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Abstract 11 

 12 

The paper aims to provide a comprehensive study on the compositional optimization of high-13 

conductive multifunctional fiber-reinforced cement mortars (FRCMs). Therefore, the effects of three 14 

different fiber types: virgin carbon fibers (VCFs), recycled carbon fibers (RCFs), and brass-plated 15 

steel fibers (BSFs), added at a broad range of concentrations, as 0.05%, 0.1%, 0.2%, 0.4%, 0.8%, 16 

1.2%, and 1.6% by volume, on the mechanical, electrical and durability properties of FRCMs have 17 

been compared. The results showed that RCFs increase the flexural and tensile splitting strength up 18 

to 100%, whereas BSFs improve the compressive strength by 38%. Moreover, the fibers decrease 19 

both the capillary water absorption and the drying shrinkage by 39%. Electrical conductivity tests 20 

show that RCFs decrease the electrical resistivity of mortars up to one order of magnitude, in addition 21 

to a percolation threshold between 0.1 and 0.2 vol.%.  22 

 23 

 24 

1. Introduction 25 

 26 

Concrete is the most commonly used material in the construction industry [1], and it remains as the 27 

basic component that characterizes modern building techniques. Recent discoveries in material 28 

engineering have allowed concrete technology to evolve, thereby improving its traditional structural 29 

properties and integrating hardened composites with new functions through the incorporation of 30 

innovative and high-performance materials [2]. 31 

In recent decades, research has been increasingly focused on processes to reduce the carbon footprint 32 

of ordinary Portland cement (OPC), which accounts around 8% of global CO2 emissions [3,4], by 33 

using recycled industrial by-products and enhancing the resistance and durability of cement-based 34 

composites, in order to decrease the resource supply and strive for a more sustainable construction 35 

industry [5]. In addition, in recent years, an increasing number of properties are required from 36 

building materials, due to the growing social interest in structural safety and to improve the quality 37 

of life within buildings [6–10]. 38 

The addition of electrically conductive fibers into the cement-based materials both improves the 39 

mechanical performance and durability of the composites [11] and enlarges their functionality by 40 

improving their electrical properties [12–14]. 41 



Highly conductive mortars and concretes could be used for structural health monitoring (SHM) 42 

systems, by producing piezoresistive cement-based strain-sensors (PCSSs) [15,16] and self-heating 43 

and defrosting surfaces (to avoid the use of thawing salts, which are harmful to reinforced concrete) 44 

[17]. These additional functions could enhance the structures’ safety and the life cycle of the building 45 

products, thereby decreasing the resources necessary for their maintenance. Moreover, highly 46 

conductive cementitious materials could be used as sensors for traffic monitoring [18], as energy 47 

collectors [7,19], and for electromagnetic interference (EMI) shielding [20]. 48 

Many authors have experimented with different types of admixtures for the reinforcement of mortar 49 

and concrete, and to improve their electrical properties. In particular, highly technological carbon-50 

based materials, such as carbon nanotubes [21], graphene, and graphite powder [22–24], as well as 51 

carbon black [25], have been considered to achieve this goal. However, the first additions used in this 52 

field with proven effectiveness were carbon fibers (CFs) [26]. CF technology has significantly 53 

evolved since the 1960s [27] and is currently the most used technology for the production of high-54 

strength composites with a wide range of properties. Carbon filaments have a tensile strength of 4–6 55 

GPa and a Young's modulus of up to 600 GPa [28]. Their fast diffusion in many industrial sectors has 56 

gradually decreased their production costs and has led to an increase in the volume of the by-products 57 

obtained by cutting and milling CF fabrics and panels. These wastes cannot always be reused within 58 

the same CF industry, but they can be used for the production of composite cementitious materials 59 

[29,30], thanks to their large production volume and low price. 60 

Dispersed within the cement-based composites, CFs form a micro-filament network that supports the 61 

cement matrix subjected to stress conditions [31]. Their high aspect ratio leads to a high bridging 62 

effect, which increases the cracking toughness of the material [32]. A detailed work by Han et al. [11] 63 

studied the interaction between the CF and the cement matrix through microscopic and 64 

microstructural analyses, demonstrating that fibers can increase the flexural and compressive strength 65 

of mortars by 15% and 18%, respectively, up to a certain threshold. This study especially highlighted 66 

the effectiveness of 6 mm-long micro-fibers. Nguyen et al. [29] obtained similar results by studying 67 

mortars reinforced with different types of recycled CFs, observing an increase in their flexural 68 

strengths and fracture energies. Furthermore, Chung et al. [12,33] showed that the addition of CFs 69 

decreases the shrinkage deformations of the cement paste by 22%. 70 

Chung et al. [26] were also the first authors to use CFs for the production of multifunctional cement-71 

based materials (strain-sensitive composites) in the 1990s, thanks to their benefits in increasing the 72 

electrical conductivity. Since then, many authors have studied the effect of fibers within cement-73 

based materials, which has led to the multi-phase behavior of the composites [34]. 74 

Both electrolytic and electronic conductive mechanisms are present within multi-phase materials, 75 

such as mortars or concretes with conductive fibers [35,36]. Electrolytic conductivity is related to the 76 

mobile ionic species that emerge from mixing the binder with the water [37], whereas the electronic 77 

conductivity is related to the transportation of free electrons through the conductive phase (carbon or 78 

metal fibers). The resistivity of the whole composite is, therefore, determined by the combination of 79 

both the electrolytic resistivity and the electronic resistivity [35]. 80 

Xie et al. [38] investigated the relationship between the fiber concentration and electrical conductivity 81 

of the composite, finding a significant reduction in the electrical resistivity by exceeding a certain 82 

addition threshold (the percolation theory) due to the increase in electrical contact paths between the 83 

fibers. An increasing amount of CFs also decreases the influence of the w/c ratio and the curing time 84 

on the electrical properties of the concrete, as shown by Chacko et al. [39].  85 



