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Abstract 

Urban underground space resources are gaining increasing attention for the sustainable development of cities. Traditional concrete 

cannot meet the needs of underground construction. High-performance concrete was prepared using varying dosages of nano-SiO2 and 

basalt fiber, and its compressive and tensile strength was measured. The concrete microstructure was analyzed and used to assess the 

mechanisms through which the nano-SiO2 and basalt fibers affect the strength of concrete. The cement hydration productions in concrete 

produced varied with the dosage of nano-SiO2. When the nano-SiO2 dosage was between 0 and 1.8%, the mass of the C-S-H gel and AFt 

crystals increased gradually with the nano-SiO2 dosage. When the nano-SiO2 dosage was 1.2%, optimum amounts of C-S-H gel and AFt 

crystals existed, and the compactness of concrete was well, which agreed with the results of the compressive strength tests. When the 

basalt-fiber dosage was between 3 and 4 kg/m
3
, the basalt fibers and the cement matrix were closely bonded, and the splitting tensile 

strength of the concrete markedly improved. When the basalt-fiber dosage exceeded 5 kg/m
3
, the basalt fibers clustered together, resulting 

in weak bonding between the basalt fibers and the cement matrix and, consequently, the basalt fibers were easily pulled apart from the 

cement. When the nano-SiO2 and basalt fiber dosages were 1.2% and 3 kg/m
3
, respectively, the compactness of the concrete 

microstructure was well and the strength enhancement was the greatest; additionally, the compressive strength and splitting tensile 

strength were 9.04% and 17.42%, respectively, greater than those of plain concrete. The macroscopic tests on the mechanical properties of 

the nano-SiO2 concrete containing basalt fibers agreed well with the results of microstructure analysis. 

Keywords: Concrete; Nano-SiO2; Basalt fiber; Compressive strength; Splitting tensile strength; Microstructure 

1. Introduction 

Development of societies and economies presents many 

problems that hinder the sustainable development of modern 

cities, such as heavy traffic congestion, shortages of urban 

construction land, and pollution of urban environments. 

Extending spaces from ground level to underground is an 

inevitable tendency of future urban development (Zhu, 2016), 

and underground construction has been carried out in many cities. 

However, traditional concrete cannot meet the needs of 

underground construction, and therefore, engineers and scholars 

at home and abroad have studied high-performance concrete, 

which has a high durability and good workability. Nano-SiO2 has 

many characteristics, such as small size and high surface activity. 

Replacing some of the cement in concrete with nano-SiO2 

improves the compactness of concrete on the micro-scale (Li, 

2015). Consequently, the compressive strength of concrete has 

been improved significantly by adding nano-SiO2 (Wang, 2013). 

Zhu (2015) evaluated the properties of nano-SiO2 concrete under 
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dynamic loads. Alireza (2016) evaluated the properties of 

high-performance nano-SiO2 concrete and found that nano-SiO2 

played an important role in improving the mechanical properties 

of concrete. 

Basalt fiber has also been used as an additive to overcome 

the extreme brittleness and breakability of concrete. Basalt fiber 

is an environmentally friendly inorganic silicate material with a 

working performance similar to that of carbon fiber, while its 

price is only 1/10
th

 of carbon fiber. Using appropriate amounts of 

evenly distributed chopped basalt fibers can effectively inhibit 

crack propagation and significantly improve the tensile strength 

and crack resistance of concrete (Pan, 2009; Jin, 2010; Jiang, 

2014). Aref (2013) estimated the compressive strength of 

self-compacted concrete containing fibers consisting of 

nano-SiO2 using ultrasonic pulse velocity tests. Zhang (2014) 

investigated the influence of nano-SiO2 and carbon fibers on the 

mechanical properties of concrete using X-ray photoelectron 

spectroscopy (XPS). 

Optimizing the nano-SiO2 dosage could enhance the 

compressive strength of concrete, and using dispersive chopped 

basalt fibers could improve its tensile strength and anti-cracking 



  

 

 

ability.  

In this study, varying dosages of nano-SiO2 and basalt fibers 

were added to concrete. Macroscopic compressive strength and 

tensile strength tests were carried out to determine the optimum 

dosage of nano-SiO2 and basalt fibers. The microstructure of the 

nano-SiO2 concrete containing basalt fibers was analyzed by 

scanning electron microscopy (SEM) to investigate the strength 

enhancement mechanisms, and the relationships between the 

mechanical properties and microstructure are discussed. 

