
applied  
sciences

Article

Flexural Behavior of Continuous Beams Made of
Self-Compacting Concrete (SCC)—Experimental and
Numerical Analysis
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Abstract: Self-compacting concrete (SCC) is a type of concrete that is placed in the formwork under its
own weight. Although there are many studies showing the behavior of SCC beams, most relate to the
behavior of simple supported beams. Unlike those, this is a study of continuous beams made of SCC
aimed to analyze their flexural performance as well as to confirm the possibility of using nonlinear
finite element analysis (FEA) in the design of such structural elements. An experimental study of
three two-span continuous beams of a total length of 3400 mm, with the span between supports of
1600 mm, with 150/200 mm cross section made of SCC exposed to short-term loading, was carried out.
The parameter that varied is the percentage of tensile reinforcement, with values of 0.65, 0.86 and 0.94
being selected. As all analyzed beams have shown a satisfactory load-bearing capacity and stiffness,
the research confirmed the possibility of using SCC in continuous beams in civil engineering practice.
Using Abaqus/Standard software, a nonlinear numerical model is proposed, which is validated and
verified against experimental research, as there is only a 5% difference in the numerically calculated
ultimate load compared to the experimentally measured values.

Keywords: self-compacting concrete; continuous beam; tensile reinforcement; experimental analysis;
Abaqus/Standard

1. Introduction

In the last thirty years, there has been a development of a new type of concrete material called
self-compacting concrete (SCC). The emergence of self-compacting concrete has been linked to Japan
and research conducted by Okamura and Ozawa et al. [1,2]. The prototype of SCC was made in
1988 from materials that were on the market at the time, and it proved to be extremely good in terms
of its properties, in both fresh and hardened states. Since the advent of self-compacting concrete,
the potential of using it in the construction of buildings has been investigated in many countries, such
as Japan, Canada, China, the United States and many European countries [3].

The term SCC refers to a type of high-performance concrete that does not require additional
vibration in the placing process but is placed only under its own weight. The key characteristics of
fresh self-compacting concrete are: workability and viscosity, i.e., the ability of fresh concrete mass to
pass freely between densely arranged reinforcement bars, as well as the resistance to segregation.

The first research related to the emergence of SCC focused on the design of an adequate concrete
mix as well as on the methods of placing and testing of placed concrete [4–7]. SCC as a relatively new
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material represents a still insufficiently researched area, both in terms of its properties in the fresh and
its characteristics in the hardened state. Numerous studies related to SCC referred to its properties in
the fresh state [8,9], while it was believed that its characteristics in the hardened state are similar to
vibrated concrete [10–13].

Tests of SCC in fresh and hardened states resulted in the emergence of the first recommendations for
proper designing of SCC, which were published by the European Federation of National Associations
Representing for Concrete (EFNARC) in 2002 [14]. The European design commission, composed of
five European associations, defined the European Guidelines for self-compacting concrete in 2005 [15].

In the period from 2008 to 2020, most of the experimental tests were based on the comparison
of test results of the beams made of SCC and conventional vibrated concrete (VC), as well as on
comparisons with recommendations defined by regulations for structures made of VC [16–33].

Experimental examination of the ultimate bearing capacity and ultimate serviceability of beams
of different cross sections made of SCC exposed to bending and shear has been presented in a large
number of scientific publications [16–19,22,24,27–31]. Almost identical characteristics of the beams
made of vibrated and SCC exposed to short-term static load were observed, and the SCC beams
showed equal or lower ultimate shear and flexural strength than VC test members. Based on the
experimental results of long-term loaded beams made of SCC and conventional VC, it was determined
that under the same environmental conditions, the shrinkage-time curve of self-compacting concrete is
very similar to that of conventional vibrated concrete [16]. Regarding the limit value of the bending
moment, the moment–curve relationship, the use of SCC for the production of prestressed beams
meets the criteria defined by the Eurocode (EC) 2 [21], as well as by the American Concrete Institute
(ACI) regulations when high strength self-compacting (HSSC) concrete is used for the manufacture of
prestressed beams [31]. Based on the experimental examination of beams exposed to cyclic loading,
a faster development of deformations and cracks was observed in beams made of SCC compared to
conventional VC [24]. Research [21,25] dealing with structural performance of SCC used in reinforced
concrete beams, as well as the comparison between the experimental results and theoretical calculations
based on the code provisions, has shown that the criteria defined in EC 2 and ACI 318M-11 are met.

