Detecting the damage of concrete subjected to fatigue load coupled with freeze-thaw cycles using alternating current electric impedance spectroscopy
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Abstract: The coupled effect of fatigue load and freeze-thaw cycles may cause damage to concrete structures. This paper explores the potential of alternating current (AC) electric impedance spectroscopy (EIS) technology to characterize the micro-damage of concrete under the mentioned coupled effect. Firstly, the mass loss rate (ML) and the relative dynamic elastic modulus (RDEM) evolution were employed to evaluate damage of concrete subjected to freeze-thaw cycles coupled with fatigue load. Comparatively, the degradation was also described in terms of ACEIS. The functional correlations between impedance parameters and concrete damage under the coupled effect were identified using the maximum entropy theory. The results show that the impedance parameters, RCCP and RCP, follow a consistent three-stage trend with ML and RDEM as the number of freeze-thaw cycles and fatigue load time increase. RCCP and RCP, however, are more vulnerable to early damage and can be used to faster recognize concrete damage caused by the coupled effect. Compared to RCP, RCCP is a more stable indicator for characterizing concrete damage, as it is less affected by external factors. The relationships between impedance parameters (RCCP and RCP) and traditional indicators (ML and RDEM) at stage II can be quantified as a third-order power function. 
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1. Introduction

Concrete structures in cold regions often suffer from freeze-thaw cycles, which can lead to structural deterioration. Numerous studies 

[1, 2] ADDIN EN.CITE  have shown that the primary cause of concrete damage during the freezing and thawing process is stress created in pores by the phase change (crystallization pressure) and transport of pore water (hydraulic pressure). Concrete structures in cold regions are always subjected to external loads in addition to the internal pressure imposed by freeze-thaw cycles. As an illustration, the concrete used in the bridges and railways in Northern China is constantly susceptible to the coupled effect of fatigue load and freeze-thaw cycles. The external load can influence the internal structure of the concrete, decreasing its durability 

[3, 4] ADDIN EN.CITE . External loads are superimposed to internal stresses caused by freeze-thaw cycles, altering the original concrete durability. Therefore, it is crucial to understand how the external fatigue load and freeze-thaw cycles interact to affect concrete durability. 

Research results on the mechanism of concrete damage caused by freeze-thaw cycles 

[5, 6] ADDIN EN.CITE  or fatigue load 

[7, 8] ADDIN EN.CITE  have been reported in recent years. In addition, some publications investigated how concrete behaves in response to alternating actions 

[9, 10] ADDIN EN.CITE  as well as simultaneous actions 

[11, 12] ADDIN EN.CITE  of load and freeze-thaw cycles. However, for the coupled effect of load and freeze-thaw cycles, most of the literature concentrated on the static load and only a few studies dealt with the fatigue load. This may have been generally caused by the challenges associated with characterizing concrete damage caused by fatigue load coupled with freeze-thaw cycles. 
The relative dynamic elastic modulus, the mass loss rate, and the compressive strength loss rate (CSL) are typically tested to quantify the concrete damage produced by freeze-thaw cycles in many standards [13, 14]. These traditional indicators, however, can only be used to describe tangible damage at the macro level and cannot be used to detect structural change at micro level sensitively. In other words, the traditional indicators won't change visibly until micro-damage has accumulated to a certain point and until the macro-damage manifests. More micro-damage will be caused by load that is larger than 0.3 times the compressive strength under the coupled action compared to that produced by freeze-thaw cycles alone [1]. This micro-damage is challenging to be detected using traditional indicators, i.e., RDEM, ML, and CSL.  
To test the damage of concrete at micro level, researchers strive to employ other methods. Concrete that had been subjected to a 4-point fatigue load in addition to freeze-thaw cycles was measured for the formation of microcracks using a strain technique and acoustic emission sensors by Qiao et al. [15]. By measuring the microhardness of the interface transition zone (ITZ), the width, and the length of cracks in the ITZ, Yang et al. [16] investigated the properties of concrete under the fatigue load coupled with freeze-thaw cycles in cold climates. Besides, some researchers 

