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A B S T R A C T   

The self-sensing ultra-high-performance concrete (UHPC) was developed in this study by incorporating nano 
carbon black (CB) and carbon nanofiber (CNF) as additives into the UHPC matrix. Single CB and hybrid CB/CNF 
filled UHPCs were compared in terms of strength, microstructures, percolation threshold, conductivity, and 
piezoresistive sensing performance. The results indicate that hybrid CB/CNF filled UHPC consistently exhibits 
superior compressive strength compared to the counterpart with single CB. The percolation threshold begins at 
approximately 0.5 % CB content, regardless of the inclusion of CNF. The CNF serves to link the surrounding 
conductive passages contributed by CB nanoparticles, demonstrating the positive effect of hybrid nanofillers with 
multiple dimensions. AC impedance spectroscopy (ACIS) and equivalent circuit modelling were performed to 
understand the synergetic effect of CB/CNF on the electrical network in UHPC matrix and to compare the 
conductive characteristics between single CB and hybrid CB/CNF filled self-sensing UHPC. The insights gained 
from this analysis contribute to comprehending the conductive behaviours and sensing mechanisms at the 
microstructural level, providing new insight into the material design strategy to enhance the electrical and 
sensing performances of UHPC-based cementitious sensors. Regarding piezoresistive performance, the stability of 
sensing performance in response to dynamic cyclic load improves with an increasing content of conductive 
fillers; the hybrid fillers of CB/CNF enhance the stability of piezoresistive sensing performance of self-sensing 
UHPC with less signal noise under monotonic compressive loading. The outcomes can integrate the piezor-
esistive self-sensing capacity with UHPC to promote the application of cement-based sensors in civil infra-
structure, offerring potential benefits for structural health monitoring and maintenance.   

1. Introduction 

Cement-based composite is one of the most commonly used materials 
in global construction sector [1], owing to its superior 
performance-to-cost ratio, high durability, and easier adoptability. 
Nevertheless, various loading and environment actions, as well as nat-
ural and man-made disasters during the service life of the structures 
inevitably induce the cracks and flaws inside the composite, eventually 
leading to the catastrophic failure of the structures as due to the cova-
lence of critical defects [2,3]. For critical components in structures, 
precise structural health monitoring is necessary to evaluate potential 

defects in cement-based composites and assess the health states of 
structures. This monitoring facilitates early warning systems, contrib-
uting to the extension of infrastructural longevity [4]. Over the past 
decades, various monitoring techniques such as optical fiber, 
piezo-ceramic, non-contact X-ray methods, and self-sensing cement--
based or polymer-based sensors have been widely proposed [5]. In 
particular, the intrinsic self-sensing cement-based composite, referred to 
as cement-based sensors, have garnered increased attention recently. 
This is due to their advantages of low cost, high durability, adaptability, 
and automaticity [6,7]. 

On the basis of extensive efforts and numerous achievements in 
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developing cement-based sensors with a normal strength cement matrix, 
researchers are now shifting their focus toward UHPC-based sensors [8]. 
However, existing research on the electrical and piezoresistive behaviors 
of UHPC-based sensors is relatively limited. UHPC is gaining increased 
attention due to its superior mechanical and durability performance 
compared to normal strength composites. The outstanding durability of 
UHPC, achieved through refined porosity and improved impenetra-
bility, makes it nearly impervious to erosion by harmful substances or 
deterioration [9]. The development of UHPC is typically realized by 
reducing water-to-binder (w/b) ratio, optimizing particle packing den-
sity, and processing special curing method [10]. The piezoresistive 
sensing property of cement-based sensors is induced by its tailored 
electrical conductivity, requiring the introduction of electrically 
conductive carbonic or metallic fillers. Among various conductive 
fillers, carbon nanomaterials such as carbon nanotubes (CNT), carbon 
nanofibers (CNF), and graphene nanoplatelets (GNP) are predominantly 
preferred as electrically conductive fillers due to their effectiveness at 
very low content (high aspect ratio) and their nano-reinforcing effect 
[11,12]. 

Seo et al. [11] conducted a systematic evaluation of the physico-
chemical properties, autogenous shrinkage, hydration kinetics and 
products, mechanical properties, and piezoresistive sensing properties 
of UHPC filled with 0.1–0.5 % thin-walled CNTs. The results indicated 
an electrical percolation threshold of approximately 0.2 % the highest 
piezoresistive sensitivity in response to cyclic compressive loading. 
Moreover, specimens filled with more than 0.2 % CNTs exhibited a more 
stable sensing response regardless of the loading magnitude and fre-
quency. Further, Jung et al. [13] investigated the electrical curing effi-
ciency and crack sensing capability of UHPC sensor filled with CNT and 
steel fibre. It was confirmed that electrically cured samples possessed 
more favourable deflection harden and multiple cracking properties 
subjected to flexural stress. Guo et al. [14] explored the pore structure 
and stress sensing properties of silane-treated GNP. Refined porosity 
about 11.5 % with least harmful pores and highest piezoresistive 
sensitivity were found in UHPC with 0.05 % GNP. Wang et al. [15] 
compared the sensing performance of incorporating Carbon Nanofibers 
(CNF) into different cement matrices, including reactive powder con-
crete, cement paste, and mortar. Better sensing performance with higher 
sensitivity and linearity was demonstrated in CNFs-filled reactive pow-
der concrete. The proper inclusion of carbon nanomaterials can modify 
matrix packing and reduce shrinkage and porosity, simultaneously 
securing the inherent characteristics of electrical conductivity and su-
perior mechanical properties, pertaining to carbon nanomaterials and 
UHPC, respectively. Thus, the development of carbon nanomaterials 
filled UHPC with intrinsic self-sensing property is a promising approach. 

Compared with one-dimension (1D) or two-dimensions (2D) carbon 
nanomaterials (i.e., CNT, CNF, and GNP), zero-dimension (0D) nano-
carbon black (CB) is rarely explored as conductive fillers to manufacture 
UHPC-based sensor because of its inferior effectiveness in tailing the 
conductivity, mechanical properties, and self-sensing capacity. Never-
theless, many favourable advantages involving low cost, relative ease of 
dispersion, and high thermal and chemical stability, make it increasingly 
attractive. To address the disadvantages of single CB filled cement-based 
sensors, many studies proposed hybrid incorporation of CB with another 
fibrous nano or micro sized conductive fillers such as carbon fibre (CF), 
CNT, nickel nanofiber (NiNF) to endow the positive synergic effect 
[16–18]. CB particles play the role of a short-range conductor, while the 
other fibrous conductive filler functions as a long-range conductor, 
stimulating the formation of rich conductive paths [19]. Stable and 
sensitive piezoresistive behaviours were achieved in cement-based 
sensors with hybrid CB/CNT fillers in response to cyclic compressive 
loading [17] and monotonic compressive loading [20]. Further, Ding 
et al. [21] embedded hybrid CB/CNT small-scale cement-based sensor 
into large-scale concrete column and Liang et al. [22] applied CB/CNT 
hybrid fillers into glass fiber reinforced polymer reinforced concrete 
beam, the sensing signal from cement-based sensors can be precisely 

correlated to the stress and deformation states of the concrete colum-
n/beam. The above studies verified excellent self-sensing properties for 
hybrid inclusion of CB with another fibrous conductive filler to achieve 
the favourable synergistic effect in cement-based sensors made with 
normal strength cement matrices. To the best of our knowledge, there is 
a lack of study on the development of hybrid CB/CNF filled UHPC and its 
piezoresistive sensing capacity. To date, no research has been conducted 
to compare the conductive and self-sensing behaviours between single 
CB and hybrid CB/CNF filled self-sensing UHPC. More importantly, 
although the above studies agreed that the hybrid use of conductive 
fillers contributed to the favourable synergistic/composite effect, they 
mainly captured such synergistic effect based on SEM graph observation 
or deduced from resistivity results. The former only reflects the localized 
area and the latter lacks the experimental evidence, which somehow 
lacks reliability. In this sense, the exact features, and mechanisms rele-
vant to how hybrid conductive systems comprised by multi-phase, 
multi-scale, and multi-dimension functional contribute to the continu-
ity of conductive network (i.e., whether electrical percolation or not and 
how fibrous functional filler take advantage of their fibrous shape and 
high aspect ratio) is still unclear and merely explored. 

To this context, the single CB filler and hybrid CB/CNF fillers with 
fixed dosage of fibrous CNF were employed to prepare the smart UHPC 
with intrinsic self-sensing capacity. Firstly, material characterizations of 
strength, phase composition, and microstructures were conducted by 
using compressive test, X-ray diffractometry (XRD), scanning electron 
microscopy (SEM) and energy dispersive X-ray spectrometry (EDX). The 
conductivity was measured by direct current (DC) four-electrode 
method and the percolation threshold was determined. Alternative 
current (AC) impedance spectroscopy (ACIS) and equivalent circuit 
modelling were performed to understand the synergetic effect of CB/ 
CNF on the electrical microstructure in UHPC matrix and compare the 
conductive characteristic between single CB and hybrid CB/CNF filled 
smart UHPC. A relevant analysis of the variations in equivalent circuit 
element is beneficial for extracting essential details and validating the 
proposed equivalent circuit model. Finally, the piezoresistive sensing 
performances of two types of UHPC were comprehensively assessed by 
three compressive loading protocols including quasi-static cyclic load, 
dynamic cyclic load, and monotonic compressive load [23,24]. 

