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Abstract: In the present study, the mechanical behavior of Fiber-Reinforced Concrete (FRC) beams
was studied under bending until rupture. Each beam was reinforced with a hybrid mix of short
fibers randomly distributed in its volume. Concrete beams with three different fiber combinations
were investigated, namely, beams reinforced with (1) a homogeneously distributed mix of short
polypropylene fibers (PP) and steel fibers, (2) PP fibers and Alkali Resistant Glass (ARG) fibers, and
(3) PP and composite fibers (CF). The amount of short PP fibers was the same in all FRCs. The
investigation focused on the fracture mechanisms and the load-bearing capacity of FRC beams with
the developing macro cracks. In total, 12 FRC composite prismatic specimens were casted and tested
in four-point bending experiments (4PBT). The current load value versus the Crack Mouth Opening
Displacement (CMOD) for all FRCs was analyzed. The crack opening relationship and the influence
of fibers on the fracture energy and flexural tensile strength were determined. Rupture surfaces of all
samples were investigated using an optical microscope.

Keywords: concretes; reinforced concrete; mechanical properties; fibers; electron microscopy

1. Introduction

Concrete is one of the most frequently used building materials in construction through-
out the world; it can be easily moulded into any desired durable structural shape. Rein-
forcement makes concrete stronger with regard to tension and shear; it also helps improve
mechanical properties of the reinforced concrete as compared to the plain concrete [1-4].
Continuous reinforcement added to concrete increases its strength and ductility, but careful
reinforcement placement requires full or partial use of manual labour. Nowadays, rein-
forced concrete is changing; steel in the reinforcing rebars is replaced by various other
materials [5-9]. In many situations, rebars are replaced with short fibers added to the
concrete mix [10-13].

It has been proven that the use of fibers in the plain concrete allows controlling
shrinkage cracking and improves tensile properties of the material [14-18]. In many
situations, introduction of short fibers in the plain or reinforced concrete may offer a better
solution, since FRC may carry significant stresses over a relatively large strain region in
the post-cracking stage (the stage of visual crack formation and growing). Short fibers may
be used as the main or the secondary reinforcement (in combination with rebars), bearing
the bending moments and the shear stresses. Several papers reported on the research
into the properties of the concrete matrix successfully reinforced with various fibers made
of various materials [19-23] and using different methods [24-26]. Fibers can be easily
introduced into the concrete during ingredient mixing. After filling a mould and maturing
of the concrete matrix, fibers act as a reinforcement, increasing the load-bearing capacity of
the FRC. Fibers bridge the cracks, thus reducing and mitigating the crack propagation and
damage effect [27]. In recent years, investigations in the field of composite materials have
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contributed greatly to the improvement of materials” manufacturing technology, reducing
costs and allowing widening their application areas. At the same time, only limited
information about novel composite reinforcement for concrete is available, although the
effectiveness of such reinforcement has been proven experimentally [28].

The main purpose of the paper is to show non-metallic (glass) and composite fibers
potential comparing with well-known and traditionally used metal fibers. Geometry and
mechanical behaviour of such fibers may have some peculiarities. The current research
presents a study of fiber-reinforced concretes with three different mixtures of two types
of fibers with a total volume fraction equal to 1.1%. Concrete with 12-mm polypropylene
fibers (0.1%) and 26-mm steel fibers (1%). Concrete with 12-mm polypropylene fibers
(0.1%) and 24-mm Alkali Resistant Glass fibers (1%), and finally concrete with 12-mm
polypropylene fibers (0.1%) and 24-mm composite fibers (1%). The amount of short, 12-mm
polypropylene fibers in all fiber-reinforced concretes was constant. Such hybrid fibers
mixes were dispersed in the concrete volume during concrete fabrication.

2. Materials
Fibers

Four types of fibers were considered in the present research: steel fibers, ARG fibers,
composite fibers, and polymer fibers (see Table 1 and Figure 1la—c).

Table 1. Properties of fibers according to suppliers” data sheets.

Fiber Tvoe Steel Fibers (SF) Composite Fibers (CF)  Alkali Resistant Glass = Polypropylene Fibers (PP)
M “Krampe Harex” “MiniBars” [29] Fibers (ARG) “Eurofibre MF1217”

Length, mm 26 24 24 12
Volume fraction, % 1.0 1.0 1.0 0.1

Diameter, mm 0.40 0.70 0.008 0.0154

Aspect ratio 65 40 3000 779.22
Density, kg/m3 7800 1900 2500 910
Tensile strength, 1100 1080 2450 220

MPa
Geometry Straight Straight Chopped strand Straight with rectangular

crossection

(b)
Figure 1. (a) ARG fibers; (b) Composite fibers; (c) Steel fibers.