One of the main drawbacks of SCC is its cost due to a higher amount of cement and chemical
mixtures included in its composition. One of the alternatives to reduce costs of SCC is the use of recycled
aggregates [34]. As an alternative to reducing costs, it is possible to replace a part of cement with
by-products such as fly ash, slag cement and others. In accordance with EFNARC recommendations,
mixtures with ash and addition of mineral and chemical admixtures were cast and all the beams were
tested as simply supported beams. Experimental results were quite satisfactory, and the failure mode
corresponds to the theoretical models that apply to conventional vibrated concrete [21,25,26]. Beams
in size of 125 mm × 250 mm × 1000 mm made of SCC were cast and tested to analyze their flexural
behavior [22]. It is proposed in this research to replace the constituent materials by mineral admixtures
and to add some chemical admixtures. The percentage of all replacement materials has been worked
out from the trial and error method. Lime stone powder was replaced by 10%, class c-fly ash is 20%,
silica fume 5% with cement and quarry dust was replaced by 20% of fine aggregates. Results of the
tests show that compressive strength of SCC was increased 12.86%, while tensile strength of SCC
increased 9.82% compared to conventional concrete. The effect of natural fiber addition on mechanical
properties of SCC has been presented in [25]. The mixes were prepared by varying Meta Kaolin
(mineral admixture) content from 5% to 15%, with a 5% increment with constant fly ash content of 30%.
Nine concrete mixes were made, including the control mix. The conclusion of this investigation was
that replacement of cement by mineral admixtures up to 45% (fly ash 30% and meta kaolin 10%) has
not affected the fresh state properties of SCC. To evaluate the load capacity of a reinforced concrete
beam, a finite element method (FEM) study of the structural behavior of reinforced SCC beam was
carried out using the Abaqus FEA modeling tool [30,32]. The research [30] was based on the validation
of two simply supported SCC beams with span of 1800 mm and 110 × 275 mm cross section that were
loaded monotonically with four-point load. Results indicated that the FEA model matches very well
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with the experimental responses observed in terms of deformation and load capacities at first crack
(difference was 2.3%) and ultimate failure (difference was 7.8%). The conclusion of this research is
that the FEA model is capable of simulating the entire loading response of a reinforced concrete beam
with reasonable accuracy. The experimental and numerical analysis using Abaqus FEA software was
performed by testing sixteen beams made of normal, SCC and high-strength (HS) concrete under
pure bending by Mabrouk and Mounir [33]. All of the beams were simply supported with of span
of 1800 mm and 150 × 250 mm cross section. They studied the behavior of RC beams with tension
lap splices confined with transverse reinforcement. A good agreement between experimental and
numerical results was obtained (difference in ultimate load capacity between experimentally and
numerically obtained results was around 20%).

Based on the analysis of the experimental studies carried out so far concerning the application
of SCC for the construction of structural elements, it is noted that almost all tests were carried out
on the simply-supported beams, except for one static system of the two-span continuous beam [27].
Beams were examined both for bending and shear, and their behavior under the effect of short-term
static loading corresponds to the behavior of the beams made of conventional VC, as well as to the
conditions defined by the regulations for constructions of VC.

The main goal of this work was to analyze the flexural performance of SCC continuous beams.
The experimental study of three two-span continuous beams of a total length of 3400 mm, with the span
between supports of 1600 mm, with 150/200 mm cross section made of SCC, was done. The parameter
that varied in this study was the percentage of tensile reinforcement, which varied in the range
from 0.65% to 0.94%. The influence of the percentage of reinforcement on the ultimate load capacity,
as well as on the failure mode of continuous beams made of SCC was analyzed. The numerical model
using finite element method and software package Abaqus/Standard was developed and validated
and verified with experimentally obtained results as well. Since most researches are focused on the
behavior of simply-supported beams, this research gives an insight into the flexural performance of
continuous beams made of SCC, which is very important taking into account that continuous beams
are one of the most present statical systems in civil engineering.

2. Experimental Program

Within the study of continuous beams made of SCC with river aggregate [35], an experimental
test of continuous beams was conducted in order to determine their bending behavior, when exposed
to short-term loading. For the purposes of this experiment, three reinforced concrete continuous
beams were made of SCC with river aggregate reinforced with different percentages of reinforcement
(0.65%, 0.94%, 0.86%).

