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Abstract: The paper focuses on the evaluation of chloride ion diffusion coefficient of self-compacting
concrete with steel fibre reinforcement. The reference concrete from Ordinary Portland Cement
(OPC) and Self-Compacting Concrete (SCC) with several values of added steel fibres—0%, 1%
and 2% of weight—were cast in order to investigate the effect of fibres. The three procedures of
diffusion coefficient calculation are presented—rapid chloride penetration test, accelerated penetration
tests with chloride as well as the surface measurement of electrical resistivity using Wenner probe.
The resulting diffusion coefficients obtained by all methods are compared and evaluated regarding
the basic mechanical properties of concrete mixtures.
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1. Introduction

Self-compacting concrete (SCC) [1,2] allows the simplification of concrete processing technology
and the production of complex cross-sections and structural shapes. The difference compared to
standard concrete is mainly in mixture composition. The proportion of cement and small aggregate is
higher, and the amount of plasticizer is significantly greater. The basic properties and advantages of
self-compacting concrete are mentioned in [3-6].

Other options for improvement of the mechanical properties of concrete is the use of steel
fibres [7,8]. The selection of quantity and type of fibres depends mainly on the purpose of application
and is a matter of intensive research [9-11]. Due to this, there are also several special tests for steel fibre
reinforced concrete (SFRC), which are codified in recommendations and national standards [12,13].
A strong emphasis on the correct description of the material properties is important [14].

The application of self-compacting concrete (SCC) [5] brings simplification of the concrete
processing technology due to the lack of need for vibration. Improved properties are achieved by
modification of the formula, i.e., by appropriate use of aggregate, cement content and plasticizers [1].
Another rapidly growing area of concrete technology is steel fibre reinforced self-compacting concrete
(SCC-SER), which is classified within the group of composites that combine conventional typical
structural concrete and fibres [15-17].

The purpose of the use of fibres is that it eliminates one of the greatest concrete disadvantages—low
tensile strength. Fibre concrete application examples can be found particularly in tunnel lining,
industrial floors, foundations, or structural elements of carrier systems. The most demanding use
is in the latter group, where it is also necessary to find a suitable design procedure while providing
enough reliability and safety of the structure. These may be for instance cases of lightweight structural
elements where fibres are to eliminate shear destruction/failure. Input parameters of the calculation,
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fibre concrete properties are verified mainly by laboratory testing included in suggestions, standards,
and design code [12,13]. It is well known that electrical properties are influenced by conductive
materials. Thus, it is interesting to record the electrical conductivity values of SCC-SFR mixtures.

Furthermore, the development of tools for predicting the durability of concrete structures that help
to develop durable concrete and construction systems is useful. Increased focus on higher durability
helps maintain the required level of safety and maintenance for a longer period of time, which saves
the cost related to premature repair and reconstruction [18,19]. A correct description of the properties
of the composite materials can be combined with modelling of structures within several available
models [20-23].

The article aim is to determine and extend the knowledge about the properties of self-compacting
concrete with steel fibre reinforcement mixture with a fibre content of 0%, 1%, and 2%. This is due to
their use in the field of reinforced concrete structures exposed to chlorides, where it is necessary to
properly model diffusion processes [24-27]. Moreover, three methods for evaluation of the diffusion
coefficient related to a concrete’s ability to resist chloride ingress are compared—electrical resistance
measurements [28], the rapid chloride permeability test [29], and accelerated penetration tests with
chloride [30].

2. Mixtures Properties and Samples Settings

The evaluated experiment, calculations and results are part of the extensive campaign dealing with
the durability of concrete structures. The laboratory experiments were conducted at the laboratories
of Silesian University of Gliwice and VSB - Technical University of Ostrava. The set of laboratory
samples consisted of seven large cylinders (diameter 150 mm, height 300 mm), six smaller cylinders
(diameter 100 mm, height 250, 200 and 100 mm), four cubes (dimension 150 mm), and three beams
(150 x 150 mm, length 450 mm) for each mixture. (see Figure 1a).

(a) (b)

Figure 1. (a) Example of preparation of laboratory samples for one set of mixtures; (b) Steel fibres
KE20/1.7—shape and dimension [31].

