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desized CF and matrix as presented in Fig. 17 (b), which indicated that 
desized CF demonstrates a loose bonding with cement matrix compared 
to unsized CF. The surface conditions of the unsized and desized CF were 
compared in Fig. 18. The unsized CF has a rougher surface compared 
with the desized CF, which further explained the different bonding 
behaviour between the two types of fibres.Desized CF tends to be pulled 
out instead of fractured when subjected to load, which can also enhance 
the flexural performance by absorbing energy. 

Fig. 19 shows the SEM images of specimens with 0.3 wt% and 0.7 wt 
% of 3 mm unsized CF. As shown in Fig. 19 (a), only an isolated CF can 
be observed, which indicated that there is no contact between adjacent 
fibres. When the fibre concentration increase to 0.7 wt% (Fig. 19 (b)), 
more fibres can be observed, the distance between fibres became 
smaller, and the adjacent fibres began to contact each other and form a 

conductive path. Besides, there is no fibre cluster can be shown in the 
image, which indicated that 3 mm unsized CF could easily disperse in 
the cement matrix when the concentration is up to 0.7 wt%. However, as 
shown in Fig. 19 (b), the fibres were not overlapped to a large degree. No 
crisscrossing networks can be observed when the CF is at a concentration 
of 0.7 wt% indicating that the CF concentration was not above the 
percolation threshold. The conductive networks within the matrix were 
not fully established. Therefore, when an external load was applied to 
the specimens, distances between fibres reduced, the tunnel effect can 
take place, which results in a large FCR. 

Fig. 20 shows the SEM images for composites containing 6 mm un-
sized CF. As it can be seen from Fig. 20 (a), when the fibre concentration 
is at 0.3 wt%, the distance between fibres are closer for 6 mm CF 
compared with 3 mm CF (Fig. 20 (a)). This indicated that fibres with 

Table 4 
Parameters of the predicated fitting equation.   

Control Mix  3 mm Unsized CF 

0.1 wt% 0.3 wt% 0.5 wt% 0.7 wt% 

Equation y = y0+A*exp(R0*x)  y = y0+A*exp(R0*x) 
y0 -10.11 ± 0.145  -18.71± 0.104 -22.75± 0.097 -19.71 ±

0.100 
-61.60 ± 0.188 

A 10.44 ± 0.135  17.54± 0.141 23.64 ± 0.198 12.63 ± 0.563 40.14 ± 0.443 
R0 -0.15 ± 0.004  -0.55 ± 0.013 -0.894 ±

0.0182 
-5.35 ± 0.455 -1.354 ± 0.036 

R2 0.97  0.901 0.893 0.355 0.932  

6 mm Unsized CF 12 mm Unsized CF 

0.1 wt% 0.3 wt% 0.5 wt% 0.7 wt% 0.1 wt% 0.3 wt% 0.5 wt% 0.7 wt% 

Equation y = y0+A*exp(R0*x) y = y0+A*exp(R0*x) y = y0+A*x 
y0 -17.78 ±

0.147 
2421.41 ±
89191.36 

-26.23 ±
0.404 

-3870.42 ±
262640.85 

-16768.08 ±
375730.75 

-15.06 ± 0.43 -3.29 ± 0.117 -1.28 ± 0.038 

A 19.78 ±
0.164 

-2427.56 ±
89191.23 

36.06 ±
0.451 

3869.86 ±
262640.79 

16769.85 ±
375730.75 

16.86 ± 0.39 -0.75 ± 0.028 0.39 ± 0.008 

R0 -0.411 ±
0.010 

6.09 ± 0.022 -0.477 ±
0.018 

-2.36E-4 ± 0.016 -5.13± 0.0015 -0.199 ± 0.011   

R2 0.902 0.412 0.733 0.56 0.163 0.743 0.251 0.42  

6 mm Unsized CF 12 mm Unsized CF 

0.1 wt% 0.3 wt% 0.5 wt% 0.7 wt% 0.1 wt% 0.3 wt% 0.5 wt% 0.7 wt% 

Equation y = y0+A*x y = y0+A*exp(R0*x) y = y0+A*exp(R0*x) 
y0 1.09 ± 0.124 -42.267 ± 0.273 -28.54 

±0.103 
-37.44 ± 4.617 -33.43 ± 1.178 -23.17 ± 0.133 -40.78±

1.631 
26002.49 ±
1.56E6 

A -1.32 ± 0.026 53.63 ± 0.384 30.28 ±0.178 -28.45 ±4.544 34.05 ± 1.078 17.19 ± 0.204 39.53 ± 1.576 25986.59 
±1.56E6 

R0  -0.58 ± 0.012 -0.92 ±0.015 0.072 ± 0.016 -0.183 ± 0.012 -0.624 ± 0.021 -0.097 ±
0.006 

-3.18E-5 ± 0.002 

R2 0.574 0.771 0.917 0.572 0.737 0.767 0.917 0.245  

Table 5 
Available literature of piezoresistivity behaviour of cementitious composites containing CF.  

Ref. CF CF content Matrix Stress (MPa) Loading Type FCR (%) FCR/stress Gage Factor (FCR/strain) 

[20] L:5 mm 
D:15 μm 

0.5 wt% Cement paste 0.25 Tension 3.5 14 90 
2 Compression 10 5 350 

[6] L:6.3 mm 
D:7 μm 

1 wt% (GP 20 wt%) Cement mortar 6.25 Compression 1.6 0.26 63 

[47] D:7.2 μm 4 wt% (1.1 vol%) Concrete 5 Compression 0.082 0.02 4.86 
[4] L:6 mm 

D:7.5 μm 
3 wt% (0.77 vol%) Cement mortar 2 Compression 25 12.5 – 

[5] L:6 mm 
D:11 μm 

15 vol% Cement paste – Tension 33 – 1250 
20 vol% 0.27 – 20 

[22] L:12 mm 
D:7.5 μm 

1 vol% Mortar 52 Compression 200 3.85 – 

[48] L:6 mm 
D:8 μm 

1 wt% Cement paste 30 Compression 17.5 0.58 – 

[9] L:6 mm 
D:10 μm 

0.1 vol% Cement paste 12 Compression 20 1.67 123.9 
0.5 vol% 72 6 405.3 
1.0 vol% 46 3.83 253.7 
1.1 vol% (CNT 0.5 vol%) 25 2.08 160.3 
1.25 vol% (CNT 0.25 vol%) 8 0.67 79.5  
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longer length are easier to form conductive paths, which was consistent 
with the findings that specimens with 6 mm CF presented a smaller 
resistivity compared to specimens with 3 mm CFs at same fibre con-
centration. When fibre content increase to 0.7 wt% (Fig. 20 (b)), the 
adjacent fibres began to get into contact and overlap. No fibre clusters 
can be seen, indicating a uniform distribution of fibres. Therefore, 
increasing CF to 0.7 wt% can result in a smaller resistivity. As shown in 
Fig. 20 (b), overlapping fibres can be observed, which indicated that for 
6 mm CF, 0.7 wt% is beyond the percolation threshold. Therefore, when 
the specimens subjected to an external load, the changes in fibre contact 
area will become the dominating factor that leads to changes in the 
resistivity of the specimens [17]. However, compared with the changes 
in tunnelling distance, the changes in the contact area between fibres 
will give a less sensitive piezoresistive behaviour. 

Fig. 21 shows the SEM images for composites containing 12 mm 
unsized CF. At 0.3 wt% (Fig. 21 (a)), overlapping fibres can be observed 
for specimens containing 12 mm CF. This proved that longer fibres could 
reach the percolation threshold at a smaller concentration. When the 
fibre content increase to 0.7 wt% (Fig. 21 (a)), fibre clusters can be 
observed due to ineffective fibre dispersion, which will lead to a 
reduction in the mechanical properties of specimens. Besides, fibres in 
clusters form are difficult to make contact and form the conductive 
network; therefore, no further reduction can be observed in resistivity. 

The SEM images for specimens containing 6 mm desized CF are 
shown in Fig. 22. For specimens containing 0.3 wt% of 6 mm desized CF 
(Fig. 22(a)), fibres are not overlapped each other, and a small distance 
can be observed between fibres. The changes in tunnelling distance have 
become the main mechanism that results in piezoresistivity behaviour 
when subjected to an external load. Therefore, when the concentration 
of 6 mm desized CF is at 0.3 wt%, the specimen performed a high 
sensitivity. As shown in Fig. 22(b), when the fibre content increase to 

0.7 wt%, fibre began to overlap each other and form a crisscrossing 
conductive network. Electrons were allowed to travel in shorter distance 
due to the shorter conductive paths formed by overlapping fibres, thus 
resulting in lower resistivity. 

Fig. 23 shows the SEM images containing 12 mm desized CF. At both 
0.3 wt% (Fig. 23 (a)) and 0.7 wt% (Fig. 23 (b)), 12 mm desized CF 
performed a poor distribution, which is consistent with the finding that 
no reduction in resistivity can be observed when the addition of 12 mm 
desized CF is over 0.1 wt%. Besides, pores with increasing number and 
size can be observed in specimens containing 12 mm desized CF, which 
appeared as dark spaces between fibre and cement matrix. According to 
Fig. 23 (b), channels formed by fibres being pulled out from the matrix 
can be observed, which also indicated a loose contact between fibres and 
matrix. 

4. Conclusion 

In this study, the effect of fibre length and sizing condition on the 
mechanical properties, electrical resistivity, piezoresistivity and the 
microstructures of cementitious composites containing various types of 
CF have been evaluated. The following conclusions may be drawn: 

1. All types of CF used in this study showed no obvious effect in 
enhancing the compressive strength of the composites. However, the use 
of CF enhanced the flexural strength of composites for all different types 
and fibre contents considered here. At small CF dosage (0.3 wt% and 0.5 
wt%), specimens with 12 mm CF showed higher flexural strength, while 
at higher CF dosage (0.7 wt%), specimens with 3 mm fibres showed 
higher flexural strength. The maximum flexural strength with a value of 
9.6 MPa was achieved by composites containing 0.7 wt% of 3 mm un-
sized CF. At higher dosage (0.7 wt%), the flexural strength is governed 
by the numbers of available fibres. Compared to unsized CF, desized 

Fig. 17. SEM images of cementitious composite reinforced with (a) unsized CF and (b) desized CF.  

Table 6 
Available literature of piezoresistivity behaviour of cementitious composites containing other types of functional fillers.  

Ref. Filler type Filler content Matrix Stress (MPa) Loading Type FCR (%) FCR/stress Gage Factor (FCR/strain) 

[9] CNT 0.5 vol% Cement paste 12 Compression 27 2.25 143.8 
1 vol% 20 1.67 166.6 

[7] CNT 0.05 wt% Cement paste 14 Compression – – 189 
CNF 0.1 wt% – – 228 

[44] CNT 0.1 wt% Cement paste 4 Compression 4.5 1.13 – 
0.3 wt% 1.4 0.35 – 

CNF 0.1 wt% 5.3 1.33 – 
0.3 wt% 1.9 0.48 – 

[49] CB 8% wt% Cement mortar – Compression – 1.00 159 
[50] CNT/CB (40/60) 6 wt% Cement paste 10 Compression 23.2 2.32 225 
[51] GNP 4 vol% Cement paste 20 Compression 7 0.35 – 

6 vol% 15 0.75 – 
8 vol% 11.5 0.575 –  
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fibre showed less enhancement in terms of the composites flexural 
strength due to its poor dispersive ability. 

2. The electrical resistivity of CF reinforced cementitious composites 
is strongly related to CF concentration and fibre length. For CF with a 
given length, the resistivity reduced with increasing CF concentration. 
When it is at the same fibre concentration, 12 mm CF is more effective in 
reducing the resistivity of the composite. Desized CF at all studied 
lengths was found to be less effective in reducing the electrical resistivity 
of the composites comparing with unsized CF, which could be attributed 

to the dispersion of fibres and the difference in the structure of fibre 
surface. 

3. The best piezoresistivity behaviour was observed in specimens 
containing 0.7 wt% of 3 mm unsized CF, which presented a FCR value of 
approximately 70%. Both the optimal fibre content and maximum FCR 
value reduced with the increasing fibre length. For 6 mm unsized CF, the 
maximum FCR value of approximately 30% was obtained from speci-
mens containing 0.5 wt% CF, while for 12 mm desized CF the maximum 
FCR value of approximately 20% was obtained from specimens 

Fig. 18. SEM images of the fibre surface for (a) unsized CF and (b) desized CF.  

Fig. 19. SEM images for cementitious composite containing 3 mm unsized CF at (a) 0.3 wt% and (b) 0.7 wt%.  

Fig. 20. SEM images for cementitious composite containing 6 mm unsized CF at (a) 0.3 wt% and (b) 0.7 wt%.  
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containing 0.3 wt% CF. Desized CF for a given fibre length, can obtain 
the maximum FCR at a lower concentration and provide a more sensitive 
piezoresistivity behaviour compared to unsized CF. However, the pie-
zoresistivity curve for unsized fibre showed less noisy signal, which may 
be attributed to the strong bonding between unsized CF and the matrix. 

4. First-order exponential decay function was proposed to describe 
the relationship between FCR and applied stress. The developed 

function exhibited a strong correlation with the experimental data for 
composites containing 3 mm unsized CF. However, the developed 
function showed a smaller correlation coefficient along with poor 
repeatability with the increasing fibre length and concentration, which 
attributed to the fibre distribution and the poor bonding between fibre 
and matrix. 

Fig. 21. SEM images for cementitious composite containing 12 mm unsized CF at (a) 0.3 wt% and (b) 0.7 wt%.  

Fig. 22. SEM images for cementitious composite containing 6 mm desized CF at (a) 0.3 wt% and (b) 0.7 wt%.  

Fig. 23. SEM images for cementitious composite containing 12 mm desized CF at (a) 0.3 wt% and (b) 0.7 wt%.  
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Chapter 5: Piezoresistivity performance of cementitious composites containing activated carbon 

powder, nano zinc oxide and carbon fibre 

Nano zinc oxide (ZnO) is a semiconducting and piezoelectric material, which has been used as an 

additive in various materials and attracted a considerable amount of attention in the development of self-

sensing cementitious composites. Additionally, activated carbon powder (ACP), also known as the 

activated charcoal powder, has the potential to be adopted as a conductive filler in improving the 

electrical and piezoresistive properties due to its availability, low cost, and high electrical conductivity. 

The individual performance of these two conductive fillers was studied by incorporating nano ZnO at 

0.05, 0.1, 0.3, and 0.5 wt.% and ACP at 0.5, 1, 2, and 4 wt.% into the control mix, respectively. Apart 

from the effects of individual conductive fillers, the synergetic effects of hybrid mixes containing the 

two fillers with 0.7 wt.% carbon fibre (CF) were evaluated. The results showed that both nano ZnO and 

ACP could be considered as competitive conductive fillers in improving the electrical and piezoresistive 

performance of cementitious composites. Composite containing nano ZnO at 0.3 wt.% can achieve a 

sensitivity of 4.11%/MPa, while the composite containing 2 wt.% of ACP demonstrates a piezoresistive 

response with a sensitivity of 3.571%/MPa and high linearity and repeatability. Although the addition of 

nano ZnO and ACP had slightly reduced the sensitivity of the hybrid composites, the linearity of the 

piezoresistive response has shown an improvement. 

