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demonstrate the potential of recycled carbon fibres 
as a cost-effective alternative in smart applications, 
without compromising electrical and piezoresistive 
performance. The use of 0.25%vol. of recycled or vir-
gin carbon fibres was found to provide the desirable 
synergy between structural performance, cost and 
self-sensing properties, yielding a 50–60% increase 
in flexural strength, and good piezoresistivity with a 
gauge factor of 90–110. In contrast, the use of graph-
ite powder resulted in composites with poor self-
sensing ability even at the highest content examined 
(3%vol.), also accompanied by a reduction in com-
pressive strength up to 33%.

Keywords Self-sensing · Composites · Smart · 
Carbon fibres · Recycled carbon fibres · Graphite 
powder

1 Introduction

Incorporating electrically conductive constituents in 
the form of particles (e.g. carbon black, metal/graph-
ite powder) [1, 2] or fibres (e.g. micro- and nano-
fibres including carbon/steel fibres, carbon nano-
tubes) [1, 3–7] into cementitious composites offers a 
promising approach for developing self-sensing mate-
rials with tailored electrical properties. By leveraging 
the piezoresistive effect, where applied mechanical 
strain can be transduced into a measurable variation 
of electrical resistance, structural elements can be 

Abstract The incorporation of electrically con-
ductive inclusions in structural materials can impart 
self-sensing functionalities, making them ideal for 
structural health monitoring applications. However, 
the use of more sustainable alternatives and their 
effect on key engineering properties remain largely 
unexplored, while the adoption of different testing 
protocols for the characterisation of electrical/self-
sensing properties can lead to different results, thus 
questioning their reliability, even for existing smart 
composites. This paper investigates systematically the 
effect of recycled carbon fibres and graphite powder 
on the mechanical, electrical, transport properties and 
piezoresistive performance of cementitious mortars. 
Virgin carbon fibres, at dosages equivalent to those 
of recycled fibres, were also examined to establish a 
performance benchmark. Fibre content ranged from 
0.05% to 1% vol., while graphite powder was added 
as sand replacement at contents varying from 0.3% 
to 3% vol. The effect of existing testing protocols and 
electrode layout on the piezoresistive performance 
was also examined, and the associated limitations 
and challenges are discussed in detail. The results 
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transformed into distributed sensors, thus providing 
significant potential for structural health monitoring 
applications [8, 9].

Among the particle-based inclusions, graphite 
powder (GP) has more recently received consider-
able attention due to its favourable cost-performance 
ratio and wide availability [10], along with its ability 
to impart higher conductivity in cementitious com-
posites when compared to other particle-based inclu-
sions [11]. The majority of studies have focused on 
the effect of increasing contents on the basic electri-
cal and mechanical properties, identifying the perco-
lation threshold [10–14], i.e. the minimum conduc-
tive inclusion content required for the formation of a 
continuous, or percolating, conductive network [15], 
in the range of 1–15%wt. binder. However, the lack of 
a systematic investigation on the combined electrical, 
mechanical, and transport properties of mixtures con-
taining GP, along with its inconsistent use as cement 
or sand replacement and lack of well documented mix 
designs, further complicates the understanding of the 
underlying microstructural and electrical mechanisms 
and hinders the identification of the optimal content 
for a desirable functional response. Only one study 
[13] assessed the self-sensing properties of lime mor-
tars doped with GP and concluded that high piezore-
sistivity can be achieved with 10%wt. binder.

Carbon fibres (CF) represent the most compre-
hensively studied fibre-type inclusion due to their 
high resistance to corrosion, thermal stability, and 
lower cost when compared to carbon nanotubes [16], 
while also improving the mechanical properties of 
the resulting composites by providing a crack bridg-
ing effect. However, the complex interdependency 
between piezoresistive properties and composition of 
the host material, coupled with the lack of standard-
ized testing methodologies, resulted in a wide range 
of percolation thresholds (0.2% to 1% vol.) [15, 17, 
18].

While the demand for CF in various sectors is 
increasing at a rapid pace, it is estimated that approxi-
mately 30% of the global CF production ends up as 
waste [19], evidently posing significant environ-
mental challenges [20]. The use of recycled carbon 
fibres (RCF) can offer a very promising alternative. 
Depending on the recycling process, RCF can be 
approximately 30–40% less expensive than virgin CF, 
while retaining up to 90% of their original strength 
and stiffness [21]. Segura et al. [21] and Faneca et al. 

[22] provided encouraging evidence that RCF con-
tents between 0.2 and 0.8% vol. may result in low 
resistivity composites (3–0.6 Ωm), while Belli et  al. 
[7, 23] reported similar percolation thresholds for 
mixes containing virgin CF and RCF (approximately 
0.1–0.2%), which however did not result in improved 
piezoresistivity. Despite their great potential, research 
on RCF cementitious composites is extremely lim-
ited, and there is still lack of fundamental understand-
ing on how to design these composites to simultane-
ously satisfy mechanical, electrical, and durability 
requirements while guaranteeing appropriate piezore-
sistive properties. In addition, the considerable varia-
tions in properties and surface characteristics of RCF 
due to their diverse origin and recycling processes 
[24] hinders reliable comparisons of existing experi-
mental data.

This study provides a comprehensive examina-
tion of the effects of RCF and GP on the combined 
mechanical, electrical, durability and piezoresistive 
response of cementitious mortar mixes. The use of 
virgin CF at dosages equivalent to those of RCF is 
also examined to establish a performance benchmark. 
By systematically varying the content of conductive 
inclusions, this research aims to elucidate the under-
lying microstructural mechanisms governing the 
composite performance, and explores the potential of 
these engineered composites as multifunctional mate-
rials. A comparative analysis between the two- and 
four-probe method by varying the electrode layout 
was also undertaken and the limitations and chal-
lenges related to the implementation of established 
self-sensing characterisation methodologies are com-
mented upon. The present paper directly contributes 
to the development of alternative, more sustainable 
and cost-effective functional cementitious composites 
for smart applications.

2  Materials and methods

2.1  Materials and specimen preparation

A total of 17 different mortar mixes were tested in 
this study, including one plain reference mix (i.e. 
without electrically conductive inclusions). Manu-
factured polyacrylonitrile-based CF and RCF with 
glycerine sizing and similar characteristics (Table 1) 
were incorporated into the mixes at volume fractions 
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ranging from 0.05% to 1%. Due to its inert nature, 
GP was added as sand replacement at volume frac-
tions ranging from 0.3 to 3% to minimize impact on 
mechanical performance, yet enabling direct com-
parison with the majority of existing studies [e.g. 
11, 12]. A high fineness expanded GP was selected 
to minimize the quantity of inclusions required to 
achieve the percolation threshold without compromis-
ing mechanical performance [10].

All following discussion is based on the perfor-
mance of fibre- and particle-based inclusions sepa-
rately, due to their different aspect ratio and the dif-
ferent impact on mechanical, microstructural and 
electrical performance.

