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In this article, we study the effect of steel fibre on the 
fracture properties of high performance concrete 
(HPC) containing fly ash and nano-SiO2. The results 
reveal that the addition of appropriate content of steel 
fibre helps improve the fracture properties of HPC. 
Steel fibre improves the fracture parameters of initial 
fracture toughness, unstable fracture toughness, frac-
ture energy and critical crack opening displacement of 
the beam specimen of HPC. The results also show that 
steel fibre has major effect on the fracture curves of 
the three-point bending beam specimen. The fracture 
toughness and fracture energy increase gradually, and 
the area under the fracture relational curve becomes 
larger when the steel fibre content increases from 
0.5% to 2%. However, these fracture parameters  
begin to decrease and the area under the fracture  
relational curve becomes smaller when the steel fibre  
content exceeds 2%. This indicates that steel  
fibre helps improve the fracture properties of HPC 
containing nano-SiO2 and fly ash only when its fibre  
content does not exceed 2%. 
 
Keywords: Fly ash, fracture properties, high perform-
ance concrete, nano-SiO2, steel fibre. 
 
HIGH performance concrete (HPC) is widely used in civil 
engineering with the development of concrete techno-
logy. In addition to the three basic ingredients in conven-
tional concrete, i.e. Portland cement, fine and coarse 
aggregates and water, HPC incorporates supplementary 
cementitious materials such as fly ash and blast furnace 
slag, and chemical admixture such as superplasticizer 1. 
HPC is concrete which meets the special performance and 
uniformity requirements that cannot always be achieved 
by conventional materials, normal mixing, placing and 
curing practices2. According to Swamy3, HPC is designed 
to give optimized performance characteristics for a given 
set of materials, usage and exposure conditions, consis-
tent with requirements of cost, service life and durability. 
A large number of researchers have studied the mechani-
cal properties, fracture properties and durability of HPC, 
and their study results indicate that it shows better 

mechanical properties, fracture properties and durability 
compared to conventional concrete4–9. 
 In addition to the three basic ingredients, i.e. cement, 
aggregates and water used in conventional concrete, ac-
tive mineral additives like fly ash10, blast furnace slag11, 
rice husk ash12 and silica fume13 have been incorporated 
to make HPC. Today, nanotechnology has attracted con-
siderable interest due to the new potential uses of parti-
cles in nanometre scale. Nanotechnology encompasses 
the techniques of manipulation of the structure at the 
nanometre scale to develop a new generation of tailored, 
multifunctional, cementitious composites with superior me-
chanical performance and durability potentially having a 
range of novel properties such as low electrical resistivity, 
self-sensing capabilities, self-cleaning, self-healing, high 
ductility and self-control of cracks14. As a result, nano-
particles have been used in concrete engineering with the 
rapid development of nanotechnology. There are several 
kinds of nanoparticles often used in concrete: nano-SiO2, 
nano-CaCO3, nano-Al2O3, nano-TiO2, nano-ZnO2 and 
nano-ZrO2; nano-SiO2 seems to be the most popular 
among the researchers15–20. In the last few years, several 
researchers have studied the effect of nano-SiO2 on the 
performance of concrete21–24 and their results indicate that 
the mechanical properties and durability of concrete are 
greatly improved with the addition of nano-SiO2. 
 Although there is great improvement in many aspects 
of material properties for concrete with the addition of 
nanoparticles, the toughness of concrete reinforced with 
nanoparticles, which is beneficial for the safety of con-
crete structures, still needs to be improved. In the last few 
decades, various kinds of fibres have been applied to  
improve the toughness and crack resistance of concrete. 
Numerous types of fibre are available for commercial use 
in concrete, the basic types being steel, glass, synthetic 
materials and some natural fibres25. Among these fibres, 
steel fibre is the most popular and widely used in both re-
search and practice. Nowadays, steel fibre reinforced 
concrete has been successfully used in several types of 
construction due to the fact that steel fibres improve  
the durability and mechanical properties of hardened con-
crete, namely flexural strength, toughness, impact 
strength, resistance to fatigue, vulnerability to cracking 
and spalling. 
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 Fracture properties are extremely important for the 
safety and durability of concrete. However, little informa-
tion is presently available regarding the influence of steel 
fibre on the fracture properties of SiO2 nanoparticles  
reinforced HPC. Therefore, we conducted the present  
experimental study and measured the fracture toughness, 
fracture energy, mid-span deflection ( ), crack mouth 
opening displacement (CMOD) and crack tip opening 
displacement (CTOD) of the notched beam specimens of 
steel fibre reinforced HPC containing nano-SiO2 to  
observe the effect of steel fibre on fracture properties of 
concrete containing nano-SiO2. 