2. Experimental program 

2.1. Materials and preparation 

Commercially available General Purpose (GP) cement and silica 
fume, which are confirmed to AS3972 and AS3583 respectively, are 
served as binder material. The Main physical and chemical properties of 
CB and CNF are presented in Tables 1 and 2, respectively. The mix 
design for both single CB filled, and hybrid CB/CNF filled UHPC is 
shown in Table 3, which is customized based on UHPC mix previously 
designed in Ref. [10]. Fine grade micro silica sand (ACI Dry Sand Holusil 

Table 1 
Main physical and chemical properties of nanocarbon black (CB).  

Average 
particle 
size (nm) 

Resistivity 
(Ω⋅cm) 

Compacted 
density (g/l) 

DBP 
(ml/ 
100g) 

Surface 
area 
(m2/g) 

pH Ash 
content 
(%) 

30–45 <0.43 280–300 280 120–130 7.5 <0.3  

Table 2 
Main physical and chemical properties of carbon nanofiber (CNF).  

Colour Specific area 
(m2/g) 

Diameter 
(nm) 

Length 
(μm) 

Purity 
(%) 

Metal 
content 

Black 15–30 50–200 5–15 >99.9 % <100 ppm  
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4005 Kiln Dried Sand) was used, which contains crystalline silica pro-
portion >98 % with the average particle size of 150 μ m. The UHPC 
matrix has a water-to-binder ratio of 0.22 and sand to binder ratio of 0.4. 
The dosage of Polycarboxylic-based high range reducer (Sika 
VescoCrete-140 SK) positively matched single or hybrid nanofillers 
amount from 1.0 % to 2.0 % to assure the adequate workability and 
proper dispersion of nanofillers. Defoamer (silicon emulsion with <5 % 
phosphates) is used to mitigate the air entraining effect. The doping 
dosage of superplasticizer positively matching the increased CB/CNF 
content to assist the dispersion of CB nanoparticles and ensure the 
similar workability of single CB filled and hybrid CB/CNF filled UHPC 
samples. The table flow diameter tested in accordance with ASTM 
C1437-20 [25] is around 220 mm for plain sample and 180 ± 10 mm for 
single CB filled and hybrid CB/CNF filled samples shown in Fig. 1 

The specimen manufacturing process is described as follow. The first 
step is to prepare CB/CNF added superplasticizer/water solution (CB/ 
CNF suspension). The pre-determined amount of CB/CNF is added into 
the beaker with a weight mixture of water and superplasticizer, followed 
by gentle stirring and ultrasonic dispersion. To enable the optimized 
dispersing efficiency, the ultrasonic treatment with a frequency of 40 Hz 
was combined with high-speed stirring of 2000 rpm and lasted for 40 

min. The water bath was updated every 10 min to prevent the potential 
negative impact on the dispersion efficiency of CB/CNF nanoparticles 
that potentially raised by elevated temperature. Cement, silica fume and 
silica sand were dried mixed in Hobart mixer for 5 min. After that, half 
amount of mixture of ultrasonicated CB/CNF suspension and the 
deformer were poured into mixture and mixed for 3–4 min, then the 
remaining half of ultrasonicated CB/CNF suspension were generally 
poured into the fresh slurry for another 3–4 min. The fresh mixture was 
casted into the 50 mm × 50 mm × 50 mm cubic mould. Four electrodes 
were embedded during the casting of the specimens. The width and 
embedment length of the electrodes are 25 mm and 35 mm. The speci-
mens were initially cured 2 days in standard curing chamber with 25 ◦C 
temperature and 95 % relative humidity before being demoulded and 
then were steam-cured with the temperature maintained at 90 ◦C for 
additional 3 days. After that, the samples were moved again into the 
standard curing chamber until 28 days. Prior to the electrical and pie-
zoresistive measurements, the specimens were dried in 60◦ oven for 24 
h. Fig. 2 schematically plots the manufacturing process of single CB 
filled UHPC and hybrid CB/CNF filled UHPC samples. 

Table 3 
Mix design of CB/CNF filled cement-based sensor.  

Group Cement Silica fume Silica sand Water CB (%) CNF (%) Superplasticizer (%) Defoamer (%) 

Plain 0.89 0.11 0.4 0.22* 0 0 1.0 0.13 
Single CB filled samples 
05CB 0.89 0.11 0.4 0.22 1.0 0 1.3 0.13 
10CB 0.89 0.11 0.4 0.22 0.5 0 1.1 0.13 
10CB 0.89 0.11 0.4 0.22 1.0 0 1.3 0.13 
Hybrid CB/CNF filled sample 
05CB02CNF 0.89 0.11 0.4 0.22 0.5 0.2 1.6 0.13 
10CB02CNF 0.89 0.11 0.4 0.22 1.0 0.2 1.8 0.13 
20CB02CNF 0.89 0.11 0.4 0.22 2.0 0.2 2.0 0.13 

Note: number under the cement, silica fume, CB, water, superplasticizer and defoamer represent their ratios to the weight of binder, e.g., 0.22* under water means the 
water to binder ratio of 0.22. 

Fig. 1. Table flow diameters of plain and mono CB filled UHPC samples.  

Fig. 2. Preparation procedures and specimen of CB/CNF UHPC-based sensors.  
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2.2. Experimental methods 

Sample powders for X-ray diffraction (XRD) were acquired by sieve 
passing apertures of 75 μ m. XRD test was conducted by a BRUKER AXS 
D8 ADVANCE machine with 40 kV power and 40 mA. The scanned Cu- 
Kα range was 5 ◦- 70 ◦ 2 θ (◦) and the step is 0.018 ◦/S. Compressive 
strength tests were performed on 50 mm × 50 mm × 50 mm cube 
specimens using the equipment SHIMADZU UH500 with a loading rate 
of 0.5 mm/min 3 replicates were tested for each group. Field mission 
scanning electron microscopy (SEM, Zeiss Supra 55VP) coupled with 
energy dispersive X-ray spectrometry (EDX) was used to investigate the 
microstructures and distribution of conductive phases in single CB filled 
and hybrid CB/CNF filled UHPC samples. Small and flat pieces were 
collected from the inner core of fractured specimens. The four-probe DC 
method is used to measure the static electrical conductivity. The specific 
configuration is identical to the authors’ previous study [26]. The DC 
electrical resistivity (ρdc) of the sample can be calculated by Eqs. (1) and 
(2): 

Rs =
Us

Is
=

Us
Ur
Rr

=
UsRr

Ur
(1)  

ρdc = ρs =
RsA

L
=

UsRrA
Ur

(2)  

where ρs and Rs are the electrical resistivity and resistance of sample in 
Ω • cm and Ω, respectively; Us and Rs denote the voltage and current of 
the sample; Ur and Rr denote the voltage and resistance of resistor; A is 
the cross-section area of electrodes embedded into the sample; L is the 
resistance between inner two electrodes. 

The AC impedance spectroscopy (ACIS) is performed by Solartron SI 
1260 frequency response analyser (RFA). Two-probe method was 
applied on inner two electrodes of the samples during the ACIS test [27], 
considering the popularity and reliability of two-probe measurement 
method [28]. The specific arrangement of two-probe configuration be-
tween 1260 RFA and the sample is detailed in Ref. [29]. To obtain the 
ACIS, the AC frequency charged in the range of 1 Hz–10 MHz with a 
potential amplitude of 250 mV versus the open circuit potential. The 
ACIS results were analysed according to equivalent circuit method using 
ZView software. 

The resistivity was recorded using a 4-probe method during the 
piezoresistivity tests. The test setup is illustrated in Fig. 3. Two strain 
gauges were attached on both sides of the specimens. Two Teflon plates 
was put at both upside and bottom sides of the samples to electrically 
isolate samples from loading plates. The compressive loading was per-
formed by SHIMADZU UH500 loading system. Three different loading 

regimes including: 1) quasi-static cyclic loading; 2) dynamic cyclic 
loading; and 3) monotonic compressive loading until failure were 
applied to thoroughly evaluate the piezoresistive self-sensing perfor-
mance of single CB filled and CB/CNF filled UHPC samples. Quasi-static 
cyclic loading regime consists of two stress magnitudes of 20 MPa and 
40 MPa with the loading rates of 2.5 kN/s and 5 kN/s, respectively. Four 
loading-unloading cycles were applied for each stress magnitude. The 
dynamic cyclic loading regime consists constant stress magnitude of 20 
MPa and varied six frequencies 0.1, 0.2, 0.3, 0.5, 0.9 and 1.6 Hz, based 
on logarithmic sampling method (lgf(n) = lg 0.1+ n(lg 5 − lg 0.1)/7,n =

1, 2, ….5), which is consistent with the typical frequency of dynamic 
response in large civil engineering structures [30,31]. As for the 
monotonic compressive loading regime, the loading rate was kept at 1.5 
kN/s. For the quasi-static cyclic loading and monotonic compressive 
loading, the data sampling rate was 5 Hz. For the dynamic cyclic 
loading, the data sampling rate is 50 Hz. For all piezoresisvity tests, the 
samples were electrified 10 min before the tests to eliminate the polar-
ization effect due to DC source. During the compressive loadings, the 
electrical resistivity was recorded. The fractional change in resistivity 
(FCR) is defined as Eq. (3): 

FCR=
ρ − ρ0

ρ0
(3)  

where ρ0 is the initial static resistivity, ρ is the real-time resistivity of the 
samples during the loading. 

