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early 1990s [1]. UHPC is characterized by a compressive 

strength above 120 MPa and high durability [2]. At pre-

sent, some limitations remain regarding the use of stand-

ard concrete, such as its low tensile strength and ductility; 

however, it is possible that ultra-high-performance con-

crete reinforced with hybrid fibers can overcome these 

limitations. The main advantages of the UHPC mixture 

are: low values of water/binder ratio, the elimination of 

coarse aggregate, namely, the use of only fine aggregate, 

a limited amount of fine aggregate, and a packing density 

in which the grains fill the voids [3]. Besides utilizing a 

water-reducing agent, an addition of silica fume in UHPC 

mixtures is recommended to improve the workability [1, 

4] as silica fume has a diameter small enough to fill the 

interstitial voids between the cement and quartz sand par-

ticles. What is more, to reduce labor costs and provide 

architects and designers greater architectural freedom in 

structural member shapes and forms, it is advisable to 

either to reduce or completely eliminate the implementa-

tion of steel reinforcement bars. Nonetheless, the draw-

backs of UHPC are that, on the whole, it is expensive 

and cannot substitute standard concrete in the majority of 

applications [5]. It is due to the composition of its mix-

tures that make the UHPC microstructure different from 

ordinary concrete. For UHPC at W/C = 0.20, its capil-

lary pores become discontinuous when only 26% of the 

cement has been hydrated, instead of 54% for HPC, where 

W/C = 0.33 [1, 6]. The pore size of UHPC basically var-

ies between 2 and 3  nm, and its total porosity is 2.23% 

[1]. Studies on UHPC have been carried out by several 

researchers; nevertheless, the information on UHPC 

materials and structural properties is still rather lacking. 

A great deal of this research has revealed that a combina-

tion of steel-polypropylene fibers in concrete could take 

advantage of the material properties of both the fibers to 

Abstract The purpose of this study was to determine 

the effect of steel/polypropylene hybrid fibers on the 
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energy. Moreover, the SEM results illustrated that adding a 
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1 Introduction

Ultra-high-performance concrete (UHPC) is a cement-

based material, which has received a great deal of atten-

tion around the world, since it was introduced in the 
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effectively improve the condition of the interface between 

the cement and aggregate by restricting the incidence and 

development of concrete cracks [1, 7, 8]. Therefore, to do 

this, as well as improve the general ductility of the mate-

rial, the matrix is reinforced by an addition of fibers [9, 

10]. Some concrete properties can be enhanced by add-

ing polypropylene or steel fibers. Usually, to improve the 

mechanical and physical properties, especially the tensile 

strength, flexural strength, and long-term concrete shrink-

age, steel fibers are used. On the other hand, polypropyl-

ene fibers are more advantageous thanks to the fact that 

they do not corrode, and are thermally stable, chemically 

inert and very stable in the alkaline environment of con-

crete [11, 12]. Moreover, polypropylene has a hydropho-

bic surface—it does not absorb water nor it does inter-

fere in the concrete hydration reaction [13]. Nonetheless, 

owing to drying shrinkage in hardened concrete, cracks 

generally develop over time which weaken the water-

proofing capabilities and expose the concrete microstruc-

ture to destructive substances [14–16]. Therefore, a chief 

aim in concrete science is to enhance the properties of 

hardened concrete [17]. Factors, such as the fiber–matrix 

properties, fiber geometry, volume of fiber inclusion, type 

of fiber, and fiber orientation in the concrete mixture, 

determine fiber efficiency [14, 18–20]. Hence, applying 

different fibers of various lengths and qualities is a use-

ful method to resolve the issue of cracks of assorted sizes 

appearing at various stages of concrete structure exploi-

tation. The reason for the better performance of hybrid 

fiber-reinforced concrete than one with a single kind of 

fibers is the favorable interaction between the fibers and 

the concrete [21, 22]. Controlling cracks of assorted sizes 

and in various zones of the cementitious material is the 

principal motivation for combining diverse types of fibers 

[23].