 

The following publication has been included in the thesis in its published format. 
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h i g h l i g h t s

� Mechanical properties of composites with ACP and nano ZnO were presented.
� Mechanical properties of hybrid composites with CF, ACP and nano ZnO were presented.
� Composites containing 4 wt% of ACP can achieve repeatability at 0.952%.
� Composites containing 2 wt% of ACP have a sensitivity of 3.571%/MPa and linearity of 7.849%.
� The linearity response of the composites containing hybrid ACP/CF and nano ZnO/CF has improved.
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a b s t r a c t

Intrinsic self-sensing cement-based structures or sensors have a great potential for structural health
monitoring applications, which can be achieved by incorporating conductive functional fillers into the
cementitious composites. This study examined the mechanical, electrical and piezoresistivity of two
types of cementitious composites, one with mono activated carbon powder (ACP)/nano zinc oxide
(ZnO) and other carrying a hybrid of both carbon fibre (CF) and ACP/nano ZnO. The performance of mono
fillers were investigated by fabricating the cementitious composites with different content of ACP (0.5%,
1%, 2% and 4% by weight of binder) and nano ZnO (0.05%, 0.1%, 0.3% and 0.5% by weight of binder).
Moreover, the hybrid effect was studied by incorporating CF at 0.7 wt% with the additional ACP/nano
ZnO at various concentration. The result showed that ACP/nano ZnO could improve the mechanical prop-
erties of cementitious composites. In terms of piezoresistivity behaviour, composites containing 2 wt% of
ACP have favourable performance parameters with a sensitivity of 3.571%/MPa and linearity of 7.849%.
Composites containing 4 wt% of ACP can achieve repeatability at 0.952%, which indicate a good repro-
ducibility of the piezoresistivity. Although the developed cementitious composites cannot achieve a sen-
sitivity as high as carbon fibre reinforced cementitious composites (CFRCCs), the linearity of the
piezoresistive response of the composites containing hybrid ACP/CF and nano ZnO/CF has improved com-
pared to CFRCCs.

� 2021 Elsevier Ltd. All rights reserved.

1. Introduction

Damage induced structural failures can lead to a severe eco-
nomic burden for society and endanger public safety. Catastrophic
structural failure can happen due to cracks, corrosion and extreme
loading condition. Therefore, structural health monitoring (SHM)
has become an essential tool to ensure structural integrity and pre-
dict the service life of various kinds of infrastructure. SHM aims to
provide real-time monitoring of structural health, which can be

achieved by attaching or embedding sensors [1,2]. Developing
intrinsic self-sensing structure or cement-based sensor has a great
potential for SHM application due to their low cost, high sensitiv-
ity, simple assembling method and good durability compared to
the conventional sensors [3,4]. The self-sensing of the cementitious
composites could be achieved based on the principle of piezoresis-
tivity, defined as the reversible electrical resistivity change with
applied stress [5]. The electrically conductive fillers are incorpo-
rated into the cementitious matrix to improve the piezoresistivity
of cementitious composites.

Carbon-based materials are the most common electrically con-
ductive fillers, which have been widely used as fillers in cementi-
tious composites to enhance both mechanical and electrical
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0950-0618/� 2021 Elsevier Ltd. All rights reserved.

⇑ Corresponding author at: Materials and Structures Innovation Group, School of
Engineering, University of Western Australia, WA 6009, Australia.

E-mail address: farhad.aslani@uwa.edu.au (F. Aslani).

Construction and Building Materials 278 (2021) 122375

Contents lists available at ScienceDirect

Construction and Building Materials

journal homepage: www.elsevier .com/locate /conbui ldmat

79

http://crossmark.crossref.org/dialog/?doi=10.1016/j.conbuildmat.2021.122375&domain=pdf
https://doi.org/10.1016/j.conbuildmat.2021.122375
mailto:farhad.aslani@uwa.edu.au
https://doi.org/10.1016/j.conbuildmat.2021.122375
http://www.sciencedirect.com/science/journal/09500618
http://www.elsevier.com/locate/conbuildmat


behaviour [6–8]. They can also be used to produce conductive
cementitious composites, which have a significant emerging appli-
cation in terms of self-sensing (piezoresistivity), electromagnetic
shielding and thermal interfacing [9]. Carbon fibre (CF) has been
found as one of the most effective materials in improving the con-
ductivity and piezoresistivity of cementitious composites, which
has a potential application for SHM [10]. There is a wide range of
carbon-based materials that have been found effective in enhanc-
ing the piezoresistivity performance of cementitious composites
apart from CF, such as carbon nanofibre, carbon nanotube, graphite
powder and carbon black. Activated carbon powder (ACP), also
known as the activated charcoal powder is a higher available, envi-
ronmentally friendly, low cost and renewable bioresource pro-
duced from the wood pyrolysis. Zheng et al. [11] indicated that
incorporating ACP into the cementitious composites improved
the compressive strength and result in a denser microstructure of
the cement matrix. For instance, ACP owns a high electrical con-
ductivity, which has the potential to be used as the supplementary
material of conventional conductive fillers [12]. However, most of
the research focused on the adsorption behaviour of ACP, and lim-
ited research has been conducted on the mechanical and electrical
properties [13,14].

Apart from carbon-based material, piezoelectric material can be
incorporated into the cementitious composite to enable the sens-
ing function of the cement-based structures. Nano zinc oxide
(ZnO) has attracted a considerable amount of attention as it owns
an outstanding piezoelectric property and has been used as an
additive into various materials, including plastic and ceramics
[15,16]. Previous research has found that the addition of nano
ZnO inhibited the early cement hydration, as the presence of
Zn2+ can form low or non-permeable layers of amorphous zinc
hydroxide (Zn(OH)2) and crystalline calcium hydrozincite (CaZn2
(OH)6�2H2O) around the cement grains [17,18]. This poisoning
effect prevents the dissolution of cement and delays hydration pro-
duct nucleation. At the meantime, it can lead to the supersatura-
tion of calcium hydrate (CH) and calcium silicate hydrate (C-S-H)
in pore solution, which accelerates the hydration product forma-
tion and nucleation in the later hydration process [19]. Therefore,
ZnO can lead to an adversely impact on the mechanical strength
of cementitious composites at an early age and then significantly
improved the mechanical strength after 7 days [17].

Piezoresistivity of cementitious composites has gathered
numerous attentions and more than ten functional fillers have
been studied. Nevertheless, there is limited research on the utilisa-
tion of ACP and nano ZnO in cementitious composites and their
effect on the electrical and piezoresistivity performance. Conse-
quently, this research aims to investigate the effect of ACP and

nano ZnO on mechanical properties, electrical properties and
piezoresistivity performance of cementitious composites (cement
mortar). Moreover, ACP and nano ZnO were also added into carbon
fibre reinforced cementitious composites (CFRCCs) to study their
combination behaviour with CF. It is expected that the combina-
tion of CF with ACP and nano ZnO could achieve functional perfor-
mance than cannot be achieved from a single material component.
Compressive strength, flexural strength, electrical resistivity and
piezoresistivity behaviour measurement were carried out on all
cement mortar and CFRCC specimens. Besides, scanning electron
microscopy (SEM) analysis was considered to investigate the
microstructure of all specimens.

2. Experimental program

2.1. Materials

Ordinary Portland cement (OPC) (in accordance with AS3972
[20]) and ground granulated blast furnace slag (GGBFS) (in accor-
dance with AS3582.2 [21]) were used as the binder materials. Silica
fume (in accordance with AS 3583 [22]) was incorporated at a
small concentration to replace cement partially to improve the
pore structure of the matrix and reduce the Van der Waal forces
between fillers. The chemical composition and physical properties
of all cementitious materials are listed in Table 1. 45/50 silica sand
with the properties summarised in Table 2 was used as fine aggre-
gate in this study. Nano ZnO, ACP and CF were used as function fil-
lers for the fabrication of piezoresistive cementitious composites.
Their properties and SEM images can be found in Table 3 and
Fig. 1. Furthermore, polycarboxylate based high range water reduc-
ing agent (HRWRA) was used for all mixtures to improve the dis-
persive ability of the functional fillers and the workability of the
composites to improve the dispersive ability of the functional fil-
lers and the workability of the fresh mixes.

2.2. Preparation of samples

Various types of cementitious composites based on different fil-
ler types and ratio were manufactured (see Table 4). 18 mixes each
consisting of nine prismatic and six cubic specimens were fabri-
cated. Eight types of piezoresistive cement mortar containing nano
ZnO at 0.05, 0.1, 0.3 and 0.5 wt%, and ACP at 0.5, 1, 2 and 4 wt%
were explored on their mechanical, electrical and piezoresistivity
properties. Eight types of piezoresistive CFRCC with CF at 0.7 wt%
and additional functional fillers (nano ZnO and ACP) at various
concentration were fabricated to evaluate the hybrid effect of
ACP/nano ZnO with CF. The additional of CF, nano ZnO and ACP

Table 1
Chemical composition and physical properties of cementitious materials.

OPC GGBFS Silica Fume

CaO 63.40% FeO 1.3% Silicon as SiO2 98%
SiO2 20.10% CaO 38–43% Sodium as Na2O 0.33%
Al2O3 4.60% SiO2 32–37% Potassium as K2O 0.17%
Fe2O3 2.80% Al2O3 13–16% Available Alkali 0.40%
SO3 2.70% MgO 5–8% Chloride as Cl- 0.15%
MgO 1.30% TiO2 1.5% Sulphuric Anhydride 0.83%
Na2O 0.60% MnO 0.5% Sulphate as SO3 0.90%
Total Chloride 0.02% Hydraulic Index 1.7–1.9%

Physical Properties Physical Properties Physical Properties
Specific Gravity 3.0–3.2 t/m3 Bulk Density 850 kg/m3 Bulk Density 625 kg/m3

Fineness index 390 m2/kg Glass Content >85% Relative Density 2.21
Normal consistency 27% Angle of Repose Approx. 35O Pozzolanic Activity at 7 days 111%
Setting time initial 120 min Chloride Ion <0.025% Control Mix Strength 31.3 MPa
Setting time final 210 min Moisture Content 1.10%
Soundness 2 mm Loss of Ignition 2.40%
loss on ignition 3.80%
Residue 45 lm sieve 4.70%
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can absorb water from the mixture due to their high specific area
and porous structure, which will lead to poor workability of the
fresh mix; therefore, high water/binder (W/B) ratio at 0.4 was con-
sidered in this study.

The mixing procedures considered in this research followed the
latter admixing method. Functional fillers were first dispersed into
the aqueous solution prepared by polycarboxylate based HRWRA
and a part of mixing water, which aims to achieve a homogeneous
distribution of the functional fillers. A 500 W probe ultrasonic pro-
cessor with temperature controller was used for nano ZnO distribu-
tion. The nano ZnO suspensionwas sonicated for 10min at a cycle of
20 s to prevent the overheating of the suspensions. At themeantime,
all dry materials were added into the Hobart mixer and mixed for
5 min. Then the prepared suspension was poured into the Hobart
mixer and continue mixing until homogenous. The prepared mix-
ture was then poured into the oiled moulds in the size of
50 mm � 50 mm � 50 mm and 40 mm � 40 mm � 160 mm. Three
primswere selected for electrical andpiezoresistivitymeasurement,
eachhas four coppermeshes insertedaselectrodeswithadistanceof
40 mm. After that, the moulded specimens were vibrated using a
vibration table to avoid the air bubbles within the mixture and
enhance the bonding between copper meshes and the matrix. The
specimens were demoulded after 24 h and further cured in a stan-
dard moisture room, which has a temperature of 25 �C and relative
humidity of 90%.

2.3. Test methods

2.3.1. Mechanical properties measurement
The mechanical properties of the piezoresistive cement mortar

and CFRCC containing ACP and nano ZnO were evaluated by com-
pressive and 3-point bending tests, which were conducted at both
7 and 28 days of curing. The compressive test was performed on
50 mm cubic specimens using Baldwin testing machine with a load
capacity of 600 kN, and the 3-point bending test was performed on
40 mm � 40 mm � 160 mm prisms using Instron 5982 testing
machine with a load capacity of 100 kN. The loading rate for both
tests was controlled at 5 mm/min. At least three independent tests
were carried out for each mix to ensure representative and reliable
data.

2.3.2. Electrical resistivity measurement
The electrical properties were evaluated by measuring the elec-

trical resistivity for specimens after 28 days of curing. The four-

probe method was used to measure the electrical resistance of
piezoresistive cement mortar and CFRCC. The four-probe method
is more favourable in electrical resistance measurement compared
with the two-probe method as it can eliminate contact resistance.
The outer two probes are for passing current, and the inner two
probes are used for voltage measurement. The direct current
(DC) method was considered in the present study due to its simple
implementation. DC electrical resistance of the specimens was
measured by Keithley 2100 digital multimeter, with a trigger inter-
val of 25 ms. However, when continuous DC is applied, the nega-
tive and positive ions start moving toward the positive and
negative electrodes, respectively. Consequently, resulting in a
polarisation-induced electric field opposite from the applied elec-
tric field and leading the increase in measured resistivity with time
[23–25]. The polarisation effect needs to be eliminated in order to
measure the true resistivity and accurate piezoresistive response,
which can be achieved by removing the moisture within the spec-
imens. All specimens have been placed in an oven for 24 h of heat-
ing treatment with a temperature at 100�C prior to the resistance
measurement [26]. The following equation (Eq. (1)) can be used
to express the relationship between electrical resistance and
resistivity.

q ¼ R� A
L

ð1Þ

where q represents the electrical resistivity (O�cm); R is the mea-
sured resistance of the specimens (O); A means the contact area
between the copper meshes and the matrix (cm2); and L is the dis-
tance between the inner two probes, which is 4 cm for all tested
specimens.

2.3.3. Electrical piezoresistivity measurement
The electrical piezoresistivity measurement was carried out on

the 40 mm � 40 mm � 160 mm prisms after the electrical resistiv-
ity measurement. The samples containing the cooper mesh elec-
trodes were placed vertically under the Instron 5982 testing
machine with a load capacity of 100 kN. Cyclic compressive load
with a maximum amplitude of 10 MPa was applied to the samples
at a fixed loading rate of 5 mm/mins for four loading cycles. During
the loading, the electrical resistance of the specimen was continu-
ously measured by Keithley 2100 digital multimeter. Based on the
recorded value, the fractional change in resistivity (FCR) according
to the external cyclic compressive stress can be calculated using
the following equation (Eq. (2)):

Dq ¼ qm � q0

q0
� 100% ð2Þ

where Dq represent the FCR (%); and q0 and qm stand for the initial
resistivity and measured resistivity, respectively (O�cm).

