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Abstract

Although steel fiber reinforced concrete is becoming increasingly popular in

the construction industry, its application is currently limited to certain areas.

One reason is the lack of an economical non-destructive testing method to

determine the content, distribution, and orientation of steel fibers in fresh and

hardened concrete. However, these parameters are decisive for the assessment

of the static performance of a building component. In this article a new test

method is proposed, which is based on the electrical conductivity of concrete.

Using a two-electrode experimental set-up, measurements of the electrical con-

ductivity were done on hardened concrete cubes with defined fiber content

and a correlation between electrical conductivity and fiber content could be

identified. Within the scope of extensive test series, the fiber content and the

age of specimens were varied, and several identical series were produced and

observed to ensure statistically verified results. At this stage of research the test

method based on electrical conductivity measurement provides reliable results on

the fiber content of preconditioned concrete cubes. Based on the results a new

model was developed to quantify the fiber content of the examined cubes. This

model is based on the estimation of the relative conductivity, the so-called

increase of conductivity. Undesired influences caused by aging, respectively hydra-

tion in the young concrete age were eliminated, by relating the conductivity of

fiber reinforced concrete to an unreinforced concrete. Further investigations with

focus on the influence of concrete composition and other specimen sizes are going

to be conducted as next steps for the development of an in situ test setup for the

diagnosis of concrete structures.
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1 | INTRODUCTION

Steel fiber reinforced concrete (SFRC) is a commonly
used material for civil construction. It consists of plain
concrete (PC) and macroscopic steel fibers, which are
mostly produced out of wires (see, e.g., Refs. 1–6). SFRC
combines positive features from both of its components
and compensates their disadvantages. PC as an
unreinforced material is nearly freely shapeable and can
resist high compressive loads, but nearly no tensile
stresses, whereas drawn steel wires are characterized as
reinforcements with an extremely high tensile strength.
The combination of the materials leads to an improve-
ment of tensile strength, ductility, and impact strength
(see, e.g., Refs. 7–11). As alternative material for conven-
tional steel reinforced concrete in some cases, construc-
tions can be planned and realized with SFRC without the
time-consuming process of reinforcing. Because of limita-
tions of the tensile strength in ultimate limit stage in
comparison to steel reinforced concrete, the main appli-
cation of SFRC can be found in constructions with lower
static requirements, which is why SFRC is often used for
industrial floorings, residential construction. Also, under-
ground construction in the form of precast tunnel seg-
ments, so called tubbings, which have the highest static
requirements in building condition, can be an interesting
application for SFRC (see, e.g., Refs. 12–14).

The mechanical parameters of SFRC are strongly
affected by the content of fibers in the concrete, their dis-
tribution and orientation. All three parameters show a
considerable influence on the load bearing capacity after
initial cracking of the concrete (see e.g., Ref. 15–19).
In general, the flexural strength of SFRC lies in between
the ones of PC and conventional steel reinforced con-
crete, but with high amounts of steel fibers a ductile and
strengthening behavior after first crack building in con-
crete can be observed. Lower dosages of fibers lead to a
strain softening behavior, but nevertheless a significant
increase of its residual strength in comparison to PC
and a uniform and fine crack distribution (see, e.g.,
Refs. 7–11).

One challenge in the use of SFRC is the uneven und
often unknown distribution and orientation of the fibers
in concrete elements. While the global fiber content can
be controlled by a precise dosing process, the local
parameters can deviate from the global ones. Based on
this problem, relatively large deviations of up to 20% of
test results for mechanical properties can occur. There-
fore, the safety factors for the static calculations must be
high to ensure a secure way of construction (see,
e.g., Refs. 20–23). Also, the orientation of fibers has a big
effect on the strength of the compound material. The
maximum load transmission between two crack edges

can be reached by fibers that are oriented parallel to the
applied stress. In this position the angle between the fiber
and the crack is 90�. A decrease of this angle leads to a
significant decrease of the transmittable tensile strength
(see, e.g., Refs. 24–26). For these reasons, the knowledge
of the local fiber content and their orientation is of great
importance for test specimens and for construction ele-
ments. Various test setups have been developed and
applied in scientific studies. So far, no accurate and easy
to apply setup was found, which can be used for in situ
monitoring or at the construction site.