The purpose of this study is to assess the properties of 

hybrid fiber-reinforced UHPC. To this aim, compressive 

and splitting tensile strength tests on cube specimens, static 

and dynamic moduli of elasticity tests on cylinders and 

three-point bending tests on notched samples [24, 25] were 

carried out. The fracture energy values were compared. The 

interfacial transition zone between the paste and aggregate 

of fiber-reinforced UHPC was investigated by scanning 

electron microscope (SEM) analysis.

2  Experimental Procedure

2.1  Material Specification

Portland cement CEM I 52.5, silica fume, quartz sand, 

granite, granodiorite, water, superplasticizer, steel fibers, 

and polypropylene fibers were used in the UHPC mixes. 

The cement properties were determined according to 

PN-EN 197-1:2002 and PN-B-19707:2013-10. The com-

position and technical parameters are presented in Tables 1 

and 2, respectively.

The particle size distribution for the granodiorite and 

granite aggregate as well as quartz sand was determined 

based on standard PN-EN 933-1:2000. The physical and 

mechanical properties of the coarse aggregates are shown 

in Table 3.

The polypropylene fibers (PF) had a diameter of 25 µm, 

length of 12 mm, and a modulus of elasticity of 3.5 GPa. 

Table 1  Cement chemical composition

Cement component SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O Cl Ignition loss Ash Total

Content (wt%) 20.92 3.50 4.38 64.69 1.20 3.07 0.22 0.38 0.082 1.27 0.26 99.97

Table 2  Technical parameters of cement

Cement characteristics CEM I 52.5 

N-HSR/NA

Specific surface area  (cm2/g) 4433

Water demand (%) 30

Commencement of bonding (min) 120

End of bonding (min) 180

Volume stability according to Le Chateliere (mm) 2

Compressive strength after 2 days (MPa) 27.7

Compressive strength after 28 days (MPa) 57.1

Tensile strength after 2 days (MPa) 5.29

Tensile strength after 28 days (MPa) 8.23

Table 3  Properties of coarse aggregates

Aggregate characteristics Granite Granodiorite

Density  (cm3/g) 2.67 2.63

Porosity (%) 0.9 1.13

Absorption, W24 (%) 0.30 0.32

Ash content (%) 0.02 0.26

Frost resistance, F (%) 0.15 0.36

Resistance to crushing, LA (%) 32 23.4

Resistance to polishing, PSV (%) 53 57.3

Shape factor, SI (%) 14 8.4

Crusher reduction ratio, Xrm (%) 15.1 6.0

Los Angeles abrasion (%) 16 23.4
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Hooked-end steel fibers (SF) 50 mm long (aspect ratio of 

50), with a modulus of elasticity of 200 GPa, and tensile 

strength of 1100  MPa were applied. A superplasticizer 

based on polycarboxylate ethers was used.

2.2  Mixtures and Sample Production Process

The concrete mixtures were prepared using: Portland 

cement CEM I 52.5  N-HSR/NA 670.5  kg/m3, granodi-

orite 2/8  mm or granite 2/8  mm aggregate 990  kg/m3, 

quartz sand 0/2 mm 500 kg/m3, water 178 l/m3, silica fume 

74.5  kg/m3, superplasticizer 20  l/m3, and quantities of 

steel and polypropylene fibers which varied in percentage. 

In the first three concrete mixes—granodiorite aggregate 

was used, and in the remaining four—granite aggregate. 

In Table  4, the abbreviated concrete types and quantities 

of steel and polypropylene fibers for various batches are 

displayed.

At the beginning of mixing, the coarse aggregate and 

sand were homogenized with a half of the quantity of water. 

Subsequently, cement, silica fume, the remaining water, 

and the superplasticizer were added. The fibers were added 

by hand after having thoroughly mixed the ingredients. 

Samples were formed directly after all the compounds were 

mixed. Moulds coated with an anti-adhesive substance 

were filled and compacted. All the samples were stored at 

a temperature of about 23 °C until they were removed from 

the moulds after 24 h, and then, they were placed in a water 

tank for 7 days to cure. After 7 days, the samples were 

removed from the tank to cure to 28 days.

