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Abstract. In this study, effects of replacing cement with colloidal amorphous silica nano-particles have been experimen-
tally investigated on the physical and mechanical properties, durability and microstructure of concrete. Experimental re-
sults include workability, fresh concrete density, and hardened concrete properties like compressive strength at different 
ages of 3, 7, and 28-days, and also 28-days splitting tensile strength. Furthermore, influence of silica nano-particles on du-
rability and microstructure of concrete for 28-days specimens was tested by conducting water absorption test, Scanning 
Electron Microscopy (SEM), and Energy Dispersive X-ray Analysis (EDAX), respectively. In order to study the effect of 
replacement of cement with silica nano-particles, specimens with 10%, 20%, and 30% cement reduction, and addition of 
1%, 2%, and 3% silica nano-particles with respect to witness specimen were fabricated. Experimental results revealed that 
20% reduction of cement combining 2% silica nano-particles and also 10% cement reduction combined with 1% silica 
nano-particles enhance the microstructure of concrete, despite  unnoticeable compressive and tensile strength loss. By re-
markable reduction of cement consumption and addition of silica nano-particles, strength almost remains constant and 
consequently decreasing the cement content will become possible. Also, in all specimens, increase in nano-particles con-
tent and decrease in cement usage contributed to workability loss. Therefore, applying super-plasticizers seems indispens-
ible while using silica nano-particles. On the other side, according to water absorption test, concretes containing nano-
particles showed more appropriate durability. 
Keywords: nano-SiO2 particles, cement substitution, workability, compressive strength, splitting tensile strength, water 
absorption, microstructure. 

 
1. Introduction 
Due to development of concrete constructions throughout 
the world, it can be seen that the cement usage has been 
increased. Regarding the increase in cement demand, 
measures should be taken in order to decide among either 
producing more amounts of cement or replacing it with 
other materials. Because of the numerous harms caused by 
cement production especially for environment, it is manda-
tory to find solutions by replacing the cement with proper 
materials. The importance of this issue is in such a way 
that the topic of cement reduction is propounded as one of 
the principal keys in achieving a sustainable development 
in concrete industry (Damtoft et al. 2008; Ortiz et al. 2009; 
Bahadori et al. 2009; Khaloo, Hosseini 2009). Based on 
these researches, various types of pozzolans such as class F 
fly ash, slag, silica fume, rice husk ash were recognized 
and utilized to enhance the concrete quality (Hale et al. 
2008; Penpolcharoen 2005; Roy et al. 2001; Li, Zhao 
2003; Chung 2002; Ramezanianpour et al. 2009). 

However it is not a long time passed from the entran-
ce of nano-technology in concrete industry, many resear-
ches and investigations claimed the positive effects of 
nano-materials and nano-powders on microstructure and 
macrostructure of concrete (Li et al. 2004b; Jo et al. 2007; 

Qing et al. 2007; Hosseini et al. 2010a, b; Senff et al. 
2009, 2010). In many fields, application of nano-materials 
initiated the designation and production of modern mate-
rials with advanced performances (Senff et al. 2009; Naji 
Givi et al. 2010). When ultra-fine particles are added in 
cement-based materials, different performances will be 
achieved as compared with conventional materials. These 
singular behaviors can be caused by physical and chemical 
properties of nano-particles. As an example, by increasing 
the specific surface area of particles (especially in nano-
scale), the effecting power of nano-particles in enhancing 
the pozzolanic reaction can be intensified. 

Performance of cement-based materials is intensely 
dependent on nano-scale solid particles such as Calcium-
Silicate-Hydrate (C-S-H) and Nano-sized porosity 
existing in interfacial transition zone between cement and 
aggregate particles (Senff et al. 2009). From those featu-
res dependent on nano-particles and nano-sized porosity, 
strength, durability, shrinkage, and steel-bond can be 
mentioned (Collepardi et al. 2005; Zhang, Li 2011). The-
refore, regarding the existence of plenty of voids with 
different micro to nano-meter scales in interfacial transi-
tion zone, there exists much room for improvement of 
cement composites by incorporating nano-materials into 
the cement based materials matrix (Li et al. 2006a). 
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On the other hand, singular behavior of silica nano-
particles in concrete matrix has introduced this material 
as a super-pozzolan (Li et al. 2004b; Qing et al. 2007; 
Hosseini et al. 2010a; Ji 2005) based on concentrated 
volume of SiO2 which is known as the most fundamental 
factor in pozzolanic reaction (Khaloo, Hosseini 2008). 
Hence, according to discussed issues, the target of this 
study is to examine the feasibility of strategy of using 
nano-particles to reduce cement consumption in mix pro-
portions of high strength concretes. 

