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Abstract: The use of steel fiber reinforced concrete (SFRC) in structures with high physical-mechanical
characteristics allows engineers to reduce the weight and costs of the structures, to simplify the
technology of their production, to reduce or completely eliminate the manual labor needed for
reinforcement, at the same time increasing reliability and durability. Commonly accepted technology
is exploiting randomly distributed in the concrete volume fibers with random each fiber orientation.
In structural members subjected to bending, major loads are bearing fibers located close to outer
member surfaces. The majority of fibers are slightly loaded. The aim of the present research is to
create an SFRC construction with non-homogeneously distributed fibers. We prepared layered SFRC
prismatic specimens. Each layer had different amount of short fibers. Specimens were tested by
four point bending till the rupture. Material fracture process was modelled based on the single
fiber pull-out test results. Modelling results were compared with the experimental curves for
beams. Predictions generated by the model were validated by 4PBT of 100 × 100 × 400 mm prisms.
Investigation had shown higher load-bearing capacity of layered concrete plates comparing with plate
having homogeneously distributed the same amount of fibers. This mechanism is strongly dependent
on fiber concentration. A high amount of fibers is leading to new failure mechanisms—pull-out of
FRC blocks and decrease of load-bearing capacity. Fracture surface analysis was realized for broken
prisms with the goal to analyze fracture process and to improve accuracy of the elaborated model.
The general conclusion with regard to modelling results is that the agreement with experimental
data is good, numeric modelling results successfully align with the experimental data. Modelling has
indicated the existence of additional failure processes besides simple fiber pull-out, which could be
expected when fiber concentration exceeds the critical value.

Keywords: concretes; reinforced concrete; mechanical properties; steel fibers; single fiber pull-out;
fibers distribution; modelling; numerical models

1. Introduction

The field of building materials is immense and diverse. In the past decade, develop-
ment and mass production of more efficient materials were among the main engineering
challenges addressed in all industrial areas. Development of new, more efficient materials
is an important task of the 21st century engineering. Nowadays, the building construction
sector is the industrial area consuming the largest amount of materials. Concrete here
is playing an important role. Despite long accumulated experience in using concrete,
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its composition is being constantly improved and optimized, adjusting the mix for the
purpose and objectives of specific applications [1]. A lot of research is done in this area,
for example, in the field of lightweight fillers [2–4]. Impressive progress has been made
in the construction industry since the introduction of the reinforced concrete. In most
reinforced concrete constructions, concrete is strengthened with the bars made of different
materials [5–11]. Plain concrete without additional reinforcement is frangible. Its tensile
strength is low and short fibers, added as reinforcement, are able to improve the situation,
simultaneously strengthening and toughening the material. In the modern construction, a
concrete matrix is successfully reinforced with various fibers, applying various materials
and methods [12–18]. Currently, fiber reinforced concrete (FRC) is increasingly used in
various structural engineering applications.

The role of randomly distributed discontinuous fibers (homogeneous distribution)
is to bridge the flanks of the crack, providing some post-cracking “ductility”. If fibers
are sufficiently strong and sufficiently bonded in the matrix material, the FRC may carry
significant stresses over a relatively large strain region in the post-cracking stage (stage of
visual crack formation and growing) [19–22]. It is believed that in the commercially used
SFRC, fibers are evenly distributed in the concrete matrix volume. At the same time, homo-
geneous fiber distribution in the material volume is not necessary if a structural element
made of SFRC is subjected, for example, to bending. Simultaneously, it should be taken
into consideration that the material called “homogeneous” is not always homogeneous in
reality, because during filling of the construction formwork (mix flowing process), fibers
added to the concrete mix obtain non-homogeneous distribution and orientation in the
fresh concrete volume, which inevitably affects the mechanical properties of FRC [23–28].

In the present research, layered SFRC with different amount of short fibers in plies
were created, experimentally tested and analyzed. Numerical modelling was realized and
modelling results were validated by experimental data. Plies internal geometry leading to
increase of load-bearing capacity were recognized. Concentration of fibers in all specimens
was 60 kg/m3. In the specimens in Group A1, fibers were dispersed throughout the entire
specimen volume, in the specimens in Groups A2–A8, fibers were distributed in layers
with the specified fiber amount in each layer.

Increased local tensile strength compared with the concrete without fibers and the pos-
sibility to obtain “quasi”-plastic material behavior with a plateau in the stress-deformation
curve are the main advantages of the steel fiber reinforced concrete (SFRC) in many en-
gineering applications. A structural model may help gain better understanding of such
processes as energy dissipation in the concrete matrix and fiber pull-out during cracking.
In this research, such model is proposed for SFRC. Single fiber pull-out mechanics is used
as the basis for the model, it is applied for description of experimental 4PBT results of the
SFRC beams. The results of theoretical modelling were compared with the experimental
data. Consideration of the bridging force of each fiber depending on the size of crack open-
ing in the fiber location allows us to perform non-linear analysis of the breaking structure.
The elaborated model can be used for development and analysis of other similar materials.

