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Abstract: Premature failure and degradation of layers are the main problems for transportation infrastructure. 

Addressing these issues necessitates implementing structural health monitoring (SHM) for transportation 

layers. This strategic approach is instrumental in mitigating maintenance expenses, prolonging the operational 

lifespan, and preventing accidents resulting from abrupt layer collapse. To this end, this research investigated 

the stress/strain and damage detection capabilities of a self-sensing cementitious composite developed for 

potential utilization in the construction of an intelligent subgrade layer. The prepared self-sensing cementitious 

composite consisted of 10% cement and hybrid conductive fillers, including multiwalled carbon nanotubes 

(MWCNTs) and graphene nanoplatelets (GNPs) in sand. Initial findings reveal that the electrical resistivity of 

the composite is significantly affected by the concentration of MWCNTs/GNPs, with a minimum concentration 

of more than 0.5% needed to achieve a responsive cementitious composite. Moreover, the piezoresistive 

analysis indicates that an increase in the concentration of MWCNTs/GNPs and stress levels leads to an 

improvement in the stress/strain sensing performance. When the self-sensing cementitious composite is 

subjected to equivalent stress levels, variations in the FCR exhibit an increasing trend with decreasing resilient 

modulus, stemming from a decrease in stiffness due to the increased concentration of MWCNTs/GNPs. 

Additionally, the EIS analysis demonstrates a contraction for the Nyquist curves under compressive ramp 

loading prior to failure, followed by the expansion of these curves postfailure. Scanning electron microscopy 

(SEM) images visually showcase the bridging effects of MWCNTs and the filling effects of GNPs within the 

composite structure. 

Keywords: self-sensing cementitious composite; MWCNT/GNP; stress/strain sensing; resilient modulus; 

damage detection; electrochemical impedance spectroscopy (EIS) 

 

1. Introduction 

Transportation infrastructure, particularly road networks, plays a pivotal role in facilitating 

societal connectivity and the efficient movement of passengers and goods, thereby contributing to 

economic development [1]. Consequently, it is imperative to maintain the various layers of road 

infrastructure to ensure smooth and convenient travel between different regions. To achieve this 

objective, substantial financial resources are allocated by authorities for the construction and 

maintenance of road networks. Nonetheless, challenges persist in the form of road pavement defects 

and transportation infrastructure failures, including issues such as rutting, cracking, reduced 

durability, slope instability, and excessive permanent strain accumulation [2,3,4,5,6]. These failures 

can be attributed to various factors, such as environmental conditions, groundwater levels, and 

excessive loading [7,8,9,10]. Furthermore, it is important to note that pavement layers are 

interconnected in such a way that the failure of one layer can lead to the deterioration of other layers. 

Among these layers, the subgrade layer, characterized by its weak soil properties, stands out as a 
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significant factor contributing to the failure of the upper layers [11,12]. Therefore, it is crucial to 

ensure that the subgrade soil, serving as the foundation for the upper layers, is in optimal condition. 

To address this issue, various techniques have been employed to enhance the performance of 

subgrade layers, with cement stabilization being a commonly employed method [13,14,15,16]. 

Nevertheless, prior research has predominantly focused on the mechanical aspects of subgrade 

performance when using conventional cement stabilization techniques [1]. 

Enhancing the functionality of the subgrade layer can be achieved through the innovative 

utilization of self-sensing cement-stabilized sand, leading to improvements in both mechanical 

strength and inherent self-sensing capabilities [17]. Consequently, self-sensing cementitious 

composites have the capacity to autonomously monitor the subgrade layer's condition, eliminating 

the need for various external sensors that have been adopted in previous studies [18,19,20,21,22]. The 

multifunctional cementitious composite serves a diverse array of purposes, including applications in 

structural health monitoring, stress and strain sensing, and weigh-in-motion systems, as well as for 

deicing and snow melting [23,24,25,26]. For instance, a multifunctional cementitious composite based 

on graphene nanoplatelets (GNPs) and carbon nanotubes (CNTs) has been employed in structural 

health monitoring, as documented by Wang and Zhang (2022) [27]. Stress and strain detection has 

also been realized using self-sensing cementitious composites, as evidenced by previous studies 