2.3.4. Microscopy analysis
The effect of ACP and nano ZnO on the microstructure of the

composites and filler dispersion was also studied. Scanning
electron microscopy (SEM) analysis was considered for the

Table 2
Properties of 45–50 silica sand.

45–50 Silica Sand

Chemical composition Sieve size % Retained

SiO2 99.86% 850 lm 0%
Fe2O3 0.01% 600 lm 0.3%
Al2O3 0.02% 425 lm 11.9%
CaO 0.00% 300 lm 40.8%
MgO 0.00% 212 lm 31.60%
Na2O 0.00% 150 lm 12.6%

Table 3
Properties of nano ZnO, activated carbon powder and carbon fibre.

Nano ZnO Activated carbon powder Carbon fibre

Colour White Colour Black Length (mm) 3
Particle size (nm) 30 Particle size 200 mesh Diameter (mm) 7 � 10-3

Specific surface area (m2/g) 40 Bulk density (g/cm3) 0.38 ± 0.02 Density (g/cm3) 1.8
Purity � 99.9% PH 3–5 Electrical resistivity (X∙cm) 1.55 � 10-3

Fe content �0.005% Tensile strength (MPa) 4137
Si content �0.005% Tensile modulus (GPa) 242

Carbon content (%) 95
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fabricated specimens by using Zeiss 1555 VP-FESEM, which is a
high resolution, field emission variable pressure scanning elec-
tron microscope. A flat piece was taken from the inner core of
each specimen after 28 days of curing. A thin platinum coating
was applied on the surface of the sample, which helps to make
the sample surface electrically conductive and enhance the qual-
ity of SEM.

3. Results and discussion

3.1. Mechanical properties

3.1.1. Activated carbon powder
The 7 and 28 days compressive strength of the composites

incorporating increasing ACP has been reported in Fig. 2(a) and

erbiFnobraCredwoPnobraCdetavitcAOnZonaN

Fig. 1. SEM images of nano ZnO, activated carbon powder and carbon fibre.

Table 4
Mix proportions of piezoresistive cement mortar and CFRCC.

W/B ratio Portland cement GGBFS Silica fume 45/50 silica sand Filler types Filler content (wt.% of binder)

Plain mortar 0.4 1 1.2 0.11 0.836 – –
Piezoresistive cement mortar 0.4 1 1.2 0.11 0.836 Nano ZnO 0.05

0.4 1 1.2 0.11 0.836 Nano ZnO 0.1
0.4 1 1.2 0.11 0.836 Nano ZnO 0.3
0.4 1 1.2 0.11 0.836 Nano ZnO 0.5
0.4 1 1.2 0.11 0.836 ACP 0.5
0.4 1 1.2 0.11 0.836 ACP 1
0.4 1 1.2 0.11 0.836 ACP 2
0.4 1 1.2 0.11 0.836 ACP 4

W/B
ratio

Portland
cement

GGBFS Silica
fume

45/50 silica
sand

CF content (wt.% of
binder)

Additional filler
types

Filler content (wt.% of
binder)

CFRCC 0.4 1 1.2 0.11 0.836 0.7 – –
Piezoresistive

CFRCC
0.4 1 1.2 0.11 0.836 0.7 Nano ZnO 0.05

0.4 1 1.2 0.11 0.836 0.7 Nano ZnO 0.1
0.4 1 1.2 0.11 0.836 0.7 Nano ZnO 0.3
0.4 1 1.2 0.11 0.836 0.7 Nano ZnO 0.5
0.4 1 1.2 0.11 0.836 0.7 ACP 0.5
0.4 1 1.2 0.11 0.836 0.7 ACP 1
0.4 1 1.2 0.11 0.836 0.7 ACP 2
0.4 1 1.2 0.11 0.836 0.7 ACP 4

Fig. 2. Compressive strength of composites containing ACP after (a) 7 and (b) 28 days of curing.
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(b), respectively. The 7 and 28 days compressive strength of the
tested specimens demonstrated a similar trend. Some compressive
strength gains in cementitious composites can be observed with

the increasing addition of ACP. These strength increment with
addition ACP is related to the enhanced cement hydration reaction.
ACP is a porous material, which acts as a distributed network

Fig. 3. Flexural strength of composites containing ACP after (a) 7 and (b) 28 days of curing.

Fig. 4. Compressive strength of composites containing hybrid ACP/CF after (a) 7 and (b) 28 days of curing.

Fig. 5. Flexural strength of composites containing hybrid ACP/CF after (a) 7 and (b) 28 days of curing.
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within the cement matrix, this distributed network can store water
and deliver water regarding the progression of cement hydration,
which prevent the water loss due to evaporation before hydration
demand claim it [27]. Besides, the addition of ACP can reduce the
porosity of the cementitious composites, which is due to the pore
filling effect of fine particles of ACP [28]. However, the compressive
strength started to reduce when the ACP content exceeded 2% by
binder mass. The workability of the fresh mortar with the increas-
ing amount of ACP addition reduced due to the water sorption
behaviour of ACP. As ACP is a porous material, the internal porosity
of ACP can result in inter and intragranular voids within the matrix,
leading to more spaces for water absorption [28]. Hence, poor
workability can result in more air void and defect within the
matrix, and consequently, the strength improvements brought by
the enhancing curing performance is offset by the strength loss
caused by poor porosity.

Fig. 3 presents the flexural strength of composites with different
amount of ACP addition. The 7 days flexural strength increased
with the increasing ACP addition, with the maximum flexural
strength around 3.7 MPa at 4 wt% ACP addition. The 28 days results
indicated that the addition of ACP did not show a significant
enhancement in terms of the flexural strength of the composites.
Composites achieved the optimal flexural strength with ACP at
2 wt%, which is slightly higher than the control mix. This increase
in the flexural strength may also due to the enhance cement hydra-
tion caused by ACP.

The compressive and flexural strength of the piezoresistive
CFRCC are shown in Figs. 4 and 5, with the CF content at 0.7 wt%,
and ACP content at 0.25, 0.5, 1 and 1.5 wt% of the binder. Pure
cement mortar and CFRCC were also studied as the control mix.
CF has little contribution to the compressive strength of the com-
posites (see Fig. 4). The experimental results indicated that adding
ACP can improve the performance of CF within the matrix. The
28 days compressive strength of the CFRCC with 0.25 wt% ACP
has reached 50 MPa, which improved around 25% compared to
pure CFRCC.

The addition of CF increased the flexural strength by approxi-
mate 110% in CFRCC with 0.7 wt% CF compare to pure cement mor-
tar, as the addition of CF can prevent the expansion of cracks
(Fig. 5). Flexural strength first increased and then reduced in
response to ACP addition, which is similar to the compressive
strength performance. The increases in both compressive and flex-
ural strength are consistent with the improved curing performance
conferred by the water sorption behaviour of ACP. It appeared that
the curing enhancement could reduce the pore size and result in a
denser cement matrix. This can increase the bonding strength
between the CF and surrounding cement matrix leading to the
enhanced mechanical properties. However, when the ACP content
is beyond the threshold, poor workability and large pore size can
result in a reduction of strength due to the water sorption beha-
viour and high porosity of ACP. Besides, the reduction in workabil-
ity will also affect the dispersion of CF and result in negative
influences on mechanical properties of the composites; as it is
essential for CF to homogeneous disperse in the matrix in order
to achieve its mechanical reinforcing effect [29].

Fig. 6 shows the SEM images of the microstructure of the CFRCC
and CFRCC with ACP. A gap exists between the interface of the CF
and cement matrix due to the poor bonding between CF and the
surrounding matrix (see Fig. 6(a)). Lack of bonding strength
between CF and cement hydrates can lead to fibre sliding and
weaken the fibre reinforcing effect within the matrix. A channel
can be observed in Fig. 6(b), which indicated that CF tends to be
pulled out easily from the matrix instead of fractures. However,
cement hydrates can be observed on the surface of CF after the
addition of ACP, which improved the interaction between CF and
the surrounding matrix (see Fig. 6(c)). Therefore, the performance

of CF has improved, leading to enhancement in the mechanical
strength of the composites.

3.1.2. Nano zinc oxide
The compressive strength and flexural strength of cement mor-

tar containing nano ZnO are presented in Figs. 7 and 8. The com-
pressive strength of the specimens with additional nano ZnO
decreased with the increasing nano ZnO content (see Fig. 7(a)).
When the content of nano ZnO reached 0.3 wt%, no 7 days com-
pressive and flexural strength can be obtained as the mortar was
unset (Figs. 7(a) and 8(b)). The presence of unset mortar can be

Fig. 6. (a, b) microstructures of CF and cement bonding in pure CFRCC; (c)
microstructures of CFRCC containing ACP.
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Fig. 7. Compressive strength of composites containing nano ZnO after (a) 7 and (b) 28 days of curing.

Fig. 8. Flexural strength of composites containing nano ZnO after (a) 7 and (b) 28 days of curing.

Fig. 9. Compressive strength of composites containing hybrid nano ZnO/CF after (a) 7 and (b) 28 days of curing.
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explained by the retarding effect of nano ZnO on cement hydration
[17,19]. Previous literature proposed that the presence of Zn2+ can
form an impermeable layer of Zn(OH)2 around the cement grains
during the hydration of calcium silicate (CS). This Zn(OH)2 layer
prevents water from transporting to CS; and consequently, prolong
the hydration process and retard the formation of C-S-H [30,31].
After that, Zn(OH)2 start transforming into crystalline CaZn2(OH)6-
�2H2O, due to the presence of the excess amount of Ca2+.

Eqs. (3) and (4) demonstrate the chemical reaction of nano ZnO,
and the formation of Zn(OH)2 and CaZn2(OH)6�2H2O within the
cement matrix [32].

ZnoþH2Oþ 2OH� ! Zn OHð Þ2�4 ð3Þ

Zn OHð Þ2�4 þ Ca2þ þH2Oþ CaZn2 OHð Þ6 � 2H2Oþ 2OH� ð4Þ
The hydration reboots after Zn(OH)2 transformed into CaZn2

(OH)6�2H2O. The formation of CH and C-S-H can lead to an increase
in the mechanical properties of the composites at 28 days [17].
Figs. 7(b) and 8(b) indicate that the enhancement of composite
strength only happened when nano ZnO was incorporated at a
small amount (below 0.3 wt%). A reduction in flexural strength
can be observed for composites containing 0.1 wt% nano ZnO,
which is out of expectation. The composites may not be 100% hard-
ened during demoulding as the composites containing 0.1 wt%
nano ZnO was demoulded after 24 h, while the composites con-
taining 0.3 and 0.5 wt% of ZnO after 14 days due to the unset of
specimens. Moreover, the strength of the composites may continue
to grow after 28 days with the increasing curing period as the
hydration process of cement is prolonged due to the nano ZnO
addition.

Figs. 9 and 10 illustrate the compressive and flexural strength of
the CFRCC with the CF content at 0.7 wt% and nano ZnO content
from 0.05, 0.1, 0.3 and 0.5 wt% of the binder. A slight increase
can be observed in the 7-day compressive strength of the sample
containing nano ZnO at 0.05 and 0.1 wt%, which may due to the
pore filling effect of nano ZnO. The retarding effect of nano ZnO
starts dominating with the increasing amount of nano ZnO addi-
tion, leading to the presence of unset mortar. The optimal concen-
tration of nano ZnO is at 0.1 wt% for 28 days compressive strength,
which achieves a 16% enhancement with a value of 47 MPa (see
Fig. 9(b)). CF demonstrates a significant contribution to the flexural
strength of the composites due to its bridging effect (see Fig. 10
(b)). The maximum flexural strength was obtained from the

composite containing hybrid CF/nano ZnO, with the nano ZnO con-
tent at 0.1 wt%. Composites with hybrid CF/nano ZnO performed
better mechanical properties compared with composites contain-
ing mono nano ZnO. The enhancement in mechanical properties
indicated that the nano ZnO could contribute to the performance
of CF as the combined effect of CF and nano ZnO is more effective
in improving the strength of the composites.

SEM micrographs of composites after curing are shown in
Fig. 11. Fig. 11(a) and (b) present the microstructures of cement
mortar containing nano ZnO at a concentration of 0.1 wt%. The
major hydration product can be observed are CH and C-S-H phase,
in which CH phase performed in a shape of hexagonal crystalline
and C-S-H phase presented as the needle-like shape. Moreover,
ettringite in fibrous shape, which formed by the reaction of trical-
cium aluminate (C3A) and gypsum can also be observed. Those
cement hydration products formed a dense matrix and contributed
to the strength of the composites. Fig. 11(c) shows the SEM micro-
graph of CF, and cement hydrates can be observed on the surface of
CF, which indicate a strong bond between CF and the cement
matrix. This proves that nano ZnO can enhance the behaviour of
CF. Fig. 11(d) shows the SEMmicrograph of the composite contain-
ing nano ZnO at 0.5 wt%. It revealed that the addition of nano ZnO
results in a less amount of hydration products, especially C-S-H. A
large amount of CH and CS can be observed, indicating an incom-
plete hydration process, which leads to the reduction in composite
strength.

3.2. Electrical resistivity

The electrical resistivity of cementitious composites with differ-
ent types of fillers is shown in Fig. 12. As shown in Fig. 12(a) and
(b), the particle fillers are less effective in improving the electrical
conductivity of the composites. The electrical resistivity first
slightly increase with 0.5 wt% of ACP, as the small addition of
ACP improves the hydration and result in a denser matrix (see
Fig. 12(a)) [27]. The content of conductive carbon within the
matrix increase when the amount of ACP reaches 1 wt%, which lead
to a slight reduction of resistivity. No available research has been
conducted on the electrical properties of cementitious composites
containing ACP. However, other research investigated the conduc-
tivity of cementitious composite with other types of functional fil-
ler indicated that particle form fillers are less effective in reducing
the resistivity of the composites [33]. This is consistent with the
fact that particle form functional fillers are more difficult to form

Fig. 10. Flexural strength of composites containing hybrid nano ZnO/CF after (a) 7 and (b) 28 days of curing.
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the conductive path within the matrix compared to fibrous fillers.
The formation of the continuous conductive network within the
matrix is incomplete when the amount of functional filler is below
the percolation threshold. Therefore, no obvious reduction in the
electrical resistivity of the composites containing ACP can be
observed as there is no continuous conductive network within
the matrix. The increasing ACP content and its absorbing effect
can lead to a reduction in the workability of the mixture, which
result in large air voids within the composites, and consequently
blocking the conductive path and leading to higher electrical reisis-
tivity. The electrical resistivity of the composites first reduce and
then increase with the increasing nano ZnO (see Fig. 12(b)). The
reduction in electrical resistivity may attribute to the high electron
mobility of nano ZnO [34]. The electrical resistivity increased when
the content of nano ZnO increased from 0.1 wt% to 0.3 wt%. This
increase may due to the denser cement matrix, as nano ZnO can
enhance the hydration of the cement. Further increment in electri-
cal resistivity can be observed when the content of nano ZnO reach
0.5 wt%, the may due to the large air voids caused by incomplete
hydration.

