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Abstract 

Climate change is one of the main problems that our planet faces. A challenging issue in 

the Civil Engineering field is to produce more sustainable materials and structures. 

Ultra-High Performance Fiber Reinforced Concrete (UHPFRC) is cementitious material 

with advantageous mechanical properties. UHPFRC can be used in a number of 

applications that require high-strength, ductility and durability. In the production of 

UHPFRC large quantities of cement, aggregates and steel fibers are required. In this 

investigation, Ground Granulated Blast Furnace Slag (GGBS) has been used as part 

replacement of cement to produce a more sustainable UHPFRC. In addition, recycled 

steel fibers have been used as an alternative to conventional new steel fibers. A 

comparison is made of the different types of fibers used. The results of the present study 

indicate that the compressive strength of HPFRC is not affected significantly for GGBS 

contents up to 30%. The addition of recycled steel fibers results in an increase in the 

compressive strength of UHPFRC. In tension, the UHPFRC material presented strain 

softening and with an overall lower strength compared to using conventional fibers.  

Keywords: Sustainability, Cement Replacement, UHPFRC, Recycled fibers, 

Sustainable Materials 

Introduction  

During the last century our planet has faced some great challenges such as climate 

change, global warming, damage of ozone layer and the reduction of natural 

resources. It has become essential therefore to minimize the consumption of natural 

resources and to reduce the negative environmental impact from human activities. A 

challenging issue in the field of Civil Engineering is to produce more sustainable 

materials and structures. Ultra-High Performance Fiber Reinforced Concrete 

(UHPFRC) is a material with advantageous mechanical properties. UHPFRC can be 

used in structural applications that require the construction of thin elements with high 

strength, ductility and durability. Despite the excellent mechanical properties, 

UHPFRC is a material that presents disadvantages in its use such as (i) the high cost, 

and (ii) high quantities of cement, fibres and aggregates are required.  

In the present investigation, an attempt is made to produce a more environmentally 

friendly UHPFRC without significance loss of the mechanical properties of the 

material.  
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Literature Review  

Ultra-High Performance Fiber Reinforced Concrete (UHPFRC) is a material 

characterized by compressive strength higher than 150 MPa, ductility and strain 

hardening behaviour in tension. This is achieved by the incorporation of high volume 

of fibers, normally higher than 2 Vol. %. (AFGC, [1]). A characteristic of UHPFRC is 

the enhanced microstructure of the material. For the preparation of the UHPFRC, only 

fine materials are used such as fine sand, silica fume, high strength cement together 

with superplasticizer and water.  

There are several studies on the investigation of properties of this material. Nicolaides 

et al.  [2] developed an optimum UHPFRC mix against blast and impact loading with 

the materials available in Cyprus. In their study, different parameters were 

investigated such as: fiber content, different water cement ratios, different curing 

conditions and various types of sand. The optimum mix design had a water-binder 

ratio of 0.16, 6 Vol.% steel fibers and was cured for 11 days by steam curing.  

Abbas et al. [3] observed that UHPFRC presented higher load carrying capacity with 

the use of short fibers compared to long fibers. Ferrara et al. [4] highlighted the 

importance of fibers orientation in the performance of UHPFRC. In this study, slabs 

and beam were prepared in different flow directions. It was found that the specimens 

with fiber alignment parallel to the flow direction presented a better performance.  

Paschalis and Lampropoulos [5] investigated the effects of fiber contents and curing 

regimes on the tensile properties of UHPFRC. In their study, different stress-strain 

models for tension were proposed for different fiber contents. In addition, it was found 

that 7 days of heat curing can result in strengths which can be achieved in 90 days 

with normal curing conditions.  

