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Steel-fiber reinforced concrete is a composite material characterized by outstanding tensile properties and resistance to the development of
cracks. The concrete, however, exhibits such characteristics only on the condition that the steel fibers in the final, hardened composite
have been distributed evenly. The current methods to evaluate the distribution and concentration of a fiber composite are either destructive
or exhibit a limited capability of evaluating the concentration and orientation of the fibers. In this context, the paper discusses tests related
to the evaluation of the density and orientation of fibers in a composite material. Compared to the approaches used to date, the proposed
technique is based on the evaluation of the electrical impedance Z in the band close to the resonance of the sensor—sample configuration.
Using analytically expressed equations, we can evaluate the monitored part of the composite and its density at various depths of the tested
sample. The method employs test blocks of composites, utilizing the resonance of the measuring device and the measured sample set; the
desired state occurs within the interval of between f=3 kHz and 400 kHz.
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1. INTRODUCTION The presently used techniques exploit the common
evaluation of the electrical impedance Z of the tested sample
[4], [5], and they employ dedicated experiments to derive
the relationship between changes of the module of the
electrical impedance Z and orientation of the steel fibers.
Generally, researchers point out the relationship between the
. o . . impedance magnitude and the concentration of the fibers.

In order for a mat'erlaI. t(,) exhibit the required mechanical Our experiments have shown that, utilizing the electric and
and thermgl propenlqs, it is necessary to ensure the related ferromagnetic properties of steel fibers as the composite
macroscopic properties, such as the homogeneous and  fijjer component in reinforced concrete, it is possible to
isotropic distribution of the components, and thus also the  monitor the concentration and distribution of the fibers in a
resulting parameters. This phase depends on selecting a  pon-destructive manner [1]. Further, the use of a suitable
suitable technology to prepare and manufacture the given  measurement methodology and the frequency band close to
material. Intensive attention is thus paid to methods and  the resonance of the sensor—sample configuration facilitates
principles that enable us to evaluate non-destructively the  more accurate derivation and evaluation of the composition
concentration of the components of a composite, fillers in  of the monitored composite component, namely, the steel
particular; by extension, these approaches are also employed  fibers [1], [13].
to assess the orientation of individual elements in a concrete
filler [6], [8]-[10]. An interesting tool consists of techniques 2. THE IMPEDANCE MEASURING METHOD AND THE NEAR-
and devices to evaluate the concentration of fibrous RESONANCE STATE

The last decades have witnessed major development of
fiber-reinforced concrete, a material formed through the
addition of a metal reinforcement (filler), but also the
general rise of interest in composite materials and related
non-destructive testing methods [1]-[7].

particles, or steel fibers, in both fresh and solidified The non-destructive methods presented to date, such as
concrete; in this case, however, the orientation of the fibers  those discussed in papers [11]-[12], exploit the properties of
can be assessed only with considerable difficulty. the electromagnetic (EMG) field to monitor the distribution
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of fibers in the tested composite. To evaluate the properties
of the composite components, the actual principle employs
the electric impedance 7 in the region of the monitored
sample; we can then write

s

Z

) (1

H

where 7 denotes the complex impedance of the harmonic
behavior of the electric and magnetic field components, £
is the complex vector of the electric field intensity, and H
denotes the complex vector of the magnetic field intensity.
The details of the fields and other aspects are shown in, for
example, Fig.1. The frequency f of the impedance meter’s
excitation signal (Fig.1.) is progressively set such that the
resonance quality factor Qn could assume the values

1

N Quax
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QO.S = %Qmax , quZ = ﬁQmux ’ qu3 = (2)

In the experimental setting, the values proved to be
beneficial for the final evaluation of the location with non-
uniform distribution of the composite material components.
To evaluate the mass density of the monitored composite
material component, the electric power specific density (the
Poynting vector) is assessed; this vector is then written as

, A3)

where the symbol % denotes the vector product.