Thus, for each cement reduction percentage (10, 20, 
and 30%) three different nano-particle contents (1, 2 and 
3%) were tested and compared with the witness speci-
men. Experimental results include workability, fresh 
concrete density, and hardened concrete properties like 
compressive strength at different ages of 3, 7 and  
28-days, and also 28-days splitting tensile strength. Fur-
thermore, influence of silica nano-particles on durability 
and microstructure of concrete for 28-days specimens 
were tested by conducting water absorption test, Scan-
ning Electron Microscopy (SEM), and Energy Dispersive 
X-ray Analysis (EDAX), respectively. According to re-
sults of this study, the possibility of replacing some parts 
of cement with silica nano-particles was confirmed under 
specific situation; and authors of this study are still trying 
to develop and improve the resulted features. 

 
2. Materials and mix proportioning 
Cementitious materials in this study are Portland cement 
and silica nano-particles. Ordinary available Portland ce-
ment (type I-425) is produced in Tehran Cement Factory in 
Iran which complies with Iranian code No. 389. Silica 
nano-particles are purchased from India. Chemical and 
physical properties of cement and silica nano-particles are 
pointed in Tables 1 and 2, respectively. Colloidal nano-
silica possesses 30% dry content. The super-plasticizer is 
naphthalene type with 33% solid content and 1.15 gr/cm3 
density. Because of ultra high specific surface area of 
nano-particles, these particles absorb some part of water 
content and reduce the workability of fresh concrete. 

Consequently, super-plasticizer is used for better 
workability, and water reducing agent was added to make 
equal dispersion and distribution of nano-particles in 
 
Table 1. Chemical and physical composition of Portland  

cement (type I-425) 
Chemical properties 

Components By mass (%) 
CaO 64 
SiO2 21.4 
Al2O3 6 
Fe2O3 3.4 
MgO 1.8 
SO3 1.4 

K2O+Na2O 1 
L.O.I 3 

Physical properties 
Blaine (m2/kg) 311 

Specific gravity (kg/m3) 3100 

Table 2. Chemical and physical properties of silica  
nano-particles 

SiO2 content (%) >98.9 
Average particle size (nm) 10 

PH 10 
Specific surface area (m2/kg) 250000 
Apparent density (kg/m3) 200 

 
concrete mixture due to extreme intention of silica nano-
particles toward agglomeration and conglomeration based 
on their high specific surface area (Hosseini et al. 2010a, 
b). According to Fig. 1, by applying X-Ray Diffraction 
test (XRD), it was revealed that silica nano-particles were 
in amorphous phase. Amorphous silica possesses appro-
priate specific surface regarding its dissimilar structure, 
and is used as concrete admixture. Inexistence of any 
special peak in XRD results proves the amorphous struc-
ture of this powder. 

 

 
Fig. 1. XRD results for silica nano-particles 

 
Washed natural aggregate with Nominal maximum 

aggregate size (NMAS) of 4.74 mm and crushed limesto-
ne with NMAS of 19 mm were used as fine and coarse 
aggregate, respectively. Fineness modulus of fine aggre-
gates is 3.1 and saturated surface dry density of fine ag-
gregates is 2.64 gr/cm3 according to ASTM C128-01 
(2001), and saturated surface dry density of coarse aggre-
gates is 2.68 gr/cm3 according to ASTM C127-01 (2001). 

Witness mixture is fabricated with 500 kg/m3 ce-
ment content, while different percentages of silica nano-
particles were replaced with cement in other mixtures. 
The witness specimen is labeled with ‘C’. In each series, 
1, 2, 3% of weight of initial cement content of witness 
mixture were replaced by silica nano-particles. 