The reference concrete was formed from Ordinary Portland Cement (OPC). The Self-Compacting
Concrete (SCC) with several values of added steel fibres—0%, 1%, and 2%—was used in order to
investigate the effect of fibres. The steel fibres were of type KE20/1.7 (see Figure 1b). The composition of
the mixtures is shown in Table 1, and it is based on earlier SCC research at the SUT in Gliwice [1,19,31,32].
It needs to be noted that the cement applied in the SCC mixture had been in laboratory storage for
more than two years, and partial hydration had already started. However, the concrete slump test was
executed, and all mixtures have the same value of workability.
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Table 1. The concrete mixtures components [31] based on from Ordinary Portland Cement (OPC) and
Self-Compacting Concrete (SCC) with steel fibres.

Mixture No. orC SCC 0% SCC1% SCC2%
Cement type 1 42.5 R 313 kg/m? 490 kg/m3
Water 164 kg/m? 201 kg/m?3
Sand 387 kg/m? 807 kg/m3
River gravel 1546 kg/m? 807 kg/m?
Superplastificator - 12.25 kg/m?3
Stabilizator - 1.96 kg/m3
Steel Fibres - - 80 kg/m?> 160 kg/m?
Water/cement ratio (W/C) 0.52 0.41

3. Experimental Tests Range and Results

A comprehensive range of tests comprised from basic mechanical properties; fracture test, as well
as electrical resistance measurements [28], the rapid chloride permeability test [29], and accelerated
penetration tests with chloride [30] were conducted.

3.1. Mechanical Properties

Compressive strength measurements were performed on standard cubes and cylinders, and also
the tensile strength and modulus of elasticity were determined (see Figure 2) [31]. Firstly, it is possible
to compare the results between an OCP and SCC mixture. In all properties, the SCC values are higher
than the OPC. Because the SCC mixtures are not prepared in the way typical for high-performance
concrete, it was expected that there would not be much difference in mechanical properties.
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(c) (d)

Figure 2. Results of material characteristics for all mixtures: (a) cylinder compressive strength; (b) cube
compressive strength; (c) tensile spitting strength; (d) modulus of elasticity [31].

The second possibility is comparison related to the number of steel fibres in the SCC mixture. It
shows that the higher the relative weight of the steel fibres, the higher the tensile splitting strength.
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However, other mechanical properties show that, when the amount of fibres exceeds a certain value,
the properties no longer improve. The modulus of elasticity of the mixture SCC 1% is about 15% higher
compared with other mixtures. This is in line with the typical limitation of the use of steel fibres up to
1.5% of the weight of concrete [33].

3.2. Diffusion Properties

The three procedures of detection of concrete diffusion coefficient were used. Two indirect
electrochemical methods—rapid chloride permeability test (RCPT) [29] and surface measurement of
electrical resistivity using Wenner probe (Resistivity) [28] —and a method based on the evaluation of
chloride action—accelerated penetration tests with chloride (NTBuild 443) [30].

3.2.1. Rapid Chloride Permeability Test

The RCPT test [29] was conducted at the SUT in Gliwice. Due to the influence of fibre scattering,
one cylindrical core for each mixture was cut into three slices of testing and marked Upper, Middle
and Lower. All three slices from one cylinder were analysed. Test specimens were prepared and test
procedures were performed according to ASTM C1202 [29]. The resulting passing charges, which
indirectly evaluated the ability of the concrete to withstand an aggressive environment, are shown
in Figure 3. The results show that there is a negligible difference in the reference mixture in terms of
individual slices. There are some deviations (approx. 15%) in SCC mixtures without wires, which
can be influenced by shrinkage of the mixture. For a mixture of SCC with 1% of fibres, the differences
are more significant, and the most significant differences are found for a mixture of 2% of fibres.
The problem of the test is a rapid increase in temperature when using fibre reinforced concrete. From
this point of view, the test is not an ideal solution for such an SCC-SFR mixture. Taking statistical
variance into consideration, the average value was chosen for derivation of diffusion coefficients.
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Figure 3. Results of the rapid chloride permeability test for three slices of testing and marked Upper,
Middle and Lower, and mean values.