2. Materials and concrete specimen preparation 

2.1. Materials 

Ordinary Portland cement in P•O 42.5 level produced by 

eight male mountain factory was used as the main binder. 

Crushed stone of about 5-10 mm in diameter was used as a 

coarse aggregate. Natural river sand with a fitness modulus of 

2.6 was used as a fine aggregate. Running water was employed 

as the mixing water. 

Nano-SiO2 (HTSi-01) was provided by Nanjing Haitai Nano 

Materials Co., Ltd. HTSi-01 nano-SiO2 is a white powder, with a 

whiteness of 96.3. The purity of HTSi-01 nano-SiO2 can reach 

99.9%, and the average size of the nano-SiO2 particles is less 

than 20 nm. The specific surface area of HTSi-01 nano-SiO2 is 

more than 600 m
2
/g, and its bulk density, loss from drying, and 

loss on ignition are 0.035 g/cm
3
, 5.1%, and 8.6%, respectively. 

Chopped basalt fibers were provided by Nanjing Mankate 

Technology Co., Ltd. The length and diameter of the chopped 

basalt fibers were 9 mm and 16.5 μm, respectively, and their 

density was 2.63 g/cm
3
. The elastic modulus and tensile strength 

of chopped basalt fiber is 90-110 GPa and 3500-4500 MPa, 

respectively. Its fracture elongation can reach 3.0%. 

2.2. Concrete specimen preparation 

Concrete specimens for macroscopic experiments were 

prepared in accordance with the ordinary concrete mechanics 

performance test method standard (GB/T50081-2002). Standard 

concrete specimens were prepared with a 

cement/water/sand/gravel weight ratio of 1.00/0.48/1.79/2.19. 

The sand ratio was 45 wt%.  

Nano-SiO2 powder was added to concrete by replacing part 

of the Ordinary Portland cement in weight. Four nano-SiO2 

dosages were used: 0 wt%, 0.6 wt%, 1.2 wt%, and 1.80 wt%. In 

order to distribute nano-SiO2 evenly, it was mixed with water 

prior to mixing with the other concrete components. 

Chopped basalt fibers were also added into the concrete at 

five different dosages: 0 kg/m
3
, 2 kg/m

3
, 3 kg/m

3
, 4 kg/m

3
, and 5 

kg/m
3
. In order to ensure their dispersion and avoid clustering, 

the chopped basalt fibers were added in two steps. Half of the 

chopped basalt fibers were mixed over a 30-s period in each step. 

By orthogonal tests, 20 different concrete samples could be 

obtained from the various combinations of mixing proportions. 

After curing for 28 d, cubic concrete specimens with a side 

length of 150 mm were used for the compressive strength tests 

and splitting tensile strength tests. 

For microstructure analyses, small concrete samples with a 

size of 10×10×10 mm were taken from the same location of 

failure for each cubic concrete specimen. The small concrete 

samples were soaked in an ethyl alcohol solution for 48 h and 

then sealed after drying. For SEM measurements, the 

microstructure of a flat side of each small concrete sample was 

observed. 

3. Macroscopic mechanical experiments 

3.1 Compressive strength experiments 

 

Fig.1. Relationship between nano-SiO2 dosage and compressive strength. 

 

Fig.2. Relationship between basalt fiber dosage and compressive strength. 

The compressive strength of the nano-SiO2 concrete 

containing basalt fibers was tested; the results are shown in Table 



  

 

 

1. The compressive strength improved on adding both nano-SiO2 

and basalt fiber, though the improvement on adding nano-SiO2 

was greater than that on adding basalt fiber. 

Fig.1 shows the compressive strength of the concrete 

samples containing varying basalt-fiber dosages as a function of 

their nano-SiO2 content; for all samples, the compressive 

strength initially increases with increasing nano-SiO2 content and 

then peaks at 1.2% nano-SiO2, with the compressive strength 

decreasing on further increasing the nano-SiO2 content. This 

indicates that there is an optimum dosage of nano-SiO2 for 

achieving the maximum compressive-strength enhancement. For 

a fixed basalt-fiber dosage of 3 kg/m
3
, nano-SiO2 dosages of 0%, 

0.6%, 1.2%, and 1.8% increased the compressive strength of the 

concrete by 3.62%, 4.28%, 9.04%, and 8.48%, respectively, 

compared with that of plain concrete. This indicates that the 

compressive strength of the concrete increases significantly when 

the nano-SiO2 dosage is between 0.6% and 1.2%. 

