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A B S T R A C T   

Integrated cement-based sensors offer an economic alternative to extrinsic sensors for health monitoring ap
plications in concrete structures due to their high strength to cost ratio, geometrical versatility, low shrinkage, 
and natural compatibility. Nonetheless, their performance under in-service conditions were in lack of in
vestigations. While the piezoresistivity (change in resistance with stress) has been commonly used for mechanical 
sensing, the piezopermittivity (change in capacitive reactance with stress) is rarely characterized. Exploiting the 
high relative permittivity and electrical conductivity of carbon fibre reinforced cement-based sensors, this study 
investigates the piezoresistivity and piezopermittivity under changing stress and moisture using electrochemical 
impedance spectroscopy (EIS). Two types of sensors were evaluated: one containing 0.5 vol% of carbon fibres 
whose electrical conductivity was ionically dominant, and another with electronically dominant (1.2 vol% of 
carbon fibres) conductivity. Results highlighted that the piezopermittivity is “moisture content-dominant” whilst 
the piezoresistivity is “fibre content-dominant”. As the moisture content decreased, the sensitivity of piezo
permittivity for both sensor types decreased, while the sensitivity of piezoresistivity decreased for the ionically 
dominant sensor but increased for the electronically dominant sensor. The piezoresistivity of the electronically 
dominant sensor was less sensitive than piezopermittivity at a water saturation of 80%. Conversely, the pie
zoresistivity of the ionically dominant sensor was more sensitive than piezopermittivity at the tested water 
saturations ≤ 80%. For the first time, this study presents the combined effects of moisture and fibre content on 
the pressure sensitive response of cement-based sensors through a dual-phase (i.e., piezoresistivity and piezo
permittivity) EIS interpretation technique, providing valuable information to benefit further behaviour predic
tion and single-effect recognition in the field scenario where the sensors are subject to simultaneous 
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environmental effects causing moisture variations such as temperature and humidity variations, freeze-thawing, 
and so on.   

1. Introduction 

Real-time, in-situ health monitoring of concrete structures enables 
timely and precise remediation of defective locations which mitigates 
the environmental impact of delayed repair (i.e., energy, material con
sumption), saves labour cost, and potentially prevents catastrophic 
collapse. Since the early 1990s, intrinsic self-sensing cement-based 
sensors have been extensively studied owing to their great potential as 
an alternative to extrinsic sensors for the health monitoring of concrete 
structures [1–13]. Intrinsic self-sensing cement-based sensors possess an 
electrically conductive network formed by the addition of conductive 
fillers into cement paste, mortar, or concrete, which not only reduces the 
discontinuities of the cementitious matrix thereby enhancing the elec
trical conductivity required for self-sensing, but also improves other 
physical properties such as the reduced drying shrinkage and enhanced 
mechanical performance [14–24]. These improvements in behaviour, in 
combination with the advantage of natural compatibility with concrete 
structures, allows for multi-purpose health monitoring of concrete 
structures in terms of strain/stress, cracking/damage, temperature, 
crack healing, and so on [25–31], which render cement-based sensors 
preferable over extrinsic sensors for many applications [32–34]. 

Cement-based sensors can be integrated with electrical measurement 
techniques to form a structural health monitoring system. Conventional 
measurement technique is to use DC signal. Although it is cheap and 
easy to perform, an accompanying monotonic polarization effect would 
occur which enhances with the increasing moisture content and with the 
increasing excitation time, in turn increasing the signal noise and even 
blocking the signal output [20,35–37]. Electrochemical impedance 
spectroscopy (EIS), known for its rapid and non-destructive material 
analysis capabilities, has been a reliable tool for the characterization of 
cementitious materials in terms of early hydration, carbonation, dew
atering, corrosion, permeability/durability, microstructural analysis, 
loading, cracking, crack healing, and etc. [23,34,38–57]. By the AC 
signal excitation and the “spectroscopy” over a wide frequency range 
from mHz to MHz, EIS can differentiate the conduction and dielectric 
mechanisms operative in an inhomogeneous composite like hardened 
cement. Whilst presenting multi-parameter characterization (e.g., 
resistance, reactance, phase angle, etc.), EIS exhibits a distinct advan
tage over DC methods as the signal interference from the polarization 
effect is minimized. 

Despite extensive research under laboratory conditions on the 
microstructure, stationary electrical behaviour, mechanical behaviour, 
dispersion of functional fillers, and stress/strain sensing behaviour, the 
effective use of cement-based sensors has been limited because their in- 
situ behaviour is rarely known. Few researchers have explored the 
stress/strain self-sensing behaviour under varying environmental con
ditions. The surrounding environment can influence the stress/strain 
self-sensing behaviour of cement-based sensors via various actions such 
as thermal expansion/shrinkage, freeze-thaw, mobilisation of salts, 
chloride ingress, sulphate attack, and so on. However, the most funda
mental and primary action to understand is a change in moisture con
tent. Because the moisture, as one of the most important components in 
a hardened cementitious material, contributes to the ionic conduction 
through cementitious matrix, which can influence the stress/strain self- 
sensing signal response of cement-based sensors. More importantly, 
evaluating the influence of moisture content on the stress/strain self- 
sensing performance indirectly evaluates the influence of ambient 
humidity. 

Studies on the moisture dependence of the stress/strain self-sensing 
behaviour of cement-based sensors are limited, and these can be cate
gorized into three types based on the conductive fillers used: macro- 

scale fillers alone [19,58–61], hybrid fillers [20,62–65], and 
nano-scale fillers alone [37,66,67]. An investigation on the moisture 
dependence of piezoresistivity for a cement-based sensor incorporating 
nano-scale carbon black was conducted by Dong et al. [37] with detailed 
increments of moisture content from dried state to full water saturation, 
where the sensing sensitivity firstly increased to peak at a moisture 
content of 8% before decreasing. They attributed this behaviour to the 
mechanism that the moisture can encapsulate the carbon black particles 
at higher moisture contents due to their nano-scale dimension, blocking 
the electronic conduction between the adjacent carbon black particles. A 
similar behaviour of piezoresistivity over increasing moisture content 
was also found using carbon nanotubes in a cement-based sensor [66]. 
This behaviour was attributed to the enhanced ionic conduction and 
field emission on the tips of the carbon nanotubes with the increasing 
moisture, and the stabilization of conductive channels at full water 
saturation exhibiting minimal changes with stress. For cement-based 
sensors incorporating hybrid fillers, Han et al. [66] reported a mono
tonic decreasing sensing sensitivity when drying from 0 to 7 days with 
carbon fibres and carbon black. Similar results on the moisture depen
dence of sensing sensitivity was reported by Zhang et al. [63] where 
hybrid fillers (carbon nanotube and carbon black) were used. While 
employing macro-scale fillers, Wen and Chung [59] reported that the 
strain sensing sensitivity of carbon fibre reinforced cement-based sen
sors was lower in the wet state compared to that in a relatively drier 
state. They proposed that the effective opening size of the microcrack 
was reduced while the sensor was in the wet state hence a reduced 
sensitivity. In contrast, Maier [64] found an acceptable piezoresistivity 
in the saturated state for a cement-based sensor with steel fibres, but 
explicitly no piezoresistive response in the dried state. Baeza et al. [19] 
discovered an optimal saturation degree of 46% where the highest 
sensing sensitivity was detected on a carbon fibre reinforced 
cement-based sensor, whilst a higher optimal saturation degree of 71% 
was reported in their later study using hybrid fillers (i.e., carbon nano
tube and graphite) [65]. Apart from the moisture dependence of 
stress/strain sensing sensitivity, both Hong et al. [20] and Dong et al. 
[37] reported increased signal noise with the increasing water content, 
which was attributed to the pronounced DC polarization effect at higher 
water contents hindering the signal output. 