[28,29]. Moreover, this material can be employed for deicing and snow-melting applications, which 

are essential in colder regions to mitigate ice formation and facilitate snow melting [30,31]. Deicing 

chemical agents have been extensively employed to facilitate the thawing of snow and ice, thereby 

enhancing safety during travel [32]. Nonetheless, the use of deicing chemicals can have detrimental 

effects, leading to a reduction in the mechanical strength and durability of both the pavement and 

the materials in adjacent layers. Consequently, adopting multifunctional cementitious composites is 

a viable alternative for addressing deicing and snow melting requirements [33]. For instance, 

multifunctional cementitious composites containing carbon fibre (CF) have been employed for 

deicing and snow-melting purposes, as demonstrated by [30] [Author]. All these multifaceted 

capabilities can be incorporated into conventional cementitious composites by introducing 

conductive fillers [34]. 

Various conductive fillers, including both metal-based and carbon-based materials, have found 

application in self-sensing cementitious composites [35,36]. However, it is important to acknowledge 

that the potential corrosion of metal-based conductive fillers can lead to a degradation of the self-

sensing capabilities over time. Consequently, carbon-based conductive fillers, particularly carbon 

nanomaterials (CNMs), such as carbon nanotubes (CNTs), graphene nanoplatelets (GNPs), carbon 

black (CB), carbon fibres (CFs), and carbon nanofibers (CNFs), have gained widespread acceptance 

in self-sensing cementitious composites [37]. For instance, a study by Falara et al. examined self-

sensing cementitious composites incorporating multiwalled carbon nanotubes (MWCNTs), revealing 

an enhanced self-sensing capability with increasing MWCNT content [38]. Nevertheless, it is worth 

noting that the high cost associated with SWCNTs presents a significant challenge, limiting their 

utilization in self-sensing cementitious composites. To address this concern, multiwalled carbon 

nanotubes (MWCNTs) have been introduced as an alternative in self-sensing cementitious 

composites [39]. Similarly, GNP, CF, and CNF have also been extensively investigated in prior 

research [40,41,42,43]. 

Several variables, including the concentration of conductive fillers, the type of matrix materials, 

the water-to-cement ratio, the sand-to-cement ratio, curing duration, moisture content, loading 

conditions, and the dispersion of carbon-based conductive materials, can have a substantial impact 

on the performance of multifunctional cementitious composites [44,45,46,44,47]. The effects of these 

influencing factors on the performance of self-sensing cementitious composites have been extensively 

documented in prior research. For instance, Teomete delved into the impact of moisture content [45], 

Guo et al. scrutinized the implications of loading conditions [44], and Sevim et al. examined the 

influence of conductive filler type and concentration [48]. 

Another intriguing topic pertains to the use of electrochemical impedance spectroscopy (EIS) to 

characterize cementitious composites. This analytical technique offers insights into how 
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microstructural changes in these composites are influenced by various external factors, including 

moisture, the infiltration of different chemical solutions into pore spaces, the corrosion of metallic 

materials within the cementitious composite, the hydration process, and applied loads 

[49,50,51,52,53]. Since its initial application to cement paste [54], EIS has been increasingly employed 

to evaluate the microstructural properties of conventional cementitious composites [55,56,57,58,59]. 

For instance, Dong et al. investigated the carbonation process in fly ash-blended cementitious 

composites, observing an increase in the diameter of the semicircle in the Nyquist plot with rising 

carbonation [59]. In another study, Fan et al. assessed the effects of damage and self-healing in 

cementitious composites using EIS [60]. Nevertheless, the impedance encountered at the contact 

point between the electrodes and the cementitious composite can influence the appearance of the 

Nyquist plot, resulting in various shapes. To mitigate the impact of contact impedance, the 

application of a conductive medium between the electrodes and cementitious composite has been 

proposed [61]. In light of these considerations, it is important to note that the effects of contact 

impedance in self-sensing cementitious composites containing carbon-based conductive fillers may 

be minimal. However, in contrast to using EIS for characterizing conventional cementitious 

composites, there is limited application of EIS for assessing microstructural changes in self-sensing 

cementitious composites containing carbon derivatives [62,63,64]. To address this gap, further studies 

investigating the use of EIS for the characterization of self-sensing cementitious composites, with a 

focus on microstructural changes, are warranted. 