Fig.2 shows the compressive strength of the concrete 

samples containing varying nano-SiO2 dosages as a function of 

their basalt fiber content; for all samples, the compressive 

strength initially increases with the basalt-fiber content and then 

peaks at 3 kg/m
3
 basalt fiber, with the compressive strength 

decreasing on further increasing the basalt fiber content. This 

indicates that there is an optimum basalt fiber dosage, above 

which increasing the basalt fiber dosage decreases the 

compressive strength. For a fixed nano-SiO2 dosage of 1.2%, 

basalt fibers dosages of 0 kg/m
3
, 2 kg/m

3
, 3 kg/m

3
, 4 kg/m

3
, and 

5 kg/m
3
 increased the compressive strength of the concrete by 

7.07%, 7.48%, 9.04%, 8.26%, and 6.52%, respectively, 

compared with that of plain concrete. 

Table 1 

Compressive-strength test results 

Nano-SiO2 dosage / 

wt% 

Cubic compressive strength (MPa) for different dosages of basalt fiber (kg/m
3
) 

0 2 3 4 5 

0 39.73 40.49 41.17 40.84 40.24 

0.6 41.07 41.10 41.43 41.03 40.80 

1.2 42.54 42.70 43.32 43.01 42.32 

1.8 42.20 42.30 43.10 42.76 42.01 

Table 2 

Splitting-tensile-strength test results  

Nano-SiO2 dosage / 

wt% 

Cubic splitting tensile strength (MPa) for different dosages of basalt fiber (kg/m
3
) 

0 2 3 4 5 

0 2.64 2.83 2.87 2.84 2.79 

0.6 2.70 2.90 3.01 2.95 2.91 

1.2 2.80 2.98 3.10 3.08 2.94 

1.8 2.76 2.93 3.05 2.90 2.84 

 

3.2 Splitting tensile strength experiments 

The splitting tensile strength of the nano-SiO2 concrete 

containing basalt fibers was tested, with the results shown in 

Table 2. The splitting tensile strength improved on adding both 

nano-SiO2 and basalt fibers, though the improvement on adding 

basalt fibers was greater than that on adding nano-SiO2. 

 

Fig.3. Relationship between nano-SiO2 dosage and splitting tensile 

strength. 

Fig.3 shows the splitting tensile strength of the concrete 

samples containing varying dosages of basalt fiber as a function 

of their nano-SiO2 content; for all samples, the splitting tensile 

strength initially increases with the nano-SiO2 content and then 

peaks at 1.2% nano-SiO2, with the splitting tensile strength 

decreasing on further increasing the nano-SiO2 content. For a 

fixed basalt fiber dosage of 3 kg/m
3
, nano-SiO2 dosages of 0%, 

0.6%, 1.2%, and 1.8% increased the splitting tensile strength by 

8.71%, 14.02%, 17.42%, and 15.53%, respectively, compared 

with that of plain concrete. This indicates that adding an 

optimum amount of nano-SiO2 to the concrete is beneficial for 

improving its splitting tensile strength. 



  

 

 

 

Fig.4. Relationship between basalt fiber dosage and splitting tensile 

strength. 

Fig.4 shows the splitting tensile strength of the concrete 

samples containing varying dosages of nano-SiO2 as a function 

of their basalt fiber content; for all samples, the splitting tensile 

strength initially increases with the basalt fiber content and then 

peaks at 3 kg/m
3
 basalt fiber, with the splitting tensile strength 

decreasing on further increasing the basalt fiber content. For a 

fixed nano-SiO2 dosage of 1.2%, basalt fiber dosages of 0 kg/m
3
, 

2 kg/m
3
, 3 kg/m

3
, 4 kg/m

3
, and 5 kg/m

3
 increased the splitting 

tensile strength of the concrete by 6.06%, 12.88%, 17.42%, 

16.67%, and 11.36%, respectively, compared with that of plain 

concrete. This indicates that the splitting tensile strength of 

concrete can be significantly improved by adding an optimum 

amount of basalt fiber. 

4. Microstructure analysis 

4.1 Effect of nano-SiO2 on the concrete microstructure  

SEM images of the concrete with differing nano-SiO2 

contents and basalt fiber dosage of 0 kg/m
3
 are shown in Fig.5. 