The issue of weight reduction of concrete structures has recently gained importance
along with the growing demands towards construction materials saving, CO2 reduction
during cement production and further savings related to transportation. These concerns are
not only economical but also environmental, since the concept of sustainable development
is becoming more and more important.

2. Materials and Methods

Non-homogeneously layered SFRC prisms with dimensions of 100 × 100 × 400 mm
were fabricated for the needs of the current investigation. The technology of specimen
design is described in the invention patent of Riga Technical University [29]. Ten identical
prisms of each type of non-homogeneous SFRC were cast.
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2.1. Physical Properties of Steel Fibers

All SFRC specimens were made of the concrete containing commercially available
hooked-ended steel fibers Bekaert, Dramix 3D RC 80/30BP. Fiber properties (supplier’s
data) are given in Table 1. Steel fiber geometry is shown in Figure 1. Aspect ratio is received
dividing fiber length by its diameter.

Table 1. Specification of steel fibers according to supplier’s data.

Fibre Type Length,
Lf, mm

Diameter,
df, mm

Aspect Ratio,
Lf/df

Density,
kg/m3

Modulus of
Elasticity, GPa

Dramix 3D RC
80/30BP

(Bekaert, Belgium)
30 0.38 79 7800 200

Figure 1. Geometry of steel fiber Dramix 3D RC 80/30BP (supplier’s data).

Fibers are protected from corrosion in the alkaline environment of the cementitious
matrix. Fibers do not have chemical bonds with the concrete, except for the acting Van der
Waals forces, and their bond to the matrix can be enhanced by mechanical anchorage or
surface roughness [30].

2.2. Concrete Mix Design and Materials

The concrete mix was designed using the tables and calculations provided in the
standard EN-206. Concrete mix design: Portland cement, locally available crushed stone,
sand (combination of 2 fractions and dolomite powder), pozzolanic admixture—silica
fume, plasticizer and water, see Table 2.

Table 2. Concrete mix composition.

Composition Weight, kg/m3

Broken stone 4/8 mm (Saulkalne, Latvia) 900
Quartz Sand 0.3/2.5 mm (Saulkalne, Latvia) 620
Quartz Sand 0–1 mm (Saulkalne, Latvia) 120
Dolomite flour (Saulkalne, Latvia) 75
Portland cement CEM I 42.5N (SCHWENK Latvia Ltd., Latvia) 380
Silica Fume, grade 971U (Elkem, Norway) 25
Tap water, H2O 170
Superplasticizer “Sikament 190” (Sika Baltic SIA, Latvia) 4
Fibers, steel 3D Dramix RC 80/30BP (Bekaert, Belgium) 60 (for all specimens A1–A8)

Samples for compression tests and determination of the concrete strength, as well as
for the pull-out tests and 4PBTs, were prepared in accordance with LVS EN 12390-2: 2009,
i.e., the formwork was removed after 48 h of curing at 20 ± 2 ◦C and 95% air humidity. The
specimens were then cured by immersion in water at room temperature. Specimens were
removed from water 24 h prior to testing, dried and tested at 28 days of age.

2.3. Preparation of Pull-Out Specimens

The pull-out tests on single steel fibers were performed using cured concrete speci-
mens. A mould with two identical parts was used for each tested steel fiber. The size of
one part is 50 × 50 × 30 mm (length × width × depth). A 0.5 mm thick separating film
was places between the two parts of the mould, the moulds were oiled with the mould oil.
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Figure 2 shows configuration of the pull-out test, where L/2—a half of the fiber length
immersed in the matrix, α is fiber angle with regard to direction of the load applied in the
pull-out test. For future numerical modelling (see this article chapter 4.4) α in experiments
was equal to 90◦. In order to prevent the fiber from being displaced when a concrete matrix
is poured, the specimens (see Figure 3) were made according to the following procedure:

Step 1—one part of the mould was filled with concrete and after that L/2 of the fiber
was immersed in the concrete oriented right to the vertical axis of the mould (direction of
the pulling out force).

Step 2—after 24 h, the second part of the concrete matrix was filled and the oriented
fiber did not change orientation, since the concrete in the first part of the matrix had hard-
ened. The device shown in Figure 3 was used to cast 7 pull-out specimens simultaneously.
One day later, the specimens were removed from the moulds and placed for hardening in
the water bath at a constant temperature of 20 ◦C in accordance with LVS EN 12390-2: 2019.

