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A B S T R A C T   

Allocating different capabilities to structural elements simultaneously is still challenging. In this study, a field- 
applicable multifunctional planar braided composite with the abilities of reinforcing, self-sensing and self- 
heating was developed for the first time. In this route, three commercial fabrics were used, including cotton, 
cotton/polyamide, and polyester. The fabrics were first chemically treated and then coated with a carbon 
nanomaterial-based polymeric conductive paste using screen printing with different concentrations and layers. 
The samples were then covered and sealed with a thermoplastic polyurethane-based polymer to avoid envi
ronmental factors effects. Smart planar composites (SPC) were also used as reinforcement for cementitious 
specimens. The electrical conductivity and joule heating capability of the samples were also evaluated. The 
microstructure of the SPCs was investigated using various tests. The mechanical and self-sensing performances of 
the cementitious composite reinforced with different SPCs were assessed using different load patterns. The results 
showed a heating rate of 0.44 ̊C/s, a joule heating power of 0.7 W/̊C, and a maximum temperature of 44 ̊C which 
proved the proper heating capability of the cementitious composites reinforced with SPCs. The great correlation 
between electrical resistivity changes and strain values indicated the high potential of the composite in strain 
sensing for different applications. The SPCs also improved the post-crack behaviour of the specimen and its 
flexural strength and failure strain by approximately 50% and 118%, respectively. The outcomes of this study 
draw a bright horizon in multifunctional braided composite development with different applications in civil 
infrastructures, which is a crucial step for intelligent cities’ advances.   

1. Introduction 

The expansion of intelligent infrastructures and smart cities results 
from technological progress in today’s world and causes a growing de
mand for multifunctional and smart materials in the civil construction 
industry [1–4]. Indeed, sensing and heating performances are among the 
fundamental capabilities which are the bases of many other functions 
and mechanisms in civil projects [5–10]. Conventionally multifunc
tional materials can also act as sensors which are an integrated part of 

monitoring systems for data harvesting (e.g. strain, deformation, stress, 
corrosion, damage, temperature and humidity status) at an operational 
level of infrastructure [11–13]. They can feed machine learning and 
artificial intelligence algorithms to be used for energy-associated pro
cesses, structural health monitoring, smart transportation, traffic flow, 
speed and weight monitoring, and driverless vehicle development 
[12,14–18]. Several sensing techniques including, piezoelectric 
ceramic, foil strain gauge, shape memory alloys, and optical fibres have 
been studied for civil construction monitoring [19,20]. These sensors 
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Fig. 1. The X-Ray spectra of carbon nanomaterials: a) GNPs, b) MWCNTs.  

Fig. 2. The morphology of carbon nanomaterials: a) GNPs, b) MWCNTs, c) the mix of CNT/GNPs.  

Table 1 
The main characteristics of GNP and MWCNT used in this study.  

GNP 

Surface area (m2 

g− 1) 
Density (g/ 
cm3) 

Carbon content 
(%) 

Tensile modulus 
(GPa) 

PH Value 
(30 ◦C) 

Tensile strength 
(GPa) 

Layers Dimension Form 

120–150 2.25 > 99.5 1000 7–7.65 5 < 20 Thickness Diameter Grey 
Powder 4–20 nm 5–10 µm 

MWCNT 
Surface area (m2 

g− 1) 
Density (g/ 
cm3) 

Colour Outside Diameter 
(nm) 

Length (µm) Ash (wt%) Carbon content (%) 

≥380 2.17 Black 1–2 5–30 < 1.5 > 90  
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conventionally are either applied to the external surfaces or embedded 
into the structure [21,22]. Dong et al. [5] provide a comparison of 
different monitoring techniques for concrete and cement structures. The 

sensors are usually incompatible with cementitious materials, reducing 
the structure’s strength and durability [5,21,23]. Moreover, the limited 
monitoring scope of these techniques renders them impractical for field- 
scale infrastructures [24–26]. 

As mentioned, nowadays the heating potential of cementitious 
composites has received particular attention due to its function in de- 

Table 2 
Physical properties of resins used in this study.  

Physical 
Properties 

Edolan 
CM 

Tanapur 
EP 3061 

Thickener 
A 02 

Physical 
Properties 

TPU 
Apilon 
MA52 

Viscosity, 
25 ◦C 
(mPas) 

≤90 s (at 
20 ̊C, ISO 
2431) 

≤90 s (at 
20 ̊ C, ISO 
2431) 

≤10 Tear strength 
(kN/m) 

60 

Density, 
25 ◦C (g/ 
ml) 

1.1 1 – 1.1 1.19 Tensile 
modulus 1 

(MPa) 

2.5 

Ionicity Anionic Slightly 
cationic 

Non-Ionic Tensile 
strength 
(MPa) 

20 

Physical 
form 

Liquid Liquid Liquid Physical 
form 

pellets 

Colour White Light 
Yellow 

Light 
Yellow 

Tensile 
elongation2 

(%) 

800  

1 100% Elongation, 2At break. 

Table 3 
Main physical and mechanical properties of the fabrics used in this study.  

Physical Properties Cotton 
(C) 

Cotton/Polyamide (C/ 
PA) 

Polyester 
(PL) 

Tenacity/warp (cN/tex) 3.1 5.5 7.2 
Weft density (yarns/ 

cm2) 
26 32 38 

Warp density (yarns/ 
cm2) 

33 38 45 

Extension (%) 9.7 19.1 26.4  

Fig. 3. Morphology of the fabrics: a) Cotton b) Cotton/Polyamide c) Polyester.  
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Fig. 4. Particle size distribution of the used cement and sand.  

Table 4 
The main physical characteristics of the sand.  

Mesh Size (mm) 0.08 0.16 0.5 1 1.6 2 

Cumulative retained (%) 99 ± 1 87 ± 5 67 ± 5 33 ± 5 7 ± 5 0 
Specific gravity Gs 2.67 Cua 7.5 Ccb 1.8  

a Uniformity coefficient, b Curvature coefficient. 
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icing, snow-melting, common healing mechanisms, and energy-efficient 
applications for different infrastructural and structural elements 
[27–30]. Self-heating coating [31,32], built-in heating pipelines 
[33–35], phase-change materials [36,37], super-hydrophobic coating 

[38], and self-heating concrete [39–41] have been often used as active 
methods in previous studies to assign the heating performance to 
different civil structures. However, the cost of production, the low en
ergy efficiency, and the degradation of the host matrix has made some 

Fig. 5. A schema of the CNT/GNP dispersion process and conductive paste production steps.  

Fig. 6. The coating process of the fabrics.  

Fig. 7. Schema of cementitious composite fabrication, specimen configuration, Self-sensing and self-heating tests setup.  
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challenges for their wide implementation [8,31,32,37,38,42,43]. 
Furthermore, the incorporation of a high amount of phase-change ma
terials or conductive filler to achieve the required heating performance 
may reduce the overall structural strength, which is not appropriate for 
long-term heavy loads [8,31,37]. However, some multifunctional ma
terials and elements can both improve the mechanical properties of 
structures and carry out other advanced performances including heat
ing, healing, sensing and monitoring [15,44–46]. This crucial role ne
cessitates cost-effective materials with high durability, a simple 
production process and reliable and real-time sensing capabilities [6,7]. 