UHPFRC has been used in a number of applications that require high strength and 

ductility. A promising application of UHPFRC is for the repair and strengthening of 

Reinforced Concrete (RC) structures. Safdar et al. [6] found that strengthening by 

applying layers of UHPFRC resulted mainly in an increase in the stiffness of the 

repaired elements. Paschalis and Lampropoulos [7] applied UHPFRC as a 

strengthening material and investigated different configurations which included 

strengthening with UHPFRC layers and with and without dowels and UHPFRC 

jackets. It was found that the strengthened members using UHPFC jackets presented 

the optimum performance, while the inclusion of dowels resulted in near monolithic 

behaviour. Bruhwiler and Denarie [8], successfully applied UHPFRC in a number of 

real-life applications such as crash barriers, bridge kerbs, retrofitting of bridge piers 

and an industrial floor. The application of UHPFRC compared to conventional 

concrete had significant advantages which included the excellent properties of the 

material.  

In this investigation, an attempt is made at producing a more sustainable UHPFRC. 

Ground Granulated Blast-Furnace Slag (GGBS) is a material which has been used for 

the production of a more sustainable concrete. Mohan and Hayat [9] investigated 

different percentages of GGBS as part replacement of cement for the production of 

concrete. It was found that in all cases that they considered, lower strengths were 

achieved compared to a control mix. More specifically, for percentages of GGBS of 

40%, 50% and 60%, the compressive strength decreased by 15.5%, 11.7% and 29% 

respectively. A similar pattern was noticed for tensile strength.  

Elavarasan et al [10] investigated the mechanical properties of concrete at different 

ages for different GGBS contents in the range of 10% to 50 %. The compressive 

strength of concrete at 28 days for 10% replacement of cement was increased by 

14.3% and for 20% by 6.6%. For percentages of 30%, 40% and 50%, the compressive 

strength was reduced by 0.7%, 11.5% and 16.4% respectively. In their study, the 



tensile splitting strength and the flexural strengths were also investigated. It was found 

that the tensile splitting strength of concrete at 28 days for 10% replacement of cement 

with GGBS was increased by 10%.  For percentages of 20%, 30%, 40% and 50% the 

tensile splitting strength was decreased by 7.4%, 21%, 31% and 35.6% respectively. 

The flexural strength on the other hand, for percentages of 10%, 20%, 30%, and 40% 

was increased by 27.6%, 10.6%, 6.4% and 2.1%. For percentage 50% the flexural 

strength was decreased by 2.1%.  

Elchalakani et al. [11] presented a proposal for the development of sustainable 

concrete with a low carbon footprint using GGBS as part replacement of cement to 

build Masdar City in the United Arab Emirates (UAE). For this investigation, different 

mix designs were examined containing different percentages of GGBS in the range of 

50% to 80%. For this project, a mix containing 80% GGBS and 20 % ordinary 

Portland Cement (OPC) was adopted and considered parameters such as the carbon 

footprint and the economy. The carbon footprint of this mix was estimated at 154 

kg/m3. 

In this investigation recycled steel fibers from car tyres [12] have been used to 

produce more sustainable UHPFRC. Pilakoutas et al. [13], described the procedure to 

obtain steel fibers from car tyres. The first step for the production of this type of fiber 

is chopping the tyres to pieces in the size range of 50-150 mm. The tyre pieces are 

then chopped into smaller pieces and magnets are used to separate the fibers from the 

rubber. The rubber is then placed into a hammer mill and is cut to sizes in the range of 

1-10 mm with any remaining fibres extracted using magnets.  

Neocleus et al. [14], investigated the suitability of the design guidelines proposed by 

RILEM for Steel Fibre Reinforced Concrete (SFRC) for the flexural design of 

concrete using recycled fibers from tyres. The researchers found that the guidelines 

did not cover accurately the tensile stress-strain behaviour of this material when 

prepared with reclaimed fibres from tyres and different models were proposed.   

Aiello et al. [15], investigated the properties of concrete using recycled steel fibres 

from waste tyres and parameters such as bond strength, compressive strength and 

flexural behaviour were investigated. Comparisons were also presented with the 

performance of concrete using conventional steel fibers. In their research it was found 

that the pull-out response, the compressive strength and the flexural post-cracking 

behaviour of specimens prepared with the different types of fibres was similar. An 

issue with the use of recycled fibers was the reduced workability. The maximum 

achieved volume ratio of fibres was 0.46%.  