The highest detailed and specific results on fiber con-
tent, distribution and orientation in concrete specimens
can be obtained by computer tomographic analysis (see,
e.g., Refs. 27–33). With high effort and expensive equip-
ment, a 3-dimensional visualization of the specimen is
possible, where the fibers and concrete can be distin-
guished by their different densities. The biggest problems
of this test method, however, are the excessive costs for
the equipment and the relatively small specimens that
can be analyzed.

An easier setup can be used to generate 2-dimensional
sectional images of SFRC, the so-called photo-optical
method. Based on a large number of sectional images an
acceptable evaluation of the fiber amount and orientation
in different areas of concrete elements is possible (see,
e.g., Refs. 34 and 35). Even so the equipment for this
method is much cheaper it is a very time-consuming work
because many sectional images out of different sections of
the specimens and of course in different orientations are
needed to get a sufficient overview of a structural element.
Other methods based on inductivity (see, e.g., Refs. 36–46)
or permittivity (see, e.g., Refs. 47–54) are also used in scien-
tific research but cannot be realized yet in the process of
construction of huge elements or even buildings. An exam-
ple for a test setup using permittivity measurements of
SFRC is given in Ref. 53, where an open-ended coaxial
probe is applied to the surface of concrete slabs. Although
the laboratory results show that the determination of the
fiber volume fraction is possible, using this method, a high
effort of equipment and time, especially for applying com-
plex models with different simplifying assumptions, is
necessary.

For that reason, first results of an experimental pro-
gram using electrical resistivity measurements on SFRC
to set up a model for fiber content, distribution, and ori-
entation of distinct types of specimens are presented in
this paper. Electrical resistivity measurements are cur-
rently used for the monitoring of the corrosion behavior
of steel rebars in concrete elements using multiring-
electrodes (see, e.g., Refs. 55–59). By extending this idea,
the objective of this study is to develop a test setup that
can be adapted on nearly all types of concrete elements
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and can be used for in situ measurements on SFRC build-
ings (see, e.g., Refs. 60–63). In a first step, separately cast
cubic specimens with a defined concrete composition are
investigated to get a basic approach and correlation
between the electrical resistivity of SFRC and its fiber
content. Further investigations are ongoing to extend the
setup to cylindrical specimens, like drilling cores, and
with help of finite element modeling to structural ele-
ments or whole concrete structures. Even if this further
development will be much more complicated and time
consuming, the presented study shall be the first step of
the development.

2 | EXPERIMENTAL PROGRAM

2.1 | Materials

To investigate the influence of fiber content, distribution,
and orientation in concrete specimens on the electrical
resistivity, respectively, electrical conductivity, of the
SFRC, specimens of one type of concrete mixture with
varying fiber content have been produced. To eliminate
possible influences of supplementary cementitious mate-
rials, ordinary Portland cement was used as binder. The
water/cement-ratio was set to 0.45. For the aggregates, a
quarzitic material with a fine grain size distribution of
C16 according to DIN 1045-264 was used. The maximum
grain size of 16 mm was chosen to ensure a nearly free
distribution of the fibers without a considerable influence
of the biggest grains. The cement content was set to
470 kg/m3 to attain a high workability and low porosity
of the concrete mixture without the use of super-
plasticizer. The mix design of the resulting concrete is
presented in Table 1.

The production of the concrete was done in the fol-
lowing way. First the cement and the aggregates were
homogenized in a compulsory mixer with a nominal vol-
ume of 160 L. After 30 s the water was added, and the
concrete was mixed for at least 2 min. Then the PC was
visually inspected, and the walls of the mixer were
scratched from adhering components and an additional
mixing phase of 1 min was performed. Afterward the tar-
get consistency of the PC was examined via flow table
test in accordance with EN 12350-565 and the air content
and fresh concrete density were determined in accor-
dance with EN 12350-666 respectively EN 12350-767. Each
concrete production was performed with a material
volume of 70 L. Following the fresh concrete testing,
samples of 4 L each were extracted of the mixer and
placed in a bucket mixer. Also, a defined fiber content of
10–120 kg/m3, appropriate to 0.1%–1.5% by volume, was
added in the mixer and mixed for about 1 min before the

