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HIGHLIGHTS 

 The electrical impedance of fiber-reinforced and non-fiber-reinforced mortar varies 

with drying. 

 Variation of impedance depends on presence and volume fraction of carbon fibers. 

 Water loss during drying increases impedance for non-fibrous mortar. 

 In the presence of fibers, impedance tends towards a resistive behavior over drying 

time. 
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 Coupling fibers with a specific monitoring frequency limits sensing uncertainty 

caused by drying. 

ABSTRACT 

The addition of conductive fibers to a cementitious material reduces its electrical impedance, for 

monitoring purposes, based on the relationship between external stresses (mechanical or thermal) 

and changes in electrical properties. In this context, variations in the electrical properties due to 

drying prevent the application of this technique, unless such variations are negligible or precisely 

predictable. The aim of this paper, therefore, is to study the variation of the complex electrical 

impedance during drying, for measurement frequencies between 4 Hz and 1 MHz. Shrinkage, 

weight loss and electrical impedance spectrum were measured on three mortars with carbon fiber 

volume fractions (FVF) of 0, 0.1 and 0.5 %. The results show that in the absence of conductive 

fibers, the real and imaginary parts of the impedance increase due to water loss. On the other 

hand, in the presence of a percolated carbon fiber network, the real impedance of the material 

decreases at low frequencies and increases at high frequencies during drying; for intermediate 

frequency ranges, quasi-constant values can be observed. In addition, as the material dries, the 

capacitive behavior of the material wanes, and the imaginary impedance values tend towards 0. 

The electrical behavior then approaches ideal resistive behavior with a real impedance value 

independent of the measurement frequency. Blind frequencies have been identified for fibrous 

mortars around 1 kHz and 40 kHz for 0.1 % and 0.5 % FVF, respectively. For monitoring 

purposes, coupling the presence of fibers with an appropriate measurement frequency would 

minimize the effects related to the variation of impedance as a function of time – i.e., allowing 

more precise monitoring of mechanical loads with time. 
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I. INTRODUCTION 

“Smart concrete” is composed of an ordinary cementitious matrix (cement paste, mortar, 

concrete…) with the inclusion of conductive fillers which may be of different aspect ratios [1][2], 

different forms (particles [3], nanotubes [4][5], or fibers [6][7][8]) and different materials (carbon 

[7], steel [9], Conductive rubber fibers [10]…). The addition of conductive fillers decreases the 

electrical resistivity of the material and induces a quasi-linear relationship between that resistivity 

and the deformation of the material (i.e., it develops piezoresistive behavior). Since electrical 

fractional variation is induced by deformation, it is possible to measure the electrical resistance or 

impedance of a volume of the material in order to estimate the mechanical deformation under 

compression [9][11][12][13][14], tension [11][15], damage [16][17][18] and temperature variation 

[19][20]. Smart concrete could also serve other potential applications like pavement heating [21] or 

electromagnetic shielding [22] and monitoring the setting and hardening behavior of cement 

paste [23]. 

Initially, the cementitious matrix structure is saturated with water. A fraction of this water is 

consumed by the hydration reactions of the cement, while the excess water remains within the 

cement paste, filling the capillary pores. If the curing conditions are “wet”, samples are immersed 

in water, keeping the surrounding environment at 100% relative humidity. In dry curing 

conditions, the relative humidity of the surrounding environment is lower than that of the 

internal structure of the material and the water consumed by the hydration of the cement is not 

replaced. Thus, the water in the interstitial solution retained in the capillary pores of the cement 

paste is liable to evaporate. This causes a decrease in the capillary pressure applied to the pore 

walls [24] and a decrease in the surface tension [25], which results in a volume contraction of the 



4 
 

 

material, that is referred to as drying shrinkage [26]. These drying phenomena create water 

gradients between the core and perimeter of the sample on a macroscopic scale, as well as 

deformation gradients between the aggregates and cement paste. Curing conditions and material 

composition play a major role in the progress of drying shrinkage. 