Braided composites including fibre-reinforced polymers (FRPs), 2D 
and 3D braided elements, various kinds of geosynthetics, braided bars 
and tubes, etc are common multifunctional and reinforcement materials 
employed in different structures [15,25,26,47–52]. Flexibility in pro
duction (woven, non-woven, synthetic, fibrous, natural), tailored 

mechanical properties, wide scope of geometry shapes (planar, grid, bar 
and tubular), adjustable permeability (high, moderate or none), and 
their compatibility with various structural elements and infrastructure, 
a wide range of durability, simple and fast production and imple
mentation, and their cost-effectiveness, made these products particu
larly popular [6,52–59]. Jin et al. [52] introduced glass fiber textiles 
into the 3D printed cementitious composites and they report a signifi
cant enhancement in its toughness. Ventura et al. [51] reinforced the 
cement composite plates with nonwoven fabrics from technical textile 
waste fibres and found a high improvement in flexural strength and 
flexural strength (~15 MPa), fracture toughness (~3.5 kJ/m2), and 
environmental impact of those panels. Murcia et al. [60] also reported 
an improvement in the flexural behaviour of thin polymer concrete 
panels reinforced with basalt fiber textile fabric. 

Multifunctional or smart planar braided composites (SPCs) are also 

Fig. 8. The configuration of the test setup for electrical conductivity measurements and joule heating test.  

Fig. 9. Loading patterns used for the piezoresistivity investigation: a) multiple loading, b) creep loading, c) fatigue loading.  
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capable of sensing stresses, strains, temperature, or other parameters by 
integrating them with sensors such as a stress meter or fibre optic 
[61,62]. Adhered strain gauges have been extensively employed as in
tegrated sensing components with SPC over the past two decades, 
through several mounting techniques [63–65]. Rowe et al. [63] installed 
thirty-four strain gauges on the symmetry axis of a high-strength 360 ×
210 cm polyester woven textile and used it for reinforcing and 
measuring the displacement of an embankment. However, they stated 
that the strain gauges were easily damaged. Gnanendran et al. [65] 
evaluated the stress in a fill slope using a polypropylene braided grid 
(870 × 740 mm) equipped with 12 pairs of foil strain gauges in different 
directions along the centreline. They found that using only one strain 

gauge per location markedly reduced the accuracy of the tensile strain 
and geogrid force estimated based on the nominal stiffness, particularly 
at low loads, and noted that considerable caution is required when 
utilising such an approach. Extensive studies regarding the development 
of SPC with embedded fibre optic sensors have also been conducted 
[66–68]. However, the implementation of these sensors requires a 
complex process otherwise the junctions are prone to slip, which may 
cause the embedded fibre optic to be stripped from the SPC [25]. The 
maximum strain of the fibre optic is roughly 10-3, and its application in 
large deformation (such as the measurement of embankment or side 
slope) is restricted. Moreover, embedded fibre optics in SPC are prone to 
damage during field operations [26,69]. 

Fig. 10. Specimen configuration used for the pull-out test.  

Fig. 11. Electrical conductivity of SPC, produced with different layers (1L to 4L) and CNMs concentrations: a) Cotton, b) cotton/polyamide, c) polyester.  
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Fig. 12. Joule heating analysis: a) maximum temperature, b) heating trend, c) heating power, d) heating rates.  

Fig. 13. Thermographic images of different smart elements: a) C (5%)-4L, b) C/PA (4%)-4L, c) PL (4%)-4L.  
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Self-sensing SPCs are a piezoresistive kind of composite with intrinsic 
sensing capabilities that can provide an integrated, real-time, and 
practical solution for different infrastructural monitoring [70,71]. 
Generally, in a piezoresistive composite, the effects of external factors 
such as stress, strain, and temperature can be detected by measuring the 
fractional change in electrical resistivity [23,72,73]. Self-sensing SPCs 
are generated with conductive fibres or polymers using different pro
cesses including knitting, coating, and 3D printing [25,74–77]. 
Conductive polymers are generally composed of different conductive 
fillers such as carbon nanomaterials (CNMs) [78–80]. Abedi et al. [15] 
used self-sensing braided composite rods developed by carbon nano
materials and epoxy resin, as reinforcement and strain detection of the 
concrete beams. Zhang et al. [48] used a fibrous composite laminate 
composed of epoxy resin and carbon fibers for in-situ damage sensing in 
structural elements. They employed a spray coating technique to deposit 
carbon nanotubes onto carbon fibre prepregs. However, the planar 
fibrous composites showed low interlaminar toughness due to the brittle 
nature of most epoxy matrices [48,81]. A graphene oxide-coated textile 
was developed by Irfan et al. [21] for stress and strain detection in the 
cementitious composite. Cui et al. [75] recently studied the piezor
esistivity behaviour of the grids doped with conductive polymers. In 
addition to reinforcing the structures, these grids can function as self- 
monitoring systems. Hatami et al. [44,74] studied the strain sensi
tivity and piezoresistivity response of polyvinylchloride/carbon black 
(PVC/CB) composites to cyclic tensile loading in order to develop smart 
geogrids. As a result of cyclic deformation, the conductive network in 
the coating specimens filled with higher-structure CB showed less 
damage and more recovery in tensoresistivity. Li et al. [26] developed a 
piezoresistive geobelt which is made of high-density polyethylene filled 
with carbon black using a twin extrusion. However, they used a wire as 
the electrode in the loading region which may reduce the reliability of 
the results due to the contribution of the electrode effects. Furthermore, 
despite these advances, there are no effective methods to resolve the 
influence of surrounding environmental factors particularly moisture on 
the conductivity and piezoresistivity behaviour of the SPCs, while it is 
one of the most interfering parameters in civil projects. 

Furthermore, to the best of the authors’ knowledge, there are no 
extensive studies regarding benefiting the heating generation of SPCs in 
cementitious composites. However, much effort and progress have been 
made to develop self-heating wearable braided composites [82–85]. 

Therefore, developing a multifunctional planar braided composite 
with capabilities of reinforcing, self-sensing and self-heating 

simultaneously, for large-scale field applications in civil engineering is 
still facing challenges. In this paper, in order to address this issue and 
bridge the existing knowledge an integrated SPC was developed through 
coatings on different host fabrics including Polyester, Cotton/Poly
amide, and Cotton. In this route, various concentrations of hybrid car
bon nanotubes (CNT) and graphene nanoplatelets (GNP) were dispersed 
with a specific technique, into a combination of polyurethane-based 
polymeric resins. The conductive polymeric paste was then applied to 
the surface of the fabrics using the screen printing method, in numerous 
layers. The optimized samples in terms of electrical conductivity were 
sealed by a waterproof thermoplastic polyurethane resin using the knife 
coating technique. Self-heating (Joule heating) performance of the 
samples was then measured using different voltages. The surficial and 
microstructural status of the samples were assessed using different tests. 
The produced samples were subsequently placed in a cementitious 
mortar. Finally, the mechanical, self-sensing, and self-heating perfor
mances of the specimens were investigated. 

The outcomes of this study provide insight into the development of 
new multifunctional braided composites including reinforcement and 
geosynthetics, with several applications in civil engineering. 

