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Evaluation of electrode‑sample 
contact impedance under different 
curing humidity conditions 
during measurement of AC 
impedance of cement‑based 
materials
Ruipan Wang1, Fuqiang He2*, Changping Chen2 & Lizong Dai1*

In this study, a simple method was proposed to calculate electrode‑sample contact impedance in the 
cases of two‑point and four‑point measurements. The results indicated that when using the saturated 
calcium hydroxide solution (SCH) as conductive medium, the contact impedance in the four‑point 
measurement is negligible for the impedance range of cement‑based materials. The SCH can be used 
as a reference for correction of the contact impedance. A reasonable combination of curing humidity 
and different conductive media is recommended for the two‑point measurement, which is suitable 
for testing the ACIS of cement‑based materials. In a case of contact impedance not being precisely 
known, it is highly recommended that a four‑point measurement with two different ratios of the 
length of the sample and the center spacing of the voltage electrodes (L/a) should be conducted to 
evaluate the effect of the contact impedance following the procedure proposed in this study.

Since AC impedance spectroscopy (ACIS) was first used to analyze cement-based  materials1, the ACIS has been 
widely used for testing their microstructure and  properties2–4. ACIS can be obtained using two-, three-, and 
four-point measurements. Up to now, many researchers have used two-point measurements to get the ACIS of 
the cement-based materials. However, whether the contact impedance in two-point measurements has a large 
effect on the ACIS is controversial. Ford et al.5 found that the material impedance from the two-point measure-
ment is more susceptible to the electrode-sample contact impedance than those measured by the three- and 
four-point measurements. Some researchers believe that when using a four-point measurement system, the 
polarization resistance of electrodes can be effectively  eliminated6,7. However, Xie et al.8 found that the four-point 
measurement with point contact cannot reflect the true information about the hydrating cement system and that 
the two-point measurement can give more reliable results. At present, the contact impedance of the four-point 
measurement is widely accepted as  negligible9. Hwang et al.10 suggested that the DC resistance of the four-point 
measurement can be used to evaluate the test results of the two-point measurement. However, there may be data 
fluctuations when conducting a DC test of cement-based  materials11. McCarter et al.7 considered that the true 
impedance of the sample can be obtained by a four-point measurement and found that the apparent resistance 
measured by two- and four-point measurements were very similar when a solution-soaked sponge was used as 
the conductive medium. Therefore, they believed that the contact impedance in two-point measurement can be 
ignored when using a highly conductive sponge-saturating liquid as a conductive medium between the electrodes 
and the sample. However, there may be a special case that cannot be ignored, that is, the contact impedance 
of the two-point measurement and the four-point measurement is at a similar and large value. However, the 
four-point measurement can minimize the contributions of impedance caused by contact, but it cannot be com-
pletely eliminated in theory as stated in the review by Miccoli et al.9, the results of the four-point measurements 
are also influenced by the homogeneity of the sample or the isotropy of each phase and these sample-specific 

OPEN

1College of Materials, Xiamen University, Xiamen, Fujian 361005, People’s Republic of China. 2School of Civil 
Engineering and Architecture, Xiamen University of Technology, Xiamen, Fujian 361024, People’s Republic of 
China. *email: 77163594@qq.com; lzdai@xmu.edu.cn

http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-020-74925-w&domain=pdf


2

Vol:.(1234567890)

Scientific Reports |        (2020) 10:17968  | https://doi.org/10.1038/s41598-020-74925-w

www.nature.com/scientificreports/

characteristics and technical constraints such as the probe geometry and the size of sample, for the cement 
paste, they can be regarded as homogeneous materials. Additionally, the results of the four-point measurement 
essentially depends on geometry and are sensitive to the relative position of electrode in sample and boundary 
 conditions12–14. Therefore, evaluation of the contact impedance in the four-point measurement becomes critical.

Many direct contact methods have been applied to the two-point measurement, such as precast electrode and 
end-contact  methods15,16, and conductive media contact methods, such as cement  slurry17, filter paper saturated 
with NaOH  solution18, sponge immersed in NaOH solution, pore solution or deionized  water11, conductive 
 adhesive19, insulating  materials15,20 and saturated Ca(OH)2  solution21, however, the effect of curing humidity con-
ditions on the contact impedance has never been noticed. The contact impedance in a direct contact method is 
easily influenced by the curing humidity conditions of the  samples22. Therefore, it is necessary to pay attention to 
whether the contact impedance in the conductive media contact method will be affected by the curing humidity 
conditions. In addition, although the precast electrode method can be used to accurately measure the impedance 
of the samples cured in case of humidity ≥ 95%, the contact impedance becomes unacceptable when the humidity 
 decreases22. The precast electrode method is also not suitable for investigating some special situations such as ion 
migration in cement-based  materials23,  carbonization2,24,25, freeze–thaw of cement-based  materials26, etc. When 
the precast electrode method is used in engineering, where the curing humidity condition is uncontrollable, it 
is very important to ensure that the contact impedance caused by the humidity condition is at a negligible level.

This paper therefore focuses on the evaluation of electrode-sample contact impedance under different curing 
humidity conditions during measurement of AC impedance of cement-based materials. Based on this purpose, 
this paper will mainly solve the following problems: (1) Although the electrode polarization can be eliminated 
in the four-point  measurement7,27, the contact impedance composed of the interface impedance between the 
electrodes and sample, as well as the extended impedance due to the difference in cross-sectional area between 
the electrodes and sample still exists, but what is the real value? (2) What kind of conductive medium can be used 
to minimize the contact impedance based on consideration of the different curing humidity conditions? Finally, 
some considerations for reducing the contact impedance during two-point measurement are also discussed.

Raw materials and experimental methods
Raw materials. Ordinary Portland cement (P.O.42.5) according to Chinese Standard GB175-200728 was 
used in this experiment, and its chemical composition is shown in Table 1.

Preparing and curing samples. The size of the sample used for the ACIS test was 40 mm × 40 mm × 160 mm, 
and the water-cement ratio of the sample was 0.35. The casting mold was made of ABS insulating engineering 
plastic. The electrodes arrangement in the four-point measurement was according to  publication7. A schematic 
diagram of the sample with the precast titanium alloy rods as voltage electrodes is shown in Fig. 1, the samples in 
the mold are used for four-point measurement. The electrodes arrangement in the two-point measurement was 
described in detail in  reference22. Samples were demolded after 1 d and placed under different curing humidity 
conditions, as shown in Table 2. Three samples were cast for each curing humidity condition, and the average of 
the three test results was taken as the final result for each condition. The temperature and humidity of outdoor 
curing and indoor curing conditions are shown in Fig. 2.  