The stress sensitivity (SS) and gauge factor (GF) are two significant 
parameters to evaluate the piezoresistive sensing sensitivity, which can 
be calculated by Eqs. (4) and (5): 

SS=
FCR

σ (4)  

GF =
FCR

ε (5) 

Linearity error (LR) is proposed to evaluate piezoresistive sensing 
performance in terms of linear response, which is based on Eq. (6). 

LR=
ΔMax
FCRf

× 100% (6)  

where ΔMax denotes the maximum deviation between piezoresistive 
and linear fitting line; FCRf denotes the full-scale output of FCR. A large 
linearity error refers to a reduced linearity degree of the piezoresistive 
response. 

Signal to noise ratio (SNR) is an important parameter to assess the 
piezoresistive sensing stability. SNR refers to the ratio between signal 

Fig. 3. Test setup of the piezoresistivity experiments.  
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and noise. The unit of SNR is dB, and a larger SNR value represents an 
enhanced piezoresistive sensing performance with less noise signal. The 
formula of SNR is defined in Eq. (7). 

SNR= 10 log10

(
Ps

Pn

)

= 10 log10

(
A2

s

A2
n

)

(7)  

where Ps and Pn denote the power of signal and noise, respectively. As 
and An denote the amplitude of signal and noise, respectively. 

3. Result and discussion 

3.1. X-ray diffusion 

The XRD patterns of all groups are illustrated in Fig. 4, and the 
remarkable peaks corresponding to the quartz are associated with the 
presence of silica sand. The peaks of unhydrated cement clinkers such as 
alite, belite and gypsum can be captured. Overall, the peaks located in 
seven groups are similar because of the inert nature of CB and CNF [32, 
33], implying there is no newly generated phases. Both CB and CNF act 
as inert filler in the UHPC matrix, which not alter the chemical structure 
of the hydrated cement products. The weak ettringite peak is captured 
since the it is thermally decomposed during the heat curing [34]. There 
are some peaks corresponding to calcite is stemmed from inevitable 
carbonization during the sample preparation [33]. The Intensities of 
peaks at (2θ = 18◦ and 28◦) corresponding to portlandite (CH) are 

decreased for single CB filled and hybrid CB/CNF filled samples 
compared to plain ones. The intensities of hybrid CB/CNF filled samples 
are smaller single CB filled ones. With the presence of silica fume, the 
portlandite was partially consumed to form C–S–H owing to pozzolanic 
reaction [11]. Although a qualitative comparison of the degree of hy-
dration (DOH) among the groups is hard in the case of XRD patterns 
[34], The intensity of CH is gradually decreased with increasing CB 
content, suggesting that extensive CB content hinder the cement hy-
dration. In particular, the intensity of CH is distinctively lower for 
20CB20CNF compared to the other groups, indicating that excessive 
conductive fillers pose a negative effect on cements hydration, which is 
consistent with the previous studies [32,35]. 

3.2. Mechanical strength 

The compressive strengths of all groups are shown in Fig. 5. For both 
single CB and hybrid CB/CNF filled samples, the compressive strengths 
slightly increase when CB content is 0.5 % and then remarkably decrease 
when CB contents reach the 1.0 % and 2.0 %. Such variation trend is 
consistent with literature of CB filled cement composite with various CB 
contents [32,35,36]. The initial increase of compressive strength is 
mainly attributed to the filling effect of CB and reduction effect of 
harmful pores, considering quantitative results of previous study [32]. A 
proper amount of nanoscale CB particles modify the particles size dis-
tribution and densify the cement matrix [36]. The remarkably reduced 
compressive strength is mainly ascribed to the absorption of free water, 
CB agglomerations, and superplasticizer, which pose a downside influ-
ence on cement hydration and fluidity, thus affecting the particle size 
distribution and compressive strength [37]. In addition, studies pro-
posed CB is detrimental to the binding strength among the hydration 
products [32]. Moreover, the reduced compressive strength is probably 
owing to the dilution effect where the reduced cement content impedes 
the development of strength [35]. 

The remarkable decrease in compressive strength might also be 
partially interpreted by the deteriorated microstructures of the speci-
mens. The microstructures of 05CB02CNF and 20CB02NCF are illus-
trated in Figs. 6 and 7, respectively. It is detected 05CB02CNF shows a 
relatively compact microstructure compared to 20CB02CNF with less 
microdefects. Some micropores and cracks can be detected in 
20CB02CNF. Fig. 6 (a) shows the CB and CNF are tightly embedded in 
the cement matrix in 05CB02CNF. The needle-like objectives shown in 
Fig. 6 (d), which should be a bundle of ettringites and CNFs [38], are 
tightly bonded with hydrate phases, demonstrating a improved and 
compact microstructure. Differently, characteristic microstructures with 
increased porosity and nonuniformity can be detected for 20CB02CNF 
shown in Fig. 7. Fig. 7 (a) shows the local defects near the ITZ sur-
rounding the sand grain. Abundant and incompact CB/hydration prod-
ucts aggregates in the ranges of hundreds of nanometres to 1 μm can be 
detected, showing relatively porous microstructure. Fig. 7 (d) shows the 
CB agglomerations typically in several hundred nanometres, which 
become the defects and stress concentration points in the cement matrix 
with weak bearing capacity to external loading [2,39]. The distinctively 
microstructural characteristics between 05CB02CNF and 20CB02CNF 
reveal that a proper amount of CB can possess a positive effect on 
porosity and microstructure, while excessive amount of CB can easily 
form the CB agglomerations and possess downside effect on porosity and 
microstructure. 

In terms of effect of CNF, it is seen that hybrid CB/CNF filled samples 
always show the superior compressive strength than single CB filled 
samples, regardless of the CB content. As revealed in Figs. 6 and 7, the 
bundled CNF cannot be found from both samples but the individual 
CNFs that are well anchored in the hydration product. Previous studies 
[40,41] confirmed that incorporating a proper amount of well-dispersed 
CNF could yielded a significance increase of compressive strength of the 
cement composites. The bridging effect of CNFs can be found in Fig. 7 
(c). There is a layer of Ca–Si rich phase tightly bonded to the surface of 

Fig. 4. XRD patterns of the all groups (A: alite; B: belite; C: calcite; E: ettringite; 
G: gypsum P: portlandite; Q: quartz; C–S–H: calcium silicate hydrate.). 

Fig. 5. Compressive strength of UHPC filled with CB or hybrid CB and CNF.  
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CNFs, which can be captured in the following Fig. 9. With the presence 
of silica fume particles, the dispersed CNF provides potential nucleating 
sites for the self-assembly of Ca–Si rich phases, which is possibly 
attributed to the abundant exposed edge planes along the CNF surface 
[42]. In addition, the presence of silica fume particles can promote the 
progressive generation of Ca–Si phase either encircle the CNFs or in the 
interstices of CNF network through the decrease of effective hydro-
phobicity, enabling the disposition of Ca–Si rich phases and CH and a 

more pronounced embedment of CNFs in the hydration products [42] in 
Fig. 7 (e). These positive interactions between CNF and cement phases 
should explain the improved hybrid CB/CNF filled samples compared to 
single CB filled samples regardless of CB dosages observed in the current 
study. Nevertheless, not all groups fulfill the definitive requirement of 
UHPC of 120 MPa according to C1856/C1856M − 17 [43], the mix 
design should be further optimized for future research. 

Fig. 6. Microstructures of UHPC with 0.5 % CB and 0.2 % CNF (05CB02CNF).  

Fig. 7. Microstructures of UHPC with 2.0 % CB and 0.2 % CNF (20CB02CNF).  
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3.3. Electrical conductivity 

Fig. 8 (a) shows the resistivity of single CB and hybrid CB/CNF filled 
samples as a function of CB dosages. Fig. 8 (b) summarizes the perco-
lation thresholds for single CB filled cement composites from previously 
reported articles. Some studies reported a distinctively high percolation 
zone. The discrepancy is mainly stemmed from the different structural 
properties of CB particles such as size and dibutyl phthalate (DBP) given 
that there are many types of CB commercially available. CB particles 
with smaller size (higher specific area) and higher DBP absorption (large 
number of CB nanoparticles made for the primary aggregate), as so- 
called higher structure, often contributes to lower percolation thresh-
olds [44,45]. In addition, the presence of fine and coarse aggregates is 
another factor to determine the percolation zone [5]. Nevertheless, it is 
seen that most studies reported a starting percolation threshold of in the 
range of approximately 0.5–0.7 %, which validate the results observed 
in present study. In the case of hybrid CB/CNF filled UHPC, although 
similar percolation trend is shown, the inclusion of 0.2 % CNF as addi-
tive nanofillers significantly reduces the resistivity of single CB filled 
UHPC, with nearly one order and two thirds, respectively for the cases of 
1.0 % CB and 2.0 % CB. It is noted there is an increase of resistivity for 
the case of 0.5 % CB. The increase of resistivity is likely due to the 
combination effect of additional inclusion of superplasticizer [46] and 
more compact matrix [47]. The superplasticizer will alter the micro-
structural and interfacial characteristics of silica sand mortar, resulting 
in that superplasticized mortars always presents the higher electrical 
resistivity compared to the control samples [48,49]. Overall, the 
significantly reduced resistivity evidences the positive synergistic effects 
of the hybrid use of nanofillers with different size and dimensions. 