The morphology of the tested inclusions and 
resulting composites was examined using Scanning 
Electron Microscopy (SEM) with a FEI Inspect F50. 
While CFs exhibit a smooth surface (Fig. 1a), RCFs 
are characterized by marked roughness and surface 
defects (Fig. 1b), possibly due to resin residues from 

the recycling or milling process [25]. GP has a flaky 
crystalline structure and consists of thin plate-like 
particles, typically folded and wrinkled (Fig. 1c).

All mortar mixes were produced using CEM I 52.5 
N and fine aggregates with a maximum size of 2 mm. 
A water/cement ratio of 0.5 by weight and a fines/
cement ratio of 0.75 by volume were used across all 
mixes to ensure the same composition of the mortar 
matrix, and attain electrical continuity of the cement 
(cement percolation) in the presence of sand [15]. As 
the mixes with higher fibre and GP quantity showed 
higher water demand, a superplasticizer was used to 
achieve similar workability (with target flow values 
in the range of 100–150 mm, measured in accordance 
with EN 1015-3 [26]) without altering the target w/c 
ratio, in line with previous studies [27, 28]. To ensure 
a reliable comparison between mixes including CF 
and RCF, the amount of superplasticiser used for 
each of the fibre contents examined was kept constant 
across the two fibre types, while the mix composition 
was identical.

Two different mixing processes were followed, 
as illustrated in Fig.  2a. Fibres were incorporated 
into the mix by implementing a wet mixing method 
to ensure better fibre dispersion and piezoresistive 
response [22, 29]. By contrast, GP was incorporated 
into the mix together with all the dry materials, as 
this was proven to ensure uniform dispersion of GP 
particles with ordinary mechanical means [13]. After 
casting, all specimens were cured in a mist room 
(20°C ± 2°C, RH = 99%) for a period of 28 days. A 
summary of the experimental programme is illus-
trated in Fig. 2b with further details given in the fol-
lowing sections.

Table 1  Characteristics of CF, RCF and GP, as provided by 
the suppliers

*Value refers to the median diameter,  d50

Property CF RCF GP

Diameter (μm) 7 7 20*

Length (mm) 6 6 –
Specific Gravity (g/cm3) 1.8 1.7–2.0 2.2
Tensile Strength (MPa) 4000 3500 –
Young’s Modulus (GPa) 240 230 –
Carbon Content (%)  > 99  > 94  > 95
Electrical Resistivity (μΩm) 15 15 1

Fig. 1  SEM images of exemplary inclusion samples: a CF; b RCF; c GP
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2.2  Characterisation tests

2.2.1  Mechanical tests

The flexural, fct,fl , and compressive strength, fc , of 
the mortars were experimentally determined at 7 
and 28 days through three-point bending tests on 
160 × 40 × 40 mm prisms and compression tests on 
the resulting halves, in accordance with EN 1015-11 
[30]. The post-cracking flexural response of all mixes 
was assessed at 28 days through three-point bending 
tests on notched prisms of the same size, following 
EN 14651 [31]. The crack mouth opening displace-
ment, CMOD, was measured by means of an exten-
someter spanning across the two sides of the notch. 
The flexural strength and the fracture toughness K

IC
 

were calculated according to the RILEM TC265-TDK 
recommendation [32].

2.2.2  Capillary water absorption tests

The water absorption under capillary action was 
assessed in accordance with EN 1015-18 [33]. After 
the end of the 28d curing period, six half-prisms for 
each mix were dried at 60ºC until weight stabilisa-
tion, and subsequently immersed in water. Weight 
measurements were recorded after 10 and 90 min of 
immersion, and the capillary water absorption coef-
ficient, C, was determined.

2.2.3  Electrical resistance measurements

The electrical resistivity of the composites was meas-
ured at 7 and 28 days using the four-probe method 
[34] on 200 × 50 × 50 mm saturated specimens 
equipped with perforated stainless steel electrode 
plates. In the absence of standardized guidelines, the 
electrode layout adopted in this study (Fig.  3a) was 
informed by other four-probe setups described in 
the literature. Specifically, since relatively small dis-
tances between electrodes may lead to inconsistent 
resistivity measurements [35, 36], a relatively large 
distance between current and voltage pole (> 7.5 mm) 
was used. The distance between inner electrodes was 
always kept larger than 60 mm, while the distance 
between adjacent electrodes was kept greater than 
four times the fibre length (i.e. > 24 mm) to ensure 
adequate fibre distribution [37].

A low amplitude, high frequency (1 mA, 100 kHz) 
alternating current was adopted to limit the contact 
resistance effect at the electrode/matrix interface [35], 
minimize polarisation effects [37], and avoid Joule 
heating. The derived ohmic resistance, R, was con-
verted to electrical resistivity, ρ, following Eq. (1):

where, A is the cross-sectional area of the specimen 
and L is the distance between the inner electrodes.

(1)� = R ∗
A

L

Fig. 2  a Mortar mixing method; b summary of experimental programme
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2.2.4  Piezoresistivity tests

The piezoresistive behaviour of the composites was 
investigated by continuously monitoring the variation 
in electrical resistivity of specimens (200 × 50 × 50 
mm) subjected to cyclic compression loading. The 
load was applied at a rate of 200 N/s and the elec-
trical resistivity was measured using both the two- 
and four-probe methods to assess the reliability of 
the obtained data. For the former, the inner voltage 
poles were used for both current injection and voltage 
measurement, while for the latter, the same setup and 
methodology described in Sect. 2.2.3 were employed 
(Fig.  3b). Each test comprised four loading–unload-
ing cycles up to a maximum load inducing a stress 
of 15  MPa, equivalent to approximately 30% of the 
specimens’ average strength, starting from a 2 kN 
preload (Fig. 3c). Two LVDTs were placed on oppo-
site sides of each specimen to measure uniaxial defor-
mation and derive average strain values.

The corresponding fractional change of electri-
cal resistivity, FCR, was calculated as Δρ/ρο, where 
Δρ is the difference between the resistivity measured 
throughout the test and the initial resistivity ρο. Fig-
ure  3c illustrates the qualitative evolution of FCR 
in the ideal scenario where the resistivity changes 
linearly with compressive strain. The piezoresistive 
performance is then assessed through the analysis of 
the following four metrics: i) FCRmax, taken as the 
largest change of electrical resistivity during cyclic 
compression; ii) Gauge Factor, GF, computed as the 
ratio of FCRmax to the corresponding applied strain 
(i.e. FCRmax/ε); iii) repeatability, L, calculated as 

(FCRmax-ΔFCRmax,i)/FCRmax, where ΔFCRmax,i is the 
maximum deviation of FCR values under the same 
compressive strain in all loading cycles, and iv) lin-
earity, expressed as the  R2 error, calculated from the 
best fitted line against the FCR versus ε data.