concrete was filled into cubical steel formworks with
dimensions of 150 mm3. Before the casting of the form-
works, the SFRC was visually inspected to ensure that no
negative effects of the fiber addition, like agglomerations
of fibers or an insufficiently high porosity, took place.
Although the maximum fiber content of 120 kg/m3 was
very high, no defects in the concrete structure could be
identified. Additionally, one PC specimen without fibers
was produced. The used fibers were hooked steel fibers
with a length of 60 mm, a diameter of 1 mm and a tensile
strength of about 1500 N/mm2. This procedure was per-
formed six times, so there are six identical series of speci-
mens with different fiber contents from 0 to 120 kg/m3,
what gives in total 72 specimens.

2.2 | Test setup

All specimens were stored in the formworks, covered
with foil, for 1 day. After demolding, the upper surfaces
of the specimen were ground down to ensure a flat sur-
face for a good electric connection. Then the specimens
were stored in separate storage boxes under water at a
temperature of 20�C till testing.

Because of the small dimensions of the specimens in
relation to the fiber length an electric connection over
the entire sample surface areas was chosen to reduce
effects of single fibers or grains near the surfaces. To
compare different geometries of the specimen, the spe-
cific resistance respectively conductivity values can be
calculated by using absolute values and a geometrical
factor k. The specific values are necessary to compare dif-
ferent specimens and represent independent material
properties. In the case of a full connection of two parallel

TABLE 1 Concrete mix design

Parameter Unit Content

CEM I 52.5 R kg/m3 470.0

Water 211.5

Aggregates

Milisil W3 218.3

0.1–0.5 mm 326.9

0.5–1.0 mm 238.4

1.0–2.0 mm 210.0

2.0–4.0 mm 186.8

4.0–8.0 mm 234.9

8.0–16.0 mm 193.8

Total 1609.1

Water/cement-ratio — 0.45
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surfaces of a specimen the shape of the electric fields can
be described as shown in Figure 1. The factor k for this
configuration of electrodes can be calculated by the per-
colated area A and the distance of the electrodes l by fol-
lowing Equation (1):

k¼A=l ð1Þ

where, k is the geometry factor depending on dimensions
of specimens in m; A is the effective contact area in m2;
l is the electrode gap in m.

The resulting test setup consists of two electrodes made
of stainless steel with an edge length of 200 mm to inhibit
corrosive effects on the surfaces, which are connected to a
resistivity analyzer with identical cables. Since the connec-
tion to the concrete surface solely by the steel electrode
was not possible in a reproducible way, a wetted sponge
cloth was used to allow a connection over the entire sur-
face. The moisture of the sponge clothes was constantly
checked and adjusted with fresh water, tempered to 20�C.
The full test setup can be seen as schema in Figure 2a, and
a picture of the setup is presented in Figure 2b.

Every specimen was evaluated in all three directions to
receive results of the global fiber content and values for dif-
ferent orientations of the specimens. Before the measure-
ment was performed, a single specimen was taken out of its
storage box and the surface water was removed by using
paper towels. Then the specimen was placed on the first
electrode and the second one was placed on top. To obtain
a constant und reproducible contact pressure a defined ref-
erence weight was placed on top of the test setup.

As resistivity analyzers two different devices were used,
depending on the investigated parameters. The first on was
a so called LCR meter, type Extech Instruments LCR
200, and the second one was a potentiostat, type Gamry
Instruments 1010E. The parameters of both devices can be
found in Table 2.

By use of the LCR meter an alternating current
(AC) with a voltage amplitude of about 600 mV rms was
induced at a fixed frequency. For the measurements in
this study all possible frequencies were used. The LCR
meter then reports the electrical resistance as resulting
parameter. After the measurement of all frequencies in
one direction of the cube, it was turned around until all
three possible directions were analyzed.