Fig. 9 illustrates how CNFs take the advantage of their fibrous shape 
and high aspect ratio in improving the length and continuity of the 
conductive passages. Previous studies illustrated that spherical CB 
nanoparticles are embedded with the hydrated products and as seeding 
for C–S–H nucleating on, therefore CB nanoparticles distributed in the 
cement matrix in the integrated form of hydrated products due to hy-
dration and pozzolanic reactions of cementitious materials. Fig. 9 (a) 
shows the single CNF embedded in the compact cementitious matrix of 
05CB02CNF. EDS mapping spectrum clearly demonstrates that role of 
CNF links the surrounding conductive passages contributed by CB 
nanoparticles, evidencing the cooperative modification effect brought 
by the hybrid usage of nano additives with different sizes and di-
mensions. The fibrous CNF with larger diameters function as conductive 
carrier and link the CB at long distance. Point spectrums 1 and 3 on CNF 
surface imply there are two distinctive types of CNF. Point spectrum 1 
with high atomic ratio of carbon element suggests that the CNF is 

marginally wrapped by hydrated products, whereas spectrum 3 with less 
carbon intensity should correspond to the CNF that is broadly wrapped 
by hydrated products [38,41]. Point spectrum 2 is related to CB 
embedded in cement matrix. 

More detailed characteristics of the latter type of CNF can be 
captured in 20CB02CNF as shown in Fig. 9 (b). It is seen that rich hy-
dration products are tightly bonded on the certain part of the CNF sur-
face zone as confirmed by point spectrums. The tight bonding between 
CNF and surrounding CB/hydration products in UHPC samples should 
be beneficial to the formation of continuous passages since localized 
defects can block the conductive passages [53]. One evidence is that the 
resistivity drop range is much higher than the resistivity drop results 
previously reported who compared hybrid use of CB and nickel nano-
fiber (NiNF) with single use of CB in cement paste samples, even with 
less content of CNF compared to NiNF [18]. In addition, the botryoidal 
chain structure of CB particles deposited on CNF surface can be clearly 
observed in Fig. 9 (b), implying the efficiency of CNF in establishing the 
rich conductive passages. In contrast to the mapping spectrum of 
05CB02NCF, the CNF cannot be differentiated from the surrounding 
matrix by the intensity of carbon elemental map for 20CB02CNF shown 
in Fig. 9 (b). This is attributed to the high dosage of 2.0 % CB and the fact 
the CNFs are broadly bonded/wrapped by CB/hydration products, 
which should explain the different resistivity changes for the samples 
with various dosages of CB when adding the 0.2 % CNF. As shown in 
elemental maps in Fig. 9 (a), when CB content approaches the start of the 
percolation zone (i.e., 0.5 %), the CB particles are marginally distributed 
in the matrix. Although CNF can efficiently link the neighbouring CB 
communities as presented, such cases should be considered as localized 
situation. For the highest CB content of 2.0 %, the linkage effect of CNF 
on promoting the conductive passages also compensate to certain degree 
because of already percolated conductive network. Therefore, the 
maximum extent of drop in resistivity happens in intermediate CB 
content of 1.0 %. In addition, the Ca/Si ratios from all points spectrums 
on CNF surface are generally between 1.2 and 2.3, which is defined as 
typical C–S–H gel [41,54], implying rich C–S–H in the bonding between 
CNF and the matrix. However, previous studies proposed that rich CH 
crystals and perhaps C–S–H were nucleated on the surface of steel fibre 
in hybrid CNT/steel fibre filled UHPC [55,56]. Since rich C–S–H gel have 
a stronger bonding effects than CH crystals [57], better bonding pro-
motes the CB to be tightly bonded to CNF surface. This phenomenon 
might reveal the advantage of using hybrid conductive fillers at nano 
scales compared to the counterparts at nano and micro/macro scales, in 
terms of both mechanical and electrical enhancements. 

Fig. 8. Percolation zone of single and hybrid filled UHPC specimen and comparison with other studies [36,45,46,50–52].  
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3.4. Analysis on equivalent circuit model and ACIS 

3.4.1. AC impedance spectrum response 
The AC impedance spectrum (ACIS) describes the frequency depen-

dence of the impedance for composite materials, which is usually pre-
sented by Nyquist plots (Imaginary part vs Real part) [58]. The plots are 
parameterized in terms of frequency and usually involve a succession of 
semicircles that are associated with electrochemical response of the 
individual material components [59]. The partial convolution feature 
between different arcs is attributed to the similar relaxation times of 

multiple involved responses [60]. According to the literature [61–63], 
the typical Nyquist plot for plain cementitious composite include a 
single high frequency semicircle and an low frequency arc correspond-
ing to the effect of external electrode, whereas the cementitious com-
posite with the inclusion of conductive fillers presents two separated 
semicircles in addition to electrode arc. The origin of dual semicircles 
characteristic was explained by a “frequency-switchable coating model” 
in some studies on carbon fibre reinforced composites [63]. The sche-
matic diagram for typical Nyquist plots for plain UHPC and UHPC 
containing conductive fillers are shown in Fig. 10 (a). For the case of 

Fig. 9. Morphologies of 05CB02CNF and 20CB02CNF.  
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UHPC containing conductive materials, the left-side Rcusp is directly as 
result of short circuit of conductive materials and accounts for the 
combined transfer of electron current through the conductive materials 
and ionic current through the electrolyte [60], whereas right side Rcusp 
was attributed to AC resistance of the cement matrix and coincided with 
the four point DC resistance of composite [63–65]. Fig. 10 (b) compares 
the Rcusp values extracted from ACIS with RDC values measured from 
four point method [60]. It is indicated that right-side Rcusp generally 
coincides with the RDC, which supports the percolation zone analysis in 
the previous section. In addition, the left-side Rcusp for UHPC containing 
conductive fillers is relatively smaller than right-side Rcusp/RDC with the 

increase of CB/CNF content, and it gradually becomes almost coincide 
when the CB/CNF content enters the percolation zone, in which the 
number and continuity of conductive passages greatly improved (i.e., for 
the cases of 10CB02CNF, 10CB and 20CB02NF). This phenomenon 
should further substantiate the fact that left side Rcusp is as a direct 
consequence of short-circuit of conductive materials. Therefore, the 
relationship between left-side Rcusp and right-side Rcusp/RDC can be 
potentially used to identify the conductive states inside the cementitious 
composites. In addition, the impedance spectrums of 10CB02CNF and 
20CB02CNF remarkably shift from higher value to smaller value along 
real axis by an order of magnitude compared to the counterparts of 10CB 

Fig. 9. (continued). 
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and 20CB as shown in the following Fig. 13. Meanwhile, the diameter of 
arcs also significantly decreases by an order of magnitude. These vari-
ation features of ACIS evidence the significant reduction of material 
complex impedance, while it is not the case for 05CB02CNF in com-
parison to 05CB. Thus, the ACIS features shows a good agreement with 
features of DC resistivity results. 

3.4.2. Equivalent circuit model 
To further examine the conductivity enhancement characteristics 

and mechanisms of the hybrid inclusion of CNF on CB-based UHPC, the 
equivalent circuit model comprised by a series of discrete electrical 
components were analysed based on ACIS. In general, equivalent circuit 
model is divided into several parts, corresponding to the different 
conductive behaviours of different phases in composite. Referring to 
previous relevant studies [66–71], a new equivalent model was pro-
posed based on different conducive phases in the microstructures of 
materials. The schematic diagram of microstructure and their corre-
sponding equivalent electrical components are illustrated in Fig. 11. For 
the carbon nanoadditives filled cement composites, tunnelling conduc-
tion contributed by very closed adjacent CB/CNF, contact conduction by 
interconnected CB/CNF and ionic conduction contributed by pore 

electrolytes mainly govern the conductive behaviour [18,72]. 
As previously discussed, individual CB/CNF or their agglomerates 

are tightly embedded in cement matrix, which means there is inevitable 
coating of matrix phases enclosing the CB/CNF except for those directly 
connected CB/CNF. The CB/CNF distributed within the matrix is in the 
form partially conductive path, which contains a certain portion of 
continuous conductive path and a certain portion of discontinuous 
conductive path as shown in Fig. 11. To explicate electrical behaviour of 
partially conductive path, Jiang et al. [70] adopted the R0(C1R1) circuit 
component to represent partially contacted graphene in cement matrix, 
where R0 represented resistance of composite and directly contacted 
graphene; C1 and R1 represented capacitance and resistance of graphe-
ne/matrix/graphene structures, respectively. Similarly, Wang et al. [68] 
adopted a Ras(CsRcs) circuit component to explicate the conductive path 
of partially contacted carbon black aggregates where polymer matrix is 
as the dielectric, where Ras represents the resistance of aggregate, Cs and 
Rcs represents the capacitance and resistance of CB/matrix/CB struc-
tures. In this study, the electrical behaviour of directly connected 
CB/CNF structures and electrolyte resistance by continuously connected 
micro-pores is represented by a resistor [67,70,73]. The electrical 
behaviour of unconnected CB/CNF structures and unconnected pores is 

Fig. 10. Typical Nyquist plots for plain UHPC and UHPC containing conductive fillers and comparisons of RDC, left-side Rcusp and right-side Rcusp.  