2.1. Applied Materials and Mixture Proportioning

Concrete mixtures tested within the experimental research were made using CEM I 42.5 R cement,
whose characteristics are presented in Table 1.

Table 1. Physical–mechanical characteristics of cement.

Setting Time, Min Start 176, End 226

Density 3.13 g/cm3

Bulk density in loose state 930 kg/m3

Bulk density in compacted state 1515 kg/m3

Tensile strength at 2 days 6.98 N/mm2

Tensile strength at 28 days 9.30 N/mm2

Compressive strength at 2 days 31.33 N/mm2

Compressive strength at 28 days 55.15 N/mm2
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The rock flour which was used in the experiment as fine aggregate, was obtained by grounding of
the limestone having specific mass 2.692 g/cm3 and standard deviation of cavity share according to
Rigden of 25.4% (suppliers data), while for making of the concrete mixture, the following 0/4, 4/8 and
8/16 mm fractions of the river aggregate were used. For making of concrete mixtures, the particle size
distribution was performed based on SRPS U. M1.057:1984, which defines the standard particle size
distribution curves, A–D (Figure 1). These particle size distribution curves are recommended by the
European Committee for Concrete. The particle size distribution of the aggregate used for making
SCC is presented in Figure 1.
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The composition of designed concrete mixture is presented in Table 2. The additive MC Power
Flow 1102 was used in the experiment. This is a supper-plasticizer, a modified polycarboxylate with
density of 1.06 kg/dm3. Additive dosage was 0.5% in relation to the mass of powdery components
(cement and rock flour).

Table 2. Concrete composition.

Mass for 1 m3 (kg)

limestone filler 100.0
cement 430.0 water absorption (%)

fraction 0–4 mm 807.5 0.80
fraction 4–8 mm 380.0 0.50
fraction 8–16 mm 553.0 0.40

water 210.0
MC Power Flow 1102 additive 2.2

2.2. Examination of the SCC Characteristics

The experimental examination of the characteristics of SCC was carried out in two phases:
(1) examination of the characteristics of fresh concrete mass, (2) examination of the mechanical
characteristics of hardened SCC.

One of the primary methods used for testing self-compacting concrete in the fresh state is the
Slump-flow test, EN 206-9: 2010 [36] which tests the consistency of fresh concrete and checks one of
the key properties of SCC: workability, i.e., fluidity. Based on the recommendations of EFNARC [15]
and regulations EN 206-9: 2010 [36], the minimum diameter of fresh concrete mass of SCC is 550 mm,
and the maximum permissible diameter is 850 mm. The lower spread time of the t500 indicates better
workability. For engineering practice, it has been suggested that the spread time be in the range of 3 to
7 s. The results obtained by testing fresh concrete are shown in Table 3.
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Table 3. The test results obtained on fresh concrete.

Density (kg/m3) Slump-Flow Test D (mm) t500 (s) ωc
(Water Cement Ratio)

2305 605 4.8 0.49

Based on the recommendations defined in EFNARC [15] and EN 206-9:2010 [36], the designed
mixture is classified as SF1. On the basis of the measured slump time of the designed mix, it is
concluded that it belongs to class VS2.

The following tests were performed on hardened concrete: compressive strength, tensile splitting
strength and the determination of the tangent and secant modulus of elasticity was performed.
To determine the characteristic of the hardened concrete twelve 150 mm cubes and nine 150 mm
diameter cylinders of 300 mm length were cast simultaneously with the beams.

Determination of compressive strength of concrete was carried out on cubes having sides of
150 mm, after 2, 7, 14 and 28 days in accordance with EN 206-1. The tensile splitting strength of concrete
was tested on cylinders measuring ∅150/300 mm, and it was determined after 28 days, in accordance
with EN 12390-6. The determination of the tangent and secant modulus of elasticity was performed in
accordance with the standard EC 2 [37].

The test results of compressive strength as well as tensile splitting strength are shown in Table 4.
Tensile splitting strength is an important parameter of mechanical characteristics of concrete. Weak
tensile properties of concrete lead to failure of structure, therefore numerous papers investigated the
possibility of improving tensile strength. In [38], it is confirmed that adding fiber polymers into cement
paste can improve its tensile splitting strength. In addition, fiber polymers change the way of failure of
cylinder sample during the test. Namely, failure of sample without fiber polymers is due to failure of
cement paste and, on the other hand, failure of sample with fiber polymers occurs due to failure of
cement paste, fiber detachment and pull-out continuation [38].