2.3  Test Methods

Experimental examinations were carried out on cubes, cyl-

inders, and notched prismatic samples made from UHPC 

and fiber-reinforced UHPC with varying contents of steel 

fibers (SF) and/or polypropylene fibers (PF). Compressive 

strength, splitting tensile strength, static modulus of elastic-

ity, dynamic modulus of elasticity, flexural tensile strength, 

and three-point bending tests were conducted to ascertain 

the impact of the fiber type and its content on the compres-

sive and tensile behavior, deflection, as well as fracture 

energy.

2.4  Test Equipment and Solutions

2.4.1  Compressive and Splitting Tensile Strength

The compressive strength and splitting tensile strength were 

determined after 28 days on 100 mm × 100 mm × 100 mm 

cubes, based on PN-EN 12390-3:2002 and PN-EN 12390-

6:2001. A hydraulic machine was employed.

2.4.2  Static and Dynamic Moduli of Elasticity

Testing of the static and dynamic moduli of elasticity was 

carried out on cylinders 150 mm in diameter and 300 mm 

in height. The static modulus tests were conducted using 

a device with an extensometer according to ASTM C469-

02:2004. The dynamic modulus was determined using the 

method based on resonance frequency measurements.

The test of dynamic modulus of elasticity was conducted 

based on ASTM C666 and ASTM C215. A steel ball 

10 mm in diameter was used as the impact source. The ball 

hits the top surface of the cylindrical specimen, the accel-

erometer measured the vertical motion, and the data were 

obtained. The dynamic modulus of elasticity was calcu-

lated by means of the formula EDM = 4L
2
n

2
� (GPa), where: 

L is the specimen length (m), n is the frequency (kHz), and 

ρ is the apparent density (kg/m3) [26].

2.4.3  Flexural Tensile Strength

The flexural tensile strength test was performed on speci-

mens 100  mm × 100  mm × 500  mm. The investigations 

were conducted according to EN 12390-5:2009. Testing 

was performed after 28 days. The samples were loaded 

with a centrally placed force. Spacing of the supports was 

300 mm.

Table 4  Percentage of fibers Type of concrete Mass (kg/m3) Percentage (%)

Polypropylene fib-

ers PF

Steel fibers SF Polypropylene fib-

ers PF

Steel fibers SF

C1 – – – –

SC – 78 – 1

SPC1 2.25 58.5 0.25 0.75

SPC2 4.5 39 0.5 0.5

SPC3 6.75 19.5 0.75 0.25

PC 9 – 1 –

C2 – – – –
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2.4.4  Fracture Energy

Three-point bending tests were carried out after 28 

days using notched specimens with the dimensions 

80 mm × 150 mm × 700 mm, based on RILEM TC 89-FMT 

(Fig.  1), setting a displacement rate of 0.05  mm/min. A 

notch with a depth of 50 mm and a thickness of 3 mm was 

made in the mid-span by a flat iron with a sharpened tip. 

Two plates were glued at the notch to fix the gauge clip.

The equations for computing stress intensity factor KIc 

which describes the stress field near the tip of a crack, 

and fracture energy GF for C1 and C2 UHPC without fib-

ers are given in Table  5 [27]. These factors are used to 

ascertain the stress–strain curves for modelling UHPC and 

Fig. 1  Three-point bending 

tests on notched specimens: a 

set-up, b notched samples after 

test, and c cross section of break 

point of samples without/with 

fibers

Table 5  Equations for 

determining tensile strength 

parameters and fracture energy

Fmax is the critical force, b is the sample width (b = 80 mm), h is the sample height (h = 150 mm), α is the 

relative crack length, α = a0/h, a0 is the notch depth (a0 = 50 mm), ν is Poisson’s ratio, Ecm is the average 

static modulus of elasticity, l is the sample span (l = 600 mm), (h − a0) is the distance between the tip of the 

notch and the top edge of the sample, F is the load recorded during the three-point bending test

Strength parameters Equation

UHPC

 Stress intensity factor KIc =
Fmax

b
√

h
f (�) (MN/m1.5)

 Geometry function
f (�) = 6

√

�

�

1.99−�(1−�)(2.15−3.93�+2.7�2)
(1+2�)(1−�)3∕2

�

 Fracture energy
GF =

KIc
2(1−�)

Ecm

(N/mm)

Fiber-reinforced UHPC

 Strength corresponding to limit of proportionality ffct , L =
3FL l

2b(h−a0)
2 (MPa)

