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ABSTRACT 

An experimental program was carried out to evaluate the 

mechanical properties of cement-based composites. Test vari-

ables included water to cementitious ratio, dosage of silica fume 

and volume fraction of steel fiber. Compressive strength test, 

direct tensile strength test, splitting tensile strength test, abra-

sion resistance test and drop weight test were performed and the 

results were analyzed statistically. According to the results of 

this study, the designed direct tensile testing method was a 

suitable method to estimate the tensile strength of fiber ce-

ment-based composites. Addition of fibers provided better 

performance for the cement-based composites, while silica 

fume in the composites would help obtaining uniform fiber 

dispersion in the matrix and improve strength and the bonding 

between fiber and matrix resulting from extra dense cal-

cium-silicate-hydrate gel. The combination of steel fibers and 

silica fume can greatly increase the mechanical properties of 

cement-based composites. Besides, a multiple regression anal-

ysis was conducted to correlate compressive strength, direct 

tensile strength, abrasion coefficient and impact number with 

w/cm ratio, silica fume content and steel fiber content and a 

fairly agreement between test data and estimated values was 

found. 

I. INTRODUCTION 

Cement-based composites have long been used for civil 

structures such as highways, bridges and buildings. However, 

unexpected deterioration of reinforced or pre-stressed concrete 

structures has led to the improvement of durability of concrete. 

Traditionally, the constituents of cement-based composites 

include cementitious material, water, aggregate and/or admix-
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tures.  Fiber has been added in cement-based composites since 

1960’s to enhance concrete properties, particularly tensile 

strength, abrasion resistance and energy absorbing capacity 

[4,8,11]. The presence of fiber would refrain the growth or 

propagation of internal cracks and helps to transfer load [9,13]. 

The specimen with fiber has much higher ductility than the 

specimen without fiber, for which fiber reinforced composites 

(FRC) also demonstrates a significant increase in energy ab-

sorption or toughness [7]. However, the properties of FRC 

would be affected by the type, volume fraction and aspect ratio 

of fiber.  Lower fiber volume fraction is usually preferred as far 

as material cost and workability are concerned [1]. The previous 

research has suggested that the proper volume fraction of fiber 

was around 2% in cement-based composites [10].   

It was also reported that the combination of silica fume with 

steel fiber would effectively enhance the compressive strength, 

splitting tensile strength, abrasion resistance and impact resis-

tance [5] and be beneficial for fiber dispersion in cement-based 

composites [2-3]. Silica fume would increase the bonding be-

tween fiber and mortar [6] by strengthening the interfacial zone 

[14]. This study was aimed to evaluate the effect of steel fiber on 

the mechanical properties of cement-based composites with 

silica fume. A multiple regression analysis was also performed 

on the experimental results to quantify the influence of material 

variables on the mechanical properties. 

II. EXPERIMENTAL PROGRAM 

1. Materials and Mix Proportions 

Type I Portland cement conforming to ASTM C150-05 was 

used in all mixes. Silica fume with specific gravity of 2.20 and 

specific surface area of 22500 m
2
/kg was used. The diameter of 

silica fume particle was about 0.1-0.2 m. The chemical 

compositions of cement and silica fume are listed in Table 1. 

Hooked-end steel fiber with an aspect ratio (l/d) of 40 was 

applied. The average length and tensile strength of steel fiber 

was 30 mm and 1100 N/mm
2
, respectively. 

The water/cementitious ratios were kept at 0.35 and 0.55, 

respectively. The maximum size of coarse aggregates was 

13mm and the fineness modulus of fine aggregates was 2.87. 

Mixture slump was controlled around 150mm by adjusting 
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proper amount of high-range water-reducing admixture in the 

mixes. The details of mix proportions of FRC are shown in 

Table 2. Portland cement was partially replaced by silica fume 

with dosages of 5 wt.% and 10 wt.%, respectively. Steel fibers 

with volume fractions of 0.5%, 1.0% and 2.0% were used in the 

mixes. 