Figure 2. Single fiber pull-out test specimen scheme.

Figure 3. Step 1, preparation of pull-out samples.

2.4. Specimens’ Preparation for Compressive Strength Testing and Curing Conditions

In order to carry out compression tests and determine the concrete strength, the
specimens were prepared in the formwork with dimensions of 100 × 100 × 100 mm. The
cubes were prepared according to similar concrete matrix mix design.
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2.5. Specimen Preparation, Fiber Distribution and Concentration in the Layers of SFRC Prisms

Samples for 4PBT were prepared in the formworks with dimensions of 100 × 100 ×
400 mm. Eight specimens of every type were cast with dimensions of 100 × 100 × 400 mm.
Group A1—concrete samples with randomly (location and orientation) distributed fibers—
consisted of SFRC with fibers added to the concrete at the stage of ingredients mixing–
traditionally prepared SFRC. The formworks were filled with the SFRC, these prisms were
used as a reference. It’s worth mentioning—the total amount of fibers was the same in all
eight groups of specimens. The difference between groups was in the fibers’ distribution in
the concrete volume. For specimens in Groups A2–A8, fibers were distributed in layers
with various fiber concentrations and random 2D orientation. The height of each layer of
SFRC reached 25 mm, while the length of the fibers was 30 mm.

A tool for fibers pressing consists of a set of steel disks. Discs were mounted on a
shaft. Using discs as a “wheels” device was rolled over fibers along the formwork along
the whole length of the prism according to the text of the RTU Latvian invention patent
LV14257 [29]. Fiber distribution and concentration in the SFRC layers are given in Table 3.
Specimens A2–A8 are essentially layered prisms.

Table 3. SF distribution and concentration in the SFRC layer kg/m3.

Group No. SF Concentration in Concrete Layers of the Specimen
(From the Bottom up)

A1 100 mm × 100 mm—60 kg/m3

A2
1 layer (from the bottom) 25 mm × 100 mm—120 kg/m3

2 layer (from the bottom) 50 mm × 100 mm—concrete without SF
3 layer (from the bottom) 25 mm × 100 mm—120 kg/m3

A3
1 layer (from the bottom) 30 mm × 100 mm—concrete without SF

2 layer (from the bottom) 25 mm × 100 mm—240 kg/m3

3 layer (from the bottom) 45 mm × 100 mm—concrete without SF

A4
1 layer (from the bottom) 25 mm × 100 mm—160 kg/m3

2 layer (from the bottom) 25 mm × 100 mm—80 kg/m3

3 layer (from the bottom) 50 mm × 100 mm—concrete without SF

A5

1 layer (from the bottom) 25 mm × 100 mm—120 kg/m3

2 layer (from the bottom) 25 mm × 100 mm—concrete without SF
3 layer (from the bottom) 25 mm × 100 mm—120 kg/m3

4 layer (from the bottom) 25 mm × 100 mm—concrete without SF

A6 1 layer (from the bottom) 50 mm × 100 mm—120 kg/m3

2 layer (from the bottom) 50 mm × 100 mm—concrete without SF

A7

1 layer (from the bottom) 25 mm × 100 mm—80 kg/m3

2 layer (from the bottom) 25 mm × 100 mm—80 kg/m3

3 layer (from the bottom) 25 mm × 100 mm—80 kg/m3

4 layer (from the bottom) 25 mm × 100 mm—concrete without SF

A8 1 layer (from the bottom) 25 mm × 100 mm—240 kg/m3

2 layer (from the bottom) 75 mm × 100 mm—concrete without SF

Following the specification, each group specimens were made filling the moulds by
a concrete forming the current layer. On the top of the created ply was uniformly added
necessary amount of fibers. Then fibers were gently pressed into the body of the last layer
(see Figures 4–11).

Fibers were added to the concrete mix into the mixer and were mixed. Fibers obtained
random distribution and orientation; at the same time, it was accepted that this distribution
is uniform in volume and according to orientation. The specimen prepared using the
classical method with fiber concentration of 60 kg/m3 corresponds to group A1; it is shown
in Figure 4.
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Figure 4. Sample with homogeneous fibers distribution in the volume (Group A1).

Group A2
1. The concrete layer, having thickness 25 mm, was created at the bottom of the

formwork. One half of the total amount of fibers (60 kg/m3) was evenly distributed on the
upper surface of the layer and was stamped into the layer on whole its depth;

2. Second layer was 50 mm thick. Layer was without fibers;
3. Finally, the concrete layer 25 mm thick was added. It was SFRC layer with second

half of the total amount of fibers (60 kg/m3), see Figure 5.

