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Abstract  

Strain sensors can be embedded in civil engineering infrastructures to perform real-time 

service life monitoring. Here, the sensing capability of piezoresistive cement-based 

composites loaded with carbon black (CB) particles is investigated. Several composite 

mixtures, with a CB filler loading up to 10% of binder mass, were mechanically tested under 

cyclic uniaxial compression, registering variations in electrical resistance as a function of 

deformation. The results show a reversible piezoresistive behaviour and a quasi-linear relation 

between the fractional change in resistivity and the compressive strain, in particular for those 

compositions with higher amount of CB. Gage factors of 30 and 24 were found for 

compositions containing 7 and 10% of binder mass, respectively. These findings suggest that 

the CB-cement composites may be a promising active material to monitor compressive strain 

in civil infrastructures such as concrete bridges and roadways.  

1. Introduction 

Monitoring of civil engineering infrastructures has been a growing concern of the last 

few decades. As a result, a new discipline originated, structural health monitoring (SHM). 
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The development of SHM has enabled a more effective evaluation of the 

stresses/deformations that take place in buildings, bridges and dams, for instance [1, 2]. 

Roadways management and logistics have also benefited from SHM [3]. Overall, the aim is to 

use computer software to control the functional reliability of a civil infrastructure by 

autonomously gather information of critical parameters such as service loads, cracks, 

corrosion rate, moisture, pH, etc. Abrupt changes in the readings of one or more of these 

parameters prompt an automated warning message to be sent to the technical team managing 

the infrastructure. Underlining this new technology is the conjunction of traditional sensors 

(potentiometers, optic fibre, strain gauges…) with, for instance, cement-based mixtures 

loaded with electrically conductive additives [4]. Commonly named cement-based self-

sensors such an ensemble enables the autonomous and real-time probing of electrical 

resistance of the composite material and relies on a stimulus-triggered property called 

piezoresistivity).  

The resistivity of a composite material can be decreased by adding conductive fillers, 

thereby undergoing an insulator-to-conductor transition. This is explained by the percolation 

theory [5]. Piezoresistivity is a physical property of materials defined as the change of the 

electrical resistivity when subjected to mechanical strain [6-8]. For cement mixtures such as 

those used in SHM, when an uniaxial compression is applied, the inter-particle distance of the 

conductive filler changes and new conduction paths are created. Hence, the closer the 

conductive particles are, the easier an electrical current can flow, decreasing the resistivity. 

Upon unloading, the composite material returns to its relaxed state and the initial resistivity is 

recovered, provided there is no plastic deformation. Overall, this phenomenon may be seen as 

piezoresistivity (that is induced on the cement composite) though it only takes place past a 

critical level of conductive particles addition (thus resembling the percolation threshold of 

classical composites.  

Based on the above concepts, piezoresistive cement-based strain sensors (PCSS) have 

been built. Here, either small sections of the cement composite are included in a larger 

structure or the mixture entirely replaces the classical concrete [9]. The first report on 

piezoresistive concrete dates back to 1993 [10]. Then, carbon fibres (CF) were used to 

increase the conductivity of cement pastes, a phenomenon that was strain-dependent as 

confirmed by compressive loading essays. Besides this, improved flexural and axial strengths 

were noticed, along with more freeze-thaw durability and drying shrinkage reduction. 

Subsequent studies report not just the use of CF additives [10-31] but also of carbon 
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nanotubes [12, 32-34], steel fibres [16, 30, 35] and CB [15, 17, 36-39]. In particular, CB 

particles have demonstrated some advantages for SHM applications when compared with 

other conductive additives [37, 40]. Top amongst these is their lower cost. This is a critical 

point as, while a SHM system results in significant safety enhancements and reduction of 

management/inspection costs, its implementation in large-scale infrastructures will be 

unfeasible if the production and integration costs of the cement filler are too high.  

The aim of this work is to study whether CB-based PCSS could be a viable material for 

long-term service monitoring of civil infrastructures. To our best knowledge, there is merely 

one relevant report in the literature [36]. While Lit et al. used CB as the only conductive 

additive, their PCSS specimens showed good piezoresistive behaviour. However, the 

piezoresistivity was verified for very high CB concentrations which is detrimental for the 

mechanical response of the cement [37]. In an attempt to improve the previous results by Li et 

al., we investigate the piezoresistive response of cement-based composites containing lower 

CB loadings that can furthermore retain the mechanical strength of the cement matrix. 