Experimental procedure 

Raw materials 

The cement used was Ordinary Portland cement (Class 
42.5R) whose chemical and physical properties are pre-
sented in Table 1. Grade I fly ash was used to make HPC 
whose chemical properties are also presented in Table 1. 
In this study, amorphous nano-SiO2 with a solid content 
of more than 99% was used. Physical properties of the 
nanoparticles are presented in Table 2. Physical proper-
ties of mill-cut steel fibres are presented in Table 3. 
Coarse aggregate with a maximum size of 20 mm and 
fine aggregate with a 2.76 fineness modulus were used. A 
high-range water-reducing agent with commercial name 
‘polycarboxylate HJSX-A’ was used to adjust the worka-
bility of the concrete mixture. The performance indices of 
the high-range water-reducing agent are presented in Ta-
ble 4. Mix proportions of the concrete composites are 
given in Table 5. 
 

Table 1. Properties of cement and fly ash 

Composition (%) Cement  Fly ash 
 

Chemical composition   
 SiO2 20.85 51.50 
 Al2O3 5.32 18.46 
 Fe2O3 2.69 6.71 
 CaO 62.97 8.58 
 MgO 3.66 3.93 
 Na2O 0.15 2.52 
 K2O 0.62 1.85 
 SO3 2.48 0.21 
Physical properties   
 Specific gravity 3.11 2.16 
 Specific surface (cm2/g) 3287 2470 

 
 

Table 2. Physical properties of nano-SiO2 

Average  Specific  Apparent 
particle SiO2 surface density pH  
size (nm) content (%) area (m2/g) (g/cm3) value 
 

30 99.5 200   10 0.055 5–7 

Preparation of specimens 

A series of notched beam specimens with the size of 
100  100  515 mm were prepared to determine the frac-
ture properties. The beam specimen was sawed from the 
span centre of the lower surface to produce a pre-cutting 
crack, the depth of which is 40 mm. The shape and size 
of the beam specimen are shown in Figure 1. In order to 
distribute nano-SiO2 uniformly, a forced mixing machine 
was used. The mixing procedure, which was designed by 
trial and error, was chosen as follows: the coarse aggre-
gate and fine aggregate were mixed initially for 1 min, 
and then steel fibres were mixed for another 1 min, and 
the cement, fly ash and nano-SiO2 were mixed for an-
other 2 min. Finally, the high-range water-reducing agent 
and water were added and mixed for 3 min. After casting, 
all the specimens were finished with a steel towel. Imme-
diately after finishing, the specimens were covered with 
plastic sheets to minimize moisture loss from them. They 
were stored at a temperature of about 23C in casting 
room. The specimens were demoulded after 24 h and then 
cured at 100% relative humidity and controlled tempera-
ture (21  2C) for 28 days before testing. 

Fracture test method 

Three-point bending beam method was employed to 
measure the fracture parameters in the present study, 
which is an appropriate fracture testing method recom-
mended by the Committee on Fracture Mechanics of 
Concrete of the International Union of Laboratories and 
Experts in Construction Materials, Systems and Struc-
tures26. The experiment was carried out on a hydraulic 
pressure testing machine, whose measure range of the 
load transducer is 0–30 kN. CMOD and CTOD were 
measured by clamp-type extended instruments.  of the 
beam specimen was measured using a displacement meter 
fixed on one side face of the specimen using an angle 
bracket. During the course of testing, the loading was 
kept continual and consistent, and the loading rate was 
reduced properly when the specimen was approaching 
 
 

Table 3. Properties of steel fibres 

Length Equivalent Length : diameter Tensile strength  
(mm) diameter (mm) ratio (MPa) 
 

32 0.56 52.0 800 

 
 

Table 4. Properties of high-range water-reducing agent 

Solid Total Fluidity  Content 
content alkali of cement Density of pH 
(%) content (%) paste (mm) (g/cm3) Cl– (%) value 
 

30 1.2 260 1.052 0.078 4.32 
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Table 5. Mix proportions of high performance concrete 