3  Results and discussion

3.1  Mechanical properties

Table  2 summarises the average values along with 
their coefficient of variation, CoV, (given in paren-
theses). Specimens exhibiting properties within one 
standard deviation of the mean were considered to 
be statistically significant, else they were treated as 
outliers.

3.1.1  Compressive strength

The effect of fibres and GP on the 7- and 28-day 
compressive strength, fc, of the resulting mortars 
is shown in Fig.  4a,b, along with the average prop-
erties of the reference mix (M-REF). The strength 
development of the mixes containing the examined 
inclusions was observed to be generally close to that 
of M-REF. However, mixes with inclusions exhib-
ited a slight reduction in compressive strength com-
pared to that of M-REF. Specimens doped with CF 
and RCF exhibited a 28-day strength reduction up to 
20%, with the largest reduction being observed for the 
low fibre content mixes (up to 0.1% vol.). Interest-
ingly, the use of higher RCF contents did not seem 

Fig. 3  a 3D scheme of the electrode layout (dimensions in mm); b experimental setup for piezoresistivity testing; c loading protocol
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to affect compressive strength, with the recorded 
28-day average values being only 1–5% lower than 
that of the M-REF (Fig. 4a). The reduction in com-
pressive strength could be due to fibre agglomerations 
and reduced workability at increasing fibre contents, 
which despite the use of superplasticiser, resulted 
in lower compaction and the formation of air voids 
(Fig.  5). As will be further discussed in Sect.  3.2, 
mortars doped with lower contents of CF and RCF 
presented a higher volume of absorbed water than the 
M-REF, indicating a more porous microstructure.

Achieving uniform fibre dispersion is undoubt-
edly a challenge. It should be reminded that a wet-
mixing method was employed in this study, as it is 
cost-effective when compared against pre-mixing 
or co-mixing methods and avoids the use of admix-
tures that could potentially affect the matrix develop-
ment [24] or special equipment (e.g. ultrasonication), 
yet ensuring adequate dispersion [22, 29]. However, 
optimisation of the fibre dispersion should be further 
explored, either at a preparation stage, with the use 
of appropriate dispersant or surface treatment, or at 

Table 2  Mechanical, absorption and electrical properties of mortars. Values at 28 days, unless otherwise stated, with CoV in paren-
theses

Specimen ID Content
(%vol.)

fct,fl (MPa) fc (MPa) CMOD
(mm)

E
(GPa)

KIC
(MPa√m)

C (kg/(m2√min)) ρ ( Ωcm)

7d 28d 7d 28d 7d 28d

M-REF - 5.7
(16%)

5.6
(5%)

46.2
(3%)

71.4
(3%)

0.016
(1%)

27.0
(17%)

1.43 0.309
(20%)

1918.7
(6%)

2308.0
(4%)

M-CF- 0.05 6.8
(2%)

6.3
(3%)

36.7
(2%)

54.8
(2%)

0.019
(20%)

23.0
(3%)

1.60 0.504
(10%)

116.1
(8%)

151.4
(10%)

0.1 9.9
(1%)

6.2
(0%)

43.7
(1%)

60.8
(4%)

0.042
(2%)

27.1
(10%)

1.58 0.595
(8%)

48.2
(4%)

55.0
(4%)

0.25 10.1
(2%)

8.3
(3%)

43.1
(3%)

62.5
(2%)

0.057
(13%)

26.0
(3%)

2.19 0.588
(7%)

19.2
(11%)

23.2
(9%)

0.5 10.0
(0%)

12.2
(1%)

41.9
(4%)

60.8
(5%)

0.064
(0%)

20.9
(7%)

3.08 0.509
(5%)

7.0
(6%)

8.6
(7%)

0.75 13.7
(2%)

13.8
(14%)

44.3
(4%)

62.4
(2%)

0.111
(1%)

22.4
(7%)

3.49 0.430
(1%)

6.8
(7%)

8.3
(8%)

1 14.5
(17%)

17.6
(0%)

41.0
(2%)

63.1
(1%)

0.086
(7%)

25.4
(0%)

4.44 0.561
(4%)

4.3
(20%)

4.8
(20%)

M-RCF- 0.05 6.6
(6%)

5.4
(3%)

42.4
(1%)

56.5
(5%)

0.016
(5%)

19.5
(3%)

1.36 0.395
(4%)

645.5
(7%)

848.2
(6%)

0.1 9.1
(2%)

4.6
(5%)

40.8
(4%)

55.5
(4%)

0.067
(45%)

15.5
(5%)

1.14 0.654
(5%)

79.2
(3%)

95.2
(5%)

0.25 8.3
(2%)

9.3
(1%)

42.4
(5%)

69.1
(3%)

0.044
(1%)

24.3
(0%)

2.36 0.595
(2%)

23.5
(5%)

38.0
(2%)

0.5 13.4
(0%)

13.7
(5%)

43.6
(2%)

68.1
(3%)

0.058
(17%)

23.2
(5%)

3.46 0.457
(4%)

6.7
(5%)

8.3
(3%)

0.75 14.7
(2%)

14.2
(5%)

40.6
(1%)

62.4
(2%)

0.089
(5%)

24.7
(4%)

3.60 0.440
(5%)

4.6
(3%)

4.7
(7%)

1 16.1
(5%)

17.5
(2%)

43.8
(1%)

70.7
(1%)

0.131
(10%)

26.7
(5%)

4.42 0.332
(3%)

4.7
(8%)

5.2
(9%)

M-GP- 0.3 7.6
(4%)

5.6
(3%)

41.7
(6%)

59.9
(2%)

0.011
(2%)

22.9
(2%)

1.43 0.439
(6%)

1805.0
(3%)

2289.7
(1%)

0.7 7.7
(4%)

5.3
(2%)

40.1
(4%)

57.7
(5%)

0.014
(0%)

21.1
(9%)

1.35 0.294
(11%)

1442.1
(3%)

1818.8
(1%)

1.5 7.1
(1%)

4.3
(8%)

37.3
(1%)

53.5
(4%)

0.016
(6%)

20.6
(15%)

1.07 0.186
(10%)

770.1
(3%)

1047.2
(1%)

3.0 7.7
(1%)

7.7
(5%)

32.6
(1%)

48.0
(3%)

0.020
(6%)

17.6
(7%)

1.94 0.156
(13%)

245.3
(5%)

329.2
(5%)
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a mixing stage, with the implementation of pre-mix-
ing or intermediate wet-mixing, dry–wet-mixing, and 
wet-mixing steps [38]. In parallel, the investigation of 
the compatibility of novel dispersants with recycled 
carbon fibres of diverse origin/recycling processes, as 
well as of the sizing applied during manufacture on 
the fibre dispersion, is imperative for the development 
of composites with superior mechanical properties 
and a stable, well-connected conductive network.