Experimental methods. ACIS were obtained for each sample using a Solartron 1260 impedance analyzer. 
The test frequency range was 10 MHz–1 Hz, as measured using a logarithmic sweep with 15 frequency points per 
decade, and the excitation voltage was 100 mV. The electrodes at both ends of the sample were 40 × 40 × 1.0 mm 
stainless steel electrodes. For the same sample, the order of use of the conductive medium was conductive glue 
(CG), the saturated Ca(OH)2 solution sponge (SS) and the saturated Ca(OH)2 solution (SCH). The main com-
ponent of the conductive glue is inorganic aluminosilicate material, the sponge is a synthetic sponge with a size 
of 40 × 40 × 2.0 mm, and the Ca(OH)2 is analytically pure. The connection methods between the sample and 

Table 1.  Chemical components of the cement (w%, by mass).

Cement CaO SiO2 SO3 Al2O3 Fe2O3 MgO Na2Oeq f-CaO Loss

w% 62.13 20.76 2.80 4.58 3.27 3.13 0.057 0.76 1.86

Figure 1.  Schematic of sample with precast titanium alloy rod electrodes.
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electrodes at both ends of the sample through conductive medium in four- and two-point measurements can be 
found  in7,22, respectively.

Details of the two-point measurement using the SS as the conductive medium can be found  in7. A pressure 
of 1.6 kPa on both sides of the electrodes was applied during measurement to ensure good contact between the 
electrodes and the  sample7,29. Schematics of the two- and four-point measurements are shown in Figs. 3 and 4, 
respectively.

When SCH was used as the conductive medium, the electrode arrangement was shown in Fig. 5. The 3D 
printed mold was used to store the solution, as shown in Fig. 5a. During the measurement, the connection 
between the printed mold and sample was sealed with glass glue to prevent the solution from leaking out. 

Table 2.  Different curing conditions used in this study.

Curing methods Description

Fog curing Relative humidity (RH) ≥ 95%, Temperature (T) = (20 ± 2) °C

60% RH curing RH = (60 ± 5)%, T = (20 ± 2) °C

Outdoor curing Temperature and humidity varied as shown in Fig. 2a

Indoor curing Temperature and humidity varied as shown in Fig. 2b

Water curing Immersing samples in a water tank filled with tap water and the water tank was placed in a fog room

SCH curing Immersing samples in a water tank filled with saturated Ca(OH)2 solution and the water tank was placed in a fog room

Oven-drying Indoor curing for 28 d and then oven-drying at 60 °C for 48 h

Figure 2.  Temperature and relative humidity of the outdoor and indoor cuing environment. (a) Outdoor 
curing condition. (b) Indoor curing condition (AT: average temperature, ARH: average relative humidity).

Figure 3.  Cross-section of the two-point measurement.
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The distance between the end of the sample and the electrodes was 1.0 mm and the relative position was kept 
unchanged and maintained the solution leak free during the measurement.

Fundamental theory for four‑point and two‑point measurement of AC impedance 
spectroscopy
Conductive theory of two‑point and four‑point measurement of ACIS. In the two-point measure-
ment, the excitation electrodes simultaneously act as working electrodes, the dissolved free ions in the cement 
paste or conductive media tend to move towards the electrode/sample interface under the influence of an electric 
field, leading to the formation of ionic double layers in the electrode-interface region. The interface reaction 
speed is slow, and the electric charge brought to the interface by electronic conduction cannot be transferred to 
the ionic conductor in time, so that the charge accumulates on the electrode  surface30,31, indicating the genera-
tion of a huge polarization resistance of the electrode at low  frequencies32–36, which is associated with a faradaic 
process and connected in series with the impedance of the  sample37. However, as the frequency increases, the 
polarization resistance decreases until it  vanish38, and is often considered negligible at sufficiently high fre-
quencies. This is because when the frequencies are above certain values, as some researchers have suggested, in 
the interval 100–500 kHz32 or above 10 kHz  (104 Hz)39, the current at the interface flows via the double layer 
capacitance, without significant faradaic  processes6. However, it is difficult to estimate an upper bound for this 
frequency  limit32. In addition, although the contact impedance may only affect the bulk impedance within a 
certain frequency range, experimental results show that it does change the radius of the material’s impedance 
response arc. In some cases, the change is quite significant (see “Selection of conductive media in the two-point 
measurement” section), which indicates that it is very necessary to evaluate the influence of the contact imped-
ance on specimen impedance in different situations.

Figure 4.  Cross-section of the four-point measurement (L represents the length of the sample, a represents the 
center spacing of the voltage electrodes).

Figure 5.  Schematic of the mold with SCH used as the conductive media. (a) 3D printing plastic mold; (b) 
Sectional view of sample for the four-point measurement.
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The four-point measurement techniques were first described by  Schwan40 to eliminate the problem of elec-
trode polarization by providing a second pair of electrodes, non-current-carrying, with which to measure the 
voltage across the  sample6,27,32,37,39,41,42. However, a potential difference will occur between the internal voltage 
electrodes as current flows through the sample, there will be a current flowing through the voltage electrodes in 
theory, which is consistent with the principle of voltage measurement. Based on this theory, the internal voltage 
electrodes will also produce polarization resistance. In this case, the voltage electrode will generate interface 
impedance and extended impedance, which constitute the main part of contact impedance.

Many  researchers43–46 simulated the electric field distribution in cement sample. B. Díaz et al.43 simulated the 
influence of cell geometry on the measurement of resistivity of the cement-based materials, and found that the 
effect of the electric field distribution is a function of the resistivity. When the areas of the sample and electrode 
are equal, the apparent resistivity is independent of the thickness of the sample. Therefore, the electrode of area 
same with the cross-sectional area of the sample was used in this study. In fact, the distribution of current in the 
sample during two-point and four-point measurements are very interesting, but it is not within the scope of this 
article, and will be studied in future research.

Circuits for the two-point and four-point measurements are shown in Fig. 6. In this paper, we defined the 
contact impedance as the impedance caused by the connection between the electrodes and the sample, including 
the polarization resistance of the electrodes, the interface impedance between the electrodes and the sample, 
and the extended impedance caused by the difference in size between the electrodes and  sample10. It can be seen 
from Fig. 6 that both two-point and four-point measurements contain contact impedance. Further, it can be 
seen from Fig. 6b that in the actual measurement, the contact between the voltage electrodes of the four-point 
measurement and the sample will also produce bias current i’’, which can be neglected when the excitation current 
is very  small39. However, the variation range of the contact impedance composed of the interface  impedance47 
and the extended  impedance10 has not yet been clearly determined in the four-point measurement of cement-
based materials. In fact, in some cases such as indoor curing and using CG as conductive medium, the four-point 
measurement does have a non-negligible contact impedance, as shown in “Evaluation of the contact impedance 
in the four-point measurement” section.