The effect of cementitious matrix drying on its electrical resistivity was analyzed and quantified 

on several occasions. In the absence of conductive additions, the electrical resistivity of a 

cementitious material relates mainly to its ability to transport charges ionically through the liquid 

phase [27]. For porous water-impregnated rocks, Archie [28] identified a power law describing 

the dependence of the resistivity on the degree of saturation of the pores and connectivity of the 

liquid phase inside the pores. This empirical relation was subsequently explained [29] by 

applying percolation theory. The conductivity of cementitious materials [30] was presented as the 

multiplication of three factors depending on: conductivity of pore fluid, volume of capillary water 

and connectivity of this liquid phase. With drying, the ionic concentration of the pore solution 

may increase [30], decreasing the intrinsic resistivity of the liquid. However, water evaporation 

decreases the degree of saturation of the capillary porosity in the liquid phase, thus 

predominantly limiting the ionic transport of electric charges [31]. Moreover, it has been observed 

that as the hydration of cement progresses, it leads to a decrease in the volume fraction of 

capillary pores and their connectivity, and consequently an increase in resistivity. Resistivity has 

also been shown to depend on initial water content [32], where a higher initial liquid volume 

increases the conductivity of cementitious materials. Other studies have defined a critical 

threshold for the percolation of water into the pore network, beyond which the percolation of the 

liquid network of capillary pores is no longer guaranteed, causing an increase in resistivity [33]. 

This strong dependence of the electrical resistivity of cementitious materials on their degree of 
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saturation, and thus on their water content, is applied to non-destructively evaluate the water 

content [34].   

Conductive additions significantly decrease the electrical resistivity of materials, especially when 

they create a percolated network [35]. The volume fraction [36], shape [1] and degree of 

dispersion of the fibers [37] are major factors in the percolation of the fibers. The understanding of 

the resistivity variation with time after mixing is crucial to ensure a reliable piezoresistive 

behavior for fibrous mortar defined as self-sensing material, since drying (that includes water loss 

and length shrinkage) would affect electrical properties of fibrous mortar, and would therefore, 

cause secondary effects on resistivity variation if not uncoupled from external mechanical loads. 

The effect of drying on impedance variation, studied previously, depends on drying conditions, 

fillers nature and volume fraction. With carbon fiber additions, under wet curing conditions, the 

increase in hydration degree leads to an increase in electrical resistivity [38]. With DC 

measurements, in presence of a small amount of multi-walled nano tubes, drying caused an 

increase in resistivity [5]. When the volume fraction of the composite filler was high enough to 

ensure percolation (carbon nanotube/nanocarbon black [40], carbon black [41]), DC resistivity of 

fibred matrix was proved to diminish with time due to fiber presence.  Under dry curing 

conditions, using AC impedance measurements to assess electrical properties, the presence of a 

percolated carbon fiber network was proved to greatly limits the increase in AC ultimate electrical 

resistivity during drying [39].  

The objective of this paper is to quantify the drying effect on fibrous mortar depending on fiber 

volume fraction and use this understanding to minimize the drying secondary effect on self-

sensing of the self-sensing fibrous mortar. For this purpose, AC measurements are adopted since 

they present the advantage of polarization reduction. AC impedance measurements are provided 

on a wide range of frequencies between 4 Hz and 1 MHz in order to cover the variation of 
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impedance function of measurement frequency and show, if any, a differential drying effect 

depending on measurement frequency. Shrinkage, weight loss and electrical impedance spectrum 

will be measured on three mortars covering three different fiber percolation stages: reference 

mortar (0 % fibers), low-fiber mortar (0.1 % fiber volume fraction) and high-fiber mortar (0.5 % 

fiber volume fraction). After determining the impedance variation over drying period, drying 

effect would be uncoupled from self-sensing application by adopting specific monitoring 

frequencies to enhance sensibility’s precision. 

2. MATERIALS AND METHODS 

2.1 Material 

The carbon fibers used are produced by Toho Tenax; they are 6 mm in length and 7 μm in 

diameter. Their surface has not been subjected to any polymer impregnation treatment. The 

cementitious matrix is made with CALCIA CEMI 52.5 R cement, standard sand conforming to EN 

196-1 [42], respecting the grain size distribution presented in Table 1, and polycarboxylate-based 

superplasticizer BASF MasterGlenium ACE 550, the volume of which is increased proportionally 

to fiber volume fraction to ensure acceptable workability, not exceeding 4 % of cement weight to 

avoid bleeding. The three mortars tested have the same W/C ratio (0.4) and the same sand volume 

fraction 40 % (i.e. a sand-to-cement ratio of 1.27). The mix proportions are summarized in Table 2.  

