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Abstract

High moisture in building materials has a negative influence on their physical and thermal insulating properties. When building 

materials incorporated in a structure exceed the maximum permissible moisture, the material could change its properties to 

such an extent that its next usage is unfeasible. In case of thermal insulating materials, it causes serious degradation of thermal 

insulating properties. During the development of advanced thermal insulation plasters, long-term laboratory experiments were 

performed using masonry construction fragments, which focused on the study of their moisture proportions. For this purpose a 

new non-destructive method of electrical impedance was used, which enables measurements on defined levels in a matrix of test 

samples. Results obtained by measurements made on the surface of the samples were compared with the results obtained by a 

capacitive hygrometer. It was concluded that these methods provided similar results. The least moisture sensitive was the mixture, 

which was applied on masonry pillar E. In comparison with used thermal insulation plasters commonly used today this plaster 

shows considerably lower value of mass moisture under laboratory conditions, 1.38%. This pillar also exhibited the most uniform 

course of conductance measured along its height.
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1 Introduction
The utilization of non-destructive electrical measuring 
methods for the testing of physical-chemical properties of 
materials is very common in civil engineering as well as 
other fields. The electrical properties of materials can be 
heavily influenced by moisture, whether the mass mois-
ture of the material or relative air humidity. It is gener-
ally known that water is characteristic by its higher rela-
tive permittivity ɛr = 80. This high value of permittivity is 
caused by the properties of the water molecule H2O itself, 
when partial charges of oxygen and hydrogen enable good 
solubility of polar and ionic compounds in water.

Many research teams are examining material prop-
erties by electrical, electro-chemical, electro-physical, 
electro-mechanical, electro-magnetic and other methods, 

which enable the determination of moisture content or its 
transport. For example Chubinskii et al. [1] used (besides 
other methods) electrical measuring methods for the study 
of the structure of wood materials with different moisture. 
Fursa et al. [2, 3] presented articles aimed at non-destruc-
tive mechanical-electrical methods. His team presented 
in a research article [2] the results of an investigation in 
the determination of mechanical properties of concrete in 
dependence on temperature and moisture conditions. They 
also studied the influence of moisture on the parameters 
of the electrical signal. The aim of this study was creat-
ing an algorithm for the non-destructive electro-mechan-
ical testing of heterogenous materials that contain piezo-
electric inclusions under changes in their moistness [3]. 
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Lebedev et al. [4] dealt with the heat and moisture trans-
port in multiple-layer objects. A team of scientists from 
Riga Technical University, Faculty of Civil Engineering in 
Latvia used the electrical impedance spectrometry method 
– EIS for the detection of moisture distribution in auto-
claved aerated concretes [5, 6]. This method was also used 
by McCarter and Garvin for a study of the dependence of 
electrical impedance on moisture in cement materials [7]. 

Next instance of using this method, or rather its use 
in the field of building materials is the determination of 
impedance properties of self-compacting concrete (SCC) 
[8, 9]. Results indicate, that EIS appears to be an interest-
ing tool for describing the behaviour of concrete during 
hydration. A change in frequency characteristics con-
firms the assumptions that changes in the impedance loss 
coefficient occur with changes in physical properties. 
Differences in the loss coefficient spectrums show the most 
probable relax times, situated out of the frequency spec-
trum used. Next, a connection between porosity was con-
firmed, more precisely the determination of its rate during 
hydration in the air, with the dependence of the imagi-
nary part of electrical impedance on the real part [8, 9]. 

Based on the accumulated knowledge and a literary 
survey, the EIS method was chosen for the study of mois-
ture distribution in newly developed thermal insulation 
plasters, despite the method is usually used in the field of 
electrotechnology, medicine, archeology but also in the 
field of water management [8–17].

2 Electrical impedance spectrometry
The principle of EIS is the observation of frequency 
dependence of dielectric losses, the values of which can 
be several times higher in composite materials and plas-
tics compared to most materials commonly used in civil 
engineering [8].