Where: Z2c is the contact impedance between the electrodes and the sample in the two-point measurement; 
Zm is the impedance of the sample; Z4oc is the contact resistance between the current electrodes and the sample 
in the four-point measurement; Z4ic is the contact impedance between the voltage electrodes and the sample 
in the four-point measurement; Zom is the impedance of the sample outside the voltage electrodes in the four-
point measurement; Zim is the impedance of the sample between the two voltage electrodes in the four-point 
measurement; Zt2 is the total impedance in the two-point measurement; Zt4 is the total impedance in the four-
point measurement; i is the total current flowing through the circuit during the four-point measurement; i’ is 
the current flowing through the sample between the voltage electrodes in the four-point measurement; i” is the 
bias current flowing through the voltmeter in the four-point measurement.

Theoretical derivation of the relationship among the four‑point and two‑point measured 
impedance and the contact impedance. Based on the position of the electrodes in Fig. 4 and the circuit 
plots of the two- and four-point measurements shown in Fig. 6, Eq. (1) can be obtained:

For the two-point measurement, the measured Zt2, can be expressed as Eq. (2):

For the four-point measurement, the measured Zt4 can be expressed as Eq. (3):

Multiplying Eq. (2) by a and subtracting Eq. (3) by L, Eq. (4) can be obtained:

(1)Zm = Zim + Zom=
L

a
Zim

(2)Zt2 = Zm+Z2c

(3)Zt4=Zim + Z4ic

Figure 6.  Circuit plots of AC impedance measurement. (a) Two-point measurement; (b) Four-point 
measurement.
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Substituting Eq. (1) into Eq. (4), Eq. (5) can be obtained:

Multiplying both sides of Eq. (5) by 1/a, Eq. (6) can be obtained:

where the meaning of all symbols are the same as those in Fig. 7.
It can be seen from Eq. (6) that if the four-point measurement results are used to prove whether the contact 

impedance in the two-point measurement is negligible, it must be satisfactorily shown that the contact imped-
ance in the four-point measurement is small enough to be negligible and that the L/a value is small enough. In 
addition, if the polarization resistance of the four-point measurement can be neglected, whether the interface 
impedance and extended impedance can also be neglected is a prerequisite of the universality of the four-point 
measurement, which will be discussed in “Discussion of the four-point measurement” section.

Results and discussion
Discussion of the four‑point measurement. Comparison of measured results by different conductive me‑
dia in the four‑point measurement. Four-point measurements with L/a = 2 were conducted for samples cured 
in a fog room and indoor environment, with CG, SS and SCH used as the conductive media between the current 
electrodes and specimens, as the voltage electrodes were precast in the cement paste specimens. All ACIS are 
given in Fig. 7. It can be seen from Fig. 7 that the ACIS measured by the four-point measurement with different 
conductive media are very similar in high frequency regions for 3 days cured samples in a fog room and in an in-
door curing condition. While the ACIS of samples cured for 28 days are different, especially for those of samples 
cured in an indoor environment, the high frequency arc in ACIS measured by CG is much larger than that seen 
for other conductive media. This indicates that conductive media have a completely different effect on ACIS in 
the high-frequency region of the four-point measurement and the CG has caused severe distortion of the ACIS 
of samples cured in an indoor environment.

The Bode plots are shown in Fig. 8. It can be seen from Fig. 8 that the modulus values of ACIS of samples 
measured by different conductive media and cured in different curing conditions, are almost the same within 
the range of θ = 0° (low frequency region), and the average modulus values in the range of θ = 0° are shown in 
Table 3. It can be seen from Table 3 that the CoV of modulus values of ACIS measured by the three conductive 
media are less than 3.5%, which means that the conductive media have little effect on the low frequency region 
(θ = 0°) of ACIS measured by the four-point measurement.

As discussed above, depending on the conducive medium, high frequency regions of ACIS measured by 
four-point measurement may be very different. However, very similar modulus values in the range of θ = 0° 
(the low frequency region) means that the results measured by the four-point measurement can be used for 
comparison to those from the two-point measurement, as long as the contact impedance in the range of θ = 0° 
(the low frequency region) in the four-point measurement is proven to be negligible. Evaluation of the contact 
impedance in the four-point measurement will be given in “Evaluation of the contact impedance in the four-
point measurement” section.

Evaluation of the contact impedance in the four‑point measurement. Although McCarter et  al.7 investigated 
the effect of the contact impedance on two-point measured ACIS in comparison to the four-point measured 

(4)aZt2 − LZt4=a(Zm + Z2c)− L(Zim + Z4ic)

(5)aZt2 − LZt4=aZ2c − LZ4ic

(6)Zt2 −
L

a
Zt4=Z2c −

L

a
Z4ic

Figure 7.  Nyquist plots of the four-point measurement with different conductive media between current 
electrodes and the sample  (105–107 Hz). (a) In the fog room curing condition. (b) Indoor curing condition.
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results, they thought the contact impedance in the four-point measurement was negligible. This point needs to 
be further investigated. According to the discussion in “Conductive theory of two-point and four-point meas-
urement of ACIS” section, polarization resistance can be negligible for a four-point measurement; however, 
voltage electrodes need to be precast and thus the extended impedance arises due to current spreading within the 
specimen in the vicinity of the contact as the electrode size is smaller than the sample section area, these effects 
were strictly geometric and ohmic and were in no way associated with electrochemical reactions or polarization 
 effect10,48,49, additionally, interface impedance truly exists. Therefore, it is necessary to evaluate the effect of the 
contact impedance on the tested ACIS from the four-point measurement.

The contact impedance in the four-point measurement can be calculated as follows:
Assuming L/a = p, the tested total impedance Zt4 (p = 10) and Zt4 (p = 2) can be expressed as Eqs. (7) and (8):

Equation (9) can be obtained according to Eq. (8):

Subtracting Eq. (8) from Eq. (9), Eq. (10) can be obtained:

In theory, Eq. (11) is valid:

Taking Eq. (11) into Eq. (10), Eq. (12) appears:

(7)Zt4(p = 10) = Zim(p = 10)+ Z4ic

(8)Zt4(p = 2) = Zim(p = 2)+ Z4ic

(9)5Zt4(p = 10) = 5Zim(p = 10)+ 5Z4ic

(10)5Zt4(p = 10)− Zt4(p = 2) = 5Zim(p = 10)− Zim(p = 2)+4Z4ic

(11)5Zim(p = 10) = Zim(p = 2)

Figure 8.  Bode plots of the four-point measurement with different conductive media between the current 
electrodes and the sample. (a) 3d curing ages; (b) 28d curing ages.

Table 3.  Modulus values of ACIS measured by the four-point measurement under different curing conditions 
(L/a = 2). CoV means variation coefficient of test results of three samples measured from the four-point 
measurement with three conductive media.

