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Extended Abstract:

This research work focused on the investigation of the properties of 
asphalt binder modified with different percentages of nanoclay (NC) and 
nanosilica. The nanosilica was manufactured from two different sources: 
silica fume (NSF) and rice husk (NSH). Results showed that NSF tends 
to decrease the penetration and increase the softening point temperature 
(SFT) and rotational viscosity (RV). However, NC content more than 3% 
was found to increase the penetration and decrease both RV and SFT. Us-
ing smaller percentages of NC increased both SFT and RV and decreased 
the penetration. Up to 3% of NSH exhibited improvement in penetration, 
SFT, and RV, however slight or no improvement was observed at higher 
contents. The Dynamic Shear Rheometer (DSR) results showed obvious im-
provement in the Superpave performance grade. Both NSF and NC were 
found to improve Marshall stability of the asphalt mixtures.
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INTRODUCTION

Just recently, several research studies in the field of highway and air-
port engineering, have been conducted to investigate the use of nanomate-
rials for asphalt modification [1–3]. Nanomaterials were found to improve 
asphalt and asphalt mixtures properties such as resistance to moisture 
damage, strength and stiffness, tensile strength, stability at higher tem-
peratures, and noise reduction [4]. Nanomodified asphalts are quite dif-
ferent from asphalts modified with other materials (i.e., inorganic fillers).  
This is probably due to the fact that nanomaterials influence asphalt prop-
erties at microscopic level, which may bring superior properties into play, 
as reported by some researches [5–7]. Generally, conventional inorganic 
fillers are added in percentages varying between 20% and 40% by weight 
of the asphalt, however in nanocomposites a typical quantity of about 1% 
to 8% were reported in literature [8, 9]. 

Polymer modifiers such as styrene–butadiene rubber (SBR), styrene–
butadiene–styrene (SBS), ethylene vinyl acetate (EVA), and polyethylene 
(PE) are examples of popular modifiers used to improve the ductility and/
or elasticity of the binder [9]. Polymer modified asphalt was developed also 
to improve pavement performance in terms of rutting, fatigue cracking 
and thermal cracking. However, only few of the produced polymers so far 
were satisfactory in terms of both the performance and the general cost [8]. 
On the other hand, the nanomodifiers are light weight and can enhance the 
mechanical behaviour and the thermal properties of the asphalt [8].
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Most of the nanoparticles have very large specific surface area and 
great blending with asphalt concrete aggregate, which can improve the 
adhesion of asphalt [10]. When nanoparticles are dispersed in the asphalt 
uniformly, they act as enormous number of tiny aggregate particles lead-
ing to an increase in cohesion and viscosity of asphalt which in turn im-
proves the performance of the modified binder at the high temperature 
conditions [10].

Number of studies have been conducted to evaluate the possibility of 
using nanosilica and nanoclay as modifiers to asphalt. In this review some 
pertinent studies are referred to. Literature studies showed that when 1% 
to 2% silica fume was added to an asphalt cement it yielded a reduction in  
penetration and ductility and an increase in softening point, elastic strain 
recovery, and temperature susceptibility [11, 12]. When doubling the per-
centages of silica fume, the penetration grade of the aged asphalt increased 
while the softening point decreased [13]. Thus higher percentages of silica 
fume are not recommended. According to a study by Mojtaba et al. [12], 2% 
nanosilica was the optimum percentage to be added to the asphalt mixes 
along with 5% SBS to obtain the most improved mechanical behaviour. SBS 
and nanosilica were mixed in a two-roll mill at 50оC for 30 minutes. Both 
modifiers were then mixed with 60/70 penetration grade asphalt with 48оC 
softening point and +100 cm ductility by high shear mixer at 160оC and 
3000 rpm for an hour. The study showed that the indirect tensile strength 
(ITS) and tensile strength ratio (TSR) of a mix prepared using this binder 
increased with the increase in nanosilica content [12].

Sarsam [14] found that increasing the silica fume from 1% to 4% 
by weight of the asphalt binder yielded a significant increase in viscos-
ity and softening point of the asphalt, while it decreased the penetration 
value, and the stiffness modulus. These results contradict the results re-
ported in [13].