The amount of AFt (Al203-Fe203-tri) crystals and C-S-H 

(Calcium Silicate Hydrate) gel formed is the lowest in the 

concrete with 0% nano-SiO2 (Fig.5 (a)). This sample contains a 

large number of unevenly distributed Ca(OH)2 crystals, many 

micro-holes and cracks, and its compactness is the poorest 

among the samples with varying nano-SiO2 contents. The 

quantity of needle-rod AFt crystals and flocculent C-S-H gel 

increases with the nano-SiO2 dosage to 0.6%, with sections of 

the Ca(OH) 2 crystals wrapped in C-S-H gel (Fig.5 (b)). On 

further increasing the nano-SiO2 dosage to 1.2%, the number of 

AFt crystals and flocculent C-S-H gel significantly increases, 

with the Ca(OH) 2 crystals hardly visible (Fig.5 (c)). In this 

sample, the AFt crystals and flocculent C-S-H gel grew into the 

pores of the cement stone and the degree of bonding between 

them is high; the formation of dense space frames renders the 

concrete a dense homogeneous continuum. When the nano-SiO2 

dosage is 1.8%, the free water for cement hydration is reduced by 

the additional nano-SiO2 content, and the amount of AFt crystals 

and C-S-H gel formed is less than in the sample with 1.2% 

nano-SiO2, which exhibits a faster hydration process. 

Consequently, the compactness of the internal concrete structure 

decreases. When loads are imposed on concrete, its strength is 

markedly improved when it possesses a dense structure. The 

optimum strength enhancement at a 1.2% nano-SiO2 dosage, 

found from the macroscopic testing of the concrete mechanical 

properties, is consistent with the microcosmic morphology 

analysis of the concrete samples. 

      
(a) Nano-SiO2 dosage: 0 wt%                             (b) Nano-SiO2 dosage: 0.6 wt% 



  

 

 

      
(c) Nano-SiO2 dosage: 1.2 wt%                              (d) Nano-SiO2 dosage: 1.8 wt% 

Fig.5. SEM images of concrete with different nano-SiO2 contents. 

4.2 Effect of basalt fiber on the concrete 

microstructure  

SEM images of the concrete with differing basalt-fiber 

contents and nano-SiO2 dosage of 0% are shown in Fig.6. When 

the chopped basalt fiber dosage is 0 kg/m
3
, there are distinct 

micro-holes and cracks in the cement stone, and some Ca(OH)2 

crystals and a little C-S-H gel are distributed around these 

micro-holes and cracks (Fig.6 (a)). The amount of AFt crystals in 

this sample is low and the micro-holes and cracks cannot be 

filled effectively; consequently, the concrete density is poor. The 

concrete strength is lowest in the absence of chopped basalt 

fibers; this is particularly pronounced for the splitting tensile 

strength. When the chopped basalt fiber dosage is 2 kg/m
3
, the 

connections between the chopped basalt fibers and the cement 

matrix are tight, and AFt crystals and flocculent C-S-H gel grow 

around the chopped basalt fibers, as shown in Fig.6 (b). When 

the chopped basalt fiber dosage is between 3 and 4 kg/m
3
, the 

connections between the chopped basalt fibers and cement 

matrix are tighter still, and the chopped basalt fibers are well 

dispersed in the gel, resulting in a dense spatial structure in the 

cement stone. Moreover, there are two forms of cross section. 

One is a shear failure with a 45-degree inclined cross section, 

and the other is a tensile failure with a smooth cross section, as 

shown in Fig.6 (c) and (d). When a load is imposed on concrete, 

part of the load will be passed to the chopped basalt fibers 

because of the cohesiveness between the chopped basalt fibers 

and the cement matrix. When the cement matrix starts to become 

damaged, the chopped basalt fibers will act as bridges to delay 

the formation and extension of cracks, thus improving the 

splitting tensile strength of concrete. When splitting tensile 

failure occurs, the evenly distributed chopped basalt fibers will 

act as micro-reinforcements to consume more energy, leading to 

ductile behavior. However, when the chopped basalt fiber dosage 

is 5 kg/m
3
, there are too many chopped basalt fibers to allow 

even distribution, and clustering of the fibers is inevitable. 