Figure 5. Fiber distribution in the prism of Group A2.

Group A3
1. 30 mm thick plain concrete ply was created at the bottom of the mold;
2. Then the layer with fibers, 25 mm thick, was added. The amount of fibers in the

layer corresponded to total averaged over the prism volume fibers concentration equal to
60 kg/m3;

3. Next layer—45 mm thick, was without fibers, see Figure 6.
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Figure 6. Fiber distribution in the prism of Group A3.

Group A4
1. The mould was filled with concrete to the height of 25 mm, then 2/3 of the total

amount of fibers (60 kg/m3) was uniformly distributed on the surface of the concrete in
the formwork, then pressed and distributed in the concrete layer to the depth of 25 mm;

2. The mould was filled with the next concrete layer to the height of 25 mm and 1/3
of the total amount of fibers (60 kg/m3) was pressed into the concrete filling to the whole
depth of the concrete layer—25 mm;

3. 50 mm of concrete without fibers was added to the formwork, see Figure 7.

Figure 7. Fiber distribution in the prism of Group A4.

Group A5
1. The mould was filled with concrete to the height of 25 mm, then 1/2 of the total

amount of fibers (60 kg/m3) was uniformly distributed on the surface of the concrete in
the formwork and pressed into concrete to the whole depth of the concrete layer of 25 mm;

2. 25 mm of the concrete without fibers were added into the formwork;
3. The next concrete layer of 25 mm was added and 1/2 of the total amount of fibers

was distributed on its surface and pressed into the concrete to the whole depth of the
concrete layer of 25 mm;

4. 25 mm of concrete without fibers was added to the formwork, see Figure 8.
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Figure 8. Fiber distribution in the prism of Group A5.

Group A6
1. The mould was filled with concrete to the height of 25 mm, then 1/2 of the total

amount of fibers (60 kg/m3) was uniformly distributed on the surface of the concrete in the
formwork and pressed into the concrete to the whole depth of the concrete layer of 25 mm;

2. The mould was filled with concrete to the height of 50 mm, then 1/2 of the total
amount of fibers was uniformly distributed on the surface of the concrete in the formwork
and pressed into the concrete to the depth of the second concrete layer of 25 mm;

3. 50 mm of concrete without fibers was added to the formwork, see Figure 9.

Figure 9. Fiber distribution in the prism of Group A6.

Group A7
1. The mould was filled with concrete to the height of 25 mm, then 1/3 of the total

amount of fibers (60 kg/m3) was uniformly distributed on the surface of the concrete in
the formwork and pressed into concrete to the whole depth of the concrete layer of 25 mm;

2. The mould was filled with concrete to the height of 50 mm, then 1/3 of the total
amount of fibers was distributed on the surface of the concrete in the formwork and pressed
into the concrete to the depth of 25 mm of the last added concrete layer;
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3. The mould was filled with concrete to the height of 75 mm, then 1/3 of the total
amount of fibers was distributed on the surface of the concrete in the formwork and pressed
into the concrete to the depth of 25 mm of the last added concrete layer;

4. 25 mm of concrete without fibers was added to the formwork, see Figure 10.

Figure 10. Fiber distribution in the prism of Group A7.

Group A8
1. The mould was filled with concrete to the height of 25 mm, then the total amount of

fibers (60 kg/m3) was uniformly distributed on the surface of the concrete in the formwork
and pressed into concrete to the whole depth of the concrete layer of 25 mm;

2. 75 mm of concrete without fibers was added to the formwork, see Figure 11.

Figure 11. Fiber distribution in the prism of Group A8.

3. Mechanical Testing Methods
3.1. Description of Specimen Testing

After 28 days after their fabrication, the specimens were tested for fiber pull-out from
the concrete matrix. Two parallel strips were glued on each concrete part of the specimen
(Figure 12a) at an angle of 3 degrees and placed into testing machine grips. The video
extensometer recorded the movement of the two glued strips (i.e., displacement of the steel
fiber from the concrete matrix) (Figure 12b).
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Test machine Zwick Roell Z150 (see Figure 12b) was used to determine the fiber pull-
out force and the video extensometer Messphysik fixed the retractable fiber length. The
pull-out was tested at the grip speed of 5 mm per minute.

Figure 12. (a) Pull-out sample; (b) Single steel fiber pull-out testing process.

3.2. Mechanical Testing. 4PBT Procedure

The setup scheme is shown in Figure 13. Verification of mechanical properties was
carried out by 4PBT method using Controls Automax 5 loading machine. A frame with
two HBM WA20 Linear Variable Displacement Transducers (LVDT) on its sides was used
for recording the deformations in prisms during the tests.

