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Abstract: This paper presents the experimental results obtained with the non-contact three-dimensional
deformation measuring system–ARAMIS and finite element analysis performed using ANSYS of
three slabs made of high-performance concrete (HPC) and hybrid (steel/ST and polypropylene/PP)
fibre reinforced high-performance concrete (FRHPC). The research was performed on reinforced
concrete (RC) slabs with a web mesh of φ8 mm bars. All the slabs had an identical amount of steel
bars and differed by the fibre volume content. The main objective of the research was to determine
the impact of adding polypropylene and steel fibres on the carrying capacity and ductility of HPC
slabs. Analysis of the results was conducted based on load–deflection curves, crack distribution,
vertical displacements and strains. The research findings indicate that fibres may improve peak
strength. The presence of PP and ST hybrid fibres in HPC restricted the propagation of cracks. The
energy absorption capacity as well as the ductility index of HPC can be raised by adding hybrid fibres.
A comparison of the experimental test results with the nonlinear finite element analysis is made.
The numerical results concurred well with the experimental data. The research results indicate that
non-contact measurement of deformation is an effective tool for monitoring crushing in FRHPC slabs.

Keywords: slab; high-performance concrete; reinforcement; steel fibres; polypropylene fibres;
non-contact deformation measurements

1. Introduction

Concrete is a commonly used building material. In general it is weak in tension and brittle under
low confining pressure. The demand for new concrete composites with improved qualities is due to
the development of modern civil engineering construction [1–5]. Compared to traditional concrete,
high-performance concrete (HPC) has better workability, mechanical properties and durability [6,7].
Fibres can be added to concrete to fabricate material with enhanced tensile strength, fracture toughness,
ductility, resistance under fatigue and impact loading, as well as improved durability properties [8–14].
Fibres are categorized as metallic, polymeric and natural [15]. In general, for most structural purposes
steel (ST) fibre is applied [16,17]. The thermoplastic polymer polypropylene has a wide range of
applications that includes textiles, automotive components, reusable containers, loudspeakers or
laboratory equipment. The polypropylene (PP) fibres added in HPC form channels for pressure to
escape from the concrete, which prevents cracking and spalling [18]. The elastic modulus of synthetic
fibres changes the properties of fibre reinforced high-performance concrete (FRHPC) when combined
with different fibres. For structural concrete applications, other kinds of fibres are not commonly used.
The fibres can bridge cracks as well as transfer stress across cracks. This effect is maximized when
the fibres have deformed ends and are aligned in the direction of stress, perpendicular to the crack
openings. The properties influenced by fibre hybridization of concrete with various types fibres has
been studied by several researchers [8,19–21]. Hybrid fibres are used in order to control cracks at
various curing ages, cracks of different sizes, in different areas of the concrete and at various loading
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stages [7]. An example is the use of steel or carbon fibres having a high modulus of elasticity which
control large cracks and polypropylene fibres possessing a low modulus of elasticity which control
the initiation of cracks as well as the propagation of small cracks [22]. Such fibre hybridization can
increase the mechanical properties of concrete in a large range of crack openings.

Fairbaim et al. [23] presented an experimental and numerical analysis of slabs made of
ultra-high-performance fibre reinforced concrete (UHPFRC). The UHPFRC slabs were tested until
failure and modelled using the Finite Element Analysis (FEA) solver DIANA (acronym displacement
analyser). The good correlation between the numerical and experimental load-deflection curve and
similar crack patterns indicates that the applied methodology may by useful for simulating UHPFRC
slab responses up to failure. Dancygier et al. [24] investigated the response of HPC slab samples to
impact. The test specimens differed in the type and maximum size of aggregates, addition of steel fibres
and micro-silica, as well as reinforcement details. The main findings show that design of HPC slabs to
impact loads includes selecting the right type of aggregate with regard to its hardness and grain size.
The study also showed that the main contribution of adding steel fibres to HPC is reduction of the
damaged area of HPC slabs. Qiu [25] used three-dimensional (3-D) nonlinear finite element analysis
to study multi-ribbed concrete slabs with varying volume frictions of steel fibres. The researcher
reported that adding steel fibre to concrete has a better effect on reducing the deflection than increasing
concrete strength and can improve the cracking load of the structure. Fike and Kodur [26] presented
experimental and numerical studies were performed to evaluate the fire performance of floor systems
composed unprotected steel beams and steel fibre reinforced concrete (SFRC) deck slabs. This results
reported that the improved properties of SFRC slabs under fire, loading and restraint conditions can
provide satisfactory fire resistance in steel beam–SFRC deck slabs without the need for external fire
protection on the floor system. Kodur et al. [27,28] showed a 3-D nonlinear Finite Element (FE) model
for evaluating the response of composite beam–slab assemblies subjected to a gravity and fire loading.
The behaviour of structural assemblies exposed to different fire scenarios was modelled using ANSYS
package. The finite element model was validated by comparing the predicted and measured response
parameters of composite structures tested under fire conditions. The comparisons showed that the
proposed model is capable of predicting the fire response of structural assemblies with good accuracy
as well as that the composite action between the unprotected steel beam and steel fibre reinforced
concrete slab significantly enhances the fire performance of composite structure. Almusallam et al. [29]
studied the effect of hybrid fibres on the impact behaviour of reinforced normal-strength concrete
and high-strength concrete slabs. The impact penetration tests revealed that owing to the hybrid
fibres there is a smaller crater volume and the amount of spalling is reduced. Moreover the hybrid
fibres halt crack distribution and curtail the size of the failure zone. A simple formulation was also
proposed to predict the mass ejected from the front and the rear faces of the concrete slabs after the
impact of the projectile fired from the air-gun system. Thiagarajan et al. [30] presented research on
the response to explosive loads of high-strength concrete slabs, normal-strength concrete ones with
double high-strength reinforcement and with conventional steel reinforcing bars. LS-DYNA program
employing two material models for concrete was used to carry out numerical analysis. The numerical
simulation results were compared to the experimental data in order determine the parameters of the
materials. Mesh sensitivity and crack propagation investigations were also conducted.