3.2.2. Electrical Resistivity

The standard test method for surface resistivity of concrete [28] is non-destructive; therefore,
repeated measurements are possible to determine the time dependency of the diffusion. Unfortunately,
this measurement method may have a relatively large variability, partly due to the heterogeneity of
concrete and also due to the use of relatively uncontrollable contact conditions. It should be noted
that the values of the volumetric resistivity were calculated from surface resistivity based on the



Crystals 2020, 10, 220 50f 10

relationship obtained from [34] and after that, to the resulting passing charges (equivalent to the results
from RCPT) [35]. The test is non-destructive, and it is possible to measure the electrical properties
during concrete ageing (see Figure 4). Results were partly published in [19,31].
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Figure 4. Results of time-dependent surface electrical resistivity of concrete.

Looking at the change of the passed charge, we may derive the following findings. The OPC
mixture has standard behaviour whereby charge decreases over the concrete maturation, thus reflecting
an improved ability of the concrete to withstand the aggressive environment. The SCC mixtures have
similar behaviour, reflected in the similar shape of the curves. Although the relationship of shapes
between 14 and 28 days are visible in all three SCC mixtures, their absolute difference cannot be
considered as constant. If the influence of passed charge is based on the amount of added steel fibres,
the shape of curves is proportional. However, there are also other influences that affect the readings,
such as the initiation of corrosion of steel fibres.

3.2.3. NTBuild 443

The third test method was based on the modified NORDTEST NT Build 443 [13]. Concrete
specimens were immersed in the saline solution (see Figure 5a), and then sampling of concrete powder
in respective layers of chloride profile was conducted by drilling (see Figure 5b), thus the suitable
period for chloride penetration was selected as 90 days. The concrete powder was subsequently
evaluated for the presence of chloride ions in the laboratory, the obtained chloride profile was analysed,
and the diffusion coefficient was calculated. The whole test procedure and the process of calculating
the diffusion parameter are described in detail in [36].
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(b)

Figure 5. The process of the modified NORDTEST NT Build 443: (a) samples submerged in the chloride
solution; (b) samples after drilling.

4. Comparison of Diffusion Coefficients

The resulting values of diffusion coefficients calculated from direct chloride profiling, and indirect
electrochemical methods (RCPT and resistivity), are given in Figure 6 and in Table 2. The calculation of
the diffusion coefficient D) is based on the procedures given in [35,37] and is very well described
in [36,38,39]. The number of analysed samples mean value and standard deviation is given in Table 2.
Figure 6 shows mean value and T-plot of minimum and maximum values.
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Figure 6. Diffusion coefficient D) derived from surface resistivity, rapid chloride permeability test
(RCPT) and chloride profile analysis (NTBuild 443). The minimum and maximum values are shown in
the form of a T-graph.
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Table 2. Statistical data of diffusion coefficient D.(f) derived from surface resistivity, rapid chloride
permeability test (RCPT) and chloride profile analysis (NTBuild 443).

Mixture No. Method Mean Value [m?/s] Standard P eviation Number of
[m*/s] Samples [-]
Resistivity 9.80 x 10712 2.76 x 10713 4
OPC RCPT 1.00 x 10711 5.55 x 10714 3
NTBuild 443 1.05 x 10711 6.00x 10713 3
Resistivity 1.24 x 1071 2.08 x 10712 4
SCC 0% RCPT 1.46 x 10711 1.08 x 10712 3
NTBuild 443 1.52 x 10711 1.51 x 10712 3
Resistivity 1.82 x 1071 2.08 x 10712 4
SCC 1% RCPT 1.84 x 10711 1.36 x 10712 3
NTBuild 443 1.72 x 10711 5.09 x 10713 3
Resistivity 224 x 10711 2.00 x 10712 4
SCC 2% RCPT 239 x 1071 5.96 x 10712 3
NTBuild 443 1.95 x 10711 1.01 x 10712 3

It should be noted that the values of the diffusion coefficient from resistivity are based on
measurement at 28 days, from RCPT are based on measurement at 56 days, and from chloride profile,
approximately 118 days. All these values are precisely determined according to the standards. It is
worth noticing that the different level of maturation at the time of testing each method does not affect
the comparison between specific mixture design that matters.