3. Preparation of Samples with the Hybrid Mix of Fibers
3.1. Mixing Concrete with Fibers

The composition of the concrete mix was the same for all three groups of samples. At
the initial stage, all ingredients of the concrete mix were mixed together. Then, polymer
fibers were added to the concrete and, after a few minutes of mixing, the main fibers were
added (glass, composite or steel).
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The mixing process in the experiment was as follows: Coarse, fine aggregates and
cement (all ingredients) were added to a forced mixer and mixed for 3 min. Then, water
with a plasticizer was slowly and evenly added to the mixer and mixing was continued
for 7 min, after which the polypropylene fibers were added and mixing was continued for
another 3 min, after which the main fibers were added (as planned, see Table 1) and mixing
was continued for next 8 min.

As aresult, fibers were distributed (mixing) uniformly throughout the concrete volume
before pouring the FRC into the molds.

Sample sizes: The FRC was placed into the molds and, after maturing of the concrete,
prismatic samples with the sizes of 100 x 100 x 400 mm were obtained. In total, 12 FRC
composite prismatic specimens were casted, four in each group. The concrete beams
reinforced with AR Glass (Vf = 1%) and polymer fibers (Vf = 0.1%) were designated as
Group 1. Beams with composite (Vf = 1%) and polymer fibers (Vf = 0.1%) were designated
as Group 2. Finally, concrete beams reinforced with steel (volume fraction Vf = 1%) and
polymer (Vf = 0.1%) fibers were designated as Group 3. These groups were casted, placed
for curing in water, and, after 28 days, were tested in 4PBT. The role of polypropylene
fibers in all mixes was to arrest small cracks surrounding bigger cracks in the material. In
addition, six samples of concrete without reinforcement were fabricated for testing. The
samples with dimensions of 100 x 100 x 100 mm were prepared in order to determine
compressive strength and the class of the concrete matrix under investigation.

3.2. Materials and Mix Proportions

Selecting raw materials for production of concrete, preference was given to locally
available mineral materials and cement according to EN-206 [30]. Concrete mix proportions
and properties of the ingredients are shown in Table 2. The proportions of the above-
mentioned materials are given as per m3. The total number of fibers in one concrete prism
100 x 100 x 400 mm of the concrete mixes are shown in Table 3.

Table 2. Composition of the designed concrete mix and components used.

Composition Weight, kg/m?
Portland cement CEM I 42.5N (SCHWENK Latvia Ltd., Latvia) 551
Crushed limestone 2/6 mm 700
Quartz Sand 0.4-1.2 mm (Saulkalne, Latvia) 450
Quartz Sand 0-1 mm (Saulkalne, Latvia) 300
Quartz Sand 0-0.4 mm (Saulkalne, Latvia) 100
Silica Fume, grade 920D (Elkem, Norway) 53

Fly Ash (SCHWENK Ltd., Kozienice, Poland) 90

Tap water 200
Superplasticizer “Sikament® 56” (Sika Baltic SIA, Latvia) 9

Table 3. Quantity of fibers.

Steel Composite Alkali Resistant PP
Fibers Fibers Glass Micro-Fibers  Fibers
No. of fibers in one concrete prism 12,248 4333 3.3%107 —

Fly ash (Kozienice, Poland, supplied by Schwenk Latvia Ltd.) was used as a sup-
plementary cementitious material and pozzolanic admixture. The applied fly ash with
the cumulative content of oxides SiO, + Al,O3 + Fe,O was equal to 84.7% thereof. It was
classified as class F fly ash in accordance with ASTM C618 [31]. The basic properties of fly
ash are given in Table 4.
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Table 4. Fly ash chemical composition and general properties, by supplier’s data.

Fly Ash Chemical Composition

Si0, 50.8

Al O3 27.5

Fe,O 6.4

CaO 29

(5102 + A1203 + Fe20) 84.7

Particle size (dgs) 27.2 um

Specific surface 3160
Bulk density 1.05
Particle density 2.05

4. Experimental Setup
4.1. Technological Properties” Tests
Sieve Segregation Test

The test aims to investigate the resistance of High-Performance Concrete (HPC) to
segregation [32] by measuring the portion of the fresh HPC sample passing through a
5-mm sieve. If the HPC has a poor resistance to segregation, the paste can easily pass
through the sieve. Therefore, the sieved portion indicates whether the HPC is stable or not.
This test was conducted for the reference concrete group (without fibers).

