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Abstract: Sprayed fiber-reinforced concrete is used in construction for the execution and repair of
reinforced concrete elements. It is believed that the addition of steel fibers is most effective, due
to their parameters and low costs. Some researchers, however, suggest that the addition of steel
fibers can contribute to the initiation of corrosion of the main reinforcement. In consideration of the
differences of opinion on the corrosion resistance of sprayed fiber-reinforced concrete, it has become
necessary to analyze this issue. The article presents comparative studies of corrosion assessments of
the main reinforcement in specimens made of ordinary concrete and concrete with steel fibers. The
tests were performed using a semi non-destructive galvanostatic pulse method, which allows location
of the areas of corrosion and estimation of the reinforcement corrosion activity. In order to initiate the
corrosion processes the specimens were subjected to freezing cycles in NaCl solution. In addition, the
shrinkage and compressive strength of specimens were measured, and the observation of specimen
structure under a scanning microscope was performed. It was found that galvanostatic pulse method
allowed estimation of the reinforcement corrosion progress. The corrosion of the main reinforcement
in steel fiber reinforced concrete specimens was less advanced than in the specimens without fibers.

Keywords: steel fiber reinforced concrete; shotcrete; reinforcement corrosion; simultaneous action
of chlorides and frost; semi non-destructive galvanostatic pulse method; shrinkage measurement;
compressive strength test; scanning microscopy; EDS analysis

1. Introduction

Sprayed concrete (shotcrete) [1-3] is frequently used as a filling material, a protective and finishing
material for repairs of civil engineering structures and industrial structures (mainly in concrete cover and
to protect steel against corrosion), or in the reconstruction of damaged historic buildings, particularly
in the case of limited or difficult access [3-7]. Repairs with sprayed concrete can be performed by
casting the concrete mix onto thin-wired steel meshes placed on the surfaces of the repaired elements
(this usually requires casting two layers of shotcrete), or by using fiber-reinforced concrete (FRC),
i.e., concrete with dispersed reinforcement in the form of various fibers, which eliminates the need
for meshes [2,3,8,9]. Using fiber-reinforced concrete is usually more efficient and economical (the
material consumption is lower, as is the loss of material) than the conventional method based on
steel meshes and shotcrete. Furthermore, concrete with dispersed reinforcement is a “quasi-plastic”
and “quasi-uniform” material, with better adhesion, stress—strain behavior and tightness, and higher
early strength [6,10-15]. Randomly dispersed fibers in the concrete mix reduce the concentration of
stress, and thus, the cracking [6,13]. For this reason, FRC has found application as sprayed concrete in
repairs of structures which are particularly exposed to aggressive environments, e.g., bridges, tunnels,
overpasses, parking lots, thin-walled elements (reservoirs and basins), weirs, retaining walls, elements
under dynamic loads, concrete surfaces, or industrial flooring [14,16,17]. The high early strength
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of FRC is especially useful in the repairs of structures which are in use, since it allows work to be
performed without disusing them [3,6,14]. For dispersed reinforcement, various types of fibers can be
used, such as steel, synthetic (polypropylene, polyester, polyacrylonitrile), glass, carbon, basalt, or even
organic. A summary of the basic parameters for selected types of fibers is provided in Table 1 [18].

Table 1. Parameters of various fibers used for concrete reinforcement [18].

Parameter. Steel Fibers Polymer Fibers  Basalt Fibers Glass Fibers
Density t/mm?3 7.8 09-1.4 1.7-2.65 1.8-2.6
Length mm 25-60 6-54 24-54 4-40
Diameter mm 0.4-1.1 0.012-0.038 0.012-0.018 0.013-0.02
Young’s modulus GPa 190-210 35-40 70-90 25-60
Tensile strength MPa 550-1100 480-1320 700-1680 410-1180
Break elongation % - 2.0-4.0 0.5-1.6 3.7-4.5
Corrosion resistance - No Yes Yes No
. . . ° very high; low; very high; ood;
Fire resistance rating C up 0 1600 up to 160 up 0 1650 %00
Working °C ~50-+300 ~20-+120 ~260—+750 ~100-+400
temperature
Hardness Mosh scale 9 1-3 8.5 5-7
Fiber content % 0.25-3.0 0.5-2.0 - -
Adhesion to concrete - very good weak very good good

The addition of fibers does not affect the method of application and curing of the concrete mix.
The only difficulty might be the reduced workability of the concrete mix if steel fibers are used. In
such cases, workability can be improved by adding appropriate plasticizers and super plasticizers,
and using fine-fraction aggregates with the particle diameter not exceeding 1/2 of the fiber length for
hooked-end steel fibers, or 1/3 of the length of smooth fibers [3,6,8,9,14]. Usually, a 8/16 mm aggregate
is used. The water/cement ratio should not be higher than 0.45.