 

2. Methods 

2.1. PCSS Preparation 

The materials used to build the PCSS were Portland cement CEM II 32.5N (Cimpor), 

carbon black type N330 (Orion Engineered Carbons), high performance polycarboxylate 

polymer-based water reducing agent (Sika AG) – known as superplasticizer (SP), fine sand 

(<1 mm) and copper plates with a thickness of 0.4mm (which worked as electrodes). The 

cement and aggregates were first added to the water and mixed for 5 min using a conventional 

mortar rotary mixer with a flat beater (Controls). The SP was then added, mixed for 3 min, 

followed by the CB addition and mixing (5 min). The mixtures were poured into oiled moulds 

and finally vibrated to ensure good compaction. Note that it is agreed that the homogeneous 

dispersion of the CB filler particles optimizes the electrical conduction of composites, 

particularly as the tunnelling effect is often the predominant mechanism for the transport of 

charge carriers [36]. Several dispersion techniques have been studied and are described in the 

literature [33, 34, 41-45]. Despite this, in this study, no attempts were made to optimise the 

dispersion of the CB particles and they were used as-received. The reasoning behind this was 
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to preserve, as much as possible, the original characteristics of the CB filler. Table 1 

summarizes the main physical characteristics of the CB material used. 

 

 

Table 1. Characterization of the CB used in the experiments (from manufacturer). 

Density (g/cm3) 1.7-1.9 

Bulk Density (g/cm3) 0.370 

Average particles diameter (nm) 120 

Specific Surface Area (m2/g) 76 

  

Five diferent compositions were investigated (table 2), wherein the CB filler loading 

was varied in percentage of the binder mass: without CB (CB0, this acted as the control 

sample), with 1, 4, 7 and 10% binder mass (CB1, CB4, CB7 and CB10, respectively).  For all 

compositions, the water/cement and cement/aggregate ratios were constant, at 1:2 in weight 

and 1:3 in volume, respectively. The water reducing agent was used in amounts from 0% to 

3% of cement mass. This compensated the lack of water for correct cement hydration, 

consequence of the addition of CB particles, and maintained the material´s workability. 

Table 2. Mix proportions of the five experimented compositions (kg/m3). 

 Cement Water Aggregates Carbon Black SP 

CB0 447.8 223.9 1582.1 0 0 

CB1 445.8 222.9 1574.9 4.5 2.2 

CB4 440.7 220.3 1557.0 17.6 6.6 

CB7 436.6 218.3 1542.5 30.6 8.7 

CB10 431.7 215.8 1525.2 43.2 13.0 

 

Seven prismatic samples were considered (40x40x160 mm) for each composition and 

cured for 14, 28 and 120 days,  at room temperature (20 °C) while exposed to a humidity level 

of >95%. Among the seven specimens, six of them were plain specimens, used for tensile and 

compressive strength experiments. The remaining one had four embedded copper electrodes, 

in order the measure the electrical resistivity, as well as a strain gauge to measure the axial 

deformation.  
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2.2.Piezoresistivity testing 

After 120 days of curing, the specimens with the embedded electrodes were dried in an 

oven at 60°C for 2 days. This was to reduce the effect of moisture on the electrical 

conduction. After this drying step, the resistivity measurements were carried out. These 

followed the four electrodes method [14, 46]. The piezoresistivity of the PCSS was studied 

using cyclic loads, computing simultaneously the resistivity and the axial deformation of each 

specimen. The resistivity �(�) is calculated as a function of time by combining the first (eq. 1) 

and second (eq. 2) Ohm’s laws, as expressed in eq. 3. 

� =
�

�
 ( 1 ) 

� = �
	



 ( 2 ) 

�(�) =
�(�)

�(�)




	
 ( 3 ) 

In equation (3), �(�) is the potential difference across the inner electrodes, �(�) is the 

current measured between the outer electrodes, 
 is the contact area between the electrodes 

and the material and 	 is the spacing between the inner electrodes. The scheme in Fig. 1 

further illustrates the resistivity measurement principle, along with the geometrical 

parameters, electrodes disposition and application of the unidirectional load employed. 

 

Figure 1. Representation of the resistivity measurement principle and the geometrical parameters 

of the PCSS. 
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A Shimadzu press AG-IC, capable of applying loads up to 100 kN, was coupled to a 

data acquisition device (Data Taker DT80) and a power supply (Protek) through a computer. 

First, a potential difference of 12 V was applied via the outer electrodes using a DC power 

supply. The uniaxial compression was then applied in two steps: first, a 2 kN force was 

exerted along the major axis of the PCSS sample and maintained for 2 min until the resistivity 

stabilised; then, a cyclic load was applied at a rate of 250 N.s-1 with amplitudes of 15 kN, 

which led to stresses of 9.4 MPa. The resistivity variation was continuously monitored using 

the data acquisition device and the axial deformation was measured with a 25 mm, 120 Ω 

strain gauge. The experiments were performed at room temperature, ~20 °C.  