Specimens with a total of 24 different mixes were cast. For 

each mix, twenty-one 100 200 mm cylindrical specimens for 

compressive strength test, six 150 300 mm cylindrical spe-

cimens for direct and splitting tensile strength tests and 

six 150 64 mm circular discs for abrasion resistance test and 

drop weight test were prepared and cured in saturated lime 

water until testing. 

2. Testing Methods 

Compressive strength tests at ages of 7, 14, 28, 56, 91 and 

120 days were performed in accordance with ASTM C39-03.  

Splitting tensile strength test was conducted in accordance with 

ASTM C496-04. The designed direct tensile test method is a 

relatively new test method which is modified from previous 

study [12].  Direct tensile strength test was designed and set up 

as illustrated in Fig. 1. Two rebars (#6) were placed along with 

the longitudinal axis of 150 300 mm cylindrical specimen 

and a hole with a diameter of 10 mm with a length of 25 mm in 

the central part was drilled in one rebar, and the other rebar was 

machined into a 10 mm cylindrical plug at one end. After the 

outside rebars of the tensile specimen were gripped by the jaws, 

tensile loading was applied at 50kgf/min until failure.  

Abrasion resistance test was conducted following the speci-

fications of ASTM C418-05. The method covers the determi-

nation of abrasion resistance characteristics of FRC by sub-

jecting the specimen to the impingement of air-driven silica 

sand, and abrasion coefficient was determined accordingly. The 

abrasion coefficient, an index of abrasion resistance, is com-

puted as Ac=V/A, in which A is the abraded surface area and V is 

the volume loss by abrasion. 

Table 1. Composition and specific gravity of cement and silica fume.

Chemical composition Portland cement Silica fume

SiO2 (%) 21.2 91.5 

Al2O3 (%) 5.4 0.2 

Fe2O3 (%) 3.2 0.7 

CaO (%) 63.8 0.4 

MgO (%) 2.0 1.5 

SO3 (%) 2.2 0.5 

L.O.I.
*
 (%) 0.7 1.4 

K2O+Na2O (%) 0.8 1.9 

Others (%) 0.7 1.9 

Specific gravity 3.15 2.20 

Table 2. Mix design (kg/m3). 

Mix 

no.
w/cm

*
Water Cement

Silica 

fume

Fine 

aggre-

gate

Coarse 

aggre-

gate

Fiber SP
**

A 0.35 189.4 558.0 0 908 700 0 5.6

A1 0.35 189.4 558.0 0 901 694 39 5.6

A2 0.35 189.4 558.0 0 894 687 78 5.6

A3 0.35 189.4 558.0 0 881 674 156 5.6

Aa 0.35 189.4 530.1 27.9 908 700 0 5.6

Aa1 0.35 189.4 530.1 27.9 901 694 39 5.6

Aa2 0.35 189.4 530.1 27.9 894 687 78 5.6

Aa3 0.35 189.4 530.1 27.9 881 674 156 5.6

Ab 0.35 189.4 502.2 55.8 908 700 0 5.6

Ab1 0.35 189.4 502.2 55.8 901 694 39 5.6

Ab2 0.35 189.4 502.2 55.8 894 687 78 5.6

Ab3 0.35 189.4 502.2 55.8 881 674 156 5.6

B 0.55 217.0 395.0 0 908 780 0 0

B1 0.55 217.0 395.0 0 901 773 39 0

B2 0.55 217.0 395.0 0 894 767 78 0

B3 0.55 217.0 395.0 0 881 753 156 0

Ba 0.55 217.0 375.2 19.8 908 780 0 0

Ba1 0.55 217.0 375.2 19.8 901 773 39 0

Ba2 0.55 217.0 375.2 19.8 894 767 78 0

Ba3 0.55 217.0 375.2 19.8 881 753 156 0

Bb 0.55 217.0 355.5 39.5 908 780 0 0

Bb1 0.55 217.0 355.5 39.5 901 773 39 0

Bb2 0.55 217.0 355.5 39.5 894 767 78 0

Bb3 0.55 217.0 355.5 39.5 881 753 156 0
* water/cementitious ratio 

** superplasticizer 

Fig. 1.  The frame structure of the transmitted bit stream. 
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Impact resistance was performed following the recommen-

dation of ACI committee 544. It is suggested to repeat to drop a 

63.5 mm-diameter and 4.54 kg steel ball from a height of 914 

mm on the specimen until the first visible crack is found and 

then to record the drop number. Failure is defined as the crack 

opening to let specimen touch at least three of the four posi-

tioning lugs on the base plate.