Steel fibers are among the most frequently used for concrete reinforcement, owing their popularity
to both efficiency and relatively low cost. Steel fibers for concrete reinforcement are supplied
in various shapes and sizes (Figure 1). The fiber content in a concrete mix usually ranges from
0.25-2% vol. per 1 m?, although some authors have provided a broader range up to 3.0% [10,13,18].
Adding less than 0.25% of reinforcement is insufficient (studies indicate that it will not improve the
concrete parameters), while adding more than 2.0% of fibers considerably reduces the workability of
the concrete mix (even if super plasticizers are used). The authors” own research indicates that adding
1.5% of fibers is enough to significantly affect the workability of the mix; due to the formation of
so-called “nests,” i.e., bundles of fibers, the mix loses uniformity and the concrete parameters are worse
than those of a mix with a 1.0% fiber content [19]. Adding steel fibers improves tensile strength, fatigue
resistance, impact strength, fracture resistance, and abrasion resistance [10-12,15,20]. Concrete with
added fibers is more cohesive, as the fibers “clamp” the concrete matrix and prevent the formation of
large pores in the concrete mix, and also reduce the formation and spreading of shrinkage cracks [6,13]
during the setting and hardening of the concrete (Figure 2). The fibers also improve the freeze-thaw
durability of the concrete [19]. Unlike synthetic fibers, which prevent cracks only in fresh concrete,
steel fibers also reduce the cracking resulting from the drying of hardened concrete, as well as cracks
caused by mechanical loads [10-13,15]. Since steel fibers “seal” the concrete cover [7,17], they might
also indirectly inhibit the corrosion of the primary reinforcement in reinforced concrete structures, thus
improving the rebar’s durability.
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Figure 1. Examples of steel fibers used for concrete reinforcement [own study].
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Figure 2. Size and distribution of cracks in reinforced concrete elements subjected to tension: (a)
plain concrete; (b) fiber-reinforced concrete (FRC) [own study on the basis of Reference ([13], p. 266,
figure 9.10)].

In highly developed countries, most construction works with shotcrete use concrete with dispersed
reinforcement, usually in the form of steel fibers (so-called SFRC), due to its good parameters and
relatively low price [4,5,8,9]. However, in many other countries, Poland included, this composite is not
particularly popular, which is difficult to comprehend. Perhaps, as pointed out by some authors [6,18],
one of the reasons is the concern that the micro-reinforcement fibers do not have adequate corrosion
resistance and might trigger corrosion of the primary reinforcement.

The main objective of this research was to assess the impact of randomly dispersed steel fibers in
concrete on the corrosion development of the main reinforcement by means of the electrochemical
galvanostatic pulse method under environmental conditions conducive to the development of
steel corrosion.

2. Corrosion Henomena

In reinforced concrete structures, corrosion of the reinforcement is the key factor directly affecting
their durability [21,22]. Rebars typically corrode because the physical and chemical processes occurring
in the environment of the structure reduce the protection of the reinforcement provided by the concrete
cover. This is usually caused by gradual carbonation of concrete, the impact of chlorides, or other factors
which, by compromising the concrete cover, indirectly cause the corrosion of the reinforcement [22-25].

Corrosion caused by concrete carbonation in the concrete cover usually results from the impact of
the carbon dioxide in the air, as well as changes of the ambient temperature and humidity [26,27]. In
reinforced concrete structures, the concrete (if sufficiently waterproofed and made with appropriate and
properly mixed ingredients) provides basic and also the most efficient protection of the reinforcement
[monograph]. The protective role of concrete is related to its alkalinity (pH ~ 12.5-13.5) which results in
passivation on the interface between the concrete and the steel (i.e., formation of a micro-layer with very
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low ionic conductivity), which practically prevents corrosion of the rebars. Unfortunately, prolonged
negative impacts of the physical and chemical factors of the external environment, as well as potential
mechanical damage, gradually deteriorate the protective capabilities of the concrete cover. Carbonation
gradually reduces the pH value of concrete, with the neutralized areas of concrete spreading inwards
and eventually reaching the passive film (Figure 3). If the pH value of concrete drops below ~11.8,
the passive film is destroyed, directly triggering electrochemical corrosion of the reinforcement.
Carbonation usually affects larger, surface layers of concrete. The level of carbonation of concrete
can be determined directly on the structure using simple diagnostic methods (e.g., phenolphthalein
test, thymolphthalein test, or Rainbow test) or by more complex laboratory analysis (X-ray diffraction
(XRD), differential thermal analysis (DTA), scanning microscopy or IR spectroscopy).