While various types of self-sensing cementitious composites, such as self-sensing cement paste, 

self-sensing mortar, and self-sensing concrete, have been extensively researched [65,66,67,23], the 

field of self-sensing cement-stabilized sand remains relatively uncharted [17]. This distinction is 

attributed to the differing material composition of self-sensing cement-stabilized sand compared to 

conventional concrete, mortar, and cement paste. As a result, the present study is oriented towards 

enhancing the characteristics of a 10% cement-stabilized sand mixture by incorporating a blend of 

multiwalled carbon nanotubes (MWCNTs) and graphene nanoplatelets (GNPs). To achieve the 

objectives of this investigation, 1%, 2%3% and 4% MWCNTs and GNPs were integrated into a 10% 

cement-stabilized sand mixture. Subsequently, after the specimens were cured over a 28-day period, 

they were subjected to testing involving both cyclic compressive loading and monotonic ramp 

loading for piezoresistivity and electrochemical impedance spectroscopy (EIS) analysis, respectively. 

Furthermore, a microstructural analysis was conducted to gain deeper insight into the impact of 

MWCNTs and GNPs on the cementitious composite. This newly developed self-sensing cementitious 

composite exhibits potential for utility within the subgrade layer of road infrastructure. 

2. Materials and Methods 

2.1. Materials  

The components employed in this study for the self-sensing cementitious composite consist of 

sand, cement, and a combination of conductive fillers, specifically multiwalled carbon nanotubes 

(MWCNTs) and graphene nanoplatelets (GNPs). In geotechnical analysis and the design of 

infrastructure projects, the particle size distribution of soils and stabilizers stands out as a pivotal 

parameter demanding careful consideration [68]. To this end, the particle size distributions (PSD) of 

the sand and cement used in this study can be found in Figure 1. It is noteworthy that for the present 

investigation, standard sand was utilized to minimize uncertainties regarding the electromechanical 

properties of the self-sensing cementitious composite arising from variations in matrix material 

gradation. However, for future research, the exploration of nonstandard sand is also recommended. 

The choice of CEM I 42.5R cement was made as the stabilizing agent in this study due to its early 

high-strength properties. To optimize the impact of the conductive fillers on the electromechanical 

performance of the self-sensing cementitious composite and utilize them to their fullest advantage, a 

hybrid approach was adopted, as this issue has been proven in a previous study [27]. This involved 

the incorporation of both MWCNTs and GNPs into the cement-stabilized sand. Figure 2 exhibits the 

microstructure of these conductive fillers. 
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Figure 1. Particle size distribution. 

  
(a) (b) 

Figure 2. SEM images of a) MWCNT b) GNP. 

2.2. Mix design 

The composition ratios employed for the production of self-sensing cement-stabilized sand are 

presented in Table 1. Notably, Table 1 reveals that the self-sensing cementitious composite specimens 

used in this study exhibit varying concentrations of conductive fillers, ranging from 1% to 4%. In this 

research, a 10% cement content was employed for sand stabilization, a range consistent with that 

used in prior studies [1]. The challenge of agglomeration is a prominent concern in the manufacture 

of self-sensing cementitious composites. To address this issue, a hybrid dispersion technique was 

employed in this study. This technique involves the addition of 10% Pluronic F-127 by weight of 

conductive fillers as a surfactant, alongside sonication, to ensure the effective dispersion of the 

MWCNT/GNP suspension, as outlined in [69]. Additionally, 50% TBP-97, by weight of the surfactant, 

was introduced to mitigate foam formation. 
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Table 1. Mix design. 