A study conducted by Van et al. [15] used 1.5% nanoclay by weight of 
asphalt and found improved ageing resistance in the short and long term. 
Yazdani and Pourjafar [16] reported higher compressive strength accord-
ing to ASTM C39 [17] and higher softening point values with higher nano-
clay content. They used nanoclay contents of 2, 3, and 4%. Incorporation 
of up to 5% nanoclay in asphalt binder was reported to lower the penetra-
tion value and increase the softening point [15, 18, 19]. Nanoclay commer-
cial type Cloisite (3% and 6%) was found to increase the stiffness of the 
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asphalt [15]. The addition of 6% of commercial type Nanofill  was found to 
improve the aging resistance of a 70/100 penetration grade binder in both 
the short and long terms [15]. El-Shafie et al. [19]  added 2%, 4%, 6%, and 
8% nanocaly by the asphalt weight on a base asphalt with 64 penetration, 
52 cm ductility, and 52оC softening point. The base asphalt was heated to 
160оC and mixed at 2500 rpm for three hours with the different nanoclay 
proportions. At 8% nanoclay content, the modified asphalt yielded a 12оC 
higher softening point temperature, 25% decrease in penetration value, 
and increase in kinematic viscosity value at 135оC by 222% and at 150оC 
by145% [19]. Nazzal et al. [6] adopted the asphalt Performance Grade 
(PG 70-22M) and modified it by a Cloisite 20A nanoclay. The PG 70-22M 
was prepared using two modification percentages of 2% and 4% by weight 
of the binder. Nanoclay was found to enhance the stiffness and hardness 
of the asphalt binder at the investigated temperatures of 15, 25, and 35оC 
[6]. Mahdi et al. [7] used 3, 5, and 9% of nanoclay by weight of the base as-
phalt binder with 80 penetration and 46.5оC softening point. The blend was 
prepared mechanically at a speed of 500 rpm by adding about 1 g/minute 
of nanoclay gradually to the hot binder at a mixing temperature of 150 ± 
5оC. Results showed an increase in penetration of the aged binder with in-
creasing the nanoclay concentration. The researchers also reported a sig-
nificant increase in the binder complex shear modulus (G*) and decrease in 
the phase angle (δ) with modification [7].

Tang et al. [20] conducted Marshall tests to evaluate the performance 
of nanoclay with SBS (NC/SBS) modified asphalt mixtures. Results showed 
that nanoclay can help SBS to be more effective modifier since NC/SBS 
mixtures yielded higher mechanical performance and lower moisture sus-
ceptibility for immersed Marshell stability than mixture modified with 
SBS alone.

OBJECTIVES

The main objective of this research is to evaluate the properties of a 
base asphalt binder and hot mix asphalt (HMA) mixtures modified with 
two different nanomaterials: nanoclay and nanosilica from two different 
sources. The specific objectives of the research are:

• Determine the optimum mixing time as well as the effect of cooling 
and reheating on the properties of the nanomodified asphalt. 
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• Investigate the rheological properties and performance of the modi-
fied asphalts. 

• Investigate the influence of the modified binder on the HMA proper-
ties by Marshall stability as well as moisture susceptibility.

MATERIALS

Nanomaterials

Three different nanomaterials; nanoclay (NC), nanosilica synthetized 
from silica fume (NSF) and nanosilica chemically processed from rice husk 
ash (NSH) were used in this study.

Commercial types of nanoclay and nanosilica are now widely used in as-
phalt research, however in ours, the used nanomaterials were locally manu-
factured. Nanoclay was manufactured by exfoliation of the bulk structural 
clay to clay nanosheet. NSF on the other hand was manufactured by the 
chemical processing of Sodium Silicate.

NC and NSF were both manufactured in the Photovoltaic laboratory 
in «Housing and Building National Research Center», Cairo, Egypt. NSH 
was manufactured at the Faculty of Science, Damanhur University, Egypt 
as part of a research study focused on producing nanosilica from rice husk 
ash [21]. 

Asphalt Binder

For the asphalt binder, Egypt still uses the conventional penetration 
grade for the asphalt binder characterization. Thus, the asphalt binder uti-
lized in this research was pen 60–70 grade, which was obtained from the El-
Nasr Petroleum Company in Suez, Egypt. This is the typical binder grade 
commonly used for road construction in Egypt. 

EXPERIMENTAL WORK

The conducted experimental work was divided into three major tasks:
I) material characterization; 
II) determination of the optimum mixing time of nanomaterials with 

asphalt binder; 
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III) testing the nanomodified asphalt binders and mixtures. 
Following is a detailed description of these tasks.