Based on the existing studies the use of recycled fibers from car tyres and the use of 

GGBS as part replacement of cement investigations are promising. This can lead to 

the development of more sustainable UHPFRC and this is considered in the following 

sections. 

GGBS as part replacement of cement 

GGBS is a by-product of making iron and is quenched in water and ground to powder. 

When GGBS is mixed with water, it hydrates in a similar way to OPC but is less 

reactive (The concrete society [16]). 

GGBS is a material which can be used as part replacement of cement. In this present 

investigation, GGBS has been used as part replacement of cement for the production 

of UHPFRC. The aim of this investigation is to identify the optimum content of 

GGBS which can be used part replacement of cement without significant loss of 

strength of the material. This research focused on the compressive strength of the 



cementitious matrix for different contents of GGBS. The tensile strength is expected 

to follow the same pattern found in the literature and therefore was not investigated.  

For the preparation of the control mix, high strength cement, 52.5 N type I was used, 

together Silica Fume, fine sand with maximum particle size of 500 μm, 

superplasticizer and water. Since the focus of the present investigation was on the 

cementitious matrix, steel fibers were not incorporated in the mix. The mix design was 

based on Nicolaides [17] and is presented in Table 1.  

 

Table 1 UHPFRC control mix design (Nicolaides [17]) 

Materials Quantities (kg/m3) 

Cement  880 

GGBS 0 

Sand 833 

Silica Fume 220 

Water 172 

Superplasticizer 61 

 

For the investigation of the compressive strength of UHPFRC using different 

percentages of GGBS, cubes with 150 mm side lengths were tested in compression. 

After the demoulding, the specimens were placed in a water curing tank and the 

samples tested at 28 days. Different percentages of GGBS have been used as part 

replacement of cement, namely: 0, 10 %, 20%, 30% and 50 % and 80 %. The 

compressive strength for the different GGBS contents is presented in Figure 1 and 

Table 2.  

Table 2 Compressive strength for different percentages of GGBS 

Percentage 

 (%)  

Compressive Strength at 

28 days (MPa) 

0 98.1 

10 96.1 

20 97.3 

30 97.7 

50 83.0 

80 56.0 

 

 



 

Fig. 1 Compressive strength for different percentages of GGBS 

 

As can be seen from the results of Figure 1, GGBS in the range of 0-30% does not 

affect the compressive strength of the material significantly. In this range a small 

fluctuation in the results can be noted which also may be attributed to scatter in the 

results. However, for higher contents, a linear reduction of the strength for higher 

GGBS contents was observed. This is in agreement with studies in the literature for 

conventional concrete. 

  

Mohan and Hayat [9] also observed a reduction in the compressive strength of 

concrete for contents higher than 40%, while Elavarasan et al [10] noticed reduction 

of compressive strength for percentages higher than 30 %.  

Investigation of different types of fibers  

Commonly used fibers for the preparation of UHPFRC, are straight steel microfibers 

with a diameter of 0.16 mm and length of 9 mm and 13 mm. One of the main 

disadvantages of these types of fibers, considering the amount used in the preparation 

of UHPFRC, is the high cost. In this present investigation, recycled steel fibres from 

car tyres have been used. Based on European Tyre Association [18], more than 50 

million tyres reach their end of service life in the UK every year.  

 

Tyre shredding is used to cut tires to small pieces and magnets are employed to 

separate the steel from the rubber (Pilakoutas et al.[13])  Due to the fact that the 

recycled fibers may contain some rubber from this procedure, washing is required 

before the incorporation of the fibres in the mixture. The retained fibers may have 

different shapes and sizes (Figure 2). 

 



 

Fig. 2 Reclaimed Steel Fibers 

In the present investigation, two different percentages of recycled steel fibers have 

been used namely, 3 % and 6 %. Direct tensile tests and compressive tests were 

conducted at 28 days to obtain the material properties for different fiber contents. The 

results are presented in Figures 3a and 3b respectively.  