The mortars doped with GP exhibited an almost 
linear decrease in compressive strength at increasing 
GP contents (Fig. 4b), down to 33% of that of M-REF 
(at 3% vol.). As GP acts as an inert filler and does not 
contribute to cement hydration [10], the reduction in 
strength, also seen in previous studies (e.g. [11]), can 
be attributed to a combination of three main mecha-
nisms: (a) the lamellar structure (Fig. 1c) and intrinsic 

lubricating function of GP reduce friction resistance 
between the graphite particles, hindering stress trans-
fer within the composite [39]; (b) graphite particles 
tend to agglomerate and encapsulate cement particles, 
thus inhibiting cement hydration [40]; (c) the lower 
hydrophilicity of GP compared to cement weakens 
the interfacial bond [41]. Figure 5b,c show the SEM 
micrographs of mortars doped with GP, where indi-
vidual flakes are hardly visible due to the formation 
of hydration products.

Detailed analyses on the electrokinetic mecha-
nisms of the GP powder, through zeta potential char-
acterisation techniques, should also be performed 
to gain insights into the dispersion quality and pro-
pensity to agglomeration and aid the selection of 
the optimal GP powder and content according to the 
application.

Fig. 4  Compressive and flexural strength of mortars versus inclusion content: a, c CF/RCF, b, d GP. Flexural strength values were 
obtained at 7 and 28 days on un-notched and notched specimens, respectively
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3.1.2  Flexural strength

The effect of the inclusions on the 7- and 28-day 
flexural strength, fct,fl, is summarised in Fig. 4c, d. It 
should be noted that, while the 7d strength was deter-
mined on un-notched prisms, the 28d strength was 
determined on notched prisms and any differences 
between the two test groups can be associated mainly 
with the different test setup rather than the effect of 
the inclusions on strength development [42, 43].

An almost linear enhancement in flexural 
strength was recorded with the addition of CF/
RCF at fibre contents > 0.25%, both at 7 and 28 
days. This indicates that both types of fibres can 

effectively control crack initiation and develop-
ment, owing to their good bond and bridging action. 
At low fibre contents (≤ 0.1%vol.), a reduction in 
strength by up to 20% was recorded for RCF-doped 
specimens. This could be attributed to the low fibre 
content, which was insufficient to provide any effec-
tive strengthening of the matrix, and the possibly 
high amount of air voids entrapped within the mix, 
as also confirmed by the higher water absorption 
(Fig. 7). Hence, the minimum CF/RCF fibre content 
required to enhance flexural strength can be taken as 
0.25%vol. In all cases, failure of the specimens was 
a result of fibre pull-out, as evident from the analy-
sis of the fractured surface (Fig. 5a). This promoted 

Fig. 5  SEM images of mortar with a 0.75% vol. RCF; b 1.5% vol. GP; c 3% vol. GP
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the progressive engagement of the fibres intersect-
ing the fractured surface and resulted in an increase 
in flexural strength with increasing fibre content.

Although a decrease in compressive strength 
was observed at increasing GP contents (Fig.  4d), 
the incorporation of a low content of GP 
(≤ 0.7%vol.) did not lead to a reduction in the 28d 
flexural strength, while a more evident variation 
was recorded for a content of 1.5%vol. (−25%, 
4.3  MPa), and 3% vol. (+ 36%, 7.7  MPa). The 
increased flexural strength of composites doped 
with 3%vol. GP could be attributed to the increase 
in packing density, as also evidenced by their lower 
porosity (see also Fig. 7).

3.1.3  Flexural response and fracture properties

The complete load-CMOD response of representative 
specimens made with mixes comprising the exam-
ined inclusions is shown in Fig. 6a–c, along with the 
behaviour exhibited by a representative specimen 
made with the reference mortar (red curves). The 
average values of CMOD at maximum load, elastic 
modulus in flexure and unstable fracture toughness, 
are summarised in Table  2, along with their coeffi-
cient of variation, CoV (given in parentheses).

Specimens including fibres (CF/RCF) showed 
a linear behaviour up to cracking, followed by a 
non-linear behaviour up to the maximum load, and 

Fig. 6  a–c Typical load-CMOD curves for different contents of CF, RCF and GP; d fracture toughness versus inclusion type and 
content
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a strain-softening branch (Fig.  6a,b). As expected, 
the initial stiffness of the reinforced composites was 
comparable to that of the reference regardless of 
the fibre content and the type of fibre (CF or RCF). 
The post-peak softening branch is the result of fibre 
pull-out and the potential fibre shearing upon crack 
development [44]. Higher CMOD values before 
failure were obtained with increasing fibre content, 
due to the favourable effect of the random fibre dis-
tribution (Fig.  5a) and the ability of the fibres to 
control crack development.

In contrast, the flexural performance of speci-
mens with GP was characterised by a more brit-
tle post-peak behaviour, though still exhibiting 
relatively higher post-peak residual strength and 
CMOD values compared to M-REF, indicating that 
GP was able to provide a degree of resistance to 
crack propagation, albeit limited when compared 
to fibre-based inclusions due to its smaller aspect 
ratio.

KIC was also analysed to quantify the ability of 
the material to control crack growth as a result of 
the bridging effect of the fibres and the interlock 
of the microstructure (Fig.  6d). It can be clearly 
seen that the values of KIC notably increased with 
increasing CF/RCF quantity, especially beyond 
0.25% vol. For the highest fibre content examined 
(1%vol.), KIC values approximately three times 
greater than that of the M-REF were obtained. As 
discussed above, the fracture toughness of GP-
doped composites was not affected critically by 

increasing GP content when compared to M-REF, 
confirming the limited ability of GP to effectively 
prevent crack propagation.

3.2  Capillary water absorption

Overall, the mortars doped with CF/RCF fibres 
exhibited a higher water absorption capacity than 
the M-REF (Fig.  7a), which indicates a reduction 
in their potential durability. The development of a 
more porous microstructure can be attributed to the 
presence of a higher amount of air entrapped in the 
mix as a result of fibre agglomeration, which also 
affected the compressive strength (Fig.  4a). How-
ever, reduction in capillary water absorption can be 
observed at increasing fibre contents, probably as 
a result of the combined action of: a) the fibres, in 
decreasing internal microcracking (due to shrinkage 
[45]) and in disrupting the continuity of the capil-
lary pores; b) the use of a higher dosage of super-
plasticiser, which promoted a higher degree of 
compaction and a reduction in the size of the cap-
illary pores, while also affecting fibre dispersion/
distribution.

The inclusion of GP at volume fractions greater 
than 0.75% led to relatively lower water absorption, 
possibly due to the higher packing density favoured 
by the presence of GP and the consequent reduction 
in the pore diameter and interconnectivity.

Fig. 7  a Effect of inclusions on capillary water absorption; b Capillary water absorption and associated 28d electrical resistivity
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3.3  Electrical resistivity

The average 28-day electrical resistivity, ρ, of all 
doped mortars is summarized in Fig. 8a, along with 
that of the reference mortar, which was found to be 
equal to 2308.0  Ωcm. Detailed values at 7 and 28d 
are reported in Table 2.