Electrical impedance, unlike electrical resistance, is a 
complex resistance that alternating electric current must 
negotiate in a porous environment. Next to resistance it 
involves reactance, i.e. the capacitive and induction effects 
of the environment (capacitance XC and inductance XL ). 
If electrical resistance R of a resistor characterises the 
properties of porous environments in a direct-current cir-
cuit, electrical impedance Z characterises the properties 
of porous environments in alternating-current circuits. 
Contrary to electrical resistance where voltage is in phase 
with current, phases in the case of electrical impedance 
can be shifted according to the character of reactance. 

Electrical impedance Z can be expressed as the Ohm's 
formula for alternating current circuits, i.e. a ratio of a 
voltage phasor U and current phasor I.
	  

Z U
I

= .	 (1)

Much like in the case of resistance R in direct-current 
circuits, the values of electrical impedance are expressed 
in ohms [Ω].

The frequency characteristics of electrical impedance 
Z can be expressed as a function of a complex variable in 
algebraic form

Z = R + j ∙ X ,	 (2)

where R is resistance, constituting the real part of elec-
trical impedance independent of frequency but directly 
dependent on water content (of the porous environment) 
and X is reactance, which is the imaginary part of electri-
cal impedance, it changes with frequency and is directly 
linked to the properties of the environment being exam-
ined (particle size distribution, porosity, etc.).

The impedance vector modulus |Z| can be expressed by 
the Pythagorean Theorem as

Z R X= +2 2 ,	 (3)

and the phase shift is expressed as

ϕ = 





arctg

X
R .	 (4)

Electrical impedance Z of a porous environment is 
therefore always equal or higher than real electrical resis-
tance R and is dependent on inductance (inductor reac-
tance) XL = ωL and capacitance (capacitor reactance) XC = 
(ωC)–1 of each component in the alternating current circuit 
determined at the frequency f(ω = 2πf ). 

Porous environments can be described by the electri-
cal impedance of an equivalent electrical circuit incor-
porating a resistor, inductor and a capacitor. They can be 
wired either in series (all components of the circuit have 
the same current phasor) or as a parallel circuit (all compo-
nents have the same voltage phasor), which, incidentally, 
appeared to be more suitable for application in the porous 
environment examined in this experiment.

The inverse value of the electrical impedance Z is the 
admittance Y [S] which describes the apparent conductiv-
ity of the porous medium and the phase shift of the voltage 
upstream of the harmonic alternating current of the given 
frequency f.
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where B [S] susceptance (apparent conductivity) is the 
imaginary component of admittance.
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Electrical conductance G is inverse to electrical resis-
tance R and its basic unit is the siemens [S]. Specific con-
ductance, also known as conductivity σ [S ∙ m–1], quan-
tifies the ability of an environment to conduct electric 
current. Conductivity is most commonly measured by 
opposing electrodes of a sensor placed in a porous envi-
ronment with the area of 1 cm2. The result of this measure-
ment is quantified in S ∙ m–1. 

σ
ρ

= =
⋅1 l G
A

,	 (7)

where ρ [Ω · m] is the electrical resistance (resistivity), 
which express value of electrical resistance of the con-
ductor with a unit cross-section per unit length, l [m] is 
the distance between the electrodes and A [m2] is the per-
pendicular cross-sectional area of the electric conductor 
formed by the porous environments under investigation.

Conductivity is most commonly measured by opposing 
electrodes of a sensor placed in a porous environment with 
the area of 1 cm2. The result of this measurement is quan-
tified in S ∙ m–1. 

The moisture profile of the masonry pillars covered 
in the newly developed plasters was measured using a 
Z-meter IV [18], see Fig. 1, which allows to perform a fre-
quency analysis of the porous environment in the range 
100 Hz to 200 kHz. Measurement of pillars loaded with 
permanent moisture and relative humidity was performed 
at frequency f = 8 kHz.