[17-19] ADDIN EN.CITE  utilized mercury intrusion porosimetry (MIP), scanning electron microscopy (SEM) or nuclear magnetic resonance (NMR) to examine the evolution of concrete microstructure under the coupled action of load and freeze-thaw. However, the specimens must be destroyed when using MIP and SEM. In addition, NMR has strict requirements for specimen size [20] and acoustic emission technology requires complex processes [21]. Therefore, it is necessary to develop a non-destructive test method that cannot only depict macro damage but also reveal changes in the micro-structure of concrete under the coupled effect of fatigue load and freeze-thaw cycles. 

AC electric impedance spectroscopy (EIS) could be used to address the issues raised above because of the advantages of non-destructiveness, no requirement for sample size, and no special treatment for sample [22], and it has been used extensively in investigations. The application of ACEIS in cement-based materials can be divided into three categories: Firstly, describing the characteristics of materials directly as they are influenced by various factors [23], such as temperature and humidity, etc. Secondly, using analytical impedance parameters to gauge changes in the microstructure of materials. For instance, the related capacitance is used to compute the dielectric constant of materials, while the associated resistance is used to determine the water permeability coefficient and the chloride ion diffusion coefficient 

[24-26] ADDIN EN.CITE . Thirdly, monitoring the performance development in accordance with the relationship between the impedance parameters and material properties. Because of the difficulty in determining the quantitative relationships between impedance parameters and performances of materials, the third application category of ACEIS is rarely reported. 

It has been reported [22] that ACEIS can measure the phase angle and amplitude of the current’s response to voltage, and Ohm’s law establishes the link between voltage, current, and resistance. According to Ohm’s law and Song’s model, the resistances of pore solution in connected pores and isolated pores can be determined. The variation of pores that are linked together or left alone in concrete will immediately change the corresponding impedance. Therefore, ACEIS can evaluate concrete micro-structural changes caused by the coupled action. However, only few publications employed AC impedance to describe concrete damage caused by coupled action due to the difficulties in directly establishing correlations between impedance parameters and indicators of concrete damage.

The maximum entropy theory has drawn a lot of interest in recent years in a variety of fields, including the analysis of structural reliability [27], back analysis of geotechnical engineering [28], probability distribution analysis of rock mechanics parameters [29], and preparation of monitoring indices for dam safety [30]. The maximum entropy method involves calculations based solely on each basic random variable's numerical eigenvalue, without making any prior assumptions regarding the distribution's type. As a result, it is possible to obtain a probability density function with a greater accuracy [31]. This might also be a good way to handle the aforementioned issue. The probability density function between impedance parameters and concrete damage indicators can be found using the maximum entropy approach. 
To explore a better way to characterize concrete damage under the coupled action, a system that could run freeze-thaw cycles with a fatigue load was designed to imitate the environment that concrete structures experience. Following the coupled action, the mass loss rate, relative dynamic elastic modulus, and AC impedance parameters were measured to characterize the concrete's damage, respectively.

Parallel analysis and comparisons of the aforementioned indicators revealed the damage-altering laws of concrete subjected to simultaneous fatigue load and freeze-thaw cycles. Additionally, the quantitative correlations between mass loss rate, relative dynamic elastic modulus, and impedance parameters were developed using the maximum entropy theory. This work contributes to the characterization and prediction of concrete damage under coupled actions.