The incorporation of RCF and CF resulted in a sig-
nificant decrease in electrical resistivity, even at the 
lowest fibre content examined. For contents of 0.05%, 
the 28-day resistivity of RCF- and CF-doped mortars 
was only 36.7% and 6.6% of that of M-REF, respec-
tively, and was further reduced by approximately two 
orders of magnitude for contents of 0.1%vol. (95.2 
and 55.0 Ωcm for RCF ad CF, respectively). The 
incorporation of higher fibre contents resulted in a 
further reduction of the electrical resistivity, albeit 
not as remarkable, with minimum values attained at 
0.75%vol. of RCF (4.7 Ωcm) and 1%vol. of CF (4.8 
Ωcm). A remarkable reduction (up to approximately 
94%) in resistivity is observed with the addition of 
0.05% CF and 0.1% RCF, which is associated with 
the achievement of the percolation zone. This can 
be more clearly identified from the rate of change 
in resistivity observed with respect to the inclusion 
volume fraction ((ρ1/ρ2)/ΔVCF/RCF) (Fig.  8b). Hence, 
the results suggest that the percolation zone is in 
the range of 0.1%—0.75% for RCF-doped mortars 
and 0.05%—0.5% for CF-doped mortars. For higher 
inclusion contents, the electrical resistivity stabilises 

and seems to be governed by the formation of a con-
tinuous fibre network. The minimum values of CF 
and RCF contents for percolation identified herein 
are lower or comparable to those found in previous 
studies. This highlights the great effectiveness of RCF 
in developing conductive pathways in cementitious 
matrices, even at low concentrations.

A less significant reduction in the electrical resis-
tivity was observed for the mortars including GP. 
For mortars doped with up to 0.7% vol., the 28-day 
resistivity was comparable to that of M-REF (−0.8% 
and −21.2% for 0.3% and 0.7%vol., respectively), and 
decreased by approximately one order of magnitude 
at the maximum examined content of 3%vol. (158.0 
Ωcm). From these results, it is not possible to deter-
mine the percolation threshold, as higher GP contents 
might have resulted in a further decrease in electri-
cal resistivity. However, as discussed in Sect. 3.1, the 
use of high GP contents can impact mechanical per-
formance and higher volume fractions were deemed 
impractical. This is corroborated by existing evidence 
[12], which reported percolation at a GP content 
equivalent to 15% wt. of binder (much higher than 
the maximum 8% wt. examined in this study), albeit 
accompanied by a 70% reduction in compressive 
strength.

Taking into account that the electrical resistivity 
is directly related to the pore size, interconnectivity, 
volume fraction of pore solution and ionic concen-
tration [46], its correlation (in terms of 28d values) 

Fig. 8  a Effect of inclusion content on 28-d electrical resistivity; b change of resistivity at each inclusion content interval, ΔV, ver-
sus inclusion content, only for qualitative assessment
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with the corresponding capillary water absorption 
was analysed in Fig. 7b. As discussed in Sect. 3.2, 
high values of C indicate higher microstructural 
porosity and connectivity, which can promote ion 
mobility and concentration in the presence of water, 
which in turn results in a decrease in electrical 
resistivity. Although a clear trend between sorptiv-
ity and electrical resistivity cannot be identified, 
possibly due to the different tortuosity and capil-
lary pore distribution along/across the specimens, 
the inherent different specimen geometry as well as 
the incorporation of superplasticiser, it is confirmed 
that in the case of CF/RCF higher values of sorptiv-
ity correspond to lower resistivity, while the oppo-
site is observed in the case of GP-doped specimens, 
in which the matrix densification resulted in the 
reduction of the ionic conductivity.

In terms of electrical resistivity development with 
age, in general, 28-day old mortars were character-
ised by ρ values 20–30% higher than those at 7d. 
This is due to the continuous hydration of the cement 
particles and the resulting changes in pore structure, 
indicating that the conductive network in the mortar 
matrix relies on both ionic and electronic conduc-
tion. It was observed that at very large fibre contents 
(0.75%, 1%vol.), however, the 7d resistivity was only 
slightly lower than that at 28d, indicating the domi-
nance of electronic rather than ionic conduction for 
high fibre contents (above the percolation thresh-
old). This was not the case for mortars doped with 
GP, which showed a similar resistivity development 
with age to that of M-REF (7/28d ρ ratio equal to 
0.75–0.80 against that of 0.83, respectively).

Decoupling ionic from electronic conductivity in 
self-sensing composites could also potentially pro-
vide useful insights on the quality of the microstruc-
ture, leveraging existing practice where electrical 
resistance measurements are used to assess the mate-
rial quality and determine durability indicators. How-
ever, understanding the effect of moisture content 
and hydration on the electrical resistance is critical, 
as different environmental and curing conditions can 
result in different values of electrical resistance for 
concretes with similar microstructure [47]. The use of 
different types of sensors, along with the characteri-
sation of the electrical resistance as a function of the 
moisture content and the development of multi-phys-
ics models focusing on electro-kinetic phenomena, 
should be further explored to predict material quality 

regardless of the electrical inclusion content and its 
degree of distribution within the matrix.

3.4  Piezoresistivity

The electro-mechanical response of mortars under 
cyclic compressive loading was assessed through the 
analysis of the four metrics described in Sect.  2.2.4 
(i.e. FCRmax, GF, L, R2). It should be noted that GF 
was determined for specimens that exhibited a revers-
ible change in resistivity upon strain. In general, 
higher values of FCRmax and GF indicate good pie-
zoresistive performance and higher sensitivity, while 
L and R2 values closer to unity indicate good repeat-
ability and high correlation between FCR and strain, 
respectively.

3.4.1  Remarks on the experimental methodology

3.4.1.1 Two- versus  four-probe method Figure  9 
presents the variation of FCR obtained using the two- 
and four-probe methods for selected representative 
specimens subjected to mechanical compression: a 
reference specimen (Fig.  9a), a specimen with 0.1% 
vol. CF (Fig.  9b) and a specimen with 3% vol. GP 
(Fig.  9c). As expected, none of the reference speci-
mens showed substantial changes in electrical resis-
tivity (FCR < 1%) as a result of the applied loading 
cycles. However, when using the four-probe method, 
minimal FCR was also recorded for all fibre-reinforced 
specimens (either CF or RCF), regardless of fibre con-
tent, with the piezoresistive performance being typi-
cally non-linear and characterised by low sensitivity 
(e.g. four-probe response in Fig. 9b).

While the two-probe method yielded an almost 
similar response for the reference specimen and the 
specimens doped with GP (Fig.  9a and c, respec-
tively), the response of specimens reinforced with 
fibres was markedly different, with typically higher 
values of FCRmax for increasing fibre contents, and a 
reversible FCR-time response in accordance with the 
cyclic compressive stress (i.e. the electrical resistance 
returns to its initial state at the end of each cycle).