It is worthy of mention that different ratios of ce-
ment replacement with silica nano-particles were selec-
ted, because the target of this study is to reduce the ce-
ment content by using silica nano-particles; hence, the 
best replacement ratio which contributes to similar pro-
perties should be investigated. Water to binder ratio was 
held constant and equal to 0.33 for all mixtures in order 
to omit the effect of these variations in final results. The 
ratio of water reducer super-plasticizer respect to weight 
of cement content for all mixtures was equal to 1% to 
prohibit the influences of different dosages of super-
plasticizer on workability of fresh mixtures. Optimum 
ratio of coarse to fine aggregate was calculated equal to 
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‘11/9’ by experimental tests to provide a continuous ag-
gregate grading helping us in achieving high strength 
concrete. Mix proportions are shown in Table 3. Also 
Table 4 described short descriptions about mixtures. 

 
Table 3. Mix proportions (kg/m3 of concrete) 
Mix. 
No Water Cement G♣ S♣♣ SP♠ S♠♠ 

C 165 500 982 806 5.00 0 
D1 150.15 450 1007 827 4.55 5 
D2 151.8 450 985 808 4.60 10 
D3 153.45 450 962 790 4.65 15 
E1 133.65 400 1055 866 4.05 5 
E2 135.3 400 1033 848 4.10 10 
E3 136.95 400 1010 829 4.15 15 
F1 117.15 350 1103 906 3.55 5 
F2 118.8 350 1081 887 3.60 10 
F3 120.45 350 1058 868 3.65 15 

♣G: Gravel; ♣♣S: Sand; ♠SP: Superplasticizer;  
♠♠S: Silica nano-particles in dry state 

 
Table 4. Mixtures descriptions 

Mix. No Water to binder 
ratio (W/B) Description 

C 0.33 Basic mixture 
D1 0.33 10% cement reduction and 

1% nano-silica addition 
D2 0.33 10% cement reduction and 

2% nano-silica addition 
D3 0.33 10% cement reduction and 

3% nano-silica addition 
E1 0.33 20% cement reduction and 

1% nano-silica addition 
E2 0.33 20% cement reduction and 

2% nano-silica addition 
E3 0.33 20% cement reduction and 

3% nano-silica addition 
F1 0.33 30% cement reduction and 

1% nano-silica addition 
F2 0.33 30% cement reduction and 

2% nano-silica addition 
F3 0.33 30% cement reduction and 

3% nano-silica addition 
 
For each mix proportion, 100 mm cubes for comp-

ressive strength test, 150 mm cubes for water absorption 
test, and 100×200 mm cylinders for splitting tensile 
strength test were fabricated. In order to cast concretes 
containing nano-particles, water reducer super-plasticizer 
and water were mixed in mixer, and then silica nano-
particles were added, and mixed with high speed for 
5 minutes. Cement, fine, and coarse aggregates were also 
added for 2 more minutes in rotary mixer with low speed 
to procure a fresh mixture with suitable workability. 

Finally, fresh concrete were poured in same moulds. 
In the next step, an exterior vibrator was used to ease the 
compaction process of concrete and reduce existing air 
voids in the matrix of fresh concrete. Specimens were 
taken out of moulds after 24 hours and cured in the curing 

room (95% humidity and temperature of 20±3 °C) for 3, 
7 and 28 days of curing. 

From each mixture, two moulds for compressive 
strength, two moulds for 28-days water absorption test, and 
two other moulds for splitting tensile strength were sam-
pled and experimental data were considered as average of 
each two specimens. To apply the compressive and tensile 
strength test 200 ton materials testing machine was utili-
zed. Compressive strength tests were done at 3, 7 and 28 
days. Water absorption test, Brazilian tensile strength test, 
SEM, and EDAX, were applied on 28-days specimens. 
Compressive strength test was conducted according to BS 
1881-113:2011 (2011) part117 on 100 mm cubes. Tensile 
strength test on 100×200 mm cylinder was applied accor-
ding to ASTM C496/C496M-11 (2011). In this test, comp-
ressive load is applied on 150×300 mm cylinder (according 
to ASTM C496/C496M-11) while here smaller cylinders 
were utilized. Therefore, higher values are achieved com-
paring conventional tests. 

Water can penetrate in the form of liquid or vapor 
within capillary voids into the porous material. Absorp-
tion is the trend in which concrete attracts water toward 
pores and capillary voids. The water absorption value is a 
representative for durability of concrete. According to 
ASTM C642-97 (1997), cylindrical samples with 50 mm 
diameter and 100 mm height were taken out from 
150 mm cubes and water absorption test was applied. 