Table 4. The test results obtained on hardened concrete.

Density (kg/m3) Compressive Strength
(MPa)

Tensile Strength
(MPa)

Modulus of Elasticity
(GPa)

Secant Tangent

% fc,2 fc,7 fc,14 fc,28 fck fct,28 Ec Ecm
2325 20.40 30.75 42.45 46.55 48.60 3.80 26.12 25.55

Standard deviation (σ) 1.07 2.07 2.36 0.92 1.41 0.21 1.91 1.87

During determining compressive strength on the cylinders, the stress–strain relation was recorded,
as presented in Figure 2. Since strains are usually very small, we used microstrain instead, which is
strain times 10−6.
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2.3. Test Procedure and Instrumentation

Three continuous beams were made of self-compacting concrete with natural aggregate in
accordance with the program of experimental testing in which the geometrical characteristics of the
test specimens, the method of their production, arrangement and type of measuring instruments,
as well as the test procedure had been defined. The dimensioning of the continuous beams was carried
out in accordance with the EC2 regulation. The beams have a different percentage of longitudinal
reinforcement, while the transverse reinforcement is the same for all beams. The beams labels and
the methods of reinforcement are shown in Table 5 and Figure 3. Since there is a difference in the
reinforcement of the tested beam, the principal reinforcement is marked with 1 while the additional
reinforcement is marked with 2 in Table 5 and Figure 3.

Table 5. The reinforcement data for the tested beams.

Beam Label Principal Reinforcement (1) Additional Reinforcement (2) Reinforcement Percentage

B−1 ±2B ∅10 / 0.65
B−2 ±2B ∅12 / 0.94
B−3 ±2B ∅10 ±1B∅8 0.86
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Figure 3. Reinforcing of the tested beams.

The tested beams have a rectangular cross-section, having dimensions b/h = 150/200 mm, of a total
length of 3400 mm, beam span 1600 mm, reinforced with B500B reinforcement of a C30/37 designed
class of self-compacting concrete [37]. The reinforcing steel B500B has a modulus of elasticity of
200 GPa, while its yield and ultimate strength are fy = 500 MPa and fu = 560 MPa, respectively.

On the occasion of testing of continuous beams, the load was applied using a hydraulic device,
whereby the force from the test machine piston was transmitted to the beam in the form of two
concentrated forces at the middle of both spans of the continuous beam, Figure 3. The load was applied
in the controlled, so called “time mode”, with a constant increase of deflection in the function of time
until failure, with the deflection increment rate of 0.02 mm/s (1.2 mm/min).

During the testing, global deformations of beams (deflections), dilatations-strains in concrete
and tensioned steel reinforcement, as well as the emergence and development of cracks as a function
of load increment were monitored. The strains in concrete were registered with the strain gauges
tapes SG1–SG3 (compressed concrete) and linear variable displacement transducers LVDT3-LVDT4
(tensioned concrete). The strains in tensioned reinforcing steel bars were registered with strain
gauges tapes SG4–SG9. The development of cracks, i.e., their sum along the length of the base of
the instrument (where, as a rule, one crack appeared), was registered continuously with the linear
variable displacement transducers (LVDT) dilatometer. The position of strain gauges tapes and LVDT
dilatometer in Sections I, II and II is presented in Table 6.
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Table 6. Position of strain gauge tapes (SG) and linear variable displacement transducers (LVDT)
dilatometers in Sections I, II and III of the tested beams.

Beam
Label

Tensioned
Steel

Reinforcement

Compressed
Concrete

Tensioned
Concrete Deflection

B−1 SG4 SG1 LVDT3 LVDT1
Section I B−2 SG4 SG1 LVDT3 LVDT1

B−3 SG4, SG5 SG1 LVDT3 LVDT1

B−1 SG6 SG3 - -
Section III B−2 SG6 SG3 - -

B−3 SG8, SG9 SG3 - -

B−1 SG5 SG2 LVDT4 LVDT2
Section II B−2 SG5 SG2 LVDT4 LVDT2

B−3 SG6, SG7 SG2 LVDT4 LVDT2

3. Results and Discussion

The analysis of experimentally obtained results was carried out based on the dependence of
recorded quantities on the percentage of reinforcement of continuous beams.