By use of a digital potentiostat different amplitudes of
AC as well as different frequencies were assessed. In one
continuous test series the amplitude of the AC was

FIGURE 1 Shape of the electric field of two parallel electrodes

FIGURE 2 Scheme of the test setup (a) and photo of the test

setup (b) for conductivity measurements

TABLE 2 Parameters of the resistivity analysers

Parameter LCR meter Potentiostat

Type designation Extech Instruments
LCR200

Gamry
Instruments
1010E

AC amplitude 600 mV rms 17.8 μV to
2.33 V

Frequency 100 Hz, 120 Hz, 1 kHz,
10 kHz, 100 kHz

10 μHz to
2 MHz

Measuring range
of impedance

0.000 Ω to 200.0 MΩ

Accuracy ±0.5% ±0.5%
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changed in the range of 10–200 mV while the frequencies
varied between 1 Hz and 100 kHz on one SFRC specimen
(see Section 3.3). Due to the continuous monitoring only
one direction of the specimen was evaluated. Another
series of tests was performed at a constant amplitude and
only varying frequency over a period of about 17 h to
identify effects of drying of the coupling and the speci-
mens on both PC and SFRC (see Section 3.2).

3 | RESULTS AND DISCUSSION

3.1 | Correlation between electrical
resistivity and fiber content

All results confirm a considerable influence of the fiber
content onto the measured electrical resistivity respec-
tively conductivity of the investigated SFRC specimens.
The results presented in Figure 3 include all six series of
each 13 specimens, investigated by use of the device
Extech Instruments LCR200. The electrical resistivity
combines both the conductivity of the steel fibers and of
the concrete. A deviation in results could be seen which
is based on the inhomogeneity and anisotropy of the
material. The maximum coefficient of variation of 9.65%
was found for a fiber content of 90 kg/m3. A relation
between fiber content and deviation could not be identi-
fied. Usually, conductivity is a homogenous parameter
for isotropic materials, but in case of SFRC the calcula-
tion of a global value of the specific material's resistance
as mean value of all three cube directions was necessary.
The global conductivity was calculated analogously. The
presented values were measured at a frequency of 10 kHz
for a concrete age of 7 days.

It is obvious that the addition of fibers to the concrete
led to a higher conductivity or lower electrical resistivity.
Especially low fiber dosages showed a high impact on the
measured electrical resistivity, whereas at higher fiber
dosages the differences were less clear. An addition of
30 kg/m3 of fiber to the unreinforced concrete resulted in
a bisection of the electrical resistivity from about 50 to
25 Ωm. When another 30 kg/m3 of fibers were added the
loss of electrical resistivity was only about 30%, so there
is no linear correlation between fiber content and electri-
cal resistivity. In contrast it could be seen that the con-
ductivity nearly correlates to the fiber content in a
linear way.

3.2 | Influence of frequency and
measuring time

To evaluate the influence of the frequency and the mea-
suring period in detail the test setup was changed for two
additional measurements. For this test series the
potentiostat (Gamry Instruments 1010E) was used to get
results of different frequencies over a prolonged period of
time. The specimen without fibers was analyzed at a con-
crete age of 14 days, in only one direction because the
potentiostat was able to log results continuously over a
period of about 17 h whereat the frequency was varied
from 1 Hz to 100 kHz. The influence of the measuring
time on the electrical resistivity is presented in Figure 4.

Because of the higher concrete age of 14 days, the
electrical resistivity in general was higher than for the
same specimen at a concrete age of 7 days (cf. Figure 3).
This phenomenon will be investigated in detail in
Section 3.4. It can be determined that in the first 30 min
there was an increase in electrical resistivity, followed by

FIGURE 3 Correlation between electrical resistivity,

respectively, conductivity and fiber content, resistivity analyzer:

Extech Instruments LCR200

FIGURE 4 Effect of varying measuring time on the electrical

resistivity of PC, resistivity analyzer: Gamry Instruments 1010E
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a small plateau and another nearly linear increase until
the end of the observations. This behavior occurred inde-
pendently from frequency of AC, whereat an increase of
the electrical resistivity could be observed with increasing
frequency. The time-depending effects can be explained
by the drying process of the sponge cloths and the con-
crete and the resulting loss of saturation of the pore struc-
ture, which is the conductive part of both the concrete
and the sponge cloths. The dehydration process starts at
the surface of the concrete, but a small reservoir of water
can possibly be found in the sponge cloth that serves for
the connection of the electrodes.