Material Characterization

The three investigated nanomaterials were first characterized using 
the Transmission Electronic Microscopy (TEM) in their dry powder state. 
The TEM micro-images shown in Fig. 1-a to 2-c evaluates their practical 
size distribution. The TEM image presented in Fig. 1-a shows a particle 

Fig. 1. Nanomaterials TEM Image
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size range of 9 to 25 nm for NSF. Fig. 1-b shows that most of NSH par-
ticles ranged from 15 to 50 nm with some particles exceeded the size limit 
of 100 nm to be considered as nanoparticles [22]. Finally, the NC particles 
sized down to 6 nm as shown in Fig. 1-c. However, the particles were found 
to cluster and form patches up to 100 nm in size as shown in Fig. 1-c. Table 1 
summarizes the particle size distribution of the investigated nanomateri-
als extracted from the TEM images. This data shows that the investigated 
NC was much finer compared to the nanosilica. 

Nanomaterials powder was also analyzed using the X-ray diffraction 
(XRD) and the results are shown in Fig. 2-a to 2-c. Both NSF and NSH peak 
were observed at 2θ ≅ 22о. The highest intensity of the peak was much larg-
er for NSH as shown in Fig. 2-a and Fig. 2-b. The NC peak was the largest 
at 2θ ≅ 27о with intensity of 150 counts as presented in Fig. 2-c. 

To calculate the average crystallite size of the nanoparticles, Debye–
Scherrer diffraction formula shown by Equation (1) was used [23].

θβ
λ

cos
kD = ,						      (1)

Where
k  	 =	 0.9,
λ    	 =	 X-ray wavelength,
β	 =	 full width at half peak height.
The computed values of the crystallite size were around 9 nm for NSF, 

26 nm for NSH and 6 nm for NC. Fig. 2-b also showed some impurities in 
the NSH, indicating that it is not a pure Silicon dioxide. 

Table 1 
Nanomaterials Rough Particle Size Distribution

Nanomaterial 
(color)

Size, (nm)

5 ~ 15 15 ~ 40 40 ~ 100 > 100 

NC (light 
cream) 80% 20% 0% 0%

NSF (white) 70% 25% 5% 0%

NSH (white) 10% 20% 40% 20%
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For the asphalt binder, a control sample was tested first before adding 
any of the modifiers. This base binder (control) is referred to as (0%) nano-
material in this research. The basic properties of the base binder are given 
in Table 2. It can be surmised from the penetration value of the investigat-
ed binder that the base asphalt sample did not achieve the requirements of 
Pen 60/70 grade as specified by the Egyptian Code of Practice [24].

Mixing Time Study

Some nanomaterials are known to aggregate or cluster when mixed 
with the binder. Thus, it was important to select the appropriate mixing 
process in order to achieve a homogenous mixture of the asphalt and nano-

Fig. 2. Nanomaterials XRD Image
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material. There are three different types of mix-
ers that are commonly used to mix the nanomate-
rials with binders. These mixers are mechanical, 
high shear, and ultrasonic mixers [30]. In this 
research, a mechanical mixer with a 1500 rpm 
speed was used. The mixing time was evaluated 
by mixing 5% of each of the investigated nano-
materials with the asphalt binder for 5, 10, 15, 
30, 45, 60 and 75 minutes at a mixing tempera-
ture of 145оC ± 5оC. The Brookfield rotational 
viscosity (RV) at 135оC was selected for the mix-
ing time evaluation as shown in Fig. 4. 

Samples from the binder were taken after its modification by the nano-
materials as it is hot. The samples were then placed on the Scanning Elec-
tron Microscope testing beam. 

The beam was then placed in the vacuum chamber and the binder was 
coated by coating material. The coating material interacted chemically 
with the binder and changed its dark black color to grey as shown in Fig. 3. 
This may have affected the quality of the images.