In addition, slump test and fresh concrete unit weight 
were performed complying with ASTM C143-03 (2003) 
and ASTM C138-01 (2001), respectively. Finally, after 
applying the mechanical tests at 28 days, the crushed spe-
cimens were selected for SEM and EDAX tests to observe 
the effect of nano-particles on properties of Interfacial 
Transition Zone (ITZ) between cement paste and aggrega-
tes.  

 
3. Results and discussions 
Results for slump test, unit weight of fresh concrete, 
Splitting tensile strength, and water absorption tests are 
shown in Table 5. In the following, analysis and interpre-
tation of results are discussed. 

 
Table 5. Results of different tests 

Mix. 
No 

Compressive 
Strength (MPa) 

STS♣ 
(MPa) 

WA♠ 
(%)  

S♣♣ 
(mm) 

FD♠♠ Curing days 
3 7 28 28 28 

C 19.8 43.9 70.1 6.8 1.62 90–100 2.47 
D1 19.2 37.9 68.6 6.5 1.51 60–70 2.46 
D2 15.7 31.2 62.1 5.8 1.40 30–40 2.44 
D3 10.2 25.3 59.2 5.5 1.21 10–20 2.42 
E1 17.1 29.6 57.9 5.5 1.29 40–50 2.49 
E2 20.5 42.6 68.9 6.4 1.11 30–40 2.46 
E3 16.0 31.7 61.0 5.8 1.02 10–20 2.44 
F1 14.5 26.1 51.1 4.8 1.09 20–30 2.51 
F2 7.8 21.0 46.2 4.4 0.93 0–10 2.47 
F3 14.0 32.2 56.8 5.6 0.85 0–10 2.45 
♣STS: Splitting Tensile Strength; ♠WA: Water Absorption; 
♣♣S: Slump; ♠♠FD: Fresh Density (gr/cm3) 
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3.1. Fresh concrete behavior 
According to experimental results in Table 5, unit weight 
of all fresh concretes are higher than conventional con-
crete (around 2.4 gr/m3), and in the heaviest value, the 
density is higher about 4% as compared with convention-
al concrete.  

Considering Table 5, the addition of silica nano-
particles in concrete mixture results in intense loss of 
slump and the loss is dependent on nano-particles con-
tent. The reason can be attributed to ultra high specific 
surface area of nano-particles which is accompanied by 
absorption of some part of mixing water (Hosseini et al. 
2010b; Senff et al. 2009). 

Slump loss in one specific mixture in D series (Di,  
i = 1, 2, 3) as compared with the same index in E series 
(Ei) and slump loss through Ei to Fi, considering the cons-
tant contents of silica nano-particles, is related to reduc-
tion of water in the first degree, and in the next level is 
attributed to reduction of cement content and increase in 
aggregate volume which increases the roughness degree. 
Obviously, aggregate grading, nominal maximum aggre-
gate size, and overall volume of fine and coarse aggregate 
(especially coarse aggregate) have significant importance 
on workability of fresh concrete. 

Increasing of coarse aggregate volume in constant 
volume of concrete contributes to rougher concrete and 
consequently loss of workability (Waddell, Dobrowolski 
2002). On the other side, workability of concrete mixture 
is dependent on content, fineness, and chemical composi-
tion of cement. Generally, in similar conditions, increase 
in cement content leads to increase in workability 
(Waddell, Dobrowolski 2002). Slump value has direct 
relation with water content in mix proportion, and varia-
tions in water content (apart from minute changes in con-
tents of other materials) influences the slump values pro-
portionately. 

It could be also mentioned other different reasons 
for slump reduction from witness mixture to D1 such as 
increase in silica nano-particles and aggregate volume 
and decrease in water and cement content. Slump incre-
ment from D3 to E1 or from E3 to F1 also depends on 
existence of extra more contents of silica nano-particles 
(about 3 times) in D3 and E3 respect to that of E1 and F1. 
This difference could not only cover the influences of 
water and cement content reduction and increase of ag-
gregate content (factors for slump loss), but also prevail 
over these factors and finally increase the slump of fresh 
concrete. 