Figure 13. Four-point bending test scheme for testing of SFRC beams.

Load was applied in 0.25 kN steps for the period of 60 s. Deflection of the specimen
was obtained by considering and summarizing the values from both sensors and obtaining
the average value. The graphs visualizing the processes in SFRC, namely, behavior of the
prisms with fibers under bending, were created. The load was applied until complete
destruction of the specimens.
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4. Experimental Results and Discussion
4.1. Fibers Pull-Out Process. Experimental Results

Figure 14 displays the process of pull-out of seven Dramix RC 80/30BP steel fibers
from the concrete matrix and indicates the average values of the peak pull-out load.
Four characteristic stages of the fiber pull-out process can be observed. At the first stage,
at the load up of to 30 N, the fiber is getting deformed in the matrix without any pull-out.
At the second stage, at the load of from 30 N to 150 N, the fiber starts to slide. Pulling out
length is small (<1.6 mm); this is due to the fact that the fiber is bended at the ends—it has
an anchor (the length of the anchor is 5 mm on each side of the fiber), which, being subjected
to the bending stresses, resists when pulled out. At this stage, the greatest (maximum) load
is obtained. When pull-out is up to ≈1.6 mm, the load reaches the average maximum value
of 152.7 N. The distance 1.6 mm is the length at two bends of the anchor (see Figure 1). At
the third stage, at the pull-out of from 1.6 mm to 5 mm, the fiber exhibits an intense decline
in the applied pull-out force. When the length of the pulled-out fiber is up to 5 mm, the
anchor part is pulled out of the matrix channel with friction. At these moments, the fiber
is aligned (plastically deformed) [31–33]. At the fourth stage, the remaining fiber tail is
pulled out. From 5 mm to 15 mm, the fiber is pulled out of the matrix channel with the
decreasing force (Figure 14).

Figure 14. Fiber pull-out from the concrete matrix.

During the entire pull-out of the fibers, the jumps in the force value may be observed.
This may be explained by the fact that spalling micro-particles of the concrete matrix are
pulled with friction forming plugs [34,35]. We accepted that, fiber pull-out is the main
crack opening mechanism that determines cracked prism load bearing at active cracking
stage. In SFRC materials, SF and concrete matrix are bonded together through a weak
interface. The study of this interfacial behavior is very important for understanding the
mechanical behavior of SFRC. From a mechanical point of view, SF in FRC contribute to
the increased tensile strength as well as prevent cracking and give certain quasi-plasticity
to otherwise brittle concrete. By increasing the load, the crack opens and short SF carry the
stresses over it. Due to the relatively weak bonding between concrete and surface of the SF
(only Van der Waals bonds are formed), as well as due to the limited l/d ratio characteristic
of almost all commercially available fibers, fiber rupture can be rarely observed. These
results demonstrate that the pull-out response of the hooked fibers at the given embedded
length is predominantly influenced by the mobilization and straightening of the hooks; the
fibers are also pulled with friction, which is in accordance with the findings by published
other authors. [36–38].

4.2. Testing Compressive Strength of the Specimens

Cubes of each specific type of concrete matrix were prepared. Material properties
in compression test procedures for determination of the strength of a concrete cube can
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be determined both by non-destructive methods [39–41] and by the classical destructive
method in accordance with EN 12390-3. Standard compression tests of a cube in accordance
with EN 12390-3 were carried out to determine the compressive strength of concrete using
a Controls Automax 5 testing machine. Eight cube specimens were tested at the age of
28 days. It was determined that the compressive strength of concrete cubes without fibers
corresponds to the concrete strength class C55/67 according to EN 206. The measured
density of SFRC specimens was 2300 kg/m3.

4.3. Mechanical 4PBT Results

Chaotically distributed fibers in the volume are used with the goal to resist micro-
cracks formation, and their future propagation. In SFRCs having relatively not high fibers
concentrations, main advantage is coming with adding fibers is realized after matrix
cracking has occurred. Fibers crossing the crack are bridging its flanks, mitigating the crack
opening process and growth. After the 4PB Test and based on their results, the average
graphs were drawn. Average strength-deflection values were plotted using the MATLAB
software. The graphs shown in Figures 15–22 illustrate the test results for the eight groups,
respectively. Loading was until the macro-crack opening was reached 10–13 mm.

Figure 15. Load—sample center vertical deflection graphs for the specimens in the reference
Group A1.