Mix Cement Fly ash Nano-SiO2 Steel Fine Coarse Water Water-reducing  
no. (kg/m3) (%) (%) fibre (%) aggregate (kg/m3) aggregate (kg/m3) (kg/m3) agent (kg/m3) 
 

1 395.2 15 5 0.5 647 1151 158 4.94 
2 395.2 15 5 1 647 1151 158 4.94 
3 395.2 15 5 1.5 647 1151 158 4.94 
4 395.2 15 5 2 647 1151 158 4.94 
5 395.2 15 5 2.5 647 1151 158 4.94 

 
 

 
 

Figure 1. Sketch of three-point bending beam specimen. 
 
 

 
 

Figure 2. Loading device of three-point bending test. 
 
 
failure. The relational curves between the vertical load 
and the mid-span deflection (PV–  ), crack mouth opening 
displacement (PV–CMOD), and crack tip opening dis-
placement (PV–CTOD) were obtained respectively from 
the X–Y dynamic function recorder. The testing apparatus 
of the fracture test is shown in Figure 2. 

Determination of fracture parameters 

In this study, the fracture properties of HPC were evalu-
ated by the double-K fracture parameters (initial fracture 
toughness ini

ICK  and unstable fracture toughness un
ICK )27, 

and fracture energy GF. Here the propagation length  
of the crack is needed for the calculation of ini

ICK  and 
un
ICK . The higher ini

ICK  and un
ICK  indicate that concrete is 

more resistant to crack expansion and it has better  
fracture properties. The effective crack length of the 

three-point bending beam specimen is generally used to 
calculate ini

ICK  and un
ICK , and the effective crack length can 

be calculated as follows28 
 

 c c
max

2 arc CMOD 0.1135,
32.6 V

EBa H tg
P

    (1) 

 
where ac is the effective crack length of the three-point 
bending beam specimen (m); PVmax the peak vertical load 
(kN); CMODc the critical crack mouth opening displace-
ment (m); E the elastic modulus of the concrete compos-
ite (MPa); H the height of the beam specimen (m); and B 
the width of the beam specimen (m). 
 With the measured initial cracking load and depth of 
the pre-cutting crack of the three-point bending beam 
specimen, the initial fracture toughness of concrete  
composite containing nano-SiO2 can be calculated as fol-
lows29 
 

 ini 0ini 0
IC 2

3
,

P S a aK f
H2BH

   
 

 (2) 

 
where ini

ICK  is the initial fracture toughness (kN/m3/2); Pin i 
the initial cracking load (kN); S the span length of the 
beam specimen (m); H the height of the beam specimen 
(m); B the width of the beam specimen (m); and a0 the 
depth of the pre-cutting crack of the three-point bending 
beam specimen (m). 
 

2
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  (3) 
 
With the measured peak vertical load and the effective 
crack length of the three-point bending beam specimen, 
the unstable fracture toughness of concrete composite 
containing nano-SiO2 can be calculated as follows29 
 

 

max cun c
IC 2

3
,VP S a a

K f
H2BH

   
 

 (4) 
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where un
ICK  is the unstable fracture toughness (kN/m3/2); 

PVmax the peak vertical load (kN); S the span length of the 
beam specimen (m); H the height of the beam specimen 
(m); B the width of the beam specimen (m); and ac the  
effective crack length of the three-point bending beam 
specimen (m). 
 

2
c c c c

c
1.5

c c

1 99 1 2.15 3.93 2.7

.
1 2 1

a a a a.
H H H Haf =

H a a
H H

           
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 
           

 

  (5) 
 
The fracture energy results from integration of the load–
displacement curve per unit of the fractured surface of the 
specimen30. With the measured ultimate mid-span deflec-
tion and the relational curve of PV– of the three-point 
bending beam specimen, the fracture energy of steel fibre 
reinforced HPC containing nano-SiO2 can be calculated 
as follows31 
 

 F 0 1 2 max
lig

1 [ ( 2 ) ],G W m m g
A

    (6) 

 
 lig 0( ),A B H a    (7) 
 
where GF is the fracture energy (N/m); Alig the area of the 
fracture ligament of the specimen (m2); H the height of 
the beam specimen (m); B the width of the beam speci-
men (m); a0 the depth of the notched crack (m); g the 
gravitational acceleration (= 9.8 m/s2); m1 the weight of 
the specimen between the two supports (kg); m2 the addi-
tive weight of the loading facilities (kg); max the maxi-
mum mid-span deflection of the beam specimen (m); W0 
the area above the axis of  and under the relational curve 
of PV– shown in Figure 3 (Nm). There are six speci-
mens for each proportion, and the average of the six  
values is taken as the final result. 

