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Abstract
This article aims to study the effect of silica fume on mechanical features of fiber lightweight concrete (steel fibers and

polypropylene) including scoria lightweight aggregates. Silica fume is replaced with 10 and 15% by weight of cement. The

amounts of steel and polypropylene fibers in this study were (0.4–0.8%) and (0.2%) concrete volume, respectively, and the

ratio of length to diameter was 62.5 and 60, respectively. In this study, nine different mixtures of lightweight concrete with

different percentages of steel and polypropylene fibers were made and compressive strength, splitting tensile strength,

flexural strength, modulus of elasticity, water absorption, and density were also tested. Results show that optimized amount

of SF is 10%. Also, steel fiber compared to Polypropylene fiber has better effect on mechanical characteristics of

lightweight concrete.
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1 Introduction

The use of lightweight concrete (LWC) has been a feature

of construction for the past several decades. LWC has

higher seismic resistance particularly for buildings located

in the seismic regions. A recent study in Iran shows that

destruction of most buildings is due to great inertial force

and lack of structural tolerance for the load (Bargi 2001).

Furthermore, LWC has some economic advantages due to

concrete weight reduction suitable for multifunction con-

struction such as high-rise construction, large span bridges,

and also energy absorption in buried military structures

(Shafigh et al. 2011; Babu et al. 2006).

Some techniques used for LWC production include no

fine aggregate concrete, aerated concrete, and a widely

used method of ways for making lightweight aggregate

concrete (Demirboga et al. 2001; Topcu 1997; Al-Khaiat

and Haque 1998). Structural lightweight aggregate con-

crete [SLWAC] criterion of ACI standard requires a 28-day

cylinder compressive strength of 17 Mpa and air-dry unit

weight of less than 1840 kg/m3. However, maximum unit

weight of SLWC in some European standards such as DIN-

4219, PN-91, ENV92 is defined as 2000 kg/m3 and in

PREN 206 is taken to be 2100 kg/m3 (Euro light concrete

1998). To achieve SLWAC, the use of silica fume [SF] as a

pozzolanic material not only improves mechanical, chem-

ical, and durability characteristics of cement paste but also

reduces environmental impact such as emission of green-

house gases and problems related to dimensional stability

of concrete (Huntzinger and Eatmon 2009; Mehta 1986;

Holland 1996; Dotto et al. 2004; Mata 2004). SLWAC like

normal concretes are brittle in nature and this can be

overcome by reinforcing concrete with appropriate type of

fibers (Sadrodiny Mehrgerdy et al. 1990).

Shannag (2000) showed that increasing natural pozzolan

and SF to 15% increased the strength. Beygi et al. (2007)

found that LWC made of stone powder and 10% SF and

light expanded clay aggregate (LECA) and can lead to high

strength. Gesoğlu et al. (2013) concluded that the com-

bined effect of SF and steel fibersmay increase the com-

pressive strength. Mosavinejad et al. (2014) showed that

LWC specimens containing 10% SF had higher effect on
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compressive, tensile, and flexural strength than those with

15% SF. Kılıc et al. (2003) concluded that 10% SF

replacement by weight of cement in comparison with the

same amount of fly ash replacement had more influence on

compressive and bending stresses. A similar study by

Yazici et al. (2007) and Gao et al. (1997) showed that steel

fiber-reinforced LWC increased mechanical properties, and

Mahotian and Behradiyekta (2011) stated that PP fiber had

a slight reduction on compressive strength and little impact

on improving tensile and flexural strengths as compared to

steel fibers.

Ranjbar et al. (2016) concluded that the inclusion of PP

fiber into geopolymer paste weakened matrix strengthening

in which it did not increase compressive and flexural

strengths only enhanced post-peak-load-bearing capacity.

In another similar study by Ranjbar et al. (2016), it was

demonstrated that copper-coated microsteel fiber (MSF)did

not lead to increased ultimate compressive strength though

it changed failure mode, but significantly improved flexural

strength and toughness of samples.

2 Laboratory Plan

2.1 Used Materials

The cement used in this study was of Portland type II made

in Hegmatan cement factory, with dry density of 3150 kg/

m3 and specific surface of 2900 cm2/gr. The SF with a

2120 kg/m3 from Iran ferroalloy industries was used as

pozzolanic material in all designs. The chemical properties

of cement and SF are presented in Table 1. Properties of

P10-3R as super-plasticizer that was used in concrete for

gaining the proper fluidity are presented in Table 2. Two

types of reinforcing fibers of polypropylene and steel (see

Table 3 for more details) were used. The river sand size

that ranged from 0 to 4.75 mm (Table 4) had a saturated

surface dry (SSD) density of 2520 kg/m3 and the water

absorption of 3% (Table 5).