It could be argued that the attainment of higher 
FCRmax in the case of two-probe testing may be 
attributed to the electrical contact resistance (i.e. the 
resistance effect at the electrode/matrix interface), 
which can decrease with the applied strain and might 
result in a higher apparent resistivity under load [48]. 
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In fact, it is confirmed in this study that the resist-
ance measured using the two-probe method, R-2pr, 
is consistently higher than that measured using the 
four-probe method, R-4pr, (Fig.  9d). It can be also 
observed that the R-2pr values of fibre-reinforced 
specimens are well below the line of equality. How-
ever, the contact resistance effect remains constant 
across different groups of specimens and would not 
explain the discrepancy in terms of FCRmax values 
and piezoresistive performance between fibre- and 
GP-reinforced specimens, and between specimens 
with different fibre contents. A recent study has also 
provided evidence that for the same material, despite 
different initial resistance values were recorded 
using two- and four-probe configurations, similar 
results were yielded in terms of self-sensing behav-
iour [49], indicating the need for further systematic 
investigations to clarify the mechanisms underlying 

the relationship between probe arrangement and 
piezoresistivity.

3.4.1.2 Influence of  electrode layout With the 
focus on the fibre-reinforced specimens, it is hypoth-
esised that the different piezoresistive response using 
the two- and four-probe methods could be attributed 
to the electrode layout, i.e. the fact that the distance 
between the outer and the inner electrodes is rela-
tively short (= 30 mm) and different local boundary 
conditions might have been created at the time of 
specimen preparation. To test this hypothesis, six 
additional specimens doped with 0.25%vol. of CF 
were cast and instrumented with different electrode 
layouts (Fig. 10a) to examine the effect of the dis-
tance between inner electrodes as well as the overall 
distance between outer electrodes. The content of CF 
was selected such as to achieve percolation based on 

Fig. 9  Electro-mechanical 
response using the two- and 
four-probe methods for 
indicative specimens with 
a no inclusions, b 0.1%vol. 
CF and c 3%vol. GP; d 
resistance values obtained 
using the two- and four-
probe methods
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the results presented in Sect. 3.3. Layouts #1, #3 and 
#4 comply with criteria and setups described in the 
literature (as discussed in Sect. 2.2.3), while #2, #5, 
and #6 adopt more uniform inter-electrode spacings, 
with different distances between the outer electrodes 
and the ends of the specimens. The electro-mechan-
ical performance obtained using both two- and four-

probe methods was assessed at 7d and the results are 
summarised in Fig. 10 and Table 3.

From the analysis of Fig. 10b and c, it is evident 
that the adoption of the four-probe method results in 
insufficient piezoresistive performance and low sen-
sitivity to mechanical compressive loading, which 
does not seem to depend on the distance between 

Fig. 10  a Examined electrode layouts (dimensions in mm). 
Electro-mechanical performance of specimens with 0.25%vol. 
CF: b two-probe, c four-probe method; d effect of inter voltage 

pole distance on ρo; e FCR-ε for specimen with layout #1 using 
the two-probe method
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voltage poles. In contrast, the piezoresistive response 
obtained using the two-probe method, is highly sen-
sitive (FCRmax ranging between 5% and 13% and 
GF > 100), reversible and repeatable.

It is therefore surmised that the adopted electrode 
design, layout and installation procedure resulted in 
a significant disturbance of the fibres distribution in 
the proximity of the electrodes, thus disturbing the 
electrical field and compromising the reliability of the 
four-probe method. Figure 11 presents a longitudinal 
cross-section of an indicative specimen with 0.75% 
vol. CF and schematically illustrates the spatial dis-
tribution of the fibres, clearly showing the impact that 
the insertion of the outer and inner electrodes during 
casting had on fibres alignment. This is in line with 
existing experimental evidence [50], which showed 
that a non-homogenous fibre dispersion can critically 
reduce the efficiency of the fibres as conductors, lead-
ing to unstable electrical and sensing behaviour. The 
electrodes boundary effect is considerably mitigated 
along the mid-portion of the specimens between inner 
electrodes, which is believed to result in a more uni-
form electric field and inter-fibre connectivity.

The implementation of inner electrodes with a 
reduced area such as not to obstruct the electric field 
(e.g. in the form of a bar), or pre-embedded elec-
trodes at the time of casting, could have possibly alle-
viated this issue and resulted in more accurate meas-
urements. Further research and microscopic analyses 
are needed to elucidate the effectiveness of alternative 
four-probe embedded configurations. Based on the 
results obtained in this study, a clear trend relating 
the effect of electrode layout to the sensitivity (FCR-

max and GF -Table 3) of the tested methods cannot be 
readily identified. However, a dependence of resistiv-
ity on the inter-electrode spacing seems to exist, with 
longer distances between voltage poles resulting in an 
increase in resistance (Fig. 10d), albeit not significant 
due to the fibre content being already sufficient to 
provide an effective conducting network. This could 
be possibly attributed to the heterogeneity of the 
fibres within the specimens and the resulting change 
in the effective length, affecting the degree of inter-
fibre connectivity within the composite [36].

Although the layout with equidistant inter-elec-
trode spacing (#6) provided the highest sensitivity 
(FCRmax equal to approximately 13%), the results of 
this parametric study indicate that layout #1, which 
is the layout adopted for the remaining tests of this 
study, is associated with an overall superior perfor-
mance and can ensure high sensitivity (FCRmax equal 
to 10%), repeatability (L = 0.95) and linearity between 
FCR and applied strain (R2 in Table 3 and Fig. 10e). 
The greater distance between the inner electrodes in 
layout #1 can also help minimise the effect of capaci-
tance [36].

Given the aforementioned discussion, the results 
presented in the following section correspond to the 
piezoresistive performance obtained using the two-
probe method. It should be noted that the results on 
the electrical resistivity presented in the previous 

Table 3  Piezoresistive 
properties of specimens 
with different electrode 
layouts (absolute values)

* Calculated using the two-
probe measurements

#Layout ID Distance between 
voltage poles (cm)

FCRmax (%) R (Ω) GF* L* R2*

2pr 4pr 2pr 4pr

1 10 10.0 1.5 11.5 4.1 162.8 0.95 0.87
2 5.3 5.7 1.2 10.6 3.0 97.4 0.86 0.86
3 8 6.2 1.1 10.4 3.5 106.2 0.77 0.84
4 8 12.4 0.7 11.5 3.7 185.0 0.92 0.85
5 4.5 10.7 2.0 10.3 3.2 165.8 0.81 0.83
6 4 12.6 2.7 10.5 2.3 201.7 0.79 0.83

Fig. 11  Fibre distribution between outer and inner electrodes 
(M-0.75%CF series)
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section are still considered reliable, as the meas-
urement of resistance change is not affected by the 
implementation of the two- or four-probe method 
[51].