Results and discussion 

Effect of steel fibre on compressive and flexural 
strength  

Figure 4  a and b illustrates the variation of compressive 
strength and flexural strength respectively of steel fibre 
reinforced HPC containing 5% nano-SiO2 and 15% fly 
ash with the steel fibre content increasing from 0.5% to 
2.5% at 28 days curing period. From the figure, it can be 
seen that steel fibre content has a major effect on the 
strength of concrete containing nanoparticles and fly ash. 
Both the compressive strength and flexural strength in-
crease gradually with increase in steel fibre content from 

0.5% to 2%, whereas they begin to decrease when the 
steel fibre content exceeds 2%. The interface adhesive 
property between the concrete matrix and steel fibre was 
strengthened with the addition of nanoparticles. The load 
can be transmitted to the steel fibres through the concrete 
matrix and the matrix can bear the load together with the 
steel fibres. As a result, both the compressive and flexural 
strength improved with the appropriate steel fibre con-
tent.  

Effect of steel fibre on fracture toughness 

Figure 5  a and b shows the variation of initial fracture 
toughness ini

IC( )K  and unstable fracture toughness un
IC( )K  

respectively, of HPC containing 5% nano-SiO2 and 15% 
fly ash at 28 days curing period with the increase of steel 
fibre content. As expected, in general, the addition of 
steel fibres greatly increased the fracture toughness of 
HPC containing nano-SiO2 and fly ash. Both ini

ICK  and 
un
ICK  increased gradually with increase in steel fibre con-

tent below 2%. Compared with the HPC reinforced with 
0.5% steel fibre, the increase of ini

ICK  and un
ICK  was 198% 

and 168% respectively, for 2% steel fibre content. How-
ever, ini

ICK  and un
ICK  begin to decrease with the increase in 

steel fibre content beyond 2%. The variations of ini
ICK  and 

un
ICK  indicate that lesser steel fibre content helps improve 

the fracture properties of HPC containing nano-SiO2 and 
fly ash. With the appropriate dosage, by adding steel  
fibres to HPC, it was observed that the fractured beam 
specimens were not separated out because of the bridging 
of the cracks by steel fibres. Incorporation of fibres in 
HPC containing nano-SiO2 and fly ash provided better 
mechanical integrity during failure. The cracks were 
bridged across the failure plane and provided some con-
trol to the fracture process and thereby the fracture 
toughness was increased.  

Effect of steel fibre on fracture energy 

The variations of GF of steel fibre reinforced HPC con-
taining 5% nano-SiO2 and 15% fly ash with the steel fibre  
 

 
 

Figure 3. Full curve of PV–. 
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Figure 4. Effect of steel fibre content on (a) compressive strength and (b) flexural strength. 
 
 

 
 

Figure 5. Effect of steel fibre content on (a) initial fracture toughness and (b) unstable fracture toughness. 
 
 

 
 

Figure 6. Effect of steel fibre content on fracture energy. 

 
 
Figure 7. Contrast of PV– curves for different steel fibre contents. 
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Figure 8. Contrast of (a) PV–CMOD curves and (b) PV–CTOD curves for different steel fibre contents. 
 
 
 