For the following analysis, it is important to define fractional change in resistivity 

(FCR) and sensitivity. FCR is a measure of how much the resistivity departs from its initial 

value (��) with time and is given by equation (4):  

�� =
�(�) − ��

��

 ( 4 ) 

The sensitivity, which relates the FCR with axial stress (Q), can also be extracted as 

given in equation (5): 

�����������. =
��

∆�
 ( 5 ) 

2.3. Capillarity experiments  

In order to understand the permeability of the composites, a water absorption 

experiment was done for all the compositions, using prism halves and following the 

specifications of the EN1015-8 standard [47]. The specimens were dried in a ventilated oven 

at 60ºC until a constant mass was reached. The rupture face of each sample (obtained from 

mechanically breaking the prisms in two) was rectified and then immersed in a tray with 5 

mm of water. The water absorption coefficient, due to the capillarity action, was determined 

based on the weight gain of each specimen during 80 minutes of immersion. 

3. Results and Discussion  

3.1. Mechanical properties 
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Conventional compressive and 3-point bending tests were carried out (as per the 

EN1015-11 standard [48]), in order to quantify the compressive and tensile strength, 

respectively, of the composite samples. Figs. 2a and 2b show the evolution of compressive 

and tensile strengths with increased curing time. Each point is defined by the resulting mean 

of the experiment performed in 3 specimens. Fig. 2c shows the Young’s modulus, as 

calculated from strain vs. stress experiments, using the specimens cured for 120 days and 

equipped with strain gauges. 

 

 

Figure 2. Results of the ultimate strength tests carried for: a) compression; b) traction; each point 

corresponds to the mean value of 3 essays. c) Elastic modulus of the different composites 

taken after 120 days of curing. 

 

Consistently, the compressive strength increases with curing time. This is expected as it 

results from the classical hydration process of Portland cement. Of interest, the maximum 
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compressive strength was obtained for the CB4 sample with minimums obtained at both 

compositional extremes of the composite mixtures. This implies there is an optimal 

binder/filler ratio for best compressive strength of the PCSS. The increase of compressive 

strength from CB0 to CB4, at 28 and 120 days, confirms the mechanical reinforcement effect 

of the additive used. Interestingly, CB4 showed a lower compressive strength than CB1 and 

CB7 at 14 days, contrary to what was seen at 28 and 120 days. Past the 4% threshold, these 

mechanical benefits start to wane as the material increasingly becomes more brittle (likely due 

to the overload of filler particles that prevents proper textural binding in the cement matrix). 

In fact, tests done with >10% of CB loading, in binder mass, revealed the presence of 

segregation and extremely low strength values (not shown). These observations are supported 

by the elastic modulus analysis. An increase in modulus was registered from CB0 to CB4 but, 

contrary to the results of the compressive and tensile strengths essays, the CB7 and CB10 

specimens showed lower values than the control sample. CB4 was again the specimen 

showing the greatest value overall. Here, it should be noted that a non-optimal dispersion 

method of the filler may eventually contribute to the results. A better CB scattering could 

allow higher CB contents and, possibly, increase the strength achieved. One other important 

factor that should be considered is the water-binder ratio. Despite the use of a superplasticizer, 

the correct hydration of the cement may not have been attained, a point for further 

investigation in the future. 

 

3.2. Piezoresistive properties 

Only two samples showed piezoresistive behaviour, CB7 and CB10. Fig. 3 depicts the FCR 

variations, under cyclic compressive loading, for CB7 and CB10, respectively. The plots in 

Figs. 3a and 3c show that the FCR is reversible as it decreases upon loading and increases 

upon unloading. This establishes a straightforward correlation between deformation and 

resistivity, as shown in Figs. 3b and 3d. Both samples showed good repeatability and global 

linearity. Interestingly, CB10 showed better precision, as demonstrated by the narrower 

scatter distribution and linearity, this despite the lower gage factor and sensitivity value. 

Looking at the CB7 results, it is possible to identify a slight hysteresis in the FCR values. 

Such can be the result of insufficient stabilization of the sensor before the load-unload cycles 

as, for non-cycled essays, we observed that after applying a potential difference through the 

PCSS, the electrical resistance tends to fluctuate until an equilibrium value is reached.  
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Figure 3. Results of the cyclic loading on CB7 and CB10 samples. a) FCR and strain vs. time 

(CB7); b) FCR vs. strain for the 10 cycles (CB7); c) FCR and strain vs. time (CB10); d) FCR 

vs. strain for the 10 cycles (CB10). 