Chiarello and Zinno [36] studied the influence of the dimensional characteristics of the conductive 86 

filaments, demonstrating that a higher length (greater aspect ratio) creates more effective electric 87 

paths with the same volume of addition. In particular, they showed that a 6 mm-long CF increases 88 

electrical conductivity up to two orders of magnitude than that of plain mortars. Six-millimeter-long 89 

fibers were also studied by other authors [40], such as Donnini et al. [41], who showed that an addition 90 

of CFs equal to 3% by volume decreases the electrical resistivity of the structural mortars from more 91 

than 45000 Ω·cm (reference mixture) to 110 Ω·cm. 92 

Some of the most relevant studies supplied good results by using high concentrations of expensive 93 

conductive materials [42], which though make the composites difficult to produce at industrial scale. 94 

Furthermore, although a high dosage of conductive fibers increases the electrical properties of the 95 

cement-based material, it also leads to a gradual loss of workability and homogeneity of the mixture 96 

[41], with a consequent decrease of both mechanical and durability properties.  97 

As referred, literature already reports many papers on fibers to improve the mechanical and/or 98 

electrical properties of mortars/concretes. However, generally, a single type of fiber is investigated 99 

and/or in a narrow range of concentrations.  100 

The novelty of this study is to provide a comprehensive study on the compositional optimization of 101 

high-conductive multifunctional fiber-reinforced cement mortars (FRCMs). To this aim, the effects 102 

of three different fiber types, which have already shown good performance in the relevant literature, 103 

added at a broad range of concentrations, on the mechanical, electrical and durability properties of 104 

FRCMs have been compared. In particular, the effects of 6 mm-long virgin carbon fibers (VCFs) 105 

have been compared with those of less expensive and more sustainable recycled carbon fibers (RCFs), 106 

obtained by the cutting and processing of CF panels. Brass-plated steel fibers (BSFs), widely used 107 

for the reinforcement of cement-based materials, have been included, since they have also 108 

demonstrated to supply good electrical properties to mortars/concretes, according to many authors 109 

[43,44]. The wide range of fiber concentrations, considered in this work, includes both high dosages, 110 

from 0.8 to 1.6 vol.%, and low dosages, from 0.05 to 0.4 vol%, according to other scientific literature 111 

[41]. Therefore, this work aims to find the right compromise among mechanical, durability and 112 

electrical properties as a function of the fiber compositions of the examined FRCMs, developing a 113 

background for the research of the best mix, both in terms of performances and costs, for a given 114 

application.  115 

The mechanical contribution of fibers has been evaluated by compressive and tensile splitting strength 116 

tests, and by studying the pre- and post-cracking flexural behavior of the composites. The durability 117 

of the mortars has been assessed by means of capillary water absorption and free drying shrinkage 118 

tests. The study of the electrical conductivity of fiber-reinforced mortars requires a careful setup of 119 

the tests, due to their multi-phase composition [35]. Therefore, in order to identify the different 120 

electrical contribution of the fibers and the cement matrix on the electrical properties of the 121 

manufactured composites, an accurate assessment of their electrical resistivity has been performed 122 

by means of electrochemical impedance spectroscopy (EIS).  123 

 124 

2. Materials and methods 125 

 126 

2.1 Materials 127 

A commercial CEM I 52.5R Portland cement was used as a binder. As an aggregate, silica sand with 128 

grain size ≤1 mm was used. The use of a fine binder and fine aggregate is recommended by several 129 



studies [15,45], in order to obtain better workability for the fresh mixture (especially with high fiber 130 

contents) and high compactness for the hardened composite. The aggregate/cement (a/c) ratio and the 131 

water/cement (w/c) ratio of the mortars were equal to 1.5 and 0.5, respectively, according to the 132 

relevant literature [41,46]. 133 

Three different types of conductive micro-fibers with an average length of 6 mm were used: short cut 134 

virgin carbon fibers (VCFs) SFC-EPB from STW GmbH, recycled carbon fibers (RCFs) CGF-6 from 135 

APPLY CARBON SA, and brass-plated steel fibers (BSFs) Dramix® OL6/.16 from BEKAERT.  136 

Microscopic and elementary chemical analyses of fibers were performed through a PHILIPS XL20 137 

Scanning Electron Microscope (SEM) and Energy Dispersive X-ray analyses (EDX), respectively. 138 

The results are shown in Fig. 1 and Table 1. The SEM images highlight the high morphological 139 

uniformity of VCFs, while the RCF surface is covered by carbon micro-fragments, generated by the 140 

industrial processes of cutting and milling. BSFs show indented ends caused by the cutting operations.  141 

The properties of the three different types of fibers are shown in Table 2. 142 

 143 

 144 
Fig. 1. SEM images of the conductive fibers: A) VCF, B) RCF, C) BSF. 145 

 146 

Table 1. Elementary analysis of conductive fibers (wt.%) by EDX. 147 

 VCF RCF BSF 

C > 92.0 94.0 3.1 

Fe - - 52.4 

Cu - - 27.8 

Zn - - 15.4 

O - - 1.3 

     1 

 2 

Fig. 1. SEM images on the conductive fibers: A) VCF, B) RCF, C) BSF. 3 

c 

a b 

a b 



 148 

Table 2. Properties of conductive fibers (from data sheets). 149 

 VCF RCF BSF 

Commercial name SFC-EPB CFG-6 OL 6/.16 

Surface coating Epoxy Glycerol Brass 

Average diameter (μm) 7.0 7.0 160.0 

Average length (mm) 6.0 6.0 6.0 

Aspect ratio 857 857 38 

Density (g/cm3) 1.78 1.70-2.00 7.87 

Specific surface area (m2/g) 0.229 0.195 0.003 

Young's modulus (GPa) 230-250 230 200-210 

Tensile strength (MPa) 4000 3500 2600 

Price (€/kg) 59.50 20.00 4.00 

 150 

The fibers were added in 7 different concentrations, expressed as the volume percentage of the 151 

manufactured mortars: 4 with low amounts, equal to 0.05, 0.1, 0.2, 0.4 vol%, and 3 with high amounts, 152 

equal to 0.8, 1.2, 1.6 vol%, which showed high performance in other works [41]. Since the supplier 153 

reports a variable density range of recycled CF (1.7-2.0 g/cm3) an average value of 1.85 g/cm3 has 154 

been used for the calculation of the volume percentages. The wide range of fiber dosages has the aim 155 

to find the right compromise among workability, mechanical, durability and electrical properties of 156 

the FRCMs. 157 

To facilitate the mixing of the mortars with high CF content, a high-performance polycarboxylate 158 

ether-based superplasticizer (SP) Melflux® 4930F (BASF SE) was added, until reaching a mixture 159 

classifiable as “plastic mortar”, according to UNI EN 1015-3:2007. Overall, 22 different mortar mixes 160 

were produced (Table 3), including a plain mixture without fibers, manufactured as reference (REF). 161 