Table 1: Sand grain size distribution 

Diameter (mm) Passing (%) 

0.063 0.03 

0.125 2.41 

0.25 24.86 

0.5 34.19 

1 68.81 

1.6 100 

 



7 
 

 

 

Fig. 1: Sand grain size distribution 

 

 

 

 

Table 2: Mix proportions of the mortar 

 

Cement 

ratio 

(g/l) 

Sand-

to-

cement 

ratio 

Water-

to-

cement 

ratio 

Superplasticizer 

Weight (ratio-

to-cement-

weight) 

Carbon 

fibers 

weight 

(volume 

fraction) 

Flexural 

strength 

(MPa) 

Compressive 

strength 

(MPa) 

Reference 

mortar 
830 1.27 0.4 0 g (0 %) 0 g (0 %) 11.08 79.37 

Low-

fiber 

mortar 

830 1.27 0.4 6 g (0.72 %) 
1.8 g (0.1 

%) 
11.8 80.79 

High-

fiber 

mortar 

830 1.27 0.4 15 g (1.81 %) 
9 g (0.5 

%) 
12.58 77.3 

 

The mortars are mixed in a Perrier mixer, at a constant low rotation speed of 140 rpm, according 

to the following sequence: 1 min with cement, sand, and fibers, then 2 minutes after adding water 

and superplasticizer. The three samples measuring 4*4*16 cm were unmolded at 24 hours, then 
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immersed at 20°C for 28 days of wet curing. The samples are then placed in a controlled 

environment at 20°C and 50 % RH for 344 days.  

2.2 Experimental setup  

To monitor the deformation induced by drying shrinkage, the length and weight variation of the 

4*4*16 cm samples and weight variation are tracked over 344 days of drying. The AC impedance 

of samples was measured between 4 Hz and 1 MHz, where the measurements were recorded 

at 33 frequencies points per decade within this frequency range, 179 frequencies over the 

frequency range), using a Hioki IM3750 impedance analyzer with a voltage of 0.1 V. The 

electrodes are copper plates, affixed to the 4*4*16 cm samples by means of conductive adhesive 

copper foil installed on conductive nickel paint applied to the ends of the dried samples after 

careful polishing [35]. A two-electrode configuration is adopted. 

 

(a) 

 

(b) 
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(c) 

Fig 16: (a) Mortar specimen after hydration and fixation of copper foils (b) Non-fibrous mortar 

equivalent circuit (Rl is the liquid resistance, Rs is the solid resistance, Ri and Ci are the interface 

resistance and capacitance respectively) (c) Fibrous mortar equivalent circuit (Rf and Cf are 

resistance and capacitance of fibers network) 

  

Fig. 2: Measurement setup 

It is important to note that recording began at the end of the 28 days wet curing – i.e. no 

significant effect of hydration shrinkage was observed, and the dominant factor is the drying 

shrinkage. The impedance values (real and imaginary) illustrated in the results section are the 

mean measured impedance values for the 3 samples of every formulation. 

After 344 days of drying, the sensitivity of the mortar to external loads was tested by subjecting 

samples to compression cycles between 0.6 MPa and 5 MPa with compression and decompression 



10 
 

 

velocities of + 0.1 MPa/s and - 0.1 MPa/s respectively and behavior stabilization thresholds of 10 s, 

in parallel to AC real impedance measurement every 1 s at a voltage of 0.1 V. 

                    

Fig. 3: Compression test setup 

2.3 Impedance dispersion assessment over time 

For every formulation, three specimens were tested, as stated previously. For every sample, in 

order to quantify the variation over time of real impedance values at a given frequency, the 

following statistical parameters were calculated:                                   

                                                                               
 

 
                                                                         (2) 

                                                                          
 

 
                                                                         (3) 

                                                                                                                                (4) 

Where    is the mean of real impedance measured at a given frequency fi over time, n is the 

number of measurements over time (66 in this study over the 344 days), xi is the real impedance 

value at a given date, σ is the standard deviation characterizing the dispersion of real impedance 

at a given frequency fi over time, and cv is the relative standard deviation. Using these properties, 

it is possible to detect which frequencies, if any, are less affected by drying. Monitoring the 

sensing behavior at such frequencies could make it more stable, being less closely coupled with 

the internal effects related to water loss and shrinkage. 
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3. RESULTS 

3.1 Weight loss and shrinkage 

Fig. 4 and 5 show the variation in weight loss and shrinkage of mortar samples after 28 days of 

wet curing. The weight loss and shrinkage curves show conventional asymptotic trends. They are 

almost identical for the reference mortar and the mortar with a fiber volume fraction of 0.1 %. On 

the other hand, the mortar with a fiber volume fraction of 0.5 % shows higher values of mass loss 

(13 % higher at the end of the study) and shrinkage (26 % higher at the end of the study). 