All the above studies have employed the conventional technique of 
resistance-based measurement, where the ionic conduction changes 
with the changing moisture content hence the change in the piezor
esistivity of the material. The moisture content not only dominates the 
ionic conduction through the connected pores [44,68,69], meanwhile 
also being an important contributor to the capacitive properties (i.e., 
capacitive reactance, capacitance, and relative permittivity) of cemen
titious materials [42]. Also, due to the increased solid-liquid interfaces 
by the inclusion of conductive fillers, the effective (or volumetric) 
relative permittivity of a hardened cement-based sensor (i.e., with a 
curing age above 28 days) is usually higher than a plain mix, presenting 
values from 20 to 2500 [16,70–72] depending on the filler content, mix 
design, etc., which is also much higher than that of common dielectrics 
for the production of commercial stress sensitive sensors [73–76]. 
Higher relative permittivity ensures greater changes in capacitive 
property under stress/strain which renders cement-based sensors a 
promising capacitive stress sensor. Therefore, it is also important to 
understand the influence of moisture content on the capacitive stress 
sensing behaviour of cement-based sensors. The stress sensitive behav
iour provided by the capacitive properties of the material is termed as 
piezopermittivity [77]. 

Research on the piezopermittivity of cement-based sensor are scarce 
and still awaits attention. The piezopermittivity of cement-based sensor 
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can be characterized by measuring the changes in capacitive reactance, 
capacitance, or relative permittivity as the stress/strain changes. Fu 
et al. [78] reported that under self-sensing of monotonic compression, 
both the capacitive reactance and resistance of carbon fibre reinforced 
cement-based sensor increased with the increasing strain at a strain 
range of 0 – 0.00175, where the increase in capacitive reactance was 
always larger than that of resistance. Wen and Chung [16] reported that 
under self-sensing of cyclic compression, the relative permittivity of 
cement-based sensor was positively correlated to the stress at a stress 
range of 0 – 6.4 MPa. In the later studies of Chung’s research team [21, 
79–82], piezopermittivity was characterized on asphalt and cementi
tious materials without the inclusion of conductive fillers where the 
capacitance increased with the increasing compressive stress, proposing 
that self-sensing of stress/strain based on piezopermittivity is advanta
geous over piezoresistivity due to higher sensitivity, easier electrode 
configuration, and being application friendly to existing structures 
without the need for conductive fillers (or the need for extrinsic sensors). 
However, Hou et al. [83] suggests that AC resistance-based measure
ment is preferable than capacitance-based measurement because of the 
higher gauge factor of resistance-based measurement on UHPC incor
porating steel fibres reported in their study. 

In the literature, studies showed limitations in terms of the mea
surement technique and material configurations. The DC resistance- 
based measurement in some studies lead to increased signal noise 
once the moisture content was elevated hence hindering the signal 
processing [20,37]. In some studies, the AC measurement technique, 
either in terms of piezoresistivity or piezopermittivity, was configured at 
a lower frequency which was not the operative frequency of the bulk 
mechanism [78,83]. Most of the studies employed limited filler content, 
leading to the limited understanding on how the filler and moisture 
contents depend on each other hence the complex behaviour of pie
zoresistivity and piezopermittivity [37,60,61]. Therefore, this work 
aims to address the above issues by determining the piezoresistivity and 
piezopermittivity of cement-based sensors incorporating macro-scale 
chopped carbon fibres under various moisture contents and fibre 
loadings. 

In this study, The stress self-sensing work was undertaken on cement- 
based sensors determined in the previous work [72] as having three 
characteristic fibre loadings: a plain mortar without carbon fibres whose 
conduction of electricity was totally ionic (with a conductivity of 
0.013 S/m and a relative permittivity of 313 and at frequencies 1 MHz – 
10 MHz and in water saturated state), a cement-based sensor with 
0.5 vol% of carbon fibres which was also ionically dominant (with a 
conductivity of 0.05 S/m and a relative permittivity of 473 at fre
quencies 1 MHz – 10 MHz and in water saturated state), and a 
cement-based sensor with 1.2 vol% of carbon fibres which was elec
tronically dominant (with a conductivity of 0.2 S/m and a relative 
permittivity of 591 at frequencies 1 MHz – 10 MHz and in water satu
rated state). The sensors were tested for stress self-sensing behaviour 
under two specified moisture scenarios: one is the random water satu
ration degree where the internal moisture of the sensors was passively 
exchanged with the outside environment for three days. This scenario is 
likely to happen in most in-situ conditions. Another is the designated 
water saturation degrees where the internal moisture was controlled by 
drying a fully water saturated sensor monotonically to 80%, 50%, and 
30%. This scenario is aimed to have an in-depth investigation on the 
underlying mechanism of how the fibre and moisture contents influence 
collectively on the pressure sensitive properties of cement-based sensors 
at fully controlled water saturation degrees. Mercury intrusion poros
imetry (MIP) and polarized light microscopy were used for the deter
mination of the microstructure of cement-based sensors. EIS was used 
for the measurement of electrical signal response of cement-based sen
sors, where the piezoresistivity was characterized by resistance and the 
piezopermittivity was characterized by capacitive reactance. The bulk 
response of the measured complex impedance was used to extract the 
resistance and the capacitive reactance which situated at frequencies 

from1 kHz to 10 MHz. The sensing recoverability, sensing repeatability, 
sensing linearity, sensing sensitivity, and sensing stability were all 
quantified. 

For the first time, this study presents the difference in behaviour of 
piezoresistivity and piezopermittivity of carbon fibre reinforced cement- 
based sensors under the combined effects of moisture and fibre contents. 
The results and mechanisms revealed in this study enables a more ver
satile measurement methodology for electrical signal response and a 
more strategic approach for the control of fibre contents under various 
in-service conditions. Also, this study has proved that cement-based 
sensors can be properly used in the absence of complex chemical mod
ifications and extrinsic sensors for the compensation of environmental 
effects. The data in this study can benefit the further in-situ case studies 
under complex environmental conditions and the confidence of this 
technology for mass scale application. 

2. Experimental programme 

2.1. Materials and fabrication 

Raw materials for the preparation of the mortar matrix were 
deionized water, CEMI42.5 R cement conforming to BS EN 197–1 and 
standard testing sand conforming to BS EN 196–1. The mixing ratio of 
water: cement: sand was fixed at 0.45: 1: 3 for all mortar matrices. 
Polyacrylonitrile (PAN-based) chopped carbon fibres (SGL Carbon Fi
bers Ltd, Wiesbaden, Germany) were used as conductive fillers for their 
high electrical conductivity and strength-to-cost ratio (Table 1). Cement- 
based sensors were made by dispersing carbon fibres into the mortar 
matrix at contents of 0.5% and 1.2% of total volume. Polycarboxylate 
superplasticizer (PERAMIN® COMPAC, Upplands Vasby, Sweden), 
known for its “double dispersion” mechanism of making the surfaces of 
both the cement grain and carbon fibres hydrophilic [84–87], was 
employed with a dosage of 0.4% by mass of cement to assist in the 
dispersion of the fibres and improve the workability of the mix. Tributyl 
phosphate (SIGMA-ALDRICH, Dorset, UK) was used as defoamer to 
reduce air bubbles and the dosage was 6 drops for each mix (0.5 mL per 
drop from a PE pipette), as determined experimentally to be the lowest 
content which resulted in minimal bubble formation. 

Fabrication of cement-based sensors followed the concept that the 
surface of the fibres should be made hydrophilic by the polycarboxylate 
superplasticizer prior to being mixed with cement and sand for the 
assistance of fibre dispersion in the wet mix [88,89]. Initially, a fibrous 
solution was made by mixing the carbon fibres with the whole portion of 
the mixing water and polycarboxylate superplasticizer in a glass beaker. 
The glass beaker containing the fibrous solution was then put in an 
ultrasonicator (Allendale Ultrasonics, Hoddesdon, UK) at a frequency 
and temperature of 40 kHz and 45◦C, respectively. Meanwhile the 
defoamer was slowly dropped into the fibrous solution and manual 
stirring was also performed gently using a glass stirrer. After 30 minutes 
of ultrasonic vibration, the fibrous solution was mixed with the whole 
portion of cement in an electronic blender (CONTROLS LTD, Hertford
shire, UK) for 5 minutes. Then, the whole portion of the sand was added 
into the mixture, which was blended for another 5 minutes. 