III. RESULTS AND DISCUSSION 

1. Compressive Strength 

Compressive strengths, splitting tensile strengths, direct ten-

sile strengths and abrasion coefficient of FRC specimens are 

represented by 
'

c
f , 

sp
f , 

dir
f  and 

c
A as given in Table 3. The 

compressive strength development curves are plotted in Fig. 2. 

For all the mixes, the compressive strength increases with age 

and 120-day strength is about the same as 56-day strength. 

Silica fume as fineness substitute in composites appears to 

improve the compressive strength significantly, which is con-

sistent to the previous findings [3]. FRC specimens with silica 

fume have higher (up to 5%) compressive strengths than the 

specimens without silica fume. The presence of silica fume 

would help dispersing fibers in the mix and strengthen the bond 

between the fiber and the matrix.   

The120-day compressive strength ratios of tested specimens 

over control specimens as were computed and listed in Figs. 3 

Table 3. Mechanical properties of FRC specimens. 

Mix no.
'

c
f

(MPa)

sp
f

(MPa)

dir
f

(MPa)

c
A

(x10
-3

, cm
3
/cm

2
)

Toughness

index 

A 56.85 3.86 3.51 4.14 1.00 

A1 57.66 4.20 3.73 3.62 1.22 

A2 60.18 5.44 4.10 3.41 1.38 

A3 59.43 5.51 4.12 3.22 1.43 

Aa 61.99 3.94 3.60 3.45 1.23 

Aa1 62.71 4.23 3.92 3.23 1.39 

Aa2 63.03 5.58 4.52 3.07 1.45 

Aa3 63.62 6.29 4.61 2.85 1.60 

Ab 67.24 3.95 3.62 2.80 1.40 

Ab1 68.21 4.44 4.04 2.54 1.50 

Ab2 72.32 5.82 4.66 2.37 1.59 

Ab3 72.77 6.55 4.71 2.21 1.63 

B 36.90 3.11 3.26 6.47 1.00 

B1 38.37 3.35 3.60 5.28 1.22 

B2 38.96 3.58 3.69 5.25 1.33 

B3 38.55 3.94 3.77 5.14 1.35 

Ba 39.83 3.38 3.49 4.34 1.19 

Ba1 41.09 4.02 3.63 3.69 1.27 

Ba2 41.97 4.57 3.78 3.52 1.35 

Ba3 42.13 5.23 3.91 3.49 1.40 

Bb 42.48 3.65 3.51 3.76 1.38 

Bb1 44.89 4.11 3.66 3.50 1.47 

Bb2 45.32 4.77 3.83 3.25 1.57 

Bb3 45.76 5.46 4.00 3.21 1.66 
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Fig. 2.  Compressive strength development curves.
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and 4. The addition of silica fume evidently increases the 

compressive strength of cement-based composite. The speci-

mens with 5% and 10% silica fume have 8%, 9%, 15% and 18% 

higher compressive strength than the specimens with w/cm 

ratios of 0.55 and 0.35, respectively. The strengthening is due to 

the pozzolanic activity of silica fume causing improved strength 

of the composites.   

Steel fiber has less effect on the compressive strength by 

comparing with silica fume. FRC specimens with various vo-

lume fractions have a little improvement in compressive 

strength (about 1% to 6%). The specimen with 2% fibers has 

less compressive strength than the specimen with 1% fibers, 

which would result from the difficulty of dispersion of 2% fibers. 

However, silica fume having a particle size of around 0.1 m 

appears to help dispersing the fibers in the mix. By combining 

with the filling effect, silica fume would significantly improve 

the compressive strength and higher silica fume replacement (up 

to 10%) would have higher strength efficiency as indicated in 

Figs. 3 and 4. For a given w/cm ratio, specimen with 10% silica 

fume and 2% fiber has highest compressive strength.

