratio of 0.5. After 24 hours of 
curing in molds, the samples are stored in water, 
and then are immersed in a saturated NaCl 
solution at 50 °C. Measurements should be made 
weekly for 28 days. 

 
3. Results 
 
3.1.  Physical and mechanical properties 

A plastic strength of the cement paste has 
been evaluated at the different time using a conical 
rheometer to study a structure formation of the 
cement stone. The effect  of colloidal nano-silica on 
the kinetics of increasing of plastic strength was 
analyzed (Fig. 3). 

 

 
Fig. 3 – Effect of nano-silica on the kinetics of increasing of 

plastic strength of the cement paste. 

 Analysis of the graph showed that the 
addition of colloidal nano-silica has a negligible 
impact on the setting time of cement paste:  it 
reduces the time of the final setting by increasing 
the amount of the filler (from 5 h 30 min to 5 hour 
00 min), while maintaining the same initial setting 
time (2 h 30 min). 

The presented diagram shows that the 
period of formation of coagulation structure 
(induction period of hardening of the cement 
paste) is not increasing by the addition of the 
nano-silica.  However, by increasing the amount of 
this filler the time of its transition to coagulation-
crystallization structure is decreasing slightly. 

To determine the effect of nano-silica on the 
process of the hydration of Portland cement was 
carried out a qualitative and quantitative analyzes 
of samples of cement stone by the standard 
method with the introduction of 20% of zinc oxide 
crystalline structure, whereby it was made 
disregard of the formed peaks of zincite in 
qualitative analysis (Fig. 4). 

Results of the analysis suggest the virtual 
absence of ettringite in submitted samples  (value 
ranges from 0.97 to 0.46%), due to the small 
amount of gypsum contents in cement and 
eliminates the expansion of samples due to its 
increase in volume. In turn, the introduction of 
nano-silica accelerates the hydration process and 
increases of portlandite content on 55% 
 
3.2. Expansion of samples due to alkali-silica 

reaction 
To conduct of accelerated test for the 

assessment of the potential reactivity of aggregate 
were made three concrete mixtures with the same 
water-cement ratio 0.42. Average values of the 
relative expansion deformations are shown in 
Figure 5. 

 
Fig. 4 - Radiographs of samples 
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Fig. 5 – The results of the relative expansions of fine-grained 

concrete samples. 
 
Relative ASR expansion of the control 

samples reached the value of 0.13 % after 11 
cycles of the test, however, deformations of 
samples with nano-silica in an amount of 0.025 % 
and 0.125 % by mass - 0.09 % and 0.07 %, 
respectively. 

Based on this results could be erroneously 
conclude that nano-silica prevents the occurrence 
ASR. Nevertheless, deformations of the samples 
and ASR expansion are continuing to increase in 
NaOH solution after 11 cycles and in 21 day will 
exceeded the allowable limit in 1.5 - 2 times. The 
results demonstrate that the addition of colloidal 
nano - silica does not prevent of ASR, but rather 
slows it down. 

In order to confirm this assumption and to 
detect the gel in the samples, as a product of 
alkali-silica reaction, microscopic examination of 
samples were carried out by polarizing and 3D 
microscopes (Fig. 6, 7). 

It was established that nearly all the pores in 
the sample without additives are completely or 
partially filled of alkali- silicate gel, that indicating of 
ongoing internal corrosion in concrete. The 
presence of gel in the pores accelerates the 
expansion of the samples followed by the formation 
of micro cracks. 

In turn, the samples with the nano - silica are 
characterized by the formation of alkali-silica gel 
not in the pores, as in the cement matrix, which 
explains the slowing down of the chemical reaction 
between the alkalis of the cement and silica of 
aggregate, and as a consequence, slows 
expansion manifestations of samples. Figure 8 
presents a sample of concrete with 0,125 % of 
nano-silica. 

Alkali corrosion in the cement matrix was 
confirmed during X-ray microanalysis at EDX2 (Fig. 
8). Elemental composition of the gel is shown in 
Figure 9. 

 

 

 
Fig. 6 - The pore is almost filled by alkali-silica gel, x75. 

 

 
 
Fig. 7- Pores completely filled by alkali-silica gel near the 

reactive quartz, x50. 
 

 
Fig. 8 – Alkali-silica gel in cement matrix, x500 
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Fig. 9 – The composition of the alkali-silica gel. 

 

From the  point of view of quantitative 
composition, in the illustrated part of gel 
predominates silica oxid, approximately 64%, 
sodium oxide in an amount of 9% potassium oxide 
- 4%, calcium carbonate - 23%. 
 
4. Discussion 

 
An assessment of the factors affecting on 

the possibility of alkali-silica reaction is one of the 
necessary conditions for high durability of concrete 
structures. The compatibility of materials for the 
manufacture of reinforced concrete structures 
should be assessed in terms of potential reactivity 
of coarse and fine aggregates with alkalis of the 
cement in order to prevent the devastating effects 
of internal corrosion of the concrete. 

In case of receive unwanted expansions of 
the concrete in laboratory conditions it is necessary 
to develop measures of prevention of the 
occurrence of internal corrosion, either to replace 
the aggregate or to use an active mineral additives. 

Holding of the accelerated tests is not 
enough to obtain an objective assessment about 
the potential reactivity of aggregates and it is 
necessary to make additional microscopic studies 
to detect an alkali-silica gel in the structure of the 
concrete or to use a long test method. 
 
5. Conclusions 

The combination of the cement with 1.19% 
of alkalis in recalculation in Na2Oeq and crashed 
coarse aggregate containing 38.1 mmol/L of 
amorphous silica was used in this study. The 
relative expansion of the concrete samples 
achieved the value of 0.13% after 11 research 
cycles and that exceeds the limit of accelerated 
test method on 30 %. 

Colloidal nano-silica in amount of 0.025% 
and 0.125% by cement mass was added in the 
concrete mixture to prevent of ASR and after 11 
cycles relative expansions had been decreased till 
0.09% and 0.07% respectively. 

Nevertheless, deformations of the samples 
and ASR expansion are continuing to increase in 
NaOH solution after 11 cycles and in 21 day will 
exceeded the allowable limit in 1.5 - 2 times.  

The results obtained in the study suggest 
that the use of nano-silica allows only slow down of 

 alkali-silica reaction and not prevent it. Slowing of 
reaction due to the formation of the gel is not in the 
pores as in the cement matrix, in connection with 
which, in the latter case, requires a much greater 
amount of gel which could lead to an undesirable 
expansion of the samples. 

It is not always possible to make a correct 
conclusion about the effect of the active mineral 
additives on the ASR according to the accelerated 
test method what can be explained by their low 
duration and aggressive environment of this test. 
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