Curing ages Conductive media Fog curing 60% RH curing Indoor curing Outdoor curing Water curing SCH curing

3 d

CG 1152.6 1743.0 1584.5 1504.4 1125.0 961.6

SS 1130.1 1678.5 1574.4 1482.1 1104.1 986.4

SCH 1129.0 1710.8 1581.7 1463.1 1063.7 1046.0

Average value 1137.2 1710.8 1580.2 1483.2 1097.6 998.0

CoV (%) 1.0 1.5 0.3 1.1 2.3 3.5

28 d

CG 1806.3 11,063.8 5989.6 3313.6 1343.6 1338.4

SS 1801.3 10,907.0 5819.5 3273.2 1329.0 1313.1

SCH 1782.9 11,485.1 5934.3 3248.2 1303.8 1296.7

Average value 1796.8 11,152.0 5914.5 3278.3 1325.5 1316.1

CoV (%) 0.6 2.2 1.2 0.8 1.2 1.3
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Equation (13) can be obtained from Eq. (12):

where the meanings of all of the symbols outside the parentheses are the same as those of the symbols in Fig. 6. 
The p = 2 and p = 10 in the parentheses indicate the samples of L/a = 2 and L/a = 10, respectively.

In the case of the four-point measurement, Bode plots of samples exposed to fog curing and indoor environ-
ments are given in Fig. 9. Impedance modulus within a frequency range of θ = 0° were calculated based on the 
data in Fig. 9, and it can be found that the CoV of the modulus values within a range of θ = 0° were less than 
1.0%. At the same time, contact impedance in the four-point measurement were calculated based on Eq. (13), 
the results of which are listed in Table 4. It can be seen from Table 4 that the contact impedance changes from 
3.4 to 5.8 Ω for samples cured for 3 days and 28 days in a fog room and in an indoor environment. This means 
that in this situation, the contact impedance in the four-point measurement is very small, even neglectable, and 
can be used as a reference for correction of the contact impedance.

The samples cured in an indoor environment for 28 days were dried at 60 °C for 48 h. The Bode plots are 
shown in Fig. 10. The contact impedance in the four-point measurement was calculated based on Eq. (13), as 
shown in Table 4. It can be seen from Table 4 that the contact impedance reaches 638.6 Ω, which may be due to an 
increase in the extended impedance and the interface  impedance10 as the humidity decreased. The relative devia-
tion caused by the contact impedance reached 32.1% for L/a = 10, which cannot be used to test the impedance of 
cement-based materials. While the relative deviation is only 6.4% for L/a = 2, it can still be used to measure the 
ACIS of cement-based materials. Therefore, it is reasonable to use L/a = 2 in this study.

Evaluation of the contact impedance in the two‑point measurement. Selection of conductive me‑
dia in the two‑point measurement. Nyquist plots of samples under different curing conditions evaluated by the 
two-point measurement with different conductive media between the electrodes and the sample are shown in 
Fig. 11. It can be seen from Fig. 11a,b that even under the same curing condition, the ACISs are significantly 
different with different conductive media, the diameters of the impedance spectrum arcs are: CG > SS > SCH. 
According to the generalized effective medium (GEM)  theory50,51, generally electrical conduction is more likely 

(12)5Zt4(p = 10)− Zt4(p = 2) = 4Z4ic

(13)Z4ic =
5Zt4(p = 10)− Zt4(p = 2)

4

Figure 9.  Bode plots of ACIS with L/a = 2 and 10 measured by four-point measurement. (a) In the fog room 
curing condition; (b) Indoor curing condition.

Table 4.  Contact impedance values measured by four-point measurement. CoV means variation coefficient of 
test results of three samples. RDSCH means relative deviation of contact impedance using SCH as a conductive 
media for pure sample impedance.  ZM10 and  ZM2 mean the total four-point measurement impedance when 
L/a = 10 and 2, respectively.

Curing method Curing age

L/a = 10 L/a = 2

Zic4 (ohm)ZM10 RDSCH (%) CoV (%) ZM2 RDSCH (%) CoV (%)

Fog curing
3d 117.2 4.5 2.8 564.5 0.9 2.2 5.4

28d 181.0 1.9 1.6 891.5 0.4 1.7 3.4

Indoor Curing
3d 162.7 3.5 2.4 790.9 0.7 1.6 5.7

28d 598.1 1.0 1.5 2967.2 0.2 0.1 5.8

Oven-drying 48 h 2628.0 32.1 4.4 10,585.6 6.4 2.9 638.6



9

Vol.:(0123456789)

Scientific Reports |        (2020) 10:17968  | https://doi.org/10.1038/s41598-020-74925-w

www.nature.com/scientificreports/

to take place through the more conductible phases for a composite material with different electrical conductivity 
for each  component52. For a cement paste specimen, the conductivity of solid phases (cement clinkers, hydration 
products) and vapor phases are lower several orders than the liquid  phase53,54, therefore, the impedance of the 
specimen is mainly determined by the pore structure and pore solution. When using CG as conductive medium, 
the charges in the CG are transferred and exchanged with the ions in the pore solution of the specimen under 
the external  voltage30,31, However, when using SS or SCH as conductive medium, ions in SS or SCH and the pore 
solution of the specimen end are more easily transferred, which makes SS or SCH of the more effective conduc-
tion rate and ability than that of CG, thus reducing the contact impedance. In the case of drying, the content of 
the solution at the end of the specimen is less, and this reduction effect is more obvious.

Four-point measurements with L/a = 2 were conducted for samples cured under different conditions and 
SCH was filled between the current electrodes and the sample as conductive medium. The Bold plots are given 
in Fig. 11c,f. This reveals that the modulus values of ACIS measured under different curing conditions have a 
phase angle of almost 0° in the frequency range of 1 Hz–105 Hz, and the CoV of modulus values is less than 1.0%. 
That is, |Z(ω)| is approximately equal to the real part value of the sample impedance in this frequency range. 
Some researchers have pointed out that the impedance at the cut-off frequency in the Nyquist plot measured 
by the two-point measurement represents the bulk impedance of the cement-based  materials55–58. In this paper, 
the impedance modulus values at the corresponding cut-off  frequency1 in the Nyquist plots were also taken as 
the bulk impedance of the cement-based materials.

The relative deviation and absolute deviation values of the sample impedance measured by the two- and 
four-point measurements with different conductive media are shown in Table 5. It can be seen from Table 5 that 
the RDCG of the samples cured for 3 days and 28 days under 60% humidity and indoor curing conditions are 
18.5%, 266.5%, 11.9% and 834.3%, respectively. Under outdoor curing condition, they reached 20.9% and 68.9%, 
respectively, indicating that CG is not suitable for indoor, outdoor, or 60% humidity curing conditions. The RDSS 
of samples cured for 3 days and 28 days under indoor curing condition are 12.6% and 18.5%, respectively. This 
indicates that SS is no longer suitable for indoor curing condition. Under other curing conditions, the RDSS 
measured by the two-point measurement is in the range of 3.7–8.7%, while under all six curing conditions, the 
RDSCH of contact impedance measured by the two-point measurement is in the range of − 0.8–4.6%, which is 
less than the RDSS.