The mixture was placed into a stainless-steel mould conforming to BS 
EN 196–1, where three samples each with standard dimension 40 × 40 
× 160 mm were cast at one time (Fig. 1a). Then, the mould was fixed on 
a vibration platform and vibrated for the compaction and reduction of 
the air bubbles in the mixture. After compaction, four stainless-steel rod 
electrodes with a dimension of 3 mm of diameter and 50 mm of length 
were inserted into the mixture to a depth of 30 mm (Fig. 1b). The pur
pose of the embedment of the electrodes is to ensure an intimate contact 
between the electrodes and the sensor matrix. Also, the rod-shaped 
electrodes can minimize the contact area between the electrodes and 
the sensor matrix. Therefore, such electrode configuration can reduce 
the susceptibility for the formation of weak planes under stress, hence 
contributing to a stable signal transmission for the evaluation of 
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Table 1 
Technical specifications of chopped carbon fibres.  

Density 
(g/cm3) 

Fibre 
length 
(mm) 

Filament 
diameter 
(μm) 

Tensile 
Strength 
(GPa) 

Tensile 
Modulus 
(GPa) 

Elongation 
at break 
(%) 

Electrical 
resistivity 
(ohm• m)  

1.8  6  7.5  4  240  1.7 1.5 × 10− 5  

Fig. 1. Fabrication of samples: (a) electrode configuration and dimension of prismatic samples at front, top, and side views, unit in mm (b) fresh sample in the mould 
sealed with PVC film. 
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volumetric impedance. Finally, the mould containing the mixture was 
wrapped with PVC film to minimize the influence of drying and 
carbonation, and placed in the laboratory condition (20 ± 5◦C, 50% 
RH). After 24 hours, samples were demoulded and submerged under 
water at 21◦C for curing. The samples were taken out for experiments at 
a curing age of 97 days. At this curing age the ionic conductivity of the 
pore fluid can be considered to be stabilized [90]. For the ease of 
expression, the testing samples were denoted based on their composi
tion: the mortar matrix without carbon fibre was referred to as PM (as in 
plain mortar), and the mortar matrix incorporating 0.5 and 1.2 vol% of 
carbon fibres, which were the cement-based sensors, were referred to as 
S0.5 and S1.2, respectively. 

2.2. Methods 

2.2.1. Drying process 

2.2.1.1. Preliminary drying. Considering the large size of the samples, 
an environmental chamber was employed for drying the samples to 
designated saturation degrees. A preliminary drying procedure was 
conducted to understand the relationship between the saturation degree 
and the cumulative drying time for both the plain mortar and the sen
sors. A group of reference samples were removed from the water tank at 
the curing age of 97 days and constantly dried in the environmental 
chamber from full water-saturation to defined mass equilibrium condi
tion under 60◦C and 5% RH, during which the mass of each sample and 
the duration of the drying were recorded at specified time intervals. This 
method ensured an accurate determination of saturation degree without 
hysteretic effects influencing results. The mass equilibrium in this study 
was defined as less than 0.01 g of change in the mass for three consec
utive mass weighing at a time interval of 120 hours. The reference 
samples had the same mix design, fabrication method and environment, 
curing condition, and curing age as the samples for self-sensing tests. 
Therefore, it was assumed that they share a similar pore structure and 
moisture content [37]. The moisture content (MC) was initially obtained 
through: 

MC =
Mt − Me

Me − Ms
× 100% (1) 

where Mt was the mass (unit in g) of the samples at a certain drying 
time, Me the mass at the condition of mass equilibrium as defined above, 
and Ms the mass of the stainless-steel electrodes. 

The saturation degree (SD) was therefore calculated by: 

SD =
MCt

MC0
× 100% (2) 

where MCt the moisture content at a certain drying time, MC0 the 
moisture content at zero drying time (full saturation). 

The cumulative drying time to reach designated saturation degrees 
of 80%, 50%, and 30% for each reference sample was recorded in Fig. 2a 
and the time to reach mass equilibrium was recorded in Fig. 2b. 
Although drying at 60◦C is lower than some earlier studies [91–93], it is 
inevitable that elevated temperatures can negatively affect the sample 
microstructures, further affecting the self-sensing behaviour. This was 
evaluated in conjunction with mercury intrusion porosimetry (MIP). 

2.2.1.2. Drying for self-sensing 
2.2.1.2.1. Designated saturation degrees. Based on the above pre

liminary knowledge of the relationship between water saturation degree 
and drying time, monotonic drying for self-sensing was conducted. 
Likewise, the samples were removed from the water tank at the curing 
age of 97 days and the drying was immediately initiated at a fully water- 
saturated condition under the same environment as the reference sam
ples. The drying was stopped at the timestamps recorded in Fig. 2a, 
which signified that a designated saturation degree had been reached. 
Then, sample was sealed in a zip-lock bag and placed in a sealed plastic 
container to minimize the moisture exchange with the environment and 
naturally cooled in the laboratory (20 ± 5◦C, 50% RH) for at least 
24 hours until its temperature reached equilibrium to ambient envi
ronment and its internal moisture distribution reached equilibrium. Self- 
sensing tests at designated degrees of saturation were performed 
thereafter. 

2.2.1.2.2. Randomized saturation degrees. A group of water satu
rated samples, which also had a curing age of 97 days and were from the 
same mixing batch as those under drying, were placed on an elevated 
stainless-steel rack and exposed to the outside environment for 3 days. 
This allowed for random moisture exchanges between the environment 
and the samples from day to night. Then, samples were collected back to 
the laboratory and also sealed in the zip-lock bag for at least 24 hours. 
Self-sensing tests at randomized saturation degrees were performed 
thereafter. 

2.2.2. Self-sensing configurations 

2.2.2.1. Creation of self-sensing samples. Upon reaching a certain satu
ration degree (designated or randomized), the prismatic sample was 
fractured into two pieces in three-point bending using a DARTEC 

(a)                 (b)

100 101 102 103 104
0

10
20
30
40
50
60
70
80
90

100

 PM
 S0.5
 S1.2

)
%(

eerged
noitarutaS

Cumulative drying time (hours)

PM: 5.5 hours
S0.5: 3.5 hours
S1.2: 4 hours

PM: 52 hours
S0.5: 32 hours
S1.2: 31 hours

PM: 135 hours
S0.5: 86 hours
S1.2: 78 hours

400 600 800 1000 1200 1400
0.0

0.2

0.4

0.6

0.8

1.0  PM
 S0.5
 S1.2)

%(
eerged

noitarutaS

Cumulative drying time (hours)

699
hours

979
hours

1119
hours

Fig. 2. Monotonic drying process at 60◦C and 5% RH: (a) full record of the drying process; (b) detailed record at the final drying times for the determination of the 
mass equilibrium. 
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(INSTRON, Buckinghamshire, UK) loading frame. A notch of 2 mm wide 
and 3 mm deep was created at the mid-span of the prismatic sample by a 
handsaw (Fig. 3a). The rollers had a diameter of 10 mm and a length of 
45 mm, and the distance between the supporting rollers was 100 mm. 
The loading rate was 55 N/s as defined in BS EN 196–1. The load- 
displacement response for each sample was recorded in Fig. 3b. After 
a short “bedding in” process, the load-displacement response for all 
samples exhibited a linear behaviour, followed by the occurrence of the 
major crack at the peak load and finally fractured into two pieces in a 
brittle manner of failure. This suggests that the three-point bending 
configuration had marginal influence on the strength and the fibre- 
matrix bonding of the two pieces, indicating that the two pieces can 
be legitimately used for further experiments of self-sensing under uni
axial compression. 

2.2.2.2. Self-sensing at designated saturation degrees. Self-sensing tests 
were then performed on the pieces of samples created following the 
three-point bending. Prior to loading, the surface of the sample was 
wiped with paper towel to minimize the influence of surface moisture on 
the measurement of volumetric impedance. The loading configuration 
complied with BS EN 196–1, where the compression rig had both a 
loading platen and a supporting platen with a contact area of 40 ×
40 mm (Fig. 4a and b). 