 Equivalent flexural strength feq,2 =
3l

2b(h−a0)
2

A2

0.5
(MPa)

feq,3 =
3l

2b(h−a0)
2

A3

2.5
(MPa)

 Residual flexural strength fR,1 and fR,4 at mid-span deflection 

of 0.46 mm and 3 mm
fR,1 =

3FR,1 l

2b(h−a0)
2 (MPa)

fR,4 =
3FR,4 l

2b(h−a0)
2 (MPa)

 Tensile stress � =
3Fl

2b(h−a0)
2 (MPa)

 Fracture energy
GF =

�=�lim

∫
�=0

�d� (N/mm)



597Int J Civ Eng (2018) 16:593–606 

1 3

fiber-reinforced UHPC post-cracking behavior. RILEM 

recommendation TC162-TDF [28] has been backed by sev-

eral research centers that investigated deflection variability 

using the crack mouth opening displacement (CMOD) and 

fiber distribution in particular sample sections [29–31]. 

Toughness indexes were recommended (equivalent flex-

ural tensile strength—feq and residual flexural tensile 

strength—fR) to define amelioration after cracking for 

fiber-reinforced UHPC [32, 33]. According to RILEM, feq,2 

or fR,1 is employed to verify the serviceability limit states, 

whereas feq,3 or fR,4 is applied in the ultimate limit states 

[28]. Load FL is equal to the load recorded up to a deflec-

tion of 0.05 mm. Factors feq,2 and feq,3 were assessed up to 

a deflection of δ2 = δL + 0.65 mm and δ3 = δL + 2.65 mm, 

where δL is the deflection consistent with FL. The equations 

for computing the flexural tensile strength parameters and 

fracture energy for fiber-reinforced UHPC are shown in 

Table 5.

2.4.5  Microstructure Investigations

Microstructural investigations were carried out using an 

FEI Quanta 250 FEG scanning electron microscope (SEM) 

equipped with a chemical compounds analysis system 

based on energy dispersive spectrometry (EDS). Six sam-

ples from each UHPC batch were prepared as thin-layer 

plates. Measurements of the micro-cracks in the interfacial 

transition zone enabled estimation of the average width of 

the micro-cracks. The average value of micro-crack width 

was calculated after analyzing 15 SEM images and 30 

measurements of representative crack widths for each type 

of UHPC.

3  Experimental Results

3.1  Compressive Strength

The average values and error bars of cube compressive 

strength are given in Fig. 2.

Adding SF and PF did not have a considerable impact on 

the cube compressive strength; however, a greater drop in 

compressive strength with a higher percentage of PF vol-

ume was observed, mainly due to some difficulties in dis-

persing the polypropylene fibers in the mixes, as well as the 

low modulus of elasticity for this fiber. The strength of the 

C2 cubes was 57.3% higher than the PC strength with a 1% 

PF volume content made with granite aggregate. The cube 

strength made of SPC3 was about 5.5% lower than that of 

C2. The highest compressive strength was exhibited by the 

SC concrete with granodiorite aggregate and with 1% SF. 

An addition of PF in the amount of 0.25% caused a reduc-

tion in the strength of the concrete by 7%.

3.2  Splitting Tensile Strength

The average values and error bars of cube splitting tensile 

strength are shown in Fig. 3.

The highest splitting tensile strength was achieved 

by the SC concrete with granodiorite aggregate and 1% 

SF. The SC cube strength grew by 37% in contrast to the 

C1 fiber-free cube. The addition of PF in the amount of 

1% caused a rise in strength of the PC concrete by 14% 

compared to the UHPC without fibers. In other cases, the 

addition of PF lessens the splitting tensile strength. The 

results of the research illustrate that the use of fibers in 

any form or volume fraction resulted in a rise in the split-

ting tensile strength as compared to that of concrete with-

out fibers.

Fig. 2  Cube compressive strength

Fig. 3  Cube splitting tensile strength
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3.3  Static and Dynamic Moduli of Elasticity

The average values and error bars of cylinder static and 

dynamic moduli of elasticity for each type of UHPC are 

shown in Fig. 4.