Designation 
MWCNT/GNP 

(%) 

Cement 

(% by 

weight 

of dry 

sand) 

Pluronic F-127 

(%by weight of 

MWCNT/GNP) 

TBP-97 (% 

by weight 

of 

surfactant) 

SCS1 1 10 10 50 

SCS2 2 10 10 50 

SCS3 3 10 10 50 

SCS4 4 10 10 50 

The production of the specimens involves several sequential stages, including the preparation 

of well-dispersed conductive fillers following the methods described previously, the dry mixing of 

cement and sand, the integration of the well-dispersed conductive fillers with cement and sand to 

create the cementitious composite, and finally, the moulding of the specimens. The compaction 

characteristics of stabilized soils hold significant importance when moulding the specimens [70,71]. 

In this study, therefore, the maximum dry density (MDD) and optimum moisture content (OMC) 

were taken into consideration during the specimen fabrication process. Figure 3, presented in this 

context, illustrates the relationship between the OMC/MDD and the concentrations of 

MWCNTs/GNPs. As depicted in Figure 3, a clear trend emerges: MDD tends to decrease with an 

increase in carbon nanomaterials (CNMs), while OMC exhibits the opposite behaviour, rising with 

increasing CNM concentration. This behaviour is attributed to the high specific surface area of CNMs 

[72], which leads to water absorption, consequently elevating the OMC and lowering the MDD. With 

regard to the concentration of CNMs and its impact on the optimum moisture content (OMC) and 

maximum dry density (MDD), all specimens were produced in a cubic form with dimensions of 10 

cm x 10 cm x 10 cm. 

 

Figure 3. Correlation between MDD/OMC-CNMs. 

2.3. Piezoresistivity 

To assess the piezoresistive performance of the self-sensing cement-stabilized sand, after a 28-

day curing process, the specimens were subjected to electromechanical testing. This testing involved 

the application of cyclic compressive loads using a loading machine and the simultaneous recording 

of electrical resistance using a digital multimeter. To enhance the reliability of electrical resistance 

measurements, a four-electrode system was employed in the present study to mitigate the electrode 

contact resistance. Moreover, a resting period was incorporated before initiating the 

electromechanical testing to reduce polarization effects. Once a stable electrical resistance signal was 
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achieved, electromechanical testing was initiated. A schematic representation of the specimens and 

the electromechanical testing setup is depicted in Figure 4. 

 

(a) (b) 

Figure 4. Schematic view of a) Specimen b) Electromechanical testing setup. 

In this research, a digital multimeter was utilized for the direct measurement of electrical 

resistance, eliminating the calculation stage for resistance measurement based on voltage and current. 

Subsequently, the recorded electrical resistance data were employed in the determination of electrical 

resistivity and the calculation of fractional changes in resistance or resistivity (FCR) as per Equations 

1 and 2. 𝜌 = 𝑅𝐴𝐿                                           (1) 

where ρ, A, and L are the electrical resistivity, cross-sectional area, and distance between electrodes, 

respectively. 𝐹𝐶𝑅 = ∆𝑅𝑅 = ∆𝜌𝜌                                     (3) 

where ΔR is the change in resistance, R is the initial resistance, ∆𝜌 is the change in resistivity, and 𝜌 

is the initial resistivity. 

2.4. Electrochemical impedance spectroscopy (EIS) 

The sensing capability of self-sensing cementitious composites relies on creating conductive 

pathways by incorporating conductive fillers. Consequently, alterations in the microstructure of self-

sensing cementitious composites lead to modifications in the state of these conductive pathways, 

resulting in changes in the impedance of the self-sensing cementitious composites. To assess the 

electromechanical performance of self-sensing cementitious composites with respect to their 

microstructural components and their corresponding variations, electrochemical impedance 

spectroscopy (EIS) can be employed. To achieve this objective, EIS measurements were conducted 

during the application of monotonic ramp loading, as illustrated in Figure 5. The impedance data 

were collected using an impedance analyser (MultiPalmSens4) under various compressive stress 

levels, including 0 kPa, 320 kPa, 1276 kPa, 3188 kPa, and postfailure conditions. In the context of 

electrochemical impedance spectroscopy (EIS) analysis, a two-electrode measurement system was 

employed, a choice consistent with prior research that has validated the dependability of EIS 

outcomes using this specific two-electrode configuration [73]. 
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Figure 5. Testing setup for EIS analysis. 