During the first minutes the loss of moisture of those
couplings is high because of the open pore system of the
surface dry concrete specimen. After a first water
exchange process the moisture of the coupling and the
concrete will be balanced and the water exchange will
nearly stop. But after a time both materials will start to
interact with the surrounding air, which has a lower
moisture content and so a dehydration process of the
whole measuring system will start. For the measuring
process the conclusion can be drawn that the time of con-
tact of specimen and coupling should be minimized, and
the sponge cloths must be kept in a nearly constant con-
dition of moisture.

In Figure 5 a predictable loss of electrical resistivity
with increasing frequency could be observed, which was
nearly independent from the moisture of the coupling,
what is clearly visible through the parallelism of the sin-
gle curves for different measuring times. In general, the
fact that an increase of humidity leads to a decrease of
the electrical resistivity, which is described above as well
as in earlier studies of the autors (see Ref. 68), also can be
identified in this figure. The single curves can be divided

by dashed lines into three parts, based on different sec-
tors of frequency. In the first sector, between frequencies
of 1 Hz to about 50 Hz, a disproportional decrease of the
electrical resistivity was visible. An explanation of this
behavior can be found in polarization effects which can
appear on both electrodes at low frequencies and are the
reason to use AC instead of direct current (DC) in this
study. At higher frequencies in sector two there was a lin-
ear decrease of the electrical resistivity, followed by
another disproportional descending above a frequency of
10 kHz in sector three, that can be explained by inductive
effects in cables or connections of the measuring system.
For the following measurements based on these results it
was decided to investigate the electrical resistivity in the
range of 100 Hz to 100 kHz to avoid polarization effects
that possibly modify the concrete surfaces or couplings of
the system.

As can be seen in Figure 6, which shows the complete
set of data of the investigations of measuring time and
frequency, both parameters show a huge effect on the
electrical resistivity, while there is no influence of the
parameters among each other.

The same results could be identified on a SFRC speci-
men with 80 kg/m3 of fibers (Figure 7). This specimen
was tested at a concrete age of 14 days in one horizontal
direction so that the fibers were supposed to show a huge
effect because it can be assumed that most of the fibers
will be oriented in horizontal direction when the speci-
mens are produced in layers and compacted on a vibra-
tion table. As can be seen the influence of the frequency
on the electrical resistivity was significantly higher for
SFRC than for unreinforced concrete for frequencies

FIGURE 5 Effect of varying frequency on the electrical

resistivity of concrete, resistivity analyzer: Gamry Instruments

1010E

FIGURE 6 Effect of varying frequency and measuring time on

the electrical resistivity of PC, resistivity analyzer: Gamry

Instruments 1010E
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below 10 Hz. This is probably based on the polarization
effects on every connection point of fiber and concrete
which takes part in the electrical connection. Because of
the high effect of the frequency the measuring time or
dehydration status of the specimen becomes sub-
ordinated. A comparison of both figures leads to the
conclusion, that a higher frequency is better for the dif-
ferentiation of the fiber content because at low frequen-
cies a fiber content of 80 kg/m3 resulted in a doubling of
the electrical resistivity whereas at high frequencies it led
to a nearly four times higher electrical resistivity so the
selectivity of the results will be higher.

3.3 | Influence of amplitude

Another parameter to be investigated was the amplitude
of the AC. With help of the potentiostat (Gamry Instru-
ments 1010E), different amplitudes in the range of
10–200 mV could be realized in combination with fre-
quencies in the same range than in Section 3.2. The
investigation was done to see if any effects, like corrosion
or polarization, occur if the amplitude is set too high. To
see beneficial effects over a big spread of electrical resis-
tivities, the SFRC specimen containing 80 kg/m3 of fibers
from Section 3.2 was also used in this investigation. This
specimen was also evaluated with the LCR meter with a
fixed amplitude of 600 mV to see if the LCR meter gives
comparable results to the potentiostat. The results in
Figure 8 showed no significant effects of the amplitude
on the measured electrical resistivity while the influence
of the frequency was clearly visible like described in
Section 3.2. For the measurements with the potentiostat,

frequencies between 1 Hz and 100 kHz were investigated
and for the LCR meter only the five frequencies 100 Hz,
120 Hz, 1 kHz, 10 kHz, and 100 kHz were possible. This
means that the highest impact of the frequencies on the
electrical resistivity was not visible in the results pro-
duced with the LCR meter. Because nearly no differences
in the measured resistivity for different amplitudes was
visible, it can be concluded that in the tested range of
amplitudes no damage based on the AC were induced to
the concrete. Therefore, the highest amplitude can be
used for the further investigations, what will result in the
best resolution of the results, because higher voltages will
be induced and so the resistivity of the concrete can be
calculated with a higher accuracy. This shows that the
LCR meter is an appropriate measurement system with
the given amplitude of 600 mV.