It can be seen from Table 5 that under different curing conditions, when the same conductive medium is 
used, as the curing humidity of the specimen increases, the contact resistance gradually decreases, this indicates 
that the measured conductivity strongly depends on the curing humidity and conditioned before testing, which 
coincides with the findings in  Reference59, and means there are at least two potential influencing factors. On the 
one hand, the porosity in the cement decreases as the cement hydration rate increases with curing  humidity60,61, 
causing the area of the pore in contact with the conductive medium to reduce, which will increase the contact 
impedance. On the other hand, as the degree of saturation increases, the electron and charge transfer speeds 
between the end of the test specimens and the conductive medium  increase30,31, which effectively reduces the 
contact impedance, it can be seen from the experimental results that the degree of saturation or curing humid-
ity of the specimens plays a major role in the contact impedance, ionic (or electrolytic) conduction is the main 
phenomenon of electricity  transport62. Besides, for the specimens cured at the same humidity and using the 
same medium as the conductive medium, the contact impedance increase with the curing ages, this is due to 
the porosity and the pore solution conductivity of the cement paste both decrease with the increase of curing 
age as the cement  hydration63, which cause greater contact impedance.

Effect of oven‑drying on the contact impedance in the two‑point measurement. Two-point measurements were 
conducted for samples oven-dried for 48 h after curing in an indoor environment for 28 days, using SS and SCH 
as conductive media between the electrodes and sample, the Nyquist plots are shown in Fig. 12.

The contact impedance in the two-point measurement can be calculated as follows:

Figure 10.  Bode plots of oven-dried samples evaluated by four-point measurement.
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Figure 11.  Nyquist plots and Bode plots of samples under different curing conditions. (a) Nyquist plots-3d; (b) 
Nyquist plots-28d; (c) Bode plots-3d; (d) Bode plots-3d; (e) Bode plots-28d; (f) Bode plots-28d.
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Zim can be obtained from Eq. (3), as shown in Eq. (14):

Substituting Eq. (14) into Eq. (1), Eq. (15) can be obtained:

Z2c can be obtained from Eq. (2), as shown in Eq. (16):

(14)Zim=Zt4−Z4ic

(15)Zm=
L

a
(Zt4−Z4ic)

(16)Z2c = Zt2 − Zm

Table 5.  Relative deviation of sample impedance measured by the two- and four-point measurements under 
different curing conditions. RDCG, RDSS and RDSCH mean the relative deviation of contact impedance evaluated 
by the two-point measurement with different conductive media to the four-point measurement impedance 
(true sample impedance). ADCG, ADSS and ADSCH mean the absolute deviation of contact impedance measured 
by the two-point measurement with different conductive media versus the four-point measurement impedance 
(true sample impedance).

Conductive media CG

Curing method Fog curing 60% curing Indoor curing Outdoor curing Water curing SCH curing

Curing time 3d 28d 3d 28d 3d 28d 3d 28d 3d 28d 3d 28d

2-point impedance 1173.6 1893.7 2026.6 40,873 1768.6 55,261.0 1792.7 5535.7 1015.7 1433.4 932.0 1355.7

RDCG (%) 3.2 5.4 18.5 266.5 11.9 834.3 20.9 68.9 − 7.5 8.1 − 6.6 3.0

ADCG (Ω) 36.4 96.9 315.8 29,721.0 188.4 49,346.5 309.5 2257.4 − 121.9 107.9 − 66.0 39.6

Conductive media SS

Curing method Fog curing 60% curing Indoor curing Outdoor curing Water curing SCH curing

Curing time 3d 28d 3d 28d 3d 28d 3d 28d 3d 28d 3d 28d

2-point impedance 1211.5 1934.8 1774.4 12,122.4 1779.6 7007.6 1600.6 3399.8 1115.3 1377.1 1062.8 1346.8

RDSS (%) 6.5 7.7 3.7 8.7 12.6 18.5 7.9 3.7 1.6 3.9 6.5 2.3

ADSS (Ω) 74.3 138.0 63.6 970.4 199.4 1093.1 117.4 121.5 17.7 51.6 114.8 30.7

Conductive media SCH

Curing method Fog curing 60% curing Indoor curing Outdoor curing Water curing SCH curing

Curing time 3d 28d 3d 28d 3d 28d 3d 28d 3d 28d 3d 28d

2-point impedance 1133 1879.5 1730.2 11,339.2 1591.7 5821.7 1483.6 3251.3 1082.7 1351.3 1042.9 1313.6

RDSCH (%) − 0.4 4.6 1.1 1.7 0.7 − 1.6 0.0 − 0.8 − 1.4 1.9 4.5 − 0.2

ADSCH (Ω) − 4.2 82.7 19.4 187.2 11.5 − 92.8 0.4 − 27.0 − 14.9 25.8 44.9 − 2.5

4-point impedance 1137.2 1796.8 1710.8 11,152.0 1580.2 5914.5 1483.2 3278.3 1097.6 1325.5 998.0 1316.1

Figure 12.  Nyquist plots of oven-dried samples evaluated by two-point measurement.
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Substituting Eq. (15) into Eq. (16), Eq. (17) can be obtained:

 where the meaning of all symbols are the same as in Fig. 6.
The contact impedance measured by the two-point measurement can be calculated according to Eq. (17), as 

shown in Table 6. It can be seen from Table 6 that the contact impedance reached 5586.0 Ω and 396.0 Ω in the 
two-point measurement with SS and SCH as the conductive media, respectively. The RDSS reached 28.1%, while 
the RDSCH was only 2.0%; these results mean that under oven-drying conditions, SS is no longer suitable for the 
two-point measurement, but SCH can still be used as the conductive medium.

From the above discussion, it can be concluded that the contact impedance caused by different conductive 
media between the electrodes and the sample is mainly affected by the humidity of the sample and the curing 
conditions. The applicable humidity situations of CG, SS and SCH for the two-point measurement are recom-
mended in Table 7.

Discussion on how to decrease the effect of the contact impedance in the two‑point measure‑
ment. Preparing a reasonable impedance value of the sample based on selection for proper size. As discussed 
above, it is clearly knowing that the contact impedance cannot be completely avoided in both the four-point and 
two-point measurements. Even in the recommended curing conditions shown in Table 7, although both of the 
RDSCH and RDSS are acceptable for cement-based materials, the ADSCH and ADSS change within the ranges of 
27.2–396.0 Ω and 41.9–970.4 Ω, respectively. This means that when the curing conditions and the conductive 
media are constant, the reduction in the size of the sample will cause RDSCH and RDSS to be out of the acceptable 
range.

Therefore, attention should be paid to assessing the ratio of the contact impedance to the impedance of 
the sample when measuring ACIS. A larger sample impedance is beneficial to reduce the effect of the relative 
deviation caused by the contact impedance. It should be pointed out that increasing the length/area (L/A) to 
increase the impedance of the sample may cause the tested capacitance to exceed the measurement range of the 
AC impedance instrument. For example, the measuring ranges of capacitance of HP4194A Impedance/Gain-
Phase analyzer and Solartron 1260 impedance analyzer are in the ranges of  10–14 to 0.1  F64 and  10–12 to 0.01 
 F65, respectively. Therefore, in order to minimize the effect of the contact impedance on sample impedance, a 
reasonable L/A value should be chosen, which needs further study.