content increasing from 0.5% to 2.5% at 28 days curing 
period are shown in Figure 6. There was considerable in-
crease in GF with increase in steel fibre content up to 2%. 
Compared with the HPC reinforced with 0.5% steel fibre, 
the increase in GF was almost three times with the steel 
fibre content of 2%. However, as the steel fibre content 
increases continuously, there was a decrease in GF. The 
fracture energy GF of HPC is a basic material characteris-
tic, representing the energy necessary to create a unit area 
of fracture surface. The higher GF indicates that more en-
ergy will be consumed to make the HPC fracture and that 
HPC has better fracture properties. On the contrary, HPC 
has poor fracture properties with lower GF. Therefore, the 
variations of GF also indicate that lesser steel fibre  
content helps improve the fracture properties of HPC 
containing nano-SiO2 and fly ash. 
 Figure 7 shows typical complete curves of PV– of the 
three-point bending beam specimens of HPC containing 
5% nano-SiO2 and 15% fly ash with different contents of 
steel fibres. It can be seen that the relational curve of  
PV– becomes thicker and the nonlinear stage of the 
curve becomes longer, and the descent stage of the curve 
becomes gentler when the steel fibre content increases 
from 0.5% to 2%, while the relational curve of PV–  
becomes thinner when the steel fibre content increases 
from 2% to 2.5%. For concrete, the thicker and longer re-
lational curve of PV– indicates that the three-point bending 
beam specimen has better fracture properties31. Accord-
ingly, the variation rules of the relational curves of PV– 
indicate that the resistance to crack propagation of HPC 
containing nano-SiO2 and fly ash gradually increases with 
increase in steel fibre content since the fracture properties 
improve with steel fibre content less than 2%. 

Effect of steel fibre on CMOD and CTOD 

The different relational curves of PV–CMOD and PV– 
CTOD of the three-point bending beam specimens of the 

HPC containing 5% nano-SiO2 and 15% fly ash rein-
forced with different steel fibre contents at 28 days curing 
period are given in Figure 8 a and b respectively. It can 
be seen that the effect of steel fibre content on the curves 
is significant, and both the curves become thicker with 
the increase in steel fibre content from 0.5% to 2%, 
whereas the curves become thinner when the steel fibre 
content exceeds 2%.  
 Figure 9 a and b presents the variations of the critical 
crack opening displacement (CMODc and CTODc) and 
the maximum crack opening displacement (CMODmax and 
CTODmax) respectively of HPC containing nano-SiO2 and 
fly ash for different steel fibre contents. CMODc can be 
defined as the crack mouth opening displacement when 
the vertical load reaches the maximum value32. Similarly, 
CTODc can be defined as the crack tip opening displace-
ment when the vertical load reaches the maximum value. 
It can be generally seen that the effect of steel fibres on 
the crack opening displacements is significant, and both 
CMOD and CTOD increase gradually as the steel fibre 
content increases from 0.5% to 2.5%. Compared with the 
HPC reinforced with 0.5% steel fibre, the increase of 
CMODc and CTODc was five and six times respectively. 
It can also be seen that the addition of steel fibres greatly 
improved the fracture properties of the HPC containing 
5% nano-SiO2 and 15% fly ash. The disordered steel  
fibres distributing in three dimensions can form a struc-
tural support inside the HPC and the strength of the con-
crete matrix can be improved. Besides, the steel fibres 
play an important role of bridging microcracks in the 
concrete composites containing fly ash and nanoparticles, 
and the cohesive force between the concrete matrix and 
the steel fibres with high elasticity modulus has a certain 
anti-cracking effect. Under the loads, some microcracks 
will appear inside the concrete composites and there will 
be high stress concentration at the crack tip. When the 
crack tip reaches the steel fibres, because the strength of 
the steel fibres is much higher than that of the concrete 
matrix, and their size is larger than that of the crack tip,
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Figure 9. Effect of steel fibre content on (a) critical crack mouth opening displacement and (b) crit ical crack tip opening displacement. 
 
 
the steel fibres can prevent the propagation of cracks33. 
As a result, with the appropriate fibre content, the addi-
tion of steel fibres can improve the fracture properties of 
HPC containing fly ash and nanoparticles.  

Conclusions 

We have reported experimental results of fracture pro-
perty studies conducted on steel fibre reinforced HPC  
containing nano-SiO2 and fly ash. The addition of appro-
priate content of steel fibre helps improve the fracture 
properties of HPC containing nano-SiO2 and fly ash. 
Steel fibre also helps improve the fracture parameters like 
KIC, GF, CMODc and CTODc of HPC. The results also 
show that steel fibre has a major effect on the relational 
curves of PV–, PV–CMOD, and PV–CTOD of the three-
point bending beam specimen. When the steel fibre con-
tent increases from 0.5% to 2%, KIC and GF increase 
gradually and the fracture relational curves become 
thicker. However, these fracture parameters begin to de-
crease and the curves become thinner when the steel fibre 
content exceeds 2%. The contribution of steel fibre helps 
improve the fracture properties of HPC containing nano-
SiO2 and fly ash only when its content fibre does not  
exceed 2%.  
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