3.1. Analysis of Results of Recorded Deflections

The analysis of deflection, as the most obvious indicator of the structure behavior under the
influence of load, is paid special attention in this research. A comparative analysis of experimentally
determined deflections of continuous beams depending on the percentage of beam reinforcement for
Sections I and II in the middle of the span of continuous beams was performed (Figure 4).Appl. Sci. 2020, 10, x FOR PEER REVIEW 8 of 21 
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B−1, B−2 and B−3.

In the curves that define the relationship between load and deflection, one can observe the
characteristic phases through which the beam passes during the application of the test load: (1) until the
onset of the first cracks, (2) from the onset of the first cracks to the onset of yielding in tensioned steel
reinforcement and (3) from the onset of yielding to the failure of the beam. For all beams, an almost
identical behavior at low load levels is observed in the elastic phase, before the formation of the
first crack. With the emergence of the first crack, the relation between the load and the deflection
becomes nonlinear.

Comparative representation of the measured deflections of Sections I and II of continuous beams,
reinforced with different percentages of reinforcement for different load intensities is shown in Figure 4.
Based on the results, the flexural stiffness of the beams can be defined as the ratio of force and deflection.
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The stiffness of non-cracked concrete section is approximately 105 kN/mm, 115 kN/mm and 125 kN/mm
for the Beams B−1, B−2 and B−3, respectively. After the crack propagation the flexural stiffness
decreases to approximately 50 kN/mm, 60 kN/mm and 70 kN/mm for the Beams B−1, B−2 and B−3,
respectively. The yielding of tensioned reinforcement leads to excessive decrease of the flexural stiffness
up to the failure of the beams.

3.2. Analysis of Dilatations in the Middle of the Beams Span and above the Middle Support

The analysis of dilatation in concrete and tensioned reinforcement in Sections I and II in the middle
of the beams span was performed for the tested beams depending on the percentage of reinforcement.
The shape of the curves defining the load–strain dependence for continuous beams with different
percentages of reinforcement does not differ significantly, whereby the nominal values are different,
which can be seen in Figure 5.

Dilatation in the tensile zone of the cross-section is the result of onset of cracks (about 98%) and
dilatation of concrete (about 2%), and therefore dilatation of the concrete can be neglected. Hence,
it can be adopted that recorded dilatation represents the sum of the crack’s width along the length of
the measurement base (100 mm). As only one crack usually appears at that length, it is possible to
analyze its width as a function of load, very precisely and continuously. On the other hand, having in
mind that the tensile stresses are assumed by the reinforcement at the point where the crack emerged,
it can be considered that the measured dilatation correspond to that in the reinforcement.

Based on the diagrams shown in Figure 5, three parts of the diagram are observed. The first
part of the diagram is linear until the emergence of the first crack in the observed cross-section.
With the formation of cracks, the stiffness of the beam decreases when the dilatations increase abruptly
nonlinearly until the onset of yielding in the steel reinforcement, when the cracks stabilize. The third
part of the diagram is from the moment of reinforcement yielding until the failure and it has an even
more pronounced nonlinearity. This kind of a behavior is characteristic for concrete structures and
can be find in literature [39]. With the emergence of cracks and the loss of adhesion between the
concrete and the reinforcement, the stress is redistributed from the concrete part of the cross-section to
the reinforcement.

The cross-sectional behavior above the middle support (Figure 5c) is similar to the cross-sectional
behavior in the beam span (Figure 5a,b). The diagram of strains in the compressed part of concrete
Section III shown in Figure 5c, in qualitative terms is similar to the diagrams in the compressed parts
of Sections I and II shown in Figure 5a,b. When strains in the tensioned reinforcement reach the limit
of 2500 micro-strains, the intensity of load leading to flow in the tensioned reinforcement is defined.
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3.3. Analysis of Formation, Propagation and Width of Cracks

Monitoring of the formation, propagation and width of cracks in concrete was carried out visually
by drawing on the previously hatched side surface of the tested beams. The cracks were marked
with different colors in relation to the moment of their formation, i.e., the phases of their emergence
(Figure 6).

Based on the “crack map”, shown in Figure 6, the flow and propagation of cracks as a function
of load are observed. From the presented sketches, one may observe the emergence and the extent
to which cracks have developed. In the zone around the middle support (above the support itself),
as well as under the force, cracks were formed vertically, while to the left and right of the middle
support, cracks were formed diagonally (at an angle of 45◦). In the part between the end supports
and the force, vertical cracks were formed, while between the force and the middle support, cracks
were formed directed towards the force at an angle of 45◦. Vertical cracks occur as a consequence
of the bending moment, while cracks at an angle of 45◦ are a consequence of shear stress, where the
normal stress is zero or close to zero, so the main tensile stresses are at an angle of 45◦, leading to the
emergence of these cracks.