For self-sensing at designated saturation degrees, to understand the 
behaviour at a wide range of stresses, monotonic compression was 
employed where the load increased from 0 to around 72 kN (a stress of 

around 45 MPa). Displacement control was applied where the loading 
rate was 0.1 mm per minute. During self-sensing, the loading was 
paused at each 0.1 mm of the increase in displacement for the imped
ance measurement to be carried out (Fig. 4a). During the pause, the 
displacement control makes the loading platen fixed at certain position 
hence the material would have a slight reversal of stress and deforma
tion. Therefore, each duration of pause was limited to less than 
45 seconds to minimize the reversals so that the measured impedance 
can be reliably corresponded to the recorded stress. In comparison, load 
control (i.e., fixing at a constant load) was not employed because the 
deformation of the hardened cementitious matrix would increase over 
time if a persistent stress was applied on it. This behaviour of material 
creep can become worse with the increasing stress and even can cause 
earlier or unexpected material failure. Therefore, displacement control 
was preferable to enable wide range of behaviour in stress to be properly 
interpreted. 

Samples were connected to a PSM 3750 impedance spectrometer 
(Newtons4th, Leicester, UK) via coaxial leads with crocodile clips 
(Fig. 4a). During the pause of the loading, two-point impedance mea
surement was performed by shorting the WE (working electrode) to the 
WR (working electrode reference) and the CE (counter electrode) to the 
CR (counter electrode reference) (Fig. 4b). The WE and WR injected the 
current and measured the voltage respectively, while the CE and CR 
measured the current and voltage respectively. This method eliminated 
the leakage current and the inductive loop which originally resulted 
from the limited input impedance of the internal circuit of the imped
ance spectrometer under a four-point configuration [94]. This method 
also allowed the capacity of the measurement to be maximized in terms 
of both the impedance magnitude and frequency range [95]. The 
maximum voltage was configured at the amplitude equivalent to an RMS 
of 707.107 mV. The frequency had a range of 10 Hz – 10 MHz. Loga
rithmic sweeping mode was employed with 10 points per log cycle (i.e., 
60 points in total). The load and displacement were monitored through a 
digital interface (INSTRON, Buckinghamshire, UK) at a constant 
measuring frequency of 10 Hz (Fig. 4a). 

2.2.2.3. Self-sensing at randomized saturation degrees. For self-sensing at 
randomized saturation degrees, cyclic compression was employed after 
the samples were exposed to the outside environment for 3 days without 
the knowledge of moisture content. The loading range was 0–10.2 kN 
(or a stress of 6.375 MPa), which was around 15% of the maximum load 
in self-sensing at designated saturation degrees. This is to understand the 
self-sensing behaviour after the random moisture exchange between the 
environment and the samples, which will frequently happen on site 
during service life of the sensors. Load control was employed because at 
such a relatively low stress range the influence of material creep on the 
impedance measurement can be marginal. The configurations of 
impedance measurement and load-displacement recording were the 
same as in Section 2.2.2.2 (Fig. 4a and b). 

2.2.3. Physical meanings of resistance and reactance 
The AC impedance, as a complex number, has the following 

formalism: 

Z(ω) = Z′(ω) − jZ′′(ω) (3) 

where j =
̅̅̅̅̅̅̅
− 1

√
, ω is the angular frequency (unit in radians per 

second) which equals to 2πf and f the frequency (unit in Hz), Z′(ω) the 
real part of the impedance which is the resistance R, and Z′′(ω) the 
imaginary part of the impedance which is the capacitive reactance X. 

A hardened cementitious material is semi-conductive, porous, and 
heterogenous with numerous solid-liquid interfaces. Under the excita
tion of the AC electric field through a series of frequencies, complex 
conduction and dielectric activities can take place both at the solid- 
liquid interfaces as surface effects, and in the conductive components 
(i.e., pore fluid, carbon fibres) as bulk effects [39,96,97], which can be 
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Fig. 3. Creation of the pieces for self-sensing tests: (a) configuration of three- 
point bending for the creation of half-prismatic pieces (b) load-displacement 
response of the prismatic samples exhibiting a brittle manner of failure. 
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Fig. 4. Self-sensing of uniaxial compression: (a) photograph of the experimental setup (b) schematic illustration of the loading and data acquisition setups, CE refers 
to counter electrode, CR refers to counter electrode reference, WE refers to working electrode, WR refers to working electrode reference. 
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differentiated on the Nyquist plot. Using two-point measurement, the 
Nyquist plot of a hardened plain mortar is comprised of two distinctive 
responses: the bulk response and the electrode response (Fig. 5). For 
cement-based sensors, the addition of carbon fibers into the mortar 
matrix results in the emergence of the surface response (i.e., the 
dielectric polarization at the interface of fibre surface-pore fluid) be
tween the bulk and the electrode responses at intermediate frequencies 
(Fig. 5). 

The most consistent parameters, bulk resistance (Rb), and charac
teristic reactance (Xc), can be extracted from the Nyquist plot, which are 
consistent parameters for sensing stress. The bulk resistance (Rb) 
quantifies the collective contributions of the ionic conduction through 
the pore fluid, electronic conduction through the carbon fibres, and the 
energy dissipation process of dielectric relaxations [40,98,99]. It resides 
at the intersections of the time constants where a transitional process 
occurs, that, the surface effect diminishes and the bulk response be
comes dominant [72,100]. For plain mortar, Rb is acquired at the 
intersection of bulk and electrode responses. While for cement-based 
sensor, Rb is picked up at the intersection of bulk and surface re
sponses (Fig. 5). The characteristic reactance Xc estimates the capaci
tance (or the ability of energy storage) of the bulk system [101]. It can be 
obtained at the peak point of the bulk arc where the highest absolute 
value of imaginary impedance Z′′(ω) at frequencies 1 kHz – 10 MHz is 
reached (Fig. 5). In this study, the absolute values of the imaginary 
impedance |Z′′(ω) | and the characteristic reactance Xc were used for the 
ease of expression and calculation, as presented in the vertical axis of the 
Nyquist plot in Fig. 5. The frequencies of Rb and Xc for both the plain 
mortar and the sensor have been denoted in Fig. 5. 

The piezoresistivity and piezopermittivity can be evaluated through 
fractional change in bulk resistance Rb (FCRb), and fractional change in 
characteristic reactance Xc (FCXc), which are calculated using Eqs. 4 and 
5, respectively: 

FCRb =
Rbs − Rb0

Rb0
× 100% (4) 

and 

FCXc =
Xcs − Xc0

Xc0
× 100% (5) 

where the Rbs and Xcs are the bulk resistance and characteristic 
reactance at a certain stress level, Rb0 and Xc0 the bulk resistance and 
characteristic reactance of the sensor in pristine condition (i.e., without 
stress). 

2.2.4. Evaluation on the pore structure 
In this study, water saturated samples were dried under 60◦C over a 

period for self-sensing at designated saturation degrees. Unlike other 
studies where dried samples were re-saturated for a certain period of 
time [59,67], drying from saturation provides accurate determination of 
moisture content by avoiding the hysteresis phenomenon. However, 
although 60◦C is a relatively lower drying temperature in comparison to 
105◦C which has been a popular way [92,102,103], decomposition of 
hydration products occurs and the pore structure can be damaged [104, 
105]. Understanding the influence of drying on the microstructure can 
help to critically evaluate the interconnected self-sensing mechanism of 
the changing moisture and fibre contents. Therefore, the porosities 
before and after drying were compared. The porosity after drying was 
calculated by: 

Water porosity =
M0 − Me

ρ20Vp
× 100% (6) 

where M0 was the mass (unit in g) of the samples at zero drying time, 
Me the mass at the condition of mass equilibrium as defined in Section 
2.2.1, ρ20 the density of water at 20◦C (unit in g/cm3), Vp the total 
volume of the sample (unit in cm3). 

The porosity before drying was obtained via MIP. Samples from the 
same batch were fractured by three-point bending. Then, fragments 
were taken at the fractured location, which were between the electrodes 
where the impedance was measured. The fragments were then put under 
vacuum-drying until the condition of mass equilibrium was reached. 
MIP was then undertaken on Pascal 140 and Pascal 440 (Thermo Fisher 
Scientific Inc, Milan, Italy) machines. For all fragments, the intrusion 
pressure was increased from 0 to 400 MPa and the Hg contact angle was 
140◦. 

2.2.5. Polarized light microscopy 
In a cement-based sensor, the liquid filled pores and the carbon fibres 

are the most important conductive components for ionic and electronic 
conduction, respectively. To understand the relationships among the 
mortar matrix, the carbon fibres, and the pores, polarized light micro
scopy was used. Polished thin sections were processed by Hands on Thin 
Sections Ltd (Worcestershire, UK), which were examined under cross 
polarized transmitted and incident light using a Leica DM750 P micro
scope (Leica Microsystems Ltd, Milton Keynes, UK). The objective lens 
had a 5-time magnification where the air voids, hollow-shell pores, 
larger capillary pores, and the carbon fibres can be visually confirmed. 