Fig. 11. Schematic diagram of microstructure and equivalent circuit components.  
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explicated by a parallel R–C circuit, showing both the capacitive and 
resistive behaviours. For the case of plain UHPC, the resistor represents 
the electrolyte resistance by micro-pore, whereas the capacitor repre-
sents the capacitance of insulated matrix. 

For the case of single CB and hybrid CB/CNF filled UHPC, the resistor 
in parallel R–C circuit additionally represents the nonohmic resistance 
of CB(CNF)/matrix/CB(CNF) structures due to tunnelling effect, in 
which the adjacent CB/CNF particles are very closely neighbouring for 
electrons to conquer a potential barrier and allow the tunnelling to take 
place. Previous studies proposed that the maximum tunnelling distance 
for electrical current transfer in cement matrix is typically less than 
several nanometres [74,75]. The capacitor in the parallel R–C circuit 
represents the sum of the capacitance of insulated matrix and the double 
layer capacitance generated by CB(CNF)/matrix/CB(CNF) structures. 
For plain UHPC, the capacitor is only related to the capacitance of 
insulated matrix. Under the external electric field, the electrical charges 
will be orientationally deposited along the CB/CNF ‘plates’ due to the 
Maxwell-Wagner interfacial polarization, where the matrix between the 
CB/CNF structures is considered as dielectric, resulting in the formation 
of a series of tiny electrical double-layer capacitor [76]. Similar capac-
itive feature has also been discussed in expanded graphite filled cement 
composite [59]. Nevertheless, the capacitive behaviours only occur in 
the region where the contact between CB/CNF grains are poor [59,65], 
with relatively large matrix gap between them that can enable electric 
charges to be stored. Consequently, the parallel R–C circuit component 
is essentially controlled by the ‘contact state’ of CB/CNF structures that 
are related to the partially conductive paths inside the single CB and 
hybrid CB/CNF filled UHPC specimens. As the CB content increases, the 
distance between adjacent CB/CNF structures reduces, accordingly 
resulting in intensified tunnelling effect and weakened CB(CNF)/ma-
trix/CB(CNF) capacitance. 

Based on the discussion, the conductive path contributed by CB/CNF 
structures and connected pores can be represented by a R(CR) circuit 
component, that is resistance and capacitive elements conduct elec-
tricity in series and parallel. This physical explanation of the parallel R 
(CR) circuit components is also consistent with the equivalent response 
models of carbon nanotubes (CNT) cement-based composites [73,77]. In 
addition, the ions chemically or physically absorbed in the interfacial 
area between pores and matrix, the opposite charges at the solid layer 
and the by solid-liquid bilayer also act as double-layer capacitance unit, 
as so called ‘solid-liquid interface capacitance’ under AC [78–80]. 
However, owing to the complex nature of unconnected pores such as 
different shape, size, pore structure and their moisture content, their 
time constant response to different frequency ranges are different, 
leading to ‘dispersion effect’ in ACIS [28,81]. Consequently, the com-
plex unconnected pores cannot be considered as a perfect capacitor but 
instead are represented by a constant phase element (CPE, expressed by 
Q) [69], and its formula is illustrated in Eq. (8). 

ZQ =
1

Y0ωn

(
cos

nπ
2
− jsin

nπ
2

)
(8)  

where ZQ denotes the impedance (Ω), ω = 2πf denotes angular fre-
quency, Y0 represents capacitance or resistance, when n = 1, CPE be-
haves as ideal capacitor with the capacitance of C = Y0, when n = 0, 
CPE behaves as ideal resistor with the resistance of R = 1/ Y0, when 0 <

n < 1, CPE has the both capacitive and resistive behaviors. 
It is worthy to note although the UHPC specimens was dried at 60 ◦C 

oven for 24 h to eliminate the ionic conductivity, there is still certain 
moisture inside UHPC specimen, and the ionic conductivity still plays an 
important role in the UHPC as evident by later piezoresistivity test result 
of plain UHPC. This is probably related to the complex types of water in 
pores and the drying treatment only evaporate part the of bulk capillary 
water [82]. The water evaporation alters the ionic centration and in-
ternal diffusion inside the cement composites [83]. For the partially 
saturated specimens, the charge transfer and ion diffusion not only go 

through the interconnected solids or continuous fluids but also through 
the interface region of solid-liquid phases [84]. Thus, the diffusion 
impedance of ion diffusion in the solution stemming from gradient of ion 
concentration should also take into consideration. The diffusion effect is 
often represented by Warburg impedance [69,85], and is formula is 
shown in Eq. (9). 

Zw =
σ̅
̅̅̅
ω

√ − j
σ̅
̅̅̅
ω

√ (9)  

where Zw denotes Warburg impedance and σ denotes Warburg coeffi-
cient. 

Based on the analysis of the microstructure and the involved 
conductive behaviors, the overall equivalent circuit model is illustrated 
in Fig. 12, which is expressed as ((R1(C1R2))(R3Q)(R4W)) and its 
impedance formula is shown in Eq. (10) 

1
Z
=

1

R1 +
R2

1+ω2R2
2C2

1
− j • ωR2

2C1

1+ω2R2
2C2

1

+
1

R3 + ZQ
+

1
R4 + Zw

(10)  

where Z denotes bulk UHPC impedance; C1 represents the capacitive 
behaviour of the insulated matrix and CB(CNF)/matrix/CB(CNF) 
structures; R1 represents the electrical behaviour of directly connected 
CB/CNF structures and connected pore solution; R2 represents the 
electrical behaviour of directly connected CB/CNF structures and con-
nected pore solution. ZQ represents the electrical behaviour of complex 
unconnected pore structure; R3 represents the bulk resistance in series 
with the unconnected pore in the direction of electrical current and 
‘R3+ZQ’ is presented as ‘oblique line’ in the Nyquist plot; Zw represents 
the electrical behaviour of ions diffusion; R4 represents the bulk resis-
tance in series with charge-diffusion layers in the direction of electrical 
current, ‘R4+Zw’ is presented as a ‘depressed semi-circle’ in Nyquist plot. 

It is shall be noted that different from many previous studies [86], 
polarization behaviours at the sample-electrode interface which are 
irrelevant to the electrical conductivity analysis are discarded in this 
model to minimize the circuit elements. Essentially, they will not pro-
vide any significant information concerning the conductive behaviour in 
CB/CNF filled cement system [87]. Therefore, only the impedance 
spectra with the frequency from 10 Hz to 1.0 MHz are fitted by the 
proposed model. Fig. 13 shows the model ((R1(C1R2))(R3Q)(R4W)) 
fitting curves for single CB and hybrid CB/CNF filled UHPC samples. The 
model fitting curves show the good coincidence degree with the 
experimental impedance data, which is supported by the highest 
chi-squared (Chsq) value of 1.02E-4 [19,69]. The smaller the Chsq 
value, the better the fitting degree. It is worth noting that the fitting 
degree of the low-frequency semicircle is relatively poor compared to 
that of the high-frequency semicircle (see the zoomed sub-graphs in 

Fig. 12. Equivalent circuit model.  
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Fig. 13). This observation aligns well with the fact that the 
low-frequency semicircle is associated with the electrochemical re-
actions of the cementitious matrix, such as the charge diffusion process 
in the pore electrolyte and the charge interaction of the solid/liquid 
double phase, which possess an unstable and complex nature. Therefore, 
the proposed model ((R1(C1R2))(R3Q)(R4W)) possesses a superior 
feasibility for modelling the electrochemical behaviours involved in 

single CB and hybrid CB/CNF filled UHPC samples. 

3.4.3. Analysis of equivalent circuit parameters 
Table 4 shows the fitting parameters of the proposed model 

((R1(C1R2))(R3Q)(R4W). As shown in Fig. 14, the resistance value R1 of 
plain samples to 05CB is nearly unchanged, the resistance value R2 drops 
by about two-thirds, and the dielectric capacitance value C1 slightly 

Fig. 13. Nyquist plots and equivalent circuit model fitting curves.  
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increases. These variations are well consistent with the fact that the 
dosage of 0.5 % CB is at the starting percolation threshold. There is no 
continuous conductive path formed by CB particles/agglomerates as a 
consequence of inadequate concentration of conductive fillers [88]. The 
addition of 0.5 % CB does not contribute to additional continuous 
conductive path compared to connected pores filled with electrolyte in 
plain samples. In such a case, the resistance value R1 is merely varied 
and only resistance value R2 drops since 0.5 % CB particles/ag-
glomerates dispersed in cement matrix in discontinuous form and only 
contribute the tunnelling conduction. From 05CB to 05CB02CNF, the 
resistance value R1 almost doubles, the resistance value R2 drops by 
about three-fourths. The increase in R1 should attribute to refined pore 
structure, which blokes the continuous conductive paths in certain range 
[87,89]. The increase in R1 is also observed in the case form 10CB to 
10CB02CNF, which probably reveals the beneficial role of CNF in 

modifying the microstructures. The unexpected larger R1 value for 20CB 
compared to 10CB is probably owing to higher occurrence of localized 
defects due to increasing CB agglomerates in 20CB, which blocks the 
formation of continuous pathways to certain extent [26,53]. As R1 in-
creases, there is obvious decrease in R2 for both cases from 05CB to 
05CB02CNF and from 10CB to 10CB02CNF. Especially for the case from 
10CB to 10CB02CNF, there is a significance decrease in R2 by nearly one 
order of magnitude. 