Fig. 1 Z-meter IV

Fig. 2 Schematic drawing of a masonry pillar with the EIS probes 
installed, positioned in a plastic circular tub with a permanent water 

level (1-vertical, long probes; 2, 3-horizontal, short probes)

3 Study of the moisture profile of masonry pillars by EIS
The development of the thermal insulation plasters 
involved the examination of their hygrothermal behaviour. 
Apart from conventional methods for determining the 
hygroscopic properties of hardened mortars (hygroscopic 
sorption properties according to EN ISO 12571, capillary 
absorption coefficient according to EN 1015-18, water 
vapour permeability according to EN 1015-18), the mea-
surements focused on the moisture profile of the plasters 
applied on masonry pillars exposed to permanent mois-
ture. The measurements were made using EIS, where the 
measurements were carried out in an alternating electric 
field of harmonic flow.

A total of 5 masonry pillars were constructed from solid 
clay bricks with EIS probes embedded inside.  The pillars 
were placed in round tubs with the diameter of 550 mm. 
Fig. 2 shows a diagram of a pillar with probe positions. 
Moisture transport was studied using two types of EIS 
probes with a varied number of electrodes to suit the profile 
being measured. There were short EIS probes which had 
290 mm in length and were fitted with 6 sensor electrodes 
and long probes measuring at 475 mm and consisting of 10 
electrodes. The short probes were installed in the pillars in 
the middle of their horizontal profiles at the height of 325 
mm and 585 mm from the bottom of the pillar so that the 
first and last electrode on the probe would face the edge of 
the raw post, see Fig. 2. The long probes were placed verti-
cally down the centre of the pillars at the height of 305 mm 
from the bottom, see Fig. 2. Horizontal probes 2 and 3 were 
placed in levels where different moistures were expected in 
the monitored environment. Trends measured at 325 mm 
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are influenced by rising water, the environment at 585 mm 
can be considered air-dry. Vertical probes located in the 
axis of the pillars track environmental changes in height. 
The measuring sensor consists of two types of electrodes, 
represented by stainless steel tubes of 12 mm in diame-
ter, lengths of 25 mm, each with insulated spacing poly-
amide tubes of the same diameter. It is possible to assume 
the spherical theoretical distribution of AC-current lines in 
pillars during EIS measurements. Fig. 3 shows the probes 
(moisture sensor rods) used in this experiment. Once con-
structed and with the probes embedded, the pillars were 
covered in the experimental lightweight thermal insulation 
plasters at a layer of 20 mm. The plasters were designed 
for interiors with high relative humidity. The pillars and 
plasters respectively were marked A through E. Pillar A 
was coated in the reference plaster, which was a thermal 
insulation plaster available on the EU market. Its purpose 
of this was to provide comparison for the hygrothermal 
behaviour of the advanced experimental thermal insula-
tion plasters (these plasters are silica-based and were devel-
oped as part of project 14-31282P – "Theoretical and exper-
imental analysis of the hygrothermal stress on the behavior 
of thermal insulation materials and rehabilitation materi-
als" funded by the Grant Agency of the Czech Republic). 
After the plasters had matured, the pillars were subjected 
to moisture stress in the form of liquid water, which was 
poured in the tubs and kept at a constant level of 80 mm. 
Environmental laboratory conditions (temperature and rel-
ative humidity) were being monitored throughout the mea-
surements. A level of elevated humidity was kept in the 
laboratory on purpose. Table 1 lists the pillars and plasters 
including the plaster composition. The measurement was 
conceived as relative, the measured parameters of the EIS 
method are evaluated on the masonry pillars B to E in rela-
tion to the reference pillar A. Fig. 4 shows the tested pillars 
coated in the experimental plasters.

