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24 Years ago, the concept of using the electrical conductivity to characterize the strength
development of young concrete was the starting point for a research program that resulted in
the ConSensor. This sensor system is now used all over the world to monitor the strength
development of young concrete. Scientists of several universities are now interested in other
possibilities to use the electrical conductivity as a parameter to monitor concrete because it is
not only related to the strength development it also gives information about other

characteristics like the setting time and the durability of concrete.

In this paper the latest experience and research results will be presented, including the
relationship between electrical conductivity and

= strength;

= setting time;

= durability of concrete;

= conductivity and temperature.

The first three topics find their origin in the microstructure of cement and how this
microstructure changes in time. These relationships can therefore be described with
microstructural models. The fourth topic, the temperature coefficient is based on the theory of

the activity of ions in the pore water.

Keywords: Material model, electrical conductivity, strength development, material

characterisation, microstructure

1 Introduction

There is a need for information about the behaviour of materials in structures. This

information is required to monitor the construction process and to have figures about the
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quality of the materials used. For concrete the information about the hardening can be
used to optimise the speed of construction. Information about the microstructure of the
material like the permeability can be valuable to determine the durability. The information
is preferably gained in a non-destructive manner. The ConSensor, a wireless sensor system
that measures the electrical conductivity and temperature of (hardening) concrete, has
been designed for this purpose. In this paper the applications and results over the past 24

years are discussed.

The idea behind the ConSensor started as a scientific concept based on the use of dielectric
sensors to characterize microstructures [1]. The research that followed resulted in a concept
that used the idea that the electrical conductivity of concrete changes in time due to the
hydration of cement [2]. The changes in composition of the pore water in combination with
the consumption of water and the changes in the connectivity of the pores results in
changes in the electrical conductivity. These changes are mainly related to the hydration of
cement. By combining material models and test data it is possible to relate the electrical
conductivity to other material properties like strength. This scientific concept was later

adopted for practical applications and is now commercially available.

Theoretical background

The electrical conductivity of concrete depends on many factors like the type of cement,
temperature, pore structure, degree of hydration etc. It is therefore needed to understand
the theoretical background of the electrical conductivity if this material property is used as

an indicator for other properties.

The general idea of the electrical conductivity of hydrating concrete is that the electrical
conductivity depends on a) the amount of free pore water and the quantity of ions therein
and b) on the pore structure of the hardening concrete. As the degree of hydration
increases the amount free water and ions decrease, and the number of connected pores
decreases as well. Both factors cause the decrease of the electrical conductivity.

A simple model (figure 1) of conductive and not conductive resistors (R) has been used to
show general idea of the relation between the degree of hydration of cement and the
conductivity of the cement paste. It shows also the influence of the number of pores that

are blocked. This principle was presented in the Heron journal in 1999 [22]. It was shown



that this model, in combination with a degree of hydration model and measurements of

the conductivity, could be used as an indicator of the connectivity of the pores.
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Figure 1: Electrical model of conductive elements based on the volumes on the volume fractions in

the cement matrix

In this model the electrical conductivity of the pore water was taken constant during
hydration to show the effect of blocked pores on the conductivity of the cement matrix. In
reality the conductivity of the pore water will change in time. In the early stage the
conductivity will increase because more ions will be present in the pore water due to the
dissolving of the cement particles in the water. In the following phase the total amount and
type of ions will be more stable resulting in a more constant conductivity of the pore water.
External ingress of ions, for example caused by chloride ingress, can also cause changes in

the conductivity of the pore water.
The main factors that determine the conductivity of concrete:

= Conductivity of the pore water;

= Amount of pore water

(Amount of water in the concrete, in the cement paste and in the aggregates);

= Connectivity of the pores that are filled with water.

Models that calculate the conductivity based on these three main factors can be used to
describe the microstructure of the cement matrix. An example of the application of these
types of models is the characterisation of pore size distribution based on the measured
conductivity [3]. Also, the relationship between electrical conductivity and strength can be

described in this manner.



Electrical conductivity and strength development

As soon as the amount of pore water decreases due to the reaction between water and
cement also the electrical conductivity decreases. Due to the same reaction the volume of
the solid phase of reaction products will increase. This solid phase of un-hydrated and
hydrated cement will give the cement matrix its stability and structure and, therefore,

strength.

A relationship between electrical conductivity and strength can be found by combining

models that describe the following 2 relationships:
= Pore structure and electrical conductivity

= Pore structure and strength

Backe [4] described the relationship between conductivity and porosity for the cement
matrix with Archie’s law. The relationship between porosity and strength was described
with models of Powers, Balshin and Schiller. A more refined method was proposed by van
Beek [2] by using the degree of hydration concept [5]. The outline of this model is
presented in figure 2. Both methods showed that there is a relationship between the

development of the microstructure and the electrical conductivity. The research also
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Figure 2: Outline of the model used describe the relationship between electrical conductivity and

strength development [2]
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showed that it is possible to make a direct relationship between the electrical conductivity

and the strength.