Magnetic yoke S
} The impedance meter’s

|

Electric excitation
coil

1L

valuated composite
sample region, volume

Fig.1. A scheme of the impedance-based NDT method: the
evaluation of the tested sample parameters.

The dissipated electrical power P generated in the
monitored composite material component is bound to the
surface density of the active power f7 from the above
expression (3), and this dissipated power is formulated
within

P=[m ds @)
S

]

36

where P is the dissipated electrical power in the region

having the volume V in the measured portion of the

composite material, [T, denotes the power flux surface
J

density in the area of the shaping yoke at the distance D
from the surface of the composite material, dS' is the vector
of the element of the cross section area of the measured part
of the composite material sample, S; represents the section
through the magnetic yoke, and S is the cross section of the
area of the monitored material sample (Fig.1.).

In relation to the preset resonant frequency f; of the entire
setup comprising a detection and measuring device and an
electric coil wound on the arms of a ferromagnetic yoke, we
have — for the complex impedance 7 in the exponential
form — the formula
E
? L@y 9, =0

)

z

Ol

T

For the component form, the complex impedance is
written as
=0 , (0)

+ 2y, VE = f hOIdS Z,,, 20

0,Im?

where Zore , Zom are the real and imaginary components of
the complex impedance Z . Based on such measured data, it
is then easy to evaluate the magnitude of the dissipated
power (3), which corresponds to the mass density of the
monitored composite material component

2
PZRe UT s
ZO

where U is the effective value (RMS) of the electric voltage
on the terminals of the excitation coils in Fig.1.

The change of resonance for the initial preset frequency f;
of the detection and measuring device and the connected
electric coil will occur if the position of the ferromagnetic
yoke is altered such that, in the monitored volume V of the
tested composite material sample, we can observe a
variation of the mass density p or the orientation of the
needle-like formations of the monitored composite material
components.

Using the above-expressed relationships between the mass
density of the composite material component and the
electromagnetic field, (3) to (7), it is possible to evaluate the
parameters of the desired properties of the composite
material samples according to the function g:

U =g(9,72,8(1))

O]

®)

where J is the current density in the volume V, and s
denotes the equivalent specific electrical conductivity in the
volume V, Fig.1.
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3. EVALUATING THE TESTS OF BLOCKS AND PARAMETERS

The proposed methodology tests [13] were performed in
laboratory conditions, Fig.2. The actual testing of the
composite material sample (with the applied needle-like
filler components, Fig.3., Fig.4., and Fig.5.) for the selected
type and version of the magnetic yoke within the given
frequency range is shown in Fig.6.

To enable the testing and evaluation of the specific density
of the monitored parts of the composite p (Fig.5.) in the
block of the sample (Fig.3.), we assessed the losses dP [W]
in the measured area as having volume V. In the sample P4
from Fig.3., given the frequency of f=328.630 kHz, we
determined the losses of dP.,= 39.1 uW and dPs=37.0 mW
on the fine and coarse sides (Ax{<0.2 mm and Ax,=10 mm,
respectively). The reference structures lacking metal
elements of the composite, dPgne = 0.349 mW, and the
composite distribution characteristics were analyzed
differently (Fig.7., Fig.8., and Fig.11.). A similar test was
performed for the same sample at the frequency of
f=146.000 kHz, again involving both the fine (Ax<0.2 mm)
and the coarse (Axq,=10 mm,) sides; the relevant evaluated
losses corresponded to dP¢,=30.6 mW and dP=36.6 mW.
The reference structures lacking metal elements of the
composite exhibited the value of dPgn = 22.8 mW (Fig.9.,
Fig.10., and Fig.12.).

Fig.2. The measuring test system and recording device (NDT) to
evaluate the impedance module/phase of the monitored component
at the DTEEE laboratories.

|

Fig.3. The composite material sample (P4) tested at the DTEEE
laboratories; the dimensions are 300x300x140 mm.