3.4 | Influence of specimen age

The last investigated parameter in this research was the
age of the specimen and so the hydration progress and
the resulting pore structure. This effect was analyzed over
a period of 56 days, on specimens with fiber contents
from 0 to 120 kg/m3 with the Extech Instruments
LCR200 at all five possible frequencies. Like described in
Section 3.1, a significant loss of the electrical resistivity
was visible with increasing fiber content. This can also be
seen in Figure 9 for a frequency of 10 kHz. Also, the
hydration changed the electrical resistivity of the PC,
respectively of SFRC. With increasing specimen age and
therefore increasing hydration process and building of
pore structure, an increase of the electrical resistivity is
accompanied. The effect from an age of 7–28 days

FIGURE 8 Effect of varying amplitudes on the electrical

resistivity of SFRC, resistivity analyzer: Gamry Instruments 1010EFIGURE 7 Effect of varying frequency and measuring time on

the electrical resistivity of SFRC with a fiber dosage of 80 kg/m3,

resistivity analyzer: Gamry Instruments 1010E
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thereby was bigger than the increase from 28 to 56 days.
Because of the used binder, OPC, it is obvious that the
greatest part of the hydration will be completed at the
age of 28 days, so that most of water will be bound to the
cement clinker and the pore structure will be almost
finalized. After 28 days the changes in the pore structure
will be smaller than in the first days, so the resulting
increase in electrical resistivity is also smaller.

The changes of the microstructure based on the
hydration process showed a higher effect on concrete
with lower fiber dosages, what means that effects on con-
nectivity between fibers and concrete did not take place.
With increasing concrete age, the influence of fibers in
the concrete on the measured electrical resistivity
increased what would be a good tendency for the analysis
of structural buildings in case of maintenance and repair.
But it should be noted that the age of the concrete must
be considered to predict the fiber content of an analyzed
concrete based on its electrical resistivity.

3.5 | Statistical verification

At the end of investigations the variance of the electrical
resistivity of different concrete specimens within the
same composition and identical curing conditions was
proved by a statistical analysis of all six series of identical
concretes with identical curing conditions. A graphical
presentation of the coefficients of variation of the electri-
cal resistivities of the specimens with an age of 7 days
can be seen in Figure 10. It is evident that the PC without
fibers only showed a small spread in the electrical resis-
tivity while the fiber reinforced specimens had slightly
bigger COV's. No correlation between fiber content and

spread was identified. Therefore, the addition of fibers
generally led to an increased COV with respect to the
measurement of the electrical resistivity. The main rea-
son seems to be the random distribution and orientation
of fibers in the specimen. Also, no significance between
the frequency and the spread could be seen in the results
of the 7 days old concrete.

In contrast to those results the variance of measure-
ments of the electrical resistivity for the older specimens
with an age of 56 days was significantly higher
(Figure 11). Even the PC shows a higher COV, for the
SFRC specimens, except for a fiber content of 60 kg/m3, a
much higher spread of the electrical resistivity occurred.
In this specimen age an effect of the frequency was also

FIGURE 10 COV of the electrical resistivity in measurements

at specimen age of 7 days, resistivity analyzer: Extech Instruments

LCR200

FIGURE 9 Effect of specimen age/storage duration on the

electrical resistivity, resistivity analyzer: Extech Instruments

LCR200

FIGURE 11 COV of the electrical resistivity in measurements

at specimen age of 56 days, resistivity analyzer: Extech Instruments

LCR200
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clearly visible. For the frequencies below 10 kHz it seems
that with an increasing fiber content the COV of the elec-
trical resistivity likewise increased. With a fiber content
of 80 kg/m3, it seems to be a limit with a COV of about
18% and a further increase of fibers did not lead to a
higher spread if the results of a fiber content of 110 kg/m3

were assessed as outliers.
The positive aspect of these results is that for higher

frequencies the spread is significantly smaller and only
slightly above the results of the very young concrete. So,
the effects of hydration of the concrete within this testing
conditions showed the lowest significance. For the devel-
opment of a model that predicts the fiber content based on
measurements of the electrical resistivity, high frequencies
should be used to reach statistically valuable results.