concrete carbonation, pH<11.8 / |

Tololwlol

environment conditions

Figure 3. Reinforcement corrosion caused by carbonation of the concrete cover [own study].

The second frequent cause of corrosion of the primary reinforcement bars in reinforced concrete
structures is so-called chloride corrosion [23,28], which takes a markedly different form than carbonation.
Chloride corrosion is a pitting spot corrosion which can burst the concrete cover from the inside
without any visible changes on the surface of the concrete element (Figure 4). This type of corrosion
affects structures located at seasides which either have direct contact with seawater, or are exposed to
the so-called sea fog, and also all types of civil engineering structures (mostly roads) that in winter are
de-iced with agents containing sodium chloride (NaCl) [24,29]. The spread of chloride corrosion is
often mediated by frost, as the water freezing in the concrete pores generates stress, which leads to
cracking of the concrete, thus opening the way for chloride ions which diffuse into the concrete cover
and damage the passive film which protects the reinforcement. Electrochemical reactions result in
corrosion cells forming on the surface of the reinforcement, and the corrosion process advances rapidly.
Structures on which chloride corrosion is identified usually require renovation.
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Figure 4. Reinforcement corrosion caused by the penetration of chloride ions [own study].

Reinforcement corrosion can also be indirectly caused by all types of concrete damage arising
from other types of corrosion (deterioration due to sulfate attack, corrosion caused by leaching of
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concrete), or by mechanical damage arising from the operation of the structure and leading to cracking
and delamination of the concrete cover [22].

As previously mentioned, shotcreting is usually applied in construction and renovation works on
industrial or civil engineering structures which are exposed to higher risk of corrosion, and for which
the structural integrity requirements are much higher than in residential or public buildings [6,30]. For
this type of work, using fiber-reinforced concrete (in particular SFRC), i.e., a composite with higher
waterproofing and freeze-thaw durability parameters, appears reasonable.

However, some authors suggest that concrete with dispersed steel reinforcement is, in fact, not
resistant to corrosion [6,18], while others [7,13,14] claim that steel fibers are not prone to corrosion,
as they are too short for corrosion cells to be able to form on their surface. Furthermore, the fibers
are not in contact with each other and are made of more resistant steel. Even if corrosion occurs in
isolated cases, the volume of the corroded fiber is too small to burst the concrete; in fact, a corroded
fiber can even improve its anchoring strength with the matrix [7,13,14]. Furthermore, shotcrete can be
additionally protected by coating with epoxy resins, cement slurry with added bitumen, or asphalt
solutions in toluene [3].

In consideration of the differences of opinion on the corrosion resistance of sprayed FRC with
dispersed steel reinforcement described above, it has become necessary to analyze this issue both in
laboratory conditions and in situ.

3. Diagnostic Methods for Assessing the Degree of Reinforcement Corrosion

Shotcrete tests are usually related to mechanical parameters, such as compressive strength
determined on specimens cut from the test slab, bending strength tested on specimen bars, shrinkage
measured after minimum 90 days, adhesion to concrete, as well as freeze-thaw durability, water
absorption, and waterproofing of concrete. The tests are conducted in accordance with the applicable
standards [31-37].

The tests mentioned above do not include corrosion diagnostics of the primary reinforcement.
However, from a structural integrity standpoint, assessment of the degree of corrosion of the
reinforcement, and forecast of the advancement of corrosion, is crucial. It is particularly important for
industrial and civil engineering structures, which are usually operated in more aggressive environments
and are frequently built with the use of shotcreting.