2. Experimental campaign 

2.1. Raw materials 

Carbon-based nanomaterials GNPs and multiwall carbon nanotubes 
(MCWNTs) were obtained from Graphenest in Portugal and Iolitech 
Ionic Technologies, Germany respectively. The X-ray spectra, 
morphology and characteristics of GNPs and MWCNTs used in the study 
are shown in Fig. 1, Fig. 2 and Table 1 respectively. Polyurethane-based 
resins that are commercially available as Edolan CM and Tanapur 
Velutho, used in this study, were acquired from Tanatex Chemicals 
based in the Netherlands. Thickener A 02 was also brought from the 
same company. The physical properties of the resin and thickener are 
presented in Table 2. The cotton, polyester and cotton/polyamide fab
rics were purchased from Lameirinho, Portugal. The physical and me
chanical properties are displayed in Table 3 and additionally, the 
morphology of the fabrics is exhibited in Fig. 3. Thermoplastic poly
urethane (TPU) was obtained from TRINSEO in the form of pellets. 
Solvents such as N, N – Dimethylformamide (DMF) were acquired from 
Sigma Aldrich, Germany and Tetrahydrofuran (THF) from Fischer 
Chemicals, UK. In this study an ordinary Portland cement type I (CEM I 

Table 5 
Comparison of electrical conductivity and heating performances of different fabrics developed with different methods.  

Fabric Polymer/Solvent Method Nanoparticles Composition Conductivity Voltage 
(V) 

Temp 
(̊C) 

Time 
(s) 

Ref 

Cotton Polyurethane based 
resins 

Screen Printing GNPs, 12 w/v % (9.39 ± 1.28 × 10− 1) 
S/m 

12 40.4 300 [98] 

Cotton Polyurethane based 
resins 

Screen Printing GNPs + CNTs 5 w/v % (9.02 ± 6.62 × 10− 2) 
S/m 

12 42.7 300 [98] 

Cotton Water Dip-dry SWCNTs 0.1 wt% – 20 90 20 [109] 
Cotton Water Dipping drying Functionalised MCWNTS 1.0 wt% – 60 80 300 [110] 
Cotton PEDOT: PSS Dip-coated and 

coating 
Reduced GO 3.2 mg/m2 – 30 70.5 30 [111] 

Cotton Deionized water coating GNPs and carbon black 
particles 

1 wt% – 50 97.2 600 [112] 

Wool Deionized water coating GNPs and carbon black 
particles 

1 wt% – 30 93.4 600 [112] 

Cotton Waterborne 
Polyurethane 

Pad-dry-cure GNPs 480 mg/m2 – – 100 658 [113] 

Cotton Thermoplastic 
polyurethane 

Impregnation GNPs 5 wt% (10− 4) S/m – – – [105] 

Cotton Thermoplastic 
polyurethane 

Impregnation GNPs 30–40 wt% (1.0 × 103) S/m – – – [105] 

Cotton Polypyrole Impregnation GNPs 2:1 wt% 1.703 S/cm – – – [104] 
Flax Polypyrole Impregnation GNPs 2:1 wt% 0.289 S/cm – – – [104] 
Wool – Impregnation GNPs + carbon black 2:1 wt% 0.686 S/cm – – – [104] 
Flax Chitosan Dip-pad-dry GNPs 2 wt% (4.0 × 10− 1) S/m – – – [114]  
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42.5R) and standard sand (EN 196-1) with siliceous and clean particles 
were used [86,87]. The particle size distribution of the cement and sand 
and their main physical characteristics are presented in Fig. 4 and 
Table 4. 

2.2. Smart fabric composite development and characterization methods 

2.2.1. Carbon Nano materials (CNMs) dispersion 
In this study, equal portions of Edolan/Tanapur (1:1) were used as 

host resin for conductive paste production. The proper dispersion of 
CNMs into the paste is a requirement to maintain their distinctive fea
tures [88,89]. Indeed, the high viscosity of the polymers, the presence of 

strong surface van der Waals forces between CNMs, and their high 
specific surface area and aspect ratio cause a high tendency of CNMs to 
form agglomeration [90–92]. Hence, an effective dispersion method is 
required to take advantage of the unique properties of the nanoparticles. 

In this route, the required concentration of the CNTs/GNPs (1:1) was 
added to the acetone (1:2 of the host resin). The solution was stirred 
using a magnetic stirrer at 800 rpm/min for 1 h. The solution was then 
placed into a 45 kHz bath sonication to exfoliate the CNMs bundles and 
agglomerations. Edolan/Tanapur was added to the solution after 1 h of 
sonication. The suspension was then mixed using a high-speed mixture 
for 14 h to complete the evaporation of acetone. Before the printing 
process, the thickener (approximately 0.07% w/v) was added to the 
paste and mixed for 30 min. A schema of the paste production process is 
shown in Fig. 5. 

2.2.2. Fabrics coating method 
In this paper, a chemical surface modification for the fabrics was 

used to improve the conductive polymer paste deposition on the surface 
of the fabrics. For this purpose, the raw fabrics were immersed in diluted 
sulfuric acid (H2SO4) solutions at room temperature in a bath ratio of 
1:40 for 15 min. The concentrations of H2SO4 aqueous solutions ranged 
from 2 g L− 1 to 25 g L− 1. The treated samples were then cured at 110 ◦C 
for 6 min in a heat-setting machine. The CNT/GNP conductive paste was 
then coated on the fabric substrate using the screen-printing method. 
The samples were coated with 1, 2, 3, and 4 layers for 1%, 2%, 3%, 4%, 
and 5% of CNT/GNP (w/v) concentration using screen printing. A 
Johannes Zimmer (Austria) semi-automatic printing machine with a 
polyester screen (Weft density = 34/cm2, Warp density = 31/cm2) was 
used to perform the screen-printing process. The sample was then dried 
(Mathis AG, Oberhasli and Switzerland) for 3 min at 120 ◦C after each 
layer printing and finally cured for 3 min at 160 ◦C (Ramola Bruckner). 
A schema of the coating process is illustrated in Fig. 6. 

In this study, TPU polymer was used as a protective and waterproof 
layer due to its high toughness, flexibility and tear resistance, low cost, 
good adhesion, resistance to chemical agents, and hydrophobic prop
erties [93–95]. The TPU polymer was prepared by mixing the solvents 
DMF and THF in a ratio of 2:1. TPU pellets were added to the solvents in 
such a way that it has 30 % (w/w) concentration and the solution was 
subjected to magnetic stirring for about 60 min by maintaining the 
temperature of 40 ◦C [96]. The polymer was applied using ZAA 2300 
automatic film applicator from Proceq. The sample was fixed on the 
table and proper masking was done. The applicator was positioned on 
the sample before placing the polymer in front. The applicator was then 
operated by selecting the forward option on the machine and a layer was 
coated. 

2.2.3. Cementitious composite casting and reinforcing 
In this study, cement mortar was used as the host cementitious 

composite. Specific moulds were produced by a 3D printer and used for 
specimen fabrication as shown in Fig. 7. For the specimens to be used in 
self-sensing and self-heating tests, the SPC samples were printed in a 
rectangular shape with a blank space in the middle to improve the 
sensing, heating and mechanical performance. Cementitious mortar was 
prepared following EN 196–1:2016 standard. First, a sufficient amount 
of mortar was poured into the moulds, then the SPC samples were placed 
and fixed at a distance of 1 cm from the bottom of the moulds, then the 
rest of the mortar was poured into the moulds in three steps and vibrated 
using a table. The specimens were demoulded after 24 h and cured for 
28 days according to the standard. 

2.2.4. Electrical conductivity measurement 
The electrical conductivity was measured by using equation (1). For 

this purpose, the resistance needs to be measured by using a Keithley 
487 Picoammeter/Voltage source. The setup consists of four copper 
plates placed at a distance of 1 cm and the plates were connected to the 
voltage source via crocodile cables as shown in Fig. 8. The clamps were 

Fig. 14. FTIR spectra of: a) cotton, b) cotton/polyamide, c) polyester.  
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used to hold the copper plates in their respective place. A voltage of 
− 0.8 V to 0.8 V was sent across the sample with a step of 0.1 V and a 
graph was drawn between the voltage and the current. The test was 
repeated 5 times and the average values were used to draw the graph. 
The slope of the graph gives the resistance of the sample and by using Eq. 
(1) the resistivity in Ωm was calculated. The electrical conductivity (S/ 
m) of the sample will be the inverse of the resistivity [97]. 