The mix proportions of the mortars are listed in Table 3. 162 

 163 

Table 3. Mix proportions of mortars. 164 

Mixtures 
OPC 

(g/L) 

Water 

(g/L) 

Sand  

≤ 1mm 

(g/L) 

Fibers (g/L) 
SP 

(g/L) 
w/b 

Fibers 

volume 

(cm3/L) 
VCF RCF BSF 

REF 720 360 1080 - - - - 0.5 - 

0.05VCF 720 360 1080 0.9 - - - 0.5 0.5 

0.1VCF 720 360 1080 1.8 - - - 0.5 1.0 

0.2VCF 720 360 1080 3.6 - - - 0.5 2.0 

0.4VCF 720 360 1080 7.3 - - - 0.5 4.0 

0.8VCF 720 360 1080 14.5 - - 6.6 0.5 8.0 

1.2VCF 720 360 1080 22.0 - - 9.4 0.5 12.0 

1.6VCF 720 360 1080 29.0 - - 12.9 0.5 16.0 

0.05RCF 720 360 1080 - 0.9 - - 0.5 0.5 

0.1RCF 720 360 1080 - 1.8 - - 0.5 1.0 

0.2RCF 720 360 1080 - 3.6 - - 0.5 2.0 

0.4RCF 720 360 1080 - 7.3 - - 0.5 4.0 

0.8RCF 720 360 1080 - 14.5 - 6.6 0.5 8.0 

1.2RCF 720 360 1080 - 22.6 - 9.4 0.5 12.0 

1.6RCF 720 360 1080 - 30.3 - 12.9 0.5 16.0 

0.05BSF 720 360 1080 - - 4.0 - 0.5 0.5 

0.1BSF 720 360 1080 - - 8.0 - 0.5 1.0 



0.2BSF 720 360 1080 - - 16.1 - 0.5 2.0 

0.4BSF 720 360 1080 - - 32.2 - 0.5 4.0 

0.8BSF 720 360 1080 - - 64.3 - 0.5 8.0 

1.2BSF 720 360 1080 - - 96.3 - 0.5 12.0 

1.6BSF 720 360 1080 - - 128.3 - 0.5 16.0 

 165 

The OPC, sand and SP powder, if required, were initially stirred by manual mixing, and, 166 

subsequently, water was added. During blending, through a Hobart mixer, fibers were gradually 167 

added within the mortar, and the final composite was mixed at a variable speed for at least 5 min. 168 

This mixing procedure is aimed to obtain an optimal dispersion of the fibers, according to the 169 

literature [41,47], as shown in Fig. 2. The fresh mortars were poured into metallic molds, 40 x 40 x 170 

160 mm in size, also using the mechanical vibration, to facilitate the compaction and the decrease of 171 

the amount of air bubbles.  172 

The mortar specimens were cured for 2 days in the molds and maintained under controlled 173 

environmental conditions at T = 20 ± 1 °C and RH = 95 ± 5%. Subsequently, they were maintained 174 

at the same conditions out of the molds by wrapping them in a plastic film for 5 days. After 7 days, 175 

the plastic film was removed and specimens were maintained at T = 20 ± 1 °C and RH = 50 ± 5% 176 

until testing. 177 

 178 

 179 
Fig. 2. Mixing procedure of mortars. 180 

 181 

2.2 Methods 182 

2.2.1 Characterization of the fresh mortar  183 

The workability degree of the fresh mixtures was evaluated by means of a flow table test and the 184 

calculation of the relative percentage consistency, according to the UNI EN 1015-3 standard. 185 

 186 

2.2.2 Mechanical tests  187 



The effect of fibers on the mechanical properties of the mortars was investigated by flexural (Rf), 188 

tensile splitting (fct) and compressive (Rc) strength tests on 40 x 40 x 160 mm mortar specimens at 28 189 

days of curing, according to UNI EN 1015-11 and UNI EN 123906 standards. 190 

 191 

2.2.2.1 Crack Mouth Opening Displacement 192 

The contribution of fibers on the post-cracking behavior of mortars was investigated by means of 193 

three-point bending tests with Crack Mouth Opening Displacement control (a CMOD test), according 194 

to the UNI EN 14651 and RILEM TC-50 standards. A notch was performed on 40 x 40 x160 mm 195 

mortar specimens with 10 mm of depth (1/4 of the section height) and 1 mm of thickness, and its 196 

opening under load was measured by means of an extensometer [48]. From the σf (MPa) vs. CMOD 197 

(mm/m) curves, the values of the elastic modulus Ef (slope of the initial section of the curve) and 198 

cracking toughness (subtended area of the curve) were calculated. 199 

 200 

2.2.3 Durability tests 201 

2.2.3.1 Water absorption 202 

The tendency of the mortars to be infiltrated by aggressive agents was assessed via capillary water 203 

absorption tests on 40 x 40 x 80 mm specimens. The residual moisture content was removed after 28 204 

days of curing by slow drying in an oven at 60 °C, until a constant mass was reached. The effect of 205 

fibers on the resistance to capillary absorption was evaluated by measuring the absorption coefficient 206 

(C) of the hardened composites for a short period (90 min) along with the water absorbed per unit 207 

area (Qi) during a long period (8 days), according to the UNI EN 1015-18 and UNI EN 15801 208 

standards, respectively. The results obtained by these tests are very important considering that water 209 

is the main carrier for the ions transport, including the aggressive ones (e.g., Cl- and SO4
2) [49]. 210 