Analysis of test results obtained with LVDT 3 and LVDT 4 is possible because the strain in concrete
until the emergence of the first cracks has a negligibly low value. With the increase of the load on the
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beam, new cracks are formed, while with the onset of yielding in the reinforcement, new cracks are
formed, while the existing ones suddenly expand in the zones of reinforcement plasticization.
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In addition to the visual method, the crack width as a function of load was measured continuously
(every second), by means of a displacement transducer (LVDT), with a measurement base of 100 mm,
in Section I, in the middle of the first beam span (LVDT 3), and in Section III above the middle support
(LVDT 4). Comparative load–crack width diagrams obtained using LVDT 3 and LVDT 4 are shown in
Figure 7.Appl. Sci. 2020, 10, x FOR PEER REVIEW 11 of 21 
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4. Numerical Analysis

Based on the experimental model, a 3D design model was developed in the Abaqus/Standard
software package.

4.1. Model Geometry, Material Models and Finite Element Mesh

Models for numerical analysis were formed in accordance with experimentally tested models
of continuous beams (Figure 8). Figure 8a shows the geometry of the concrete beam which is the
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same for all analyzed beams (B−1, B−2, B−3). Figure 8b shows the geometry of the reinforcement for
Beams B−1 and B−2 (the geometry is the same, the difference is in the diameter of the reinforcement),
and Figure 8c shows the geometry of the reinforcement of the Beam B−3.
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Figure 8. Model geometry in the software package Abaqus: (a) concrete beam; (b) reinforcement of
Beams B−1 and B−2; (c) reinforcement of Beam B−3.

Bilinear kinematic hardening is adopted as a material reinforcement model (Figure 9a).
The modulus of elasticity of steel is 200 GPa, and the Poisson’s ratio is 0.30. The material behaves
ideally plastic up to the yield point which is fy = 500 MPa, and after that, plasticization of material
occurs, with the adopted force of rupture fu = 560 MPa at the strain of εu = 0.20.
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Concrete is modeled with a different stress–strain relation under compression and tension.
Based on the results of the experimental test, the relationship between stress and compression strain
was determined (Figure 2), which was also used in numerical modeling.
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Based on the results of experimental tests, the compressive strength of concrete was defined as
50.13 MPa, while the modulus of elasticity was calculated as the ratio of stress and strain at 40% of
the value of concrete compressive strength. It has been adopted that concrete behaves linearly elastic
up to a compressive stress corresponding to 40% of the value of compressive strength, which is in
accordance with European regulations [37].

The relationship between stress and strain during concrete tension has a great influence on the
results of the analysis due to the sensitivity of the model to the development of cracks in concrete.
After the analysis of different models, and due to the lack of experimental testing of tensile strength of
concrete, the stress–strain relationship was chosen, which was proposed by Wang, T., Hsu, T.T. [40].
According to this model, the relationship of stress and strain (Figure 9b) is linear up to the tensile
strength of concrete ft with the corresponding strain εcr, and with the increase of stress, the relation has
a form:

σt = ft

(
εcr

εt

)c
; c = 0.1; εt > εcr (1)

The concrete damaged plasticity (CDP) material model was used to define the plastic behavior of
concrete. The CDP model introduces concrete damage due to compression and tension in the analysis.
It is based on models of fracture mechanics (Drucker–Prager hyperbolic plastic flow potential function)
and is adequate for modeling quasi-brittle materials [41]. A more detailed analysis of the CDP material
model can be found in the literature [42–45]. For adequate application of the CDP model, it is necessary
to define the following parameters:

• Dilation angle ψ (10◦ ≤ ψ ≤ 40◦), whereby the adopted value in the paper is ψ = 35◦. The analyses
indicated that satisfactory results are obtained when the dilation angle is between 30◦ and 40◦,
as well as the differences are minimal for the different values of dilation angle in the mentioned
range [43,45];

• eccentricity of the plastic potential flow ε, whereby the adopted value in the paper is ε = 0.1
(default value). It was confirmed that the default value provides satisfactory results [42,45];

• ratio of biaxial and uniaxial compression flow stress of σb0/σc0, whereby the adopted value in
the paper is σb0/σc0 = 1.16 (default value). It was confirmed that the default value provides
satisfactory results [43,45];

• ratio of the magnitude of deviation stress in tension and compression K, whereby the adopted
value in the paper is K = 0.666 (default value). It was confirmed that the default value provides
satisfactory results [43,45]. In [43] the impact of this parameter was analyzed and it was
demonstrated that its impact on the results is small, and that a higher K provides a stiffer model;

• viscosity parameter µ, which is implemented for the purpose of achieving a solution convergence,
whereby the adopted value in the paper is µ = 0.0002. This parameter should be around 15% of
the time increment [43].