These variations indicate that the incorporation of 0.2 % CNF mainly 
contributes to the conductive network in the form of increasing 
tunnelling conduction (discontinuous conductive paths) for the cases of 
05CB02CNF and 10CB02CNF. However, different trends are observed 
from 20CB to 20CB02CNF, in which case R2 is nearly unaltered while R1 
critically drops to near one order of magnitude. This implies that the 
incorporation of 0.2 % CNF mainly contributes to the conductive 
network in the form of increasing contact conduction (continuous 
conductive paths) for the case of 20CB02CNF. These variation trends 
agree well with conductive characteristics shown in microstructures. For 
the cases of 05CB02CNF and 10CB02CNF, CB particles/agglomerates 
are sparsely distributed in the matrix without forming a continuous 
percolating network. Although the fibrous CNF with high aspect ratio 
can play a crucial role as long-range conductor and fill the dielectric gap 
between CB, they mainly achieve the cooperative improvement effect in 
electrical conductivity by narrowing the dielectric gap between adjacent 
CB particles/agglomerates and enhancing the tunnelling conduction. 

When compared with the case from 05CB to 05CB02CNF, the sig-
nificant drop in R2 for the case from 10CB to 10CB02CNF evidences 
more efficient improvement in tunnelling conduction, which is consis-
tent with the fact that more conductive contact points provided by 
higher dosage of 1.0 % CB [36]. The distinctive synergetic improvement 
efficiency in electrical properties brought by CNF on CB/UHPC samples 
filled with different dosage of CB can be related to the percolation 
characteristics. When CB content approaches to the start of percolation 
threshold (i.e., 0.5 % CB), the CB marginally distributed in matrix can 
provide limited conductive contact points. When CB content within 
percolation zone (i.e., 1.0 % CB) where the tunnelling distance becomes 
the dominant factor [90], the assistance of CNF shows the most efficient 
synergetic improvement in electrical properties. The contribution of 
tunnelling conduction provided by CNF in 05CB02CNF even cannot 
overcome the reduced conduction by refined porosity structure, which 
leads to increase in bulk resistivity from 05CB to 05CB02CNF. When CB 
content approaches to the end of percolation zone (i.e., 2.0 % CB), the 
CB particles/agglomerates already broadly distribute and form perco-
lating conductive network in the matrix, in this case CNF mainly helps 
form the continuous conductive path and contribute to contact con-
duction rather than tunnelling conduction. 

The above hypothetical analysis is further supported by the variation 
trend of capacitance value C1. From plain samples to 10CB02CNF, there 
is a continuous increase in C1, but the increasing range is limited within 
the same order of magnitude. As previously discussed, C1 is assigned to 
the capacitance of insulated matrix and the double layer capacitance of 
CB(CNF)/matrix/CB(CNF) structures due to polarization at CB(CNF)/ 
matrix interfaces. That is the incorporation of conductive fillers into 
humidified matrix generates a numerous ‘tiny double layers’ with high 
specific capacitance that are added into cement matrix [89,91]. It is 
worthy mentioned although the characteristic time constant corre-
sponding to such two electrochemical responses are different, which is 
evidenced by the non-symmetrical variations in electrical parameters 
and can lead to changes in the time constant [89], the variation trend of 
C1 is directly linked to the effects of the incorporating CNF/CB. An 
example is the variation of C1 is far remarkably less than the variation of 
R1 from plain sample to 10CB02CNF. When the dosage of CB/CNF is 
low, before reaching the percolation threshold, the numerous ‘tiny 
double layer capacitor’ by individual CB(CNF)/matrix/CB(CNF) struc-
ture can be anticipated to be connected in parallel, which is stemmed 
from the fact that the current from one local CB(CNF)/matrix/CB(CNF) 

Fig. 14. Variations of equivalent circuit model fitting parameters for single CB 
and hybrid CB/CNF filled UHPC. 
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capacitor to the adjacent populated one does not follow a single channel, 
but follows multiple channels as shown in Fig. 15 (a) [27,91,92]. In this 
case, the capacitance contributed by CB(CNF)/matrix/CB(CNF) struc-
tures can be evaluated by Eq. (11). 

Cp =
∑n

i=1
Ci (11)  

where Ci is the capacitance of localized capacitor and can be evaluated 
based on Eq. (12). 

Ci =A • k
ε
d

(12)  

where A is the area of individual CB/CNF structure; k is the relative 
permittivity of dielectric mortar; ε is the permittivity of space; d is the 
distance between two CB/CNF structures. According to Eqs. (11) and 
(12), Ci increases with the increase of CB/CNF dosage since A increases 
and d decreases. In addition, since the number of CB(CNF)/matrix/CB 
(CNF) capacitors increases with the increase of CB(CNF) dosage, Cp in-
creases. Therefore, there is a gradual and steady increase in C1 from 
plain samples to 10CB02CNF. Interestingly, there is dramatic increase in 
C1 by approximately two orders of magnitude from 10CB02CNF to 
20CB. This is probably related to the presence of increasing number of 
CB agglomerates. Compared with dispersed CB/CNF, the presence of 
CB/CNF agglomerates form the bigger CB(CNF) agglomerate/matrix/CB 
(CNF) agglomerate capacitors that are associated with higher storage 
capacity and larger capacitance values [91]. The increase in capacitance 
with the increasing concentration of conductive fillers before reaching 
percolation threshold is also detected in previous studies [27,59]. In 
addition, there is a sudden decrease in C1 from 20CB to 20CB02CNF, 
which should be related to the fact the number of CB(CNF)/matrix/CB 
(CNF) capacitors is assumed to connect in series when dosage of CB/CNF 
approach percolation threshold as illustrated in Fig. 15 (b). In this case, 
the charge can only be stored in the local regions where the contact of 
CB/CNF structures is poor and the capacitance Cs can be evaluated by 

Eq. (13): 

Cs =
1

∑n
i=1

1
Ci

(13) 

According to Eq. (13), increase of individual local Ci is equivalent to 
decrease of Cs. Consequently, the capacitive character weakened from 
20CB to 20CB02CNF reveals the fact that the incorporation of CNF re-
duces the regimens where contact of CB/CNF is poor. This agrees well 
with the previous hypothesis that synergetic improvement of CNF on the 
electrical conductivity of 20CB is mainly helped make up the continuous 
conductive paths and contributing to the contact conduction. The 
consistent findings by analysing the variations of different electrical 
parameters should validate the proposed equivalent circuit model. 

Overall, the proposed model based on conductive phases involved in 
microstructures can provide reliable information to characterize the 
conductive behaviours, showing a close agreement with the results of 
microstructural characterization. The inherent behaviours of CNF, as 
long-range conductor to play the role to achieve the synergetic 
improvement effect in electrical properties for single CB filled UHPC 
with different CB dosage, can be successfully analysed based on varia-
tions of equivalent circuit parameters. When the dosage of CB ap-
proaches to the start of percolation zone (e.g., for the cases of 0.5 % and 
1.0 % CB), CNF mainly assist in forming discontinuous conductive paths, 
narrow the gap between neighbouring CB structures, and contribute to 
the tunnelling conduction. These characters can be reflected by the in-
crease in nearly unchanged/increase in R1, decrease in R2 and increase 
in C1. Particularly, a comparably significant drop in R2 and increase in 
C1 for the case from 10CB to 10CB02CNF in comparison to the case from 
05CB to 05CB02CNF, indicating much higher efficiency of synergetic 
improvement effect brought by the inclusion of CNF on 10CB than on 
05CB, which can be closely correlated to percolation characteristics and 
the microstructures. 

When the CB dosage approaches the percolation threshold (i.e., 2.0 

Table 4 
Fitting parameters of equivalent circuit model.  

Group Parameters R1 (Ω) R2 (Ω) C1 (F) R3 (Ω) ZW (Ω) R4 (Ω) ZQ  Regression SS 

Samples       Y0 n  

Plain S1 1660 8.56E+5 2.24E-11 11465 48797 22542 7.03E-8 0.416 0.00140  
S2 1737 5.72E+5 1.87E-11 8754 1.02E+5 1.24E+5 2.38E-7 0.192 8.76E-4 

05CB S1 1563 2.82E+5 3.00E-11 0.0493 90647 47179 2.33E-7 0.448 1.87E-3  
S2 1853 2.40E+5 2.69E-11 2.06E-4 86283 58795 2.27E-7 0.484 8.64E-4 

05CB02CNF S1 3654 63241 3.93E-11 95941 7.56E+6 8374 7.52E-7 0.292 0.0292  
S2 2970 57294 4.24E-11 1.04E+5 3.71E+6 5896 5.13E-7 0.332 0.0209 

10CB S1 500.6 50422 4.88E-11 2.26E-5 3.43E+5 8431 1.74E-5 0.354 7.59E-3  
S2 680.2 75568 4.70E-11 1411 1.64E+6 10607 1.34E-5 0.324 6.33E-3 

10CB02CNF S1 1082 5180 5.30E-11 2.85E-4 107674 5795 6.38E-5 0.258 3.69 E− 4  
S2 613.1 5267 6.67E-11 419.5 1468 9185 6.85E-6 0.483 7.41E-6 

20CB S1 2099 267.9 6.34E-09 2482 3.80E-6 754.1 1.95E-4 0.0405 2.03E-4  
S2 2276 241.9 6.02E-09 239.8 693 603.3 5.29E-5 0.0804 4.40E-5 

20CB02CNF S1 273.1 232.2 3.47E-09 402.3 288 230.9 3.19E-4 0.219 3.32E-3  
S2 302.3 220.3 1.95E-09 533.4 797.7 154.5 9.24E-4 0.166 2.75E-3 

Note: Regression SS means the regression sum of squares, which reflects how well a fitting curve represents the fitting data. A higher regression SS indicates the fitting 
curve does not fit the data well. The bolds values denote the abnormal values. 