Fig. 12(c) and (d) present the electrical resistivity of the com-
posites containing hybrid ACP/CF and nano ZnO/CF. The electrical
resistivity of the CFRCC is a thousand times smaller compared with
the cement mortar. The obvious reduction in the electrical resistiv-
ity of the composites is mainly due to the addition of CF. Conduc-
tive fibre (such as CF) is more effective in reducing the electrical
resistivity of the composites compared with conductive particles.
CF is easy to form the conductive path within the matrix due to
its large aspect ratio. The amount of CF used in this study is at
0.7 wt% (0.4 vol%), which is consistent with the percolation thresh-
old of CF obtained from the available literature[35]. The electrical
resistivity of the CFRCC first reduced and then increased with the
increasing amount of ACP (see Fig. 12(c)). ACP can connect the
adjacent fibre and result in a shorter path for current to path
through when it is added at a small amount (0.25 wt%). However,
when the ACP concentration is beyond the threshold, the poor
workability can lead to poor CF dispersion and large air voids,
which adversely affect the conductive network within the matrix
[35]. Fig. 12(d) shows the electrical resistivity of composites con-
taining nano ZnO/CF. Results indicate that composites containing
hybrid nano ZnO/CF present similar electrical resistivity compared
to the control CFRCC, except a reduction when nano ZnO is at
0.1 wt%.

3.3. Piezoresistive behaviour

Figs. 13–15 reflect the FCR of tested specimens when subjected
to cyclic load. The vertical axis on the left represents the applied
compressive stress, and the vertical axis on the right represent
the corresponding FCR. The FCR shows similar response toward
the applied cycles of loading for all tested specimens, which
decreased as the applied compressive stress increased, and
increased as the stress decreased.

The result of the piezoresistive response of the plain mortar and
CFRCC are shown in Fig. 13(a) and (b), respectively. The major
mechanism of the piezoresistive response for plain mortar is the
ionic conduction, which is caused by the movement of the pore
solution. When the external force applied on the specimen, the
pore solution forced to extrude through capillary pores leading to
the movement of ions dissolved in pore solution, and consequently,
results in electrical current [36]. Fig. 13(b) illustrates the piezore-
sistive response of CFRCC with CF content at 0.7 wt% (0.4 vol%).

Fig. 11. (a, b) the microstructure of composites containing nano ZnO at 0.1 wt%, (c)
microstructure of CF and matrix bonding of CFRCC containing nano ZnO at 0.1 wt%,
and (d) composites with nano ZnO at 0.5 wt%.
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The CFRCC can achieve the optimal piezoresistive response when
the concentration of CF is at the percolation threshold (0.4 vol%)
[4]. The dominate conductive mechanism for CFRCC is the elec-
tronic transition caused by the tunnelling effect, which is different
from the plain mortar. The contact area and tunnelling distance
between adjacent fibre changed when subjected to external com-
pression leading to a significant FCR [3]. The initial resistivity at
each loading cycle was found to be reduced with the increasing

cycles of loading for both plain mortar and CFRCC. This phe-
nomenon may cause by the reallocation of the pore solution and
CF due to the loading and unloading process.

Fig. 13(a) indicates that the piezoresistive response of plain
mortar can achieve a linear performance; its sensitivity and
repeatability can be improved. Fig. 13(b) indicated that CFRCC
could achieve high sensitivity in terms of stress sensing; however,
the linearity and repeatability of the piezoresistive performance is

Fig. 12. Electrical resistivity of cement mortar containing (a) ACP, (b) nano ZnO, (c) hybrid ACP/CF and (d) hybrid nano ZnO/CF.

Fig. 13. Correlation between compressive stress and the fractional change in resistivity of (a) plain mortar and (b) CFRCC.
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in need of improvement. Therefore, although piezoresistive
response can be achieved in both plain mortar and CFRCC, their
piezoresistive behaviour can be further improved.

Fig. 14(a) and (b) present the piezoresistive behaviour of com-
posites containing ACP and hybrid ACP/CF. Slightly increase in
electrical resistivity can be observed with the increasing testing
time (see Fig. 14(a)), which is caused by the polarisation effect.
The piezoresistive response of all tested samples demonstrates
good linearity toward the applied stress. The composites contain-
ing 0.5 and 1 wt% of ACP demonstrate similar piezoresistive beha-
viour compared to the control mix, which showed less sensitive
toward the external load. The poor sensitivity of the external load
is due to the large distance between the adjacent ACP. Although
the distance between adjacent fibre reduced when subjected to
the external compression, it is too large for electron hopping.
Therefore, no noticeable increase can be observed for sensitivity.
Composites with ACP at 2 wt% demonstrate the optimal piezoresis-
tive response, with the maximum FCR at a value of around 40% (see
Fig. 14(a)). Although no continuous conductive network formed
within the matrix, the distance between adjacent ACP has reduced
with the increasing amount of ACP. The distance between adjacent
ACP further reduced when subjected to an external load, which
allow the electron hop cross the thin hydration layer and into
the adjacent ACP, and consequently, resulting in a reduction in
the electrical resistivity [33]. However, the maximum FCR of the
composites reduced when the content of ACP increases to 4 wt%,
which may due to the poor distribution of the ACP. The FRC of com-

posites with hybrid ACP/CF reduced with the increasing ACP (see
Fig. 14(b)), which indicated that the piezoresistive behaviour is
not directly related to the conductivity of the composites [37].
The maximum sensitivity was achieved by composite contain CF
and 0.25 wt% of ACP. Composites contain CF with 0.25 wt% of
ACP presents a less sensitive piezoresistive response compared
with CFRCC; however, the repeatability and linearity improved as
the ACP can enhance the bonding between CF and the surrounding
matrix. Reduction of the maximum FCR can be observed with the
further increase of ACP, as the addition of ACP can result in a more
stable conductive network within the matrix, which is more diffi-
cult to deform when subjected to an external load [38].

The correlation between compressive stress and FCR of compos-
ites containing nano ZnOandhybrid nanoZnO/CF is shown in Fig. 15
(a) and (b). The electrical charge can accumulate and result in a
change in resistivity of the composites in response to applied com-
pression as nano ZnO is a piezoelectric material [39]. The sensitivity
of the piezoresistive response of composites containing nano ZnO
improves with the increasing amount of nano ZnO (see Fig. 15(a)).
The maximum FCR was achieved by composites containing nano
ZnOat 0.5wt%with avalueof around40%. The concentrationof nano
ZnO is not enough for electrical charge generation for composites
containing CF and nano ZnO content at 0.05 and 0.1 wt% (Fig. 15
(b)); thus, the FCR is not significant.More electrical charge can accu-
mulate with the increasing nano ZnO addition, and CF can act as
bridges to connect isolated nano ZnOfiller, which allows the current
to pass through and lead to higher FCR.

Fig. 14. Correlation between compressive stress and the fractional change in resistivity of composites containing (a) ACP and (b) hybrid ACP/CF.

Fig. 15. Correlation between compressive stress and the fractional change in resistivity of composites containing (a) nano ZnO and (b) hybrid nano ZnO/CF.
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3.4. Compressive stress versus FCR relationship

A linear regression equation was used to express the relation-
ship between FCR and compressive stress under cyclic loading by
minimising the sum of squared errors (Fig. 16) [40]. Eq. (5)
expresses the general equation of the linear regression function
that fitted to the data scatters:

y ¼ aþ bx ð5Þ
where x is the applied compressive stress, y is the corresponding
FCR, a is the constant, and b is the slope in the relationship between
FCR and applied compressive stress, which indicates the sensitivity
of the piezoresistive response. The coefficient of determination (R2)
was determined for all tested specimens, which values the degree of
the fitting. R2 presents a value close to 1 when the experimental
data has a small discreteness and strong correlation with the fitting
equation.

The experimental data of plain mortar show less scattered and
demonstrate a strong correlation with the fitting equation with an
R2 value at 0.937 (see Fig. 16(a)). However, the slope of the linear
regression curve indicates that the sensitivity of the plain mortar
under applied compressive stress is low. The slope of the linear fit-
ted curve of CFRCC indicates that the addition of CF can signifi-
cantly improve the sensitivity of the piezoresistive behaviour of
the composites (see Fig. 16(b)). However, the scatter data points
show that the FCR present a highly sensitive linear relationship
with stress when the applied stress is within 2 MPa. As the dis-
tance between CF reduced and CF began to make contact when
an external load is applied on the specimens, resulting in a signif-
icant reduction in FCR. The increasing compressive stress can only
shorten the conductive path as a stable conductive network has
already formed within the matrix. Therefore, the slope of the linear
relationship reduced when the applied stress increase. Therefore,
although CFRCC demonstrates a sensitive piezoresistive response

Fig. 16. Experimental data and fitted data of fractional change in resistivity versus compressive stress curve of (a) plain mortar, (b) CFRCC, (c) composites containing ACP, (d)
composites containing hybrid ACP/CF, (e) composites containing nano ZnO, and (f) composites containing hybrid nano ZnO/CF.
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toward applied stress, its piezoresistive performance is challenging
to be described by a linear regression equation.

Fig. 16(c) indicates that the relationship between FCR and
applied compression of composites containing ACP was almost lin-
ear. The composites containing 2 wt% ACP and 4 wt% ACP demon-
strate good piezoresistive behaviour, which presents an R2 value of
0.911 and 0.941, respectively. This indicated that the piezoresistive
response demonstrates a high degree of fitting with the predicted
equation. Moreover, composites containing 4 wt% ACP present
overlapped scatters, indicating that the specimen’s piezoresistive
response has good repeatability. Composite containing CF and
0.25 wt% of ACP (Fig. 16(d)) presents a stronger correlation with
the fitting equation comparing with the composite containing CF
alone (Fig. 16(b)), which indicated that the addition of ACP could
improve the linearity of CFRCC. However, composites with CF
and ACP at 0.5, 1 and 1.5 wt% demonstrate a poor correlation with
the fitting equation as the hybridisation of ACP and CF affects the
workability of the mixture, and consequently, affects the filler
distribution. The poor distribution of functional filler can result
in poor repeatability and high signal noise, which will affect the fit-
ting result. Besides, the increasing amount of ACP can increase the
matrix’s porosity, leading to poor bonding strength between CF
and surrounding matrix [28]. This reduction in bonding strength
can lead to debonding and deformation of CF during the loading
process, which will also affect the piezoresistive performance and
the fitting result.

The mechanism of the piezoresistive behaviour of composites
containing nano ZnO is different from ACP and CF. The piezoresis-
tive behaviour is caused by the accumulation of electrical charge in
response to applied compression as nano ZnO is a piezoelectric
material. Therefore, when the amount of nano ZnO is enough for
electric charge generation, the piezoresistive response of compos-
ites containing ZnO showed high repeatability as the conductive
network’s deformation has less influence on the piezoresistive
behaviour. However, Fig. 16(e) shows that the relationship
between FCR and applied stress has a poor correlation with the fit-
ting curve, which indicated that the electrical charge accumulation
is not linear with the applied stress. Fig. 16(f) indicates that the
addition of CF can improve the linearity of the piezoresistive
response of nano ZnO. The composite containing hybrid nano
ZnO/CF with nano ZnO content at 0.1 wt% presents the strongest
correlation with the fitting equation with the R2 equals to 0.905.
However, its sensitivity is slightly smaller than the composites
containing ACP.

The piezoresistive behaviour of the cementitious composites
can be described by the relationship between FCR and the applied
compressive stress showed in Fig. 16. Sensitivity is an essential fac-
tor in evaluating piezoresistive performance, which can be deter-
mined based on the following equation:

S ¼ DFCR
Dr

ð6Þ

where S is the sensitivity of the piezoresistive response toward the
applied compressive stress of the fitted curve (% MPa�1), DFCR is
the increment of FCR of the specimen under applied stress (%),
and Dr is the applied stress (MPa).

Besides, more parameters such as linearity and repeatability
can also be used to describe the performance of piezoresistive
behaviour of cementitious composites [15,41].

The linearity (E) is the offset between the piezoresistive
response of the composites under cyclic compression and the fitted
regression line and can be calculated using the following formula:

E ¼ DMax
DqF � s%100 ð7Þ

where DMax is the maximum deviation between piezoresistive
response and the linear fitting line, and DqF�S is the full-scale output
of the FCR.

Repeatability (R) is the repeat degree of the piezoresistive
response and can be defined as:

R ¼ DR
DqF � s� 100% ð8Þ

whereDR is the maximum repeat difference, which is the difference
of FCR with respect to the same applied stress in a repeated loading
cycle, and DqF�S is the full-scale output of the FCR.

Table 5 summarises all the parameters of the piezoresistive
behaviour of the tested specimens, including sensitivity, linearity
and repeatability. Composites contained ACP at 2 wt% presented
the best linearity among all the tested specimens with a value of
7.849%, which had a sensitivity and repeatability at 5.951%/MPa
and 13.038%, respectively. Composites containing ACP at 4 wt.%
performed the best repeatability at a value of 0.952%, with the sen-
sitivity and linearity at 3.973%/MPa and 15.658%, respectively.

Table 5
Piezoresistive performance parameters of cementitious composites and CFRCC.

Performance parameters

Sensitivity (%/MPa) Linearity (%) Repeatability (%)

Plain mortar 0.856 7.662 4.660
CFRCC 9.680 25.894 12.870
ACP 0.5 wt% 1.619 14.480 8.524

1 wt% 0.830 12.186 15.636
2 wt% 3.571 7.849 13.038
4 wt% 2.821 15.658 0.952

Hybrid ACP/CF 0.25 wt% 2.714 11.795 13.178
0.5 wt% 0.928 14.557 3.259
1 wt% 0.207 16.499 12.598
1.5 wt% 0.674 22.548 18.717

Nano ZnO 0.05 wt% 0.144 17.867 32.392
0.1 wt% 0.097 21.625 47.354
0.3 wt% 4.111 16.219 1.759
0.5 wt% 4.608 12.528 6.718

Hybrid ZnO/CF 0.05 wt% 1.059 21.679 59.675
0.1 wt% 2.100 10.266 8.161
0.3 wt% 4.899 14.239 13.022
0.5 wt% 3.387 13.268 47.031

L. Wang and F. Aslani Construction and Building Materials 278 (2021) 122375

13 91



4. Conclusions

This study aimed to explore the piezoresistive performance of
cementitious composites containing ACP, nano ZnO, hybrid ACP/
CF and hybrid nano ZnO/CF. The mechanical properties, electrical
properties, and microstructure of the developed composites were
also comprehensively investigated.

� ACP has found to be able to improve the mechanical strength of
the cementitious composites. A slight increase can be observed
in the compressive and flexural strength of composites contain-
ing 2 wt% ACP, with a value of 40.4 MPa and 5.12 MPa.

� The addition of nano ZnO can result in low mechanical proper-
ties of the cementitious composites at early ages, due to its
retardation effect of the Portland cement. However, it can sig-
nificantly improve the compressive and flexural strength of
the composites at 28 days. The compressive and flexural
strength of the composite containing 0.3 wt% of nano ZnO have
improved by 11% and 120% with a value of 44.71 MPa and
9.87 MPa, respectively.