The modulus of elasticity was marginally affected by 

adding SF. This value grew with increasing percentages of 

volume, mostly owing to the high modulus of elasticity of 

SF. It is worth noting that in SC, the static modulus was 

4% higher than that of C1. The modulus gradually declined 

with a lower content of steel fibers. The addition of PF in 

the amount of 1% resulted in a fall in the static modulus of 

elasticity by 10% in comparison to the C2 concrete without 

fibers. In the case of the concrete made with granite aggre-

gate, the static modulus of elasticity of C2 compared with 

C1 made with granodiorite aggregate was lower by 15.2%.

Based on the findings (see Fig. 4), an adverse effect of 

the addition of PF on the dynamic modulus of elasticity can 

be observed. With an increasing amount of fibers from 0.25 

to 1%, the dynamic modulus gradually drops. The dynamic 

modulus of elasticity of PC with 1% PF was the smallest 

and was 30% lower than that of SC with 1% ST.

3.4  Flexural Tensile Strength

The flexural strength depends on the quantity of SF and/or 

PF in UHPC. The average values and error bars of the flex-

ural tensile strength are presented in Fig. 5.

The flexural tensile strength was notably influenced by 

adding steel and polypropylene fibers; nonetheless, the 

lowest strength was observed both when the percentage of 

PF volume added was the highest as well as for the con-

crete with granite aggregate without fibers. The lowest 

strength value is 1.73 times less than the maximum strength 

achieved by the concrete with 1% SF.

Typical experimental load–deflection curves for the 

notched specimens are shown in Fig.  6. During the first 

stage of examination, CMOD and deflection were measured 

until cracking of the beams along the whole height. After 

dismantling the strain gauge, only deflection was recorded.

The test curves were nearly linear up to the peak loads. 

The curves descended until the breaking point of the speci-

mens. The fiber-reinforced UHPC specimens displayed a 

tri-linear plot. After reaching the peak load, the load car-

rying capacity declines; moreover, the lower the steel fiber 

content, the higher the loss of strength. As the micro-cracks 

grow and consolidate into larger macro-cracks, the long 

hooked-end fibers aid in bridging the cracks. In particu-

lar, the peak load for SPC2 is the highest and rose by 38%, 

compared to that of C2 (see Table 6). The amount of lon-

gitudinally oriented fibers ascertained obtaining peak load 

Fig. 4  Cylinder static and dynamic moduli of elasticity

Fig. 5  Average flexural tensile strength



599Int J Civ Eng (2018) 16:593–606 

1 3

values, as indicated by the very high coefficient of variation 

observed for the steel fiber-reinforced batch.

3.5  Fracture Energy

Only the impact of the fibers was taken under consideration 

when evaluating the equivalent flexural strength (hatched 

field—A2 and grey field—A3 in Fig. 7), whereas the amount 

of the energy required to fracture concrete corresponding to 

the OBA field (A1) was omitted.

The results of the flexural tensile strength parameters are 

included in Table 6.

Citing the data given in Table  6, it can be seen that 

flexural strength values fR,4 are higher than feq,3 only in 

the cases of using hybrid fiber UHPC with the exception 

of SPC3 concrete with the high volume of PF. For all the 

kinds of fibers, the equivalent flexural strength values are 

lower than the those at the limit of proportionality ffct,L.

The fracture energy (GF) was calculated as the area 

under the stress–displacement curves. The fracture energy 

for fiber reinforced UHPC needs to be computed in rela-

tion to a specified value of displacement. A reliable cut-

off point can be selected at a displacement of 10 mm [34]; 

however, only a fracture dissipating up to a deflection of 

3  mm is noteworthy from the designing perspective [35, 

36], and such a deflection value was adopted while calcu-

lating the energy in this study. The average values and error 

bars of fracture energy for UHPC concretes are displayed 

in Fig. 8.

In the above-mentioned figure, the results are presented 

on a logarithmic scale. The greatest differences between 

the fracture energy values were noted for the UHPC and 

fiber-reinforced UHPC. The obtained results emphasize 

the impact of the fiber elasticity modulus on the variation 

of UHPC fracture properties. The studies have indicated 

that the most fracture resistant concrete was SC which had 

1% SF, and this concrete has a fracture energy 531 times 

greater than that without SF. In the case of concrete with 

1% PF, this energy is 565 times higher than the GF of C2. 