Fig. 6 also shows that the relationship between shrinkage and weight loss is slightly impacted by 

the presence of fibers. Here, in the absence of significant changes in the degree of hydration of the 

cement, the fibers magnify the drying shrinkage of the mortar at equivalent weight loss values. 

The relationship between shrinkage and mass loss is almost linear in an initial phase up to 2.5 % 

weight loss (for non-fibrous mortar and low-fiber mortar) and 3 % (for high-fiber mortar); both 

thresholds correspond to a drying time equal to 120 days. Then, in the second phase, the weight 

loss continues to evolve while the shrinkage tends towards a constant value. 

 

Fig. 4: Weight loss variation over time 
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Fig. 5: Shrinkage variation over time 

 

Fig. 6: Shrinkage as a function of weight loss 

3.2 Complex impedance variation during drying 

Every sample has a complex volume impedance Z, with a real part (Z’) and imaginary part (Z’’), 

related by the following equation: 

                                                                        Z = Z’ + i Z’’                                                                           (5) 

Fig. 7 and 8 show the evolution of the real and imaginary parts of the impedance of the reference 

mortar as a function of time, shrinkage and weight loss for different measurement frequencies 

across the frequency range. The real and absolute value of imaginary impedance increased 
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steadily with drying for almost 140 days (corresponding to shrinkage and weight loss values 

equal to 1.150*10E-3 ε and 3 % respectively), before taking on a steep slope beyond this threshold. 

The real impedance increased from approximately 10E3 Ω at the beginning, reaching values 

almost 100 times higher with water loss by the end of the drying time (between 4 and 7*10E4 Ω). 

The absolute values of the imaginary part followed the same pattern, increasing considerably 

during drying. The effect of water loss can be seen in the increased impedance values, since 

mortar is supposed to be an insulative material with higher resistivity compared to water. 

  

(a) 

 

(b) 
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(c) 

Fig. 7: Real impedance of reference mortar as a function of (a) Time, (b) Shrinkage and  

(c) Weight loss 

 

 (a) 
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(b)

 (c) 

Fig. 8: Imaginary impedance of reference mortar as a function of (a) Time (b) Shrinkage and  

(c) Weight loss 

 

Fig. 9 and 10 show the influence of the fibers on the evolution of the real and imaginary parts of 

the impedance for mortar with a fiber volume fraction of 0.1 %. The presence of conductive 

carbon fibers affected the electrical response in the initial absolute values of impedance, and their 

evolution with time. At t=0, for the different measurement frequencies, the real impedance values 

became of the order of 10E2 Ω for frequencies lower than 1 kHz and 10E1 Ω for frequencies higher than 

10 kHz, and imaginary impedance of the order of 10E1 Ω, instead of 10E3 Ω and 10E2 Ω 
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respectively for the real and imaginary impedances of the reference mortar. Real impedance 

decreased with increasing frequency due to the reduction of the electrode and electrolyte 

polarization effect [43][44]. With drying, the evolution of impedance values is dependent on the 

measurement frequency. At low frequencies (< 1 kHz) the real impedance is reduced with time, 

while for frequencies greater than 1 kHz, it increases. At 1 kHz, variation of real impedance is 

limited; the gaps between real impedances measured at low and high frequencies are reduced, 

and values from both sides tend towards real impedance measured at 1 kHz.  

In contrast, regarding the imaginary impedance values, drying reduced the capacitive effect, 

where the absolute value of the imaginary part shown in Fig. 10 as a function of time, shrinkage 

and weight loss, is reduced steadily. Similarly, concerning the imaginary impedance measured at 

different measurement frequencies, the gap between the measured imaginary impedances is 

reduced and the values seem to tend toward a narrow range closer to 0. 

 (a) 
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 (b) 

 (c) 

Fig. 9: Real impedance of low-fiber mortar as a function of (a) Time, (b) Shrinkage and  

(c) Weight loss 
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 (a)  

 (b) 

 (c) 
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Fig. 10: Imaginary impedance of low-fiber mortar as a function of (a) Time, (b) Shrinkage and 

(c) Weight loss 

A similar behavior is seen for mortar with a FVF of 0.5 %, as shown in Fig. 11 and 12: for 

frequencies lower than 40 kHz once again, more clearly in this case, the real impedance values 

seem to tend towards a single value equal to 16 Ω independently of the measurement frequency, 

and the absolute value of the imaginary part of the impedance decreases sharply during drying 

towards 0 Ω across the whole frequency range. This means at the end of drying period, the 

complex impedance measured throughout the frequency range is homogenized, with a real part 

of around 16 Ω and an imaginary part equal to 0. 