Fig. 5. Characteristics of the Nyquist plot of plain mortar and cement-based 
sensor (water-saturated PM and S0.5 at the curing age of 97 days as an 
example). The frequencies of Rb for plain mortar and the sensors are marked as 
fb and fbs respectively, while the frequencies of Xc for plain mortar and the 
sensors are marked as fc and fcs respectively. 
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Fig. 6. Comparison between the porosities before and after drying.  
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3. Results and discussions 

3.1. Microstructural characterization 

3.1.1. Water porosity and mercury porosity 
In Fig. 6, the porosity after drying (i.e., porosity by drying) has been 

plotted against the porosity before drying (i.e., porosity by MIP). Using 
the same scale on vertical and horizontal axes, the 45◦ line represents 
equilibrium between porosity before and after drying. The porosities by 
MIP increased as the fibre content increases, which were 8.75%, 
11.06%, and 13.53% for PM, S0.5, S1.2, respectively. This result was 
consistent with previous studies [55,57,72] which was ascribed to the 
increased degree of fibre agglomeration, the increased number of 
fibre-matrix interfaces, and the increased air bubbles during mixing 
while increasing the fibre content. The porosities by drying for PM, S0.5, 
and S1.2 were 11.23%, 11.06%, 13.16%, respectively. It can be seen that 
after drying, the porosity of PM increased by 2.48% (Fig. 6). Also, pre
vious studies showed that for cement pastes, the porosity by oven drying 
can be higher than the porosity by MIP regardless of the cement type 
[103,104]. This corresponds to the decomposition of hydration products 
(i.e., ettringite) under high drying temperature with the associated pore 
structure collapse, and the water molecule can widen up the pore 
network due to being a stronger polar liquid expanding the volume 
during evaporation [105,106]. In comparison, S0.5 and S1.2 both had 
marginal changes in porosities before and after drying (Fig. 6). This 
suggests that the sensors are more resistant to microstructural damages 
during drying under elevated temperatures, which can be ascribed to the 
fibre-matrix bonding based on previous studies where carbon fibre 
reinforced concrete exhibited lower extent of drying shrinkage [14,35, 
107,108]. 

3.1.2. Polarized light microscopy 
Polarized light microscopy can reveal the relationship between the 

mortar matrix, the carbon fibres, and the pores. Under unpolarized light, 
one photograph was taken. Under polarized light, the thin section was 
rotated by 360◦ horizontally, during which 12 photographs were taken 
for the identification of the mixing components, where the materials 
would appear as different colours due to their optical anisotropy. For 
example, in Fig. 7a and b, the cement matrix, due to its large density, 
amorphous nature, and rough surface, appeared large continuous dark 
areas under both the unpolarized and polarized lights. The minerals 
appeared white under unpolarized light, whilst being able to change into 
different colours under polarized light depending on their surface 
roughness, light reflective ability, and the rotation angle. The regular- 
shaped, black needles are carbon fibres. The pores appeared white 
which was undiscernible from the minerals under unpolarized light 
(Fig. 7a) but can be visually confirmed if irregularly shaped dark areas 
(marked in red circles) were consistently spotted during the rotation due 
to allowing the polarized light to go through at all rotational angles 
(Fig. 7b). 

In S1.2, the carbon fibres formed into bunches where physical con
tact points can be visually confirmed (Fig. 7b) forming continuous 
conductive pathways. In S0.5, the carbon fibres were distributed in the 
mortar matrix in a scattered manner (Fig. 7d) where fewer physical 
contact points were identified in comparison to S1.2. It can therefore be 
confirmed that S1.2 had better continuity of the electronic conduction 
pathway by the carbon fibres than S0.5. In S1.2, a few small pores can be 
found in the carbon fibre bunches which might be the fibre-matrix 
interfacial location or the air bubbles that came from mixing process, 
whilst some larger pores existed outside of the carbon fibre bunches 
(Fig. 7b). In S0.5, the pores were scattered throughout the mortar matrix 
which was similar to the distribution of the carbon fibres (Fig. 7d). 

3.2. Complex impedance behaviour 

3.2.1. Under increasing compressive stress 
In Fig. 8, the complex impedances of plain mortar and cement-based 

sensor under various compressive stresses are presented as Nyquist plot. 
PM and S1.2 at 80% of saturation degree were selected as examples. The 
size of the arced bulk response of S1.2 was smaller than that of PM due to 
the addition of carbon fibres enhancing the conductivity and dielectric 
behaviour [71,99]. In Fig. 8, as the compressive stress increased from 
0 to around 25 MPa, both the bulk responses of PM and S1.2 had 
reduced in size. The Rb (marked as red sphere) moved from the right to 
the left side and the Xc (marked as blue sphere) moved downwards. For 
PM, Rb reduced from 3.8 kΩ to around 2 kΩ and Xc reduced from 1.7 kΩ 
to 0.9 kΩ (Fig. 8a). For S1.2, Rb decreased from 1.7 kΩ to 1 kΩ and Xc 
decreased from 0.7 kΩ to 0.4 kΩ (Fig. 8b). This indicated that the 
resistance and reactance of the system had reduced (or the conductance 
and capacitance had increased) under a continuously increasing 
compressive stress, regardless of the fibre inclusion. 

3.2.2. Under decreasing saturation degree 
In Fig. 9, the impedance responses of plain mortar and cement-based 

sensors under the decreasing saturation degree were plotted. PM and 
S1.2 at their pristine condition before the application of any stress were 
presented as examples. As the water saturation degree reduced from 
80% to 30%, the size of the bulk arcs of both PM and S1.2 had extended, 
with the associated movement of Xc upwards and Rb from left to right. 
For PM, Rb increased from 3.7 kΩ to 31 kΩ and Xc increased from 1.7 kΩ 
to 14 kΩ (Fig. 9a). For S1.2, Rb increased from 1.7 kΩ to 10 kΩ and Xc 
increased from 0.7 kΩ to 4.3 kΩ (Fig. 9b). This indicated that the 
reduction in moisture content led to the reduction of conduction and 
capacitance of the system regardless of the fibre inclusion, which was 
consistent with previous studies [55,72]. 

3.3. Self-sensing at randomized saturation degrees 

After the internal moisture of the sample being passively exchanged 
with the outside environment for three days, self-sensing performance 
was examined in the form of cyclic compression and the results are 
plotted in Fig. 10. The stress increased from 0 to 6.375 Mpa and the 
compressive process was repeated by three cycles, during which the 
impedance was measured (Fig. 10a). Performances of piezoresistivity 
and piezopermittivity were presented in Fig. 10b and c, respectively. In 
general, both the FCRb and FCXc decreased with the increasing 
compressive stress during loading, whilst increased with the decreasing 
stress during unloading, regardless of the fibre contents (Fig. 10b and c). 
In each cycle, both the FCRb and FCXc reached their maximum values at 
the maximum stress 6.375 MPa. For all testing samples, the maximum 
values of FCRb and FCXc changed negligibly when compared amongst 
each compressive cycle. For example, from cycle one to cycle three, the 
maximum FCRb for S0.5 was − 30.4%, − 31%, and − 31.1%, respectively 
(Fig. 10b). The maximum FCXc for S1.2 was − 65.9%, − 66.6%, and 
− 66.6%, respectively (Fig. 10c). This indicates good sensing repeat
ability for all samples regardless of the fibre inclusion, which can be 
ascribed to the low stress levels. More importantly, the maximum values 
for FCRb and FCXc increased with the increasing fibre content. For 
example, in cycle one, the maximum FCRb for PM, S0.5, and S1.2 was 
− 1.1%, − 30.4%, − 45%, respectively, while the maximum FCXc for PM, 
S0.5, and S1.2 was − 9.6%, − 48.1%, and − 65.9%, respectively. 