ρ = R ×
A
L
(Ωm) (1)  

where ρ is resistivity (Ωm), R is resistance (Ω), A is cross-sectional area 
(m2), and L is the distance between the electrodes (m). 

2.2.5. Joule heating (self-heating) investigation 
A thermal Imager (Testo 885), a CPX200 D Dual 180 Watt DC power 

supply from Power Flex, copper plates, clamps, crocodile cables and 
acrylic were used to measure the joule heating of the samples. The 

samples were fixed in between the copper plates with the help of clamps. 
The crocodile cables were used to connect the copper plates and the 
power supply. Required voltages were sent across the sample and the 
temperatures attained on the surface of the samples were observed via 
thermal imager and recorded at various time intervals [98]. The heating 
power was calculated by using Eq. (2). 

P =
VI

(T0 − Tmax)
(2)  

where P is power, V is voltage (V), I is current (A), T0 is room temper
ature (̊C), and Tmax is the maximum temperature (̊C). 

2.2.6. Piezoresistivity (self-sensing) assessment 
In this study, the two probes technique (Fig. 7) was used for the 

evaluation of fractional changes in the electrical resistivity (FCR) of SPC- 
reinforced cementitious composite subjected to cyclic axial flexural 
loading. A digital multimeter (Aligent 34461a) was connected to the rest 

Fig. 15. SEM morphology of a) raw cotton, b) CNM-coated cotton (without TPU), c) raw cotton/polyamide, d) CNM-coated cotton/polyamide, e) raw polyester, f) 
CNM-coated polyester. 
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part of the SPCs, out of the specimen. Alligator clamps were fixed on the 
sample using copper sheets and conductive glue. Cyclic flexural loading 
(Fig. 9) with different shapes and magnitudes with 1.0 Hz speed was 
used for self-sensing assessments. The FCR was calculated using equa
tion (3) for the following investigation of piezoresistivity behaviour: 

FCR =
ρ(t) − ρ0

ρ0
(3)  

where ρ(t) is the resistivity at the time (t) during the test and ρ0 is the 
initial electrical resistivity, which is measured before loading. The 
sensitivity of SPC-reinforced cementitious composite against the strain 
was also measured by the gauge factor (GF), defined as the relative 
change in electrical resistivity over the strain, given by equation (4): 

GF =
FCR

ε (4)  

where ε is the applied flexural strain at bottom of the cementitious 
specimen. 

2.2.7. Mechanical and microstructural investigation 
The flexural strength of the SPC-reinforced cementitious composite 

was assessed following EN 196-1:2016 standard. The results were 
calculated as the mean of the values obtained for at least three speci
mens. The tensile strength of the fabrics was also evaluated using MTS 
Exceed E45 according to ISO 13934-1:2013. Furthermore, the 
morphology surfaces of the fabrics after printing and also coating with 
the TPU were investigated using scanning electron microscopy. It is one 
of the effective methods for microanalysis and failure analysis of solid 
inorganic materials [99-101]. For this purpose, the surface of the sample 
was first cleaned and coated with 30 nm of Au–Pd thin film using a high- 
resolution sputter coater (Cressington 208HR). During the analysis a 
Nano SEM NOVA 200, FEI/SEM-FEG microscope was employed in the 
secondary electron mode at an acceleration voltage of 10 kV. 

Fig. 16. SEM morphology of: a) CNM-coated cotton, b) TPU-covered cotton, c) CNM-coated cotton/polyamide, d) TPU-covered cotton/polyamide, e) CNM-coated 
polyester, f) TPU-covered polyester. 
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Thermogravimetric analysis (TGA) of the samples was also conducted to 
assess the thermal stability of the samples and their ingredients using an 
SDT-2960 instrument at a maximum temperature of up to 600 ◦C and a 
heating rate of 10 ◦C min− 1 in a nitrogen atmosphere (flow rate 100 mL 
min− 1). 

In order to analyze physical properties such as phase composition 
and crystallographic structure of the samples, X-ray diffraction analysis 
(XRD) was also conducted. The XRD analyses were done on a Bruker 
AXS D8 Discover diffractometer equipped with Cu-Kα radiation (λ =
1.54060 Å) at 40 kV and 40 mA, using a Locked Coupled configuration. 
The diffraction patterns were acquired between 5◦ and 60◦ with a step 
size of 0.04◦ s− 1. In addition, Fourier transforms infrared spectroscopy 
(FTIR) was done to identify chemical bonds and surface analysis of the 
fabrics after treatment and coating. FTIR spectra were recorded on a 
Shimadzu IRAffinity-1S spectrometer. The spectra were acquired in the 
range of 4000–600 cm− 1 at a nominal resolution of 16 cm− 1. 

2.2.8. Pull-out test 
A single-strip pull-out test was performed to investigate the interfa

cial properties of the SPC-cement matrix. In this route, a single stripe of 
the SPC was placed at the centre of the cementitious mortar along the 
specimen length using similar moulds to section 2.2.3 (Fig. 10). Each 
specimen was cut to 10 mm thickness. The theoretical embedded length 
of the strips was calculated based on the lowest bond strengths for the 
successful pull-out of the SPC without rupture [102,103]. During the 
test, the pull-out speed was constantly controlled to a displacement rate 
of 0.02 mm/s and the average shear bond strength, τmax, was calculated 
using equation 5 [13,102]: 

τmax =
Pmax

2L(b + t)

where Pmax is the maximum pull-out load, L is the embedded length, and 
b and t are the width and thickness of the strip respectively. 

3. Results and discussion 

3.1. Electrical conductivity 

The influence of CNMs percentages, the number of printed layers, 
and the nature of the fabrics on the electrical conductivity are presented 
in Fig. 11. As mentioned previously, the fabrics are coated with 1 to 4 
layers and the paste used for coating was produced with different CNMs 
concentrations in the range of 0 to 5 % to achieve the required con
ductivity and joule heating performances [98,104,105]. As shown in 
Fig. 11 the electrical conductivity of all the fabrics improved with the 
increasing CNMs concentration. The results indicated a similar trend for 
electrical conductivity enhancement influenced by increasing the 
number of printed layers in samples. Increasing the CNMs concentration 
and number of printed layers, caused an increase in conductive path 
formation and consequently improve the electrical conductivity. 

The hybrid CNT/GNP dispersed into the polymeric resin, with one 
and two-dimensional geometry shapes (Fig. 2), facilitates the formation 
of conductive paths by improving percolation and tunnelling effects [7]. 

Fig. 17. XRD analysis of raw, CNM-coated and TPU-covered fabrics.  

Fig. 18. Thermography analysis of the fabrics: a) DTG diagrams for different smart fabrics, and b) TGA diagrams for different smart fabrics.  

Fig. 19. Average shear bond strength for different SPC along the pull-out test.  
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The “percolation threshold” is the critical concentration of a conductive 
phase at which a composite can undergo a transition from an insulator to 
a conductor. Indeed, increasing the conductive phase concentration 
beyond of percolation threshold might not increase the conductivity of 
the composite significantly [5,91]. 