SEM images were used to capture the mixing time effect as depicted in 
Fig.4. NSF modified asphalt reached about 97% of its maximum possible 
new viscosity of 670 cP after 75 minute of mixing (due to the addition of 
5% NSF) in about 45 minutes, while mixing for only 5 minutes yielded a 
viscosity that was about 65% of the maximum. The NSH modified asphalt 

Table 2 
Properties of the Base Asphalt

Parameter Value Test Method Reference

Penetration  at 25оC (0.1 mm) 56 ASTM D5-06 [25]

Ring and ball softening point (оC) 41.9 ASTM D36-95 [26]

RV viscosity at 135°C (cP) 391.7
ASTM 

D4402M-15
[27]

RV viscosity at 165°C (cP) 111.5
ASTM 

D4402M-15
[27]

DSR performance grade (PG xx) 52 ASTM D7175-08 [28]

Fig. 3. Binder sample after 
SEM coating
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reached 65% and 92% of the maximum RV viscosity at 5 and 45 minutes, 
respectively. Finally, the NC modified asphalt needed an hour to reach 98% 
of the maximum RV viscosity, while it reached about 89 % at 45 minutes. 
In 5 minutes, NC modified asphalt reached 72% of its maximum possible 
new viscosity. 

SEM images shown in Fig.5-a to 5-c confirmed the RV results when 
comparing a sample after 5 and 60 minutes of mixing the nanomaterial 
with the asphalt binder. Nanomaterial pockets were seen very clearly when 
the mixing of NSF and NSH was for 5 minutes only as shown in Fig. 5-ai 
to 5-bi. On the other hand, after 60 minutes mixing time, pockets were 
rarely seen as shown in Fig.5-aii and 5-bii for NSF and NSH, respectively. 
For nanoclay some pockets were still seen though after 60 minutes of mix-
ing as shown in Fig.5-cii. Based on the RV results and the SEM images for 
the mixing time study, it can be concluded that the optimum mixing time 
is around 45 minutes for nanosilica and 60 minutes for nanoclay. Thus, a 
mixing time of 60 minutes was adopted for mixing the nanomaterials with 
the binder before any testing. 

Testing the Modified Asphalt Binder

Samples of the base asphalt binder were mixed with 3%, 5% and 7% 
of NC, NSF and NSH by weight of the binder for one hour at a mixing tem-
perature of 145 ± 5оC. The 7% percentage, which is quite high specially 
when compared with previous studies, will give us a new indication to the 
asphalt behavior with high nanomaterials content. Penetration, softening 
point, RV viscosity and DSR tests were conducted on the original and modi-

Fig. 4. Mixing Time Effect on Rotational Viscosity
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Fig. 5. SEM Images for Asphalt Modified
at (i – after 5 minutes; ii – after 60 minutes)
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fied asphalts in accordance with the test methods given in Table 2. A range 
of testing temperatures of 135, 145, 155 and 165оC was selected for the 
viscosity tests to evaluate the binder behavior over mixing and compaction 
temperatures. DSR tests were conducted over a range of field temperatures 
of 46, 52, 58, 64, 70 and 76оC for both unaged and Rolling Thin Film Oven 
(RTFO) aged samples.

Hot Mix Asphalt (HMA) Samples preparation
and testing

A mix design was prepared using Marshall design method, which is the 
current mix design method used in Egypt. The Optimum Binder Content 
(OBC) for this mix was found to be 5.5%. The control HMA mixture was 
modified with 7% NSF and 3% NC (by weight of OBC). These percentages 
of the nanomaterials were selected as they yielded the best properties of 
the modified binders as explained in later. Marshall stability and flow, loss 
of stability, and indirect tensile (IDT) strength tests were performed on 
the prepared HMA mixtures. Marshall stability and loss of stability tests 
were performed in accordance with ASTM D6927 and ASTM D1559 [31, 
32]. IDT tests and moisture susceptibility tests were conducted according 
to ASTM D1559 and ASTM D4867 [33, 34].

RESULTS AND ANALYSIS

Effect of Heating, Cooling and Reheating on the Modified Asphalt 

In order to study the effect of asphalt cooling to room temperature af-
ter mixing with nanomaterials, patches of the modified binders were pre-
pared and samples were tested for penetration, softening point, and viscos-
ity at times of 1, 5 and 10 days from the mixing time. Nanomaterials were 
blended with hot liquid asphalt binder, then the binder was let to cool down 
to room temperature (about 18оC). Specimens were then reheated again to a 
temperature up to the original mixing temperature of 145оC ± 5оC. No sig-
nificant influence on the properties of the asphalt up to ten days from the 
first testing day was observed as given in Table 3. The data in this table 
exemplifies the impact of heating, cooling and reheating on the basic prop-
erties of the NSF modified asphalt.
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Effect of Nanomaterial Type and Content 
on Binder Rheological Properties