In the Figure 15 are shown experimentally obtained diagrams for specimens forming
the Group A1. Along the vertical axis applied bending force is shown. Horizontal axis
corresponds to each prism’s central point vertical deflection value. Both the experimental
curve of each specimen as well as the average value curve are shown. At each curve we
can recognize three stages. First stage is linear elastic deflection (corresponds to deflection
under 0.01 mm). At this stage, SFRC prisms become deformed without visible crack
openings. Fibers in the concrete are not fully loaded and do not bear significant additional
load. Second stage begins with the deviation of the curve from the straight line and
terminates with reaching the maximum value on the curve (with middle point deflection
of the prisms reaching 0.75 mm–1 mm).
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Figure 16. Load—sample center vertical deflection graphs for the specimens in Group A2.

Figure 17. Load—sample center vertical deflection graphs for the specimens in Group A3.

Figure 18. Load—sample center vertical deflection graphs for the specimens in Group A4.

At this stage, micro-cracks in the concrete grow and link, forming a macro-crack
network. The macro-cracks are formed perpendicularly to the longitudinal axis of the
prism (traditionally). Density of the macro-crack network depends on the specimen’s
geometry, size of the fibers, and their amount. The fibers crossing the macro-cracks begin
to bear load, while cracks are still invisible on the outer surface of the specimen.
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Figure 19. Load—sample center vertical deflection graphs for the specimens in Group A5.

Figure 20. Load—sample center vertical deflection graphs for the specimens in Group A6.

Figure 21. Load—sample center vertical deflection graphs for the specimens in Group A7.

The cracks with the lowest load carrying capacity, the ones with the lowest amount of
fibers crossing the macro-crack, or the crack with the crossing fibers located and oriented
in a less optimal way, start to open. They proceed in the following way: fibers bearing the
load detach from the concrete and start pulling out from one or both sides. Individual load
carrying capacity of a single fiber depends on its orientation towards the crack plane and
how far it is extracted.
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Figure 22. Load—sample center vertical deflection graphs for the specimens in Group A8.

Experimental observation of the micromechanics of fiber pull-out showed that the
maximum load carrying capacity of a single fiber depends on its orientation towards
direction of pulling out force and how much the fiber has been pulled out. Another factor
is fiber declination angle to the direction of the pull-out force. Observations showed that
the current value of the pull-out force decreases proportionally to the size of the crack
opening; all these factors are confirmed, for example, by the following studies [42–44].

Experimental average curves for all eight groups are given in Figure 23. As it can be
observed, Group A8 reaches the highest load carrying capacity during the initial stage
of crack opening (crack opening 0–3.5 mm) due to the highest concentration of fibers
compared to other groups in the lower part of the prism, which bears the maximum
tensile load (see Figure 24). Similar situation can be observed performing numerical
simulations, see Figures 25–32. As it can be concluded analyzing the obtained graphs,
Group A1 (reference specimens) reaches lower average load carrying capacity compared
to the specimens with non-homogeneous distribution of fibers. Similar tendencies can be
observed studying the diagrams of average results of the specimens—the maximal load
carrying capacity is reached with deflection of prisms 0.75 mm–1 mm, which correlates
with the crack opening size.

Figure 23. Average 4PBT experimental result curves of all specimen groups.

The situation changes at the stage when the crack opens to 2.5–5.5 mm. High local
concentration of fibers in a relatively thin layer leads to additional cracking in this area
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and immediate decrease of the load bearing capacity (samples in Group 8 carry lower load
compared with Group 1).

After analysis of the results and the obtained information it can be stated with certainty
that using the latest SFRC technologies—dividing fibers in certain layers—it is possible
to reach the desired effect; in other words, fiber distribution has a significant impact on
the tensile strength of the SFRC. Also, after laboratory experiments with non-homogenous
SFRC including testing of the specimens as well as analysis and comparison of the results,
considering that equal amount of SF was used in 1 m3 of the concrete mix, the prisms with
non-homogeneous fiber distribution, which demonstrate the highest load bearing capacity,
were received by distribution of fibers.

It can be seen that SF can increase the bending resistance of the concrete structural
element, when SF are distributed optimally.

The following conclusions can be drawn based on the results of this research. The
presence and distribution of SF significantly improve the post-peak behavior, namely, the
flexural tensile strength of the SFRC.

The adopted technological method of fiber distribution reached higher values of
flexural strength for the SFRC comparing with homogenous fiber distribution in the volume
of the beam according to the results of the flexural testing of the layered specimens. Non-
homogenous fiber distribution also shows a positive effect, which differs from the result
that could be expected—at the identical values of the flexural strength, the consumption
of fibers will be lower for the SFRC with non-homogenous fiber distribution. Using this
technology, it is possible to build SFRC structures with improved structure and better
physical and mechanical properties.