The available methods of reinforcement corrosion diagnostics for structures in use include
electrochemical tests [38—42]. One such method is the semi-nondestructive method of measuring
polarization resistance with the use of a galvanostatic pulse [43]. This method is based on the
electrochemical corrosion of concrete reinforcement. Concrete has a porous structure, with the pores
filled with alkaline liquid (a type of electrolyte through which ions can flow), while the steel rebar
serves as the electrode placed in the electrolyte (conducting electrons). With the use of appropriate
equipment (e.g., GP-5000 GalvaPulse™), this makes it possible to measure some electrical parameters
that allow indirect estimation of the reinforcement corrosion progress in concrete. The electrical
parameters are: reinforcement stationary potential (Es¢), measured on the concrete surface; concrete
cover resistivity (0); and the corrosion current density (icor). Measurements of the reinforcement
stationary potential and the concrete cover resistivity are the basic measurements, which allow only for
areas where conditions for corrosion are more favorable to be pointed out. These measurements are not
very accurate. More reliable are so-called advanced measurements, consisting of additional corrosion
current density measurements, so we can estimate the reinforcement corrosion activity and forecast its
rate. In order to take the measurement, it is necessary to connect the diagnosed reinforcement with the
measurement kit, which includes, among others, a gauge (minicomputer) and a reference electrode.
Figure 5 shows a diagram of the connection of the GP-5000 GalvaPulse™ and the diagnosed rebar.
The generated electric impulse then polarizes the reinforcement and the relevant electric parameters
are measured, i.e., the stationary potential of the reinforcement, the resistivity of the concrete cover,
and the corrosion current density. The obtained values are referenced to the threshold values (Table 2)
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to determine the areas with a higher probability of corrosion, and to estimate the corrosive activity of
the diagnosed reinforcement and forecast the corrosion rate. It should be noted that other corrosion
measuring devices have different reference scales, and the results cannot be directly compared.

minicomputer

electrode

reinforcement

(@) b)

Figure 5. Diagram of connection of GP-5000 GalvaPulse™ with diagnosed reinforcement: (a) sketch
[own study on the basis of Reference [43]]; (b) measurement on a specimen.

Table 2. Criteria for assessing the reinforcement corrosion risk level [40,43].

Criteria for Assessing the Reinforcement Corrosion Risk Level

Reinforcement stationary potential >~200 5% probability of corrosion
Eq [mV] yPp . —350--200 50% probability of corrosion
st <-350 95% probability of corrosion
e >20 low probability of corrosion
Concrete cover resistivity, . 1 .
10-20 medium probability of corrosion
O [kQ-cm] . . .
<10 high probability of corrosion
<0.5 no corrosion activity is expected
Corrosion current density, 0.5-2.0 negligible corrosion .ac.t1V1ty
icor [A/cm?] 2.0-5.0 low corrosion activity
cor 5.0-15.0 moderate corrosion activity
>15.0 high corrosion activity

The paper presents the results of the studies conducted with the use of the method described
above (partially discussed in Reference [19]) which made it possible to determine the differences in
the corrosion rates of the primary reinforcement in plain concrete and fiber-reinforced concrete with
randomly dispersed steel fibers. In order to simulate the impact of an corrosive environment and
trigger the corrosion process on the reinforcement, the specimens were exposed to freezing cycles in
3% NaCl solution, which initiated the so-called chloride corrosion. Furthermore, the differences in
shrinkage and compressive strength of the two analyzed types of concrete were determined, and the
fiber-reinforced concrete macrostructure was identified with the use of scanning microscopy with EDS
(Energy Dispersive X-ray Spectroscopy) analysis.

4. Laboratory Tests

4.1. Test Specimens and Methodology

For the test, 12 slab specimens were prepared to estimate the probability of corrosion and corrosion
activity of the reinforcement (A), 12 rectangular specimens to determine the shrinkage (B), and 6 cube
specimens to determine compressive strength (C). In each group, half of the specimens were made of
plain concrete (PC), and the other half were made of fiber-reinforced concrete with randomly dispersed
steel micro-reinforcement fibers (SFRC). All specimens were collected according to standard [44] from
the same concrete mix; 1 m® of the mix contained the following ingredients: CEM I cement—384 kg;
sand—680 kg; gravel 2/8—600 kg; gravel 8/16—650 kg; water—160 L, and plasticizer (0.6%). The
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water/cement ratio was 0.43. In the SFRC specimens, the concrete mix was reinforced with steel BauMix
60/1 fibers making up 1% vol. of the mixture; the parameters of the fibers were as follows: fiber length
lw = 60 mm; fiber diameter @ = 1.0 mm; shape—hooked-end (Figure 6). This type of fibers was chosen
due to their widespread use. In addition, longer fibers seemed more exposed to corrosion. The content
of fibers in the mixture (1%) was chosen for its efficiency as well as the workability of the mixture and
its use as a spraying concrete.