Fig. 5-a to 6-c show the influence of the nanomaterial type and content 
on penetration and softening point properties of the asphalt. Fig. 6-a shows 
a relatively linear relationship between the NSF percentage and penetra-
tion. The Fig. shows that a significant improvement in the penetration oc-
curred with the increase in the modifier concentration. For the NSH modi-
fied binder, as the percentage of the modifier increased, a linear decrease 
in the penetration occurred till 5% NSH. Adding more than 5% NSH did 
not show a significant improvement in the penetration as shown in Fig. 
6-b. For NC, a decrease in the base asphalt penetration from 55.5 down to 
33.3 at 3% concentration was found as shown in Fig. (5-c). Adding more 
NC did increase the penetration value afterwards up to 67 at 7% NC by 
weight of the asphalt binder. For the softening point, both nanosilica types 
increased it from 41.1оC to more than 48.0оC as shown in Fig. 6-a and 5-b. 
NC increased the softening point up to 49.6оC at 3% then the values slight-
ly decreased afterwards as shown in Fig. 6-c. 

Fig.7-a to 7-c depict the impact of the nanomaterial content and tem-
perature on Brookfield RV viscosity. At temperature of 135оC, increasing 
the NSF and NSH to 7%, increased the RV viscosity by 210% and 170%, as 
shown in Fig. 7-a and 7-b, respectively. As the temperature increased, the 
influence of NSF presence was minimized to become as small as 16.6% at 
temperature of 165оC. Fig. 7-b shows almost no improvement in viscosity 

Table 3 
Properties of the 5% NSF Modified Asphalt Binder Over Time

Test Name (unit) Day 1 Day 5 Day 10
Standard 

deviation (σ) 

Penetration at 25оC (0.1 mm) 27 25 24 1.53

Softening point (оC) 46.3 47.5 48.0 0.87

Rotational viscosity at 135оC 
(poise)

6.60 6.75 6.50 0.13

Rotational viscosity at 165оC 
(poise)

1.60 1.66 1.63 0.03
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Fig. 6. Effect of Nanomaterial Amount on Penetration and Softening Point
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Fig. 7. Effect of Nanomaterial Type and Content on RV Viscosity 
at Different Temperatures
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with an increase in the NSH percentage from 3 to 7%.  Owing to that and 
other reasons such as the impurities found in NSH as well as the relatively 
larger crystallite size of the NSH nanoparticles, NSH was not considered 
for further testing. 

The NC was found to increase the viscosity at 135оC by more than 
230% at 3% as shown in Fig. 7-c. However, increasing NC content to 7% 
decreased the viscosity to 153% compared to the base asphalt. At tempera-
ture as high as 165оC, the impact of increasing the NC content on the vis-
cosity is minimum. 

Fig. 8. DSR Results for Unaged and Aged NSF Modified-binders
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Performance Properties of the Modified Asphalt Binders 

Fig. 8 and 9 depict the DSR results for the unaged and RTFO aged bind-
ers modified with different contents of NSF and NC, respectively. Fig. 8-a 
shows that the NSF modified unaged asphalt binder generally exhibited 
higher G* and lower δ values (higher G*/sin δ) compared to the base asphalt, 
which may indicate higher resistance to rutting. Moreover, the NSF in-
creased the high temperature performance grade of the base asphalt (PG 52-
xx) to a higher performance grade of (PG70-xx) as shown in Fig. (9-a and b). 

Fig. 9. DSR Results for Unaged and Aged NC Modified-binders
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This significant pump in grade was achieved by increasing the NSF to 7% by 
weight of the base asphalt. Only 3% NC was found enough to pump the high 
temperature binder performance grade up to (PG64-xx) as shown in Fig. 9-a 
and b, respectively. It can be seen also from the Fig. that increasing the NC 
percentage above the optimum value of 3% resulted in a reduction in the 
performance grade compared with the 3%. Mahdi et al. [7] reported similar 
results for NC up to 9% but with lower performance grade of PG 58-xx.