2. Methodology

2.1 Materials and specimen preparation

Ordinary Portland cement (OPC) according to the Chinese standard GB175-2008 [32] was used for the sample preparation. The particle size distributions of cement and sand are presented in Fig. 1 and the chemical composition of OPC is shown in Table 1. The mixture proportion of the concrete is shown in Table 2. The coarse aggregates utilized were crushed stone with a maximum diameter of 10 mm and sand with a fineness modulus of 2.47 was used. Superplasticizer of polycarboxylate-type was supplied by Kezhijie New Material Group Co., Ltd (China). Air entraining agent of sodium dodecylbenzene sulfonate was used in this study. The density of obtained concrete was 2420 kg/m3 and its 28 d compressive strength reached around 32.9 MPa.
The specimens with dimensions of 40 mm(40 mm(160 mm were designed for frost resistance test and ACEIS test. The preparation of specimens was as follows: The dry raw materials such as cement, sand, and coarse aggregates were mixed firstly in the mixer for 30s at speed of 140±5r/min. Superplasticizer and air-entraining agent powder were then successively added to the mixture and mixed for a further 3 minutes at speed of 285±5r/min. After being homogenously mixed, the fresh concrete was immediately placed into steel molds and then vibrated for 3 min. The specimens were then covered by plastic sheet to prevent moisture loss on the surface during molding and cured for 24 h. After demolding, the specimens were further cured in a curing chamber (95% RH, 25±0.5°C) for 24 days. Afterward, specimens were removed from the curing chamber and immersed for 4 days in water that was 20~25 °C to practically approach saturated water state. There were 15 produced specimens in total and 100 sets of data in each experiment were obtained.
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Fig. 1 Particle size distributions of sand and cement
Table 1 Chemical composition of Ordinary Portland cement (wt%)
	Materials
	CaO
	SiO2
	Fe2O3
	Al2O3
	MgO
	SO3
	Na2O
	TiO2
	K2O
	LOI

	OPC
	57.55
	19.49
	4.98
	4.71
	1.59
	3.89
	0.129
	0.307
	0.828
	3.17


Table 2 Mix design of concrete

	Water-to-binder mass ratio
	Cement (kg/m3)
	Aggregate (kg/m3)
	Sand   (kg/m3)
	Water  (kg/m3)
	Air entraining (wt%)
	Superplasticizer (wt%)

	0.4
	515
	1257
	442
	206
	0.01
	0.1


Note: % is the percentage with respect to the binder mass.

2.2 Experimental program

The fatigue load and freeze-thaw cycles were simultaneously applied to specimens in a customized device (Fig. 2). The device mainly includes freeze-thaw cycle system and fatigue loading system. The freeze-thaw cycles were carried out in the freeze-thaw chamber according to the test method for rapid freezing and thawing as stipulated in Chinese standard GB T50082-2009. The temperature of the device can adjust from -40℃ to 100℃. The center temperature of specimens ranged from (-18±2)℃ to (5±2)℃ was used in this study in accordance with GB/T 50082-2009. The load of drop weight was used to simulate the fatigue loading, with a loading plate of 200 kg and a falling height of 1 cm. A pressure sensor was used to measure the resulting stress on the specimens, resulting in a value of about 2 MPa. Since the stress on the concrete underneath the railway track slab in engineering is minimal—basically only a few megapascals [33], the stress level of 2 MPa can be considered as representative. Considering that concrete damage evolution rate is faster at low loading frequency [34] and the accuracy of test operation at low loading frequency is higher, a frequency of 2Hz was adopted.
After soaking in water for 4 d, the specimens were wrapped in plastic film, and  sealed tight with scotch tape. Afterwards, the specimens were put into freeze-thaw chamber for the test. The fatigue load was started when the temperature of chamber was below 4℃, and the fatigue load lasted for 2 h every 25 freeze-thaw cycles. Frost resistance test and ACEIS test were carried out after every 25 freeze-thaw cycles coupled with 2 h fatigue load. Before doing the next round of coupled action of fatigue load and freeze-thaw, specimens were immersed in water for 24 h after measuring corresponding parameters to ensure that specimens are saturated with water. When the samples reached saturated water state again, samples were wrapped again in the same method as before and then the next round of test was carried out.
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Fig. 2 Setup of fatigue loading coupled with freeze-thaw

2.3 Frost resistance measurement

   The mass loss and relative dynamic elastic modulus (RDEM) of specimens were measured to evaluate the damage of concrete as per GB T50082-2009 [13]. An NELD-DTV testing machine was used to measure the frequency of concrete, and the RDEM can be calculated by Eq. (1). 
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where fn represents the transverse primary vibration frequency after n freeze-thaw cycles, Hz; f0 represents the transverse frequency before freeze-thaw cycles, Hz.