The sieved portion (the mass percentage of the sample passing through the sieve) was
calculated using equation 7 presented below and expressed in percent to the nearest 1%.
IT=((Wps — Wp)/Wc) x 100

4.2. Structural Properties” Tests
4.2.1. Compressive Strength (Concrete Cube Test)

In the present research, the Materials Compressive Test was used in accordance with
EN 12390-3 [33]. Standard compressive cube tests using 100 x 100 x 100-mm specimens
were conducted to determine concrete compression strength after 28 days. The Compres-
sive strength of six samples was found, as shown in Figure 2. According to standard
LVS 156-1 [34], the correction factor 0.95 was implemented; thus, the obtained concrete
corresponded to class C70/85.

Compressive strength of Concrete

100

80 —

60 — —

40 —

20 — —

0

1 2 3 4 5 6
OMPa 88.60 91.24 81.95 85.89 85.38 84.09

Figure 2. Compressive strength of concrete at 28 days.

4.2.2. Four-Point Bending Test

Determination of the tensile strength using the direct tensile test for fiber-reinforced
concretes is complicated due to big scatter of results and possible problems with their inter-
pretation; therefore, the tensile strength was determined in the flexural experiments. The
4PBT is the most common test used for evaluating the mechanical and fracture properties
of SFRC in the mode of crack propagation.
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4.2.3. Testing Procedure

The 4PBT was performed after 28 days from the casting moment. The test with a
constant bending moment in the middle part of the beam, applying loads through upper
and lower rollers, was performed using a Controls Automax 5 4PBT testing machine, as
shown in Figure 3. The FRC prisms were marked 50 mm from their ends. Each prism
was inserted into a testing machine following these marks; the lower support points of the
machine were placed on these marks, respectively. A frame with two Linear Displacement
Transducers (LVDT) HBM WA10 on its sides was intended for recording the prism midpoint
deflection during the test. The loading was applied monotonically in 0.25-kN steps for the
period of 60 s in small increments, while the load and deflection were recorded at each
increment. The maximum load was sustained, the deflection values were recorded, and the
flexural strength was obtained. The measurement data from the strength measurements
by using a Spider-8 data acquisition system were processed, synchronized, and saved.
Deflection of the specimen was obtained by considering the values from both sensors and
obtaining the average value. The graphs visualizing the processes in FRC, namely, behavior
of the fibers under bending, were created. The test procedure was carried out for all three
groups of samples in the same manner, as shown in Figure 3. An image of one tested
sample is given in Figure 4. A Load was applied until the specimen broke completely.

i

| 100
) O
[
=
) @
} 300 i
400

Figure 4. Tested FRC sample.

5. Experimental Results and Discussion
5.1. Microscopic Analysis

Upon completion of the testing, the samples were separated into two pieces at the
fracture place; both sides of the rupture were investigated. Rupture surfaces were examined
with the help of a high-resolution digital microscope Keyence WHX 2000. Rupture surfaces
are shown in Figure 5a,b for concrete with ARG fibers, Figure 6a,b for concrete with CF
fibers, and Figure 7a,b for concrete with SF fibers.
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(b)

Figure 5. (a,b) Microscopic view of the rupture surfaces for ARG and short PP fiber in the concrete matrix.

(b)
Figure 6. (a,b) Microscopic view of the rupture surfaces for CF and short PP fiber in the concrete matrix.

)
=
~

(@) (b)

Figure 7. (a,b) Microscopic view of the rupture surfaces for SF and short PP fiber in the concrete matrix.

Considering Figure 5a,b, it may be noticed that ARG fibers were characterized by
the highest aspect ratio and the highest number of micro-fibers in a concrete volume unit
(more than 3.3 x 107 micro-fibers in one prism) between the analyzed variants. ARG
are fabricated as catted monofilament fiber yarns (see Figure 5b). Each yarn consists of
more than 1000 micro-fibers a few microns in diameter. Micro-fibers appeared in the yarns
located close to each other. Figure 5a shows that simple mixing of ARG fiber threads did
not lead to the separation of single fibers from the bundle. The concrete mix penetrated only
the outer part of every ARG fiber yarn: It did not penetrate the inner part of each bundle.
Fibers that were not surrounded by FRC only partially participated in the loadbearing
process. Despite the presence of a large number of fibers (see Table 3), only part of them



Fibers 2022, 10, 11

7 of 11

are participating in crack bridging. The Situation was much worse: The empty internal
part of each ARG fiber yarn, its core, acted as a small crack in the concrete. The pulled-out
core-fibers in the middle part of the yarn, where fibers are not surrounded by a concrete
matrix, may be seen in Figure 5b.