Figure 6. Fibers used for test specimens.

The specimens for the estimation of corrosion (A specimens, including A1-PC specimens and
A2-SFRC specimens) had a surface area of 210 X 228 mm and a thickness of 100 mm. In each specimen,
two parallel ribbed ®8 mm BST 500 steel rods were cast (Figure 7). The rods had equal 70 mm clearance
from the edge of the specimen. There were no transverse rods. The concrete cover thickness was
25 mm.

Figure 7. Photograph of an example of test specimen A.

The measurements of the estimation of corrosion probability on the specimens surface, and
the corrosion activity of the reinforcement, were performed on A specimens in two stages: stage
I—preliminary measurements (reference measurements) taken after casting the specimens; stage
II—measurements after 120 freeze-thaw cycles of specimens in 3% NaCl solution (the specimens were
immersed in the NaCl solution so that the chloride ions could penetrate into the concrete cover in
the direction of reinforcement, which was supposed to simulate the processes taking place in reality).
The measurements were taken with the use of a galvanostatic pulse and the GP-5000 GalvaPulse™
measurement kit. The measurements of all relevant parameters, i.e., the reinforcement stationary
potential (Est) and the concrete cover resistivity (®) to estimate the probability of corrosion on the
analyzed surface, and the corrosion current density (icor) to determine the corrosion activity of the
rod, were taken for each rod in each specimen at two measurement points spaced evenly in 70 mm
intervals along the axis of the rod.
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The dimensions of rectangular specimens for determining shrinkage (B specimens, including
B1-PC specimens and B2-SFRC specimens) were 100 X 100 X 300 mm. The measurements were taken
with the use of a demountable strain gauge (DEMEC) supplied by W.H. Mayes & Son; the gauge base
was 100 mm, the accuracy was 0.002 mm; the strain gauge constant was 1.6 X 107°. As per Reference [1],
the measurements were taken after 90 days from casting.

The dimensions of the cube specimens for determining the compressive strength (C specimens,
including C1-PC specimens and C2-SFRC specimens) were 150 X 150 x 150 mm. The test was conducted
28 days after casting, in accordance with standard [44], on a Zwick/Roell SP-Z6000 testing machine
with a maximum compressive force of 6000 kN. The specimens were placed under continuous load
until destruction with the load rate of 0.5 MPa/s.

A randomly selected SFRC specimen of the concrete cover, after testing the reinforcement corrosion
(A1), was then analyzed with the use of scanning microscopy with EDS analysis. The microscopic
analysis was performed with a Quenta 250 FEG scanning electron microscope (supplied by FEI
Company). The surface area observed under SEM was approximately 1 m?. The applied magnifications
ranged from 500 to 15,000x.

4.2. Results and Analysis of the Tests

The specimens tested for the probability of surface corrosion and the corrosion activity of the
reinforcement provided a large number of results, since measurements were taken for three parameters
(icor, Est, @) on four measurement points for each of the 12 specimens (two for each rod) in two stages
(before and after freeze—thaw cycles). For the purpose of analyzing the results for each rod, a single
representative measurement point was selected in which the corrosion current density (i.e., the most
reliable parameter) was the highest after stage II measurements had been completed.

The obtained results were referenced to the threshold criterion values provided in Table 2.

The measurements of the corrosion current density taken on the first stage of tests for all rods of
Al and A2 specimens showed that the corrosion current density value did not exceed icor = 2 1A /cm?
for any of the measurement points (Table 3, Figure 8), which, according to the criteria adopted herein
(Table 2) indicated a “negligible corrosion activity.” Comparative analysis of the results obtained on the
second stage of the tests (after 120 freeze—thaw cycles in 3% NaCl solution) showed that in both A1l and A2
specimens, the density of the corrosion current increased, whereby in Al specimens the density exceeded
5 nA/em? (icor = 5.5-9.9 A/cm?) on all analyzed points, indicating “moderate corrosion activity,” whereas
in A2 specimens the density did not exceed icor = 5 tA/cm? on five measurement points, and for the
remaining seven points, it fell within the range of icor = 5.4-6.9 nA/em?, ie., lower than in Al specimens.