In a direct current (DC) measurement system, Ohm's law is the foundational principle that 

delineates the connection between voltage, current, and resistance, as articulated in Equation 4. 

Conversely, within an alternating current (AC) measurement system, the input voltage and output 

current exhibit time-dependent characteristics. Consequently, the interrelationship among voltage, 

current, and impedance is governed by Equation 5. The application of Equation 6 consequently 

facilitates computation for the AC impedance spectroscopy. 𝑉 = 𝐼 × 𝑅                                         (4) 𝑉(𝑡) = 𝐼(𝑡) × 𝑍(𝜔)                                 (5) 𝑍(𝑤) = 𝑉(𝑡) 𝐼(𝑡)⁄ = 𝐸0𝑠𝑖𝑛(𝜔𝑡)𝐼0sin⁡(𝜔𝑡+𝜃)                        (6) 

In the given context, V represents voltage, I represents current, R represents resistance, and V(t) 

and I(t) denote the time-varying voltage and current, respectively. Complex impedance is 

represented as Z(ω), and the phase angle/phase change is denoted as θ(ω). 
The Nyquist curve is a commonly used plot for evaluating microstructural changes in 

cementitious composites based on EIS measurements. Figure 6 illustrates a single Nyquist curve 

featuring resistance (Rs, Rp) and capacitance (Cp) elements in a semicircular shape, commonly called 

a capacitive loop. Within the schematic model depicted in Figure 6 for a cementitious material, the 

symbol Rs represents the combined resistance of the solid and liquid phases, while Rp and Cp depict 

the interfacial resistance and capacitance associated with the interface between the solid and liquid 

phases [74]. The Nyquist plot depicts the relationship between the real impedance (Z') and the 

imaginary impedance (Z'') across a range of frequencies. It is important to emphasize that the 

configuration of the Nyquist curve can exhibit various shapes and quantities, contingent upon the 

components and microstructural state of cementitious composites. Consequently, there is no 

universally accepted equivalent circuit model for cementitious composites, and multiple equivalent 

circuits are available for characterizing cementitious composites. 
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Figure 6. Schematic view of the Nyquist plot. 

The Bode plot, which exhibits the connection between the magnitude of the absolute impedance 

(|Z|) and frequency (f), is another significant area of interest for examining the characteristics of 

cementitious composites. The magnitude of the absolute impedance can be determined using 

Equation 7: |𝑍| = √(𝑍′)2 + (𝑍")2                                          (7) 

2.5. Scanning Electron Microscopy (SEM) 

To examine the microstructural attributes, including aspects such as form, dimensions, surface 

quality, and microscopic voids, a scanning electron microscopy (SEM) investigation was undertaken 

on self-sensing cementitious composites. Within this experimental context, secondary electrons 

generated by an electron beam were directed onto the specimen's surface, yielding three-dimensional 

visual representations. It is important to emphasize that specimens subjected to SEM analysis must 

undergo thorough drying prior to examination. 

3. Results and discussion 

3.1. Influence of conductive filler concentration on electrical resistivity 

To achieve a well-sensitive self-sensing cementitious composite, the conductive filler 

concentration should reach beyond the percolation threshold. The percolation threshold signifies the 

proportion of conductive fillers at which there is a sudden decrease in electrical resistivity, thereby 

considerably enhancing the electrical conductivity of the cementitious composite. This relationship 

is graphically illustrated in Figure 7, depicting the correlation between electrical resistivity and 

concentration of multiwalled carbon nanotubes (MWCNTs) and graphene nanoplatelets (GNPs). 