Avoiding a large size difference between the electrodes and the sample. The difference in size between the elec-
trodes and sample will result in extended  impedance10, and extended impedance is especially significant when 
the electrode is in poor contact with the  sample66. Two-point measurement with precast titanium bars as both 
voltage and current electrodes were conducted for samples cured in a fog room and an indoor curing environ-
ment for 28 days. The Nyquist plots are shown in Fig. 13. Based on Eq.  (13), the contact impedance can be 
calculated for the two-point measurement with titanium bars as both voltage and current electrodes, as shown 
in Table 8. It can be seen from Table 8 that the contact impedance of the samples cured in a fog room and in 
an indoor environment reached 2009.5 and 5390.7 Ω, respectively, resulting in a maximum relative deviation 
of 2473.2%. Therefore, attention should also be paid to the size difference between the electrodes and sample to 
avoid a significant effect of the contact impedance.

In addition to the above mentioned cases, the relative deviation caused by the contact impedance may not be 
precisely known, and it is highly recommended in this situation that the four-point measurement with two dif-
ferent L/a values be conducted to evaluate the effect of the contact impedance on the impedance of cement-based 

(17)Z2c = Zt2 −
L

a
(Zt4−Z4ic)

Table 6.  Relative deviation of sample impedance evaluated by two-point measurement with SS and SCH. RD 
means the relative deviation of contact impedance evaluated by the two-point measurement to pure sample 
impedance. AD means absolute deviation of contact impedance evaluated by the two-point measurement to 
pure sample impedance. CoV means the variation coefficient of the test results of three samples.

Conductive media Zt2 (ohm) CoV (%)
Pure impedance measured by the 
four-point measurement (ohm) RD (%) AD (ohm)

SS 25,478.3 10.2
19,894.0

28.1 5586.0

SCH 20,288.3 11.4 2.0 396.0

Table 7.  Applicable humidity range of different conductive media for the two-point measurement.

Conductive medium Relative humidity (%)

CG  > 95

SS  > 60

SCH –
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materials using the procedure that has been described in “Theoretical derivation of the relationship among the 
four-point and two-point measured impedance and the contact impedance” section.

Conclusions
A method for calculating the contact impedance was proposed in this paper. The contact impedance in two-point 
and four-point measurements were calculated, and based on the calculated results, the following conclusions 
can be obtained:

(1) The conductive media have a completely different effect on ACIS in the high-frequency region, however, 
have little effect on the impedance of ACIS in low frequency region (θ = 0°) measured by the four-point 
measurement.

(2) When using the saturated calcium hydroxide solution (SCH) as conductive medium. The contact imped-
ance within a low frequency range of θ = 0° varies from 3.4 to 5.8 Ω in the four-point measurement, which 
is negligible for the impedance range of cement-based materials. This means that the four-point measure-
ment using SCH as conductive media can be used as a reference for correction of the contact impedance 
in the two-point measurement.

(3) When the samples were dried at 60 °C for 48 h, the contact impedance reaches 638.6 Ω, and the relative 
deviation caused by the contact impedance reached 32.1% and 6.4% in the four-point measurement for 
cement paste with L/a = 10 and L/a = 2, respectively. This means that a larger sample impedance is benefi-
cial to reduce the effect of the relative deviation caused by the contact impedance in theory. This is also 
applicable to two-point measurement, but the limitation of the capacitance range of the instrument should 
be considered.

(4) In the case of two-point measurement, under the seven curing conditions, the RDCG caused by the contact 
impedance is in the range of − 7.5–834.3%, RDSS is in the range of 2.3–28.1%, and RDSCH is in the range 
of − 0.4–4.6%. In some curing conditions, RDCG and RDSS are beyond the acceptable range. We found that 
CG is only suitable for fog room curing and water-curing conditions (RH > 95%), while SS is not suit-
able for indoor curing and oven-drying conditions (RH < 60%). SCH is suitable for all curing conditions 
(RH = 0–100%).

(5) To reduce the contact impedance caused by the extended impedance, the difference in cross-sectional 
dimensions between the electrode and the sample should be minimized. In a case of contact impedance 
not being precisely known, it is highly recommended that a four-point measurement with two different 

Figure 13.  Nyquist plots of oven-dried samples with precast electrodes evaluated by the two-point 
measurement. (a) In the fog room curing condition. (b) Indoor curing condition.

Table 8.  Contact impedance evaluated by the two-point measurement with precast titanium bar electrodes. 
ZM10 and  ZM2 mean the two-point measurement impedance of samples with L/a = 10 and 2, respectively, with 
precast titanium bars as both current and voltage electrodes. Z’ic4 means the contact impedance between the 
voltage electrodes and the oven-dried sample in the four-point measurement; RD means the relative deviation 
of the contact impedance measured by the two-point measurement to pure sample impedance. CoV means the 
variation coefficient of the test results of the three samples.

Curing method

L/a = 10 L/a = 2

Z’ic4 (ohm)ZM10 (ohm) RD (%) CoV (%) ZM2 (ohm) RD (%) CoV (%)

Fog curing 2090.7 2473.2 14.6 2415.7 494.6 5.0 2009.5

Indoor curing 5651.4 2068.0 7.3 6694.1 413.6 7.3 5390.7
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L/a values should be conducted to evaluate the effect of the contact impedance following the procedure 
described in “Theoretical derivation of the relationship among the four-point and two-point measured 
impedance and the contact impedance”.

Received: 26 February 2020; Accepted: 6 October 2020

References
 1. Mccarter, W. J., Garvin, S. & Bouzid, N. Impedance measurements on cement paste. J. Mater. Sci. Lett. 7, 1056–1057 (1988).
 2. Qiu, Q. et al. Influence of slag incorporation on electrochemical behavior of carbonated cement. Constr. Build. Mater. 147, 661–668 

(2017).
 3. Jin, M., Jiang, L., Lu, M., Xu, N. & Zhu, Q. Characterization of internal damage of concrete subjected to freeze-thaw cycles by 

electrochemical impedance spectroscopy. Constr. Build. Mater. 152, 702–707 (2017).
 4. Kim, H. C., Kim, S. Y. & Yoon, S. S. Electrical properties of cement paste obtained from impedance spectroscopy. J. Mater. Sci. 30, 

3768–3772 (1995).
 5. Ford, S. J., Mason, T. O., Christensen, B. J., Coverdale, R. T. & Jennings, H. M. Electrode configurations and impedance spectra of 

cement pastes. J. Mater. Sci. 30, 1217–1224 (1995).
 6. Schwan, H. P. & Ferris, C. D. Four-electrode null techniques for impedance measurement with high resolution. Rev. Sci. Instrum. 