Table 3. Summary of measurement results from the two stages of tests for each tested rod on the
selected measurement point.

Corrosion Current Density Remforcement‘Statlonary
Rod no. Potential

Al A2 Al A2 Al A2

el e. II el e. II el e. II el e. II el e. II el e. II
1.07 8.81 0.96 6.86 -110 -297 -68 =307 1.17 0.42 0.85 0.35
0.97 7.70 0.82 6.74 -85 -359 -80 -276 1.22 0.50 0.92 0.45
1.02 8.25 1.83 6.12 -98 -328 -74 -292 1.20 0.45 0.90 0.40
1.13 7.23 1.66 6.13 =70 -309 -117 -283 1.22 0.45 0.75 0.42
1.25 9.09 0.84 6.80 -94 -306 =72 —-253 1.20 0.47 0.73 0.40
1.10 9.88 1.75 5.43 —46 -328 -162 274 1.25 0.47 0.77 0.45
1.23 5.48 0.77 4.42 -97 -349 -116 -338 1.10 0.40 0.73 0.30
1.15 8.40 0.98 4.39 -109 =367 —48 -304 1.30 0.50 0.94 0.40
1.07 6.94 1.14 6.06 -103 358 -34 -321 1.20 0.40 0.65 0.35
1.21 5.99 1.34 4.81 -61 -332  -158 266 1.25 0.40 0.75 0.45
1.13 6.81 0.88 441 -49 -340 -167 -277 1.20 0.50 0.90 0.40
0.97 5.32 0.96 4.55 -87 -322 -148 -288 1.30 0.50 0.95 0.50

Concrete Cover Resistivity

el =IN-R-CREN JC NG, IIC VI SR
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Figure 8. Results of the corrosion current density measurements.

The measurements of the reinforcement stationary potential were taken together with the corrosion
current density and were consistent with them. In the analyzed measurement points, the increase of the
corrosion current density was accompanied by a reduction of the stationary potential. On the first stage
of tests, on all measurement points of Al and A2 specimens, the stationary potential values exceeded
—200 mV (Figure 3) which, according to the specified criterion (Table 2) indicated a 5% probability
of corrosion. The measurements of stage II in all specimens showed that the stationary potential of
the reinforcement dropped, changing from Es < —297 mV to Eg > —367 mV for Al specimens, and
from Eg; < =253 mV to Egi > —338 mV for A2specimens. Comparative analysis of results for A1 and A2
specimens (Table 3, Figure 9) showed that in A1 specimens, the reinforcement stationary potential
indicated a slightly increased corrosion rate than in A2 specimens.

[Rod Number]

-50.0 -

-100.0 -

-150.0 -

-200.0 -

-250.0 -

-300.0 -

-350.0

-400.0

specimens Al, stage |
W specimens Al, stage Il
W specimens A2, stage |
M specimens A2, stage Il

Reinforcement stationary potential [mV]

-450.0

-500.0

Figure 9. Results the measurements of the reinforcement stationary potential.

The values obtained from the measurements of the concrete cover resistivity on all measurement
points of all analyzed specimens, on both stage I and stage II of the tests, were ® < 10 kQ2-cm (Figure 10),
which would indicate “high probability of corrosion.” However, in this particular case, the measured
values were unreliable due to the fact that the specimens were still fresh, and the hardening process
had most likely not ended by the time of the test [19,25,29].
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Figure 10. Results of the measurements of the concrete cover resistivity.

The mean values of shrinkage strain determined from surface measurements of all B1 and B2

specimens are provided in Figure 11.
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Figure 11. Changes of average shrinkage strain over time.

In B2 specimens (with addition of steel fibers), total shrinkage stabilized earlier than in Blspecimens.
According to standard [1], a shrinkage measurement taken after 90 days is reliable for assessing
shrinkage strains in sprayed concrete. The average strain values determined in that period clearly
showed a significantly lower shrinkage in B2 specimens with the addition of randomly dispersed
micro-reinforcement steel fibers, reaching e = 0.35%o, whereas for Bl specimens, the shrinkage was
¢ = 0.48%o. The addition of 1% of steel fibers to concrete reduced total shrinkage in the analyzed
specimens by over 26%.
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C specimens were used for testing the compressive strength of concrete according to Reference [45]
and calculating the mean strength, the standard deviation, and the coefficient of variation. The

specimen compression charts are provided in Figure 12, and the obtained values are summarized in
Table 4.