2. Tensile Strength 

Splitting strength ratio is plotted in Figs. 5 and 6. Silica fume 

has little influence on the splitting tensile strength for specimens 

with a w/cm ratio of 0.35. But for the specimens with a w/cm 

ratio of 0.55, the splitting tensile strength increases up to 9% as 

the silica fume content increases to 5%, which may result from 

refined pore system achieved by increasing dense hydrated 

calcium silicate in the mixes.  

The splitting tensile strength evidently becomes higher with 

the fiber inclusion as illustrated in Figs. 5 and 6. The inclusion 

of steel fiber in the composites plays an important role on 

splitting tensile strength, about 27% and 43% increase with steel 

fiber addition up to 2% with a w/cm ratio of 0.55 and 0.35, 

respectively. The maximum increasing percentage of the split-

ting tensile strength is about 70% and 76% by incorporating 

10% silica fume and 2% fiber. The beneficial effect is also 

achieved by reducing the interfacial porosity and improving the 

bond between fiber and matrix with extra dense cal-

cium-silicate-hydrate gel obtained from silica fume addition.  

The direct tensile strength increases up to 23% and 34% with 
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the increasing of fiber and silica fume content as illustrated in 

Figs. 7 and 8. The splitting tensile strengths are higher than the 

direct tensile strengths for all the specimens. The ten-

sion-resisting capacity of FRC specimen depends mainly on the 

interfacial bond between fiber and matrix. Proper amount of 

fibers would be beneficial to transfer energy and restrain cracks 

initiation and propagation.  Combination of silica fume and steel 

fiber in the mixes can increase the capability of crack arresting 

and pullout force of fibers. The splitting tensile strength is about 

8% higher than the direct tensile strength for ordinary concrete 

and about 30% higher than the direct tensile strength for con-

cretes with silica fume and steel fiber. The confining effect is 

enhanced by lowering w/c ratio and adding silica fume in the 

mixes.  

The tensile stress-strain curves of FRC specimens with 10% 

silica fume are presented in Fig. 9 and the toughness index is 

listed in Table 3. It is evident the stress-strain curve represents 

the strain capacity and the toughness. Addition of 0.5 vol. %, 1.0 

vol. % and 2.0 vol. % fibers increases strain capacity by 10%, 

19% and 23%, respectively. The composites with high strain 

capacity and toughness reflect higher ability to arrest cracks.  In 

summary, fiber content affects the ability of crack arresting and 

silica fume affect the interfacial bonding. Combination silica 

fume with steel fiber, the interfacial structure is improved ef-

fectively and the advantage of FRC would be expanded. Two 

aligned rebars are embedded in the cylindrical specimen to 

transmit the uniaxial force to concrete.  The fracture is located in 

the middle portion as illustrated in Fig. 10. 

3. Abrasion Resistance Test 

The abrasion coefficient of specimen decreases as the fiber 

and silica fume content increases as indicated in Fig. 11. In-

clusion of 0.5 vol. % steel fibers in the composites remarkably 

decreases the abrasion coefficient. However, the abrasion co-

efficient did not significantly change when the steel fiber con-

tent exceeded 1 vol. %. The abrasion coefficient also decreases 

with the increase of silica fume content for the specimens with 

both w/cm ratios. The addition of steel fiber in the composites 

produces a denser and stronger surface, which resulting in 

higher resistance to wear. The abrasion coefficient of specimen 

A2f3 and B2f3 is 2.21x10
-3

 and 3.21x10
-3

 (cm
3
/cm

2
), respec-

tively, which is about 50% lower than that of control specimen. 
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Fig. 9. Stress-strain curves of FRC with 10% silica fume (w/cm=0.35).
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The cement-based composites with 10% silica fume and 2% 

fiber also exhibit excellent abrasion resistance. The abrasion 

coefficient appears to decrease exponentially with compressive 

strength as illustrated in Fig. 12. Clearly, the compressive 

strength affects the abrasion coefficient more prominent for the 

specimens with higher w/cm ratio than for the specimens with 

lower w/cm ratio. It is suggested that w/cm ratio may play a role 

on abrasion coefficient besides silica fume and steel fiber con-

tents. 