As can be observed in Fig. 11, increasing the number of printed layers 
reduced the percolation threshold concentration. For all types of fabrics, 
in the samples printed with one layer, the percolation threshold was 
around 4.0%. However, the threshold concentration in the samples 
printed with 2, 3, and 4 layers was reduced to 3, 2, and 1.0% respec
tively. Hence, it can understand that the percolation threshold can be 
reached with low concentrations when more layers of printing are per
formed. Additionally, the number of layers has more influence on 
electrical conductivity rather than the concentration of the CNMs. 

An increase in the number of layers will increase the thickness of the 
coating which results in the improvement of the conductive path and a 
sharp increase in electrical conductivity, while an excessive increase in 
the thickness can reduce the volume of electrical conductivity of the 
sample (Eq. (1). However, the initial layers of print might be utilized to 

fill the voids of the fabric texture and have no significant effect on 
increasing the thickness of the sample. 

In cotton samples, increasing the printing layers’ number from 1 to 2, 
3 and then 4, caused an increase in electrical conductivity of the samples 
covered with 1.0% CNMs by approximately 1, 2, and 6 times respec
tively. These amounts for cotton/polyamide and polyester samples were 
around 0.7, 3.5, and 5.5 and 2, 4, and 6 times. Generally, the electrical 
conductivity of the polyester samples was higher than cotton/polyamide 
and cotton samples coated with an equal CNMs percentage and printing 
layers’ number. Indeed the cellulose acts as an insulator [98] and hence, 
the electrical conductivity is lower for cotton than the cotton/polyamide 
and polyester samples. 

Based on the above results, the smart element composed of cotton 
fabrics coated with 4 layers of the conductive paste containing 5.0% of 
CNMs and the smart elements composed of cotton/polyamide and 
polyester fabrics coated with 4 layers of the conductive paste containing 
4.0% of CNMs, was selected as optimum samples to perform the further 
assessment. These samples were identified with C (5.0%)- 4L, C/PA 
(4.0%)- 4L, and PL (4.0%)- 4L respectively. 

3.2. Self-heating performance 

The joule heating was performed for various samples at several 
voltages (12 V, 20 V, 25 V) and the temperatures attained are shown in 
Fig. 12. The highest electrical conductivities were observed for the 
samples coated with more layers of the conductive paste. Hence, those 
samples were subjected to the joule heating tests. It was observed that 
cotton has attained lower temperatures in comparison with the other 
two types of fabrics (polyester and cotton/polyamide) and polyester has 
achieved the highest temperatures. The samples with the highest elec
trical conductivity have shown the highest temperatures on their sur
face. Similar observations were observed in a previous work of the 
authors [98]. The lowest electrical conductivity of the cotton can be 
attributed to the presence of cellulose in cotton [106], which acts as an 
electrical insulator [107,108] As polyester is a non-cellulosic fibre, the 
electrical conductivity was higher in comparison with other samples. 
The increment of the surface temperatures of the samples is shown in 
Fig. 12 b and it is observed that all samples have shown an increment in 
temperatures in the first 20 s and thereon, temperatures stabilize. The 
temperatures were increased with an increase in voltage and the highest 
temperature (approximately 53 ℃) was achieved for the polyester 
sample with 4 layers when 25 V was supplied followed by cotton/ 
polyamide (approximately 49 ℃) and cotton (approximately 47 ℃). 
Indeed Joule heating is caused by interactions between the body of the 
conductor and charge carriers (usually electrons). An electric field is 
created with a potential difference (voltage) between two points of a 
conductor. The electric field accelerates charge carriers in the direction 
of the electric field, providing them with kinetic energy. In the 
conductor body, charged particles collide with quasiparticles (canoni
cally quantized, ionic lattice oscillations in the harmonic approximation 
of a crystal), which transfer energy from electrons to the lattice by 
generating further lattice oscillations. Indeed, the oscillations of the ions 
are the origin of the thermal energy (radiation) measured during a 
typical experiment. Increasing the voltage rises the kinetic energy of the 
charge carriers and consequently increases the thermal energy. From 
Fig. 12 c, it can be observed that less power is required for the polyester 
sample when compared to others. This is in agreement with the results 
from the electrical conductivity, where the sample with higher con
ductivity can get heated with less power. Additionally, from Fig. 12 d, it 
can be noted that the polyester sample has a higher heating rate 
compared to the other two samples. It can be concluded that the heat 
rate raise was higher for the samples which have high electrical con
ductivity. As mentioned before, the good connection between the carbon 
nanoparticles and the absence of cellulosic materials has contributed to 
a higher heating effect for polyester samples. Fig. 13 shows the images of 
the samples observed with the thermal images where the surface 

Fig. 20. Main mechanical properties of cementitious composite reinforced with 
different smart elements: a) stress/strain curves and b) maximum flexural 
strength vs failure strain. 
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temperature of the samples was measured. It can be noted that the 
polyester sample with 4 layers has achieved a temperature of 53.2 ℃. 

A comparison of electrical conductivity and heating performances of 
different fabrics developed with different methods in prior studies is 
presented in Table 5. 

3.3. Fabrics’ surficial and microstructural characterizations 

Fig. 14 shows the FTIR spectra of raw, modified, CNMs-coated and 
TPU-covered samples of cotton, cotton/polyamide, and polyester fab
rics. The typical bands of cellulose, lignin and hemicellulose were 
observed. The strong peak of the hydroxyl (OH) groups of cellulose, 
lignin and water was observed at 3330 cm− 1 for the raw fabrics [115]. 
The peak at 2920 and 2854 cm− 1 in raw cotton, and 2897 cm− 1 in raw 
cotton/polyamide were assigned to bending and stretching vibrations of 
C-H present in cellulose and hemicellulose, while the strong peak at 
2904 and 2896 cm− 1 in raw polyester corresponded to the C-H 
stretching vibration of the benzene ring and the skeletal vibration of the 
aromatic systems in the polyester chains [116,117]. The band at 1639 
and 1622 cm− 1 in raw cotton and cotton/polyamide might be related to 
the presence of water in the fabrics [118]. The absorption band at 1462 
cm− 1 in raw cotton, 1477 cm− 1 in raw cotton/polyamide, and 1338 and 
1345 cm− 1 in raw polyester was associated with the CH2 symmetric 
bending of the cellulose [119,120]. A peak at 1409 cm− 1 corresponded 
to aromatic C-C stretching and C-H in-plane bending, of raw polyester 
spectra [120]. The observed peaks at 1369 and 1315 cm− 1 in raw cotton 
were assigned to bending vibrations of the C-H and C-O groups of the 
aromatic rings in cellulose polysaccharides, respectively [119]. The 
peaks at 1242 and 1094 cm− 1 in raw cotton, 1244 and 1103 cm− 1 in 
cotton/polyamide, and 1246 and 1091 cm− 1 were assigned to C-O vi
bration. The peak at 1049 cm− 1 in raw cotton/polyamide and 1045 

cm− 1 in raw polyester was due to aromatic =C–O and (OH) stretching 
vibrations of the polysaccharide in cellulose [119,120]. A peak at 1504 
cm− 1 in raw polyester was also characteristic of the benzene ring vi
bration [120]. The peak at 794 cm− 1 in cotton, 867 and 721 cm− 1 in raw 
cotton/polyamide, and 871, 844, and 794 cm− 1 in raw polyester indi
cate the presence of β-glycosidic linkages between monosaccharides 
[121,122]. 