 211 

2.2.3.2 Shrinkage 212 

Hygrometric shrinkage greatly affects the durability of concrete, since it promotes mechanical stress 213 

due to the different drying speeds between the surface and the internal areas, thereby leading to 214 

cracking in the presence of mechanical constraints, such as reinforcing bars [50,51]. In this work, the 215 

effect of fibers on the free drying shrinkage of mortars was assessed by measuring the axial strain of 216 

40 x 40 x 160 mm mortar specimens starting from the day after casting and during 3 months of curing 217 

(according to UNI EN 12617-4). Specimens were exposed to T = 20 ± 1 °C and RH = 90 ± 5% for 218 

the first 24 h and then to T = 20 ± 1 °C and RH = 50 ± 5%; the percentage of weight loss due to water 219 

evaporation was calculated during the test period [52]. 220 

 221 

2.2.4 Porosity and microstructural characterization  222 

The porosimetric properties of the mortars after 28 days of curing were investigated through a 223 

mercury intrusion porosimeter (MIP) Thermo Fisher 240 Pascal, by analyzing the pore distribution 224 

and calculating the total porosity (Vp) and the average pore diameter (dp). The mortars’ 225 

microstructures and the interface between the cement matrix and fibers were observed by using an 226 

SEM PHILIPS XL20. Both analyses were performed on dried mortar specimens, treated as described 227 

in section 2.2.3.1. 228 



 229 

2.2.5 Electrical conductivity  230 

The electrical properties of the mortars were studied through electrochemical impedance 231 

spectroscopy (EIS) by means of a Gamry Reference 600 potentiostat [41]. The electrical resistivity 232 

(ρ) was determined after 2, 7, 14, 21, 28, 49, 70, and 91 days of curing. In the manufactured mortar 233 

specimens (Fig. 2), just after the casting, two stainless steel meshes #6 (3.5 mm of aperture and 0.71 234 

mm of wire diameter) were vertically inserted to use them as electrodes for the tests. As in many 235 

works [41,53], stainless steel meshes were preferred to flat sheets, within the cement paste, for 236 

minimizing specimen discontinuities in correspondence of their position. 237 

These two electrodes had a total extension area of 30 x 50 mm2, with 30 x 30 mm2 area inside the 238 

specimen. They were placed at a distance of 120 mm (Fig. 3) in order to measure the impedance of 239 

the different mortars as a function of the curing time. The distance–area ratio defines the so-called 240 

cell-constant K, expressed in cm-1, of the electrochemical cell constituted by the two electrodes 241 

immersed in the mortar. This parameter cannot be obtained by a simple geometrical calculation of 242 

distance/area, considering, in particular, that both electrodes are meshes and not flat sheets. K can be 243 

determined by using an electrochemical cell that has the same geometry of the specimen with both 244 

electrodes, as shown in Fig. 3, on the left, where in place of the cement-based material, a solution of 245 

known conductivity (or resistivity) is present in the cell. The solution used for the determination of 246 

K was a 0.01M KCl solution, which gave a calculated cell-constant (K) equal to 0.7681 cm-1. 247 

 248 

    249 
Fig. 3. The view (left) and dimensions (right) of specimens produced for electrical conductivity 250 

tests. 251 

 252 

EIS techniques, particularly with high-frequency electrical signals, are widely used in the literature 253 

to measure the electrical resistivity of cement-based composites [41,54], because it allows to exclude 254 

or, at least, to minimize polarization effects of the embedded electrodes.  255 

Impedance measurements on the mortar specimens were performed  by connecting one mesh-256 

electrode to the working cable and the working sense cable (W-WS) of the potentiostat and the other 257 

mesh-electrode to the counter cable (C), short-circuited with the reference (R) cable [35].  258 

The EIS measurement scan was performed with an AC signal amplitude of 10 mV rms, in a frequency 259 

range starting from 1 MHz up to a lower limit of 10 Hz by setting 10 points/decade. The raw EIS data 260 

were processed through an Excel macro, which selects the values of the impedance moduli, in terms 261 

of log |Z|, to which correspond phase values close to zero (the “resistive behavior” of the mortar), and 262 

calculates the average log |Z| among the selected data. The data with these characteristics were found 263 



particularly in the middle and high frequency ranges of the obtained EIS spectra. Considering that in 264 

the real measurements, a phase equal to zero cannot be reached, a phase angle threshold (PAT), as 265 

close as possible to zero was set for selecting the impedance data, as the Bode plot of Fig. 4 shows.  266 

 267 
Fig. 4. Example of a Bode plot, corresponding to the REF mortar, to show the data processing: the 268 

average value of log |Z| is calculated from the values (circled blue points) selected by fixing a PAT 269 

value close to 0° (circled red points). 270 

 271 

From the log |Z| average value, the electrical resistance R (Ω) of the composite specimen was 272 

calculated using Eq. (1): 273 

𝑅 =  10log|𝑍|̅̅ ̅̅ ̅̅ ̅̅
.                                                               (1) 274 

Successively, the electrical resistivity ρ (Ω·cm) of the mortars was calculated, according to the second 275 

Ohm's law (Eq. 2): 276 

𝜌 =  𝑅
𝐴

𝑙
=

𝑅

𝐾
                                                               (2) 277 

where K is the above-mentioned cell constant. 278 

 279 

3. Results and discussion 280 

 281 

3.1 Mechanical and microstructure properties 282 

The addition of fibers within the mortars led to a noticeable increase in mechanical resistances, 283 

particularly in flexural and tensile strength. The comparison between the ultimate mechanical 284 

performance of the mortars after 28 days of curing is shown in Fig. 5. 285 

 286 

 1 

   2 



287 
Fig. 5. Comparison between compressive (a), flexural (b) and splitting tensile (c) strength of 288 

mortars at 28 days of curing. 289 

 290 

The results show that a low amount of CFs (up to 0.4 vol.% for VCFs and 0.8 vol.% for RCFs) leads 291 

to an enhancement in compressive strength (Fig. 5a), whereas slight decreases are detected in mortars 292 

containing high concentrations of VCFs and RCFs (up to -17% for 1.2 VCFs). Contrariwise, all 293 