C1 - plain concrete specimens C2 - steel fiber reinforced concrete
1600 1600 specimens
1400 1400 =
1200 S 1200 -
1000 e - 1000
£ 800 “ Z 800 Y A A
g e00 @ 600 ‘
5 Y g /
< 400 A 8 400
200 —# 200
0+ 0
00 02 04 06 08 10 1,2 14 16 00 02 04 06 08 10 1,2 14 16
strain (%) strain (%)
Figure 12. Charts of compressive strength tests of the specimens.
Table 4. Results of compressive strength tests of concrete for C1 and C2 specimens.
C1 Specimens C2 Specimens
Mean breaking force F o1, [kN] 1176.83 1481.96
Mean compressive strength f. [MPa] 52.31 65.87
Standard deviation s[MPa] 1.31 0.91
Coefficient of variation v 2.51 1.39

The obtained values indicate that the addition of 1% of steel fibers improved the compressive
strength of the specimens by around 25%. Furthermore, C2 specimens had an approximately 45%
lower coefficient of variation, which indicated higher uniformity of those specimens as compared to
C1 specimens.

Figure 13 shows a scanning microscope image of the concrete sample cut from the concrete cover
of an A2 specimen, with the visible fiber section (Figure 13a), as well as the charts from EDS analysis
performed for the concrete covering the fiber (Figure 13b) and the fiber itself (Figure 13c). The sample
was taken from a depth of about 20-25 mm, near the reinforcing bar. The results of the analysis
showed no corrosion products in the structure of the concrete around the fiber, which may suggest that
chloride ions had not penetrated into this place. At the same time, the microstructural image shows the
absence of cracks, thus confirming good waterproofing of the concrete. Of course, on the surface of the
specimens, corrosion products appeared around several of the fiber fragments found there. However,
the fiber diameter in relation to the surrounding concrete was so small that the corrosion products
formed on the surface did not pose a threat to the main reinforcement.
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Figure 13. Microstructure of the steel fiber-reinforced concrete (SFRC) specimen with EDS analysis: (a)
the scanning microscope image of the concrete sample with the visible fiber section; (b) EDS analysis of

the concrete; (c) EDS analysis of the fiber.

5. Conclusions

As shown by reduced shrinkage and slower corrosion rate of the primary reinforcement, the
specimens with a 1% addition of steel fibers were characterized by higher durability than the specimens

without fibers.

5.1. Conclusion No. 1

The tests conducted using the method of measuring polarization resistance with the use of
galvanostatic pulse made it possible to estimate the corrosion rate of the primary reinforcement
triggered by the impact of NaCl during the freeze—thaw cycles in specimens both without fibers and
with the addition of 1% of steel micro-reinforcement fibers:

the measurement of the corrosion current density indicated that adding 1% of steel fibers to

concrete reduces the corrosion rate of primary reinforcement bars by 33% on average; the reduction
of the corrosion rate likely arises from “tightening” of the concrete cover of the analyzed specimens;

the measurements of the reinforcement stationary potential completed the corrosion current

density measurements and further confirmed the positive impact of 1% of steel fibers on reducing

the corrosion rate of the primary reinforcement in the analyzed specimens;
the measurement of the concrete cover resistivity, due to the need to significantly humidify

the concrete for the test, was not reliable for the estimation of the corrosion rate in the

analyzed specimens.
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5.2. Conclusion No. 2

The addition of 1% of steel micro-reinforcement fibers to concrete reduced shrinkage and provided
earlier stabilization of shrinkage strain.

5.3. Conclusion No. 3

The addition of 1% of steel micro-reinforcement fibers to concrete improved the compressive
strength of tested specimens by 25% and significantly improved the uniformity of the concrete.

5.4. Conclusion No. 4

Scanning microscopy of the FRC specimen confirmed that the steel fibers in concrete were resistant
to corrosion—in the sample taken from the concrete cover at a depth of about 20-25 mm, no elements
were found in amounts that would indicate the presence of corrosion products of fibers.

It should be noted that the presented tests concerned specimens with only one type of fibers in
an amount of 1% vol. of the mixture. It is likely that the use of other types of fibers and/or different
amounts of fibers may affect the results to a greater or lesser extent. This issue is worth further research.
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