3.4.2  Electro-mechanical behaviour of CF- 

and RCF-reinforced composites

Figure  12 shows the electro-mechanical response of 
CF and RCF specimens with increasing fibre con-
tent, while the associated properties are summarised 
in Table 4. In all cases, the resistivity decreases with 
the induced compressive stress and increases during 
unloading. As also reported in previous studies [52], 
with compressive loading, the proximity between 
the fibres increases along the direction of stress and 
any micro-voids or flaws are partially being closed or 
compressed, thus enhancing the conductivity of the 
composite; the opposite holds true during unloading 
of the specimen. The specimen without any inclu-
sions (Fig. 9a) showed little sensitivity to the applied 
stress/strain (FCRmax equal to 1.1%), confirming the 
inability of conventional mortars to impart self-sens-
ing characteristics, as recorded changes are domi-
nated by ionic conduction and are associated with 
the change in capacitance and dielectric constant of 
the mortar matrix [53]. Specimens with 0.5%vol. of 
RCF showed minimal change of resistivity (FCR-

max < 0.5%), smaller than that recorded by any other 
group as well as by the M-REF, which remained 
constant during the completion of the cycles (irre-
versible). This indicates presence of damage within 
the composite in the case of 0.5%vol. of RCF. Given 
that the provided content falls within the percolation 
zone, the lack of any piezoresistive properties is pos-
sibly attributed to problems related with significant 
fibre agglomeration and inadequate fibre dispersion 
during casting and electrode placement. Hence, these 
specimens are excluded from further discussion and 
are not taken into account in the derivation of average 
results.

The incorporation of increased fibre contents 
had a significant effect on the sensitivity, reversibil-
ity and linearity of the piezoresistive behaviour. The 
electro-mechanical performance of composites doped 
with contents ≤ 0.25%vol. CF/RCF was reversible 
and characterised by nearly stable values of resistiv-
ity under maximum and minimum stress between 
subsequent cycles (L > 0.86), indicating good 

repeatability, and linear change of FCR with induced 
strain (R2 > 0.80), confirming that no internal damage 
occurred under cyclic compressive loading. Speci-
mens doped with CF exhibited sufficient sensitiv-
ity even at the lowest content examined (0.05%vol.), 
while the minimum content required to provide simi-
lar piezoresistivity in composites doped with RCF 
was equal to 0.10%. This is in agreement with the 
results obtained from the electrical resistivity char-
acterisation tests (Fig. 8), confirming that percolation 
has been reached. Despite their substantially lower 
electrical resistivity compared to that of the M-REF, 
composites with contents < 0.1% vol. RCF resulted in 
composites with poor sensing behaviour.

The highest piezoresistivity was achieved by com-
posites doped with 0.25% vol. CF and 0.75% vol. 
RCF. For the former, FCRmax was equal to 5.7% and 
the associated GF equal to 107. Equally sensitive 
piezoresistive performance was obtained by the RCF 
counterparts, with associated FCRmax and GF values 
equal to 5.3% and 90, respectively. Composites with 
sensitivity of such magnitude are sufficiently sensi-
tive to the change in the applied stress/strain and can 
be used as piezoresistive sensors [5], thus highlight-
ing the potential of recycled carbon fibres in substi-
tuting carbon fibres in smart applications. The values 
of FCRmax obtained for 0.25%vol. are slightly higher 
than those obtained in [23] (2.5 and 3.5 at 0.20%vol. 
CF and RCF, respectively), while the associated 
GF values are considerably lower than those in [23] 
(163–651), where the non-linearity of the dependence 
of the resistivity on strain is considered for the deriva-
tion of GF.

It should be noted that the values of FCRmax and 
GF obtained for 0.25%vol. CF are lower than those 
reported in the previous section (Fig. 10b, Table 3), 
due to the effect of curing time on the piezoresis-
tive properties and the ongoing hydration: 7-day old 
composites have a larger amount of free water, lower 
stiffness and have experienced lower autogenous 
shrinkage than the 28-day old counterparts. The more 
sensitive self-sensing behaviour of early-age compos-
ites has also been highlighted in previous studies [54].

RCF-doped composites with 0.75%vol. exhibited 
the highest FCRmax (16%) among all examined com-
posites and an overall reversible behaviour. How-
ever, FCR appeared to be less sensitive to the maxi-
mum applied strain and a loss of linearity within 
the applied strain range was recorded, resulting in a 
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Fig. 12  Electro-mechanical response of CF/RCF- and GP-doped specimens at all contents examined
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state of “balance” in the proximity to the maximum 
applied strain. This state was also apparent and more 
pronounced at both CF and RCF fibre contents higher 
than the one resulting in the highest FCRmax  (R

2 val-
ues ranging between 0.5–0.7). This is possibly due to 
the germination of microcracks, which resulted in a 
destruction of existing conductive paths and recon-
struction of new ones, while tunnelling conduc-
tion was still guaranteed. Composites with contents 
CF > 0.25%vol. and RCF > 0.75%vol. presented lower 
sensitivity indicating that these values of fibre content 
demarcate the end of the percolation zone, and the 
formation of a stable conductive network (contacting 
conduction). Despite the similar mechanical and elec-
trical properties of CF/RCF composites, RCF were 
proven effective in imparting self-sensing ability over 
a higher range of fibre contents, indicating their supe-
riority over CF in diverse applications (e.g. de-icing). 
This may be possibly attributable to a better disper-
sion/distribution of RCF within the matrix and the 
development of more effective microstructural elec-
trokinetic mechanisms. Additional microstructural 
analyses are needed to further clarify these aspects, 
especially concerning the inherent morphology of 
RCF from different origin and recycling processes.

Based on the discussion above, the use of 
0.25%vol. of CF/RCF provides the desirable syn-
ergy between structural performance, cost and 

self-sensing properties. It also suggested that the 
percolation threshold for each inclusion can be 
identified within the zone demarcated by the inclu-
sion contents that ensure a combination of low ρ 
(e.g. two orders of magnitude lower than that of 
the reference sample) and maximisation of FCR-

max. An illustration for the determination of CF and 
RCF percolation threshold is presented in Fig.  13, 
according to which it is found to be between 0.25 
and 0.5%vol. and 0.25–0.75%vol., respectively.