Fig. 15. Circuit of CB(CNF)/matrix/CB(CNF) capacitors.  

W. Li et al.                                                                                                                                                                                                                                       



Cement and Concrete Composites 148 (2024) 105466

15

Fig. 16. Piezoresistive sensing performance for all groups under quasi-static cyclic loading.  
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% CB), CNF mainly assist in forming continuous path, directly connect 
the neighbouring CB structures, and contribute to contact conduction. 
These characters can be reflected by decrease in R1, nearly unchanged in 
R2, and decrease in C1. Thus, the essential information concerning 
conductive behaviours of single CB and hybrid CB/CNF filled UHPC can 
be properly extracted from a semi-qualitative point of view, based the 
variations of equivalent circuit parameters that are assigned to different 
electrical phases involved in the microstructures. The obtained essential 
information such as the percolating state of CB and the different forms of 
how CNF contribute to conductive network in hybrid CB/CNF filled 
smart UHPC can help understand the conductive behaviours and 
working mechanisms at microstructural level, which can provide new 
insight into the material design strategy for enhancing the electrical and 

sensing performances of UHPC-based cementitious sensors. 

3.4.4. Strength and limitations of proposed model 
The microstructure models established for the ACIS data interpre-

tation of cement-based material can be classified into layer model, brick 
model, T and I model, barrier/pin-hole model, and conductive path 
model [28]. The proposed circuit model in the present study is classified 
as the conductive path model, which possesses the advantage of simu-
lating the real distribution of various electrical phases and having the 
clear physical meaning pertaining to individual components [28,30]. 
The theory regarding the elements assignment (assigning the physical 
meaning to each parameter of the equivalent circuit) and model estab-
lishment (continuous conductive path, discontinuous conductive path 

Fig. 16. (continued). 
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and insulation path) is referred to and further modified based on serval 
conductive path models previously developed [67,69,93]. However, it is 
worthy pointing out that although the proposed equivalent modelling 
circuit is assigned according to microstructural phases of cementitious 
materials, the resultant parameters often do not consider the geomet-
rical features of the conductive inclusions and their volume fraction 
[60]. In addition, the appearance of the ACIS dispersion phenomenon in 
cement-based materials still perplexes their effect on data interpretation 
[28]. Multiple equivalent circuit models may be capable of fitting and 
regenerating the experimental data [60]. A single equivalent model can 
hardly to completely represent the electrical behaviours in the complex 
microstructure of cement-based materials [79,94]. These influential 
factors may potentially comprise the reliability of the proposed model 
[94]. 

The development of equivalent circuit models, especially for cement- 
based sensors, is still at the budding stage; each model is established and 
interpreted in various ways, which has certain limited applicability [58, 
79]. Due to the different conductive systems comprised by multi-phase, 
multi-scale, and multi-dimension functional fillers, there is an absence of 
a universal conductive theory and a generalized model. In the present 
study, the proposed model is reasonably established by individually 
assigning the circuit elements to the conductive microstructures and 
validated by the fitting degree and analysis of variations in model pa-
rameters. The extracted information is mutually well aligned with the 
conductivity, percolating state, microstructural characterization and 
piezoresistive sensitives. Further efforts could be put on the aspects of 

establishing a more generalized model with extended applicability and 
reliability, separating the averaging and mixing effects of the ACIS for 
the interpretation of individual and conductive characteristics, the 
application potential of differential impedance analysis (DIA) [95,96], 
etc, to further advance the ACIS as a promising non-destructive tech-
nique in accurately characterize the electrical microstructures in 
cement-based sensors. 

3.5. Piezoresistive performance 

3.5.1. Quasi-static cyclic loading 
The piezoresistive sensing responses and the associated linear errors 

of single CB filled and hybrid CB/CNF filled samples are shown in 
Fig. 16. The selective maximum stress amplitude of 40 MPa is incon-
sistent with previous studies examining the smart UHPC samples [97], 
which is significantly higher than typically used in studies concerning 
normal concrete/mortar/paste samples, thus indicating the favourable 
high load sensing capability of smart UHPC. Generally, both single CB 
filled, and hybrid CB/CNF filled samples present a satisfactorily 
repeatable and reversible piezoresistive responses with good synchro-
nicity, although the responses of some samples show a certain degree of 
nonlinearity. In comparison to the single CB filled samples, the piezor-
esistive responses of hybrid CB/CNF filled samples shows more excellent 
reparability and hysteresis than single CB filled samples. The piezor-
esistive response of plain sample with very limited FCR values indicate 
the role of ionic conduction [53], which is consistent to the result of 

Fig. 17. Variations of self-sensing sensitivities of single CB filled and hybrid CB/CNF filled UHPC under quasi-static cyclic loading.  
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equivalent circuit analysis. The variations of sensitivity indicators 
including peak FCR, stress sensitivity (SS) and gauge factor (GF) and 
FCR-strain responses are illustrated in Fig. 17, which were calculated 
based on the mean FCR-stress and FCR-strain responses under both 20 
MPa and 40 MPa stress amplitude regions. It is seen that the sensitivities 
of 05CB02NCF are roughly kept at a similar level compared to 05CB, 
which can be reflected by the absolute peak FCR value under 40 MPa 
regime is roughly 14 % for both 05CB and 05CB02CNF in Fig. 16 (b) and 
(c). There is one exception for the case of 05CB under the 20 MPa regime 
as shown in Fig. 17 (c), which is induced by the fact that GF is calculated 
based on the slope of linear fitting equations of data scatters in 
FCR-strain curves while 05CB presents a severe nonlinear piezoresistive 

response. Differently, 10CB02CNF shows distinctive higher sensitivities 
than 10CB, as substantiated in Fig. 17. The absolute value of peak FCR 
under 40 MPa regime is approximately 39 % for 10CB02CNF, which is 
almost trebled compared to the counterpart of 10CB in Fig. 16 (d) and 
(e). With further increase of CB dosage to 2.0 %, the 20CB02CNF shows 
the reduced sensitivities compared to 20CB in Fig. 17 and Fig. 16 (e) and 
(f). It is revealed that when CB dosages below the percolation threshold 
(i.e., 0.5 % and 1.0 % CB), the CNF mainly contributes to the conductive 
network in the form of enhancing the tunnelling conduction. For the CB 
dosage of 0.5 % which approaches to the start of percolation, the indi-
vidual CB/CB agglomerates are sparsely distributed in the matrix and 
the gaps between adjacent CB structures are relatively large. 

Fig. 18. Piezoresistive sensing performance for all groups under dynamic cyclic loading.  
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Therefore, incorporation of CNF cannot efficiently fill gaps between 
adjacent CB and contribute to tunnelling conduction. However, when 
the CB dosage increases to 1.0 % which is within the percolation, the 
gaps between adjacent CB structures reduce and tunnelling conduction 
start to dominate the conductive behaviours [98]. When CB content 
further increases to 2.0 % which approaches to the end of percolation, 
there is already percolating CB conductive network inside the matrix, 
the incorporation of CNF can directly link or bridge the adjacent CB 
structure over a long range and mainly contribute to the enhanced 
contact conduction. In this case, although the resistivity of 20CB02CNF 
still drops when compared to 20CB, its piezoresistive response presents 
the reduced sensitivities. The reduced sensitivities should be attributed 
to the fact that there is pre-established percolating network in 20CB 
whereas 20CB02CNF is associated with a denser conductive network. 
When dense conductive network is already formed in specimens before 
loading, the electrical pathways will be less altered towards applied 
loading, leading to reduced sensitivities [11]. Therefore, it seems that 
the most effective synergetic effect of CNF for hybrid CB/CNF filled 
UHPC compared to single CB filled UHPC is achieved when CB content is 
within the percolation zone. In this case, the fibrous CNF as long-range 
conductor interspersed among the adjacent CB structures, forming the 
CB(CNF)/matrix/CB(CNF) structures with dielectric gap that are suffi-
ciently small to enable the tunnelling conduction. 