Fig.4. The compact NDT measurement and recording device to
evaluate the impedance module/phase of the monitored component
of the composite material sample. The apparatus operates as a
semi-automatic monitoring system.

50mm

A

Fig.5. Selected metal elements of the monitored component of the
composite material sample.

Frequency characteristics

TR1/0Ohm
S

! ! !
| L.
0.2M 0.4M 0,6M 0,8M
flHz

== TR1: Mag(Impedance) wmssmm TR2: Phase(Impedance)

Fig.6. The frequency characteristics of the magnetic yoke: the
resonant frequency of f=425.000 kHz.
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Tested sample P4, surfa:elline,f,:BZS,szu kHz

k3,000 2
. 7
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Fig.7. The measurement and evaluation of the impedance
module/phase of the monitored component P4, impedance module

Z, f=328.630kHz: the fine surface, coarseness rate of
Ax£<0.2 mm.
Tested sample P4, surface coarse, f,=328.620 kHz
1 908 2
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Fig.8. The measurement and evaluation of the impedance

module/phase of the monitored component P4, impedance module
Z, f=328.630 kHz: the coarse surface, coarseness rate of

AXco=10 mm.

Tested sample P4, surface Hné_j’.:lﬂﬁ.lmo kHz

1 1 9
—p ] i - dp

Fig.9. The measurement and evaluation of the impedance
module/phase of the monitored component P4, impedance module
Z, f=146.000kHz: the fine surface, coarseness rate of
Ax£<0.2 mm.

Tested sample P4, surface coa‘rse,l,=146,000 kHz
2

) mm? P dp

Fig.10. The measurement and evaluation of the impedance
module/phase of the monitored component P4, impedance module
Z, f=146.000kHz: the coarse surface, coarseness rate of

AXco=10 mm.

Tested reference sample, £=328.620 kHz
;ss.oon 4

o —.—7 =g dp

Fig.11. The measurement and evaluation of the impedance
module/phase of the monitored component without the metal
element, impedance module Z, f=328.620 kHz.

Tested reference samplé, £,=146.000 kHz

1 33 2

o —7 ) dp

Fig.12. The measurement and evaluation of the impedance
module/phase of the monitored component without the metal
element, impedance module Z, f=146.000 kHz.
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Tested sample P4, surface to:}rse,f,:lds.ﬂﬂﬂ kHz
1 48 2

dP

Fig.13. The measurement and evaluation of the impedance
module/phase; a part of the composite orientation (red) in the
monitored component P4, impedance module Z, f=146.000 kHz:

the coarse surface, coarseness rate of Axco=10 mm.

4. RESULTS

The results obtained from the blocks with the tested and
evaluated distribution (homogeneity) of the composite
material components, Fig.5., were analyzed for the
frequencies of f:1=3.450 kHz, f2=21.900 kHz,
f3=50.120 kHz, f4=146.000 kHz, and fs=328.630 kHz.
These frequencies had been preset to facilitate the
evaluation of the dissipated power dP and, subsequently, the
volumetric mass density p of the monitored metal elements.
Using a simple test, we determined the volumes Vi, i=1,..,5
actively influenced by the magnetic field generated by the
magnetic yoke (Fig.1.). In evaluating the volumetric mass
density p, it is possible to further utilize the already assessed
volumes Vs =75 cm?, V4=375 cm?, V3=600 cm?, V,=900 cm’,
and V21125 cm?’. The coefficient ky is then instrumental
towards establishing the measured density of the metal
composite pum; in this context, we assume steel exhibiting
the specific electric conductivity and volumetric mass
density of =9.93 MS/m and pr., respectively.

The resulting volumetric mass density of the tested sample
corresponds to

psam :pFek\/ : (9)

We then employ the above formula (7) to express the
content coefficient of the monitored composite component,
from which the volumetric mass density p is enumerated.