 1 

 2 

 3 
 4 

 5 
 6 
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mortars reinforced with BSFs show higher Rc values than the REF one, with an increase of 38%, 294 

regardless of the fiber content. These results are related to the specimen’s structures. In fiber-295 

reinforced mortars and concretes, the mechanical compression behavior is influenced by the technical 296 

properties of the filaments (e.g., the aspect ratio) but also by other factors, such as the density of the 297 

reinforcing material [55]. In the case of CFs, the addition of filaments into the cement mortar up to a 298 

certain percentage enhances the mechanical properties thanks to the ability of CFs to prevent the 299 

growth of micro-cracks. However, when the carbon fiber content is too high, they tend to clump and 300 

cause air voids, thereby reducing mechanical compressive strength [11,41]. This phenomenon does 301 

not occur with BSFs, since at the same volume content of CFs, BSFs are less numerous due to their 302 

lower aspect ratio (Table 2, Fig. 6), which allows a better dispersion within the matrix, even in large 303 

amounts. 304 

 305 

      306 
Fig. 6. Section of 1.6VCF and 1.6RCF specimens, where the agglomerated CFs clumps are clearly 307 

visible, which cause air voids within the composite (red circle). Section of 1.6BSF shows a more 308 

uniform structure. 309 

 310 

Concerning Rf, all types of fibers provide a prominent increase in strength related to the number of 311 

filaments (the higher the fiber concentration, the higher the Rf values), although this effect appears 312 

less evident for BSFs (Fig. 5b). The highest Rf values were obtained by RCFs, with increases up to 313 

200% (mixture 1.6 RCF) compared to REF mortar. The best mechanical properties of CFs compared 314 

to those of BSFs are related to their higher aspect ratios (Table 2). As widely demonstrated in the 315 

literature, the aspect ratio of fibers has a considerable influence on the mechanical properties of fiber-316 

reinforced composites [56,57]. CFs, at the same volume percentage as the added BSFs, create more 317 

connections, amplifying the stitching effect in the presence of micro-cracks, the adhesion forces, and 318 

the bridging effect [58]. 319 

Similar results were obtained from tensile splitting strength tests (Fig. 5c). Generally, fct values 320 

increase by increasing the fiber content, although this trend is less evident than in the flexural strength 321 

test. All FRCMs (even those with low fiber concentrations) show higher mechanical resistance than 322 

the reference, with increases ranging from 36% to 111% (for 1.6 BSF mortar). 323 

The RCFs led to significant increases in mechanical performance, with greater flexural strengths than 324 

both VCFs and BSFs. The mortars’ microstructures and the interaction between fibers and the cement 325 

matrix were analyzed through SEM observations. In Fig. 7, mortars with the same content of fibers, 326 

equal to 0.8 vol%, are reported. 327 

1.6VCF 1.6RCF 1.6BSF 



328 
Fig. 7. SEM observations: Fiber agglomerates (left) and enlargement on fibers-cement matrix 329 

interface (right): a-b) VCF, c-d) RCF, e-f) BSF. 330 

 331 

The images show that, at this volume content of fibers, CFs are effectively incorporated within the 332 

cement paste (Figs. 7a-d). More specifically, RCFs are covered by cement paste particles (Figs. 7c–333 

d), as detected by EDX analysis. As seen in Fig. 1, RCFs show a high presence of carbon micro-334 

particles, which increase the specific surface of the RCFs, thus working as nucleation points for the 335 

formation of C-S-H crystals on the filaments [59]. This explains the better interaction between the 336 

RCFs and the cement matrix [29,59], as well as their high mechanical performance under flexure. 337 

Mortars containing BSFs show a worse interface between the fibers and the cement paste (Fig. e-f), 338 

which is responsible for the lower flexural strength values than those of the RCF-based mortars. On 339 

the other hand, the lower number of filaments (at the same volume percentage), owing to the lower 340 
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aspect ratio of the BSFs (Table 2), leads to a greater homogeneity of the cement paste and higher 341 

compressive strength (Fig. 5a). 342 

3.1.1 Post-cracking behavior 343 

The CMOD test provided additional information regarding the effect of fibers on the post-cracking 344 

behavior of mortars. Mixtures with high fiber concentrations (i.e. 0.8, 1.2, and 1.6 vol.%) showed the 345 

most significant results. Fig. 8 shows the corresponding relationship between flexural stress σf and 346 

opening displacement, from which the values reported in Table 4 have been calculated. The results 347 

relative to REF and low-fiber mortars are not shown in the graph because they did not show any 348 

significant post-cracking behavior. 349 

 350 

 351 
Fig. 8. Flexural stress vs. CMOD of mortars with high fiber concentrations (i.e. 0.8, 1.2 and 1.6 vol. 352 

%). 353 

 354 

Table 4. Post-cracking parameters of mortars. 355 

Mixtures 

Ultimate 

CMOD 

(mm) 

Ef  

(MPa) 

Toughness 

(MPa) 

REF 0.020 22.9 - 
    

0.8VCF 0.155 20.6 8.8 

1.2VCF 0.170 17.7 15.2 

1.6VCF 0.190 15.7 14.7 
    

0.8RCF 0.106 16.8 7.2 

1.2RCF 0.132 17.8 9.0 

1.6RCF 0.113 18.1 11.2 
    

0.8BSF 0.641 20.7 37.1 

1.2BSF 0.724 24.2 52.5 

1.6BSF 0.719 20.9 53.6 

 356 
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The curves show different behaviors for the mortars related to the different nature of the fibers. The 357 

mortars reinforced with CFs show a high flexural Young’s modulus [47] but also a high brittleness, 358 

as demonstrated by their sharp peaks and low ultimate CMOD values. On the other hand, BSFs 359 

greatly increase the flexural toughness of the mortars (up to 54 MPa), with high crack opening values 360 

before breaking. This effect is probably linked to the high intrinsic flexural stiffness of SFs, due to 361 

their larger diameter. Indeed it is demonstrated that a larger SF diameter increases the cracking 362 

toughness and the maximum crack opening [60]. Furthermore, the ends of the BSFs are hooked (Fig. 363 