Upon evaluating Figure 7, it becomes evident that the introduction of 0.5% MWCNTs/GNPs in the 

cementitious composite results in an insignificant change in electrical resistivity, indicating an 

insulating phase. During this insulating phase, the incorporation of carbon nanomaterials fails to 

establish conductive pathways, resulting in high electrical resistivity and diminished sensitivity of 

the cementitious composites. In this phase, the conduction mechanism relies solely on ionic 

conduction, as electronic conduction is absent due to the substantial separation between conductive 

fillers. Consequently, the sensitivity of self-sensing cementitious composites varies depending on 

environmental conditions, namely, wet and dry conditions. In this insulating phase, the self-sensing 

cementitious composite may exhibit marginal sensitivity in wet conditions due to the movement of 

ions within the pores. Conversely, in dry conditions, ion movement within the pores is absent, 
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leading to a lack of sensitivity. Hence, it is crucial to emphasize that exceeding the percolation 

threshold in terms of conductive filler concentration holds significant importance in achieving a 

highly sensitive cementitious composite under both dry and wet conditions. 

As depicted in Figure 7, the intermediate stage spanning from 0.5% to 3% MWCNT/GNP 

concentration represents a transitional phase or percolation region. In this phase, the conductive 

mechanism is primarily driven by ionic conduction, the tunneling effect, and, towards the latter 

stages of this phase, direct contact conduction mechanisms. Consequently, well-defined conductive 

pathways are established. During this period, the separation between conductive fillers is relatively 

small, giving rise to localized conductive pathways. Due to the small distance between conductive 

fillers in this phase, electron conduction is predominantly facilitated through tunneling effects and 

direct contact conduction mechanisms. Consequently, variations in moisture content may not yield 

substantial alterations in electrical signals. 

The final stage can be described as the conductive phase, where the addition of conductive fillers 

leads to a minimal reduction in the electrical resistivity of the self-sensing cementitious composite, as 

illustrated in Figure 7. In this phase, the distance between the conductive fillers is very short, 

facilitating the conduction of electrons through tunneling effects, and, notably, via direct conduction 

mechanisms. Consequently, the absence of ion conduction does not impact the sensitivity of the self-

sensing cementitious composite. Furthermore, even in this phase, an increase in moisture content 

results in an elevation of the electrical resistivity of the self-sensing cementitious composite. In 

summary, it is crucial to ensure that the concentration of conductive fillers reaches beyond a certain 

threshold (the start point of the percolation region) to achieve a well-established self-sensing 

cementitious composite. 

 

Figure 7. Impact of MWCNT/GNP concentration on electrical resistivity. 

3.2. Piezoresistivity 

Structural integrity assessment of transportation subgrades through structural health 

monitoring (SHM) offers valuable insights into the safety and dependability of structures, enabling 

the formulation of preemptive measures to preserve structural integrity in advance of critical 

damage. Within this framework, we delve into the piezoresistive characteristics of self-sensing 

cement-stabilized sand, with the objective of offering valuable insights through its inherent stress 

and strain-sensing capability. In the preceding section, we examined the impact of conductive fillers 

on electrical resistance. To investigate this further, we subjected samples containing varying 
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percentages of conductive fillers (ranging from 1% to 4%) to compressive cyclic loading. Figure 8 

displays the fractional changes in resistance/resistivity (FCR) relative to cyclic stress over time. The 

results presented in Figure 8 clearly demonstrate that the FCR increases during compressive cyclic 

loading and decreases during unloading. The negative sign for FCR signifies the compressive nature 

of the loading process. 

During compressive loading, the distance between conductive fillers diminishes, leading to an 

increase in FCR. Conversely, during unloading, the distance between conductive fillers increases, 

resulting in a reduction in the FCR. It is worth noting that the extent to which the initial position of 

conductive fillers is restored depends on the stress level. In other words, when the stress level falls 

within the quasielastic zone of the self-sensing cementitious composite, the initial position of the 

conductive fillers is almost completely regained, resulting in a zero FCR after each cyclic unloading. 

In this research, we tried to maintain the stress level within the quasielastic zone of the self-sensing 

cementitious composite, as discussed in a previously published paper that addressed the damage 

detection capability of this innovative material [17]. As a result, by considering the stress level within 

the quasielastic zone of this material, Figure 8 illustrates that the FCR returns to its initial value after 

each unloading cycle. Furthermore, Figure 8 highlights the high repeatability of the FCR fluctuations 

following multiple compressive cyclic loading events. 