FRC with PP and ARG fibers demonstrated the potential to carry higher applied
loads if more glass micro-fibers were separated from the yarns (bundles), forming glass
macro-fibers. This process was not easy to realize. If the mixing time of the fiber-reinforced
concrete is increased rapidly, the amount of damaged micro-fibers in the mix will also increase.

Concrete did not penetrate each bundle fully: Only the fibers in the outer layer of the
bundle were surrounded by concrete. During the loading, fibers broke and their short tails
pulled out. Each glass fiber had a large aspect ratio; the fiber with high aspect ratio was
not able to pull out and, thus, broke. Figure 6 presents a rupture surface of the concrete
reinforced by PP and short CF fibers. CF fibers behaved like glass fibers, but with a smaller
friction. During macro-crack opening, CF that were bridging the crack flanks started to
pull out; the polymer shell remained in the concrete and basalt fibers pulled out of the
shell matrix. The layer of polymer matrix surrounding them remained in the concrete. The
pulled-out basalt fibers looked like a paintbrush, with a few bristles glued together, as may
be seen in Figure 6. Adhesion between the matrix and the fibers was not high, as in a fiber
polymer shell-concrete matrix pair; here, the viscoelastic behavior of the matrix played
the main role in the pull-out process. An Increase of the material load-bearing capacity
can be obtained by decreasing the amount of polymer matrix in the fiber or by using a
polymer matrix with higher stiffness and adhesion to glass. The non-corrosive nature is an
important property of ARG and CF fibers, which is not inherent in the steel fibers unless
they are properly coated with resin.

The rupture surface in the concrete with polymer and steel fibers is shown in Figure 7.
All SF bridging the flanks of the macro-crack were pulled out. Fibers were deformed
elastoplastically (some fibers became slightly curved).

The used PP fibers had small diameter; some of them are illustrated in Figures 5-7.
The role of PP fibers in all samples was to mitigate formation of micro-cracks around the
fibers of bigger size.

5.2. Bending Test Results

Initially, concrete was analyzed for mixtures’ stability. The Segregation values for
all groups of fiber concrete mixtures were obtained equal to 0. Then, concrete samples’
bending tests were performed. Four samples in each group (with different types of fibers)
were tested for bending. The tensile strength of the plain concrete prisms was 8.12 MPa
(result averaged over four samples). The averaged overall samples in each group’s strain-
deflection curves (vertical deflection in the beam’s midpoint) are shown in Figure 8.

1 T —Grow 1
10 ..... —Group l ]
s NN PO |
£ P ooy |
4 N ooy
g 4 \ T
& 3 \ ..'o-o
| Y AR . Tl T
- | - --q'c=°°"00.-..o‘.o-
0
o 1 2 3 4 5 6 7 8 9 10 11
Deflection, mm

Figure 8. Stress-beam’s midpoint vertical deflection graphs obtained (each averaged over four
samples) for all three groups of samples.
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The graphs for each group indicate the maximum resistance of the samples to the
applied loads. All fibers under study were machine made and these values helped in
comparing the behavior of the fibers in the concrete matrix. The 12-mm PP fibers added in
small concentration (0.1%) played an insignificant role in micro-crack bridging.