The literature review shows that few works are available on the failure behaviour of high-performance
concrete slabs reinforced with web mesh and hybrid-fibres (a mixture of steel and polypropylene fibres
of different contents).

The aim of this paper is the experimental and finite element analysis of the ultimate behaviour of
steel-polypropylene fibre reinforced high-performance concrete slabs. FRHPC slabs were studied with
the 3-D deformation measuring system ARAMIS [31]. The finite element method package ANSYS
was employed to perform numerical implementation of the model [32]. Numerical and graphical
comparisons were made of the finite element modelling results and the experimental data. It was
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revealed that the upper limit of steel fibres contents needs to be reduced to ensure a suitable response
of FRHPC slabs.

2. Materials and Methods

Table 1 presents the compositions and abbreviated names of the three concrete mixtures.
Portland cement CEM I 52.5R (CEMEX, Chełm, Poland) tests were performed according to the
PN-EN 197-1:2012 [33] and PN-B-19707:2013 standards [34]. The particle size distribution of quartz
sand and granodiorite coarse aggregate was determined in accordance with the EN 933-1:2000
standard [35]. A highly efficient superplasticizer Glenium® SKY 591 (BASF, Myślenice, Poland)
based on polycarboxylate ethers and having a density of 1.065 g/cm3 at 20 ◦C was utilized to obtain a
similar workability. The steel fibres BAUMIX® (BAUTECH®, Piaseczno, Poland) possess the following
properties: density 7.8 g/cm3, length 50 mm, diameter 1 mm, modulus of elasticity 200 GPa, tensile
strength 1100 MPa, while the polypropylene fibres BAUCON® (BAUTECH®, Piaseczno, Poland) are
characterized by: density 0.9 g/cm3, length 12 mm, diameter 25 µm, modulus of elasticity 3.5 GPa,
tensile strength 350 MPa. These fibres are shown in Figure 1.

Table 1. Concrete compositions.

Component Unit S1 S2 S3

Cement CEM I 52.5R kg/m3 596 596 596
Silica fume kg/m3 59.6 59.6 59.6

Quartz sand 0.05/2 mm kg/m3 500 500 500
Granodiorite 2/8 mm kg/m3 990 990 990

Water l/m3 196 196 196
Superplasticizer l/m3 20 20 20
Steel/ST fibres kg/m3 - 39 78

% - 0.5 1
Polypropylene/PP fibres kg/m3 - 0.5 0.5

% - 0.06 0.06
Water/Binder (W/B) ratio - 0.3 0.3 0.3
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Figure 1. (a) Hooked-end steel fibres; (b) Polypropylene fibres.

The mixtures were prepared using a typical concrete mixer. Mixing commenced with homogenization
of the granodiorite and quartz sand with a half of the water. Next, the cement, silica fume, the remaining
water and finally the superplasticizer were added. After thoroughly mixing the components the steel
and polypropylene fibres were added to the S2 and S3 mixtures by hand to obtain homogeneous and
workable consistencies.

Three concrete slabs 1000 mm × 800 mm × 60 mm were prepared with the S1, S2 and S3 mixture
compositions. The moulds for the slabs were made of plywood. The web meshes of the slabs consisted
of φ8 mm deformed bars (see Figure 2a). Furthermore six cubes and six prismatic samples were made
form the S1 mixture composition. The concrete mixtures were poured into moulds coated with an
anti-adhesive substance and then were compacted on a vibrating table. Before removing the samples
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from the moulds they were stored for 24 h at a temperature of about 23 ◦C. Curing of the samples took
placed for 7 days in a water tank and then up to 28 days in laboratory conditions.Processes 2019, 6, x FOR PEER REVIEW  5 of 23 
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Figure 2. (a) Dimensions and reinforcement arrangement of test slabs (unit in mm); (b) Test set-up.