The sensing recoverability, which is the sensor’s ability to recover its 
pristine electrical behaviour upon finishing the three compression cycles 
at load release, was also marked in Fig. 10b and c. For PM, S0.5, and 
S1.2, the sensing recoverability was − 0.1%, − 3.3%, and − 8.6% 
respectively by FCRb (Fig. 10b). The sensing recoverability character
ized by FCXc for PM, S0.5, and S1.2 was − 1.4%, − 14.8% and − 24.6% 
respectively (Fig. 10c), which were all higher than that by FCRb 
(Fig. 10b). It is therefore evident that the sensing recoverability reduced 
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Fig. 7. Photograph of the mixing components in sensor’s matrix under microscopy: (a) S1.2 under unpolarized light (b) S1.2 under polarized light (c) S0.5 under 
unpolarized light (d) S0.5 under polarized light. 
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with the increasing fibre content. 
The sensing linearity and sensitivity can be extracted by linearly 

fitting the relationships between FCRb (or FCXc) and stress during the 
load increase in cycle one (Fig. 11). The linear fitting was performed at 
stress range of 0.125 – 6.375 MPa, where the condition at zero stress (i. 
e., the baseline condition) was excluded because the natural brittleness 
of cementitious materials can cause irrecoverable impedance at the load 
release (Fig. 10b and c). 

The linear fitting was successful for PM and S1.2 by the character
ization of both the FCRb (Fig. 11a) and FCXc (Fig. 11b) with high R2 

values. However, the linear fitting failed for S0.5, presenting lower R2 

values of 0.62 for FCRb (Fig. 11a) and 0.57 for FCXc (Fig. 11b). It can 
therefore be postulated that the sensing linearity is dependent on the 
dominance of the conductive components. It has been identified in our 
previous study that the conduction of electricity in PM is ionically 
dominant by the liquid filled pores, and the S1.2 is electronically 
dominant by the carbon fibres. Whilst S0.5 had the same moisture 
dependence of conductivity as PM indicating that the electronic con
duction by the carbon fibres is not strong enough hence the S0.5 is still 
ionically dominant [72]. Also, referring back to Fig. 7, the electronically 
conductive pathway through the carbon fibres of S1.2 exhibited sound 
continuity (Fig. 7b), whilst S0.5 had scattered distributions of both the 
pores and carbon fibres (Fig. 7d) presenting a lesser continuity of elec
tronic conduction pathway in comparison to that of S1.2. 

The sensing sensitivity was quantified by the gauge factor (GF) in 
Fig. 11, which is the absolute value of the slope of the linear fit. PM had 
relatively low GF values which can be negligible presenting minimized 
stress self-sensing functionality. For the sensors, the GF by both the FCRb 

and FCXc increased with the increasing fibre content. For example, by 
FCRb, S1.2 had a GF of 4.2% MPa− 1 while S0.5 had a GF of 4% MPa− 1 

(Fig. 11a). The increase of fibre content provided increased numbers of 
electronically conductive channels (i.e., contact conduction, tunnelling 
conduction) and fibre-matrix interfaces, which led to the enhanced ac
tivities during loading and unloading (e.g., fibres touching and sepa
rating, and fibres push-in and pull-out), hence the enhanced changes in 
the impedance per unit stress [88,109–112]. In addition, the GFs of FCXc 
were higher than that of FCRb regardless of the fibre inclusion. For 
example, for S1.2, the GF was 4.2% MPa− 1 by FCRb (Fig. 11a), and the 
GF was 4.8% MPa− 1 by FCXc (Fig. 11b). It is therefore evident that the 
FCXc was a more sensitive indicator for sensing stress than FCRb at 
stresses 0–6.375 MPa after the moisture of the sensors was passively 
exchanged with the environment for three days. 

3.4. Self-sensing at designated saturation degrees 

3.4.1. Electrically dominant sensor: S1.2 
The self-sensing behaviour of S1.2 at designated saturation degrees, 

80%, 50%, and 30%, was presented in Fig. 12. It has been identified in 
our previous study that the conduction of electricity in S1.2 was elec
tronically dominant with low moisture dependence [72], exhibiting 
sound continuity of electronic conduction pathways by the carbon fibres 
in the sensor’s matrix (Fig. 7b). Although having dried under 60◦C for a 
controlled water saturation degree, the load-displacement response of 
S1.2 at each saturation degree showed consistent behaviour (Fig. 12a). 
This can correspond to what was found in Fig. 6 where the porosity of 
S1.2 changed marginally after drying: it is possible that the C-S-H gel, 

Fig. 8. Impedance response of plain mortar and cement-based sensor under monotonic compression: (a) PM at 80% of saturation (b) S1.2 at 80% of saturation.  

Fig. 9. Impedance response of plain mortar and cement-based sensor under decreasing saturation degree: (a) PM without stress (b) S1.2 without stress.  
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Fig. 10. Self-sensing behaviour at random saturation degrees of PM, S0.5, and S1.2 in the form of cyclic compression: (a) Recorded stress at each measurement step 
(b) piezoresistivity using FCRb (c) piezopermittivity using FCXc. 

Fig. 11. Correlations between electrical properties and stress through the self-sensing behaviour during the load increase in cycle one: (a) FCRb vs stress (b) FCXc 
vs stress. 
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which is the main phase responsible for the material strength, was 
negligibly influenced under 60◦C because the de-hydration temperature 
of C-S-H can be as high as 105◦C [104,113]. 

Regardless of the stress level, both the magnitude of FCRb and FCXc 
decreased with the decreasing saturation degree due to the weakened 
ionic conduction (Fig. 12b and c). Regardless of the saturation degree, 
both FCRb and FCXc decreased with the increasing stress (Fig. 12b and 
c). Due to covering a wide range of stresses from 0 to around 45 MPa, the 
relationship between the electrical properties and stress obeyed the 
power law with reducing gradient, which can be fitted by the following 
expression: 

FCRb (or FCXc) = n + mσp (7) 

where the σ is stress in MPa, and the n, m, and p are the fitting 
coefficients. 

The reducing gradient with the increasing stress indicated the 
reducing sensing sensitivity. This can be ascribed to the accumulation of 
microcracks [7] which increased with stress. The sensing sensitivity, 
which is the gauge factor (GF), can be described by the absolute value of 
the derivative of the power law curve as shown in Eqs. 8 and 9: 

GF =

⃒
⃒
⃒
⃒
d(FCRb)

dσ

⃒
⃒
⃒
⃒ =

⃒
⃒pmσp− 1

⃒
⃒ (8) 

or 

GF =

⃒
⃒
⃒
⃒
d(FCXc)

dσ

⃒
⃒
⃒
⃒ =

⃒
⃒pmσp− 1

⃒
⃒ (9) 

where the unit for GF is MPa− 1. In this case, the residual gauge factor 
(RGF), which was the GF at the maximum stress 45 MPa of the fitted 
power law curve, was used to represent the sensor’s sensing sensitivity. 

In Fig. 12b and c, the power law fitting was successful with high R2 

values. While decreasing the saturation degree from 80% to 30%, the 
RGF increased from 0.51% to 2.4% MPa− 1 by FCRb (Fig. 12b). For the 
piezoresistivity, the bulk resistance Rb reflects any changes in the 
conductive pathways under stress. For S1.2 whose conduction of elec
tricity is electronically dominant, the changes in the conductive path
ways over stressing were thus dominated by the changes in contact 
conduction by physically contacted carbon fibres and the tunnelling 
transmission by the hopping of the electrons/holes between adjacent 
fibre tips if within the tunnelling range [8,111,114]. It is certain that 
while decreasing the saturation degree, the ionic conduction weakened 
but the contact conduction remained intact. At higher saturation de
grees, the hopping of electrons/holes between adjacent fibre tips was 
hindered due to being submerged in pore fluid. While the saturation 
degree was decreasing, fibre tips were gradually exposed hence the 
tunnelling transmission of electrons/holes were progressively enhanced 
(Fig. 13). Due to the electronically dominant conductivity of S1.2, such 
enhancement of tunnelling transmission was strong enough to prevail 
the reducing ionic conduction. Therefore, the RGF of FCRb increased 

Fig. 12. Self-sensing behaviour of S1.2 at saturation degrees 80%, 50%, and 30% of S1.2 in the form of monotonic compression: (a) load-displacement record (b) 
piezoresistivity using FCRb (c) piezopermittivity using FCXc. 
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with the decreasing saturation degree due to the enhanced tunnelling 
effect for the response to stress (Fig. 12b). 