2.2 Sample Preparation and Mix Designs

In this project, the proportion of water and cement in all

designs was fixed and taken as 0.3 and 10% of cement was

substituted by SF by SF (see Table 6). The fibers used in this

study were steel hooked fibers with the length of 50 mm and

polypropylene (pp) fiber with the length of 12 mm. The

incorporation of fiber in concrete is usually carried out in two

ways. Some researchers have incorporated dry fiber with

aggregates and then added cement andwater (Sahmaran et al.

2005; Aydin 2007). However, some others made concrete

without fibers first and then added fiber (GrÜnewald and

Walraven 2001; DÜzgun et al. 2005). In this study, all dry

lightweightswere firstmixedwith incorporatedwater, which

lasted for 30 min due to the LWA being wet. After that,

cementitious material including cement and SFwas added to

the mixture and then some more water and super lubricant

were added. Finally, sand was added to the mixer and the

remaining water was also added. In designs containing fiber,

fiber was poured on the cycling mixture for gaining disper-

sion and uniformity throughout the concrete. Incorporation

was carried out in away that the 30-minwater absorptionwas

actually absorbed by the materials. After preparing the

concrete mix molding, the samples were kept at a tempera-

ture of 20–25 �C in laboratory environment for 24 h. After

this time, the demolded samples were cured with water in

laboratory temperature. Also, a summary of type, dimen-

sions and standard of testing are presented in Table 7.

3 Laboratory Results

3.1 Density

The chart shows that the presence of steel fiber increases

density of concrete, which is due to high density of fiber

(Kılıc et al. 2003). All the mixes are within the permitted

weight limitation (less than 2000 kg/m3). Therefore, it

would be possible to produce SLWC with 62.8 kg/m3 fiber.

Table 1 Chemical analysis of cement and silica fume

SiO2 Cao AL2O3 Fe2O3 Mg-O SO3

Cement 21.54 63.24 4.95 3.82 1.55 2.43

Silica fume 95.1 0.49 1.32 0.87 0.97 0.1

Table 2 Super-plasticizer characteristics

P10-3R Name

Ether-modified poly-carboxylic Type

Dark green Appearance

1.1 ± 0.02 Density (kg/m3)

Liquid Physical state

Ionic Nature

Table 3 Fibers characteristics

Polypropylene fiber Steel fiber Name

Smooth Hooked Shape

12 50 Length (mm)

200 800 Diameter (lm)

0.9 7.85 Density (g/cm3)
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The change in density of concrete mixes is presented in

Table 8 and Fig. 1.

3.2 Compressive Strength

The results show that it is possible to make structural

lightweight concrete for all nine mix designs above their

minimum required structural strength. The compressive

strength of all mixes is shown in Fig. 2.

According to the results, it is observed that replacing

cement with 10% SF increases compressive strength to a

maximum of about 32%. Increase in percentage replace-

ment of SF from 10 to 15% reduced compressive strength,

so the optimum percentage of SF is 10%. Effect of SF on

increasing strength is presented in other studies as well

(KÖksal et al. 2008; Valipour et al. 2013; Mazloom et al.

2004; Ahmadi and Shekarchi 2010). In the present study,

PP fiber reduced the compressive strength and the

Table 4 Aggregate grading
Sieve Sand ASTM C33 Scoria 9.5 mm ASTM C330

3/4 in. (19 mm) – – – –

1/2 in. (12.5 mm) – – 100 100

3/8 in. (9.5 mm) 100 100 83.5 80–100

No.4 (4.75 mm) 96 95–100 16.4 5–40

No.8 (2.36 mm) 86.5 80–100 5 0–20

No.16 (1.18 mm) 68.3 50–85 1.3 0–10

No.30 (600 lm) 46.5 25–60 – –

No.50 (300 lm) 10.6 10–30 – –

No.100 (150 lm) 3.5 2–10 – –

Table 5 Physical characteristics

of aggregates
Water absorption (%) Density (kg/m3)