� Both of ACP and nano ZnO can enhance the performance of CF
by improving the bonding strength between CF and the sur-
rounding matrix. ACP has been found more effective in improv-
ing the mechanical strength of the CFRCC. The compressive and
flexural strength of CFRCC with 0.25 wt% ACP has reached
50 MPa and 10.52 MPa, which improved around 25% and 10%
compared to pure CFRCC.

� All cementitious composites incorporating different and hybrid
fillers performed piezoresistive response toward applied com-
pressive stress. Although the developed composites cannot
achieve a sensitivity as high as pure CFRCC, it can achieve
piezoresistive behaviour with improved linearity and repeata-
bility. Composites containing 2 wt% of ACP have favourable per-
formance parameter with a sensitivity of 3.571%/MPa, the
linearity of 7.849%. Composites containing 4 wt% of ACP can
achieve repeatability at 0.952%, which indicate a good repro-
ducibility of the piezoresistivity.

� Nano ZnO is a piezoelectric material, and the electrical charge
can accumulate in response to applied load leading to change
in resistivity. Piezoresistive behaviour can be observed for com-
posites containing nano ZnO below 0.3 wt% is not significant.
The sensitivity of the piezoresistive response increase with
the increasing nano ZnO. The composite containing nano ZnO
at 0.3 wt% and 0.5 wt% achieved a sensitivity of 4.111%/MPa
and 4.608%/MPa. The composites containing nano ZnO at 0.3
wt.% performs better repeatability at 1.759%, while the best lin-
earity is achieved by composite containing 0.5 wt% of nano ZnO.

� eduction in sensitivity can be observed when ACP/nano ZnO
was added into the CFRCC, as the addition fillers connect the
adjacent fibre and result in a more stable conductive network.
The linearity of the piezoresistive response of the composites
containing hybrid APC/CF and nano ZnO/CF have improved
compared to CFRCC.

� A linear regression equation was proposed to describe the rela-
tionship between FCR and applied compressive stress. The
developed function exhibited a strong correlation with the
tested data scatters for composites containing 2 wt% ACP and
4 wt% ACP. Composites containing hybrid nano ZnO/CF with
nano ZnO content at 0.1 wt% also present a strong correlation
with the fitting equation.
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Chapter 6: Development of self-sensing cementitious composites incorporating CNF and hybrid 

CNF/CF 

Previous reseach showed carbon fibre (CF) at a concentration of 0.7 wt.% (0.4 vol.%) can achieve a 

continuously conductive network and realise self-sensing performance in cementitious composites. Apart 

from CFs, fibrous nanomaterials have been found to be effective in enhancing the piezoresistive 

behaviour of composites. Four types of carbon nanofibers (CNFs) were added to the control mix at 

different concentrations up to 1.1 wt.% to assess the impact on the mechanical, electrical, and 

piezoresistive behaviour of cementitious composites. Additionally,  they were mixed with 0.7 wt.% of 

CF to evaluate the combined effect of the two types of fibres. Results showed that CNFs can improve 

the sensitivity of the piezoresistive response when added to the control mix. For composites containing 

CNFs alone, the greatest fractional change in resistivity (FCR) of more than 50% was generated by the 

composite containing 0.03 wt.% of 19LHT type CNFs. However, the piezoresistive response of this 

composite was not linear. When combined with CFs, a maximum FCR at around 60% with improved 

repeatability and linearity could be achieved. However, combining CNFs with CFs showed a reduction 

in the sensitivity of the piezoresistive response compared to composites containing CF alone.  

 

The following publication has been included in the thesis in its published format. 

Wang, L., & Aslani, F. (2021). Development of self-sensing cementitious composites incorporating CNF 

and hybrid CNF/CF. Construction and Building Materials, 273, 121659. 

 

94
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h i g h l i g h t s

� Mechanical properties of composites with CNF and hybrid CNF/CF were presented.
� CNF and hybrid CNF/CF were used to improve the piezoresistive behavior.
� Composites with hybrid CNF/CF showed piezoresistivity with enhanced repeatability.
� SEM analysis were used to determine the effects of CF and hybrid CNF/CF.
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a b s t r a c t

Self-sensing cementitious composites have gathered particular interest as they can fulfil the structural
health monitoring demand in order to evaluate the condition of the structures and predict the service life
of structures. Carbon fibre (CF) has been proved to be the most effective additive in enhancing the elec-
trical conductivity and piezoresistive properties of cementitious composites. However, with the develop-
ment of nanotechnology, carbon nanomaterials have found not only effective in developing cementitious
composites with high strength and toughness, but also effective in enhancing the piezoresistivity of the
composites. In this study, four types of carbon nanofiber (CNF) were added at different concentrations up
to 1.1 wt% in ordered to develop a more comprehensive study about the effect of CNF on mechanical,
electrical and piezoresistive behaviour of cementitious composites. Besides, CNF was also added into
the CF reinforced cementitious composites to study the effect of hybrid CNF/CF. The result showed that,
although CNF can contribute to the mechanical properties of cementitious composites, hybrid CNF/CF is
more effective in enhancing the compressive and flexural strength and improving the electrical conduc-
tivity of the composites. In terms of piezoresistivity behaviour, composites with both mono CNF and
hybrid CNF/CF demonstrated a reversible piezoresistive behaviour and presented a linear relation
between the fractional change in resistivity (FCR) and applied load. Composites containing mono CNF
showed smooth curves with no obvious noise, however, the maximum FCR is about 50% and obvious time
drift can be observed due to polarisation. Although the addition CNF reduce the sensitivity of the piezore-
sistive response compared to composites containing CF alone, hybrid CNF/CF seemed to be more effective
in increasing the sensitivity of the composites compared to mono CNF. A higher maximum FCR around
80% can be achieved by composites containing hybrid CNF/CF. Besides, the piezoresistive behaviour of
hybrid CNF/CF reinforced composites showed good stability and repeatability. These findings suggest that
hybrid CNF/CF may be a promising additive to develop self-sensing cementitious composites.

� 2020 Elsevier Ltd. All rights reserved.

1. Introduction

The demand for structural health monitoring (SHM), which can
evaluate the condition of the structure and predict the service life

of structures is growing rapidly due to the increasing deterioration
of infrastructure. Multiple technologies have been studied to
achieve real-time SHM by attaching strain gauges [1] and embed-
ding sensors such as optical fibre sensors [2,3], cement-based sen-
sors [4], piezoelectric ceramic and shape memory alloy [5].
However, the use of attached strain gauges is limited due to poor
sensitivity, durability and complex assembling method. Moreover,
the above-mentioned sensory components currently face chal-
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lenges related to installation, limited functional volume, and data
analysis capability, which result in high installation and system
costs. Besides, they are often incompatible with the cement matri-
ces, which may adversely affect the mechanical properties and
durability of the concrete elements [6].

To address those issues, using the cementitious composite itself
as a sensor has gathered much attention, which can also provide
better monitoring of the full structure than the on-site interpreta-
tion of data from limited locations does. Research efforts have been
concentrated on incorporating the capacity of high electrical con-
ductivity into cementitious composites to achieve sensing capabil-
ities [7]. This can be obtained by incorporating electrically
conductive functional fillers into the cementitious matrix. By add-
ing conductive fillers, cementitious composites can achieve
piezoresistive behaviour, which can be defined as the change in
electrical resistivity when subjected to external stress and strain.
Han et al. [8] have identified more than ten types of functional fil-
lers that proved to be effective in achieving the self-sensing capa-
bility of cementitious composites, which include steel fibre, carbon
fibre (CF), carbon nanotube (CNT), carbon nanofibre (CNF), carbon
black (CB), graphite powder, graphene nanoplatelet, steel slag and
nickel powder [9–14].

Among those functional fillers, CF has gathered particular inter-
est as it is the most effective additive in enhancing the electrical
conductivity and piezoresistive properties of cementitious com-
posites. Apart from electrical properties, CF can enhance the
mechanical properties such as flexural strength and toughness,
strain capacity, reduce the drying shrinkage and improve the dura-
bility [15]. Due to its high aspect ratio, CF can easily form a conduc-
tive network within the cement matrix at a low concentration.
Therefore, CF is considered as one of the most promising functional
fillers in realising self-sensing cementitious composites. Chen et al.
[16] indicated that the percolation threshold of CF, which can be
defined as the fibre concentration when the adjacent fibres begin
to touch one another is between 0.4 vol% and 0.8 vol%. When com-
posites containing CF at the percolation threshold, the tunnelling
effect become the major sensing mechanism, which makes the
resistivity of the composites more sensitive toward external load-
ing [8]. Lee et al. [17] have researched cementitious composites
containing CF up to 1 vol%. The results showed that composites
with 0.5 vol% could achieve a gauge factor of more than 400.
Although high sensitivity toward external loading can be achieved
by incorporating CF into the cement matrix, the repeatability and
the signal quality needs improvement. Reduction in the fractional
change in resistivity (FCR) can be observed with the increasing
time, which may attribute to the rearrangement and debonding
of fibres within the matrix caused by the formation of microcracks
and deformation under the external load [13].

One way to enhance the signal quality is to improve the poten-
tial area between connecting fillers, which can be achieved by
using hybrid fillers with different scales. With the development
of nanotechnology, carbon nanomaterials have been combined
with CF to form hybrid fillers [17–19]. Compared to particle-
shaped nanofillers, fibrous nanomaterials such as CNT and CNF
have found more effective in enhancing the piezoresistive beha-
viour of the composites. Azhari and Banthia [18] indicated that
compared to composites with CF alone, hybrid CNT/CF could
enhance the signal quality and reliability as well as increase the
sensitivity of the composites. Besides, they are also effective in
developing cementitious composites with high strength and
toughness due to their extraordinary mechanical properties and
high aspect ratio [20,21].

Meanwhile, many investigations have been reported on using
mono fibrous carbon nanomaterial in cementitious composites to
improve the electrical and piezoresistive behaviour [22,23]. How-
ever, most of the research has been focused on CNT, since an early

study conducted by Chung [24] indicated that 0.1 mm carbon fila-
ment (the predecessor of CNF) is ineffective in enhancing piezore-
sistive behaviour of cementitious composites. D’Alessandro et al.
[25] have conducted a comparative study between CNT and CNF
at different concentration (1, 1.5 and 2 wt%), the result indicated
that CNF composites demonstrated a high noise ratio and more sig-
nificant influence of the polarisation effect. The possible reasons
were the bent morphology and large aspect ratio of CNF. Besides,
the concentration of CNF adopted in the research is above the per-
colation threshold, which may also be the reason for poor piezore-
sistive behaviour. Han et al. [26] have investigated the
piezoresistive behaviour of both CNT and CNF. The result showed
that CNT and CNF produced a similar piezoresistive response,
which highly depends on the dispersion and concentration of the
materials. Compared with CNT, composites containing CNF can
achieve a similar piezoresistive response at a smaller filler content.
Besides, it has also been reported that CNF is able to enhance the
mechanical properties, durability and microstructure of the com-
posites [27–29]. Although the percolation threshold of CNF is
between 0.5 wt% and 1 wt%, Sasmal et al. [30] have determined
that composite performed better piezoresistive behaviour when
the CNF addition is at 0.1 wt%. Therefore, composites containing
CNF is in need of investigation.

This study comprehensively evaluates the effect of CNF on the
mechanical properties, electrical properties, piezoresistive beha-
viour and microstructure of the cementitious composites. For this,
four different types of CNF were added at six different concentra-
tions up to 0.11 wt%. Simultaneously, the hybrid effect of CNF
and CF has also studied, as the previous research has focused on
the effect of hybrid CNT and CF. To evaluate the enhancing effect
of hybrid CNF/CF, CNF was also added into the CF reinforced
cementitious composites at different concentrations up to
0.05 wt%. Scanning electron microscopy (SEM) analysis was also
conducted to understand the mechanisms and dispersion of CNF
within the cement matrix.

2. Experimental

2.1. Materials

Cement mortar was adopted as the matrix for this study, which
was prepared with the ordinary Portland cement (in accordance
with AS3972 [31]). Ground granulated blast furnace slag (in accor-
dance with AS3582.2 [32]) was used as the supplementary cemen-
titious material. Silica fume (in accordance with AS3583 [33]) was
added in order to improve the dispersion of CNF, as the previous
research indicated that silica fume could mechanically separate
the agglomerated nanomaterials [18]. 45–50 silica sand with the
particle size less than 1 mm constituted the fine aggregates in all
designed mixes. The chemical and physical properties of the con-
ventional dry materials are given in Table 1.

Four different types of CNF and one CF with their properties tab-
ulated in Table 2 were considered in this research to investigate
the effect of mono CNF and hybrid CNF/CF mechanical, electrical
and piezoresistive behaviour of cementitious composites. For all
used CNF, an enhanced debulking strategy was conducted during
the fibre processing, which can contribute to the CNF dispersion
and reduce the dispersing energy required. PS types of CNF is the
pyrolytically stripped CNF, which has the polyaromatic hydrocar-
bons removed from the fibre surface. LHT types of CNF has been
treated under low heat treatment with a temperature of 1500 �C,
which carbonised chemically vapour deposited (CVD) layer on
the surface of the fibre. Compared with PS types of CNF, LHT types
of CNF perform a higher conductivity due to the carbonisation of
the CVD overcoat. Fig. 1 shows the SEM images of all four types
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of CNF used in this research. The CF used in this research is poly-
acrylonitrile (PAN) based, and unsized CF with the SEM images
showed in Fig. 2. The surface of the CF is not smooth since stria-
tions along the fibre length can be observed.

2.2. Sample preparations

In total, 38 mixes were prepared to investigate the performance
of mono CNF and hybrid CNF/CF. Table 3 shows the mix propor-
tions of specimens containing CNF alone. In order to identify the
influence of CNF types and content on the mechanical and electri-
cal properties of the composites, four types of CNF, each was add-
ing at 0.01, 0.03, 0.05, 0.07, 0.09 and 0.11 wt% of the binder. Table 4
shows the mix proportions of specimens containing a combination
of CNF and CF (hybrid CNF/CF). The previous study has indicated
that, when the concentration of CF is at the percolation threshold,
composites can perform the best electrical and piezoresistive beha-
viour. Therefore, in this study CF was added at a concentration of
0.7 wt% (0.4 vol%). Four types of CNF were combined with CF at
0.01, 0.03, and 0.05 wt%, to investigate the hybrid effect of CNF/
CF on the mechanical and electrical properties of the composites.
The water to binder ratio (W/B) was kept at 0.4 for all conducted
mixes. Polycarboxylate based high range water reducer agent
(HRWRA) was used in all mixes to enhance the dispersive ability
of CNF and CF within the cement matrix [26]. Detailed mixing pro-
portions are given in Tables 3 and 4.