2.4 AC impedance measurement

Agilent 4294A impedance analyzer was used to measure the AC electric impedance spectroscopy. A pair of stainless-steel sheets with a size of 40 mm×55 mm×0.3 mm were used as electrodes. After the fatigue load and freeze-thaw cycles, samples were covered with plastic film to avoid evaporation. The interface between the electrode and the sample was filled with conductive glue (about 1 mm thick), as shown in Fig. 3. To keep good contact, a suitable pressure was applied to both ends of the sample stuck with the stainless-steel sheets before testing [35]. Alligator plugs from the impedance analyzer were attached to the electrodes. The measurement was performed with frequency logarithmical distribution from 106 Hz to 1 Hz at 100 mV of alternating voltage, including 120 data points for every test. 

In addition, both the opening impedance and closing impedance were measured.  To measure the opening impedance, the stainless-steel sheet electrodes were connected to the impedance analyzer by alligator plugs with only air between electrodes [26]. Then closing electric impedance spectroscopy was performed with contacted stainless-steel sheet electrodes that formed a shorting circuit.

[image: image4.png]AC impedance analyzer

-steel sheet

Stainless:

L
=
o)
L
5
3]
Q
=
=1
=
<
]

[0 Polycarbonate film

[ Conductive wire





Fig. 3 Connection between AC impedance analyzer and concrete sample based on two-point measurement

3. Equivalent circuit model for concrete 

Song et. Al [36] proposed a model including three kinds of paths in concrete: continuous conductive paths (CCP), discontinuous conductive paths (DCP), and insulator conductive paths (ICP), as illustrated in Fig. 4. The total impedance of the concrete (Z) can be calculated by Eq. (2).
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The impedance of total CCP can be described as a resistance RCCP as the ions migrate in the pore solution and cause electric conduction.
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where (1 is the resistivity of the pore solution in Ω·cm, L is the thickness of concrete in direction of electrical field in cm, ξ is the tortuosity of CCP, S is the cross-sectional area of concrete perpendicular the electrical field in cm2, φ is the porosity of the concrete, λ represents the ratio of the volume of the pores forming CCP over the total volume of all micro-pores in the concrete. 

The impedance of DCP, which contains the continuous component and discontinuous section, can be described as Eq. (4). While the discontinuous section represents the DP point, the continuous component is comparable to the CCP impedance, and its calculation is shown in Eq. (5). Expressions for other impedance parameters, i.e., ZICP and CDP, can be found in literature [36].
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where d is the equivalent cumulative thickness of all DP points in the direction parallel to the electric field in cm; ( is the frequency of AC current that passes through the concrete in Hz; CDP is the capacitance of unconnected pores; 
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In addition, the parameters with clear physical meanings, i.e., RCP, RCCP and CDP, can also be calculated as shown in Eqs. (7)-(9). Fig. 5 depicts the typical ACEIS of concrete subjected to fatigue load and freeze-thaw cycles. The equivalent circuit is also depicted. 
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where R0, R1, C0, and C1 can be obtained from a measured AC spectrum (Fig. 5). 
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Fig. 4 Microstructure and electric conduction path of concrete

[image: image14.png]8000

7000

6000

5000

4000

7" (Ohm)

3000

2000

1000

0

= Experimental data
Fitting

2000 4000

| |C0

6000 8000 10000 12000
Z' (Ohm)
|C1
Ri

Ro

14000





Fig. 5 Typical Nyquist plots of specimens in the study
4. Result and discussion
4.1 Mass loss and relative dynamic elastic modulus