In one specific series (like D) which possess cons-
tant cement content, slump reduction is faced as mixture 
1 is moved toward mixture 3. Here, the reason for slump 
reduction is also regarded to increase in silica nano-
particles in one specific series which could not be affec-
ted by increase in water content. Reduction of aggregate 
content which enhances the slump of concrete is influen-
ced by increase in silica nano-particles. Mixture F3 
showed the least value for slump within different 
mixtures based on highest silica nano-particles content, 
least cement and water content, and almost highest volu-
me of aggregates. 

3.2. Mechanical behavior 
3.2.1. Compressive strength 
Figs 2 to 4 depict the compressive strength results for 
different mix proportions at different ages. According to 
Fig. 2, in series D, in all different ages of curing, strength 
has been decreased along with increase in silica nano-
particles. Due to Fig. 3, in series E, from E1 to E2 
strength has been developed and from E2 to E3 a de-
scending trend has been observed. In other words, a max-
imum in strength has occurred in E2. According to Fig. 4, 
in series F, strength has also reduced from F1 to F2 and 
increased from F2 to F3; in fact, the minimum occurred 
in F2. 
 

 
Fig. 2. Comparison of compressive strength in series D with 
witness mixture (C)  
 

 
Fig. 3. Comparison of compressive strength in series E with 
witness mixture (C) 
 

 
Fig. 4. Comparison of compressive strength in series F with 
witness mixture (C) 
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28-days compressive strength of D1 is higher than 
E1 and E1 is more than F1. To interpret this fact, it can be 
mentioned that the cement content has been decreased 
from D1 to E1 and also from E1 to F1 by holding other 
design ratios constant. However, aggregate content has 
also been increased which is negligible comparing with 
remarkable influence of cement reduction. As it can be 
noticed, all the mixtures showed lower compressive 
strengths (28-days) than witness specimens which are 
directly related to glaring reduction of cement in each 
series of mix design; since, the target of this study is se-
lected to investigate the feasibility of replacement of 
cement with silica nano-particles and reduction of cement 
consumption. According to mixtures, the optimum me-
chanical mixture is the one with maximum strength 
within mixtures containing silica nano-particles which 
actually is mixture possessing closest strength to witness 
mixture. 

E2 is the maximum and optimum mixture and F2 is 
the minimum one. Off course, D1 has also close strength 
to witness mixture; however, it is not the optimum 
mixture. Because, in E2, 20% of cement is reduced while 
in D2, 10% has been replaced. Therefore, considering 
higher strength and cement reduction of E2, this mix 
proportion is introduced as the optimum mixture. The 
reasons for almost equal strength of witness specimen 
and optimum mixture (made by 20% replacement of ce-
ment with insignificant 2% silica nano-particles) can be 
attributed to mechanism which aids the enhancement of 
micro-structure and consequently mechanical properties 
(different mechanical factors) and durability of concrete. 
This mechanism concisely performs in 4 following cate-
gories (Hosseini et al. 2010a). 

1. Pozzolanic reaction and generating better C-S-H: 
large amounts of Calcium Hydroxide crystals are produ-
ced during the reaction of cement and water (Eqs 1 and 
2). Crystals of Ca(OH)2 are hexagonal type and locate in 
interfacial transition zone between aggregates and cement 
paste matrix which are harmful for strength and durability 
of concrete. Silica nano-particles, possessing high speci-
fic surface area, can intensely react with Ca(OH)2 and 
produce C-S-H condensed gel. Hence, during the hap-
penstance of this pozzolanic reaction (eq. 3), amounts and 
dimensions of crystals of Ca(OH)2 are reduced and C-S-
H gel, produced by pozzolanic reaction, forms a denser 
transition zone and subsequently provides more approp-
riate strength and durability by filling empty spaces and 
voids in the matrix: 
 2C3S + 11H2O → C-S-H + 2Ca(OH)2; (1) 
 2C2S + 9H2O → C-S-H + Ca(OH)2; (2) 
 2SiO2 + 3Ca(OH)2 → 3CaO.2SiO2.H2O. (3) 
To describe the ultra rapid reactions of silica nano-
particles, it can be said that silica nano-particles, pos-
sessing numerous unsaturated binds located at their sur-
faces, would initiate a reaction between SiO2 and 
Ca(OH)2 and consequently fast chemical reactions among 
(≡Si-O-) and (≡Si-) and water molecules (Qing et al. 
2007). 