The latter admixing method was adopted in this study to fabri-
cate the cementitious composites containing mono CNF and hybrid

CNF/CF (Fig. 3). Functional fillers were first dispersed into the
aqueous solution before adding to the cement mixture. HRWRA
was first added into the water as a surfactant. A 500W probe ultra-
sonic processor with temperature controller was used for CNF dis-
persion. The CNF was added into the aqueous solution and
sonicated for 10 min at a cycle of 20 s to prevent the overheating
of the suspensions. Unsized CF was utilised in this study; therefore,
no desizing treatment was required. To ensure proper dispersion of
CFs, before adding into the dry mix, they were first added into the
aqueous solution containing HRWRA and mechanically mixed until
separate.

At the meantime, all dry materials were mixing in a Hobart
mixer. After the dry mixing, prepared CNF or hybrid CNF/CF sus-
pension was poured into the mix and keep mixing until homoge-
nous. After mixing, all mixture was transferred into the oiled
moulds, and thin sheets of copper meshes were embedded into
some of the specimens for electrical properties measurement. An
external vibrator was used for the sample compaction to eliminate
the number of air bubbles and enhance the bond between the cop-
per meshes and the mixture. All prepared specimens were
demoulded after 24 h and stored in a curing roomwith the temper-
ature and relative humidity controlled at around 25 �C and 95%,
respectively.

2.3. Testing procedures

In order to evaluate the mechanical properties of the compos-
ites, 50 mm cubes and 40 � 40 � 160 mm prisms were fabricated

Table 1
Chemical composition, physical and mechanical properties of all dry materials.

OPC GGBFS Silica Fume 45–50 Silica Sand

CaO 63.40% FeO 1.3% Silicon as SiO2 98% SiO2 99.86%
SiO2 20.10% CaO 38–43% Sodium as Na2O 0.33% Fe2O3 0.01%
Al2O3 4.60% SiO2 32–37% Potassium as K2O 0.17% Al2O3 0.02%
Fe2O3 2.80% Al2O3 13–16% Available Alkali 0.40% Cao 0.00%
SO3 2.70% MgO 5–8% Chloride as Cl- 0.15% MgO 0.00%
MgO 1.30% TiO2 1.5% Sulphuric Anhydride 0.83% Na2O 0.00%
Na2O 0.60% MnO 0.5% Sulphate as SO3 0.90%
Total Chloride 0.02% Hydraulic Index 1.7–1.9%

Physical Properties Physical Properties Physical Properties Sieve size % Retained
Specific Gravity 3.0–3.2 t/m3 Bulk Density 850 kg/m3 Bulk Density 625 kg/m3 850 lm 0%
Fineness index 390 m2/kg Glass Content <85% Relative Density 2.21 600 lm 0.3%
Normal consistency 27% Angle of Repose Approx. 35O Pozzolanic Activity at 7 days 111% 425 lm 11.9%
Setting time initial 120 min Chloride Ion >0.025% Control Mix Strength 31.3 MPa 300 lm 40.8%
Setting time final 210 min Moisture Content 1.10% 212 lm 31.60%
Soundness 2 mm Loss of Ignition 2.40% 150 lm 12.6%
loss on ignition 3.80%
Residue 45 lm sieve 4.70%
Mechanical Properties
Mortar Comp Str.
f’c 3 days 38.6 MPa
f’c 7 days 48.4 MPa
f’c 28 days 58.5 MPa
Shrinkage 28 days 640 l strain

Table 2
Properties of CNF and CF.

Abbreviation 19LHT 24LHT 19PS 24PS CF

Type PR-19-XT-LHT PR-24-XT-LHT PR-19-XT-PS PR-24-XT-PS unsized/ PAN based
Fibre diameter (nm) 150 100 150 100 7 � 103

Fibre length (mm) 0.03–0.1 0.03–0.1 0.03–0.1 0.03–0.1 3
Density (g/cm3) 1.4 1.4 1.9 1.6 1.8
Bulk density (g/cm3) 0.0353 0.0541 0.0270 0.0291 –
CVD carbon overcoat present on fibre No No Yes Slight –
Tensile strength (GPa) 7 7 7 7 4.1
Tensile modulus (GPa) 600 600 600 600 242
Dispersive Surface energy (mJ/m2) 120–140 145–165 120–140 75–95 –
Surface area (m2/gm) 15–20 35–45 20–30 45–50 –
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for the compressive and 3-point bending test. The compressive and
flexural tests were conducted at both 7 and 28 days of curing. The
compressive test was performed on the Baldwin testing machine
with a load capacity of 600 kN. The flexural test was performed
in the Instron 5982 testing machine with a load capacity of 100
kN. The loading rate for both tests was controlled at 5 mm/min.

The electrical measurement was conducted at 28 days of curing
and dried in an oven at 100 �C for 24 h. This was to remove the
moisture within the specimens and avoid the polarisation effect

on electrical resistance. As indicated in Fig. 4, the four-probe
method was conducted to evaluate the electrical properties, where
the outer probes were used to provide electrical current, and the
inner two probes were used for voltage measurement. A digital
multimeter Keithley 2100 was used to measure the direct current
(DC) resistance of the specimens. After the electrical resistance
measurement, the piezoresistive behaviour was evaluated on the
same specimens. An external cyclic load with a magnitude of
10 MPa was performed on the specimens using Instron 5982 test-
ing machine. Each test included four loading and unloading cycles,
operating in extension control at 0.5 mm/min. The DC resistance
was monitored by using Keithley 2100 to study the correlation
between the FCR and the applied compressive load.

To calculate the electrical resistivity (q) (X∙cm) and the FCR
(Dq) (%) of the specimens, the following Eqs. (1) and (2) can be
used:

q ¼ RA
L ð1Þ

Dq ¼ qm�q0
q0

� 100 ð2Þ

where R is the measured electrical resistance (X), A stands for the
cross-sectional area of the specimen (cm2), L is the distance
between the inner electrodes (cm), qm stands for the measured
resistivity (X∙cm), and q0 stands for the initial resistivity (X∙cm).

In order to study the mechanism and dispersion of CNF and
hybrid CNF/CF. A flat piece was taken from the inner core of each
specimen to perform the SEM analysis. In order to make the sample
surface electrically conductive and enhance the quality of SEM, a
thin platinum coating was applied on the sample surface.

Fig. 1. SEM images of (a) 19LHT CNF, (b) 24LHT CNF, (c) 19PS CNF and (d) 24PS CNF.

Fig. 2. SEM images of carbon fibres.
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3. Results and discussion

3.1. Mechanical properties

3.1.1. Composites containing mono CNF
The conventional compressive test and 3-point bending test

were carried out at 7 and 28 days of curing in order to quantify
the compressive and flexural strength of the cementitious compos-
ites containing CNF alone. Fig. 5 (a) and (b) show the 7 and 28 days
compressive strength of the composites with increasing CNF
dosage. Furthermore, Fig. 6 (a) and (b) show the 7 and 28 days flex-
ural strength for composites containing 4 types of CNF with differ-
ent concentration. The values presented are defined by the average
of the experiment results of three tested specimens. The compres-
sive and flexural strength of all tested specimens increased with
the increasing time of curing, which is due to the hydration process
of Portland cement.

Among all 4 types of CNF, 19LHT and 24PS performed the best
enhancement on the compressive strength of the composites. For
composites containing 19LHT, the best compressive strength can
be observed when the CNF concentration is at 0.05 wt%. While
for composites containing 24PS, the best compressive strength
can be observed when the CNF concentration is at 0.01 wt%.

According to Table 2, among all 4 types of CNF, 19LHT owns the
smallest specific surface area and a relatively low dispersive sur-
face energy, which makes it easier to be dispersed within the
matrix. 24PS has low dispersive surface energy; however, the
energy required for dispersion is larger than 19LHT because of its
large surface area. This finding is in good agreement with the
results that the optimal concentration of 24PS is higher than
19LHT. The enhancement observed in the compressive strength
indicated that adequate dispersion was achieved. When CNF is well
dispersed within the matrix, it can fill the voids between hydration
phases thus refine the capillary pores, which result in a denser
microstructure of the composites, thus improving the compressive
strength. Compared with 24PS, composites containing 19PS pre-
sented smaller compressive strength, which indicated that 19PS
is not effective in enhancing the compressive strength of the com-
posites. The factor that can be considered when explaining this is
the different diameter of 19PS and 24PS. For the same concentra-
tion of CNF, the number of 19PS is smaller than 24PS due to its lar-
ger diameter. When CNF is well dispersed in the matrix, a larger
number of fibres enables a higher reinforcing efficiency of the com-
posites. However, for composites containing 24LHT, the strength of
the composite was adversely affected by the addition of CNF. Con-
sistently, when the concentration of CNF is beyond 0.05 wt%, the

Table 3
Mixing proportions of the specimens containing single mono CNF.

No. Cement GGBFS SF Sand W/B ratio Filler type Filler (wt.% binder) HRWRA (wt.% binder)

CM 1 1.2 0.11 0.836 0.4 – 0 0.4
19LHT-0.01 1 1.2 0.11 0.836 0.4 19LHT-CNF 0.01 0.4
19LHT-0.03 1 1.2 0.11 0.836 0.4 19LHT-CNF 0.03 0.4
19LHT-0.05 1 1.2 0.11 0.836 0.4 19LHT-CNF 0.05 0.4
19LHT-0.07 1 1.2 0.11 0.836 0.4 19LHT-CNF 0.07 0.4
19LHT-0.09 1 1.2 0.11 0.836 0.4 19LHT-CNF 0.09 0.4
19LHT-0.11 1 1.2 0.11 0.836 0.4 19LHT-CNF 0.11 0.4
24LHT-0.01 1 1.2 0.11 0.836 0.4 24LHT-CNF 0.01 0.4
24LHT-0.03 1 1.2 0.11 0.836 0.4 24LHT-CNF 0.03 0.4
24LHT-0.05 1 1.2 0.11 0.836 0.4 24LHT-CNF 0.05 0.4
24LHT-0.07 1 1.2 0.11 0.836 0.4 24LHT-CNF 0.07 0.4
24LHT-0.09 1 1.2 0.11 0.836 0.4 24LHT-CNF 0.09 0.4
24LHT-0.11 1 1.2 0.11 0.836 0.4 24LHT-CNF 0.11 0.4
19PS-0.01 1 1.2 0.11 0.836 0.4 19PS-CNF 0.01 0.4
19PS-0.03 1 1.2 0.11 0.836 0.4 19PS-CNF 0.03 0.4
19PS-0.05 1 1.2 0.11 0.836 0.4 19PS-CNF 0.05 0.4
19PS-0.07 1 1.2 0.11 0.836 0.4 19PS-CNF 0.07 0.4
19PS-0.09 1 1.2 0.11 0.836 0.4 19PS-CNF 0.09 0.4
19PS-0.11 1 1.2 0.11 0.836 0.4 19PS-CNF 0.11 0.4
24PS-0.01 1 1.2 0.11 0.836 0.4 24PS-CNF 0.01 0.4
24PS-0.03 1 1.2 0.11 0.836 0.4 24PS-CNF 0.03 0.4
24PS-0.05 1 1.2 0.11 0.836 0.4 24PS-CNF 0.05 0.4
24PS-0.07 1 1.2 0.11 0.836 0.4 24PS-CNF 0.07 0.4
24PS-0.09 1 1.2 0.11 0.836 0.4 24PS-CNF 0.09 0.4
24PS-0.11 1 1.2 0.11 0.836 0.4 24PS-CNF 0.11 0.4

Table 4
Mixing proportions of the specimens containing hybrid functional filler.

No. Cement GGBFS SF Sand W/B ratio Filler type Filler (wt.% binder) HRWRA (wt.% binder)

CM-CF 1 1.2 0.11 0.836 0.4 3mmUnsized CF 0.7 0.4
CF-19LHT-0.01 1 1.2 0.11 0.836 0.4 CF and 19LHT-CNF 0.7/0.01 0.4
CF-19LHT-0.03 1 1.2 0.11 0.836 0.4 CF and 19LHT-CNF 0.7/0.03 0.4
CF-19LHT-0.05 1 1.2 0.11 0.836 0.4 CF and 19LHT-CNF 0.7/0.05 0.4
CF-24LHT-0.01 1 1.2 0.11 0.836 0.4 CF and 24LHT-CNF 0.7/0.01 0.4
CF-24LHT-0.03 1 1.2 0.11 0.836 0.4 CF and 24LHT-CNF 0.7/0.03 0.4
CF-24LHT-0.05 1 1.2 0.11 0.836 0.4 CF and 24LHT-CNF 0.7/0.05 0.4
CF-19PS-0.01 1 1.2 0.11 0.836 0.4 CF and 19PS-CNF 0.7/0.01 0.4
CF-19PS-0.03 1 1.2 0.11 0.836 0.4 CF and 19PS-CNF 0.7/0.03 0.4
CF-19PS-0.05 1 1.2 0.11 0.836 0.4 CF and 19PS-CNF 0.7/0.05 0.4
CF-24PS-0.01 1 1.2 0.11 0.836 0.4 CF and 24PS-CNF 0.7/0.01 0.4
CF-24PS-0.03 1 1.2 0.11 0.836 0.4 CF and 24PS-CNF 0.7/0.03 0.4
CF-24PS-0.05 1 1.2 0.11 0.836 0.4 CF and 24PS-CNF 0.7/0.05 0.4

L. Wang and F. Aslani Construction and Building Materials 273 (2021) 1–19

5 99



strength of the composites reduced with the increasing CNF addi-
tion, which results from the difficulties of CNF dispersion at high
concentration. Compared with the other types of CNF, 24LHT owns
the highest dispersive surface energy and a relatively large surface
area, which makes it difficult to be well dispersed in the matrix.
The dispersive ability is the essential criteria whether the CNF
can fully achieve its reinforcing efficiency as the CNF bundles can
be formed due to poor dispersion, which will lead to the formation
of defect sites in the cementitious matrix and reduce the effective-
ness of CNF [29].

In terms of the composites’ flexural strength, composites con-
taining LHT types of CNF presented higher compressive strength
than composites with PS types of CNF. For both 19LHT and
24LHT, the flexural strength first increased with the increasing
CNF dosage and then decreased after the CNF concentration
reached the threshold, which is at 0.07 wt%. The best flexural
strength is at 5.22 MPa, which was obtained by composite contain-
ing 19LHT at the concentration of 0.07 wt%. While for composites
containing 24 LHT, the best flexural strength is at 5.18 MPa. For
19PS, the flexural strength of the composite fluctuated with the
various CNF dosage, which has the value similar to the control

mix. For composites containing 24PS, only slightly increase of the
composites’ flexural strength can be observed when the CNF is at
0.01 wt%, then the strength of the composites reduced with the
increasing amount of CNF. Among all tested CNFs, LHT type CNFs
present a better reinforcing effect in terms of flexural strength of
the composites. Compared to PS type of CNF, LHT type of CNF
has no CVD overcoat, which presents as graphitic tubular core
and exhibits a rougher surface. The rough surface of the LHT type
of CNFs help to enhance the interfacial bunding between CNF
and the matrix, thus prevent the interfacial slip and debonding of
the CNF. When CNF is embedded into the hydration products, a sig-
nificant enhancement to the flexural strength of the composites
can be observed, as CNF owns a superior tensile strength and ten-
sile modulus, which can bridge the cracks and act as a high stiff-
ness filler.