C1 concrete based on granodiorite aggregate was charac-

terized by energy 80% higher than that of the C2 concrete 

fabricated with granite aggregate. The fracture energy of 

hybrid concrete falls with a larger addition of PF. In the 

C1 and C2 samples, a brittle fracture occurred through 

separation of the beams into two parts. The fiber-rein-

forced UHPC samples with cracks underwent significant 

Fig. 6  Load–deflection curves for UHPC and hybrid fiber-reinforced UHPC notched specimens
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deflection; nonetheless, not in all cases did brittle destruc-

tion occur by samples breaking into two parts, since some 

bridges were formed by the fibers on the crack surface and 

limited the split. The samples with the fibers exhibited a 

more ductile behavior. The main crack went from the crack 

opening tip to the upper edge of the beam.

3.6  Microstructure

The toughness, splitting tensile strength, flexural tensile 

strength, and fracture energy of hybrid fiber-reinforced 

UHPC depend on the fiber surface, surface roughness, 

and bond strength between the aggregate and mortar. T
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To increase the bond strength, the W/C ratio needs to be 

reduced and an addition of silica fume is also required 

[37] as silica fume removes the discontinuity of pores and 

high content of portlandite crystals (CH) [38]. In UHPC, 

up to a value 60% of the ultimate stress, the cracks pass 

through the paste and the aggregate grains merge. Above 

this stress level, the cracks pass through the aggregate. A 

typical pattern of cracks is shown in Fig. 9a. In ordinary 

concrete, a layer of CH and C–S–H gel is formed directly 

on the aggregate grains. After the interfacial transitional 

zone (ITZ), reaching 40–50 μm, an area composed of 

large CH and ettringite crystals with a higher porosity 

is formed. What is more, the CH crystals are oriented 

perpendicularly to the grain aggregate and overlap the 

C–S–H gel. It was observed in the UHPC concrete that 

a low W/B ratio creates a very dense microstructure in 

the hardened paste. Furthermore, the porosity is very 

low and the microstructure of the matrix surrounding the 

aggregate grains is composed mainly of homogeneous 

C–S–H gel. In addition, a C–S–H phase in the form of a 

honeycomb structure is found in UHPC (Fig.  9b). Nev-

ertheless, CH or ettringite hardly occurs. The interfacial 

Fig. 9  SEM image of UHPC 

microstructure
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transitional zone reaches about 50 μm around the quartz 

sand grain, while around the coarse aggregate grain, it 

reaches about 100 μm (Fig. 9c, e). The C–S–H gel is con-

verted to a tobermorite phase composed of plates formed 

into rosettes (Fig. 9c–f).

The steel fiber surface is rougher than the aggregate sur-

face. Apart from reducing pores, this fiber boosts the bond-

ing strength in the transitional contact zone between the SF 

and cement mortar. The high level of roughness and good 

adhesion between the SF and mortar is responsible for the 

dense mesh of micro-cracks formed at the contact surface 

during fiber pull-out, as highlighted in Fig. 10a. The rough 

surface of the SF is shown in Fig. 10b.

Polypropylene fiber is a hydrocarbon polymer mate-

rial. When PF is added to the cement paste, it results in 

the formation of a water film at the interface of the fiber 

and matrix. In view of the above-mentioned, one can con-

clude that the bond strength of the PF surface and matrix 

is poor, as shown in Fig. 10c, d. Moreover, the numerous 

pores between the PF and mortar lead to a notable increase 

in absorptivity, which was confirmed by tests in [39]. The 

absorption of water by UHPC with 1% SF was 100% less 

Fig. 10  SEM image of fiber-

reinforced UHPC microstruc-

ture
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than that of concrete with 1% PF. Portlandite – calcium 

hydroxide macro-crystals can easily grow, making the 

transition zone more porous (Fig.  10f). It can be seen in 

Fig.  10d that the polypropylene fibers are mostly broken, 

and there were a few cases where PF were pulled out from 

the mortar (Fig. 10f), but without apparent damage to the 

contact surface.