2. Micro and Nano-filling effect: nano-particles can 
fill a notable part of voids existing in the matrix of cement 
paste even in agglomerated manner, regarding their ultra 
fine dimension. On other side, about 70% of hydration 
productions are C-S-H gel. Average diameter of particles 
of C-S-H gel is around 10 nm (Ye 2001). Nano-particles 
accompanied by filling ability of produced C-S-H can form 
a far condensed cement paste. Thus the porosity decreases 
and the strength of ITZ increases. Because Van der waals 
force between cement paste and aggregates is closely rela-
ted to the degree of density of ITZ (Li et al. 2006a). 

3. Acting as a nucleus: when a small amount of na-
no-particles are uniformly dispersed in the cement paste, 
the nano-particles act as a nucleus to tightly bond with 
cement hydrate and also to promote hydration of cement 
due to their high activity, which is favorable for the 
strength of cement mortar. The hydrate products of ce-
ment will deposit on the nano-particles during hydration 
due to their great surface energy and will grow to form 
conglomeration containing the nano-particles as nucleus 
(Li et al. 2004b). 

4. Controlled crystallization: if the content of nano-
particles and the distance between them are appropriate, 
the crystallization will be controlled to produce a suitable 
state by restricting the growth of Ca(OH)2 and AFm crys-
tals. This makes the cement matrix more homogeneous 
and compact (densification effect) (Li et al. 2004b). 

Now this question is propounded that what was the 
reason for maximizing the strength in E2 within different 
other mixtures containing silica nano-particles, and why 
other mixtures reached lower strength, or why in series D 
the strength decreased while the dosage of nano-particles 
was increasing. This issue can be originated from conti-
nues of pozzolanic reaction due to existence of plenty of 
silica nano-particles. Besides, silica nano-particle is al-
most a kind of inadhesive material, and by adding the 
feature of owning ultra high specific area and high surfa-
ce energy of these particles, physical reaction would hap-
pen between nano-particles which will result in attraction 
of each other (Li et al. 2004a, b). The more the number of 
silica nano-particles the higher the capability of these 
particles to gather around each other in the concrete 
matrix. This fact can contribute to conglomeration of 
nano-particles in concrete matrix (without happenstance 
of any chemical reaction) and subsequently strength loss; 
because the newly formed conglomerations are weak and 
alterable. 

Another point to mention in this study is different 
type of performance of silica nano-particles in concrete 
matrix, such as reduction of strength by increase in nano-
particles dosage in mixtures of series D and concurrently 
reduction in water absorption (enhancement) or E2 and 
D1 which gained the highest strength in mixtures with 
silica nano-particles. This different behavior of silica 
nano-particles can be discerned by considering both ce-
ment reduction and aggregate increment. Because cement 
reduction on one side causes the strength loss and on 
other side results in free Ca(OH)2 produced by hydration 
reaction which decreases the pozzolanic influence of 
silica nano-particles. 



Journal of Civil Engineering and Management, 2012, 18(3): 416–425 421 

 

Moreover, this cement reduction is accompanied by 
increase in aggregate volume in concrete matrix and lar-
ger voids are formed in matrix which enfeebles the mic-
ro-filling effect of silica nano-particles and on other side 
the conglomeration is also probable. Because larger voids 
require higher content of nano-particles; so, the existing 
nano-particles may be insufficient to fill these voids and 
even if they become sufficient, by congregation of nano-
particles in big voids, large number of these particles 
would gather together and inevitably conglomeration will 
occur. On the other side, the reduction of workability of 
concrete is a supportive factor in the formation of micro-
cracks which have negative effect on the compressive 
strength (Li et al. 2006b). 

By summing up the discussed issues and mentioning 
that the interaction between discussed factors resulted in 
such complicated behavior in fabricated specimens, we 
can interpret the optimization of strength in D1 and E2. 

 
3.2.2. Splitting tensile strength 
Results for Brazilian tensile strength are shown in Ta-
ble 5. Regarding weak tensile strength of concrete, usual-
ly it is not expected from concrete to oppose direct tensile 
forces. But tensile strength against cracks formed by 
shrinkages made by chemical reaction, drying or tem-
perature shocks is significantly important (Waddell, Do-
browolski 2002). Direct tensile strength test is rarely 
conducted due to unavoidable secondary stresses applied 
by sustaining gages. Hence, the most common method in 
measuring the tensile strength of concrete is splitting 
tensile strength (ASTM C496/C496M-11 2011) which is 
the same as Brazilian tensile strength (Mehta, Monteiro 
2006). 