 

 (a) 
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 (b) 

 (c) 

Fig. 11: Real impedance of high-fiber mortar as a function of (a) Time, (b) Shrinkage and  

(c) Weight loss 
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 (a) 

 (b) 

 (c) 
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Fig. 12: Imaginary impedance of high-fiber mortar as a function of (a) Time, (b) Shrinkage and 

(c) Weight loss 

 

4. Uncertainties caused by drying on the mechanical properties 

In the following section, the dispersion of the real impedance will be quantified using equations 

in section 2.3. The most stable frequency interval (presenting the lowest relative standard 

deviation of real impedance variation over time) contains potential monitoring frequencies, since 

perturbations of real impedance caused by drying would be reduced – i.e. less interference with 

sensing of mechanical loads. To quantify the perturbation caused by drying on the sensing of 

compression loads, the standard deviation of the real impedance values over time is compared to 

the fractional variation under compression cycles. 

4.1 Stability of impedance over time as a function of frequency 

The values of σ and cv for different mortars are shown in Fig. 13. For the reference mortar, the 

value of the real impedance increases and does not settle at any measuring frequency, presenting 

no stable frequency interval. On the other hand, for fiber-reinforced mortars, there seems to be a 

measurement frequency at which the value of the real impedance remains almost constant 

throughout the drying process. For mortar with a FVF of 0.1 %, a stable frequency interval was 

detected during drying, around 1 kHz with σ= 3.6 Ω and cv= 2.59 %, whereas for mortar with a 

FVF of 0.5 %, this measurement frequency appears to be around 40 kHz with σ= 0.18 Ω, 

corresponding to a relative standard deviation  cv= 1.12 %.  
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 (a) 

(b) 

(c) 
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Fig 13: Standard deviation and relative standard deviation of (a) Reference mortar,  

(b) Low-fiber mortar and (c) High-fiber mortar 

4.2 Piezoresistivity 

Considering the real impedance variation over the frequency range illustrated in Fig. 13, self-

sensing of the different formulations was tested at the frequencies exhibiting the lowest standard 

deviation value over time. The purpose of this choice was to ensure self-sensing behavior over 

time, where drying effects on measured values are as slight as possible. For low-fiber mortar, self-

sensing behavior is tested at 1 kHz; high-fiber mortar is tested at 40 kHz; and for the reference 

mortar, since there is no stable frequency, monitoring at 1 kHz was adopted). The fractional 

variation of real impedance (ΔZ’/Z’) under compression cycles is shown in Fig. 14 (the purple 

curve shows the compression cycles over time and the green curve the fractional variation of real 

impedance over time under the compression cycles). For non-fibrous mortar, note the poor 

sensitivity to external loads, with a high noise-to signal ratio. The presence of fibers enhanced the 

response by reducing the noise-to-signal ratio and increasing the fractional variation of 

impedance as a function of the compression loads. Drying in the absence of fibers would cause 

84.14 % of relative standard deviation, which is considerably higher than real impedance 

fractional variation under 5 MPa of compression. In the presence of fibers, monitoring low-fiber 

mortar at 1 kHz and high-fiber mortar at 40 kHz (corresponding respectively to their stable 

frequencies) would drastically reduce the uncertainty in piezoresistive precision. In the case of 

low-fiber mortar, the uncertainty would be around 2.59 %, and it reach 1.12 % in the case of high-

fiber mortar. Coupling the use of fibers with corresponding stable frequencies has proved 

effective in enhancing the accuracy of sensing. 
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(a) 

(b) 

(c) 
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Fig. 14: Real impedance variation under compression cycles for (a) Reference mortar,  

(b) Fiber volume fraction 0.1 % and (c) Fiber volume fraction 0.5 % 

5. DISCUSSION 

The linear relationship between shrinkage and weight loss observed at the beginning of drying 

proves the direct effect of the decrease in water content in the capillary pores on the volume 

reduction of cementitious materials. In a second phase of drying, the shrinkage attributable to 

weight loss is reduced, since the main network of capillary pores is highly unsaturated [26]. 