Aggregate 30 min 24 h Dry Saturated surface dry

Sand 3 2380 2520

Scoria (9.5 mm) 10.15 15.3 1542 1650

Table 6 Mixture designs
Cement MS Water Sand Scoria SP PF SF

Mix kg/m3 kg/m3 kg/m3 kg/m3 kg/m3 kg/m3 kg/m3 kg/m3

Control 500 0 150 705 676 2.5 0 0

MS 10 450 50 150 705 661 4 0 0

MS10 PP2 450 50 150 705 657 4 1.8 0

MS10 PP2 S4 450 50 150 705 649 5 1.8 31.4

MS10 PP2 S8 450 50 150 705 641 6 1.8 62.8

MS 15 425 75 150 705 653 5 0 0

MS15 PP2 425 75 150 705 650 5 1.8 0

MS15 PP2 S4 425 75 150 705 641 6 1.8 31.4

MS15 PP2 S8 425 75 150 705 633 7 1.8 62.8

SP super-plasticizer, MS silica fume, SF steel fiber, PF polypropylene fiber

Table 7 Summary of hardened

concrete tests
Age Dimension (cm) Standard test Test

7, 28 day 10 9 10 9 10 B.S1881:Part116 Compressive strength

28 day 50 9 10 9 10 ASTM C293 Flexural strength

28 day Ø30 9 15 ASTM C496 Tensile strength

28 day 10 9 10 9 10 ASTM C567 Density

28 day Ø30 9 15 ASTM C469 Modulus of elasticity

28 day 10 9 10 9 10 ASTM C642 Water absorption
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combined effect of steel and PP fibers increased the

strength. The negligible effect of fiber on compressive

strength is also reported in other studies (Shafigh et al.

2011; Ranjbar et al. 2016; DÜzgun et al. 2005; Libre et al.

2011). The increase in compressive strength under the

influence of steel fiber could be justified by the existence of

fiber and delay of the extension of microcracks in concrete,

which, in turn, increases strength and strain under load.

Furthermore, other justification for increase can be due to

higher modulus of elasticity of steel fiber relative to binder

as well as to its confinement effect (Ranjbar et al. 2016).

However, the cause of compressive strength reduction

under PP influence could be that of the difficulty in mixing

fiber uniformly in concrete giving rise to an increase in

pores, trapped air, and creating an empty space due to

increasing the percentage of fibers. Moreover, low rigidity

of PP fiber as compared to binder and aggregate as well as

the existence of weak interface transition zone may lead to

strength reduction (Ranjbar et al. 2016; Beygi et al. 2009).

Low bond strength leads to microcracks formation through

the specimens, hence decreasing the shear stress resistance

(Bazant and Ozbolt 1992).

3.3 Splitting Tensile Strength of Cylinder

Tensile experiment for determining tensile strength of

concrete was performed by splitting the cylinder, although

it is reported (Denneman et al. 2011; Kim et al. 2010) that

it does not yield the tensile strength properly for fiber-

reinforced concrete (FRC). Difference in splitting tensile

test results between plain and fibrous concretes exists in

simple boundary condition and linear elastic material

assumptions in the continuum mechanics model of the test

with the actual ones. The samples were experimented at the

age of 28 days. Average tensile and flexural strengths of all

specimens are shown in Table 9. Figure 3 (left) represents

the tensile strength of specimens and their correlation to

compressive strength is shown in right.

The presence of fibers increased the tensile strength of

concrete, and about 7% increase was achieved by increasing

the PP fiber from 0 to 1.8 kg/m3. The combination of steel

and PP fibers increased tensile strength, and its maximum

increase was 27%, which shows the effective presence of

steel fibers in improving tensile strength. This increase in

strength was also reported in other studies including Chen

Table 8 Results of compressive

strength and dry density
Mix 7-day compressive strength (MPa) 28-day compressive

strength (MPa)

Dry density (kg/m3)

Control 19 22 1912

MS 10 24 29 1903

MS10 PP2 23 27.8 1897

MS10 PP2 S4 26 31.3 1948

MS10 PP2 S8 25.8 32 1987

MS 15 22.5 26.5 1898

MS15 PP2 21.2 25.8 1896

MS15 PP2 S4 23.8 28.5 1946

MS15 PP2 S8 25 29 1984
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and Liu and Kayali et al. (1999; Chen and Liu 2005). The

cause of increase in strength using steel fiber can be due to an

increase in the strain resistance of the fiber during splitting of

fibers through tension transmission from matrix to fibers.

Tensile strength with 10% replacement of SF by cement

weight reaches the highest approximate method of 25%

which is attributed to SF. Also, according to the chart, it is

seen that an increase from 10 to 15% SF decreased tensile

strength. SF impact on increasing the tensile strength was

reported in other studies as well (Valipour et al. 2013; Nili

and Afroughsabet 2010; Cakır and Sofyanl 2014). Eren and

Celik (1997) who studied the effect of SF and fibers on the

mechanical properties of concrete stated that the addition of

5 and 10 SF with 1% steel fiber improved compressive and

tensile strengths of concrete.