39, 481–485 (1968).
 7. Mccarter, W. J., Taha, H. M., Suryanto, B. & Starrs, G. Two-point concrete resistivity measurements: Interfacial phenomena at the 

electrode - concrete contact zone. Meas. Sci. Technol. 26, 1–13 (2015).
 8. Xie, P., Gu, P. & Beaudoin, J. J. Contact capacitance effect in measurement of a.c. impedance spectra for hydrating cement systems. 

J. Mater. Sci. 31, 144–149 (1996).
 9. Miccoli, I., Edler, F., Pfnür, H. & Tegenkamp, C. The 100th anniversary of the four-point probe technique: The role of probe 

geometries in isotropic and anisotropic systems. J. Phys. Condens. Matter 27, 223201 (2015).
 10. Jin-Ha Hwang, K. S., Kirkpatrick, T. O., Mason, E. J. & Garboczi, J. Experimental limitations in impedance spectroscopy: Part IV. 

Electrode contact effects. Solid State Ionics 98, 93–104 (1997).
 11. Siegwart, M., Lyness, J. F. & Mcfarland, B. J. Change of pore size in concrete due to electrochemical chloride extraction and possible 

implications for the migration of ions. Cem. Concr. Res. 33, 1211–1221 (2003).
 12. Tehrani, S. Z., Lim, W. L. & Lee, L. Correction factors for films resistivity measurement. Measurement 45, 219–225 (2012).
 13. Albers, J. An alternative approach to the calculation of four-probe resistances on nonuniform structures. J. Electrochem. Soc. 132, 

2453 (1985).
 14. Weller, R. A. An algorithm for computing linear four-point probe thickness correction factors. Rev. Sci. Instrum. 72, 3580–3586 

(2001).
 15. Alonso, C., Andrade, C., Keddam, M., Nóvoa, X. R. & Takenouti, H. Study of the dielectric characteristics of cement paste. Mater. 

Sci. Forum. 289, 15–28 (1998).
 16. Mccarter, W. J., Starrs, G. & Chrisp, T. M. Immittance spectra for Portland cement/fly ash-based binders during early hydration. 

Cem. Concr. Res. 29, 377–387 (1999).
 17. Dotelli, G. & Mari, C. M. The evolution of cement paste hydration process by impedance spectroscopy. Mater. Sci. Eng. A. 303, 

54–59 (2001).
 18. Zhong, S., Shi, M. & Chen, Z. The AC response of polymer-coated mortar samples. Cem. Concr. Res. 32, 983–987 (2002).
 19. An, X., Shi, C., He, F. & Wang, D. AC impedance characteristics of ternary cementitious materials. J. Chin. Ceram. Soc. 40, 

1059–1066 (2012) (In Chinese).
 20. Mccarter, W. J., Garvin, S. & Bouzid, N. Impedance measurements on cement paste. Cem. Concr. Res. 27, 1191–1201 (1997).
 21. Cruz, J. M., Payá, J., Lalinde, L. F. & Fita, I. C. Evaluation of electric properties of cement mortars containing pozzolans. Materiales 

de Construcción 61, 7–26 (2011).
 22. He, F. et al. Evaluation of sample-electrode contact impedance in two-point measured AC impedance spectroscopy of cement-

based materials. Int. J. Mater. Sci. Appl. 7, 106–114 (2018).
 23. Neithalath, N. & Jain, J. Relating rapid chloride transport parameters of concretes to microstructural features extracted from 

electrical impedance. Cem. Concr. Res. 40, 1041–1051 (2010).
 24. Dong, B. et al. Electrochemical impedance interpretation of the carbonation behavior for fly ash–slag–cement materials. Constr. 

Build. Mater. 93, 933–942 (2015).
 25. Dong, B. et al. Characterization of carbonation behavior of fly ash blended cement materials by the electrochemical impedance 

spectroscopy method. Cem. Concr. Compos. 65, 118–127 (2016).
 26. Jin, M., Jiang, L., Lu, M. & Xu, N. Characterization of internal damage of concrete subjected to freeze-thaw cycles by electrochemi-

cal impedance spectroscopy. Constr. Build. Mater. 152, 702–707 (2017).
 27. Hsieh, G., Ford, S. J., Mason, T. O. & Pederson, L. R. Experimental limitations in impedance spectroscopy: Part VI. Four-point 

measurements of solid materials systems. Solid State Ionics 100, 297–311 (1997).
 28. Standard, C. Common Portland Cement in GB175‑2007 (Chinese National Standard, Beijing, 2007) (In Chinese).
 29. Newlands, M. D., Rod Jones, M., Kandasami, S. & Harrison, T. A. Sensitivity of electrode contact solutions and contact pressure 

in assessing electrical resistivity of concrete. Mater. Struct. 41, 621–632 (2008).
 30. Zha, Q. Introduction to Electrode Process Dynamics (Science Press, Beijing, 2001).
 31. Li, H. Principles of Electrochemistry (Beihang University Press, Beijing, 1998).
 32. Ishai, P. B., Talary, M. S., Caduff, A., Levy, E. & Feldman, Y. Electrode polarization in dielectric measurements: A review. Meas. 

Sci. Technol. 24, 102001 (2013).
 33. Schwan, H. P. Electrode polarization impedance and measurements in biological materials. Ann. N. Y. Acad. Sci. 148, 191–209 

(1968).
 34. Lyklema, J. J. & de Keizer, A. Electric double layers. Fundam. Interf. Colloid Sci. 2, 1–232 (1995).
 35. John Omara, B. & Reddy, A. K. N. Modern Electrochemistry: An Introduction to an Interdisciplinary Area (Springer, Berlin, 1973).
 36. Mao, Q., Zhao, B., Shen, D. & Li, Z. Influence of polarization on conductivity of carbonfiber reinforced cement. Chin. J. Mater. 

Res. 11, 195–198 (1997).
 37. Xu, F. & Wang, J. A design of solution for impedance measurement with four-electrode. J. Shang Hai Dian Ji Univ. 10, 171–185 

(2007) (In Chinese).
 38. Chang, H.-C. & Jaffe, G. Polarization in electrolytic solutions: part I. Theory. J. Chem. Phys. 20, 1071–1077 (1952).
 39. Xu, F. & Wang, J. A four-electrode impedance spectroscopy measurement system. J. Shang Hai Dian Ji Univ. 12, 181–185 (2009).
 40. Schwan, H. P. & Ferris, C. D. Four -electrode null techniques for impedance measurement with high resolution. Rev. Sci. Instrum. 

39, 481–485 (1968).



15

Vol.:(0123456789)

Scientific Reports |        (2020) 10:17968  | https://doi.org/10.1038/s41598-020-74925-w

www.nature.com/scientificreports/

 41. Shen, Y., Xu, F. & Zhang, Y. Design of a universal impedance measurement system with four probs. J. Shang Hai Dian Ji Univ. 17, 
338–342 (2014) (In Chinese).

 42. Liu, Y. et al. Development and experiment of a four-electrode conductivity sensor. Environ. Test Equip. 35, 71–75 (2017) (In 
Chinese).