Concrete damage plasticity model is characterized by the possible inclusion of the reduction of
the modulus of elasticity due to the materials damage, with the aid of damage parameters dc for the
compression and dt for the tension. Damage parameters, dc and dt, can be defined by the relation [41]:

dc = 1−
σc

E0
(
εc − ε

pl
c

) ; dt = 1−
σt

E0
(
εt − ε

pl
t

) (2)

Variation of damage parameters in the function of strains in concrete for the analyzed model is
presented in Figure 10. It should be mentioned that in the software, the parameters are defined in
relation to the inelastic strain, whereby the limit of elastic behavior of the analyzed concrete under
compression is 0.4·fc = 20.11 MPa (corresponding strain 0.0009), and the limit of elastic behavior in
tension is ft = 3.42 MPa (corresponding strain 0.000153). The experimentally determined splitting
tensile strength of concrete is fct,sp = 3.80 MPa (Table 4). The bearing capacity to axial tension was



Appl. Sci. 2020, 10, 8654 13 of 20

determined indirectly through the splitting tensile strength using the relation defined in the European
standards [37]:

fct = 0.90 · fct,sp = 0.90 · 3.80 = 3.42 MPa (3)Appl. Sci. 2020, 10, x FOR PEER REVIEW 14 of 21 
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Figure 10. Concrete damage parameters depending on the inelastic strain: (a) compression dc;
(b) tension dt.

The concrete beam is meshed with solid finite elements C3D8R. An element has 8 nodes (nodes at
the corners of the element), whereby linear interpolation functions are used and the reduced integration
is implemented. The reinforcement mesh element is the finite element T3D2 which represents a member
with two nodes at the ends of the element [41]. Finite elements used for the mesh of concrete beam have
dimensions 12.5 × 12.5 × 40 mm, while the length of the member finite elements of the reinforcement
is 25 mm. With so adopted dimensions of finite elements, B−1 and B−2 models have 17,976 finite
elements and 20,753 nodes, while the B−3 model, has 18,108 finite elements and 20,888 nodes. The only
difference between the models B−1 and B−2 is in the diameter of reinforcement cross section so the
number of finite elements is the same. On the other hand, the model B−3 has additional reinforcement
so the number of finite elements is slightly higher compared to the models B−1 and B−2.

4.2. Boundary Conditions and Load

At 100 mm from the right end of the beam, a fixed support was modeled by constraining the
displacements of the finite element nodes in three orthogonal directions. At 100 mm from the left end
of the beam and at half the length of the beam, movable supports were modeled by constraining the
displacement of the beam nodes perpendicular to the beam axis (direction y of the global coordinate
system). The load is applied to the top surface of the beam at half of the span over an area of
100 × 150 mm. The load intensity is 85 kN in both spans (which gives a total load of 170 kN) in the B−1
model, while in the B−2 and B−3 models it is 100 kN in both spans (which gives a total load of 200 kN).
(Figure 11a).

The bond between the reinforcement and the concrete is modeled by the constraints of the
translational displacements of the finite element nodes so that they correspond to the translational
displacements of the concrete finite element nodes (Embedded elements). In this way, the bond
between the reinforcement and the concrete is modeled as ideal, without slipping (Figure 11b).

4.3. Comparative Analysis of the Results

Since there are currently no specific models incorporated in the design codes to simulate the
behavior of SCC in terms of material modeling, this section presents a comparative analysis of the
results obtained by experimental and numerical research using Abaqus/Standard. The aim of this
comparative analysis was to confirm the adequate choice of finite elements, as well as material models
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of concrete and steel for modeling the behavior of continuous beams. In this way, a valid and verified
numerical model is proposed that can be applied for further parametric analysis of the examined
problem without expensive experimental tests.
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Figure 11. (a) Limit conditions and load; (b) bond of concrete and reinforcement.