In contrast, while decreasing the saturation degree from 80% to 30%, 
the RGF decreased from 0.63% to 0.34% MPa− 1 by FCXc (Fig. 12c). For 
piezopermittivity, the characteristic reactance Xc reflects any changes in 
the system capacitance under stress. The characteristic reactance Xc was 
obtained within the frequency range 1 kHz – 10 MHz, where the 
Maxwell-Wanger type interfacial polarization took place. Therefore, the 
layer model can be used to explain the reason why RGF decreased with 
the decreasing saturation degree using FCXc as indicator [71,98,115]. In 
S1.2, there exists layered capacitors, which is comprised of solid and 
liquid phases, in three forms: cement-pore fluid-cement, cement-pore 
fluid-fibre, and fibre-pore fluid-fibre (Fig. 14). 

The increase of solid-liquid interfaces and porosity would increase 
the capacitance of a cementitious material [39,72,100]. Based on this 
principle, in Fig. 14, the layered capacitors were connected together 
parallelly for the contribution of system capacitance C, which can be 
expressed as: 

C = xCm + yCmf + zCf (10) 

where C is the system capacitance of S1.2, Cm the capacitance of one 
unit of “cement-pore fluid-cement” layered capacitor, Cmf the 

capacitance of one unit of “cement-pore fluid-fibre” layered capacitor, 
and Cf the capacitance of one unit of “fibre-pore fluid-fibre” layered 
capacitor, x, y, and z are the number of the unit capacitors Cm, Cmf , Cf , 
respectively. 

Based on Eq. 10, it can be proposed that evaporation of pore fluid 
between solid layers can be analogous to the reduction of the number of 
the layered unit capacitors, which equals to the decrease in the values of 
x, y, and z, hence the total system capacitance C (Fig. 14).Therefore, it is 
proposed that the decreased RGF by FCXc with the decreasing saturation 
degree was because of the decreased number of capacitive channels for 
the response to stress. 

Comparing piezoresistivity to piezopermittivity, at a higher satura
tion degree 80%, the RGF of FCRb was 0.51% MPa− 1 (Fig. 12b), being 
lower than that of FCXc which was 0.63% MPa− 1 (Fig. 12c). At lower 
saturation degrees 50% and 30%, the RGF of FCRb was 0.6% MPa− 1 and 
2.4% MPa− 1 respectively, being higher than that of FCXc which was 
0.44% MPa− 1 and 0.34% MPa− 1 respectively. It can therefore be 
concluded that while conducting stress self-sensing, for an electronically 
dominant cement-based sensor like S1.2, the piezopermittivity is a more 
sensitive property at higher saturation degrees, whilst the piezor
esistivity can be more sensitive at lower saturation degrees. This is 
reasonable because the capacitance of the system was positively related 

Fig. 13. Schematic illustration for the enhancement of tunnelling effect by the exposure of originally submerged adjacent fibre tips as the moisture content reduces.  

Fig. 14. Solid-liquid phases to construct layered capacitor in a cement-based sensor: Cm is the cement-pore fluid-cement layered capacitor, Cmf is the cement-pore 
fluid-fibre layered capacitor, Cf is the fibre-pore fluid-fibre layered capacitor, x, y, and z are their numbers, respectively. 
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Fig. 15. Self-sensing behaviour of PM and S0.5 at saturation degrees 80%, 50%, and 30% of S1.2 in the form of monotonic compression: (a) load-displacement record 
of PM (b) load-displacement record of S0.5 (c) piezoresistivity using FCRb for PM (d) piezopermittivity using FCXc for PM (e) piezoresistivity using FCRb for S0.5 (f) 
piezopermittivity using FCXc for S0.5. 
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to the saturation degree (Fig. 9) which prevailed at higher saturation 
degrees hence a more sensitive response of piezopermittivity. Whilst at 
lower saturation degrees, the contact conduction stayed consistent, the 
capacitance of the system had reduced, but the strength of tunnelling 
transmission prevailed (Fig. 13), hence a more sensitive resistance-based 
response. 

3.4.2. Ionically dominant sensor: S0.5 
It was confirmed in our previous work that the conduction of elec

tricity in S0.5 shared the same moisture dependence of conductivity as 
PM, exhibiting an ionically dominant nature [72]. Also, in Fig. 7d, it can 
be identified that the carbon fibres in S0.5 had a scattered distribution, 
showing a poor continuity of electronic conduction pathways. There
fore, in this section, the stress sensing behaviour of S0.5, was analysed 
together with PM, where their sensing behaviours at various saturation 
degrees were plotted in Fig. 15. The load-displacement response of PM 
showed consistency at all saturation levels (Fig. 15a) despite of its 
widened pore structure (Fig. 6). The load-displacement response of S0.5 
showed a decrease in gradient at loads from 58 to 72 kN at 50% of 
saturation degree (Fig. 15b). Because the porosity of S0.5 after drying 
changed negligibly (Fig. 6), and as mentioned above, the C-S-H gel was 
marginally influenced under 60◦C, this change in gradient at higher 
stress levels can be corresponded to other reasons such as the poor fibre 
dispersion of the sample (Fig. 6). 

At higher water saturation degrees when changing from full satura
tion to 80% of saturation, the RGF of PM decreased both by the char
acterization of FCRb and FCXc (Fig. 15c and d). However, at the lower 
saturation degrees 50% and 30%, PM showed behaviours of non- 
piezoresistivity and non-piezopermittivity, where both the FCRb and 
FCXc changed marginally with the increasing stress (Fig. 15c and d). 
This proved that the moisture content is positively related to the sensing 
sensitivity of PM. At higher water saturation degrees, the increase in 
both FCRb and FCXc of PM with the increasing compressive stress can be 
attributed to the change of liquid filled closed pores into liquid filled 
open pores while loading, hence the increased ionic channels for the 
response to stress. In comparison, at lower saturation degrees 50% and 
30%, although it is still possible for the ionic channels to increase with 
the increasing stress, the total number of ionic channels were not suf
ficient enough for the production of pressure sensitive responses due to 
low moisture content and the blockage of open pores by microcracking 
prevailed, hence a marginal pressure sensitive response. 

For S0.5, the stress self-sensing behaviour was consistent between 
the characterizations of FCRb and FCXc. At 30% of water saturation, 
poor correlatability between stress and fractional values was presented 
where the power law did not fit (Fig. 15e and f). At 80% and 50% of 
saturations, S0.5 showed decent stress self-sensing performance, where 
the RGF decreased with the decreasing saturation degree (Fig. 15e and f) 
both by FCRb and FCXc. The underlying mechanism of such self-sensing 
performance can be explained by the comparison between S0.5 and 
S1.2. When decreasing the saturation from 80% to 50%, the decreased 
RGF by both the FCRb and FCXc was mainly resulted from the loss of 
moisture based on the ionically dominant nature of S0.5. Whilst at 30% 
of saturation, it can be proposed that the poor correlation can be 
attributed to the weak contact conduction, tunnelling transmission, and 
the ionic conduction. As presented above, the carbon fibres in S0.5 had a 
reduced continuity of contact conduction formed by the fibres in com
parison to that in S1.2 (Fig. 7). Also, like in S1.2, the tunnelling trans
mission in S0.5 was enhanced with the decrease of saturation degree 
(Fig. 13). However, the enhancement was of a lesser extent due to larger 
distance between the fibres in S0.5 compared to S1.2. Moreover, the 
ionic conduction can be weak at such low water saturation. The above 
three mechanisms did not prevail the negative effects such as the 
blockage of conductive channels due to pore structure collapse whilst 
stressing. On top of that, the poor correlatability between stress and 
electrical properties can be considered as an ununiform alternation of 
conductive pathways over stressing, which can be associated with the 

ununiform dispersion of the carbon fibres in the mortar matrix. 
For both the PM and S0.5, at all tested water saturations, piezor

esistivity is more sensitive than piezopermittivity. For example, at 80% 
of saturation, the RGF of S0.5 was 0.34% MPa− 1 by FCRb (Fig. 15e), 
being higher than the RGF of 0.25% % MPa− 1 by FCXc (Fig. 15 f), which 
can be ascribed to their ionically dominant nature and the marginally 
enhanced tunnelling transmission in S0.5 when the moisture was being 
reduced. 