Carbon fibers are expected to reduce shrinkage, especially at a young age when curing is not 

carried out under wet conditions. However, for this study, drying shrinkage was studied after 28 

days of wet curing and with low amounts of fibers. Similarly, in other studies [39], carbon fibers 

were only able to reduce shrinkage when their dosage exceeded a certain threshold (fiber volume 

fraction of 0.4 %). The increased shrinkage of mortars in the presence of carbon fibers may be 

related to the use of additional superplasticizer for fibrous mortars, which increased the initial 

liquid phase and consequently water loss during drying, leading to higher shrinkage values. In 

addition, in the presence of a high dose of carbon fibers, previous studies [39][45][46] have shown 

possible agglomeration of fibers, which would increase the entrained air volume. 

With respect to electrical properties, in the case of the reference mortar (0 % fibers), the 

conductivity of composites is estimated using the following equation [27][30]: 

                                                                        σt = Σ σi Φi βi                                                                                                                              (6) 

where σi, Φi and βi, respectively, are the electrical conductivity, volume fraction and connectivity 

factor of each constitutive component (i) of the non-fibrous mortar. In the case of partially 

saturated cementitious materials, since the conductivity depends mainly on the liquid phase, the 

equation was simplified to depend solely on water properties: 

                                                                          σt =  σ0 Φ β                                                                             (7) 
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where σ0 is the conductivity of pore fluid, Φ is the total liquid-filled porosity and β is the pore 

connectivity.  

σ0, the conductivity of water in porous fluid, increases with time, since the volume of the liquid 

phase is reduced by water migration; therefore, ion concentration increases, causing a 

corresponding increase of this parameter. Weight loss would reduce the volume Φ of water 

present in capillaries. Water loss combined with the densification of the matrix structure reduce 

the connectivity between capillary pores, consequently reducing the factor β. Even though the 

conductivity of water increases over time, water volume reduction and increased discontinuities 

in capillary pores would reduce the conductivity of this network, and consequently adversely 

affect the conductive paths within the whole material.  

For fibrous mortars, efficiency of fibers in reducing real and imaginary impedances (as shown in 

Fig. 9-12) is due to the effectiveness of fibers in creating conductive paths, promoting electronic 

conduction in addition to the ionic depending on water presence. Fibers efficiency is creating 

conductive paths depends on their volume fraction and aspect ratio. The percolation threshold of 

carbon fibers used was examined experimentally in a previous study [39]; it was estimated at 

between 0.1 and 0.2 % of the carbon fiber volume fraction. This study validates their efficiency at 

0.1 % in reducing the impedance of fibrous mortar.  

During drying, the shrinkage of the cementitious matrix causes relative deformation on the 

interfaces between the different phases of the material: the sand–cement paste and fibers–cement 

paste interfaces. Thus, although the real impedance of the cementitious matrix increases during 

drying due to the progressive loss of water in capillary pores, a decrease in the apparent real 

impedance of the mortar is observed at frequencies lower than 1 kHz for low-fibrous mortar and 

40 kHz for high-fibrous mortar. This could be related to a shrinkage effect, which favors contact 

between adjacent fibers [47] and thus improves electronic conductivity. It may also be related to 
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the reduction of the dipole polarization or orientation of water molecules at frequencies smaller 

than 1 kHz , stemming from the reduction of the amount of water present in the mortar, leading 

to a decrease in real impedance value. The increase in the real impedance at high frequency was 

attenuated by the presence of 0.5 % of fiber volume fraction, given the greater presence of the 

fibers, which favored conductivity through the percolated chains and consequently reduced the 

effect of the progressive loss of ionic transport of electric charges. 

During drying, the capacitive behavior of the mortar disappears, and it begins to exhibit quasi-

perfect resistive behavior, more pronounced in the case of fiber-saturated mortar (0.5 %): at the 

end of drying period, value of the real impedance is quasi-constant over the entire range of 

measurement frequencies studied, in addition to an imaginary value equal to 0. 

Fitting mortar’s electrical behavior on R-C circuit was done previously in absence of conductive 

fibers, where the behavior of mortar is identified as a succession of two resistors in parallel 

representing respectively the resistance of water phase and liquid phase, this circuit in series with 

a R-C circuit representing the solid-liquid interface [48].  Effect of conductive fibers presence on 

the fitting R-C circuit, in case of percolation, is to add a parallel R-C circuit with small 

components values [49]. 