4  Discussion

The results show a higher effectiveness of SF in boosting 

concrete strength. Based on the test results, dependencies 

and associations between the different concrete properties 

were proposed. The graph (Fig.  11) shows the depend-

ence between compressive and splitting tensile strength for 

UHPC with fibers.

The compressive strength completely corresponds to 

the splitting tensile strength of UHPC with SF or/and PF. 

The polynomial trend was characterized by a good correla-

tion coefficient R2 = 0.8801 and relatively low errors in the 

intercept. The greatest difference was observed when com-

paring the UHPC with the maximum or higher volume of 

SF (SC, SPC1) and UHPC with only polypropylene fibers 

(PC). It is essential to point out that the type of aggregate 

had an influence on the data. The data for hybrid fiber-

reinforced UHPC were obtained from the middle part of 

the curve. The relationship between the flexural tensile and 

splitting tensile strength for UHPC with fibers is presented 

in Fig. 12.

The relationship between the flexural tensile and split-

ting tensile strength for UHPC with fibers is presented in 

the form of the polynomial ax2 + bx + c. The high correla-

tion coefficient equal to 0.909 indicates that the data have 

been matched by the best R2 value (see Fig. 12). A higher 

correlation coefficient value indicates that flexural ten-

sile strength has a strong association with splitting tensile 

strength. There is a clear grouping of the results depend-

ing on the type and quantity of fibers in the concrete, which 

was also remarked in the relationship between the com-

pressive and splitting tensile strength (Fig. 11). The worst 

results were noticed for the UHPC with PF, and the best 

for SF and SF + PF. Figure 13 illustrates the dependence of 

the static and dynamic moduli of elasticity for all the tested 

concretes.

It was observed that the static modulus is completely 

congruous with the dynamic modulus. The polynomial 

trend was characterized by a good correlation coefficient 

R2 = 0.982 and low errors in the intercept. The results 

Fig. 11  Correlation between compressive strength and splitting ten-

sile strength for fiber-reinforced UHPC

Fig. 12  Relationship between flexural and splitting tensile strength 

for fiber-reinforced UHPC

Fig. 13  Correlation between static and dynamic moduli of elasticity 

for UHPC
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depend on the aggregate and fiber type, where the high-

est results were obtained for the UHPC with granodiorite 

aggregate without and with 1% SF, whereas the lowest 

results were achieved by the UHPC with granite aggregate 

containing PF in the amounts of 0.75 and 1%. Interestingly, 

the UHPC without fibers with granite aggregate obtained 

nearly the same parameters as the hybrid fiber-reinforced 

UHPC with SF in the amount of 0.5% and 0.5% PF. The 

relationship between the flexural strength and fracture 

energy for UHPC with fibers is presented in Fig. 14.

The linear relationship between the flexural tensile 

strength and fracture energy is presented in the form of 

3.508x−0.0585. The high correlation coefficient equal 

to 0.999 indicates which means that the data have been 

matched by the best R2 value (Fig. 14). A higher correlation 

coefficient value indicates that flexural strength has a strong 

relationship with fracture energy.

The effect of PF on compressive and flexural strength 

is not quite clear. A reduction in the compressive strength 

was achieved by substituting a portion of SF with PF as 

proved by the test results of hybrid fiber-reinforced con-

cretes [16]. Large contents of PF are more difficult to dis-

perse uniformly; therefore, the fibers tend to cluster and 

create more micro-defects in the cement matrix, reducing 

concrete compressive strength [40]. Particularly, the above-

mentioned analyses can be associated with the results 

of the splitting tensile strength test. The strength rises by 

10.5% when adding the smallest quantity of PF (0.5%), 

while a further addition results in a steep drop. In the case 

of other strength tests, the addition of fibers in each case 

also produces a decline in compressive strength, flexural 

strength, and modulus of elasticity. To take advantage of 

the maximum fiber strength and ameliorate the concrete 

properties, strengthening the PF interfacial bond is vital. 

The advantageous qualities of steel fibers, such as the abil-

ity to restrain crack extension, reduce the extent of stress 

concentration at crack tips, change crack direction, and 

slow down the crack growth rate, all boost the compressive 

strength of concrete containing SF [41]. This is thanks to 

the higher strength and elastic modulus of steel fibers com-

pared to those of PF.