3.1.2. Composites containing hybrid CNF/CF
Compressive and 3-point bending tests were conducted on

specimens containing a combination of CNF and CF at 7 and 28 days
to investigate the combined effect of hybrid CNF/CF fillers. The
concentration of CF used in all prepared specimens was fixed at

Fig. 3. Illustration of the mixing process.

Fig. 4. Configuration of electrodes.
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0.7 wt% (0.4 vol%), which was previously determined as the perco-
lation threshold. Fig. 7(a) and (b) show the 7 and 28 days compres-
sive strengths of the composites containing hybrid CNF/CF with
increasing CNF dosage, and Fig. 8 (a) and (b) show the 7 and 28 days
flexural strength. Composites containing CF alone were considered
as the control mix to evaluate the hybrid effect of CNF and CF. For
all tested specimens, both the compressive and flexural strength
increase with the increasing curing age.

As shown in Fig. 7, the control mix with CF demonstrated a sim-
ilar compressive strength compared to the plain mortar, which
indicated that CF is not effective in enhancing the compressive
strength. Besides, due to the mixing of CF, air voids can be gener-
ated within the matrix, thus result in a slight decrease of the com-
posites’ strength. All samples reinforced with hybrid CNF/CF
appear to outperform in terms of the compressive strength. This

improved compressive strength can be possibly attributed to the
pore filling effect of CNF. CNF can fill the pore and result in a denser
microstructure of the matrix, which can enhance the bonding
strength between CF and the surrounding matrix and enlarge the
reinforcing effect of CF. The maximum compressive strength was
achieved by composites containing hybrid 24LHT and CF. For
hybrid samples with 24 LHT, the composite strength increasing
with the increasing amount of CNF, which has the maximum com-
pressive strength when the CNF is at 0.05 wt%. However, for the
other types of CNF, the maximum strength was achieved when
the CNF concentration is at 0.3 wt%. As shown in Fig. 8, flexural
strength with a value of 9.6 MPa was achieved by composite con-
taining CF alone, which is more than 100% higher than the plain
mortar specimens. When the addition of CNF is at 0.01 and
0.03 wt%, specimens with hybrid CNF/CF demonstrated higher flex-

Fig. 5. Compressive strength of composites containing mono CNF at (a) 7 and (b) 28 days.

Fig. 6. Flexural strength of composites containing mono CNF at (a) 7 and (b) 28 days.

L. Wang and F. Aslani Construction and Building Materials 273 (2021) 1–19

7 101



ural strength compared to composites with CF alone. The maxi-
mum flexural strength was achieved when composites containing
0.03 wt% of 19LHT, which exhibit up to 25% higher flexural
strength than control mix with CF alone.

According to the observed compressive and flexural strength,
LHT types of CNFs are more effective in enhancing the performance
of CNF. Compared with PS types of CNF, LHT types of CNF has no
CVD carbon overcoat. It is produced by the low heat treatment
with temperatures of 1500�C, which carbonises the CVD layer of
carbon present on the fibre surface and converts it into a short-
range ordered structure. The carbonisation of the CVD layer results
in a rougher surface of LHT types of fibre, which result in high fric-
tion between the CNF surface and the matrix. Besides, the carbon-
isation of the CNF surface can also contribute to the chemical
bonding between the CNF surface and the surrounding matrix,
which anchored the CNF into the matrix and enhanced the bonding
performance of CF.

3.2. Electrical properties

3.2.1. Composites containing mono CNF
The electrical resistivities of the composites containing four

types of CNFs at different concentration were summarised in
Fig. 9. With the increasing amount of CNF, the electrical resistivity
of the composites presented an increasing tendency. Significant
increase in the electrical resistivity can be observed when the
amount of CNF increase from 0.05 to 0.11 wt%, which is consistent
with the finding of Sasmal et al. [30]. Several authors studying with
different fillers have illustrated that percolation theory can explain
the reasons for the change in electrical resistivity. The percolation
threshold can be defined as the content of conductive fillers than
start forming a continuous electrical path within the composites,
which is the reason that results in the reduction of electrical resis-
tivity [8,25,27]. Fig. 10 illustrates the percolation theory that can
be used to explain the relationship between the electrical resistiv-

Fig. 7. Compressive strength of composites containing hybrid CF/CNF at (a) 7 and (b) 28 days.

Fig. 8. Flexural strength of composites containing hybrid CF/CNF at (a) 7 and (b) 28 days.
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ity of the composites and the content of conductive fillers. When
the content of conductive fillers is below the percolation threshold
(Zone A), no conductive network will be formed. Therefore, the
conductive mechanism is due to the ionic conduction, which
highly depends on the pore distribution and pore solution. With
the increasing amount of conductive fillers, tunnelling effect will
happen when the distance between the conductive particles or
fibres reduce and allow electron hopping, thus result in a signifi-
cant reduction in electrical resistivity [34]. When more conductive
fillers are added into the composites, the adjacent particles or
fibres will start to make contact and form a conductive network
within the composites, thus leading to a reduction in resistivity
of several orders of magnitude (Zone B). When the content of con-
ductive fillers is beyond the percolation threshold (Zone C), no sig-
nificant reduction in the electrical resistivity can be observed, as
the shortest conductive path has already been formed [7,8].

According to D’Akkessadro et al. [25] and Dalla et al. [35], the
percolation threshold of CNF is between 0.5 and 1 wt%, and the
concentration of CNF in this research is much lower than the per-
colation threshold. Therefore, the CNF within the matrix is not
enough to form a continuous conductive path; thus, no reduction
in the resistivity of the composites can be observed. As the concen-
tration of CNF used in this study is below the percolation threshold,

the main conduction mechanism is the ionic conduction which
highly related to the porosity and pore solution within the matrix.
The increase in electrical resistivity can result from the accelerated
and enhanced hydration of the composites, as CNF can increase the
number of ions and contribute to the formation of hydration prod-
uct. Simultaneously, CNF can refine the pore and reduce the overall
porosity, which also leads to an increase in electrical resistivity.

3.2.2. Composites containing hybrid CNF/CF
Fig. 11 summarised the electrical resistivity of the composites

containing hybrid CNF/CF. The concentration of CF is fixed at
0.7 wt% (0.4 vol%) and combined with CNF added at 0.01, 0.03
and 0.05 wt%. As the percolation threshold of CF has been predeter-
mined, which is around 0.4 vol%. At a concentration of 0.4 vol%, CF
has already developed a conductive crisscrossing network within
the matrix. Although CNF has been added into the composites,
the shortest conductive path has already been generated by the
CF. Therefore, the additional CNF cannot shorten the conductive
path; thus, no further reduction can be observed in the electrical
resistivity of the composites with the increasing CNF addition.
For composites containing LHT types of CNF, the electrical resistiv-

Fig. 9. Electrical resistivity of composites containing mono CNF.

Fig. 10. Schematic description of percolation theory.

Fig. 11. Electrical resistivity of composites containing hybrid CF/CNF.
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ity of hybrid composites fluctuated with the CNF content. How-
ever, the resistivity of the hybrid composites significantly
increased when the composites containing PS types of CNF at
0.05 wt%. This may result from the poor dispersion of CNF as the
poor distributed CNF may form agglomeration and create defect
area in the cementitious matrix, which may block the conductive
path and result in an increase in electrical resistivity of the
composites.

3.3. Piezoresistivity behaviour

3.3.1. Composites containing mono CNF
The applied external load was designed based on the compres-

sive strength obtained through the compressive test. In order to
guarantee that the loading is within the elastic region, the applied
load should be below 30% of the compressive strength [27]. There-
fore, cyclic loading with a maximum magnitude at 10 MPa was
applied. Fig. 12 shows the results of the piezoresistive test for
the control mix, which has both the fractional change in resistivity
and applied stress presented versus time. Although the control mix
demonstrated a low sensitivity toward the applied stress, reversi-
ble piezoresistive behaviour can be observed. However, this phe-
nomenon was attributed to the ionic conduction of the pore
solution. Although the free water vaporised due to the drying treat-
ment, the ions cannot be removed with water. When an external
force was applied, the moisture adsorbed on the pore surface,
which did not completely vaporised can carry the ions and force
to extruded through the capillary pores, thus resulting in the resis-
tivity change [36]. However, the piezoresistive behaviour of plain
mortar is highly depended on the moisture content and can be
affected by the hydration time and condition. Therefore, plain
cement mortar is not suitable for stress sensing.

Fig. 13 shows the piezoresistive behaviour of the composites
containing mono CNF with different types and concentration. For
all tested specimen, the corresponding resistivity reduced upon
loading condition then increased when the loading is reversed.
Compared with the control mix, the composites containing CNF
demonstrate a higher FCR when subjected to cyclic compressive
loading. For all tested composites containing mono CNF, a notice-
able time drift in electrical resistivity can be observed. This
increase in electrical resistivity with increasing time is due to the
polarisation effect. Fig. 14 presents the schematic demonstration
of the polarisation effect. When an electric field is applied, the neg-
ative and positive ions start moving toward the positive and nega-
tive electrodes, respectively. Thus, resulting in a polarisation-

induced electric field opposite from the applied electric field and
leading the increase in measured resistivity with time [37]. Accord-
ing to Fig. 13, the most sensitive piezoresistive response was pre-
sented by composite containing 0.03 wt% of 19LHT, which
demonstrate a FCR of more than 50%. However, the presented
piezoresistive response was not linear, which may be caused by
several factors, such as the CNF dispersion and pore size distribu-
tion. The rest of the specimens reveal an almost linear response
toward the applied load.

The composites showed promising sensitivity when the CNF
concentration is at 0.03, 0.07, 0.03, and 0.11 wt% for 19LHT,
24LHT, 19PS and 24PS, respectively. When the CNF was added at
the optimal concentration, the electron conduction enhanced by
the tunnelling effect, as the distance between the adjacent nanofi-
bre reduced due to the applied load. However, when the CNF con-
centration is below the optimal concentration, the distance
between adjacent fibre is not small enough for electron hopping;
thus, lower sensitivity occurs. When the CNF is at a higher concen-
tration, a stable conducting network may form due to the increased
fibre content, which is difficult to deform under external loading
[30]. At the meantime, the dispersive ability of CNF within the
matrix also affect the piezoresistive response of the composite.
When the CNFs were inadequately dispersed, they can form CNF
clumps, which present a poor shrinkage recovery behaviour. Dur-
ing the loading process, CNF clumps shrink with the applied load.
However, the CNF clumps cannot recover back to the original form,
thus leaving a gap between the hydration product, which result in
a poor piezoresistive response [38].

3.3.2. Composites containing hybrid CNF/CF
According to Fig. 15, composites containing CF demonstrates a

highly sensitive piezoresistive response when the concentration
of CF is at the percolation threshold (0.4 vol%). However, it can
be noticed that the FCR of the composites continuous decrease
with the applying loading cycles. This phenomenon may be due
to the fibre rearrangement when subjected to external loading as
the fibre may buckle during the loading process and not able to
recover during the unloading process. Moreover, the formation of
microcracks caused by loading may also block the conductive path.
Besides, CF can debond from the matrix, which also affects the
piezoresistive behaviour of the composites [13]. Therefore,
although composites containing CF demonstrate the most sensitive
behaviour toward stress, it is not appropriate to be used for stress
sensing due to unstable piezoresistive behaviour. As sensitivity is
not the most crucial factor in piezoresistivity behaviour, the stabil-
ity and the signal quality are also important.

Fig. 16 shows the piezoresistive behaviour of composites con-
taining hybrid CNF/CF. No increasing in electrical resistivity can
be observed with the increasing time of measurement. The polari-
sation effect of the composite reduces with the addition of CF. It is
due to the fact that CF significant improve the conductivity of the
composites, which make the composite not able to support an elec-
tric field [39]. In general, LHT types of CNF performed a more sen-
sitive piezoresistive response compared to PS types of CNF, which
can be explained by the different morphology of CNF. Due to the
carbonisation of the CVD overcoat under low heat treatment with
a temperature of 1500�C, LHT types of CNF owns a higher conduc-
tivity than PS types of CNF, which can improve the tunnelling con-
duction when subjected to an external load.

The most sensitive piezoresistive response was achieved for
composites containing CF combined with 19LHT types of CF at
0.05 wt%, which demonstrate an FCR of 80%. Compared to the con-
trol mix with CF, the sensitivity of the composites reduced after
adding CNF. The addition CNF can connect the adjacent fibre and
form a more stable conductive network, which can hardly deform
under the applied load. Therefore, a reduction in the sensitivity ofFig. 12. Piezoresistivity behaviour of control mix.
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the piezoresistive response can be observed for composites con-
taining hybrid CNF/CF. Simultaneously, for composites containing
hybrid CF and 24LHT at 0.05 wt%, the piezoresistive behaviour
shows poor repeatability and significant noise. This may due to

the fact that 24LHT owns a larger surface area and a smaller diam-
eter compared to 19LHT. At the same mass concentration, the com-
posite containing 24LHT has more contact point between CF and a
smaller tunnelling gap, which make its electrical resistivity easily

Fig. 13. Piezoresistivity behaviour of composites containing mono (a) 19LHT CNF, (b) 24LHT CNF, (c) 19PS CNF and (d) 24PS CNF.

Fig. 14. Schematic demonstration of the polarisation effect. Fig. 15. Piezoresistivity behaviour of control mix with CF.
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altered under external load. Therefore, composites containing
24LHT performed higher noise ratio.

According to Fig. 16, the addition of all types of CNF shows no
contribution to the sensitivity, and poor repeatability has shown
when LHT types CNF is adding at 0.05 wt%. However, the stability
of the piezoresistive response has enhanced for composites con-
taining LHT types of CNF when the concentration is at 0.01 wt%
and 0.03 wt%. Furthermore, hybrid composites containing PS types
of CNF showed a stable piezoresistive response with less signal
noise. No noticeable reduction can be observed in FCR with the
increasing loading cycle as the CNF can enhance the bonding
strength between the CF and cement matrix, which reduce the pos-
sibility of debonding. Besides, CNF can bridge the microcrack and
prevent the crack from growing. Therefore, an enhancing in the
stability and signal quality can be achieved when combining CNF
with CF.

3.3.3. Compressive stress versus FCR relationship
Fig. 17, Fig. 18 and Fig. 19 exhibit the correlation between FCR

and cyclic compressive stress for all designed composites. Linear
regression functions were fitted to the data scatters with the gen-
eral equation expressed in formula (3):Fig. 19.R.

Fig. 16. Piezoresistivity behaviour of composites containing hybrid (a) CF/19LHT CNF, (b) CF/24LHT CNF, (c) CF/19PS CNF and (d) CF/24PS CNF.