 

 

a) 

 

 

b) 

Fig. 3 Experimental results for the direct tensile tests using a) 3 % recycled steel fibers and b) 6 

% recycled steel fibers 



Based on the average curve of Figure 3a, the maximum tensile strength of the 

specimens with 3% recycled steel fibers was found to be equal to 7.6 MPa and the 

modulus of elasticity was 56 GPa. The average compressive strength was found to be 

equal to 167 MPa.  

Based on the results of Figure 3b, the average maximum tensile strength of specimens 

with 6 % recycled steel fibers was equal to 8.9 MPa, the modulus of elasticity was 57 

GPa and average compressive strength was 184 MPa.  

To evaluate the effectiveness of the use of recycled fibers, additional UHPFRC 

specimens with 3% conventional steel fibers have been examined and comparisons of 

the behaviour in tension are presented in Figure 4.  

 

Fig. 4 Comparison of the results for the different types of steel fibers 

The results from Figure 4, indicate that tensile performance of UHPFRC with 

conventional steel fibers is significantly higher in the post-peak region of the curve 

which is attributed strength of the specimens with 3 % conventional fibers was found 

to be equal to 10.7 MPa, the modulus of elasticity was 56 GPa and the mean 

compressive strength was 164 MPa. 

These results are summarised and presented in Table 3. 

 

Table 3 results for the different types of fibers 

Fibers 

Tensile 

Strength 

(MPa) 

Compressive 

Strength (MPa) 

Modulus of 

Elasticity (GPa) 

3 % Recycled 7.6 167 56 

6 % Recycled 8.9 184 57 

3% Conventional 10.7 164 56 

 

From the results of Figure 4 and Table 3 it is clear that UHPFRC presents strain 

hardening behaviour, with an overall better performance in tension with the use of 

conventional steel fibers. In this case and after the formation of cracks, the 

conventional steel fibers provide a crack bridging effect leading to higher stress values 

in the post-cracking region. To the contrary, the material presented strain softening for 



both percentages 3 % and 6 % of the recycled fibers UHPFRC. This is attributed to 

the insufficient bond between the fiber and the cementitious matrix. In case of 

recycled fibers, the presence of small amounts of rubber, even after washing, has 

detrimental effect to the interfacial properties and to the pull-out resistance of the 

fibres. Based on Tlemat et al. [19], the tensile stress, using recycled fibres is increased 

for higher length/diameter ratio. In this investigation only short fibers have been used.  

From the results in Table 3, it can be seen that almost the same compressive strength 

was achieved for the different types of fibers and the same contents. Therefore, the 

compressive strength using 3 % recycled fibers was 167 MPa and the compressive 

strength using 3 % conventional fibers was 164 MPa. Very high compressive strength 

was achieved using 6 % recycled fibers at 184 MPa.  

Conclusions 

For the production of Ultra-High Performance Fiber Reinforced Concrete (UHPFRC) 

high quantities of cement and fibers are used. Ground Granulated Blast Furnace Slag 

(GGBS) was used as a part replacement of cement and recycled steel fibers from car 

tyres used to produce a more sustainable UHPFRC. The results of the present study 

indicate that the compressive of UHPFRC is not affected significantly for GGBS 

contents up to 30%. A linear reduction of the compressive strength was observed for 

higher percentages of GGBS. The addition of recycled steel fibers on the other hand, 

resulted in an increase in the compressive strength of UHPFRC similar to those 

achieved using conventional steel microfibers. In tension, the UHPFRC with the 

recycled fibers show a reduced strength in the post-cracking region and subsequent 

strain softening which is attribute to the poor bond at the matrix-to-fiber interfaces due 

to the presence of remaining amounts of rubber. Future studies should focus on the 

application of appropriate fiber treatment techniques for the improvement of the fiber-

to-cementitious matrix interfacial bond in addition to the use of fibers with higher 

aspect ratio. 
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