At 28 days, cubes 150 mm × 150 mm × 150 mm were used to determine the compressive and
tensile splitting strengths, on the basis of PN-EN 12390-3:2011 [36] and PN-EN 12390-6:2011 [37].
A 3 MN capacity servo-hydraulic closed-loop testing machine (walter + bai ag Testing Machines,
Löhningen, Switzerland) was used. At 28 days, four-point bending tests were conducted on prismatic
samples 500 mm × 100 mm × 100 mm on an MTS 809 axial/torsional testing system machine (MTS,
Eden Prairie, MN, USA), according to PN-EN 12390-5:2011 [38]. The spacing of the supports was
300 mm. Cylinders φ150 mm × 300 mm were produced to test the modulus of elasticity in accordance
with ASTM C469/C469M-14 [39]. The concrete and fibre reinforced concrete mechanical properties are
given in Table 2.

Table 2. Concrete properties.

Slab
Denotation

Compressive
Strength (MPa)

Splitting Tensile
Strength (MPa)

Flexural Tensile
Strength (MPa)

Modulus of
Elasticity (GPa)

S1 99.4 5.0 8.2 38.74
S2 107.2 10.2 9.1 38.93
S3 111.0 11.0 9.4 39.42

The mechanical properties of the steel bars were verified during the tensile tests. Investigations of
steel bars 8 mm in diameter and 300 mm in length were conducted by means of an MTS 810 testing
system machine (MTS, Eden Prairie, MN, USA) with a load range 0–100 kN. The bars were fixed with
special holding jaws which prevented potential sliding and incorrect measurements. During the tensile
test the current load, bar extension and crosswise relocation were measured. On the basis of these
results yield stress fyk = 567 MPa, tensile strength ftk = 644 MPa and modulus of elasticity Es = 206 GPa
were calculated.

The tests on the slabs were conducted on a hydraulic press (Zwick/Roell, Wrocław, Poland)
(Figure 2b). The effective span-effective depth ratio for single-span solid slabs is 17.4. The effective
span of the slab is the distance between the centreline of the supports and was taken to be 0.8 m.
The reinforcement ratio was constant for all slabs of 1.2%. The machine can achieve a maximum load of
3 MN under compression. The slabs were loaded at a constant increment of press piston displacement.
The test was conducted until the layers in the loaded area of the concrete slab were finally crushed and
in the tensed area the cracks were over 5 mm.
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Along with load capacity tests, 3-D deformation measurements were made by the ARAMIS
system (GOM mbH, Braunschweig, Germany) (Figure 3a). On the basis of photographs taken by
digital cameras (GOM mbH, Braunschweig, Germany), the system recognised the surface of the
measured object. Each pixel in the photograph had its coordinates. The system recorded, computed
and analysed the deformation states. The strains can be record in the range from 0.01% up to a few
hundred percent [31].
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Figure 3. (a) Non-contact 3-D deformation measurement system; (b) Measurement area of top surface
of slab.

The top surface of the slabs were whitewashed and randomly covered with black paint. Such a
procedure is necessary to calculate heterogeneous materials without sufficient characteristics. In next
step, the measurement system was calibrated. On the basis of the angle between the axes of the
cameras, three-dimensional coordinates were defined from the two-dimensional coordinates from the
left and right cameras. The recording speed and measurement area were assumed (Figure 3b).

The coordinates, displacements and strains are determined with the optical measurement
technique only on the surface of the objects. Therefore, only local strains that were tangential to
the surface were calculated. The stretch ratio is the relative elongation of a line element and is
defined below

λ = lim
l→0

(
l + ∆l

l

)
(1)

Strain ε was defined as a function of stretch ratio λ. The following known expressions are
commonly used strain measures: technical strain as εT = λ− 1, true (logarithmic) strain as εL = ϕ = ln(λ),
as well as Green’s strain as εG = 1

2 (λ2 − 1).
Deformation gradient tensor F indicates surface element deformation quantitatively. F transforms

line element dX into line element dx. In both circumstances dx connects the same material coordinates.
Hence, F is defined in the following way

dx = FdX (2)

The stretch and rotation were modelled using one matrix and F was split into a pure rotation
tensor and a pure stretch tensor. The matrix was decomposed into left stretch tensor V and rotation R
or right stretch tensor U and rotation R

F = VR, F = UR (3)

Stretch tensor U was calculated from Cauchy strain tensor C

U =
√

C (4)
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By means of the formula below, strains εx, εy, εxy can be read from stretch tensor U

U =

(
1 + ex exy

exy 1 + ey

)
(5)

Strain measures εx, εy were defined as dependent on the coordinate system. By calculating the
major and minor strains, this disadvantage was eliminated. Symmetrical matrix U was transformed
and λ1 and λ2 were computed from the formulation

λ1,2 = 1±

√(
εx + εy

2

)2
−
(

εxεy − ε2
xy

)
+

εx + εy

2
(6)

The effective strains outcomes are as follows

ϕV =

√
2
3
(

ϕ2
1 + ϕ2

2 + ϕ2
3
)

(7)

As ϕ3 is included, if the volume constancy is valid, then the effective strain is also valid.
The technical strains were calculated based on the true (logarithmic) strains with subsequent conversion
ε = eϕ [31].