3.4.3. Sensing stability under changing moisture content 
It has been identified that the saturation degree of a water-saturated 

mortar is likely to settle at a range of 80 – 72.5% if exposed to the outside 
environment for a long term [116]. Based on the above analysis on the 
self-sensing performance of S0.5 and S1.2 at designated saturation de
grees, it can be postulated that in Section 3.3, after a 3-day exposure to 
the environment, the sensors still had degree of water saturation above 
30% whilst performing self-sensing tests at random saturation degrees, 
where the stress and electrical properties can be reasonability correlated 
(Fig. 10). Therefore, the sensing stability was defined as the variation of 
sensing sensitivity at a reduction of saturation degree from 80% to 50%, 
and the results were recorded in Table 2. 

While using FCRb as indicator, the sensitivity of S0.5 decreased by 
24% but the sensitivity of S1.2 increased by 19%. Such a behaviour of 
S0.5 was in contrast to that reported in Wen and Chung’s study where 
the sensing sensitivity of cement-based sensors containing 0.5 vol% of 
carbon fibres increased with the decreasing moisture content [59]. It is 
possible that such difference in behaviour results from the method for 
the control of moisture content. In Wen and Chung’s study, the dried 
samples were re-submerged in water for only three days therefore the 
moisture might only enter the outer regions of the sample but not fully 
diffused into the bulk. Also, due to the ink-bottle effect, the water might 
not completely enter the pores when re-saturated from the dried state 
[117]. Therefore, it is possible that the condition of “wet state” in their 
study was close to the condition of the initial “dried state” with an 
ununiform moisture distribution, resulting in such different behaviour. 

When characterized by FCRb, under a decreasing saturation degree, 
the RGF of S0.5 had a continuous decrease (Fig. 15e) but the RGF of S1.2 
had a continuous increase (Fig. 12b). This continuous change in sensi
tivity using macro-scale carbon fibres as conductive fillers was different 
from the fluctuational change in sensitivity using nano-scale conductive 
fillers in cement-based sensors, where the gauge factor initially 
increased from the lowest value at water saturation to the highest, then 
followed by a decrease [37,66]. Nano-scale conductive fillers, regardless 
of their aspect ratio, can be easily encapsulated by moisture due to 
comparable dimensions to capillary pores. Therefore, while changing 
the moisture content, the competitions between ionic conduction and 
electronic conduction can be more intense hence a fluctuational devel
opment of sensing sensitivity. In comparison, this study used 
macro-scale carbon fibres which can bridge across capillary pores hence 
a more consistent development of sensitivity under the changing mois
ture content in the pores. 

While using FCXc as an indicator, as the saturation degree decreased 
from 80% to 50%, the stress self-sensing sensitivities of both the sensors 
showed positive correlation to the saturation degree. The sensitivity of 
S0.5 had a decrease of 16% but the sensitivity of S1.2 had a greater 

Table 2 
Sensing stability of cement-based sensors while reducing the saturation degree 
from 80% to 50%.  

Characterization indicator of RGF Sensor Variation (%) 

FCRb S0.5 -24 

S1.2 19 

FCXc S0.5 -16 

S1.2 -30  
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decrease of 30%. This can be ascribed to the moisture dependent nature 
of the piezopermittivity as described in Fig. 14. 

4. Conclusions and recommendations 

This study presents the stress self-sensing performance of cement- 
based sensors under the collective influence of moisture and fibre con
tent. Interpretations on the piezopermittivity and piezoresistivity has 
been conducted based on the measured capacitive reactance and resis
tance by EIS. The mechanisms were described, and the self-sensing 
behaviour was discussed in comparison to the literature. The conclu
sions can be drawn as follows:  

• Upon finishing drying, the porosity of plain mortar increased by 
2.48% but the porosities of the cement-based sensors changed 
negligibly showing better resistance to microstructural damage of 
elevated temperature. The polarized light microscopy successfully 
revealed the location of the carbon fibres in the sensor’s matrix, 
where the continuity of the electronic conduction pathway by the 
carbon fibres of sensor with 1.2 vol% of carbon fibre incorporation 
was better than that of sensor containing 0.5 vol% of carbon fibres.  

• Regardless of the inclusion of the carbon fibres, the bulk arc of the 
impedance response can shrink in size under the increasing 
compressive stress indicating the increased conductance and capac
itance. The bulk arc of the impedance response can extend in size 
under the decreasing moisture content, indicating the decreased 
system conductance and capacitance.  

• After a 3-day exposure to the environment, the stress self-sensing 
performance of cement-based sensors was dominated by the fibre 
content. While increasing the fibre content, the sensing sensitivity 
increased but the sensing recoverability decreased. All samples 
exhibited sound sensing repeatability at stresses 0 – 6.375 MPa 
through three compressive loading and unloading cycles, regardless 
of the fibre content.  

• While performing stress self-sensing at different saturation degrees, 
there existed differences in behaviour between sensors with 1.2 vol% 
of carbon fibres whose conduction of electricity is electrically 
dominant and sensor with 0.5 vol% of carbon fibres whose conduc
tion of electricity is ionically dominant. The piezopermittivity is 
“moisture content-dominant” whilst the piezoresistivity is “fibre 
content-dominant”. For an electronically dominant sensor, as the 
water saturation degree decreased, its sensitivity of piezoresistivity 
increased due to strong enhancement in tunnelling transmission but 
its sensitivity of piezopermittivity decreased due to loss of moisture. 
For an ionically dominant sensor, as the saturation degree decreased, 
its sensitivity of piezoresistivity decreased due to its marginal 
enhancement in tunnelling transmission and loss of moisture, and its 
sensitivity of piezopermittivity also decreased due to loss of 
moisture.  

• While performing stress self-sensing at different saturation degrees, 
the pressure sensitive properties, piezoresistivity and piezo
permittivity, behaved differently. For the electronically dominant 
sensor, the piezopermittivity is more sensitive than piezoresistivity 
at saturation degree of 80% but the piezoresistivity is more sensitive 
than piezopermittivity at lower saturation degrees of 50% and 30%. 
For the ionically dominant sensor, the piezoresistivity is more sen
sitive than piezopermittivity at the designated saturation degrees 
80%, 50%, and 30%.  

• It is recommended to use the sensor with 0.5 vol% of carbon fibres 
and the piezopermittivity as characterization indicator thanks to the 
lowest variation of sensitivity (i.e., 16%) while reducing the satu
ration degree from 80% to 50%. If the operation environment would 
cause large changes in the internal moisture content of the material, 
or if the variation in relative humidity of the operation environment 
is unknown, it is recommended to use the sensor with 1.2% of carbon 
fibre and the piezoresistivity as characterization indicator thanks to 

the consistent pressure sensitive response at all the saturation de
grees 80%, 50%, and 30%. 

For the first time, this study presents the difference in behaviour of 
piezoresistivity and piezopermittivity of carbon fibre reinforced cement- 
based sensors under the combined effects of moisture and fibre contents. 
This study has demonstrated that it is possible to use cement-based 
sensors with specified fibre contents under a humidity changing envi
ronment properly and efficiently without the need for extrinsic measures 
(i.e., water proofing techniques, extrinsic humidity sensor) as long as the 
sensing behaviour at various saturation degrees and the influence of the 
environment on the microstructure were strategically analysed prior to 
the deployment on site. The EIS technique has been shown to success
fully differentiate the opposite behaviour of the piezopermittivity and 
piezoresistivity of sensor with 1.2 vol% of carbon fibres while changing 
the internal moisture, presenting a promising way for multi-parameter 
signal processing. It is recommended that if the sensors are facing 
multiple environmental effects at the same time (e.g., temperature/ 
moisture variations, chloride/sulfuric ingression, freeze-thawing), EIS, 
with the virtue of non-invasive measurement, muti-parameter detection, 
and the flexibility of circuit modelling, can be combined with artificial 
intelligence techniques, for the differentiation and single-effect extrac
tion of complex electrical and dielectric signal responses which were 
influenced by the complex environmental conditions and for the pre
diction of self-sensing behaviour of cement-based sensors under in- 
service conditions. 
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