According to Fig. 5, which depicts a kind of compa-
ring outline for 28-days Brazilian tensile strength among 
different series, almost similar behavior for 28-days 
compressive strength can be observed. Considering the 
fact that all of strengths of concrete are to somehow rela-
ted to 28-days compressive strength of concrete 
(Waddell, Dobrowolski 2002), mentioned interpretations 
for compressive strength in previous section (3.2.1) are 
also applicable here. The same as compressive strength, 
E2 is the optimum mixture and F2 performed poorer (mi-
nimum) comparing other mix proportions. 

 

 
Fig. 5. Comparison for splitting tensile strength of all mixtures 
at 28-days 

 

3.3. Water absorption 
The water absorption test is one of the most important 
tests in measuring concrete durability. The total amount 
of water absorption is an indicator for concrete durability. 
Water absorption is a process in which water enters into 
the concrete voids and saturates the matrix pores. As it 
can be seen in Table 5, which indicates the results of 
water absorption test (ASTM C642-97 1997), in one se-
ries (eg. D) the amount of water absorption is decreased 
with an increase in the amount of silica nano-particles. 
Comparing different series, the water absorption is low-
ered as the amount of cement is decreased. 

Regarding this fact that the cement paste is the most 
permeable part of concrete, the water absorption will inc-
rease with increase in volume of paste in a constant amount 
of concrete. On the other hand, increasing of aggregate 
volume as a permeable constituent with low amount of 
water absorption can be effective on concrete water ab-
sorption (Waddell, Dobrowolski 2002). The better perfor-
mance of transmission zone is also one of the most signifi-
cant reasons in better permeability of concrete. This issue 
is very important especially in using nano-particles and 
micro-particles of silica. Hence, the results indicate that in 
one series (eg. D), aggregate volume will decrease as do-
sage of nano-silica increases, and cement paste volume 
decreases while water content has increased. 

The decrease in aggregate volume and increase in 
cement paste volume which include tiny changes, are 
factors helping increase of water absorption. While nano-
silica, regarding its mechanism in concrete microstructure 
which leads to more dense concrete by filling the existing 
voids, has a remarkable effect in decreasing the water 
absorption like a super pozzolan. So, it can negate the 
effect of little amount of volume reduction of aggregates 
and increase of cement paste (water absorption increasing 
factors), and finally decreases the water absorption. 

The decrease in water absorption in mixtures con-
taining silica nano-particles comparing to the witness 
mixture is also related to the decrease in volume of ce-
ment paste. The interesting point in water absorption test 
is increase of water absorption in first mixture of a speci-
fic series (eg. E1) comparing the third mixture of the last 
series (eg. D3). For instance, comparing E1 and D3, it is 
clear that although the volume of cement has been dec-
reased, usage of more contents of silica nano-particles 
(3%) have been able to dense the cement paste matrix in a 
way that remarkable permeability reduction has been 
observed. So, the pozzolanic performance of silica nano-
particles is vividly clear in the case of concrete durability. 

 
3.4. Microstructure 
According to the Figs 6 to 13 which indicate the results 
of the SEM and EDAX tests, the performance of nano-
particles in the interfacial transition zone between paste 
and aggregate can be locally examined. These figures 
show the results of the examination of concrete matrix 
microstructure from mixtures C, D1, D2, and D3. As it 
can be seen, as the amount of silica nano-particles in-
creases, the concrete matrix becomes denser in the inter-
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facial transition zone between paste and aggregate which 
can be a result of severe pozzolanic characteristic of silica 
nanostructures and formation of the dense gel of Cal-
cuim-Silicate-Hydrate on one side, and high micro-filling 
characteristic of these particles (the mechanism of this 
characteristic has mentioned in parts 1, 2 and 3) on the 
other side. However, the most notable issue in this re-
search is different performance of nano-particles in con-
crete matrix. The strength has been reduced in some cases 
though the structure is denser and the permeability char-
acteristics are better, which can be a result of reduction of 
cement. This reduction leads to some changes in the four 
main behaviors of nano-particles. 