4 Evaluation of measurements
The EIS measurement of moisture transport inside each 
masonry pillar was commenced immediately after the pil-
lars were constructed and continued in regular weekly 
intervals. The moisture transport in the pillars had even-
tually stabilised and, given the changes in moisture, the 
behaviour of the pillars with the plasters applied was 
observed over an extended period of time. The interior 
temperature was kept within 18.9 °C and 20.4 °C for the 
entire time of measurement. Relative indoor humidity 
ranged from 60.8 % to 80.6 %. The relative humidity in 

Table 1 Overview of the masonry pillars with thermal insulation 
plasters applied

Pillar Type of plaster

A Reference plaster based on silicates

B
Experimental plaster (lightweight aggregate (LA) – type A 
– 3 fractions, type B – 1 fraction, limestone, CEM I 42.5R, 

lime hydrate, metakaolin, chemical agents)

C

Experimental plaster (LA – type A – 3 fractions, type 
B – 1 fraction, limestone, CEM I 52.5R, lime hydrate, 

metakaolin (2x the amount than in B, chemical agents + 
hydrophobisation agents)

D

Experimental plaster (LA – type A – 3 fractions, type B – 1 
fraction, limestone, CEM I 52.5R, lime hydrate, metakaolin, 

fly ash, chemical agents + hydrophobisation agents, waste 
cellulose fibres – type A)

E

Experimental plaster (LA – type A – 3 fractions, type 
B – 1 fraction, type C – 1 fraction, limestone, CEM I 

52.5R, lime hydrate, metakaolin, fly ash, chemical agents + 
hydrophobisation agents, waste cellulose fibres – type B)

Fig. 3 Block diagram of measurement (above); Measuring EIS probes 
(below)

Fig. 4 Set of 5 masonry pillars with the mortars applied and probe 
wiring for measurement by the EIS method
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the testing space was especially high during rainy weather. 
Throughout measurement, a window was left open in the 
testing room for ventilation. It should be noted that the 
first three pillars (A, B and C) were built towards the end 
of 2015 and the EIS measurements were started on 7th 
December 2015, i.e. on the day of construction. The pillars 
were plastered on 9th December 2015 and on 6th January 
2016 were subjected to permanent moisture load by water 
reaching up to 80 mm from the bottom edge. Pillars D and 
E were constructed on 22nd April 2016, their plasters were 
applied on 4th May 2016 and the moisture load was intro-
duced on 3rd of June 2016. After the plasters had hardened, 
moisture was measured in selected places using a GMK 
100 capacitive hygrometer. Moisture transport in the pil-
lars was documented by the EIS method as a progression 
of conductance G and admittance Y. 

Fig. 5 and Fig. 6 show the progress of conductance G 
along the height of the pillars. It holds that the higher the 
value of conductance, the higher the moisture content of 
the material. The scale of the h axis [mm] corresponds to 

the placement of the long probe, which was positioned ver-
tically down the centre of each pillar. An evaluation of the 
measured progress of G shows that the most stable mois-
ture progress took place in pillar E. The data show that the 
first set of pillars (A, B and C) reaches the highest values 
of G, which were recorded in one month after moisture 
stress was introduced. After this point, the pillars slowly 
dried until moisture transport had stabilised. Pillars D and 
E initially showed much higher values of G. After that, 
moisture transport began to stabilise and G values started 
to decrease. No particularly significant changes in case of 
the moisture load were recorded, which was likely caused 
by the materials used, seeing as they contained oleate 
and stearate-based hydrophobic agents. The long probes 
document primarily the moisture transport through the 
masonry mortar and the bricks of the pillars because the 
effect of the dissipation layer created by the plaster com-
position and designed mainly to counter air humidity can 
be considered negligible in the centre of the pillars.

Fig. 5 Progress of conductance in pillar in the vertical direction, measured at the given time a) Pillar A; b) Pillar B; c) Pillar C

(a)                                                                        (b)                                                                        (c)
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(a)                                             (b)

Fig. 6 Progress of conductance in pillar in the vertical direction, 
measured at the given time a) Pillar D; b) Pillar E