The relationship between electrical conductivity and strength has been the basis for the
first practical application of electrical conductivity on hardening concrete. It was the
starting point of the development of the ConSensor. A system that, after 24 years of

development, is being used all over the world.

The relationship between conductivity and strength as used for the ConSensor has shown
to be reliable. The correlation coefficients of 54 mixtures have been examined. All mixtures
showed the relationship. The average number for the correlation coefficient is 0,95. Each
mixture, however, has its own specific correlation between electrical conductivity and
strength as can be seen in figure 3. In this figure 4 concrete mixtures are presented. Each
mixture varies in: type of cement, water - binder ratio, amount of aggregate, additives etc.
These differences in the composition of the materials have an effect on both the electrical

conductivity and the strength and thus on the conductivity strength relationship.

Many lessons were learned by using the ConSensor strength calculation in practice. The

Consensor is used in numerous construction projects to determine when the formwork can
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Figure 3: Conductivity - strength relationships of 4 different concrete mixtures



be removed and the prestress can be applied. In many cases the calculated strength from
conductivity measurements has been compared to the calculated strength development
based on the measured temperature (the weighted maturity concept). Both methods had
the same reliability. One of the benefits of the conductivity method is that the starting
point is clearly defined. The conductivity of young concrete is very high as long as the
electrodes are in the air. There will be no electrical conductivity to be measured at all. As
soon as the concrete is cast and contact between the electrodes and concrete is established,
this is clearly visible in the measurements. These measurements are even used as an
indicator to start the monitoring process of the strength development. Reinforcement can
have an effect on the electrical conductivity. This can be dealt with by using relative
measurements. This means that the maximum conductivity is used as a reference. On site
the measurement system has to be simple and robust. A one button system has been
designed with a simple user-friendly web-based interface. These lessons learned, and the
feedback of the customers has resulted in several design modifications. To show this

development over 24 years the first and latest versions are presented in figure 4.

Figure 4: First design (left) and latest design (right) of the ConSensor

Electrical conductivity and durability

4.1 Chloride diffusion

The electrical conductivity has a strong relationship with the pore structure in concrete.
The pores that are connected and that are filled with water will conduct electricity from
one electrode to another. This idea has been used already for testing the durability in the
Duracrete concept [6]. It was found that there is a relationship between the electrical

resistivity and the diffusion coefficient of concrete. The relationship between conductivity



and diffusion coefficient was also observed by Kurumisawa [7] and described with the

following formula:

y=9.21.10""x-4.06-10712 1)
In which:

X Conductivity (S/m)

y Apparent diffusion coefficient (m?2/s)

To validate the idea of the relationship between conductivity and the diffusion coefficient
the following investigation was done. The diffusion coefficient (Drcm) was determined in 2
ways. Firstly, the Drem was determined based on the relationship between the electrical
resistivity (TEM) and Drem. Secondly, the Drey was obtained from the empirical based
relationship between water cement ratio and the Drewm in which the cement type used was
taken into account. The formula for the relationship between TEM measurements and the

Diffusion coefficient is:

1000
Drenf = —— 2
RCM ™ 1 55 . TEM @)

To determine the Drcum of 6 mixtures the following empirical relationship has been used:

Drem = A(Y)+B ®)

Table 1: Constants A and B for 2 cement types for equation 3

Cement type A B
CEMI 125 -42
CEM III 125 -1.6

Both formulas were obtained from the CUR Leidraad 1 [8].

For the following 6 mixtures the Drcy were determined based on the conductivity and

based on the empirical formula with:

1
o=—-—
TEM
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Table 2: Dreym determined with the conductivity the empirical formula

Cement type ~ Water binder ratio

DrcMm formula 2

DreMm formula 3

(1012m2/s) (1012m2/s)
CEM III 0.45 9.20 4.03
CEM III 0.50 9.68 4.65
CEM I 0.60 27.24 33.00
CEM I 0.45 16.78 14.25
CEM III 0.37 4.96 3.03
CEM III 0.37 (lower strength class) 4.83 3.03

In figure 5 it is shown that the values obtained by both methods correlate rather well.

These preliminary results, in combination with results from literature indicate that the

conductivity can be used as an indicator for the durability of concrete in relation with

chloride ingress.