 

Table 3 summarizes the electrical and piezoresistive properties of the entire set of 

samples. Additionally, the gauge factor (GF), which relates the variation between the 

resistivity and the deformation, is also included. Looking at the values obtained, CB0, CB1 

and CB4 have relatively large resistivity, which could explain the absence of piezoresistivity 

readings. The increased resistivity is possibly a result of the addition of superplasticizer, as 

previously claimed [49] (another likely contributing factor is the lower CB concentration 

combined with the mentioned non-optimal filler dispersion). By contrast, CB7 and CB10 

showed lower resistivity thereby enabling the measurement of piezoresistivity. We believe 

this observation points to a threshold of maximum resistivity beyond which it is not possible 

to consider these composites for PCSS.  
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 Table 3. Initial electrical resistance (��) and calculated resistivity (��), maximum FCR, 

GF and sensitivity for the five composites tested.  

 CB0    CB1 CB4 CB7 CB10 

R0 (ΩΩΩΩ) 1.02x105 1.08x105 1.24x105 1.43x104 3.02x102 

�� (ΩΩΩΩ.m) 1.53x103 1.62x103 1.85x103 2.14x102 4.54x100 

max. FCR (%) - - - 2.68 1.79 

GF - - - 30.28 24.13 

Sensitivity (MPa-1) - - - 2.86 x10-3 1.72 x10-3 

 

 As referred above, there is only one reference where CB was used as the unique 

conductive additive for PCSS [36]. In this study, the authors observed piezoresistive 

behaviour from CB loadings in amounts of 15% of cement mass. The behaviour of the 

specimens with lower CB concentrations was considered too noisy to be meaningful. The 

present work demonstrates that CB can be used as a conductive additive for cement in much 

lower amounts. One reason for this discrepancy could be the type of CB used. In fact, there is 

a large range of CB materials available in the market and their properties depend highly on 

the purpose for which they were produced. The main characteristics that differentiate them are 

the size of the particles, the specific area and the so-called “structure”. For instance, CB 

particles with smaller size, higher surface area and higher structure provide higher 

conductivity. Therefore, piezoresistivity can be reached using lower CB fractions. 

Unfortunately, no information was provided regarding the type of CB used by the authors in 

[35]. The sensitivity values obtained for our CB7 specimen (see Table 3) are ca. 50% lower 

when compared with the figures provided for the 15% of Li et al. [35]. Remarkably, our CB7 

uses 53% less CB filler but it still showed good linearity and repeatability levels.   

 

3.3. Porosity properties 

Figure 4 depicts the capillarity coefficients values of the five compositions. The 

capillarity clearly decreases with the addition of CB making the filler effect well visible, 

eventually contributing to reduce the permeability in the PCSS. The registered capillarity for 

all the compositions with carbon black was similar, with a reduction of more than 50%, if 

compared with the capillarity of the control sample, CB0. Interestingly, the CB7 had the 

lowest average capillarity coefficient but the error bar is larger meaning that globally the 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
Self-sensing piezoresistive cement composite loaded with carbon black particles 

 

11 

results are similar from CB1 to CB10. The reduction of capillarity seems to indicate that the 

composite pores were closed by the addition of CB, reinforcing the continuity of the 

microstructure and, thus, contributing to its increased electrical conductivity. 

 
Figure 4. Capillarity coefficients. Results for the 5 compositions studied.  

 

Taken together, the above results imply that a balance of properties is necessary to 

obtain the best PCSS. There was not one composition that showed optimal properties across 

the mechanical, electrical and permeability tests. For the samples that showed piezoresistivity 

(CB7 and CB10), and with the exception of the Young’s modulus, CB7 showed better 

mechanical parameters and higher sensitivity. However, CB10 demonstrated slightly better 

linearity and repeatability, noticeable by the higher coefficient of determination (R2) and 

narrower scatter distribution, respectively (Fig. 3). Taken together, CB7 could be taken as the 

best compromise as it retains satisfactory mechanical strength while providing reliable 

piezoresistive responses, low value of permeability (traditionally related with the material 

durability) and lower concentration of CB.  

4. Conclusions  

With the purpose of developing a piezoresistive self-sensing concrete for civil 

engineering infrastructures, the addition of CB particles in cement-based materials was 

investigated. The present experiments established a piezoresistive response from the cement 
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composites and shed light on how the CB inclusion influences their mechanical and electrical 

properties.  It was observed that CB additions of up to 4% of cement mass are favourable to 

enhance mechanical performance, whilst amounts between 7 and 10% are more promising for 

sensing purposes. Accordingly, the 7% composition provided an optimised balance of 

mechanical and electrical responses suggesting that it is possible to use common, low-cost CB 

fillers for conductive concrete and PCSS. Future work should concentrate in lowering this CB 

mass fraction through filler dispersion procedures.    
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