The comparison between the SEM pictures shown 
in Figs 6 to 9, indicate that the increase in the amount of 
nano-particles leads to a denser structure of paste in the 
interfacial transition zone between paste and aggregate, 
but this cannot be the only reason for strength loss, be-
cause strength is the result of the holistic structure of 
concrete matrix. As it is mentioned in the parts 1, 2 and 3, 
a specific reason cannot be mentioned for this difference 
by only examination of microstructure in the interfacial 
transition zone. However, the examination of microstruc-
ture can be a trustable test for investigating the reduction 
in permeability, because cement paste is the most influen-
tial factor on concrete permeability while aggregates 
possess lowest water absorption, based on what has been 
discussed in previous section. 

Therefore, the formation of dense structure in the 
cement paste and also in interfacial transition zone can 
decrease the permeability of concrete. Furthermore, the 
enhancement of matrix of transition zone can be analyzed 
differently using the EDAX test results which have been 
shown in Figs 10 to 13. These figures indicate that using 
nano-particles leads to increase in the amount of Ca and 
Si. On the other hand, increasing the amount of nano-
particles increases the amount of Ca and Si in the ITZ 
which is a sign of higher volumes of produced C-S-H gel. 
Also, it is clear that the amount of Si in D3 is a lot more 
than the other mixtures. This is an indication of aggrega-
tion of silica nano-particles in some places which can 
lead to conglomeration in some cases and exertion of 
negative effects on the strength of ITZ matrix. 

 

 
Fig. 6. ITZ of Mixture C 

 
Fig. 7. ITZ of Mixture D1 
 

 
Fig. 8. ITZ of Mixture D2 

 

 
Fig. 9. ITZ of Mixture D3 
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Fig. 10. EDX spectrum on the surface of aggregate (Mix No. C) 
 

 
Fig. 11. EDX spectrum on the surface of aggregate  
(Mix No. D1) 
 

 
Fig. 12. EDX spectrum on the surface of aggregate  
(Mix No. D2) 
 

 
Fig. 13. EDX spectrum on the surface of aggregate  
(Mix No. D3) 

 
4. Conclusions 
Based on this research and its experimental results the 
following points can be mentioned: 

− Regarding the superior pozzolanic performance 
of silica nano-particles, it will be very fruitful to 
use them in concretes. But, the most notable issue 

is using low amount of nano-particles for achiev-
ing the best performance in matrix of cement 
based materials, and also preventing extra costs in 
one cubic meter concrete. Using low amount of 
nano-particles can lead to a better dispersion of 
these particles in concrete mixture and improve 
their performance. 

− Based on the experimental data, application of sil-
ica nano-particles has been beneficial in reduction 
of cement consumption. As it became clear, the 
mixtures E2 and D1 approached to the strength of 
the main mixture. Considering 20% reduction of 
cement in E2 and 10% in D1, and minute differ-
ence of silica nano-particles between these two 
mixtures, mixture E2 has been selected as the op-
timum one. 

− Based on the slump test results, there has been a 
severe slump loss with increase in the amount of 
silica nano-particles, while the ratio of super-
plasticizers to cementitious materials has been 
held constant to omit the effect of super-
plasticizers on the slump of fresh concretes. This 
phenomenon is a result of high specific surface 
area of nano-particles which can absorb some of 
the water content with their high absorption by 
surface. 

− The results of this research also emphasize the re-
lation between tensile and compressive strength. 
Because the changing trend in 28-days tensile 
strength is similar to that of compressive strength 
at the same age. Hence, the mixtures E2 (20% re-
duction in cement, 2% increase of silica) and D1 
(10% reduction of cement, 1% increase in silica) 
have had the closest Brazilian tensile strength to 
the witness mixture, and as it has been mentioned 
before, the E2 mixture is still the optimum one. 

− Due to reduction of water absorption in concrete 
specimens containing higher amounts of silica 
nano-particles, it can be deduced that silica nano-
particles are very effective in decreasing the per-
meability of concrete. This can be a result of 
mechanism of performance of silica nano-
particles in concrete matrix which reacts with 
Ca(OH)2 and produces C-S-H gel which makes 
the micro-structure of concrete denser, and as a 
micro and nano-filler fills the small voids inside 
concrete. 

− Regarding the micro-structural tests in the inter-
facial transition zone, addition of silica nano-
particles makes this zone denser due to their four 
main behaviors, and compacts and improves 
overall properties of this zone. 
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