The GF values of UHPC with hybrid fibers are ascribed 

to the volume content of the low-modulus fibers. The 

higher the volume content of low-modulus fibers, the lower 

the GF values obtained. The fact that the ductility of fiber-

reinforced UHPC material at high levels of strain is highly 

dependent on the ability of the fibers to bridge the cracks is 

evidenced by the fracture energy results. The fact that the 

equations (see Table 5) involve both load and displacement 

explains the difference in the GF values of the SF and PF 

difference in the GF values of the SF and PF. The GF values 

for high-modulus fibers will always be numerically higher 

than those for low-modulus fibers. It may well be that, in 

many cases, a combination of high-modulus SF and low-

modulus PF may contribute more effectively to a longer 

period of durable service life. What is more, the stiffer SF 

provide higher resistance to loads, whereas PF of a low 

modulus of elasticity provide greater resistance to shrink-

age and temperature stress.

The poor interfacial transition zone and weaker adhe-

sion of PF to the matrix were brought on about by the high 

hydrophobicity of these fibers, which, in turn, increased the 

number of micro-cracks in the cement matrix (Fig. 15).

Although the width of micro-cracks of fiber-reinforced 

UHPC was appreciably influenced by SF and PF addi-

tions, the lowest width of micro-cracks occurred when the 

SF volume percentage was the highest. The widest micro-

cracks range from 0.33 to 1.76  µm, and the C2 concrete 

Fig. 14  Relationship between flexural tensile strength and fracture 

energy for fiber-reinforced UHPC Fig. 15  Average width and error bars of micro-crack of all UHPC
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without fibers with the granite aggregate had the highest 

average width of micro-cracks, whereas for C1, it is about 

18% lower. An increased content of PF in hybrid reinforced 

UHPC creates expansion of the width of micro-cracks up to 

41% (SPC3).

5  Conclusions

The mechanical properties, fracture energy, and micro-

structure of UHPC and fiber-reinforced UHPC were inves-

tigated. Based on the results and discussions presented in 

this paper, the following conclusions can be drawn:

•	 The addition of SF and PF influenced all the tested 

mechanical properties of UHPC.

•	 SC concrete with 1% SF demonstrated the highest com-

pressive strength. The steel fibers increased the com-

pressive strength by about 2.6% at a 1% fiber volume 

content, while PF reduced the compression strength by 

about 57.3% at a 1% fiber volume content. The addition 

of SF in the amount of 0.5%, and PF amounting to 0.5% 

caused an increase in the compressive strength by only 

3.3% as compared to C2.

•	 The splitting tensile strength of fiber-reinforced UHPC 

increased, depending on the steel fiber volume content, 

and was higher by 52, 47, and 37%, respectively, at 

0.75, 0.5, and 0.25% SF volume. The concrete with 1% 

SF displayed the highest splitting tensile strength and 

was, in fact, higher by 55% than for the concrete without 

fibers.

•	 It was observed that the dynamic modulus completely 

correlated with the static modulus. The dynamic and 

static moduli of elasticity of PC with 1% PF were the 

smallest and were 20–30% lower than that of SC with 

1% steel fibers. With an increasing addition of fib-

ers from 0.25 to 1%, the dynamic modulus gradually 

decreases. The above-mentioned property was also 

affected by the type of coarse aggregate.

•	 The content of steel fibers had a notable impact on the 

flexural strength of fiber-reinforced UHPC. The experi-

mental investigations indicated that the SF content had 

the greatest effect on the cracking resistance behavior of 

UHPC.

•	 The obtained results emphasized the effect of the fiber 

modulus of elasticity on the variation of UHPC fracture 

properties. The highest differences in fracture energy 

were observed between the UHPC and fiber-reinforced 

UHPC, whose fracture energy fell with increasing addi-

tions of PF. The most fracture resistant concrete was SC 

which had 1% SF.

•	 The microstructure investigations showed that SF 

reduced the pores and boosted the bonding strength in 

the transitional contact zone between the SF and mor-

tar. On the other hand, the bond strength on the PF sur-

face was poor as evidenced by numerous pores between 

the PF and mortar. Enlargement of the average width of 

micro-cracks was brought about by increased contents 

of PF in the hybrid reinforced UHPC.
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