3. Model Formulation

3.1. General Description

ANSYS software (ANSYS, Inc. Release 14.5, Canonsburg, PA, USA, 2012) was employed to carry
out finite element analysis. The HPC and the steel-polypropylene FRHPC were modelled by means
of SOLID65 eight-node solid elements. These elements are defined by the isotropic HPC properties
and two types of fibres. The fibre specifications included the volume ratio calculated as the fibre
volume divided by the total slab volume, as well as the fibre reinforcement orientation angle. The finite
element is capable of describing the cracking in tension zone by the smeared crack formulation and
crushing in the compression region by the plasticity algorithm. LINK180 3-D spar elements, which
allow elastic-plastic response of the steel bars, were used to model the steel web mesh. The steel plates
located at the supports and loaded area were modelled by SOLID185 eight-node solid brick elements
and were added at these locations in order to avoid stress concentration problems and to prevent
localized crushing of concrete elements near the supporting points and load application locations.
This provided a more even stress distribution over the support area [32].

The failure surfaces of concrete under due to static and dynamic loading were described
in References [40–46]. In this paper, the triaxial failure surface of unconfined plain concrete
was applied [40]. Figure 4 illustrates the triaxial failure surface divided into hydrostatic and
deviatoric sections.Processes 2019, 6, x FOR PEER REVIEW  7 of 23 
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Polar coordinates r and θ describe the strain deviator, where r is a radial vector locate the failure
surface for any θ angle from the range 0 ≤ θ ≤ 60◦. Equation (8) below defines the failure surface

1
z

σh
fc

+
1

r(θ)
τa

fc
= 1 (8)

where σh, τa are the mean normal or tangent stress, z is the surface vertex, fc is the uniaxial compressive
strength.

φ1 and φ2 define the opening angles of the hydrostatic cone. Based on uniaxial compressive
strength fc, the uniaxial tensile strength ft and biaxial compressive strength fcb, the failure surface
parameters, z and r are identified. These three strengths were obtained from experimental tests.

3.2. Material Properties

The SOLID65 element requires linear isotropic and multilinear isotropic material properties.
ACI 363 [47] was referred to in order to calculate the HPC tensile strength and modulus of elasticity.

ft = 0.54
√

fc (9)

Ec = 3.32
√

fc + 6.9 (10)

The compressive uniaxial stress-strain relationship shown in Figure 5a was used for the HPC
model. This relationship is the combination of constitutive models Desayi and Krishnan [48] and
Stolarski [44]. Linear function is assumed to 30% of the ultimate uniaxial compressive strength fc.
Then concrete is behave as elastic-plastic material with hardening up to fc. After reaching ultimate
compressive strength the concrete is softened to value 0.8fc corresponding to ultimate strain εu.
Kamińska [49] reported that high-strength concrete was crushed when strains measured in the full
size beams reached two fold higher values than strains in the small specimens. For this reason, the
higher compressive strains ε0 = 0.006 at fc and εu = 0.012 at 0.8fc are adopted in the HPC model.
This compressive stress-strain relation was applied to help obtain convergence of the nonlinear
solution [50–52]. In the stages of concrete cracking or crushing, the stiffness matrix is adapted to the
failure mode. The shear transfer coefficient for open crack βt is introduced as a multiplier to reduce
the shear transfer that cause slip in the plane perpendicular to the crack surface.Processes 2019, 6, x FOR PEER REVIEW  8 of 23 
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The steel rebars in the slabs were constructed as a typical mesh. By means of the uniaxial tensile
test the elastic modulus and yield stress of the steel rebars were obtained. These values were used
to create the FE model of the reinforcement. The steel rebars were treated as elastic-plastic material
with linear hardening as well as with identical characteristics in tension and compression. The rebar
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stress-strain curve is shown in Figure 5b. For the steel plates located at the support and loaded zones,
the linear elastic model was assumed.

Slabs S2 and S3 were reinforced with randomly distributed steel and polypropylene fibres represented
as a smeared layers in the concrete element. It is assumed that polypropylene fibres behave isotropically
due to their low aspect ratio. Therefore, PP fibre properties applied in the finite element model are
the modulus of elasticity and Poisson’s ratio. Steel fibre is assumed to be bilinear isotropic material.
Bilinear isotropic model is based on the von Mises failure criteria and requires the yield stress as well
as the hardening modulus of the steel fibre to be defined. The properties of the HPC, steel rebar, steel
and polypropylene fibre are listed in Table 3.