Analysis of HMA Mixtures Prepared with the Modified Binders

Fig. 10 shows the Marshall stability and loss of stability values for 
0%, 7% NSF, and 3% NC HMA mixtures. It is evident from the Fig. that 
the stability of the HMA mixtures prepared using nano-modified bitu-
men was enhanced significantly compared to those prepared using the 
base bitumen. It can be seen also from the same Fig. that the loss of stabil-
ity when using NSF for modification, was the lowest of 6.9%. While, for 
HMA mixtures using NC-modified bitumen, the loss of stability was the 
highest of 22.8% but lower than the maximum value of 25% as specified 
by ECP [24].

Fig. 10. Marshall stability and loss of stability of the HMA mixtures



THE RESULTS OF THE SPECIALISTS’ AND SCIENTISTS’ RESEARCHES

60
http://nanobuild.ru

2016 • Vol. 8 • no. 4 / 2016 • Том 8 • № 4

Fig. 11 presents the IDT strength values along with the tensile strength 
ratio (TSR) for nano-modified mixtures compared to the control HMA mix-
ture. It can be seen from the Fig. that nano-modified HMA mixtures ex-
hibited higher tensile strength than that obtained from the control HMA 
mixture. NC-modified HMA mixture showed the highest tensile strength, 

Fig. 11. Indirect tensile test and moisture susceptibility of the mixture

Table 5 
Summary of all Testing Results 

of the Three Investigated HMA Mixtures

Test
Marshall Stability (kN) 

(60оC water bath)
Indirect Tensile Strength (kPa)

Modification
For 35 

minutes
For 24 hr.

Loss of 
stability 
ratio, %

Non-
Weathered

Weathered TSR

Control (0%) 10.3 8.7 15.3 3.6 3.2 89.2

NSF (7%) 16.1 15.0 6.9 4.0 3.8 93.1

NC (3%) 15.9 12.3 22.8 5.1 4.5 89.8
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however it yielded comparable TSR value of 89.3% to that for the control 
HMA mixture. Generally, the three HMA mixtures achieved the minimum 
requirement of TSR value of 75% as specified by ECP [24]. Mojtaba et al. 
[12] reported higher TSR values of almost 100%. Table 5 summarizes the 
results of the all tests conducted on the HMA mixtures. 

CONCLUSIONS

This study focused on the impact of using nanoclay and nanosilica to 
modify the asphalt binder and mixture and the following conclusions were 
drawn: 

When using a high-speed mechanical mixer at 1500 rpm, 30 to 45 
minutes of mixing time was found enough to obtain good dispersion of the 
nanomaterial in the hot liquid asphalt binder. 

Storing the nanomodified asphalt binder for future usage up to ten 
days did not have a significant effect on its tested properties gained by 
modification in the first place. 

A 3% nanoclay by weight of binder improved the performance of the 
binder in terms of penetration, softening point, RV, G*, and δ. The binder 
became more suitable for hot climatic conditions. Increasing the nanoclay 
percentage to higher than 3% had an adverse effect on the binder proper-
ties and this was more noticeable at the 7% nanoclay.

Nanosilica synthesized from silica fume (NSF) is recommended for use 
in hot countries, since it decreased the penetration and increased both the 
softening point and the viscosity of the asphalt. 

Increasing the percentage of NSF increased the high performance 
grade of the binder since the values of G*/sin δ continuously increased with 
increasing the modification percentage.

Nanosilica obtained from the chemical processing of the rice husk ash 
(NSH) needs more synthetization before use as a nanomaterial in order to 
get the full nano-effect from the material. 

Asphalt resistance to permanent deformation could be improved using 
the right content of nano-modifier. The maximum performance grades of 
PG 70-xx and PG 64-xx for unaged and RTFO aged asphalts were achieved 
at 3% NC and 7% NSH by weight of binder, respectively. Modified asphalt 
binders possessed higher G* and lower δ values than the base asphalt and 
consequently resistance to rutting may be improved.
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Hot asphalt mixtures prepared using 7% NSH and 3% NC showed 
much better Marshall stability compared to the control mix.

The Indirect tensile strength values of nano-modified mixtures using 
7% NSF or 3% NC were higher than the control HMA mixture. However, 
HMA mixtures resistance to moisture using 3% NC was not improved sig-
nificantly. 

In general, and under the light of previous conclusions, since we used 
cheap locally manufactured nanomaterials, we can say that economic ben-
efit of using such materials. 
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снижаются вместе с увеличением концентрации нанодисперсных алюмосиликатов. 
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происхождения позволяет сделать заключение, что введение последних неэффективно, 
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