6. Discussion

Three stages can be observed in all graphs: (1) the stage of linearly elastic deformation
(in our case it corresponds to the midpoint vertical deflection from 0.01 to 0.2 mm) with-
out visible cracks; only a few fibers crossing the macro-crack started the pull-out process;
(2) the stage of critical load (corresponds to the midpoint vertical deflection from 0.23 to 0.4 mm)
and visual cracks formation; and (3) the stage of quasi-“plastic” beam deformation char-
acterized by intensive pull-out of the fibers crossing the macro-crack (corresponds to the
midpoint vertical deflection from 0.5 to 8 mm or 10 mm) with the transfer of tension
stresses to resistance to crack propagation. At the second stage, the number of micro-cracks
increased. The Micro-cracks formed a network. The density of the micro-cracks in the
network depended on the granulometry of the concrete matrix as well as the sizes and
concentration of the fibers. Initially, the formation of visible cracks occurred in the areas
with the lowest concentration of fibers as well as in the areas with a high amount of less
optimally oriented (i.e., with crossing angle to crack surface from 5 up to 15°) crossing crack
fibers. In reality, fiber distribution in the concrete volume deviated from homogeneous
because, during filling, the construction formwork (mix flowing process) fibers added
to the concrete mix blend were non-homogeneously distributed and unevenly oriented
in the fresh mix concrete volume, which inevitably affected the mechanical properties of
FRC [35-38]. At the same time, not all added fibers participated in the load-bearing process.
The cracking mechanism was governed by the quality and effectiveness of the reinforce-
ment distribution and transfer of the loads along the fibers crossing the macro-cracks. At
the last stage of the loading curve, the tested concrete was under a relatively low level
of stress, and the formation of macro-cracks became non-intensive. The pull-out process
ended with a partial or complete withdrawal of fiber tails from the concrete matrix in the
areas where the friction caused by slipping occurred between the fiber and the concrete
matrix. The obtained results well correlate with the data in the publications developed by
the authors, for example [39-41]. Prisms made from FRC with steel and polymer fibers
demonstrated the highest values of critical load in bending for a small value of crack mouth
opening CMO (0-1.5 mm); CMO correlated with a beam midpoint deflection value. The
pull-out of the fibers from the concrete matrix of the samples was the main micromechanical
mechanism of load bearing at the post-cracking stage. For concretes with PP and ARG
fibers as well as PP and CF fiber-reinforced concretes, the fiber pull-out process occurred
simultaneously with the partial splitting of most macro-fibers bridging the macrocrack,
with simultaneous partial micro-fibers rupture in the bundles, which correlated well with
the results of studies by other authors [42—44]. The samples with glass fibers were tough
and brittle. Pull-out of fibers and bundles was the main micromechanical mechanism
of post-cracking FRC under the applied tensile stress. The outer layer of the macro-fiber
bundle split but remained embedded in the concrete matrix during the first stage of loading;
subsequently, complete fracturing of the bundles occurred with the additional effect of pull-
out of the cores of the bundles. Only external fibers were in contact with the cement paste
in the case of non-splitting and partially splitting bundles. Obtained results well correlated
with data in publications made by other authors, i.e., Mechtcherine, Kononova, or Li [45-47].

In this case, only a relatively low number of fibers increased the tensile strength of
concrete due to the presence of non-connected internal fibers of the bundle caused by the
removal of aqueous solution from the concrete matrix during drying. CF exhibited the
maximum tensile strength, of about 1080 kN/mm?. The tension stress of the fibers in the
composite decreased in the cross-section under applied load due to effects of stretching
and slip-out of the fibers from the epoxy matrix. Samples with SF and ARG fibers exhibited
better mechanical behaviour as compared to 4PBT after 28 days. Fibers remained in the
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matrix of initially cracked concrete; this effect points to one of the main factors responsible
for effective transfer of the applied load, which correlated well with the results of studies
by other authors, for example, [48-52].

7. Conclusions

1. The number of glass micro-fibers in one sample is several thousand times higher
than the number of steel fibers in the sample with steel fibers. At the same time, the
maximal load-bearing capacity of the samples with glass micro-fibers is smaller than that
of the steel fiber-reinforced samples. Simple mixing of ARG fiber threads does not lead to
the separation of single fibers from the bundle. The concrete mix penetrates only the outer
part of every ARG fiber yarn: It does not penetrate the internal part of each bundle. The
fibers not surrounded by an FRC only partially participate in the load-bearing process. The
empty internal part of the ARG fiber yarn, its core, acts as a small crack in the concrete.

2. During the opening of the macro-crack, CF bridging the crack flanks start to pull
out. It happens in the following way: The polymer shell remains in the concrete, and basalt
fibers pull out of the shell matrix. SF bridging the flanks of the macro-crack pull out. The
polymer matrix is not stiff enough and adhesion to the fibers is not sufficiently strong.

3. Steel fiber deforms elastoplastically (some fibers become slightly curved). Plastic
deformation plays an important role in the load-bearing mechanism of a single steel fiber;
at some pull-out stage, it can become more important than friction.
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