Table 3. Summary of material properties.

High Performance Concrete Steel Rebar ST Fibre PP Fibre

Ec
(GPa)

fc
(MPa)

ft
(MPa) νc βt

Es
(GPa)

ET
(GPa)

fy
(MPa) νs

Esf
(GPa)

fy
(MPa)

ft
(MPa)

νsf
Epf

(GPa)
νpf

40 99.4 5.38 0.15 0.1 206 680 567 0.3 200 660 1100 0.3 3.5 0.25

3.3. Geometry and Meshing

Selection of finite element size is an important factor in the finite element analysis of reinforced
concrete structures. Bažant and Cedolin [53] reported that the smallest concrete element dimension
in an FE model is controlled by the maximum size of the coarse aggregate used. The choice of
these dimensions was based on preliminary studies in which different finite element sizes were used.
The mesh employed in this study provides a good balance between the numerical accuracy of results
and the computational time required.

The full-size of the slab is 1000 mm × 800 mm × 60 mm, while between the two supports the
span measured 800 mm. The full-size slab was used for finite element modelling of the volume.
The flexural steel reinforcement was created using the 534 LINK180 elements. Figure 6a shows that the
rebars share the same nodes at their intersection points. In order to receive satisfactory results for the
SOLID65 elements, using a rectangular mesh is recommended [32]. Figure 6b presents the overall mesh
representing the concrete volume. Between the nodes generated by the concrete volume mesh were
created link elements, thus eliminating the need for mesh of the rebar. However, the mesh attributes
were established before creating each reinforcement section. 2496 SOLID65 elements were selected for
the slab model. Each element is a prism 31.2 mm × 31 mm × 20 mm. The elements and nodes of the
steel plates at the loading point and the supports are consistent with the nodes and elements of the
concrete slab finite elements. A perfect bond between the materials is assumed, with the reinforcement
connected to the concrete mesh nodes. Hence, the concrete and the reinforcement meshes occupy
the same nodes, thus the concrete shares the same areas as the rebars. A disadvantage of this model
is the fact that the rebar volume is not removed from the concrete volume and the location of the
reinforcement both restrict the concrete mesh. The force was applied across the entire centreline at
each node on the steel plate. The supports were modelled as a rollers, which allow the slab to rotate.
The nodes located in the centre of the support plate were assigned constraint in the X and Z directions.
Figure 6c illustrates the force applied along the whole loading plate centreline.
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3.4. Nonlinear Solution

The total load applied on a slab model is separated into load steps in FE nonlinear analysis.
After each incremental solution finishes and before proceeding to the subsequent load increment, the
stiffness matrix is regulated to reflect nonlinear changes in structural stiffness [54–56]. Updating of
the model stiffness is made by means of the Newton-Raphson equilibrium iterations. This approach
estimates the difference between the restoring forces and applied loads, that is, the out-of-balance load
vector. Should the convergence criteria not be satisfied, the out-of-balance load vector is assessed once
again, then the stiffness matrix is updated and finally the solution is performed. The iterative procedure
carries on to the moment the results converge. The convergence criteria is based on displacement
for reinforced concrete solid elements. It was found that the convergence of solutions for the default
setting of the convergence tolerance limits was difficult to achieve owning to the nonlinear response of
reinforced concrete. Therefore, to achieve convergence of solutions the default tolerance limits were
increased to a maximum of five times (5% for displacement checking).

4. Results and Discussion

4.1. Load-Deflection Response

Figure 7 depicts the plots of the test slabs load-deflection responses. The differences in deflection
with load are almost linear until the first flexural macrocracks appeared. Reduced stiffness of the slabs
at upper deflection was observed as more cracks developed. Furthermore, the fibres had an influence
on the ultimate deflection of the slabs. A decreases in the ultimate deflection and peak load were
detected when the fibre content was higher. Table 4 presents the load-deflection test results. The first
macrocrack was detected at cracking load. The yielding load was calculated from the load-deflection
response as the point corresponding to the deflection at the intersection between the secant stiffness
at two-thirds of the peak load and the line passed through the peak load [57]. The failure load was
calculates as 0.8 of the peak load according to [58].
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Table 4. Load and deflection response results for slabs.