The density coefficient of the monitored composite
component corresponds to

~ 4z (dP—dP,, ) ,

= (10)

V,Re’

where dPgge is the previously measured and evaluated
magnitude of the dissipated power of the reference structure
without the monitored composite. For the sample P4 at the
depth of down to 10 mm from the surface, we then have

PP4.f10mm = 87.2 kg/m? from the fine side and Op4,co,10mm

39

= -135 kg/m?® from the coarse side. A similar analysis can be
performed for the depth of 50 mm, with OP4.f50mm =

61.4 kg/m* and PP4,c0,50mm = 27.6 kg/m* from the fine and
coarse sides, respectively.

5. DISCUSSION

The measurement results presented within the previous
chapter can be characterized and commented upon as
follows:

1. It is invariably advisable to consider the analyses from
the perspective of the reference sample, namely, the sample
where the composite component has been eliminated (as
characterized above in the form of the parameter dPy,n).

2. Fig.7. to Fig.12. can be wused to interpret the
inhomogeneities in the distribution of the monitored
composite component, and these are then evaluable from the
components of the modulus of the impedance Z, phase ¢,
and dissipated power dP in the graphical embodiment of the
radial interpretation of the quantities.

3. Analyses where the properties of the tested sample are
assessed at different depths have to assume the parameters
of the electromagnetic field. As already indicated within
related sections of the text, the low-quality surface finishes
(namely, the highly coarse ones) exhibit — considering
analyses down to 10 mm — a major difference between the
evaluated density rates in the monitored composite
component; this effect becomes obvious if we compare the
parameters and graphs from Fig.7., Fig.8. and active losses
dPeo= 39.1 uW, dPs=37.0 mW. The data differ to such an
extent that, considering the technology applied to produce
the sample, they can be regarded as inadequate values. The
claim is verifiable via performing a measurement cycle in
greater depths, for example, down to 50 mm below the
surface; the data obtained for the depths of 10 mm and
50 mm differ fundamentally. An identical reference sample
is characterized by the losses of dP¢=30.6 mW,
dPs=36.6 mW, namely, values corresponding to the applied
technology for fabricating the tested sample.

4. The evaluation of the density of the metal elements,
namely, the monitored composite component, is derived
from the dissipated power dP in the assumed space to be
observed having volume V. In an inappropriately preset
measurement cycle (or one where the low quality sample
surface finish exhibits high roughness), including the
influence of the remaining composite components in the
form of dissipated power, dPrn, Will result in erroneous data
on the volumetric mass density of the material of the

component. Within our exemplary measurement, the
information corresponding to such a condition is
Pracol0mm = -135 kg/m®, a value that points to

inappropriate setting of the measurement and analysis of the
sample.

6. CONCLUSION

We designed and tested a novel methodology using
impedance in the complex form to facilitate NDT-based
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measurement and material
components.

Test samples of composite materials with needle-like
formations  applied as the reinforcement were
experimentally measured in laboratory conditions; in this
context, we proved the basic functional principles of the
designed NDT methodology for evaluating the distribution,
density, and orientation of ferromagnetic/non-ferromagnetic
conductive fibers in a composite material.

This novel metrological approach towards the NDT of
composite materials exploits impedance analysis; the
selected resonant frequency enables us to evaluate the
quality of the examined composite at different depths below
the surface of the given block sample.

The single-purpose devices designed and tested to support
the NDT methodology exhibited sufficient sensitivity to
evaluate the monitored components.

The outcomes of the measurement and evaluation of the
fibers’ directions and density are presented in chapters 3 and
4 above. Without major corrections, we evaluated the
density (mass) of the steel fibers, which exhibited specific
distribution density values at particular subsurface depths.
The procedure proved to be valid and advantageous for use
at frequencies within the band close to the resonance of the
monitored region of the material.

Further research in the presented context will focus on
verifying the accuracy of the volumetric mass density
evaluation in the monitored composite material components.

evaluation of composite
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