The ML and RDEM of specimens were measured after every 25 freeze-thaw cycles coupled with a 2h fatigue load, and the results are shown in Figs. 6 and 7. Both ML and RDEM go through three different stages: latency, stability, and instability. The pattern resembles the damage caused to concrete exclusively by freeze-thaw cycles as reported in [37].
Both ML and RDEM were relatively stable in the stage I (less than 150 freeze-thaw cycles), remaining at 0%~0.3% and 100%~90%, respectively. This showed that, at this point, the fatigue load combined with freeze-thaw cycles had essentially little effect on the concrete characteristics. The ML slightly increased to 0.9% after 250 times of freeze-thaw cycles during the stage II (150 to 250 freeze-thaw cycles). The RDEM, however, marginally decreased to about 85%. At this moment, the surface of the specimens spalled off, as illustrated in Fig. 8 (b). At stage III, an accelerated rise in ML and a significant reduction in RDEM showed that the damage had progressed. Interestingly, the error bars of ML and RDEM both grew as the number of freeze-thaw cycles increased.

Therefore, the three-stage damage mode indicated by ML and RDEM may be explained by the fact that the expansion of moisture in pores during freeze-thaw cycles can cause micro-cracking, while this damage may not be immediately noticeable [40], and that fewer freeze-thaw cycles will result in less damage to concrete, both of which may lead to almost no change in ML and RDEM at stage I. Meanwhile, concrete under lower stress (less than 0.3fc, where fc is the compressive strength) was less likely to be damaged [38, 39]. Instead, after being subjected to a low stress level of load for a short duration, the total porosity of concrete decreases and the microstructure becomes denser [16, 17]. As a result, ML and RDEM showed little change at stage I, and the specimens had no obvious damage. However, as the number of freeze-thaw cycles and the duration of fatigue load increased, more cracks and connected pores in the interior of concrete appeared according to the results of ACEIS test, and began to develop at stage II, resulting in a slight rise of ML and a decline of RDEM. The error bars grew in size at the same time. Subsequently, the development of microcracks and linked pores in the inner concrete accelerated the deterioration of specimens that were subjected to longer fatigue load and more freeze-thaw cycles [40, 41].
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Fig. 6 Mass loss rate of samples
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Fig. 7 Relative dynamic elastic modulus
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Fig. 8 The deterioration of concrete at different stages
4.2 AC impedance characteristics analysis

Fig. 9 presents the changes of RCCP, RCP, and CDP when the coupled action times increase. There is no obvious change in CDP, indicating that CDP has minimal relationship with the damage caused by the coupled action. However, it's been noted that both RCCP and RCP exhibit three-stage alterations, which are similar to that of ML and RDEM. 

When the number of freeze-thaw cycles was less than 150, both RCCP and RCP, which are mostly affected by the micro-structure according to Eqs. (3) and (5), fluctuated slightly with the increase of freeze-thaw cycles, indicating that specimens exhibited few new micro-cracks and connected pores. Similar to ML and RDEM, there is little damage caused by the coupled effect of fatigue load and freeze-thaw cycles at this stage I. 

However, RCCP greatly dropped as the coupled actions continued (150 to 250 freeze-thaw cycles), whereas the RCP significantly increased. At this stage II, new microcracks are generated in the concrete matrix, which link the originally isolated pores to form new connected ones. Afterward, the number and volume of interconnected pores increased, i.e., λ increased. According to Eqs. (3) and (5), the increase of λ will result in the decline of RCCP and the increase of RCP.
After 250 freeze-thaw cycles, RCCP and RCP were moving toward a constant, but actually the damage of concrete accelerated at stage III based on the results of ML and RDEM. This may be explained by that the resistance of the new connected pores created by the coupled actions was paralleled with that of the old one, and that when the paralleled resistance reached to a threshold value, the total resistance tends to stable [42]. As demonstrated in Fig. 10, a connected pore can be regarded as a resistor. A new resistor will be generated when a new connected pore is produced as concrete damage accelerates. The new resistors will connect in paralled with the old ones, which decrease the total resistance of connected pores, i.e., RCCP. On the contrary,  RCP will increase.
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(c) CDP
Fig. 9 Changes of AC impedance characteristic parameters
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Fig. 10 Sketch of damage evolution and resistance changes of concrete under the coupled action
4.3 Relationship between AC impedance and concrete damage 