Furthermore, as depicted in Figure 8, it becomes apparent that at an equivalent level of cyclic 

compressive stress, the variation in the FCR becomes more pronounced as the proportion of 

MWCNTs/GNPs increases. This phenomenon signifies an enhancement in the self-sensing ability of 

the material with increasing concentration of conductive fillers. Incorporating a higher concentration 

of conductive fillers into cement-stabilized sand leads to an increase in the conductive pathways 

within the self-sensing cementitious composite. As illustrated in Figure 8, increasing the percentage 

of conductive fillers augments the sensitivity of the self-sensing cementitious composite due to the 

abundance of conductive pathways. In summary, the stress-sensing capacity of the self-sensing 

cementitious composite exhibits an upwards trend in response to the escalation of conductive filler 

concentration. 

 

Figure 8. Stress/FCR- time. 

The resilient modulus (Mr) of the subgrade, as determined through Equation 8, constitutes a 

crucial factor in pavement design. Hence, it is essential to investigate the influence of 

MWCNTs/GNPs on the resilient modulus of stabilized sand, as well as the relationship between the 

resilient modulus and FCR over time. Figure 9a provides a visual representation of the concept of 

resilient modulus, as defined by cyclic deviator stress and resilient strain. Consequently, Figure 9b 
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displays the cyclic stress‒strain characteristics of the self-sensing cementitious composites, which 

were employed to calculate the resilient modulus. 𝑀𝑟 = 𝜎𝑑𝜀𝑟                                                  (8) 

 

                                                 (a) 

 

                                                    (b) 

Figure 9. a) Determination of the resilient modulus b) Stress‒strain for the self-sensing cementitious 

composites. 

Considering the procedure outlined in Figure 9, we calculated the resilient modulus of self-

sensing cementitious composites and depicted its relationship with the FCR over time in Figure 10. 

As depicted in Figure 10, it becomes evident that over time, the FCR of self-sensing cementitious 

composites containing various MWCNTs/GNPs increases and decreases with increasing and 

decreasing resilient modulus, respectively. It should be noted that the cyclic stress levels employed 

in this study to assess stress/strain-sensing behaviour fall within the quasi-elastic range of the self-
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sensing cementitious composite. This condition (i.e., stress level within the quasi-elastic region) leads 

to an increase in the resilient modulus with increasing deviator stress level, resulting in an 

augmentation of the FCR variations with an increasing resilient modulus over time, as shown in 

Figure 10. A comparable pattern (an increase in the resilient modulus with rising deviator stress) was 

also documented in a prior research investigation [75]. However, in certain instances, when the 

resilient strain increases in response to elevated stress levels, the resilient modulus exhibits a 

reduction with increasing deviator stress levels [76]. 

Furthermore, Figure 10 provides insights into the relationship between the resilient modulus 

and the concentration of MWCNTs/GNPs. As observed in Figure 10, it becomes apparent that the 

resilient modulus decreases with increasing percentage of MWCNTs/GNPs. This diminishing trend 

for the resilient modulus with increasing MWCNT/GNP concentration can be attributed to two key 

factors: the hindrance of cement hydration by carbon nanomaterials and the influence of moisture 

content. 

Carbon nanomaterials have the capacity to localize themselves between cement particles, 

impeding the cement hydration process and rendering the specimens more ductile. Another factor 

contributing to the diminishing trend for the resilient modulus with increasing MWCNT/GNP 

content is the rising moisture content, which is evident from the discussion for Figure 3. The optimal 

moisture content selected for specimen preparation displays an increasing tendency with increasing 

MWCNT/GNP percentage. Consequently, the growing moisture content with increasing 

MWCNT/GNP ratio serves as another factor that leads to a reduction in the resilient modulus [76]. 

Matric suction in soil represents another critical element necessitating inclusion for assessing the 

geotechnical characteristics of natural and stabilized soil [10]. The resilient modulus of soils exhibits 

an upwards trend with increasing matric suction levels [77]. Consequently, the decrease in matric 

suction due to an increase in moisture content is an additional contributing factor that contributes to 

the reduction in resilient modulus with increasing MWCNT/GNP levels. It is worth noting that lower 

concentrations of MWCNTs/GNPs can enhance the resilient modulus of cementitious composites. 