1c), thereby increasing their pull-out resistance during the tensile stress. 364 

 365 

3.2 Porosity and capillary water absorption 366 

Porosimetric analyses were performed on mortars containing both one low and one high fiber amount, 367 

namely 0.1 and 0.8 vol.%, and on the REF mortar. The calculated total porosity volume (Vp) and 368 

average pore diameter (dp) are reported in Table 5, whereas the cumulative pore diameter is shown in 369 

Fig. 9.  370 

 371 

Table 5. Total porosity volume (Vp) and average pore diameter (dp) of mortars. 372 

Mixtures 
Vp 

(%) 

dp 

(μm) 

REF 21.3 0.080 

0.1VCF 18.7 0.074 

0.8VCF 15.1 0.052 

0.1RCF 19.3 0.068 

0.8RCF 15.0 0.056 

0.1BSF 17.5 0.071 

0.8BSF 15.3 0.068 

 373 

 374 
Fig. 9. Pore size distribution of mortars. 375 

 376 



The results show that all types of fibers reduce the total volume of the capillary pores. The addition 377 

of 0.8 vol% CFs and SFs decreases the total volume of the micro-pores by approximately 29% (Table 378 

5). Both the pore volume and the critical pore diameter are related to the amount of fibers, since the 379 

greater the concentration of fibers, the lower the Vp and dp values. The relation between the increase 380 

in the amount of CFs and the decrease in the porosity of cement-based materials has been proven by 381 

other authors [61]. The fibers improve the microstructure of the composite mortar, since the filaments 382 

show a good adhesion with the cement paste (Fig. 7) and act as nucleation points for the formation of 383 

hydration products, thus reducing the micropores [11]. It is worthy to notice that a higher presence of 384 

fibers also reduces the formation of micro-cracks [40] (which are interpreted by MIP as equiaxed 385 

pores). 386 

However, at a high-volume content of CF, the volume of the pores with large diameters (between 1 387 

and 10 µm) increases, owing to the difficult compaction of mortars, which also leads to the reduced 388 

compressive strength of the mortars (Fig. 5a).  389 

From the water absorption tests, the absorption coefficient (C) and the amount of water absorbed per 390 

unit area as a function of time (Qi) were calculated and the results displayed in Figs. 10 and 11, 391 

respectively. 392 

 393 

 394 
Fig. 10. Water absorption coefficient (C) of mortars at 28 days of curing. 395 



 396 
Fig. 11. Water absorbed per unit area (Qi) of mortars reinforced with: A) VCF, B) RCF, C) BSF 397 

compared to REF. 398 

 399 

From the results, the addition of fibers clearly leads to a reduction in water absorption, both during 400 

short and long periods of time. Almost all FRCMs show lower absorption coefficients (Fig. 10) than 401 

the REF, although the values are by no means related to the type and amount of fibers.  402 

The effect of the fiber amount is more evident in the long-period tests, where a higher concentration 403 

of filaments leads to a lower volume of absorbed water (Fig. 11). The least permeable mixtures are 404 

1.6 VCF (Fig. 11a) and 1.6 BSF (Fig. 11c), with Qi values 22% lower than the REF. However, all 405 

FRCMs show lower Qi values than the plain mortar. 406 

The greater impermeability of the FRCMs is related to the lower volumetric amount of their capillary 407 

pores, particularly those with diameters <1 μm, which are voids that mainly promote water absorption 408 

[62]. 409 

 410 

3.3 Drying shrinkage 411 

The drying shrinkage results are reported in Fig. 12.  412 
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 413 
Fig. 12. Drying shrinkage (εs) of mortars reinforced with: A) VCFs, B) RCFs, C) BSFs compared to 414 

REF. 415 

 416 

The curves show that the drying shrinkage of the mortars stabilizes after 60 days of curing. Mortars 417 

with low carbon fiber contents show deformation curves similar to those of the plain mixture, while 418 

high fiber concentrations lead to significant decreases in drying shrinkage during the whole curing 419 

period. It is evident that, for all types of fibers, the higher the concentration of fibers, the lower the 420 

shrinkage strain of the mortars [12,63]. The largest reductions were measured in mortars with a high 421 

content of RCFs and BSFs (1.6 RCF and 1.6 BSF), which have ultimate εs values 38% lower than the 422 

reference (Figs. 12b–12c). 423 

The low drying shrinkage of the FRCMs is linked to their microstructures. It is well known that 424 

shrinkage is strongly influenced by the surface tension generated by water loss within capillary pores 425 

[64], which generates attraction forces between the hydrated cement particle surfaces (mainly C-S-426 

H), which in turn determines the drying shrinkage [62]. A lower volume of FRCM capillary pores 427 

leads to a substantial reduction in their shrinkage strain. In particular, mortars with high amounts of 428 

CFs and SFs are characterized by a very low volume of pores with diameters <0.1 m (Fig. 9), the 429 

configuration most responsible for drying deformation [50,65].  430 

Usually, shrinkage is closely related to the weight loss of the material over time, since the greater the 431 

amount of water lost during the curing period, the higher the tension stress within the pores. The 432 

amount of water lost by the specimens during the curing period is given in Fig. 13. 433 

 434 
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 435 

 436 
Fig. 13. Weight loss (%) during the curing period of mortars reinforced with: A) VCF, B) RCF, C) 437 

BSF compared to REF. 438 

 439 

As can be seen, the water lost by mortars with a high CF content is much higher than that of mortars 440 

with BSFs and the REF, particularly during the first days of curing. The 1.6 VCF and 1.6 RCF show, 441 

respectively, ultimate water losses that are 75% and 55% higher than those of the reference mortar. 442 

These mortars show an uncommon weight loss-εs relationship, since the greater the concentration of 443 

CFs, the greater the amount of water evaporation (Fig. 13) but the lower the shrinkage deformation 444 

(Fig. 12). This phenomenon confirms the high presence of pores with large diameters (between 1 and 445 