These peaks of the modified sample became stronger or eliminated 
compared with those of the original sample because the treatment with 
dilute H2SO4 solution increased bound water and/or caused the for
mation of functional groups (e.g. oxygen functional groups) on the 
surface of the fabrics [120]. The peaks at 1625 cm− 1 in the treated 
fabrics might be attributed to the bond stretching of C–OH oxygen 
functional groups due to the reaction of H2SO4 and lignin which was 
more intense in treated cotton/polyamide and polyester. The new peaks 
at 1002, 945, and 952 cm− 1 of the modified cotton, cotton/polyamide, 
and polyester samples corresponded to the C-S and S-O stretching of SO4

-2 

functional groups. Generally, the results indicated well the introduction 
of the functional groups into the fabric’s macromolecules. 

It is known that the existence of functional and polar groups im
proves the hydrophilicity of the fabrics and the adhesion of the host 
polymer [120]. In CNMs-coated samples, the new strong peaks at 1643, 
1640, and 1712 cm− 1 corresponded to double bonds C=C stretching of 
aromatic rings in CNTs and GNPs. The band at 1045 cm− 1 in CNM- 
coated cotton and cotton/polyamide and 1095 cm− 1 in CNM-coated 
polyester was the characteristic absorption of C–O–C stretching vibra
tions in esters and ethers of the host polymer constituent. 

The characteristic peaks of the TPU-covered fabrics were almost the 
same. The bands were assigned as follows. The symmetrical and asym
metrical C-H stretch in aromatics caused a light peak at 2995 cm− 1. The 
peak at 2916 cm− 1 was related to the asymmetrical C–H stretch of the 

Fig. 21. Piezoresistive responses of the cementitious composites reinforced with different smart elements under creep flexural cyclic loading: a) C (5.0%)- 4L, b) C/ 
PA (4.0%)- 4L, C) PL (4.0%)- 4L. 
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–CH2 group. The symmetrical and asymmetrical C–H stretch of the –CH3 
group caused also a peak at 2848 and 2965 cm− 1 respectively. The peaks 
at 1735, 1595, 1519, and 1458 cm− 1 corresponded to C–C stretching 
vibration in aromatic. The peak at 1242 cm− 1 was related to the 
asymmetrical –CH2 deformation. The peak at 1245 cm− 1 was assigned to 
the asymmetrical aromatic C-O stretch. The peaks at 1185 and 1034 
cm− 1 were attributed to the asymmetrical aliphatic and symmetrical 
aromatic C-O stretch respectively. The –CH out-of-plane deformation in 
aromatic also caused a strong peak at 678 cm− 1. 

The surface morphologies of the raw and CNM-coated cotton, cot
ton/polyamide, and polyester samples with equal concentration and 
layers number are depicted in Fig. 15. The surface of the CNM-covered 
cotton/polyamide and polyester samples are relatively smoother and 
freer of roughness compared to the cotton. Due to the lower density of 
the cotton’s texture and the voids between its warp and weft, a lower 
amount of conductive paste was introduced on the surface of the fabrics. 

As can be observed in Fig. 15 (b) the cotton fibres are exposed on the 
surface of the CNM-covered sample. Indeed, a significant amount of the 
paste is used to fill the pores between the threads or wasted through the 
spaces between the fabric warp and weft. Hence, more print layers are 
required to fully cover the fabric surface and creation of a continuous 
conductive layer. Although the thickness of the printed conductive layer 
on cotton samples is less than cotton/polyamide and polyester, its total 
thickness is relatively equal due to the twist and the voids between the 
fibres forming the warp and also the weft of the cotton. Hence the 
electrical resistivity of the cotton samples is roughly higher than cotton/ 
polyamide and polyester coated with the same number of layers. 

The possible discontinuity in the conductive layer caused by 
shrinkage of the CNM paste during the curing process can affect the 
electrical conductivity of the cotton sample due to the higher water 

absorption of the cotton fibres [123] and the lower thickness of the 
conductive layer. However, these aspects require more detailed 
investigations. 

As shown in Fig. 15, the surface of the CNM-coated samples includes 
spherical porosities. The presence of these porosities in the conductive 
layer might be due to the presence of foam (air entrapment inside the 
viscose paste during the high-speed mixing process) or evaporation of 
water and/or acetone remaining in the conductive paste. Although these 
porosities may reduce the conductivity of the sample, they can increase 
its sensitivity to stress changes due to the elasticity of the paste. These 
porosities on the surface also can enhance the interface condition, 
interaction and adhesion of the TPU waterproof layer with the 
conductive paste. 

The surface and section morphologies of the CNMs-coated and TPU- 
covered cotton, cotton/polyamide, and polyester samples with equal 
concentration and layers number are illustrated in Fig. 16. The surface of 
the TPU-covered polyester sample is smoother than cotton and cotton/ 
polyamide. As shown in Fig. 16, although the total thickness of the 
samples is equal, the thickness of the conductive and TPU layer on the 
polyester fabrics is significantly more than cotton/polyamide and cotton 
samples. Meanwhile, there is a proper interaction and intertwining be
tween the set of conductive paste and the waterproof layer and fabric 
texture in the polyester sample. 

The XRD pattern of the raw and TPU-covered samples for different 
cotton, cotton/polyamide, and polyester fabrics are presented in Fig. 17. 
The diffraction patterns of covered samples are almost the same as that 
of pure fabrics. In raw cotton and cotton/polyamide, the diffraction 
peaks at 14.96◦, 16.50◦, 22.74◦, and 34.14◦ are attributed to the (1–10), 
(110), (200), and (004) crystal faces of cellulose Iβ, respectively 
[124,125]. However, the peaks are less intense in the raw cotton/ 

Fig. 22. Piezoresistive responses of the cementitious composites reinforced with different smart elements under multiple flexural cyclic loading: a) C (5.0%)- 4L, b) 
C/PA (4.0%)- 4L, C) PL (4.0%)- 4L. 
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Fig. 23. Piezoresistive responses of the cementitious composites reinforced with different smart elements under fatigue flexural loading: a) C (5.0%)- 4L, b) C/PA 
(4.0%)- 4L, c) PL (4.0%)- 4L. 
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polyamide sample. In raw polyester fabric, the reflection peaks at 17.4◦, 
22.7◦ and 25.4◦ correspond to (100), (002), and (101) planes of 
polyester [126,127]. The new diffraction peaks at around 8◦, 19◦, and 
26.3◦ in all TPU-covered samples, might be indexed as crystallinity 

polyurethane chains with regular interplanar spacing and the C (002) 
reflection of graphite of CNTs and GNPs [128,129]. Moreover, in the 
covered samples, the intensities of diffraction peaks of raw fabrics 
slightly decreased. 

Fig. 23. (continued). 

Fig. 24. Schematic representation of the SPC embedded in a cementitious composite.  
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The results of thermography analysis for different TPU-covered 
cotton, cotton/polyamide, and polyester samples coated with equal 
CNM concentration and printing layer are shown in Fig. 18. Considering 
the rapid depolymerization of hemicellulose, lignin, and polyurethane 
matrices, the maximum decomposition temperature of all samples was 
in the range of 250 ◦C to 450 ◦C. Water evaporation caused a weight loss 
near 100 ◦C in all samples due to the hygroscopic nature of the fabric 
material. A Similar trend was reported in prior studies [98,130]. Ther
mal degradation graphs (Fig. 18 (a)) indicated maximum weight loss 
rate at 344-358℃ and 399-413℃, which related to the degradation of 
α-cellulose of the fabrics and set of conductive paste and TPU layer, 
respectively. As shown in Fig. 18 (b), the weight loss of the cotton 
sample affected by thermal decomposition, is lower than cotton/poly
amide, and polyester. These results generally evident a higher amount of 
conductive paste in polyester samples. 