Consequently, the significant change of tunnelling resistance 
contributed by enhanced tunnelling conduction for 10CB02CNF 
compared to 10CB should be mainly responsible for its greatly improved 
sensitivities in piezoresistive response, which is consistent with the fact 
that change of tunnelling distance between conductive fillers is a 
dominant factor responsible for the piezoresistive response of the 
cement-based sensors within the percolation zone [98]. According to 
tunnelling theory [18,99], the tunnelling resistance has an exponential 
correlation with the distance between adjacent conductive fillers (bar-
rier width). The local tunnelling resistance (R) as a function of the dis-
tance between adjacent conductive fillers (d) can be expressed by Refs. 
[98,100] as Eq. (14): 

R=
dℏ2

Ae2
(
2m

̅̅̅
λ

√ ) • exp
(

4πd
ℏ

• 2m
̅̅̅
λ

√
)

(14)  

where e and m are electric charge and mass of an electron, respectively; h 
is Plank’s constant; λ is the potential barrier height, A is the function 
area of two adjacent conductive fillers. In the loading stage, the distance 
between adjacent CB(CNF) structures decreases and tunnelling resis-
tance decreases; In the unloading stage, the distance between adjacent 
CB(CNF) structures increases and tunnelling resistance increases. 
Overall, the variations trend of sensitivities for the piezoresistive re-
sponses of hybrid CB/CNF filled UHPC compared to single CB filled 
UHPC shows a good coincidence with conductive behaviours extracted 
from the analysis of percolation threshold, electrical microstructure, and 
equivalent electrical circuit. In addition, numerous previous studies 
have observed that the sensing effectiveness of self-sensing UHPC filled 
with steel fibers and carbon nanotubes is more efficient under tensile 
stress states than compressive stress states due to the relatively dense 
microstructures [101–103]. The relatively sensitive piezoresistivity in 
response to compression of CB/CNF UHPC in this study is likely related 
to the synergistic effect of several factors, such as a relatively low dosage 
of quartz sand and the absence of fibre additives like steel fibres/wires. 
The increased sand ratio and the presence of steel fibres improve the 
elastic modulus of UHPC, resulting in reduced deformation under 
identical compression loading levels. The relatively effective sensing 
characteristics of CB/CNF-filled UHPC under compression align well 
with findings from a previous study on CB-filled UHPC [52]. Future 
studies should preferably aim to verify the evolution of the elastic 
modulus both experimentally and numerically in the presence of fibre 
additives. 

3.5.2. Dynamic cyclic loading 
Apart from quasi-static loading condition, the competent piezor-

esistive responses of cement-based sensors under dynamic loading 
condition are of vital importance for dynamic structural monitoring and 
traffic monitoring applications [30,31,104]. The piezoresistive re-
sponses for all groups are illustrated in Fig. 18. Although parallel spec-
imens were tested, the variation of sensitivities for different groups are 
generally consistent with piezoresistive responses under quasi-static 
load. The plain sample and 05CB show the unsatisfactory piezor-
esistive response with zigizg characteristic, demonstrating poor stability 
and repeatability, which is attributed to the fact ionic conduction 
dominates the conductive phase. The pore solution-based conductive 
network is easily disturbed under dynamical compressive loading, 
which is consistent to the result previously reported that the stability of 
electrical resistivity of CNT filled UHPC under dynamic loading 
improved as the increase of CNT content [11]. To evaluate the stability 
of piezoresistive response under dynamic cyclic loading with different 
frequency, Fig. 19 summarized the variations of mean peak FCR for 
single CB filled and hybrid CB/CNF filled UHPC with increasing fre-
quency. The peak FCR values for the groups 10CB02CNF, 20CB, and 
20CB02CNF is merely altered with the increasing frequency compared 
to the counterparts for groups 05CB, 05CB02CNF and 10CB. The slightly 
higher peak FCR value under the highest frequency of 1.6 Hz is due to 
the limitation of compression machine, which induces the slightly 
higher loading amplitude than 20 MPa. The peak FCR values for the 
groups 05CB, 05CB02CNF and 10CB exhibits an obvious increasing 
trend with the increasing frequency, especially for 05CB. The increasing 
trend for the groups with less CB/CNF content show a good agreement 
with the relevant literature that studied the self-sensing performance of 
graphene oxide reinforced cement composites under dynamic cyclic 
loading with the identical loading frequency range, which is attributed 
to the fact that polarization effect takes place at lower frequency [31]. 
Overall, it is indicated that the self-sensing performance for 
cement-based sensors with lower conductive filler is more vulnerable to 
the dynamic cyclic loading with various loading frequencies because of 
the sparely conductive networks, which is more easily disturbed and 
may not precisely response to applied loading with increasing fre-
quency. The stability of piezoresistive sensing performance in response 
to dynamic cyclic load improves with increasing content of conductive 
fillers. 

Fig. 19. Variations of peak FCR values for single CB and hybrid CB/CNF filled 
UHPC under dynamic cyclic loading with different loading frequencies. 
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Fig. 20. Piezoresistive sensing performance for all groups under monotonic compressive loading.  
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3.5.3. Monotonic compressive loading 
Fig. 20 presents piezoresistive sensing behaviour of all groups under 

monotonic compressive loading. It is seen that the sensitivity generally 
shows a consistent trend with the counterparts under quasi-static cyclic 
loading and dynamic cyclic loading. According to previous studies [31, 
97], the correlation between FCR and strain can be modeled as a 
quadratic polynomial form based on effective conductive path theory 
and tunnelling theory, which is expressed as Eq. (15): 

FCR (ε)=Aε + Bε2 (15)  

where A and B are fitting coefficients. 
Mathematic regression analysis is carried out on the experimental 

data of present study by Eq. (15). As shown in Fig. 20, fitting curves 
generally show a high degree coefficient of determination with the 
experimental data. The established correlations between FCR and strain 
can function as calibration curve for the cement-based sensors, thereby 
laying a theoretical foundation for application of strain monitoring in 
practical engineering [105]. In addition, the coefficient of determination 
(R2) is always higher for hybrid CB/CNF filled samples compared to the 
counterpart for single CB filled samples regardless of the CB content, 
which indicate better sensing signal with less fluctuation. The enhanced 
sensing signal with less noise is further supported by the higher SNR 
values for hybrid CB/CNF filled samples than the counterparts for single 
CB filled samples regardless of the CB content. This should imply the 
synergetic enhancing effect for hybrid CNF/CB filled samples compared 
to single CB filled samples. Due to the granular shape of CB particles, the 
conductive network made up by CB alone may more easily disturbed 
during the monotonic compressive loading process. Fibrous CNF plays 
the essential role as long-range conductor and fills the gaps between 
granular CB to form a more stable and homogeneous conductive 
network. Overall, the results indicate the hybrid use of CNF can enhance 
the stability of piezoresistive sensing performance of single CB filled 
UHPC with less signal noise under the monotonic compressive loading. 

4. Conclusions 

The single CB and hybrid CB/CNF UHPC filled samples were 
compared in terms of the strength, microstructures, percolation 
threshold, conductivity and piezoresistive sensing performance in this 
study. Based on the experimental data, the electrical microstructure and 
conductive behaviour were analysed by ACIS and equivalent circuit 
model. The main conclusion and novel findings are summarized as 
follows.  

(1) For both single CB and hybrid CB/CNF filled samples, the 
compressive strength slightly increases when CB content is 0.5 % 
and then remarkably decreases when CB contents reach the 1.0 % 
and 2.0 %. It is seen that hybrid CB/CNF filled samples always 
show the superior compressive strength than single CB filled 
samples, regardless of the CB content. 

(2) The percolation zone for both types of UHPC start at approxi-
mately 0.5 % CB content. Compared to single filled UHPC sam-
ples, hybrid CB/CNF filled UHPC samples show the lower 
resistivity except for the case of 0.5 % CB, which is probably 
owing to refined porosity. The maximum extent of drop in re-
sistivity happens in intermediate CB content of 1.0 %.  

(3) Microstructural analysis reveals the tight bonding between CNF 
and surrounding CB/hydration products in UHPC samples, which 
should be beneficial to the formation of continuous passages. EDS 
mapping spectrum clearly demonstrates the role of CNF that links 
the surrounding conductive passages contributed by CB nano-
particles, evidencing the cooperative modification effect brought 
by the hybrid usage of nanoaddtives with different sizes and 
dimensions.  

(4) Based on experimental results and conductive phases involved in 
microstructures, a novel equivalent circuit model ((R1(C1R2)) 
(R3Q)(R4W)) is proposed to characterize the electrical conductive 
behaviours for both single CB and hybrid CB/CNF filled UHPC 
samples. The essential information concerning conductive be-
haviours can be properly extracted from a semi-qualitative point 
of view, based on the variations of equivalent circuit parameters 
that are assigned to different electrical phases involved in the 
microstructures. The obtained essential information such as the 
percolating state of CB and the different forms of how CNF 
contribute to conductive network in hybrid CB/CNF filled UHPC 
can help understand the conductive behaviours and working 
mechanisms at microstructural level.  

(5) Under quasi-static cyclic loading, both the single CB and hybrid 
CB/CNF filled composites show the competent stress and strain – 
sensing capacities. The piezoresistive sensitivity of 05CB02CNF is 
comparable to 05CB. Differently, 10CB02CNF shows a distinctive 
higher sensitivity than 10CB while 20CB02CNF shows a reduced 
sensitivity than 20CB. The variation trend of sensitivities for the 
piezoresistive responses of hybrid CB/CNF filled UHPC compared 
to single CB filled UHPC shows a good coincidence with 
conductive behaviours extracted from the analysis of percolation 
threshold, electrical microstructure, and equivalent electrical 
circuit.  

(6) Under dynamic load, the variation of piezoresistive sensitivities 
for different groups are generally consistent with the counter-
parts under quasi-static load. The stability of piezoresistive 
sensing performance in response to dynamic cyclic load improves 
with increasing content of conductive fillers. The hybrid use of 
CNF can enhance the stability of piezoresistive sensing perfor-
mance of single CB filled UHPC with less signal noise under the 
monotonic compressive loading. 
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[80] M. Cabeza, M. Keddam, X. Nóvoa, I. Sánchez, H. Takenouti, Impedance 
spectroscopy to characterize the pore structure during the hardening process of 
Portland cement paste, Electrochim. Acta 51 (8–9) (2006) 1831–1841. 
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