10 µm) within the mortars with high CF concentrations (Section 3.1). The high presence of mixing 446 

water contained within the large-size pores leads to high weight losses for the specimens with CFs 447 

during the first curing period. However, large diameter voids do not significantly affect shrinkage 448 

deformations [64], which, in mixtures with a high content of VCF and RCF, are very low. 449 

 450 

3.4 Electrical characterization 451 

The electrical properties of cement-based composites require an analysis of the impedance spectra 452 

obtained from EIS measurements performed on FRCMs. As mentioned in the introduction section, 453 

both the electrolytic and electronic conductive mechanisms of multifunctional cement-based 454 

materials lead to significant differences between the values of impedance found along the whole 455 

frequency range after EIS measurements. In more detail, at low frequencies, the effect of the 456 

polarization of the stainless steel electrodes gives a response greater than that of the cement-based 457 

composites, while at high frequencies, the electrical contribution of the fibers combined with that of 458 

the matrix becomes more important than that of the electrodes [35]. This different response is visible 459 

through the use of the EIS technique, which is widely used to investigate the dielectric/conductive 460 
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behaviors of cement-based materials [66–70]. In the Nyquist plot, the impedance Z is reported as -461 

ZIm vs. ZRe, and, in particular, the electrical resistance of a plain cement-based material is determined 462 

around a cusp (Fig. 14) formed by two arcs, describing the electrical behavior of the cement-based 463 

material (high frequencies, “material arc”), where only the electrolytic characteristics of this material 464 

respond to the alternating current (AC) perturbations during the EIS measurements and the 465 

polarization effects on the electrode interfaces (low frequencies; the “electrode arc”) [71]. 466 

Corresponding to this cusp, the average value of Rm can be determined. 467 

 468 

Fig. 14. Nyquist (left) and Bode (right) plots of a plain mortar (REF) showing the points used for Rm 469 

calculation (circled ones), in correspondence of the cusp, by means of the Excel macro mentioned in 470 

the section 2.2.5. 471 

 472 

The addition of conductive fibers in the cement-based matrixes determines the appearance of a third 473 

arc in the Nyquist plot of the impedance spectrum of the new composite material, as shown in Fig. 474 

15 compared to Fig. 14, as well as the appearance of two cusps: the first one, at high frequencies, is 475 

associated with the resistance of the composite material with the fibers (Rc), in which both the 476 

electrolytic (ions in the matrix) and electronic (electrons in the fibers) conduction mechanisms are 477 

present; the second one, at middle frequency range, is the resistance of the matrix (Rm), described 478 

above for the plain mortar [35,72–76].  479 

This effect of the fibers on composite material is also clearly visible in the Bode plot (Fig. 15b), where 480 

the different impedance values are related to two different frequency ranges, after fixing a PAT close 481 

to 0°, corresponding to two distinct set of points, where the values of Rc and Rm can be obtained. 482 

 483 

 



Fig. 15. EIS of mortars reinforced with CF showing the points used for the calculation of R (circled): 484 

in the Nyquist plot (left), the two cusps identify the resistance of the matrix Rm (low frequencies) and 485 

of the composite Rc (high frequencies). In the Bode plot (right) the circled points of the phase-486 

frequency curve (red points), closest to 0°, represent the two resistive behaviors of the FRCM. 487 

 488 

Based on these experimental results for FRCMs, the determination of the specific electrical resistivity 489 

of the examined mortars was based on the average values of log |Z| (Eq. 1-2), selected at high 490 

frequencies setting a PAT close to zero. In this way, only the composite resistance Rc was considered, 491 

considering the combined conductive mechanisms of the cement matrix and conductive fibers (hence 492 

the behavior of the FRCMs).  493 

The trends of the electrical resistivity of the mortars during the curing period and the ultimate ρ values 494 

(at 91 days) are shown in Figs. 16 and 17, respectively. 495 

 496 

 497 

 498 
Fig. 16. Trends of electrical resistivity (ρ) during the curing period of mortars reinforced with: VCFs 499 

(a), RCFs (b), BSFs (c). 500 
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 501 
Fig. 17. Electrical resistivity (ρ) after 91 days curing for the mortars reinforced with: VCFs, RCFs 502 

and BSFs. 503 

 504 

The results clearly show the high ability of CFs to decrease the electrical resistivity of the mortars. 505 

All mixtures show a gradual increase of the electrical resistivity during the curing period (Fig. 16) 506 

due to gradual water loss. Nevertheless, these increases are very low in CF-reinforced mortars 507 

because the electrical conduction between the carbon filaments overpowers the ionic conduction of 508 

the solution within the pores. Particularly, RCFs (also at low concentrations) produce a very high 509 

decrease in the resistivity in the early stages of curing, and the ρ values remain almost the same during 510 

longer test periods (Fig. 16c). 511 

The electrical effectiveness of the addition of CFs is clearly visible in the logarithmic histogram, 512 

where the ultimate ρ values of the mixtures are shown (Fig. 17). Mortars with high VCF and RCF 513 

contents (≥0.8 vol.%) show resistivity values two orders of magnitude lower than the REF mixture. 514 

Even at intermediate concentrations (0.2–0.4 vol.%) the addition of CFs is very effective, since the 515 

0.2 VCF and 0.2 RCF mortars show resistivity values 72% and 95% lower compared to the REF, 516 

respectively. Contrariwise, BSFs require high doses to significantly reduce the mortar resistivity, 517 

since the 1.6 BSF addition shows a 64% resistivity decrease. 518 

From the results, the so-called “percolation threshold” was assessed: it represents the fiber amount 519 

that transforms the cement-based composite from an insulator to a semi-conductor and to a conductor, 520 

thanks to a remarkable decrease in electrical resistivity [38]. This is a very important parameter, since 521 

it has been demonstrated that several properties of multifunctional cement-based composites, such as 522 

stress-sensitivity, are maximized within the percolation zone [77–80]. The relationship between the 523 

fiber concentration and electrical resistivity is given in Fig. 18. 524 
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 525 
Fig. 18. Ultimate electrical resistivity (ρ) of mortars vs. fibers concentration. 526 