On the other hand, the progress of G measured by the 
short probes (Figs. 7–10) measured the performance of the 
plasters. Their sensor electrodes were positioned at the 
plaster-masonry interface. Furthermore, the position of the 
short probes in two positions was to determine changes in 
moisture in the proximity of the source of moisture and at 
a distance further away from it. Fig. 7 and Fig. 8 show the 
progress of G in the horizontal position at the height of 325 
mm from the bottom, Fig. 9 and Fig. 10 follow the progress 
of G in the horizontal position at the height of 585 mm from 
the bottom. All the masonry pillars show higher values of 
G in the centre of masonry mainly in the position of the 
lower probes, which was caused by the dominance of mois-
ture transport through mortar. A similar trend can be seen 
here as in the case of the long probes, where the maximum 
values of conductance in the first set of pillars (A–C) are 
reached in one month after flooding, whereas in the case 
of the second set (D–E) it is immediately upon the com-
mencement of measurement. The process of attaining equi-
librium moisture content is again well documented as is the 
subsequent process of drying. The second set of pillars (D 
and E) showed low values of G measured on opposite sides, 
which corresponds with their plaster composition.

Fig. 7 Progress of conductance in pillar in the horizontal direction , measured at a position of 325 mm from the bottom edge of the pillar, at the given 
time a) Pillar A; b) Pillar B; c) Pillar C

(a)                                                                        (b)                                                                        (c)
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(a)                                             (b)

Fig. 8 Progress of conductance in pillar in the horizontal direction , 
measured at a position of 325 mm from the bottom edge of the pillar, at 

the given time a) Pillar D; b) Pillar E

Figs. 11, 12 and 13 present the development of the val-
ues of average admittance Ȳ in the individual measure-
ment days. The values of Ȳ for pillars A–C are shown on 
the main axis, values for pillars D and E are on the second-
ary axis. Admittance measurements in the Fig. 11 shows 
discontinuity which was caused by different properties of 
the developed plasters applied on the pillars.

It can be said that the drying of the pillars, as docu-
mented by the development of admittance, can be described 
by a third degree polynomial in all cases. In the case of the 
long probes, the following values of average admittance Ȳ 
were recorded at time t:
•	 pillar A: Ȳ = -0.0024 · t3 + 0.1667 · t2 – 3.7918 · t + 36.988
•	 pillar B: Ȳ = -0.0031 · t3 + 0.21 · t2 – 4.5127 · t + 39.266
•	 pillar C: Ȳ = -0.0039 · t3 + 0.2611 · t2 – 5.6297 · t + 50.87
•	 pillar D: Ȳ = -0.0163 · t3 + 1.3755 · t2 – 40.626 · t + 436.43
•	 pillar E: Ȳ = -0.0358 · t3 + 3.0085 · t2 – 87.095 · t + 900.87

In the case of the bottom short probes, the following 
values of average admittance Ȳ were recorded at time t:
•	 pillar A: Ῡ = -0.0067 · t3 + 0.4588 · t2 – 10.617 · t + 107.09
•	 pillar B: Ῡ = -0.005 · t3 + 0.3247 · t2 – 6.8225 · t + 61.128
•	 pillar C: Ῡ = -0.0075 · t3 + 0.5155 · t2 – 11.695 · t + 116.15
•	 pillar D: Ῡ = -0.0087 · t3 + 1.2675 · t2 – 58.115 · t + 878.36
•	 pillar E: Ῡ = -0.0147 · t3 + 1.3344 · t2 – 46.661 · t + 646.89

Fig. 9 Progress of conductance in pillar in the horizontal direction, measured at a position of 585 mm from the bottom edge of the pillar, at the given 
time a) Pillar A; b) Pillar B; c) Pillar

(a)                                                                        (b)                                                                        (c)
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(a)                                             (b)
Fig. 10 Progress of conductance in pillar in the horizontal direction, 

measured at a position of 585 mm from the bottom edge of the pillar, at 
the given time a) Pillar D; b) Pillar E

Fig. 11 Progress of admittance in pillars in the vertical direction 
measured at the given time

In the case of the upper short probes, the following val-
ues of average admittance Ȳ were recorded at time t:
•	 pillar A: Ῡ = -0.0071·t3 + 0.4782·t2 – 10.269·t + 84.364
•	 pillar B: Ῡ = -0.0032·t3 + 0.2106·t2 – 4.3092·t + 35.685
•	 pillar C: Ῡ = -0.0052·t3 + 0.3394·t2 – 6.7614·t + 50.704
•	 pillar D: Ῡ = -0.0152·t3 + 1.5373·t2 – 56.361·t + 746.41
•	 pillar E: Ῡ = -0.0016·t3 + 0.6556·t2 – 39.764·t + 668.08