Fig. 11 illustrates different indicators characterizing concrete damage under the coupled action. According to the analysis above, there was no discernible regularity in CDP. Therefore, the relationship between CDP and the concrete damage was not discussed in this part. 

Compared to ML and RDEM, RCCP and RCP similarly exhibit three-stage alterations, but the distinctions between the stages are more pronounced and simple to be detected. Especially when the damage of concrete is moving from stage I to stage II, the changes of RCCP and RCP are far more obvious than those of ML and RDEM, indicating that RCCP and RCP are more susceptible to the micro-damage than ML and RDEM. Therefore, it will be possible to identify concrete damage under the coupled effect more quickly by using RCCP and RCP. According to Eqs. (3) and (5), the factors influencing RCCP include the properties of pore solution ((1), the properties of pore structure (ξ,φ, λ ) and the shape of the tested concrete (L, S). In addition to these factors, RCP is also influenced by the cumulative thickness of all DP points in the direction parallel to the electric field, denoted by d. It can be seen that the influencing factors of RCP is more than that of RCCP, illustrating that RCCP is more stable than RCP for characterizing the concrete damage.
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Fig. 11 Comparison of different indicators characterizing concrete damage under coupled action
To further illustrate that ACEIS can characterize the concrete damage subjected to fatigue load coupled with freeze-thaw cycles, the quantitative relationships between AC impedance parameters and traditional indicators, i.e., ML and RDEM, were explored. Given that there was no obvious linear relationships between traditional indicators (RDEM,and ML) and AC impedance parameters (RCCP,and RCP), the linear fitting method was not appropriate for investigating the relationships between them. 

Entropy of random variable can be seen as a measurement of uncertainty of random variable in the whole definition domain [43]. For continuous random variable, i.e., X, entropy is defined as Eq. (10). According to the maximum entropy principle, entropy is a functional of probability density function f(X), and with some restrictions set in accordance with the information that is available, the probability distribution with the smallest deviation is the distribution that causes the entropy to achieve its highest value. The maximum entropy density function was described in [43]. Therefore, the maximum entropy theory was used to find the functional relationships.
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where f(x) is probability density function of X, and R represents the domain of definition.

In this paper, RCCP and RCP were respectively used as the independent variable x, and ML and RDEM were represented by f(x), respectively. Additionally, our fittings are divided into three stages as the concrete damage trend caused by the coupled action shows three stages. The third-order maximum entropy was used due to its higher accuracy than other orders based on our pilot calculation. The calculation process is presented in Appendix A and the fitting results are illustrated in Table 3. As observed from Table 3, the fitting effect was the best at stage II, indicating that ML and RDEM had a good third-order power function relationships with RCCP and RCP respectively when concrete damage was in stable development stage under the coupled effect. It is further confirmed quantitatively that AC impedance parameters can characterize the concrete damage under the coupled effect of freeze-thaw and fatigue load. The reason for the poor fitting results in stage I and II may be that there is little change in ML and RDEM at stage I and a dearth of data at stage III, both of which have a significant influence on the fitting results. Fig. 12 presented the fitting results of stage II, and it could be seen that the variation ranges of RCCP and RCP were much larger than those of ML and RDEM, i.e., when ML or RDEM changed slightly, RCCP or RCP would change significantly. Based on the above, it can be illustrated that RCCP and RCP are more sensitive to concrete damage caused by that coupled action.
Table 3 R2 of fitting results under different stages
	