Slab
Denotation

Fibre Volume
Content (%)

Cracking Yielding Peak Failure

Load
(kN)

Deflection
(mm)

Load
(kN)

Deflection
(mm)

Load
(kN)

Deflection
(mm)

Load
(kN)

Deflection
(mm)

S1 - 14.3 0.9 52.0 8.0 61.1 31.2 48.9 38.1
S2 0.5 ST + 0.06 PP 15.9 0.8 63.8 7.1 72.4 31.5 57.9 44.5
S3 1 ST + 0.06 PP 18.1 0.9 61.2 6.4 72.2 15.6 57.8 46.8

Slab S3 had a two-fold higher content of steel fibres in comparison with slab S2. Nevertheless,
the first one had a lower ultimate deflection by about 14%. Although, mixture S3 had relatively good
workability, applying higher fibre quantities results in a clustering and saturation of the fibres, which
tend to become entangled and create a porous and more fragile HPC matrix. This suggests that a
maximum fibre volume content for each fibre type exists, in combination with the amount of aggregate
and the corresponding granular composition and that a further increase in the fibre content cannot
lead to the creation of a stable and homogeneous mixture. In this study a 1 vol.% addition of 50 mm
length steel fibres results in grouping and clustering of the fibres. This phenomenon was confirmed
by the microstructure observation of the transition zone of the PP fibres and the concrete matrix by
scanning electron microscope (SEM, FEI Quanta FEG 250, Hillsboro, OR, USA) after mechanical tests
of the slabs, Figure 8.
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Moreover, alignment of the fibres may not occur in the direction of the main tensile stress.
Some researchers have investigated the influence of fibre orientation on the flexural performance
of rectangular slabs of ultra-high performance fibre reinforced concrete produced with different
casting-flow methods [59,60]. It has been observed that poor flexural performance occurs when the
fibres are aligned perpendicular to the beam length [59]. In centrally poured concrete, the fibres were
situated parallel to the flow direction and the slabs had not only much smaller load carrying capacities
but also exhibited deflection softening behaviour [60].

4.2. Cracking Processes and Failure Modes

Figure 9 shows the crack propagation in different slabs at the load of 57 kN and at the final load
stage, respectively. The first flexural crack was initiated at early stage of loading at the midspan of
all the slab elements and then propagated as the applied load increased. Cracks propagated parallel
to the bottom reinforcement steel bars perpendicular to the effective span of the slab. It should be
noted that the cracking load of slabs S2, S3 was raised by increasing the volume content of hybrid
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fibres. With the increase in load, cracks became wider and propagated in diagonal directions. In the
meantime, more cracks occurred and propagated in the similar way as the earlier cracks. The number
and width of cracks decreased with a higher fibre content. Addition of hybrid fibres improved the
ductility as the fibres in the HPC matrix formed a closed network, which hindered the formation of
crack and its propagation. At further loading steps, spalling in the top surface of the concrete slabs
was observed. Slab S3 had a different crack pattern at the last load step. During the test only the first
crack significantly increased its width. Even during the crack growth, the steel fibres in the concrete
bridged the crack and prevented its further propagation. At the last loading step, small radial cracks
appeared along the length of the main crack (Figure 9b).Processes 2019, 6, x FOR PEER REVIEW  12 of 23 
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last load.

The slabs exhibited three distinct modes of failure as shown in Figure 10. Cracks propagated in a
larger zone at the midspan of slab S1 without fibres/with the steel web mesh. It can be noticed that
rapid concrete spalling appeared in the compression layer. Slab S2 with the 0.5% ST fibre content and
0.06% PP fibre content had more cracks of a smaller width than slabs S1 and S3. Both fibre reinforced
slabs showed relatively mild crushing of the concrete in the compression layer limited by the PP fibres.
The concrete failure zone was the smallest in slab S3 with the 1% ST fibre content. The smallest number
of cracks were formed in this case and only the first crack significantly increased its width.
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4.3. Crushing Processes

The results of strains at the peak and last load step for the measurement areas of the slab top
surfaces obtained in ARAMIS software (v6.3, GOM mbH, Braunschweig, Germany, 2011) are presented
in Figure 11.

Slab S1 without fibres failed the earliest. Its vertical displacement at peak load reached the value
of 31.2 mm. The maximum vertical displacements ranging from 25 to 31.2 mm are located at the
midspan of slab S1 for a width of 200 mm. The maximum strain value at the top surface of slab S1 was
significant and exceeded 3%. It was related to local concrete crushing. The displacement of slab S2 at
peak load reached 31.5 mm. In this case the maximum vertical displacements ranging from 25 mm to
31.5 mm are located at the midspan of slab S2 for a reduced width of 100 mm. Much less strain equal
to 1.2% is observed outside of the slab central zone. The strain of 2.8% at the slab top surface occurred
locally in the concrete crushing zone. The displacement of slab S3 at peak load reached the lowest
value of 15.6 mm. Local concrete crushing appeared at a load similar to that as in slab S2. The strains
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in this zone did not exceed 1.2%. The maximum vertical displacements appeared at the midspan over
a the width of 70 mm. Values from 12 to 15.6 mm were reached.Processes 2019, 6, x FOR PEER REVIEW  14 of 23 
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Figure 11. Strains at slab upper surface: (a) at peak load; (b) at last load. Figure 11. Strains at slab upper surface: (a) at peak load; (b) at last load.