4 | DEVELOPMENT OF A
PREDICTION METHOD

4.1 | Basic approach

Because of the influence of the specimen age
(Section 3.4), the electrical resistivity itself as a direct
parameter for the prediction of the fiber content of con-
crete is not suitable. The conductivity of the concrete is
too much influenced by the hydration process and by the
humidity of the concrete. Therefore, a parameter must be
found that compensates for such effects. Based on physi-
cal fundamentals, equivalent circuits were analyzed but
because of the inhomogeneity and anisotropy, simple
models like parallel connection or series connection were
not applicable. For this reason, the increase of conductiv-
ity of SFRC relative to the PC λ was calculated for each
fiber content by the following Equation (2):

λ¼ σSFRC=σPC ð2Þ

where, λ is the increase of conductivity in %; σSFRC is the
conductivity of SFRC in s/m; σPC is the conductivity of
PC in s/m.

For developing a prediction method, only the mea-
surements are used, that were performed with use of the
Extech Instruments LCR200. The correlation between
fiber content and increase of conductivity is presented in
Figure 12. A nearly linear correlation between fiber con-
tent and increase of conductivity could be observed,
where the spread increased with increasing fiber content.
This means a relative failure of the correlation of about
±10% could be identified while the mean values showed
a coefficient of determination of 0.9984. For the adaption
of the test setup as in situ test method for concrete

structures the determination of the conductivity of the
PC will be difficult. Investigations of very small volumes
of SFRC are going to be performed to check if it is possi-
ble to estimate the conductivity of PC without steel fibers
if the volume of the specimen or the percolated volume is
small enough.

For the prediction of the fiber content the axes of
the diagram have been swapped in Figure 13 so the
fiber content cF becomes the result of the calculated
increase of conductivity λ. With this diagram and the
equation the fiber content of a specimen can be
predicted based on the measured electrical resistivity
by the following Equation (3):

cF ¼ 0:25� λþ2:65 ð3Þ

FIGURE 12 Correlation between fiber content and increase of

conductivity

FIGURE 13 Prediction method of fiber content based on

increase of conductivity
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where, cF is the fiber content in kg/m3; λ is the increase
of conductivity in %.

As can be seen in Equation (3) a higher fiber content
goes along with a high increase of conductivity and a lin-
ear correlation can be used to display this behavior. One
inaccuracy in the function can be found in the axial inter-
cept that deviates from the origin of the coordinate sys-
tem. Based on theoretical considerations a fiber content
of 0 kg/m3 that represents the PC must lead to an
increase of conductivity of 0% but as a result of a limited
data base the empirical analysis led to the best agreement
of the function and the data with this inaccuracy.

4.2 | Extension to different concrete ages

In the last step the prediction method has been validated
with all gained raw data. For this purpose, all single
values of the six test series in the three different concrete
ages were compared with the basic model from
Section 4.1. Also, the mean values of the six series were
included in Figure 14. It is evident that the parameter λ
gave the possibility to approximate the fiber content of
the concrete almost independent to the concrete age from
7 to 56 days. The mean values for all ages showed a good
agreement with the regression, while the single values
partially differed from it.

With increasing fiber content, the scatter between the
model and the single values also increased, what can be
interpreted as a relative scatter in material parameters.
An absolute error was not visible because for low fiber
dosages neither the single values itself showed nearly any
deviation nor a difference from the model curve. For the
possibility of an approximation of the fiber content via
the electrical conductivity this tendency means that an

adequate number of specimens must be taken and tested
to gain sufficient raw data. Otherwise, large safety factors
must be considered to not overestimate the fiber content.
With a series of six specimens for example it is possible to
estimate the fiber content with an accuracy of ±8%. For
fiber contents in the practical range of above 20 kg/m3 an
accuracy of ±3% could be observed. In contrast to the
mean values by use of the single values the largest dis-
crepancies in the estimated fiber content to the real one
were ±17%.