Figure 3 presents the compressive strength in terms of

tensile strength. The relationship between compressive

strength and tensile strength is one of the important prop-

erties of concrete and it is expected that these strengths be

closely related to each other. Their ratio is dependent on

the overall level of strength. Many factors can affect this

relationship such as fine aggregate properties, aggregate

grading, concrete age, curing method, and the presence of

fibers.

In this study with regard to the presence of PP fiber in

the concrete, it is observed that this fiber increased the

tensile strength and decreased the compressive strength. So

this is the reason why the correlation coefficient of com-

pressive and tensile strengths was reduced a little bit.

3.4 Flexural Strength

The flexural test for determining the modulus of rupture in

concretewas carried out in a three-point loadingmanner, and

the results of the specimens are shown in Fig. 4 and Table 9.

As expected, the presence of fiber increased flexural

strength of specimens. By increasing PP fiber from 0 to

8.1 kg/m3 and SF from 10 to 15%, respectively, an increase

of about 10 and 6.7% was obtained, respectively. The

combined effect of steel and PP fibers increased the tensile

strength where the highest increase of around 38.75% was

measured. Replacing 10% SF with cement led to a maxi-

mum increase in flexural strength of about 27%. The per-

centage replacement of SF from 10 to 15% reduced the

bending strength, so SF optimum percentage in this study is

10%. The increase in flexural strength due to SF was

reported in other studies as well (Valipour et al. 2013;

Cakır and Sofyanl 2014; Ranjber et al. 2012; Bhanjaa and

Sengupta 2005). The results show that the effect of steel

fiber was better than PP fiber. The performance of the fiber

can be compared to a bridge that keeps the first crevices

close to each other. This property continues until the fibers

rupture from the matrix (Sadrmomtazi et al. 2008). Gao

et al. (1997) maintained that by inclusion of 2 volumetric

percent of steel fiber into concrete the modulus of rupture

of high-strength lightweight concrete is increased up to

90%, which is dependent on the amount and the proportion

of length to diameter of fiber. Yazici et al. (2007) reported

an increase of 80% by adding 2.5% steel fiber with length-

to-diameter ratio of 45. Liber et al. (2011) studied the

effect of steel and PP fibers on lightweight concrete, and

reported 198% increase in flexural strength with 1% steel

fiber and 57% increase with 0.4% PP fiber.

Figure 4 shows the compressive strength in terms of

flexural strength. Determining the compressive and flexural

strengths relationship is useful because core sampling in a

prismatic shape would not be as easy as coring cylindrical

sample on the site. So predicting the flexural strength as

criteria for design is of great importance. Regarding the

figure, it could be mentioned that correlation coefficient of

compressive and flexural strengths is relatively fine,

because the flexural strength increases by an increase in

compressive strength. However, a slight increase in com-

pressive strength and a considerable increase in the flexural

strength is the reason for a reduction in correlation

coefficient.
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The relation between the flexural strength and the tensile

strength is shown in Fig. 5. As stated previously, figuring

out the flexural strength in terms of split tensile strength of

plain and fibrous lightweight concrete would be beneficial

as it presents the most important feature of fibrous con-

crete. Figure 5 also indicates that correlation coefficient

flexural and tensile strengths are high in such a manner that

flexural strength increases with increase in tensile strength.

Moreover, it also shows that it increases with addition in

the amount of fibers. A slight decrease in correlation

coefficient could stem from loading strip size effect and

post-peak-load crack. Brazilian tensile test does not pro-

vide adequate information on the post-crack behavior of

the material (e.g., transversal deformation) particularly for

fibrous concrete (Denneman et al. 2011; Kim et al. 2010).

Mechanism of fiber performance in flexural test in com-

parison with split tensile test can be due to post-crack

stiffening mechanism of fibers which leads to improved

energy absorption of the material (Ranjbar et al. 2016).

3.5 Modulus of Elasticity

Modulus of elasticity is dependent on many factors

including aggregate type, free water-to-cement ratio, and

the amount of cement. The modulus of elasticity is

increased by an increase in compressive strength. So the

more the compressive strength, the less the strain needed

for its failure and vice versa. Figure 6 and Table 10 show

the amounts of modulus of elasticity of specimens.