 43. Díaz, B., Freire, L., Nóvoa, X. R., Puga, B. & Vivier, V. Resistivity of cementitious materials measured in diaphragm migration cells: 
The effect of the experimental set-up. Cem. Concr. Res. 40, 1465–1470 (2010).

 44. Keddam, M., Novoa, X. R. & Vivier, V. The concept of floating electrode for contact-less electrochemical measurements: Applica-
tion to reinforcing steel-bar corrosion in concrete. Corros. Sci. 51, 1795–1801 (2009).

 45. Díaz, B., Nóvoa, X. R., Puga, B. & Vivier, V. Macro and micro aspects of the transport of chlorides in cementitious membranes. 
Electrochim. Acta 124, 61–68 (2014).

 46. Ferrari, J. V. et al. Influence of normal and radial contributions of local current density on local electrochemical impedance spec-
troscopy. Electrochim. Acta 60, 244–252 (2012).

 47. Dong, B. et al. Non-destructive tracing on hydration feature of slag blended cement with electrochemical method. Constr. Build. 
Mater. 149, 467–473 (2017).

 48. Veazey, R. A., Gandy, A. S., Sinclair, D. C. & Dean, J. S. Finite element modeling of resistive surface layers by micro-contact imped-
ance spectroscopy. J. Am. Ceram. Soc. 103, 2 (2019).

 49. Veazey, R. A., Gandy, A. S., Sinclair, D. C. & Dean, J. S. Modeling the influence of two terminal electrode contact geometry and 
sample dimensions in electro-materials. J. Am. Ceram. Soc. 102, 3609–3622 (2019).

 50. Neithalath, N., Persun, J. & Manchiryal, R. K. Electrical conductivity based microstructure and strength prediction of plain and 
modified concretes. Int. J. Adv. Eng. Appl. Math. 2, 83–94 (2010).

 51. He, R. et al. Determining porosity and pore network connectivity of cement-based materials by a modified non-contact electrical 
resistivity measurement: Experiment and theory. Mater. Des. 156, 82–92 (2018).

 52. Li, Q., Xu, S. & Zeng, Q. The effect of water saturation degree on the electrical properties of cement-based porous material. Cem. 
Concr. Compos. 70, 35–47 (2016).

 53. F. Rajabipour, In Situ Electrical Sensing and Material Health Monitoring of Concrete Structures, PhD Dissertation, Purdue Uni-
versity, West Lafayette, 2006.

 54. Pawar, S. D., Murugavel, P. & Lal, D. M. Effect of relative humidity and sea level pressure on electrical conductivity of air over 
Indian Ocean. J. Geophys. Res. 114, D02205 (2009).

 55. Christensen, B. J., Mason, T. O. & Jennings, H. M. Influence of silica fume on the early hydration of Portland cements using imped-
ance spectroscopy. J. Am. Ceram. Soc. 75, 939–945 (1992).

 56. Berg, A., Niklasson, G. A., Brantervik, K., Hedberg, B. & Nilsson, L. O. Dielectric properties of cement mortar as a function of 
water content. J. Appl. Phys. 71, 5897–5903 (1992).

 57. Mccarter, W. J. & Brousseau, R. The AC response of hardened cement paste. Cem. Concr. Res. 20, 891–900 (1990).
 58. Scuderi, C. A., Mason, T. O. & Jennings, H. M. Impedance spectra of hydrating cement pastes. J. Mater. Sci. 26(2), 349–353 (1991).
 59. Weiss, J., Snyder, K., Bullard, J. & Bentz, D. Using a saturation function to interpret the electrical properties of partially saturated 

concrete. J. Mater. Civ. Eng. 25, 1097–1106 (2013).
 60. Li, L., Wang, R. & Zhang, S. Effect of curing temperature and relative humidity on the hydrates and porosity of calcium sulfoalu-

minate cement. Constr. Build. Mater. 213, 627–636 (2019).
 61. Zamani, S., Kowalczyk, R. M. & McDonald, P. J. The relative humidity dependence of the permeability of cement paste measured 

using GARField NMR profiling. Cem. Concr. Res. 57, 88–94 (2014).
 62. Whittington, H. W. The conduction of electricity through concrete. Mag. Concr. Res. 33, 114 (1981).
 63. Liu, K. et al. Effects of microstructure and pore water on electrical conductivity of cement slurry during early hydration. Compos. 

B. Eng. 177, 107435 (2019).
 64. Cabeza, M., Merino, P., Miranda, A., Novoa, X. R. & Sanchez, I. Impedance spectroscopy study of hardened Portland cement paste. 

Cem. Concr. Res. 32, 881–891 (2002).
 65. Solartron 1260 Impedance/Gain-phase Analyzer Operating Manual. 1–6, (2005).
 66. Wang, Y. & Chung, D. D. L. Effect of the fringing electric field on the apparent electric permittivity of cement-based materials. 

Compos. B. Eng. 126, 192–201 (2017).

Acknowledgements
Financial support from the National Natural Science Foundation of China (51878583, U1805253, U1905216 
and 51778551) are greatly appreciated.

Author contributions
R.W.: Writing—Original Draft, Writing—Review & Editing, Methodology, Investigation, Formal Analysis, Valida-
tion. F.H.: Writing—Review & Editing, Methodology, Supervision, Formal analysis, Validation. C.C.: Software, 
Methodology, Visualization. L.D.: Writing—Review & Editing, Methodology.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to F.H. or L.D.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

www.nature.com/reprints


16

Vol:.(1234567890)

Scientific Reports |        (2020) 10:17968  | https://doi.org/10.1038/s41598-020-74925-w

www.nature.com/scientificreports/

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://creat iveco mmons .org/licen ses/by/4.0/.

© The Author(s) 2020

http://creativecommons.org/licenses/by/4.0/

	Evaluation of electrode-sample contact impedance under different curing humidity conditions during measurement of AC impedance of cement-based materials
	Raw materials and experimental methods
	Raw materials. 
	Preparing and curing samples. 
	Experimental methods. 

	Fundamental theory for four-point and two-point measurement of AC impedance spectroscopy
	Conductive theory of two-point and four-point measurement of ACIS. 
	Theoretical derivation of the relationship among the four-point and two-point measured impedance and the contact impedance. 

	Results and discussion
	Discussion of the four-point measurement. 
	Comparison of measured results by different conductive media in the four-point measurement. 
	Evaluation of the contact impedance in the four-point measurement. 

	Evaluation of the contact impedance in the two-point measurement. 
	Selection of conductive media in the two-point measurement. 
	Effect of oven-drying on the contact impedance in the two-point measurement. 

	Discussion on how to decrease the effect of the contact impedance in the two-point measurement. 
	Preparing a reasonable impedance value of the sample based on selection for proper size. 
	Avoiding a large size difference between the electrodes and the sample. 


	Conclusions
	References
	Acknowledgements