Do 102 m¥/s
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mDRCM calculated
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Figure 5: Correlation between calculated diffusion coefficient and diffusion coefficient based on the

electrical conductivity of concrete at an age of 28 days

4.2 Electrical conductivity to detect ion ingress

One of the factors influencing the electrical conductivity in concrete is the presence of ions

in the pore water [9]. During the hardening phase of young concrete these ions mainly find

their origin of the cement itself. The ions can also have an external origin. Concrete

structures near the sea and structures that come in contact with de-icing salt have chloride

ions in the cover. These chloride ions influence the conductivity of the concrete as shown
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by Spiesz [10] In his paper it is also concluded that this might be a way to use the electrical
conductivity of concrete as an indicator of the presence of chloride ions.

Also sulphate has an effect on the electrical conductivity of cement pastes. It was shown by
Hassan [11] that the conductivity of cement paste mixed with sulphate showed an increase
of the conductivity not only after mixing but also after 400 minutes.

McCarter [12] showed that using the electrical conductivity measurements in the cover
zone is a good way to monitor the changes in wetting-drying and ion ingress. The
information obtained during monitoring can be used as an indicator for the risk of

corrosion of steel reinforcement.

4.3  Discussion on durability

Both chloride diffusion and ions present in the pore system can be detected using the
electrical conductivity. The chloride diffusion detection finds its origin in the relation
between microstructure and the electrical conductivity. If pores are blocked the
permeability of the cement matrix will be lower compared to a matrix with an open pore
structure. The presence of ions in the pores will increase the conductivity of the pore water
and thus the conductivity of the cement matrix. It should be noted that in practice both
phenomena can take place simultaneously. It will then be more complex to determine the
source of the changes in the conductivity. Other important factors that influence the
measurements are the ongoing hydration of the cement and the carbonation. Both change
the microstructure and thus the conductivity of concrete [13]. These two factors also have a

relationship with the durability of concrete.

Taking these considerations into account and by using models that describe the

microstructure and its effect on the electrical conductivity it should be possible to use the
electrical conductivity as a durability indicator. This is also presented by Weiss, at the 4th
International Conference on Service Life Design for Infrastructures in 2018 [21], who uses

the formation factor to link conductivity measurements to the chloride diffusion.

Electrical conductivity and setting time

As described before the conductivity of concrete will increase in the first hours after
mixing. This is related to the increase of ions in the pore water. As soon as the concrete
starts to set the decrease of the amount of pore water and later the loss of connectivity in

the pore structure will dominate the conductivity of the overall electrical conductivity.
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The electrical conductivity has thus a relation with the setting of concrete. This has been
researched by Hossein Sallehi [14]. In this article called ‘Characterization of Cement Paste
in Fresh State Using Electrical Resistivity Technique’ it was shown that the conductivity of
the mixture of water and cement follows several phases which can been identified using
electrical conductivity measurement.

In the first phase after mixing the ion concentration in the pore solution will increase
rapidly.

In the second phase the ion concentration remains high and relatively constant or, often,
still increases slightly. At the end of this period the conductivity will start to decrease

slightly. This phase corresponds with the initial setting time.

In the third phase the formation of the pore structure will have a dominant influence on
the overall conductivity of the cement matrix. The pore water will remain highly
conductive, but the overall conductivity will decrease over time due to the reaction
between water and cement which will increase the solid phase and decrease the amount of
free pore water. This period ends as soon as the final setting time is over. From this
moment onwards a load bearing microstructure is formed, and the strength development
will start. In the fourth period the amount of pore water will decrease further and more

pores are blocked, and the electrical conductivity will start to decrease rapidly.

The relationship between setting time and electrical conductivity is not only seen for OPC
concrete but also in the early hydration of alkali-activated slag [15]. Also, the ConSensor is
used to describe the setting time by Milenkovi¢ [16] in which the same relationship
between changes in conductivity and initial and final setting tine were found. In figure 6

two examples of setting times monitored with the ConSensor are presented.

The relationship between setting time and conductivity is also found by combining NMR
measurements with conductivity measurements at the Technical University Eindhoven by
Raheleh Pishkari an Leo Pel. Also the temperature was measured to take the temperature
effects into account. The measurements were done on CEM III/C 32,5 N-LH/SR cement
with a water cement ratio of 0.5 In one mixture demineralised water was used. In the other
mixture salt was added (1 molal). This will speed up the hydration process which is indeed
visible in the measurements of both the conductivity as the NMR. These preliminary
results show that there is a relationship between the drop in conductivity and the drop in

the signal of the NMR measurements.
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The signal of the NMR is mainly affected by the free ions in the pore solution [23]. The
conductivity is not only influenced by the free ions also by the blocking of the pores. At the
setting stage there is no blocking of pores present and the drop in conductivity and the
drop in the signal of the NMR shows a similar behaviour as can be seen in figure 7 in
which the measurements of the cement without salt of both the signal and the conductivity

were compared.