4. Drop Weight Test 

The impact number is a qualitative estimate of the energy 

absorption capacity of the specimens and the impact perform-

ance is a quantitative index, which is obtained from impact 

number of initial crack (N1), impact number of failure (N2), the 

difference between N1 and N2 ( N) and impact toughness (T). 

Impact toughness is calculated by T=N2mgh, where m, g and h 

is mass of the ball, acceleration of gravity and height, respec-

tively. The results of drop weight test are summarized in Table 4, 

which indicates the specimen with higher w/cm ratio has greater 

increase in energy absorbed capacity than the specimen with 

lower w/cm ratio. The impact numbers of specimens with silica 

fume are not much different from the impact number of speci-

mens without silica fume. But as the incorporation of silica fume 

increases the strength increases, and thus reduce the impact 

number. However, FRC specimens with proper fiber contents 

could exhibit less brittle property and usually have higher en-

ergy absorbed capacity. The key to improve the performance of 

cement-based composite under impact loading is to increase its 

cracking resistance. Steel fibers in the composites can restrain 

the extension of the crack, change the direction of crack growth 

and delay the growth rate of the crack, and silica fume can 

improve the interfacial characteristics. Thus, specimen with 

10% silica fume and 2 vol. % fibers has 7.3 times energy ab-

sorbed capacity than the control specimen. 

5. Multiple Regression Analysis 

The mechanical properties of FRC with silica fume are af-

fected by many factors. For evaluating the influence and the 

interaction of the considered material variables, multiple re-

gression analysis was conducted by selecting the following  

independent variables: water/cementitious ratio (w/cm), silica 

fume content (
s

W ) and steel fiber content (Vf) and the dependent 

variables: compressive strength ( '

c
f ), splitting tensile strength 

(
sp
f ), direct tensile strength (

dir
f ), abrasion coefficient (

c
A ) 

and impact number ( N ). In order to realize the influences of 

interactions of effects among all the material factors, the re-

gression model is assumed as follows: 

1 2( / ) 3( ) 4( ) 5( / )( )

6( / )( ) 7( )( ) 8( / )( )( )

s f s

f s f s f

Y a a w cm a W a V a w cm W

a w cm V a W V a w cm W V

= + + + + +

+ +
 (1) 

where Y is the predicted value and w/cm, Ws, Vf are the inde-

pendent variables, a1 is the intercept and a2, a3, a4, a5, a6, a7, 

and a8 are the regression coefficients. The results of multiple 

regression analysis are obtained as below. 

' 91.74 98.59( / ) 1.80( ) 1.25( )

2.21( / )( ) 0.97( / )( ) 0.31( )( )

0.43( / )( )( )

c s f

s f s f

s f

f w cm W V

w cm W w cm V W V

w cm W V

= − + +

− − +

−

   (2) 

5.43 3.96( / ) 0.09( ) 1.68( )

0.27( / )( ) 2.15( / )( ) 0.04( )( )

0.01( / )( )( )

sp s f

s f s f

s f

f w cm W V

w cm W w cm V W V

w cm W V

= − + +

+ − +

+

   (3) 

3.95 1.01( / ) 0.02( ) 0.55( )

0.01( / )( ) 0.60( / )( ) 0.06( )( )

0.11( / )( )( )

dir s f

s f s f

s f

f w cm W V

w cm W w cm V W V

w cm W V

= − + +

− − +

−

   (4) 

0.88 8.88( / ) 0.07( ) 0.17( )

0.56( / )( ) 0.66( / )( ) 0.10( )( )

0.70( / )( )( )

c s f

s f s f

s f

A w cm W V

w cm W w cm V W V

w cm W V

= + − −

− − −

+

  (5) 

4.10 16.67( / ) 0.18( ) 14.21( )

2.80( / )( ) 3.57( / )( ) 7.10( )( )

10.09( / )( )( )

s f

s f s f

s f

N w cm W V

w cm W w cm V W V

w cm W V

∆ = + + +

− + +

−

  (6) 

  

The compressive strength, splitting tensile strength, direct 

tensile strength, abrasion resistance and impact number are 

found to exhibit good correlation with experimental values with 

Table 4. Drop weight test results. 