It is necessary to explain the meaning of the diffusion coefficient value. A diffusion coefficient
closer to zero shows better diffusion resistance and hence better resistance to chloride ion penetration.
Looking at the results of diffusion coefficients (Figure 6), the reference mixture (OPC) reports almost
the same values for all methods. On the other hand, SCC 0% mixture has larger differences, but is still
within limits of the inaccuracies of each method. In this case, the results of SCC 0% are worse than
OPC, which is probably influenced by chemical additives. This is also because it is not a mixture that
has been prepared as high resistance to the chloride. This is observed even though the mechanical
properties (see Figure 2) are better for SCC mixtures.

Subsequent evaluation of mixtures with 1% and 2% fibres is interesting in terms of two hypothetical
effects. The first effect is related to the electrical conductivity of steel wires in concrete. This effect
should be reflected in two methods—RCPT and surface resistivity. The second effect is related to the
real acceleration of diffusion along the fibres at the transition level with other material with respect to a
possible influence of the microscopic void structure and porosity [6,40]. This should affect all three
methods. Considering the possible scatter of measurement, it is possible to evaluate the effect of the
amount of fibres on the two mentioned effects accordingly. For the purpose of comparison, SCC 0%
mixture results were considered as the base values (0%), and differences against the SCC 1% and 2%
mixtures are shown in Figure 7. It is worth mentioning that the results of measurement of the RCPT is
based on three cut out samples from one concrete cylinder. It can be seen, that the results are consistent
within the OPC, SCC 0%, 1%. However, the scatter for the 2% fibre content shows much higher scatter,
indicating that this amount of steel fibres is too high. The finding is consistent with recommendation
that the highest applicable amount of fibres is 1.5%. It seems that the steel fibres were not spread out
uniformly thought the cylinder.
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Figure 7. Percentile differences of the diffusion coefficient of the SCC 1% and 2% mixtures compared to
mixture SCC 0%.

Looking at the percentage results, the resistivity, RCPT and NTBuild 443 are noticeably affected
by the amount of steel fibres as expected. The most significant influence is observed with a resistivity
test, which is based on the direct current measurement, and the steel material is, therefore, a significant
factor. The RCPT method is less affected but is also based on the charge and use of the penetration
of a salt solution (in all samples of the same amount), so the effect of the amount of the steel fibres is
lower. In the third method, the evaluation of the chloride profile, it is possible to consider only the
effect of increased diffusion along the fibres or the possible influence of interface and micro-cracks
along the fibres.

5. Discussion and Conclusions

The article evaluates durability related to concrete material parameters. There are relative values
for cube and cylinder compression strength, tensile splitting strength, and modulus of elasticity. Three
approaches are discussed for the computation of diffusion coefficient applicable to the numerical
modelling of chloride ion ingress to concrete. Studied approaches are chloride profiling, electrical
resistivity measurement, and rapid chloride permeability test. The comparison of the relatively fast
method (resistivity and RCPT) for the evaluation of concrete ability to resist aggressive agents was
conducted on the sample of self-compacting concrete. There was a correlation between the amount of
steel fibres and conductivity, as expected. A larger amount of the steel fibres increases the calculated
diffusion coefficient, both in electrochemical methods and in chloride profile evaluation. From this
point of view, it is necessary to investigate, for example, porosity in further research. It needs to be
proved if it causes some worse mechanical properties and, on the contrary, may tend to increase the
results of all diffusion values (reducing the resistance against chloride penetration).

From the point of view of the amount of fibres in the concrete, it would be advisable to prepare more
a graduated set of mixtures, e.g., 1.2%, 1.4%, that can lead to finding the threshold at which the increasing
properties change to decreasing. The experiment also confirmed that diffusion coefficients obtained by
the electrochemical approaches are influenced by the steel fibres from both standpoints—electrical
conductivity, as well as pore structure.
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