3.4. Cementitious composite reinforced with smart textile 

3.4.1. Pull-out test 
A comparison of pull-out behaviour for different SPC samples is 

presented in Fig. 19. Three major regions were observed at pull-out load 

slip curves which are typical for successful tests. Initially, in the first 
zone, a stable strips debonding process occurs along the strip–cementi
tious matrix interface. In this region, there is no movement in the strip 
embedded length and the pull-out resistance by the strip increases up to 
the maximum load (Pmax). At this stage, the displacements correspond to 
the elastic stretching of the debonded strip and the strip-free length. 
Then, in the second zone, the load decreases from Pmax to frictional pull- 
out load (Pfr). The significant drop in this stage reveals the chemical 
bond breakage between the strip and the cementitious matrix and/or 
surface roughness. The sharp drops in the cotton sample might be due to 
the roughness of its surface which was discussed earlier. At point Pfr, the 
strip is fully debonded. In the third zone, which is the slippage zone, the 
strip load is resisted by frictional forces [131–134]. As shown in Fig. 19, 
the results did not show significant changes in shear bond strength for all 
SPC samples. The average shear bond strength of the cotton/polyamide 
sample was 8 and 20% higher than the cotton and polyester samples, 
respectively. 

3.4.2. Mechanical assessment 
The main mechanical characteristics of the cementitious composite 

reinforced with different SPC including cotton, cotton/polyamide, and 
polyester, are presented in Fig. 20. As can be observed, reinforcing 
cementitious composite with SPC elements in the tensile zone under 
flexural loading does not have significant effects on the mechanical 
behaviour of the specimen in the pre-crack zone due to the lower elastic 
modulus of the SPCs compared to the cementitious mortar. However, by 
comparing plain specimens with those reinforced, it is obvious that the 
SPC elements increased the failure strain of the specimen in the post- 
crack region and prevented its sudden failure. 

As shown in Fig. 20, there was a significant increase in toughness 
(area under the stress–strain curve) with reinforcing cementitious 
composites by SPC elements. The toughness of cementitious composites 
represents the ability to absorb energy and resist plastic deformation 
during fracture. As a result of better toughness, fewer cracks and frac
tures occur, which is beneficial to increase the materials’ durability 
[135]. As shown in Fig. 20, the plain specimen had a brittle fracture, 
where the loading force decreases suddenly after reach to maximum 
strength. As compared to plain samples, specimens reinforced with SPCs 
exhibit higher ductility and distinct post-peak toughness. Loading forces 
of the reinforced specimens increased linearly with strain increments, 
but sharply decreased when cracks appeared leading to the load transfer 
from the cement matrix to the SPCs and resulting in another increase. In 
particular, the change in the stress–strain curve of the specimen rein
forced with polyester SPC is more obvious. When the strain increases, 
the specimen’s loading force exhibits steady growth due to the tensile 
resistance of SPCs, until the maximum bond strength or tensile strength 
of the specimen is reached. Then, there exists a descending stage since 
the energy is released by the generation of cracks, extruding of SPC (in 

Fig. 25. Gauge factor values for different cementitious specimens reinforced 
with smart elements of cotton, cotton/polyamide, and polyester. 

Fig. 26. Self-heating (joule heating) performance of the cementitious specimen reinforced with different smart elements: a) heating trend, b) heating rate and 
heating power. 
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the case of bond slipping), and tearing of SPCs fibers. 
The nature of the multiple cracking, toughness, and strength of the 

cement composite are all influenced by the properties of the SPCs and 
matrix, and SPCs-matrix interface bonding [52]. Hence, the specimens 
containing cotton/polyamide, cotton and polyester SPCs exhibited more 
toughness respectively. However, the specimen reinforced with poly
ester SPCs showed higher maximum strength. In general, a high-strength 
and modulus fiber will usually increase the strength and toughness of 
the cement composite, providing a strain-hardening behaviour. While in 
low-modulus fiber, the reinforcement enhances mainly the ductility of 
the cement composite, but not its strength, resulting in strain-softening 
or elastic–plastic behaviour [52]. 

As shown in Fig. 20 (b), reinforcing the cementitious specimen with 
cotton, cotton/polyamide, and polyester SPC increased the flexural 
strength by approximately 18, 19, and 50% respectively. The failure 
strain of the specimens was also improved by around 1.23, 1.8, and 1.18 
times respectively. 

3.4.3. Self-sensing performance 
The piezoresistive behaviour of the cementitious specimens rein

forced with different SPC including cotton, cotton/polyamide, and 
polyester under different flexural loading are illustrated in Fig. 21, 
Fig. 22, and Fig. 23. 

As can be observed there is proper conformity and correlation 

between the amounts of FCR and strain changes in all types of loading 
patterns. Increasing the stress, caused an increase in strain and conse
quently increased the FCR. As shown in Fig. 21, the maximum changes 
in electrical resistivity of the reinforced specimen with cotton, cotton/ 
polyamide, and polyester under similar creep flexural cyclic loading 
(1000 N ≈ 2.3 MPa) were approximately 2.6, 5.1, and 4.2% respectively. 
The results showed a similar trend for the strain changes. 

As shown in Fig. 22, in incremental multiple flexural loading, a 
proper correlation between FCR and strain was also obtained. Increasing 
the cyclic load to 500 (≈1.17 MPa), 1000 (≈2.3 MPa), and 1500 N (≈
3.5 MPa), caused an increase in electrical resistivity of the cotton- 
reinforced specimens by around 1.8, 2.7, and 3.8% respectively. These 
amounts for cotton/polyamide and polyester-reinforced cementitious 
composites were approximately 3.3, 5.3, and 7.1 %and 2.4, 4.4, and 
6.6% respectively. As mentioned before, self-sensing or self-diagnosing 
composites arise from the dispersion of a conductive phase in a non- 
conductive matrix. These conductive phases create an extensive 
network of conductive pathways based on quantum tunnelling effects 
and percolation theory which are disturbed or changed if the composite 
is stressed or deformed under external force [6]. Following the perco
lation mechanism, when the concentration of conductive phases exceeds 
a certain threshold, the conductive filler particles are in physical contact 
together, which forms an extensive conductive network within the 
associated matrix [5,91,136]. 

Fig. 27. Thermographic images of the cementitious specimen reinforced with different smart elements: a) C (5.0%)- 4L, b) C/PA (4.0%)- 4L, c) PL (4.0%)- 4L.  

Table 6 
Comparison of heating performance in cementitious composites with different methods.  

Heating technique Maximum increase in 
temperature (̊C) 

Voltage 
(V) 

Heating rate 
(̊C/min) 

Remarks References 

Self-heating concrete 59 25 DC 1.93 1.5 vol% of steel fibers [8] 
Self-heating concrete 77 20 DC – 0.4 vol% carbon fiber + 0.8 vol% carbon black [27] 
Incorporating phase change 

materials in concrete 
20 – 0.07 Embedded pipes to 14.0 vol%. 22.1 vol% of Paraffin oil as 

phase change materials 
[37] 

Concrete coating with conductive 
polymer 

50 20 AC 16 Polyurethane + Carbon fibers (20 vol%) [31] 

Self-heating braided planar 
composite 

44.5 25 DC 15.2 polyester coated with 4 layers of hybrid water-based 
polymeric resins containing 4% CNT/GNP 

Present 
study  
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The piezoresistive behaviour of the SPC-reinforced cementitious 
composite under long-term flexural cyclic loading (Fig. 23), showed a 
proper correlation between strain and electrical resistivity changes. 
However, a relatively low instability appeared in the FCR values due to 
polarization effects. Electric polarization is known as the separation of 
the centre of negative and positive charges in a material. A sufficiently 
high electric field can cause this separation [137]. The polarization in
duces an increase in the measured electrical resistivity of the SPC during 
resistivity measurement. This increase for cotton, cotton/polyamide, 
and polyester-reinforced specimens was approximately 1.2, 0.6, and 
0.4%. The polarization effect can be diminished by increasing the con
ductivity of the SPCs and using alternating currents (AC) [138]. 