Fig. 17. Relationship between FCR and cyclic compressive stress for control mix
and control mix with CF.
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y ¼ aþ bx ð3Þ

The slope in the relationship between FCR and cyclic compres-
sive stress indicates the sensitivity of the piezoresistive response of
the composite when subjected to external compressive load. The
parameters of the predicated fitting equation are summarised in
Table 5. The coefficient of determination (R2) was determined for
all specimens to value the degree of fitting and analyse the piezore-
sistive response. When the R2 presented a value close to 1, it indi-
cated that scatter data points showed a smaller discreteness and
the correlation between FCR and applied cyclic stress strong corre-
lated with the fitting equation.

According to the line fitting curve shown in Fig. 17, although the
FCR versus compressive stress curve for the control mix showed
less scattered, it presented a minimal slope value, which indicated
a poor sensitivity. After the addition of CNF (Fig. 18), the sensitivity
increased, however reduction in R2 values can be observed, which
due to the inconsistency of the cementitious matrix caused by
inadequate dispersion of CNF. According to the parameter analysed
in Table 5, the highest slope value was presented by the sample
containing 19LHT at 0.07 wt%. However, it shows a less degree of
fitting compared with the control mix. The highest R2 was obtained

by the composites with 19LHT at 0.11 wt%, meaning that the
piezoresistive response presented a good degree of fitting as the
FCR versus stress curve was least scattered. However, the sensitiv-
ity is slightly smaller, which may due to the stable conductive net-
work formed within the matrix.

Fig. 19 exhibit the correlation between FCR and cyclic compres-
sive stress for composites containing hybrid CNF/CF. Compared
with the control mix with CF alone demonstrated in Fig. 17, the
relationship between FCR and compressive stress for composites
containing hybrid CNF/CF showed a stronger linear correlation.
Although the relationship presented by control mix containing CF
showed small discreteness, it cannot describe by a linear function.
For the composites containing hybrid CNF/CF, the sensitivity
reduced, as the CNF bridge the adjacent CF and formed a more
stable conductive network, which is difficult to deform when sub-
jected to loading. The composite contains hybrid CF and 19LHT at
0.01 wt% presented an FCR versus stress curve with the least scat-
tered and demonstrate a reasonable sensitivity with the slope
value of 5.63.

A summary of the piezoresistive performance obtained from the
reported literature is provided in Table 7. It is found that the devel-
oped cementitious composites containing a smaller CNF addition,

Fig. 18. Relationship between FCR and cyclic compressive stress for cementitious composites containing (a) 19LHT, (b) 24LHT, (c) 19PS and (d) 24PS.
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performed a higher FCR and a higher sensitivity [12,30]. This indi-
cated that the optimal concentration of CNF for piezoresistive
behaviour is below 0.1 wt%. According to Table 7, composites con-
taining CF at percolation threshold performed the best piezoresis-
tive performance. However, the quality of the piezoresistive
response is in need of improvement. Lee et al. [17] have conducted
a study of the cementitious composite containing hybrid CNT/CF.
Although the sensitivity of the piezoresistive response reduces
with the addition of CNT, the quality of the piezoresistive perfor-
mance has been improved. To further study the performance of
the piezoresistive response of the cementitious composites,
parameters such as the linearity and the repeatability are in need
of investigation [40].

The linearity (E) describes the offset between the piezoresistive
response of the composites under cyclic compression and the fitted
regression line, which can be determined using the following
equation:

E ¼ DMax
DqF�S

ð4Þ

where DMax is the maximum deviation between the piezoresistive
response and the fitted curve, and DqF S is the full-scale output of
the FCR.

Repeatability (R) is the repeat degree of the piezoresistive
response and can be defined as:

R ¼ DR
DqF�S

ð5Þ

whereDR is the maximum repeat difference, which is the difference
of FCR with respect to the same applied stress in a repeated loading
cycle, and DqF is the full-scale output of the FCR.

Table 6 summarised the linearity and the repeatability of the
piezoresistive behaviour for all tested specimens. For cementitious
composites containing 19LHT at 0.11 wt%, the best linearity and
repeatability were achieved with a value of 5.45% and 1.02%,
respectively. For composite containing hybrid CNF/CF, the addition
of CNF can contribute to the repeatability of the piezoresistive per-
formance due to the enhanced interfacial bonding between CF and
the surrounding matrix.

Fig. 19. Relationship between FCR and cyclic compressive stress for cementitious composites containing (a) hybrid CF/19LHT, (b) hybrid CF/24LHT, (c) hybrid CF/19PS and (d)
hybrid CF/24PS.
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3.4. Microscopy analysis

Fig. 20 reveals the differences between the fracture surface of
plain cement mortar and composites containing CNFs. The fracture
surface of plain cement mortar showed in Fig. 20(a) is much
rougher compared to the fracture surface of the composite contain-
ing CNFs (Fig. 20(b)). More micro cracks and voids can be observed
from the fracture surface of plain cement mortar. Although there
are also micro-cracks existing on the fracture surface of the com-
posites containing CNF, those cracks showed a finer width com-
pared to the cracks observed in plain mortar. According to the
focused images of the cracks observed from composites containing
CNF (Fig. 20(c)), CNF was found well dispersed within the matrix.

Individual CNF was found well anchored in the hydration products
and acting as bridges, which also help to bridge the cracks and pre-
vent it from growing.

Fig. 21 shows the SEM images of the composites containing CNF
at 0.01 and 0.05 wt%. CNF can be observed embedded as individual
fibres in the matrix, which indicated that the CNFs are well dis-
persed. According to Fig. 21(a) and Fig. 21(b), when CNF was added
at 0.01 and 0.05 wt%, no conductive network can be observed
within the matrix as the concentration of CNF is much lower the
percolation threshold. As indicated in Fig. 21(c), CNF was found
not able to contact each other when the concentration is at
0.01 wt%. When the dosage of CNF increase to 0.05 wt% (Fig. 21
(d)), although no network was formed, the distance between the

Table 5
Parameters of the predicated fitting equation.

Control Mix Control Mix with CF Composites containing 19LHT

0.01 0.03 0.05 0.07 0.09 0.11

Equation y = a + bx y = a + bx
Intercept(a) �0.30 �90.20 5.19 �28.76 2.11 20.91 6.56 1.96
Slope(b) �0.86 �15.70 �2.58 �2.99 �1.49 �5.08 �3.37 �3.61
R2 0.94 0.65 0.85 0.45 0.87 0.77 0.91 0.97

Composites containing 24LHT
0.01 0.03 0.05 0.07 0.09 0.11

Equation y = a + bx
Intercept(a) 4.28 1.13 4.63 2.91 4.99 7.64
Slope(b) �1.43 �2.58 �1.37 �3.52 �3.12 �2.12
R2 0.77 0.88 0.69 0.91 0.94 0.80

Composites containing 19PS
0.01 0.03 0.05 0.07 0.09 0.11

Equation y = a + bx
Intercept(a) 15.64 3.61 4.39 8.68 18.36 2.13
Slope(b) �1.59 �3.43 �1.02 �3.05 �2.81 �2.97
R2 0.37 0.90 0.73 0.86 0.62 0.91

Composites containing 24PS
0.01 0.03 0.05 0.07 0.09 0.11

Equation y = a + bx
Intercept(a) �6.21 3.44 2.63 5.80 6.29 14.52
Slope(b) �1.83 �1.53 �0.83 �2.86 �2.82 �4.73
R2 0.33 0.85 0.77 0.90 0.88 0.77

Composites containing hybrid CF/19LHT Composites containing hybrid CF/24LHT
0.01 0.03 0.05 0.01 0.03 0.05

Equation y = a + bx y = a + bx
Intercept(a) 1.24 �2.24 �31.56 �4.38 3.09 0.36
Slope(b) �5.63 �2.86 �6.62 �4.75 �1.20 �5.76
R2 0.85 0.72 0.64 0.74 0.30 0.45

Composites containing hybrid CF/19PS Composites containing hybrid CF/24PS
0.01 0.03 0.05 0.01 0.03 0.05

Equation y = a + bx y = a + bx
Intercept(a) �7.61 3.33 �3.44 �25.84 �4.36 �10.06
Slope(b) �1.47 �2.88 �1.59 �1.93 �2.92 �5.33
R2 0.34 0.81 0.48 0.60 0.67 0.82

Table 6
Performance of piezoresistive cementitious composites.

Filler Concentration FCR (%) Sensitivity (%/MPa) Gauge factor (%/e) Ref

CNF 0.1 wt% 5.3 1.325 – [12]
0.3 wt% 1.9 0.475 –

CNT 0.1 wt% 4.5 1.125 –
0.3 wt% 1.4 0.35 –

CNF (24PS) 0.5 wt% 1.0 0.17 – [26]
CNF (19PS) 0.5 wt% 0.5 0.083 –
CNF 0.1 wt% 13.4 1.12 228 [30]

0.3 wt% 1.98 0.16 –
CF 0.5 vol% – – 405.2 [17]
CF/CNT 0.1/0.5 vol% – – 160.3

0.15/0.35 vol% – – 74.2
0.25/0.25 vol% – – 78.5
0.35 and 0.15 vol% – – 32.1

L. Wang and F. Aslani Construction and Building Materials 273 (2021) 1–19

15 109



Table 7
Linearity and repeatability of the piezoresistive performance.

Control Mix Control Mix with CF Composites containing 19LHT

0.01 0.03 0.05 0.07 0.09 0.11

Linearity (%) 7.66 16 10.23 17.63 10.37 13.48 9.28 5.45
Repeatability (%) 4.66 12.87 5.75 13.47 11.74 15.6 10.80 1.02

Composites containing 24LHT
0.01 0.03 0.05 0.07 0.09 0.11

Linearity (%) 11.88 10.47 15.38 8.91 7.07 11.44
Repeatability (%) 12.01 8.41 9.23 8.72 6.97 9.91

Composites containing 19PS
0.01 0.03 0.05 0.07 0.09 0.11

Linearity (%) 20.79 9.84 13.26 10.12 15.35 7.58
Repeatability (%) 23.16 1.3 9.32 10.16 14.36 6.95

Composites containing 24PS
0.01 0.03 0.05 0.07 0.09 0.11

Linearity (%) 24.40 10.23 12.09 8.63 10.37 12.42
Repeatability (%) 1.75 13.32 15.6 10.66 14.89 5.18

Composites containing hybrid CF/19LHT Composites containing hybrid CF/24LHT
0.01 0.03 0.05 0.01 0.03 0.05

Linearity (%) 12.29 15.44 13.67 12.93 15.52 15.47
Repeatability (%) 6.25 6.6 11.44 13.37 7.4 28.18

Composites containing hybrid CF/19PS Composites containing hybrid CF/24PS
0.01 0.03 0.05 0.01 0.03 0.05

Linearity (%) 21.70 10.96 16.52 8.28 17.2 12.3
Repeatability (%) 11.93 2.50 8.28 22.85 8.13 4.07

Fig. 20. SEM images of (a) plain cement mortar, (b) cementitious composites containing CNF, and (c) focused images of the cracks from composites containing CNF.
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adjacent fibres has reduced. Therefore, the piezoresistive beha-
viour can be enhanced through the tunnelling effect when sub-
jected to an external load.

The SEM images of cementitious composites containing mono
CF and hybrid CNF/CF with CF concentration at 0.7 wt% were pre-
sented in Fig. 22. According to Fig. 22 (a), individual CF was found
crossing each other and forming a conductive network. Therefore,
the addition CNF will not contribute to the sensitivity of the
piezoresistive response due to the exist conductive network form-
ing by CF. Besides, channels formed by fibre pulling out can be
observed, indicating a loose bonding between CF and the surround-
ing matrix. Fig. 22 (b) and (c) present the SEM images of cementi-
tious composites containing hybrid CNF/CF. CNF embedded in the
hydration products and attached on the surface of CF can be
observed. The addition CNF can enhance the chemical bonding
between the CF and matrix, as well as shortening the tunnelling
distance between CFs. Thus, resulting in an improved mechanical
property and a more stable conductive network within the matrix.

However, as shown in Fig. 23, the CNF agglomerates were found
to appear with the increasing concentration of CNF. This is because
the energy used to break the van der Waals forces between fibres
are not effective with the growing number of CNF. CNF starts to
agglomerate and results in defect within the matrix, which lead
to the reduction in composite strength and affect the piezoresistive
behaviour. According to the focused SEM images in Fig. 23 (b),
CNFs were found gathered in clumps, which performed poor effi-
ciency of reinforcing.

4. Conclusion

The present work conducted a study of the effect of CNF and
hybrid CNF/CF on the mechanical properties, electrical resistivity,
piezoresistive behaviour and microstructures of the cementitious
composites. After the analysis of all results, the following conclu-
sions can be drawn:

1. CNFs can enhance the compressive and flexural strength of the
composites when they are properly dispersed, as the well-
dispersed CNFs own high efficiency of reinforcing. Although,
CFs own a superior effect in improving the flexural strength of
the composites, no obvious effect in enhancing the compressive
strength can be found for CF. While for composites containing
hybrid CNF/CF, the addition of CNF can fill the pore and result
in a denser microstructure of the matrix, which can enhance
the bonding strength between CF and the surrounding matrix
and enlarge the reinforcing effect of CF. The maximum com-
pressive strength with a value at 49 MPa was achieved by com-
posites containing hybrid CF and 24LHT at 0.05 wt%. The
maximum flexural strength with a value around 12 MPa was
achieved by composites containing hybrid CF and 19LHT at
0.03 wt%

2. Electrical resistivity of the composite was increased by includ-
ing CNF when the CNF concentration is much lower than the
percolation threshold. The use of CF was most effective in
reducing the electrical resistivity of the composites because

Fig. 21. SEM images of (a) composites containing CNF at 0.01 wt%, (b) composites containing CNF at 0.05 wt%, (c) focused images of composites containing CNF at 0.01 wt%,
and (d) focused images of composites containing CNF at 0.05 wt%.
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CFs are easier to form the conductive network within the
matrix. While for composites containing hybrid CNF/CF, the
addition of CNF cannot contribute to the conductivity of the
composites. In contract, the CNF agglomerate can clock the con-
ductive path and lead to an increase in resistivity.

3. CNFs are able to improve the sensitivity of the piezoresistive
response of plain cement mortar. For composites containing
CNF alone, the highest FCR with a value of more than 50%

was presented for composites containing 0.03 wt% of 19LHT.
However, the presented piezoresistive response was not linear.
When combining CNF/CF, although the addition CNF reduce
the sensitivity of the piezoresistive response compared to
composites containing CF alone, a maximum FCR with the
value around 80% can also be achieved. Besides, the repeatabil-
ity and linearity of the piezoresistive response have been
improved.

Fig. 22. SEM images of cementitious composites containing (a) CF and (b) and (c) hybrid CNF and CF.

Fig. 23. SEM images of (a) CNF agglomerate within the matrix and (b) focused images of CNF clumps.
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4. Linear regression function was proposed to describe the corre-
lation between the FCR and applied stress. Based on the devel-
oped function, composites contain hybrid CNF/CF can present a
piezoresistive response with higher sensitivity than composites
containing mono CNF. Composites contain hybrid CF with
19LHT at 0.01wt.% performed a better correlation with the
tested scatters compare to composites containing mono CF.
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