Mix no.

Impact number 

of initial crack, 

N1

Impact number 

of ultimate 

failure, N2

Difference 

between N1

and N2, N

Impact 

toughness 

(KN-m)

A 59 63 4 2.54  

A1 54 70 16 2.82 

A2 86 113 27 4.56 

A3 88 133 45 5.37 

Aa 4 19 15 0.77 

Aa1 20 43 23 1.73 

Aa2 70 116 46 4.68 

Aa3 115 175 60 7.06 

Ab 7 11 4 0.44 

Ab1 19 32 13 1.29 

Ab2 70 128 58 5.16 

Ab3 350 460 110 18.56 

B 98 103 5 4.16 

B1 110 129 19 5.20 

B2 130 171 41 6.90 

B3 222 252 30 10.17 

Ba 30 33 3 1.33 

Ba1 27 47 20 1.90 

Ba2 40 92 52 3.71 

Ba3 71 135 64 5.45 

Bb 35 39 4 1.57 

Bb1 33 46 13 1.86 

Bb2 35 53 18 2.14 

Bb3 94 154 60 6.21 
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a correlation coefficient of 0.99, 0.93, 0.88, 0.91 and 0.88, 

respectively. The estimated values are plotted versus the ex-

perimental values as illustrated in Figs. 13 to 17. The deviation 

is represented by the distance from each point plots from the 

diagonal line. In general, the points are uniformly scattered 

around the diagonal line for all the assumed models. The above 

analyses indicate that the model parameters strongly depended 

on the mechanical property tested and that can provide valuable 

information to predict the mechanical properties of fiber rein-

forced composites. 

IV. CONCLUSION 

Cement-based composites containing 10% silica fume de-

monstrates better compressive strength, splitting tensile strength, 

direct tensile strength and abrasion resistance, and worse impact 

resistance than composites containing 5% silica fume. The 10% 

silica fume specimens with w/cm ratios of 0.35 and 0.65 have 
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  Fig. 13. Estimated values vs. experimental values for compressive 

strength.

0 2 4 6 8

Experimental splitting tensile strength (MPa)

0

2

4

6

8

E
st

im
at

ed
sp

li
tt

in
g

te
n
si

le
st

re
n

g
th

(M
P

a)

  Fig. 14. Estimated values vs. experimental values for splitting tensile 

strength.
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  Fig. 15. Estimated values vs. experimental values for direct tensile 

strength. 
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  Fig. 16. Estimated values vs. experimental values for abrasion coeffi-

cient. 
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Fig. 17. Estimated values vs. experimental values for drop weight test.
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18% and 15% higher compressive strength, 3% and 8% higher 

direct tensile strength, 40% and 38% higher toughness, 32% and 

42% lower abrasion coefficient and 83% and 62% lower impact 

toughness than the control specimen. The addition of steel fiber 

to silica fume composites achieves a significant increase in 

tensile strength, toughness and impact resistance and slight 

improvements in compressive strength and abrasion resistance. 

Silica fume composites with steel fiber for mixes A and B obtain 

an extra average 10% and 9% increase in compressive strength, 

68% and 59% increase in splitting tensile strength, 31% and 

15% increase in direct tensile strength, 23% and 28% increase 

in toughness, 18% and 8% reduction in abrasion coefficient, and 

4118% and 296% increase in impact toughness.  In addition, the 

designed direct tensile testing method is suitable for determin-

ing the tensile strength of FRC specimens. Based on the test data 

and the results of multiple regression analysis, the mechanical 

properties of FRC and silica fume composites can be reasonably 

correlated with w/cm ratio, silica fume content and steel fiber 

content. 
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