Bending structures have highly heterogeneous stress fields ranging from the maximum
tensile stress in the tensile zone to the maximum compression stress in the compression
zone and being zero near the neutral axis, see Figure 24. For most of the statically loaded
reinforced concrete structures trajectories of the main tensile stresses are easily determinable
and known in advance. It is useful to incorporate SF in the tensile zone of the structure with
the maximum tensile stresses. Therefore, with the same amount of fibers in homogenous
and non-homogenous SFRC, it is possible to obtain better flexural strength results of the
building element.

Figure 24. Distribution of stresses in the bended SFRC beam: (a) without crack; (b) with a macro-crack in the concrete with
homogeneously distributed fibers (Group 1); (c) with a macro-crack and one layer with fibers (Group 8).

Significantly higher flexural strength of the non-homogenous SFRC was confirmed
with the results of the bending test of the respective specimens, see Figure 23.
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4.4. Numerical Modelling of SFRC Cracking Process

In the course of research, a model suitable for estimating the load-bearing capacity
of bended SFRC structures with non-homogeneous fiber distribution in them has been
developed. It is based on the observation that the load-bearing capacity of FRC elements is
directly linked to the fiber pull-out resistance.

Computer modelling was performed using a numerical model MATLAB. The struc-
tural model of the opening of the macro-cracks in the prisms was developed using the
previous modelling experience [45,46] and the results of testing of the micromechanics of
the fiber pulling obtained in this study. The mechanical behavior of SFRC depends on the
amount, orientation and the spatial distribution of the fibers, and geometry of the particular
fiber, as well as design of the concrete matrix mix and the way concrete mix is placed into
the formwork [47–52]. Fiber concentrations in the specimens and every particular layer of
the specimen are given in Table 3.

FRC failure in 4PBT was simulated using a simple statistical model based on the
average pull-out curve for a given fiber. After receiving the pull-out, the curve was
appropriately processed. The fact is that during the experiment, at the initial stage, the
so-called “play in the grips” occurred—when pulling the fiber from the concrete matrix,
the fiber gradually selected the gaps available in the fiber—matrix-grips system. Thus, the
initial pull-out curve was trimmed and shifted relative to the abscissa axis, and a portion
of the pull-out curve with a pronounced nonlinearity was used for modelling, as shown in
Figure 25. This kind of “trimming” allows for correct localization of the peak of the 4PBT
fracture curve.

Figure 25. Real and edited pull-out curves.

During the modeling, a number of assumptions were made, and one of them is
that fibers in the fiber-reinforced concrete are evenly distributed. First of all, the amount
of fiber in the concrete matrix was determined. The number of kilograms of fiber per
1 m3 was specified. Knowing the density of the fiber material, the diameter and the
reduced (straightened) length of the fiber, the amount of fiber in 1 m3 of concrete was
determined, and then calculated proportionally for a concrete prism with dimension
100 × 100 × 400 mm.

Next, it was determined how many centers of gravity of the fibers were located in the
elementary volume—the coefficient of fiber concentration k: e = 1 mm (along the length of
the sample) × h = 5 mm (along the height of the sample) × 100 mm (along the depth of the
sample), as shown in Figure 26. The resulting coefficient k was multiplied by an additional
coefficient 2/3, since not all fibers in the sample were located strictly horizontally and
perpendicular to the crack surface.
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Figure 26. Crack geometry.

The results were processed in 3 nested loops.
The outer loop—by z dimension—represented mouth opening displacement. Changes

from zero with the step of 0.1 mm to the maximum mouth opening displacement were
fixed during the experiment until the sample was completely destroyed.

The middle loop—along c dimension—represented the distance from the fiber center of
gravity to the crack plane. The middle loop makes it possible to consider in the calculation
not only the fibers that lie directly in the plane of the crack, but also the fibers, whose
centers of gravity are at a certain distance. c changes with step e = 0.5 mm to L/2-e, where
L is the fiber length.

The inner loop—along y dimension—is the crack height, y varies from 0 to 0.8 H,
where H is the sample height, with a step h = 0.5 mm, where h is the height of the elementary
volume. As a result of experimental studies, it was found that the crack height at 4-point
bending of a concrete sample was usually 0.8 of the total sample heights. The value of b
was calculated inside the inner loop, that is, a full iteration of all variables z, c, and y was
performed. b value was calculated using the Formula (1):

b = y × z/0.8 × H, (1)

For each value b, the corresponding value Ppo (force from pull-out curve) was selected
from the pull-out curve. The bending moment in the crack M was determined by the
Formula (2):

M = 2 × k × Ppo (y − 0.5 × h), (2)

Thus, the bending moment M depends on the fiber concentration coefficient k and the
fiber localization in the crack. Coefficient 2 was used because in the previous calculation
only one crack edge was considered. Further, the bending moment was recalculated into
force P, which was applied in 4PBT of the sample, see Formula (3):

P = 2 × M/100, (3)

4.5. SFRC Prisms Numerical Modelling Results

A model suitable for estimating the load-bearing capacity of the SFRC beam subjected
to bending was developed.