The changes in resistance as a result of the applied load can be 
explained via two main mechanisms (Fig. 24), disturbances and pressure 
on the conductive paths formed in the conductive paste, caused by sand 
and cement grains, damage and tensile strains of the conductive paste 
due to the bending strain of the cementitious specimen. However, in the 
quantum tunnelling mechanism, the electrical conductivity of the 
composite is enabled by the transfer of electrons between adjacent filler 
particles in the matrix under an external electric field [5]. Increasing the 
distance between conductive elements (CNMs) or disrupting the 
conductive paths increases the specimen’s electrical resistance. The 
recoverability of the SPC after each loading cycle is one of the points of 
interest in these composites, which are created thanks to polyurethane- 
based polymeric resins and the nature of braided composites. However, 
in the case of using epoxy resins, the recoverability of the planar-braided 
composites is much lower due to low interlaminar toughness and the 
brittle nature of most epoxy matric [48,81]. 

The gauge factor values for different cementitious specimens rein
forced with smart elements including cotton, cotton/polyamide, and 
polyester are presented in Fig. 25. As mentioned, the gauge factor is a 
criterion to express the sensitivity of the specimens to strain changes. 
The cementitious specimen reinforced with cotton/polyamide and 
polyester smart element offered a higher gauge factor. As shown, the 
number of changes in electrical resistivity of these samples was 
approximately 15 units for each unit change in the flexural strain. 
However, each unit change in the strain of cementitious composite 
reinforced with the cotton smart element under flexural loading caused 
10 unit changes in the electrical resistivity. 

Generally, these results showed a higher sensitivity of the reinforced 
specimen with cotton/polyamide and polyester smart elements against 
the strain and consequently stress changes. 

3.4.4. Self-heating performance 
The electrical heating capability of the cementitious composites 

reinforced with cotton, cotton/polyamide, and polyester smart elements 
are shown in Fig. 26 and Fig. 27. In these investigations, a 25 V DC was 
employed. The temperature of the specimens reinforced with cotton, 
cotton/polyamide, and polyester smart elements influenced by the 
ohmic heating effect, increased to 35, 36, and 44 ̊C. During the 300 s 
joule heating tests process, all the specimens showed a similar trend with 
different heating rates. 

The heating rate of the cementitious specimens reinforced with 
cotton, cotton/polyamide, and polyester smart elements in the initial 
steps of the ohmic heating process were approximately 0.2, 0.25, and 
0.44̊ C/s respectively. The joule heating power of these specimens was 
also 1.3, 1.2, and 0.7 W/̊C respectively. A Comparison of the heating 
performance of different methods in cementitious composites in prior 
studies is presented in Table 6. 

4. Conclusions 

In this study, smart planar braided composites (SPCs) with rein
forcing, self-sensing and self-heating capabilities were developed using 
printing a conductive paste composed of hybrid water-based polymeric 
resins, carbon nanotubes (CNTs)/graphene nanoplatelets (GNPs) on 

cotton, cotton/polyamide, and polyester fabrics. The samples were 
covered by a waterproof thermoplastic polyurethane (TPU) resin using 
knife coating after the curing process. Mechanical, microstructural, 
joule heating and self-sensing performance of samples were assessed 
using various tests and the following results were drawn: 

• Electrical conductivity measurement of the SPCs indicated a reduc
tion in percolation threshold concentration with an increasing 
number of printing layers. Generally, the electrical conductivity of 
the polyester samples was more than cotton/polyamide and cotton 
samples coated with equal CNMs percentage and printing layers’ 
number due to the higher density and lower surface pores which 
showed the significant impacts of the physical properties of the fabric 
in this method.  

• The comparison of pull-out behaviour for different SPC samples 
showed a higher shear bond strength of the cotton/polyamide sam
ple by approximately 8 and 20% compared to cotton and polyester 
respectively. The results also indicated a higher frictional pull-out 
load of cotton samples due to the roughness of their surface. 

• Reinforcing the cementitious specimen with cotton, cotton/poly
amide, and polyester SPC increased the flexural strength by 
approximately 18, 19, and 50% respectively. The failure strain of the 
specimens was also improved by around 1.23, 1.8, and 1.18 times 
respectively. Generally, the SPC elements improved the post-crack 
behaviour of the cementitious specimen and prevents its sudden 
failure. 

• The piezoresistive behaviour of the cementitious composite rein
forced with smart elements of cotton, cotton/polyamide, and poly
ester under flexural cyclic loading showed changes in their electrical 
resistivity by approximately 2.6, 5.1, and 4.2% respectively. The 
high sensitivity and correlation between electrical resistance and 
strain and consequently stress under different flexural cyclic loading 
protocols proved the high potential of the composite for various 
applications including structural health monitoring, transportation, 
and traffic detection.  

• The temperature of the cementitious specimens reinforced with 
cotton, cotton/polyamide, and polyester smart elements influenced 
by the joule heating effect (25 V/DC), increased to 35, 36, and 44 ̊C 
respectively. A heating rate of 0.44 ̊C/s and a joule heating power of 
0.7 W/̊C indicated the high heating capabilities of these composites 
to be used in various fields such as de-icing and self-healing. 

In summary, the results showed that polyester coated with 4 layers of 
hybrid water-based polymeric resins containing 4% CNT/GNP is a 
proper candidate for multifunctional planar composite development for 
reinforcing, self-sensing and self-heating functions. 

5. Future research lines 

The above outcomes proved the potentiality of the developed tech
nique for generating multifunctional braided planar composite with 
reinforcing, self-sensing, and self-heating capabilities for different civil 
infrastructures. The main advantages of the SPCs include low cost and 
simple production process, easy transportation and installation, and 
simple and common equipment for operation during the service life. It 
should be noted that apprehension about the high cost of carbon 
nanomaterials had always made their mass use challenging, while 
thanks to the ever-increasing advancements in this technology as well as 
using of waste materials for industrial grade CNMs production, its cost 
has significantly decreased [139–141]. Moreover the low thickness of 
the conductive paste (<200 µm) and composed of 4% CNT/GNP reduced 
the price of each square meter of this composite to less than one ∊. 

However, due to the novelty of the concept and the lack of knowl
edge about the development of this multifunctional composite for civil 
application, three common fabrics were used to bridge the existing 
knowledge and ensure concept efficiency. 
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Indeed this study is a starting point and draws a perspective for 
future assessments. Considering various applications of this multifunc
tional composite in civil projects including transportation infrastructure, 
structural elements, and smart geosynthetics development, the further 
relative investigation is suggested. It is vital to evaluate the associated 
environmental impacts of SPCs through the Life Cycle Assessment as one 
of the important aspects of all multifunction composites [142–144]. 

The designing factors including various host braided matrices with 
different mechanical behaviour and durability, the thickness of the 
waterproof layer, and the density and shape of printed electrical circuits 
for adjusting the resolution and localization of the detected parameters 
or heated efficiency, need to be optimized based on the intended 
application. Moreover, with the optimization of the design items based 
on the application, the proper production method for mass production 
can be achieved which reduces the costs and environmental impacts of 
this multifunctional composite. 
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