The highest strain at the slab S1 top surface at the last load step was recorded at the distance of
100 mm from the centre. This value reached more than 2%. The maximum displacement amounted
to 33.6 mm. The S2 slab strains reached up to 2%. In this case the vertical displacements were over
two-fold larger than in slab S1. The strains at the top surface of S3 slab with the highest content of
hybrid fibre were higher than in slab S2. The observed fibre concrete crushing zones were smaller than
in slabs S1 and S2. The vertical displacements for the S3 slab were significant and reached 56 mm.

The major strains curves in the slabs upper surface with the location of cross-sections A-A, B-B
and C-C are illustrated in Figure 12. The highest local strains in the S1, S2 and S3 slabs at the peak load
are 1%, 5% and 2.5%, respectively. It can be noted, that the most favourable deformation distribution
was for the S2 slab. The presence of the fibres bridges the crushing surfaces and provides a restricting
effect to the crushing area. This increases the possibility of redistribution of stresses in the crushing
process and improves the ductility of the slab.
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4.4. Elastic and Inelastic Parameters of Slabs

The elastic and inelastic parameters of the slabs are presented in Table 5. The initial stiffness,
over-strength factor and ductility factor are defined and calculated according to [58].

Table 5. Slab parameters.

Slab
Denotation

Fibre Volume
Content (%)

Initial Stiffness
(kN/mm)

Over-Strength
Factor (-)

Ductility
Factor (-)

S1 - 15.89 0.94 4.76
S2 0.5 ST + 0.06 PP 19.88 0.91 6.27
S3 1 ST + 0.06 PP 20.11 0.94 7.31

It can be seen that the initial stiffness of the fibre slabs shows higher values compared to that of
the reinforced concrete slabs. An increase in the initial stiffness of the fibre slabs is achieved by both an
increase in the cracking load and a decrease in the corresponding deflection, which are effects of the
addition of fibres.

The load-deflection curves for FRHPC slabs containing different combinations of fibres have been
analysed by the post-crack strength method [61,62]. Using this method a load-deflection curve can
be transformed into an equivalent flexural strength curve, the peak load is localized and the curve is
divided into pre-peak and post-peak regions as illustrated in Figure 13.

The pre-peak and post-peak strengths at a ultimate deflection of δm for slabs with span L, depth h
and width b are given by the following formulas:
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fpre =
EpreL

δpeakbh2 (11)

fpost =
EpostL(

δm − δpeak

)
bh2

(12)

The obtained results from the calculation are shown in Table 6.
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Table 6. Energy and strength values for fibre reinforced high-performance concrete slabs.

Slab
Denotation

Pre-Peak
Energy, Epre
(kN × mm)

Post-Peak
Energy, Epost
(kN × mm)

Total Energy,
Etotal (kN ×

mm)

Pre-Peak
Strength,
f pre(MPa)

Post-Peak
Strength,

f post (MPa)

Strength
Ratio,

f post/f pre (-)

S1 1625.8 589.1 2214.9 14.5 14.9 1.03
S2 1949.7 2337.5 4287.2 17.5 13.6 0.78
S3 887.9 3097.7 3985.6 15.8 16.4 1.04

It is observed that the high performance concrete slab without fibres showed the lowest pre-peak
strength value. The pre-peak value increased significantly with the 0.5% addition of steel fibres and
0.06% addition of polypropylene fibres. On the other hand, the highest post-peak strength value is
obtained by the slab containing the 1% steel fibres additions and 0.06% polypropylene fibres additions.
The calculated parameters of all the slabs are compared in Figure 14.
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Figure 14a reveals that the fibre concrete slabs have higher over-strength factor values compared
to reinforced concrete slab S1. The slabs with the hybrid fibre contents obtained an increase in the
failure deflection and in consequence, the ductility factors demonstrate the favourable impact of hybrid
fibres on increasing the ductility. Increases of 31.7 and 53.6% in the ductility factors were found for
slabs S2 and S3, respectively. The pre- and post-peak energies values are calculated by integrating
the areas under the load-deflection curves and are displayed in Figure 14b to compare the impact of
fibre content on raising the post-peak energy absorption capacity of the slabs. It was noticed that the
45.4% decrease in the pre-peak energy for FRHPC belongs to slab S3, which confirmed the problems
associated with obtaining a homogeneous fibre distribution at the highest content. As can be seen
in Figure 14c, similar regularities were observed by comparing the pre- and post-peak strengths.
The exception was slab S2 which obtained a slight decrease of 8.7% in the post-peak strength value
due to the highest value of corresponding deflection.