Figure 12 show a comparison between the experimental results and the results obtained by the
numerical model, from the aspect of the relationship between loads and deformations of the tested
beams. In general, the load–deflection curves obtained by the numerical model show the same trend
as the experimentally determined curves. It can be concluded that the results obtained by numerical
analysis in terms of ultimate load agree well with the experimentally obtained results.
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Figures 13 and 14 show diagrams of the dependence between loads and strains in tensioned steel
reinforcement and strains in compressed concrete in Section I (section in the middle of the span) and
Section III (section above the middle support). It can be noticed that there is a discrepancy between the
values obtained experimentally and those obtained numerically. One reason for this is the different
stiffness of the experimental and numerical model after the emergence of cracks, which indicates the
need for further research.
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Figure 13. Load vs. microstrain curves in tensioned reinforcement in Section I for: (a) Beam B−1;
(b) Beam B−2; (c) Beam B−3.

During the testing of reinforced SCC, the load–displacement curve is linear and the beam is in the
elastic region up to the load that causes the emergence of the first crack. The load at which the first
crack occurs can be read from the curve as the load at which there is a significant change in the slope of
the curve. The initial crack occurs when the stress occurring in the beam exceeds the rupture modulus
of the beam. This occurs at the point of maximum moment, which in the case of the tested beams is
the cross section above the central support. The linear response of the beam to the appearance of the
first crack is followed by a nonlinear response. It can be said that concrete now “flows”, i.e., exhibits
inelastic properties. Cracks propagate along the height of the beam. Eventually the beam fails. In the
numerical model, the failure load manifests itself as the convergence failure of the model, while in the
experimental model the failure of the beam occurs.

Using proposed model, it is not possible to plot cracks in the Abaqus/Standard software, but it
is possible to display the damage distribution in both tensioned and compressed zones using the
DAMAGET and DAMAGEC functions. The obtained distribution of damage indicates the appearance
of cracks in the beams. Figure 15 shows the distribution of damage of the beams at the time of failure.
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Concrete damage in the numerical model agrees satisfactorily with the map of cracks obtained by
experimental testing (Figure 6).
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5. Conclusions

Experimental testing of three two-span continuous beams made of SCC was done in this research.
The influence of the percentage of reinforcement on the ultimate load capacity and failure mode of
continuous beams made of SCC were analyzed. The numerical model using finite element method and
software package Abaqus/Standard was developed and the procedure of modeling was explained in
detail. Based on all of the above presented, general conclusions can be summarized:

1. Continuous beams made of SCC have a satisfactory load-bearing capacity and stiffness.
2. The examined different percentages of reinforcement show that with the increase of the percentage

of reinforcement, the bearing capacity of the beams also increases (ultimate load is 166 kN, 193 kN
and 197 kN for 0.65%, 0.86% and 0.94% of reinforcement, respectively).

3. As the percentage of reinforcement increases, the width and distribution of cracks in the tensioned
part of the concrete decreases.

4. Increasing the percentage of reinforcement has a negative effect, which is reflected in the fact
that an excessive percentage of reinforcement leads to a more brittle failure of the beam, while
the failure of the beam with a lower percentage of reinforcement is more ductile. In the case of
0.65% and 0.86% of reinforcement after the yield of tensioned reinforcement, deflections increase
significantly with prominent propagation of cracks, which is characteristic of ductile failure.
On the other hand, in the case of 0.94% of reinforcement after the yield of tensioned reinforcement,
deflections increase slightly with crushing of compressed concrete, which is characteristic of brittle
failure. This should be especially taken into account when designing beams in seismically active
areas when one should tend to form plastic joints at the ends of beams, while avoiding heavily
reinforced sections.

5. The proposed numerical model is validated and verified with experimentally obtained results.
The numerically calculated ultimate load differs less than 5% compared to the experimentally
measured values, which can be accepted as a good agreement of the numerical and experimental
results. The proposed numerical model is simple to implement and does not require large
computer resources, and can be applied in further research in this area, while costly and
demanding experimental tests can be avoided.

6. The proposed numerical model cannot fully include crack emergence and stress redistribution
from concrete to reinforcement in the crack zone. In the case of such analyses, it is necessary to
apply material models of failure mechanics.

In further research, the influences of different beam cross-sectional dimensions, different
characteristics of SCC, different spans, as well as the number of spans of continuous beams can
be analyzed, all in order to more precisely determine the load-bearing capacity of continuous beams
made of SCC.
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