The effect of drying on those circuits depends on fiber presence. In absence of fibers, drying effect 

was just quantitative, i.e., increase liquid phase resistivity due to introduced discontinuities and 

increasing in solid-liquid interface impedance demonstrated by bigger imaginary values. Drying 

of cementitious matrix in presence of fibers on those corresponding circuits had an additional 

effect, where shrinkage promotes fibers contact and consequently reduce the impedance value of 

the parallel, and consequently, pushing this path to dominate current flow thanks to its high 

conductivity, and transforming the suitable circuit model to a simple resistor with low resistance 

values.  
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For piezoresistivity, the absence of fibers caused poor sensing of compression cycles, which 

illustrates the importance of fiber inclusion to develop self-sensing behavior for the cementitious 

matrix. The piezoresistivity mechanism is triggered by deformation due to compressive cycles. 

Sensing mechanisms depend heavily on the proportion of carbon fibers. For non-fibrous mortar, 

poor sensitivity was predicted, since it depends mainly on the piezoresistivity of the cement 

matrix, which is already supposed to be poor. With low-fiber mortar, the presence of fibers leads 

to more efficient piezoresistive behavior, where under deformation, the distance between fibers is 

reduced, triggering more probable percolated paths and enhancing tunneling conduction. Drying 

shrinkage was proved to possibly cause uncertainties in sensing mechanisms, due to its effect on 

material’s impedance that interferes with the application of external mechanical loads. Coupling 

the presence of fibers with the adoption of an AC impedance with frequencies presenting minimal 

perturbations would reduce the uncertainties related to the evolution of material structure during 

sensing of external loads, thereby significantly enhancing the precision of the sensing response 

over time.  

6. CONCLUSION 

This study presented the differential effect of drying on impedance variation over a wide 

frequency range, that permitted a potential monitoring application effective in minimizing the 

secondary effects of drying on self-sensing , by coupling fiber presence in cementitious matrix 

with corresponding frequencies presenting low real impedance variation with time. Drying 

period studied over 344 days allowed to reach the following statements: 

 The impedance of mortar has been shown to be affected by drying shrinkage. Its effect is 

heavily dependent on the presence and volume fraction of fibers. For the reference 

mortar, in the absence of fibers, the decrease in water content leads to an increase in 

impedance during drying, in both real and imaginary parts, across the whole frequency 
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range. It is related to the reduction of the degree of saturation of the interstitial solution in 

the capillary pore network, creating discontinuities in the conductive network, thus 

preventing the ionic transport of electric charges. The electrical impedance, though, 

shows no stabilization phase, at any of the measurement frequencies. 

 The presence of conductive fibers changes the variation of the impedance over time; it 

becomes frequency dependent. The real impedance of fibrous mortar decreases at low 

frequencies, unlike the reference mortar, and increases at high frequencies, but to a much 

lesser extent in the presence of fibers this time. The decrease at low frequencies could be 

related to a positive effect of the shrinkage on the conductivity of the fiber network, 

whereas the increase at high frequencies would be a consequence of the decrease in water 

content. However, this increase in real impedance at high frequencies is much reduced by 

the presence of the fibers, since the conductive network allows the electronic transport of 

the charges in the absence of an interstitial solution in the capillary porosity of the 

material. The difference between the real impedance values measured at low and high 

frequencies is reduced. Thus, the real impedance values seem, in the presence of fibers, to 

tend towards a single value independent of the measurement frequency. 

 The capacitive behavior of fibrous mortar gradually wanes during the drying process, 

especially in the presence of enough fibers, bringing imaginary impedance with drying to 

0 across the frequency range; therefore, a fibrous mortar adopting almost resistive 

behavior. 

 A measuring frequency range shows almost constant real impedance values throughout 

the drying process. However, this frequency is different for mortars with FVFs of 0.1 and 

0.5 %: it appears to be about 1 and 40 kHz, respectively. 
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 For mortars containing carbon fibers, the measurement of electrical impedance can help 

monitor external actions such as mechanical loading or temperature variation. However, 

as it stands, any variation in the degree of saturation of the capillary porosity risks 

distorting the use of electrical measurements for monitoring purposes; the use of certain 

frequencies, belonging to the range presenting more stability of real impedance with time, 

could limit the effects of aging, and consequently represents a step towards reducing the 

interference between drying and self-sensing behavior. 
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