It should be noted that some readings pointed at a greater 
influence of elevated relative humidity on the overall mois-
ture transport through the pillars. The EIS method docu-
mented the moisture transport through the pillars including 
moisture changes in the various types of plasters applied. 
The data shows that the plasters applied on pillars D and 
E saw lower values of conductance, which closely corre-
sponded to the moisture values measured by the GMK 100 
capacitive hygrometer, see the graph in Fig. 14.

Fig. 12 Progress of admittance in the pillars in the horizontal direction 
at a height of 585 mm from the bottom edge, measured at a given time 

Fig. 13 Progress of admittance in the pillars in the horizontal direction 
at a height of 325 mm from the bottom edge, measured at the given time

Fig. 14 Average values moisture per ass in % for the entire time of 
measurement since flooding

The observation of moisture changes in one reference 
and four experimental thermal insulation plasters using a 
capacitive hygrometer began 7 days after flooding and was 
performed in 7-day intervals. It could be observed that 14 
days after flooding, moisture gradually spread through 
the pillars, increasing the moisture content by mass (most 
noticeably in the bottom parts of the pillars). After 42 
days of moisture loading, the pillars gradually started to 
dry. During the measurement it was possible to observe 
moisture fluctuations caused by increases in the relative 
humidity in the testing area. Furthermore, the plasters 
slowly dried until their moisture stabilised, which was 
recorded at 324 days after flooding in pillars A, B and C 
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and in pillars D and E at 183 days since flooding. The high 
relative humidity in the testing room during rainy weather 
had a strong influence on the values of moisture content. 
The values of moisture content indicate that all the newly 
designed plasters have much higher moisture content (1.5 
to 2 times higher) compared to the reference plaster. The 
lowest average moisture content was found in the plas-
ter applied on pillar B. It can thus be said that the oleate 
and stearate-based hydrophobic agents which it contained 
proved efficient in terms of retarding moisture transport 
in the plasters. 

A comparison of the results of both non-destructive 
moisture transport measurements indicates that the least 
moisture-sensitive plaster was the one applied on pillar E. 
Compared to thermal insulation plasters commonly used 
today, it shows a significantly lower material moisture 
content under laboratory conditions; 1.38 %. In addition, 
moisture development along the height of the specimen in 
the case of this plaster also corresponds to the most stable 
progress of conductance.

The evaluation of the obtained data and the conclu-
sions was based on the evaluation of distribution of course 
of conductance in individual pillars B to E related to the 
courses measured in the reference pillar A and the correla-
tion of the courses of admittance values determined by the 
outside probes of the horizontal probes with the course of 
the moisture values determined by the capacitive hygrom-
eter at the corresponding levels. The statistical evaluation 
of the achieved results was not carried out due to the low 
number of experiments.

5 Conclusions
Knowledge of the moisture content of building materials 
is an influential factor in assessing the thermal insulation 
effectiveness of materials. The assessment of the moisture 
development in these new thermal insulation plasters was 
somewhat non-traditionally made by means of electrical 
impedance spectrometry. This enabled a long-term obser-
vation of moisture changes in the masonry pillars which 
were coated in the newly developed thermal insulation 
plasters. Data collected during this measurement gave 
information about the moisture transport over time, after 
which it was possible to identify the mixture applied on 
pillar E as the least sensitive to moisture. The results of 
EIS measurements made only on the layers of plaster were 
correlated with moisture values determined by a capaci-
tive hygrometer at specific positions on the pillars. 

It can be concluded that the EIS method is useful as a 
supplementary method for documenting moisture trans-
port through porous materials. It can be used with good 
results in the development of innovative building materi-
als, as it can provide detailed information about areas with 
elevated moisture in the form of electrical quantities.
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