Looking onto the mean values for the higher concrete
ages it can be noticed that the model seemed to be imper-
fect, since the mean results for high fiber contents from
over 100 kg/m3 did not show a linear trend but the curve
bottomed out. With a higher amount of data and even
older specimens the model could be optimized to reach a
more sufficient estimation. The second problem was the
divergence of the model curve from the point of origin.
This point represented the PC and so the increase of con-
ductivity using fibers was definitively 0%. For low fiber
contents because of this shift of the curve an additional
inaccuracy was intrinsic so that a sufficient estimation of
contents of about 10 kg/m3 was not possible. On the
other hand, it is questionable if such low fiber contents
are used in practice and a need to determine the parame-
ters of the SFRC in detail exists.

5 | CONCLUSIONS

The fiber content is an important parameter which has
an immense effect on the mechanical performance of
SFRC. Because of the lack of determination methods for
the fiber content in hardened concrete, relatively high
safety factors must be used in static analysis. Based on
the electrical conductivity, a new method was presented
to estimate the fiber content of a known concrete mixture
with ordinary steel fibers.

To set up this model investigations on concrete speci-
mens with fiber contents from 0 to 120 kg/m3 were per-
formed and a statistical evaluation was done by the
comparison of six series of specimens. The results show an
influence of different parameters on the electrical conduc-
tivity respectively resistivity. While the amplitude of AC
nearly has no effect on the electrical resistivity of SFRC,
the frequency must be taken into consideration. Low fre-
quencies especially for SFRC result in a significantly
higher electrical resistivity based on polarization effects
than frequencies above about 10 kHz, where a nearly con-
stant electrical resistivity can be measured. For PC, the
effect of frequency is much smaller, so this parameter
could be a good research topic for further studies. The
measuring period, synonymous to the dehydration of the

FIGURE 14 Extension of the prediction method to different

concrete ages
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specimens, which were stored under water, shows only a
small effect, when it is smaller than a few hours and the
biggest effect can be seen on PC. On the contrary an
increase of the age of specimen from 7 to 56 days leads to
a significant increase of the electrical resistivity because of
the change of its pore structure. However, the biggest
effect on conductivity results in the addition of fibers
which lead to an additional conductive part in the material
and therefore increase the conductivity.

By the calculation of the increase of conductivity λ
the effects of the aging could be compensated and a lin-
ear correlation between fiber content and λ was identi-
fied. Based on this correlative model it was validated
which accuracy of estimation for the fiber content is pos-
sible by measuring the electrical conductivity. It was
observed that an amount of six specimens leads to an effi-
cient estimation of the fiber content with deviations of
about ±6%, which could help to minimize safety factors
for static analysis.

In comparison to different research directions, like
the use of microwave analysis of SFRC (see, e.g., Refs.
53,54) the presented method is still limited to concrete
specimens and not yet ready for in situ analysis of con-
crete structures. Nevertheless, the very fast measuring
process, the low modeling effort and the observed inde-
pendence of the results from the concrete hydration, are
advantageous compared with permittivity measurements,
where a constant behavior is expected only for fully
hydrated concrete.

However, it shall be observed in further investigations
if the identified model of this study can be optimized by
an increased data base and if the effect of different con-
crete mixtures can be as easily compensated as the differ-
ent concrete ages. Also, a method shall be identified that
allows an estimation of the conductivity of the PC so the
test method can be used on concretes in practice when
no PC is available. Additionally, in further test series of
the authors, the test setup has been modified for tests of
cylindrical specimens like drilling cores that can be
extracted out of existing structures (see Refs. 69,70). With
help of a finite element modeling of the electrical current
flow an extension of the test setup is supposable that can
be applied directly on structural elements, since it has
already been shown for drilling cores. By adopting the
finite element model to more difficult geometries, in a
first step to precast elements, the possibility of in situ test-
ing of structures shall be analyzed and possible limita-
tions of the test setup shall be identified and removed.
One major challenge concerning further development of
the presented technique is the need to consider the satu-
ration state, respectively the moisture content, of the con-
crete to be tested, which varies according to age and
geometry of the investigated concrete structures. To

address this challenge, preconditioning tests on labora-
tory concrete samples may be used to derive calibration
curves, which enable a subsequent correction of the
moisture effect.
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