 527 

The curves show a remarkable decrease in the electrical resistivity of mortars, with concentrations of 528 

VCF and RCF between 0.1 and 0.2 vol.%, which are considered as the extremes of the percolation 529 

zone of CFs [81]. In this area, VCFs decrease the resistivity of the mixture from 5941 to 2070 Ω·cm, 530 

which corresponds to a decrease of 65%. The effect of RCFs on the electrical properties is more 531 

evident, since there is a decrease from 1392 Ω·cm to 355 Ω·cm, by moving from 0.1 RCF to 0.2 RCF 532 

concentrations, with an approximate drop of one order of magnitude. On the contrary, the percolation 533 

zone of BSFs is placed between 0.4 and 0.8 vol.%, where the ρ ranges from 8573 to 4089 Ω·cm, with 534 

a decrease of 52%. 535 

The very high decrease of the electrical resistivity shown by the mortars beyond the percolation 536 

threshold is related to the predominance of the electric contacts among the fibers on the ionic 537 

conductivity of the cement matrix, owing to its high concentration of fibers [11,82]. This is also 538 

demonstrated by the poor influence of water loss on the electrical properties of mortars with high CF 539 

content (≥ 0.8 vol.%) during the curing period (Figs. 16a–16b), with resistivity values rising from 6–540 

12 Ω·cm at 2 days, to only 16–33 Ω·cm at 91 days. The most interesting result is the high effectiveness 541 

of RCFs on decreasing the electrical resistivity of the mortars, even at low dosages. For example, the 542 

0.05 RCF mortar shows an ultimate ρ of 1934 Ω·cm, which is 73% less than the plain mortar. The 543 

high quantity of carbon micro-particles in the RCFs (Fig. 1b) increases their functional electrical 544 

surface, thereby creating effective conductive paths, even at low concentrations. The functionality of 545 

RCFs at low dosages could lead to a strong incentive for the development of high conductive 546 

concretes, thanks to the decrease in costs (the price of RCFs is 66% lower than VCFs, see Table 2) 547 

and the greater sustainability. On the other hand, the high electrical resistivity of the BSF-reinforced 548 

mortars is linked to both the low electrical properties of the SFs [43] and their lower aspect ratio. As 549 

widely demonstrated in the literature [36], fibers with a lower aspect ratio form a less effective 550 

conductive network, thereby decreasing their electrical contact bridges. As a consequence, the 551 

percolation threshold of BSF mortars is significantly higher than that of CF mortars as Fig. 18 clearly 552 

shows. 553 
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 555 

4. Conclusions 556 

In this study, the effects of different types of electrically conductive fibers were investigated within 557 

structural mortars, in terms of their mechanical strength, durability, and electrical properties. 6 mm-558 

long virgin carbon fibers, recycled carbon fibers, and brass-plated steel fibers were added into the 559 

mixtures in seven different concentrations, from 0.05% to 1.6%, by mortar volume. 560 

The results of the tests suggest the following conclusions: 561 

• The addition of fibers enhances the flexural and tensile splitting strength of the mortars, thanks 562 

to the bridging effect. RCFs show very high mechanical performances by increasing Rf and 563 

fct values up to 201% and 189% compared to the REF, respectively. SEM investigations allow 564 

to relate these results to the high presence of carbon micro-fragments on the RCF surface. 565 

These fragments increase the roughness of the fibers’ surfaces, thereby functioning as 566 

nucleation points for C-S-H and, at the same time, they improve the adhesion between the 567 

fibres and the cement matrix. The addition of fibers also increases compressive strength, 568 

although very high concentrations of CFs lead to slight decreases in Rc, due to the presence 569 

of voids produced by fiber clumps. BSFs, thanks to their dimensional characteristics, greatly 570 

improve the post-cracking toughness of the composites, with values above 50 MPa, and with 571 

an ultimate CMOD of up to 0.72 mm. 572 

• Porosimetric tests prove that the addition of fibers leads to a microstructural refinement of the 573 

cement paste, thereby decreasing both the total porosity volume (Vp) and the average pore 574 

diameter (dp). A higher amount of fibers also leads to lower capillary water absorption over a 575 

long period, thanks to the lower content of capillary pores by volume within the mortar. 576 

Furthermore, all FRMs show lower absorption coefficients (C) than the plain mortar. 577 

• The poor volume of capillary pores also leads to a lower free drying shrinkage of mortars with 578 

high-fiber content during the curing period. Mixtures 1.6 RCF and 1.6 BSF achieved the 579 

lowest shrinkage strain (εs) values, with a decrease of 38% compared to the plain mortar.  580 

• Concerning the multi-phase electrical behavior of mortars, the EIS technique allows a good 581 

distinction between electrical resistance of the cement matrix (Rm) and the resistance of the 582 

matrix–fiber composite (Rc), detected at low and high frequencies, respectively. High 583 

frequency impedances show that the addition of CFs decreases the electrical resistivity of the 584 

mortars up to several orders of magnitude compared to the plain mortar. In particular, the 585 

RCFs showed very high effectiveness, with noticeable resistivity reductions even in the cases 586 

of low fiber dosages. This result is related to the high number of carbon micro-particles, which 587 

increase the specific conductive surfaces of RCFs. The percolation threshold is between 0.1 588 

and 0.2 vol.% fiber concentration for the VCFs and RCFs, with decreases of ρ equal to 65% 589 

and 75%, respectively. The BSFs show lower electrical effectiveness, with a percolation 590 

threshold between 0.4 and 0.8 vol.%, with decreases of ρ equal to 52% compared to the REF. 591 

In light of these results, it can be stated that the addition of conductive fibers not only enhances the 592 

electrical properties of cement-based materials, but also their mechanical strength and durability. The 593 

study of several concentrations allows estimation of the optimal amount of fibers for the production 594 

of multifunctional and high-performance materials with high electrical properties suitable for SHM 595 

systems, electromagnetic shielding, and many other fields of study. The study of fiber amounts within 596 

concrete for real structural applications will be the most promising topic for future research. 597 
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