The resemblances in the shape of the curves show that the drop in conductivity is most
likely a result of the start of the setting of the cement. More tests have to be done to see if

this relationship could be used for further identification of the setting time.

Temperature and electrical conductivity

6.1 Mature concrete

Tests in a laboratory are normally done at a constant temperature of 20 degrees Celsius. If
the electrical conductivity is measured on-site the temperature of the concrete will vary in
time. Both the ambient temperature and the heat production due to the hydration of
cement will cause temperature fluctuations. The electrical conductivity of materials is
influenced by the temperature. The electrical conductivity will change 3% per degree
Kelvin for saturated matured concrete and 5% per degree Kelvin if the concrete is dry [13].

Similar temperature effects were found by Sallehi [14]. The temperature coefficient is

defined as:
A0 _ gt ®)
Oref
In which:
do difference in conductivity (mS/cm) at a temperature dT (Kelvin)
Oref conductivity at reference temperature
ar change in temperature
o temperature coefficient

The general background of the temperature dependency is based in the mobility of ions in

the pore solution. This effect can be described with a Arrhenius based formula [17]:
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In which:

or sample conductivity (mS/cm) at temperature T (Kelvin)
OTyef Sample conductivity (mS/cm) corrected to the reference temperature T (Kelvin)

T  temperature (Kelvin)

T, reference temperature (Kelvin)

E, activation energy (J/mol)

R, Universal Gas constant 8.3145 J/ (mol K).

6.2 Young concrete

The normal way to determine temperature coefficient or activation energy is by varying
the temperature and to measure the changes in the conductivity. For young concrete it is
harder to determine the activation energy or a temperature coefficient. When the concrete
is young the ongoing hydration will influence the conductivity as well. McCarter [18]
showed that for concrete with Portland cement the activation energy can for example
change from 22.6 kJ/mol at 7 days to 24.5 k] /mol at 28 days. For concretes made with
granulated blast furnace slag and fly ash hardly any change in the activation energy was
observed. The total range of activation energy levels found by McCarter was: 17,8 - 29,8

kJ/mol depending on age, water cement ratio and type of cement.

6.3  Temperature effect observed by ConSensor

From the beginning of the development of the ConSensor, the effect of the temperature on
the conductivity has been a point of attention. Therefore, an important part of the research
activity was spent on finding temperature coefficients of 16 concrete mixtures.
Temperature coefficients were observed in a range between 1 and 3.5%. Most data to
determine these values were obtained from measurements at temperatures between 15 and
25 degrees Celsius and from young concrete. Also, for a wider range of temperatures: 10 -
50 degrees Celsius a temperature coefficient for a Portland cement-based concrete mixture

of 3% was observed [19].
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6.4 Discussion on temperature

Figure 8 shows the comparison between the effect of temperature on the conductivity
calculated with the Arrhenius function and calculated with a temperature coefficient. Most
important conclusion drawn up from this figure is that the right value for the temperature
coefficient or the activation energy should be obtained from measurements. Then the
differences between the 2 methods are rather small. This is for example shown by
comparing the relation between temperature and electrical conductivity based on an

activation energy of 17.8 k] /mol and based on a correction factor of 3.5% in figure 8.

Conclusions

In a complex system like hydrating cement, with a changing microstructure and chemical
composition in time, the electrical conductivity can be used to gain a lot of information
about the concrete. Due to the many factors that influence both the electrical conductivity
as the parameters of concrete a good understanding and a lot of experience is required
before useful information can be gained. The 24 years of experience in using the ConSensor
as a sensor to follow the concrete strength development has resulted in a lot of knowledge.
This knowledge was not only about the relationship between conductivity and strength
and how to use this in practice. Also, knowledge about the effect of temperature on the
electrical conductivity was gained. This knowledge made the use of the electrical

conductivity for strength development even more reliable.

With the increase of knowledge also other monitoring possibilities based on the electrical
conductivity have been considered [20]. The relationship between electrical conductivity
and chloride diffusion seems promising for durability analyses. And in the early stage just

after mixing the electrical conductivity can be used as an indicator for the setting time.

By using material models combined with actual measurement data it is possible to get a
substantial amount of useful information out of conductivity measurements. This
information can be used for quality management of concrete both in the laboratory and on-

site.
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Figure 8: Effect of temperature on the conductivity of 5 mS/cm at a reference temperature of 20

degrees Celsius calculated with Arrhenius function and with a temperature correction factor
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