Load bearing—vertical deflection at the center of the prisms of the specimens of
Groups A1–A8 are shown in Figures 27–34. Experimentally obtained averaged curves were
validated by the results of the numerical simulation for the prisms with fibers distributed
in the cross-section of each prism according to the rules mentioned in Table 3.
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Figure 27. Experimental and modelling graphs for Group A1.

The modelling results are quite well approximating by the experimental data at
first, second and third loading stages for samples in groups A1, A2, A5 and A7. Bad
approximation at second stage is for specimens in groups A4, A6, A8. Judging from
modelling results presented in Figures 30, 32 and 34, the agreement with experimental data
depends on the fiber fraction in the mix.

Figure 28. Experimental and modelling graphs for Group A2.

Figure 29. Experimental and modelling graphs for Group A3.
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Figure 30. Experimental and modelling graphs for Group A4.

High local concentration of fibers in relatively thin layer leads to additional cracking
in this area and, as was mentioned earlier, immediate decrease of the load bearing capacity
(not included in the model). A possible reason for the deviation from the experimental data
could also be that fiber orientation in the layers is contrary to modelling assumptions about
random distribution across the volume and random distribution of orientation angles.

Figure 31. Experimental and modelling graphs for Group A5.

Figure 32. Experimental and modelling graphs for Group A6.
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Figure 33. Experimental and modelling graphs for Group A7.

At the third stage, modelling results show higher load carrying capacity for the speci-
mens compared to the ones obtained experimentally. The difference grows proportionally
to the size of crack opening. It can be explained by the homogenous distribution of the
fibers in the model in contrast to non-homogenous distribution in reality. Specimens in
Group A8 in the experiment and simulation showed the best result, because the concen-
tration of fibers in the bottom part of the prism was four times higher compared with the
reference prism in Groups A1.

It can be concluded that the modelling results are consistent with the experimental data
with regard to the pull-out power and displacement relation. Some critical concentration
of fibers exists, dependent on the fiber type, length, concrete strength, and granulometry.
When this concentration is exceeded, fibers start to “communicate” among themselves in
the cracking processes, which leads to rapid decrease of the load-bearing capacity. The
created model can be used practically in the numeric model for estimating the load-bearing
capacity in the cracking and predicting the crack opening stage of the homogenous SFRC
elements and SFRC elements with fiber distribution. Also, it has been proven that the
numeric modelling accurately describes the load-bearing capacity of non-homogenous
SFRC in the cracking stage.

Figure 34. Experimental and modelling graphs for Group A8.

5. Conclusions

This study is presenting performed analysis of different types of fiber-concrete beams
with layered fiber distribution in the concrete beam volume. The following conclusions
were drawn from the obtained results.

According to the experimental testing results, the specimens in Group A8, A4, and
A7 reached the highest load carrying capacity during crack opening stage, as they had
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the highest concentration of fibers in the section of the prisms experiencing the maximum
tensile load. The specimens in Group A1 showed lower average load carrying capacity
during crack forming stage compared to the specimens with non-homogeneous fiber
distribution. Fiber reinforcement can significantly increase the bending and shear resistance
of concrete structural element, when steel fibers are working optimally. Specimens showed
typical tri-linear variation in their load-deflection, load-crack mouth opening and load-
crack tip opening displacement curves under flexure. There is some critical concentration of
fibers dependent on the fiber type, length, concrete strength and granulometry, exceeding
which the fibers start to “communicate” in the cracking processes, leading to the rapid
decrease of load-bearing capacity.

Detailed numerical model has been elaborated. Modelling results allowed recognize
the change of the failure mechanism along with the fiber content increase in the SFRC layers.

The general conclusion with regard to modelling results is that the agreement with ex-
perimental data is good; numeric modelling results successfully align with the experimental
data. Modelling has indicated the existence of additional failure processes besides simple
fiber pull-out, which could be expected when fiber concentration exceeds the critical value.

The validated method for creating non-homogeneous FRC consists in the metered
incorporation of fibers into any layer of the construction. This technology allows changing
fundamentally the use of SFRC, since it is possible either to reduce fiber consumption in
general or to ensure higher load-bearing capacity of constructions, to reduce construction
volume, weight, and building expenses at the usual volume of fiber consumption.
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