4.5. FEM Analysis

Figure 15 presents the plots of the load-deflection responses and finite element results of the
test slabs, while Table 7 compares the experimental results to the finite element ones. Generally, the
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midspan deflections at the cracking load and peak load of the test slabs and finite element solutions
are in reasonably good agreement.
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Table 7. Comparison between experimental and finite element results.

Slab
Denotation

Cracking
Load (kN)

Deflection
at Cracking
Load (mm)

Decrease in
Cracking
Load (%)

Peak Load
(kN)

Deflection
at Peak

Load (mm)

Increase in
Peak Load

(%)

Experimental/Finite Element Results

S1 14.3/13.6 0.9/0.3 5.0 61.1/62.2 31.2/33.8 1.8
S2 15.9/12.1 0.8/0.6 23.9 72.4/73.6 31.5/37.5 1.7
S3 18.1/13.4 0.9/0.3 25.9 72.2/74.3 15.6/37.2 2.9

The finite element analyses load-deflection plots and the experimental data of the slabs coincide
well, up to the peak load of the slabs, however, the compared load-deflection curves are slightly
different. There are numerous factors that might cause this state. First of all, microcracks in the tested
slabs can be created by drying shrinkage. In this analysis, microcracks in the concrete are not included
in the FE models. Moreover, the perfect bond adopted in the finite element model between the concrete
and steel reinforcement not realistic in the experimental slabs. What is more, the material softening
after the peak load was not analysed in this model.

Figure 16 shows the experimental crack distributions as well as the maximum strain and crack
locations for the last converged load step by nodal solution in the S1 and S3 slabs, respectively.
The models of the side and bottom surfaces of slab S1 without fibres and slab S3 with the highest fibre
content are used to demonstrate the crack patterns and strain contours. The principal tensile stresses
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arise in the x direction in the slab bottom at the midspan. Flexural cracks appear perpendicular to
the principal stress, when the concrete ultimate tensile strength is exceeded by the principal stress.
In the concrete FE, the cracks, strains and stresses are calculated in the integration points. The first,
second and third crack at an integration point are shown with red circle outline, green circle outline
and blue circle outline, respectively. Crushing is shown with an octahedron outline and occurred when
all principal stresses are compressive and lie outside the failure surface.
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The number of cracked element of slab S3 that contains steel and polypropylene fibres of 1 and
0.06 vol.% content, respectively is smaller than that of slab S1 without fibres obviously under the same
load, thus it indicates directly that the steel fibre and polypropylene fibre can repress the spread and
development of the cracks effectively in HPC slabs. The FEM simulations confirm that the hybrid fibre
reinforcement influences the process of crack development in the slabs. The good compatibility of the
strain distributions derived from the numerical analysis and the experimental crack patterns at the
ultimate load step, presented in Figure 16, allow me to conclude that the applied numerical model for
the FEM-simulation, is suitable for analysing hybrid fibre reinforced high-performance concrete slabs.
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5. Conclusions

The failure behaviour of hybrid fibre reinforced high-performance concrete slabs in experiments
and finite element analysis are compared in this study. The experimental results confirmed the
usefulness of steel and polypropylene fibres in improving elastic and inelastic properties such as the
over-strength factor, ductility factor, pre- and post-peak energy, pre- and post-peak strength of high
performance concrete slabs with web mesh. The ANSYS package was employed to carry out finite
element failure analysis.

Upon assessing the experimental and finite element analysis results of the slabs, these conclusions
can be drawn:

(1) Reinforced slab S1 without fibres exhibits similar behaviour to reinforced slab S2 with an 0.5 vol.%
content of steel fibres and 0.06 vol.% content of polypropylene fibres. In contrast, with an
increasing amount of steel fibre to 1 vol.%, hybrid fibre slab S3 attains the same over-strength
factor as slab S1.

(2) The load response of the slabs changes from brittle into elastic-plastic behaviour with increasing
the amount of steel and polypropylene fibres.

(3) The presence of hybrid fibres in reinforced HPC slabs restricts the propagation of cracks better
than the conventionally reinforced HPC slab and they allow more uniform cracking.

(4) FRHPC slabs have a more significant energy absorption capacity and a higher ductility factor
than reinforced HPC slab without fibres. However, introducing a 1 vol.% content of L = 50 mm
and D = 1 mm hooked-end steel fibres and an 0.06 vol.% content of L = 12 mm polypropylene
fibres into the reinforced HPC slab (S3) results in a lower total energy absorption capacity than
slab S2 with half the amount of steel fibres.

(5) The inclusion of large hooked-end steel fibres and addition of polypropylene fibres increased the
load-bearing capacity of HPC slabs considerably.

(6) The finite element analysis load-deflection curves of the slabs exhibit good conformity to the
experimental curves. The failure property measurements taken during the experimental testing,
the finite element analysis cracking and peak loads as well as the corresponding deflections
match very well.

(7) The finite element analysis strain contours correspond to the test results.
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