Table 4  Piezoresistive 
properties of CF-, RCF- 
and GP-doped specimens 
(absolute values). CoV in 
parentheses

* Excluded from discussion

Specimen ID FCRmax (%) GF L R2

M-REF 1.1 (33%) 20.2 (36%) 0.84 (11%) 0.96 (2%)
M-0.05%CF 2.6 (6%) 37.8 (0%) 0.96 (2%) 0.94 (1%)
M-0.1%CF 1.7 (19%) 29.5 (14%) 0.96 (1%) 0.96 (2%)
M-0.25%CF 5.7 (2%) 106.9 (2%) 0.93 (6%) 0.85 (7%)
M-0.5%CF 3.8 (41%) – 0.90 (4%) 0.67 (0%)
M-0.75%CF 2.6 (22%) – 0.88 (4%) 0.61 (1%)
M-1%CF 1.2 (1%) – 0.83 (9%) 0.52 (49%)
M-0.05%RCF 0.7 (10%) 11.4 (6%) 0.94 (3%) 0.91 (3%)
M-0.1%RCF 3.6 (4%) 58.8 (10%) 0.87 (2%) 0.88 (4%)
M-0.25%RCF 5.3 (21%) 90.2 (17%) 0.82 (6%) 0.80 (3%)
M-0.5%RCF* 0.3 (5%) – – 0.25 (6%)
M-0.75%RCF 17.8 (16%) – 0.95 (4%) 0.59 (16%)
M-1%RCF 5.2 (33%) – 0.96 (2%) 0.50 (13%)
M-0.3%GP 0.5 (10%) 8.2 (12%) 0.90 (12%) 0.98 (1%)
M-0.75%GP 0.8 (11%) 12.2 (8%) 0.87 (2%) 0.93 (3%)
M-1.5%GP 0.7 (19%) 8.0 (15%) 0.85 (15%) 0.91 (9%)
M-3%GP 1.2 (8%) 12.7 (13%) 0.89 (0%) 0.95 (5%)

Fig. 13  Effect of CF/RCF content on the resistivity: identifica-
tion of the percolation transition zone
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3.4.3  Electro-mechanical behaviour of composites 

doped with GP

The electromechanical performance of specimens 
doped with GP under compressive cyclic loading 
is summarized in Fig. 12 and Table 4. Although all 
specimens were characterised by a cyclic change of 
electrical resistivity that was highly linear with the 
applied compressive stress (R2 > 0.91) and highly 
repeatable between consecutive cycles (L values 
ranging between 0.85 and 0.90), a lower sensitiv-
ity than that attained by the M-REF was recorded. 
Only specimens doped with 3%vol. achieved a 
slightly better performance, though characterised by 
poor variability and GF values (between 8 and 13). 
While the underlying sensing mechanism is simi-
lar to that described for the case of fibre inclusions, 
i.e. the distance between graphite particles reduces 
upon the application of compressive stress resulting 
in a reduction of electrical resistivity, piezoresistive 
properties and a self-sensing functionality could 
not be achieved for GP-doped specimens. This is 
not surprising, as all composites were in the pre-
percolation zone (Sect. 3.3), where ionic conduction 
is more prevalent and the distance between graph-
ite particles is not small enough to guarantee tun-
nelling conduction. The values of FCRmax and GF 
at the best conditions (i.e. at 3%vol.) are lower than 
those reported in the literature for expanded graph-
ite at lower contents. For instance, in [14] a GF = 68 
was achieved at GP content of 5% wt. cement after 
performing tests on dry composites; these are typi-
cally characterised by higher piezoresistive perfor-
mance when compared to fully saturated specimens, 
due to the elimination of the water content and the 
resulting decrease of the contact resistance between 
fillers [55].

4  Conclusions

This paper presents the results of a systematic study 
on the performance of cementitious mortars doped 
with virgin/recycled CF and GP. Key underlying 
microstructural mechanisms as well as challenges 
associated with existing testing protocols were identi-
fied and discussed. The following conclusions can be 
drawn:

• The effect of virgin and recycled CF on the 
mechanical and transport properties was similar. 
An increase in fibre content resulted in almost lin-
ear increase in flexural strength, with both types 
of fibres able to effectively control crack develop-
ment.

• Virgin and recycled CF were highly effective in 
reducing the electrical resistivity of mortar com-
posites. At contents as low as 0.1%vol., the resis-
tivity of RCF and CF is 95.2 and 55.0 Ωcm, only 
4% and 2.4% of that of the reference specimens, 
respectively.

• The percolation threshold can be identified within 
the limits ensuring low resistivity and maximum 
sensitivity. This was found to lie between 0.25–
0.5%vol. and 0.25–0.75%vol., for CF and RCF, 
respectively.

• The use of 0.25%vol. of CF/RCF was found to 
provide the desirable synergy between structural 
performance, cost and self-sensing properties. 
Resulting mortars have 50–60% higher flexural 
strength, and good piezoresistive properties (GF 
in the range of 90–110, FCRmax up to 6%).

• The addition of GP as sand replacement resulted 
in an almost proportional decrease in compressive 
strength (up to 33% for 3%vol.) and composites 
in the pre-percolation zone with poor self-sensing 
behaviour.

• Non-uniform fibre dispersion can critically affect 
mechanical strength and the efficiency of the fibres 
as conductors. Optimisation of fibre dispersion, 
through the use of compatible dispersants at dif-
ferent stages of mixing or preparation, or through 
the use of appropriate sizing during manufacture, 
is imperative to unlock the full potential of virgin 
and recycled carbon fibres in cementitious com-
posites.

• The reliability of piezoresistive measurements 
obtained with the four-probe method may be com-
promised by uneven fibre dispersion between outer 
and inner electrodes at their proximity, which can 
disturb the electric field and reduce inter-fibre 
connectivity. Existing testing protocols should be 
revisited, while alternative configurations should 
be examined and proposed as a function of the 
inclusion type.

The findings of this study demonstrate that RCF 
can serve as an effective alternative to virgin CF in 
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smart structural applications. Indeed, it was shown 
that the use of RCF does not hinder the electrical 
and piezoresistive performance, while still offering 
mechanical properties that are on par with those of 
their non-recycled counterparts. Future research is 
essential to verify and broaden the applicability of 
the findings to mixes with RCF obtained from dif-
ferent sources or processes. This includes detailed 
microstructural analyses to assess fibre disper-
sion and its effect on self-sensing performance, as 
well as the assessment of the self-sensing ability 
provided by the fibres under different loading con-
ditions and beyond the elastic limits, on both un-
damaged and damaged structural elements, with a 
view to detect and identify damage in more realis-
tic scenarios. The synergistic effect of sustainable 
conductive inclusions and supplementary cementi-
tious materials on the combined electro-mechanical 
properties should be also further explored to fine-
tune the mix design for optimal sensing. Finally, the 
durability of these alternative, sustainable “smart” 
composites should be assessed to facilitate their 
practical implementation in real-world applications.

The reliability of the piezoresistive measure-
ments obtained with the two- and the four-probe 
methods bears a challenge in field applications as 
access to structural elements for sensor installation 
is not always feasible, whereas typically employed 
four-sensor arrays only provide surface measure-
ments and are susceptible to local defects. Electrical 
Resistance Tomography, enabled through the use 
of a two- or three-dimensional arrays of electrodes 
(attached or embedded) is a promising emerging 
technique that allows for spatial resistivity meas-
urements and distributed sensing, thus unlocking 
the potential of alternative inclusions in structural 
health monitoring and quality control in traditional 
construction as well as in additive manufacturing.
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