	Stage I
	Stage II
	Stage III

	RCCP-RDEM
	0.7269
	0.9485
	0.9406 

	RCCP-ML
	0.7100
	0.9145
	0.8875

	RCP-RDEM
	0.4356
	0.9045 
	0.3853

	RCP-ML
	0.7642
	0.9297
	0.3404
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Fig. 12 The fitting results for different characterization parameters at stage II. (a) RCCP-RDEM; (b) RCCP-ML; (c) RCP-RDEM; (d) RCP-ML.
5. Conclusion 

Based on the above study, the following conclusions can be drawn:

(1) Concrete that has been subjected to the combined effects of freeze-thaw cycles and fatigue load goes through three stages: latency, stable development, and instability development. Due to the densification of fatigue load on the interior structure and fewer freeze-thaw cycles, concrete will not reveal obvious damage for a long time at stage I. The visible damage first appears at stage II and then intensifies at stage III. 
(2) AC impedance parameters are more sensitive to the micro damage of concrete under the coupled effect than ML and RDEM. With an increase in fatigue load and freeze-thaw cycles, ML, RDEM and AC impedance parameters show a consistent evolution trend. RCCP and RCP, however, undergo a much more pronounced transition from stage I to stage II, indicating that they are more vulnerable to early damage and can immediately recognize concrete damage caused by the coupled effect. Compared to RCP, RCCP is a more stable indicator for characterizing the concrete damage under coupled effect because it is less affected by external factors.
(3) ML and RDEM have third-order power function relationships with RCCP and RCP when concrete damage was in stable development stage under the coupled effect, respectively, based on the maximum entropy theory. The fitting results further demonstrate that RCCP and RCP are more sensitive to concrete damage caused by the coupled action.
Appendix A

To obtain the maximum value of H, the Lagrange multiplier method is used. Finally, the analytic expression of probability density function of maximum entropy distribution can be expressed as Eq. (A1).
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where 
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is Lagrange multiplier, the detailed derivation process is shown in[44].

The following N+1 nonlinear equations, i.e., Eq. (A2), can be solved by N+1 unknown Lagrange multipliers, i.e., 
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. The nonlinear equations can be solved by the Newton iteration method. 
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Assuming that the initial iteration value of 
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    Besides, assuming the following equations.
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    Therefore, Eq. (5) can be simplified as Eq. (A5).

	
[image: image37.wmf]=

G

dn


	(A5)


After solving 
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, the new iteration point is 
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is less than some value). Matrix G is a symmetric matrix, so only N(N-1)/2 times integration is required when calculating matrix G in Eq. (A4). Fig. 12 shows the algorithm steps for a probability density function based on the samples obtained by experiments. 

	
[image: image41.wmf]0

g=gexp(),

,0,1,...,

N

iki

ikkiink

i

xxxdxG

ikN

ll

+

=

éù

=--=-

êú

ëû

=

å

ò


	(A6)


[image: image42.png]Experimental data obtained by AC
impedance technology

Calculate the step distance, and determine the upper
and lower limits of integral

¥

¥

Establish equivalent circuit model and
determine Ry, R;, C,, C,

Determine the initial value of the iteration A°

¥

¥

Calculate impedance parameters Rccp,
Rcp, Cdp
Roep =Ry + R, Rep =R, +R)R, /R,
Cor = G+ CIR /(B +R)T

Calculate (2N+1) times of integration with Simpson
numerical integration method to obtain the matrix G
and v

N
i Bu = _J. x'x exXp |:—Zﬂ,ixi:|dx =-G, (D),

=0

¥

¥

Correlationships between impedance
parameters and ML and RDEM

Solving G § = v and get &

v

)

Calculate new iteration point A=5+4°

Calculate the ML and the RDEM based on
experimental data

v

Output results of 4 , and get the MaxEnt density
function





Fig. 12 Steps of calculating the probability density function
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