Looking at the chart it can be observed that the greatest

increase of 14.2% in modulus of elasticity is due to 10%

SF. Moreover, the influence of fiber on the modulus of

elasticity is very low. SF influence on the modulus of

elasticity was also reported in other studies as well (Vali-

pour et al. 2013; Sarıdemir 2013; Benaicha et al. 2015).

Figure 6 presents the compressive strength in terms of

modulus of elasticity. As it is shown, correlation coefficient

of compressive strength and modulus of elasticity are very

good, because the elasticity modulus increases by an

increase in compressive strength. It should be noted that a

reduction in compressive strength by PP fiber has also led

to a decrease in elasticity modulus which has improved the

correlation between these two.

3.6 Water Absorption

Water absorption was defined as liquid movement in the

existing pores in solid masses due to surface tension.

Generally, the amount of water absorption is high in

lightweight aggregates concrete, which has been reported

in most cases to be above 10% (Rossignolo and Agnesini

2004). However, using SF can reduce this amount. The

Table 9 Splitting tensile

strength and flexural strength

results

Mix 28-day tensile strength (MPa) 28-day flexural strength (MPa)

Control 2.49 3.78

MS 10 3.11 4.8

MS10 PP2 3.3 5.28

MS10 PP2 S4 3.72 6.06

MS10 PP2 S8 3.97 6.66

MS 15 2.79 4.44

MS15 PP2 2.98 4.74

MS15 PP2 S4 3.16 5.7

MS15 PP2 S8 3.41 6.06
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quality of concrete has, respectively, been categorized by

CEB-FIP (1989) in three levels of good for a water

absorption of 5% and higher, medium between 3 and 5%,

and weak below 3%. The presence of fiber increased water

absorption and this is due to increased porosity arising

from fiber. Nevertheless, based on the presented category

by CEB, most samples are categorized as good. In concrete

containing medium lightweight aggregates, the size of

cavities is higher than the concrete without lightweight

aggregates. The appropriate amounts of water absorption

can be related to the use of SF. The existing silica in SF

reacts with the hydration products and fills the pores in the

concrete. Hence, concrete becomes denser with higher

density (Mosavi 2009). Figure 7 and Table 10 present the

amounts of water absorption of specimens.

4 Conclusion

• The presence of steel fiber increases the density of

concrete. All the designs are within the permitted

weight limit (less than 2000 kg/m3). Therefore, it

would be possible to make structural lightweight con-

crete with 62.8 kg/m3 fiber.
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Table 10 Modulus of elasticity

results
Mix 28-day modulus of elasticity (MPa) Initial absorption Final absorption

Control 11.475 2.21 3.89

MS 10 13.105 1.58 2.31

MS10 PP2 12.930 1.62 2.37

MS10 PP2 S4 13.522 1.77 2.51

MS10 PP2 S8 13.674 1.89 2.65

MS 15 12.583 1.79 2.66

MS15 PP2 12.261 1.84 2.74

MS15 PP2 S4 13.043 1.97 2.82

MS15 PP2 S8 13.253 2.09 2.98
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• Compressive strength is increased to a maximum of

31.8% by replacing 10% SF with cement. An increase

in SF from 10 to 15% led to a reduction in compressive

strength, so the optimum percentage for SF is 10%.

• The presence of PP fiber reduced the compressive

strength, and its combined effect with steel fiber has

increased the strength.

• The presence of fibers increased the tensile strength of

concrete, and about 7% increase is achieved by

increasing the PP fiber from 0 to 1.8 kg/m3. The

combination of steel and PP fibers increased tensile

strength to a maximum of 27%.

• Flexural strength of specimens is increased about 10

and 6.7%, respectively, for specimens containing SF

replacement of 10 and 15% and PP fiber of 1.8 kg/

m3(0.2%). The combination of steel and PP fibers

increased the flexural strength to the highest amount of

about 38.75%, respectively.

• Replacing 10% SF with cement increased tensile and

flexural strengths to a maximum increase in the order of

about 25 and 27%, respectively.

• Modulus of elasticity is increased to the highest amount

of about 14% for mixes containing 10% SF. Also, the

influence of fibers on the modulus of elasticity has been

very low.

• The presence of fiber increased water absorption.

Nevertheless, based on the presented category by

CEB, most samples are categorized as good. Also, the

presence of SF has reduced water absorption.
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Gesoğlu M, Guneyisi E, Alzeebaree R, Mermerdas K (2013) Effect of

silica fume and steel fiber on the mechanical properties of the

concretes produced with cold bonded fly ash aggregates. Constr

Build Mater 40:982–990
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