Moreover, the dense microstructure of concrete is also destroyed 

by excessive amounts of chopped basalt fibers. Break-off 

phenomena then occur between the chopped basalt fibers and the 

cement matrix. The bonding connection between the chopped 

basalt fibers and the cement matrix is weak and some 

micro-cracks are present in the cement matrix, as shown in Fig.6 

(e). 

     

(a) Basalt fiber dosage: 0 kg/m
3
                     (b) Basalt fiber dosage: 2 kg/m

3 



  

 

 

     

(c) Basalt fiber dosage: 3 kg/m
3
                      (d) Basalt fiber dosage: 4 kg/m

3
 

 

(e) Basalt fiber dosage: 5 kg/m
3
 

Fig.6. SEM images of concrete with different of concrete with different basalt-fiber contents. 

In summary, adding an appropriate amount of nano-SiO2 

enhances the compactness of the concrete and improves its 

compressive strength. Adding an appropriate amount of chopped 

basalt fibers improves the connections between the chopped 

basalt fibers and the cement matrix, thus improving the tensile 

strength of the concrete. Adding appropriate amounts of both 

nano-SiO2 and chopped basalt fibers improves both the 

compressive strength and splitting tensile strength of the 

concrete. 

5. Discussion of strength-enhancement mechanism 

Concrete is a mixture composed of coarse aggregates, fine 

aggregates, cement, and water. Compatibility problems can exist 

among the various components because of their different 

compositions and structures, which results in large amounts of 

harmful pores in concrete, and fracturing. When added to 

concrete in an appropriate amount, nano-SiO2 not only reacts 

quickly with Ca(OH)2, but also promotes the cement hydration 

reaction to generate large quantities of C-S-H gel and AFt 

crystals to fill the internal pores of concrete (Huang, 2012). In 

addition, nano-SiO2 particles fill smaller gaps, which improves 

the compactness of the concrete matrix and increases its 

compressive strength significantly. However, when the 

nano-SiO2 dosage is too great, it absorbs a lot of free water and 

thus, the amount of water participating in the secondary Ca(OH)2 

hydration reaction decreases (Alireza, 2016). This leads to a lot 

of C-S-H gel and little AFt crystals, resulting in ineffective filling 

of the holes and micro-cracks in the cement stone forming a 

cement structure that is not dense, which decreases the strength 

of the concrete to a certain extent. 

When loads are imposed on concrete and it exhibits a stress 

concentration phenomenon, then the interfacial transition zone of 

the concrete structure, which is the weakest part, will be 

destroyed first. The presence of fibers crossing the interfacial 

transition zone can reduce the generation of micro-cracks under 

loads. Adding an appropriate amount of chopped basalt fibers 

will result in the formation of a supporting system inside the 

concrete, which prevents further extension of tiny cracks (Ye, 

2015; Dong, 2011; Bai, 2013) and improves the tensile strength 

of concrete effectively. However, when excessive amounts of 

basalt fiber are present, clustering of the fibers is inevitable 

during the mixing process and leads to more internal defects in 

the concrete, such as pores and micro-cracks (Fu, 2015; Wang, 

2010; Wang, 2009). 

Thus, when the nano-SiO2 and basalt-fiber dosages exceed a 

certain amount, both the compressive strength and splitting 

tensile strength of the concrete decreases. 

6. Conclusions 

(1) Adding an appropriate amount of nano-SiO2 and basalt 

fiber to concrete improves both its compressive strength and 

splitting tensile strength. The strength enhancement is greatest 

when the nano-SiO2 and basalt-fiber dosages are 1.2% and 3 

kg/m
3
, respectively, and the compressive strength and splitting 



  

 

 

tensile strength increased by 9.04% and 17.42%, respectively, 

compared with those of plain concrete. 

(2) When the nano-SiO2 dosage is 1.2%, a large amount of 

C-S-H gel and AFt crystals are generated in the nano-SiO2 

concrete. Consequently, the nano-SiO2 concrete exhibits good 

compactness and high compressive strength. 

(3) When the basalt fiber dosage is 3 kg/m
3
, the bonding 

effect of the well-dispersed basalt fibers on the cement matrix 

improves the tensile strength of concrete effectively, with the 

splitting tensile strength increased by 8.71% compared with that 

of plain concrete. 

(4) The changes observed in the macroscopic mechanical 

properties on adding nano-SiO2 and basalt fiber to concrete agree 

well with the observed changes in the concrete microstructure. 
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