However, in the current study, the higher percentage variations are mainly considered for evaluating 

the nonstructural properties of self-sensing cementitious composites (stress/strain and damage 

sensing capability) since a percentage that is lower than the percolation threshold is ineffective for 

this purpose. Furthermore, despite the decrease in the resilient modulus with increasing proportion 

of MWCNTs/GNPs, it is noteworthy that the obtained values for the resilient modulus surpass the 

resilient modulus values reported in previous studies for different soils [78,79,80,81,82]. 

Given that these two factors (the hindrance of cement hydration by carbon nanomaterials and 

the influence of moisture content) collectively lead to a reduction in the resilient modulus with 

increasing MWCNT/GNP, it can be concluded that the stiffness of self-sensing cementitious 

composites diminishes with a higher presence of carbon nanomaterials. This phenomenon is clearly 

discernible in Figure 10, where a higher peak value for the resilient modulus corresponds to a lower 

peak in the FCR. For example, Figure 10 demonstrates that, in specific instances, the FCR variations 

in self-sensing specimens containing 1% MWCNTs/GNPs are lower than those in specimens 

containing 2%, 3%, and 4% MWCNTs/GNPs due to the higher resilient modulus. A similar trend is 

apparent when comparing other specimens. This trend is directly linked to the stiffness of self-

sensing cementitious composites. The variations in the FCR are contingent upon the alterations in 

conductive pathways formed by conductive fillers. Consequently, when self-sensing cementitious 

composites exhibit greater stiffness (higher resilient modulus), the variations in conductive pathways 

within these composites are less pronounced, resulting in a reduced fluctuation in the FCR under 

cyclic loading. 
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Figure 10. Resilient modulus/FCR- time. 

Figure 11 displays the strain detection capabilities of a self-sensing cementitious composite when 

subjected to repetitive loading within the quasielastic range. The strain increases as the cyclic 

compressive load intensifies, leading to an increase in the FCR changes, as indicated in Figure 11. 

This increased cyclic compressive loading disrupts the microstructures and conductive pathways, 

increasing the FCR changes. Nonetheless, the cyclic compressive loading applied within the 

quasielastic range induces quasielastic strain, allowing the strain to recover after each unloading step, 

thereby preventing any drift. It is worth noting that this study focuses solely on the strain-sensing 

performance of the self-sensing cementitious composite, while an evaluation of damage sensing can 

be found in a previously published study. Furthermore, as depicted in Figure 11, it becomes apparent 

that the fluctuation in the FCR (fractional change in resistance) during cyclic strain shows a noticeable 

increase with increasing MWCNT/GNP content percentage. This increase in MWCNT/GNP content 

gives rise to amplification in conductive pathways, thereby enhancing strain-sensing capabilities. 

 

Figure 11. Strain/FCR-time. 
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3.3. Electrochemical impedance spectroscopy (EIS) 

 

Electrochemical impedance spectroscopy (EIS) is a nondestructive technique extensively employed 

for assessing the electrochemical characteristics of cementitious composites. EIS proves to be a 

valuable methodology for discerning alterations in the microstructure of cementitious composites 

induced by a variety of factors, encompassing factors such as the curing conditions, types of 

cementitious materials, fluctuations in moisture content, variations in temperature, and changes in 

fabric composition [59,62,73,83]. Consequently, it is evident that EIS can be effectively utilized to 

appraise the impact of external loading on the deformation of the microstructure in self-sensing 

cementitious composites. To this end, a self-sensing cementitious composite incorporating 3% 

MWCNTs/GNPs was subjected to a stress path, as depicted in Figure 12, to investigate the EIS 

response under different stress levels. The EIS data were collected at stress levels of 0 kPa, 320 kPa, 

1276 kPa, and 3188 kPa and beyond the point of structural failure, as illustrated in Figure 12. 

 

Figure 12. Compressive ramp loading. 

Figure 13 depicts the Nyquist curves obtained for a self-sensing cementitious composite 

containing 3% MWCNTs/GNPs, subject to the abovementioned stress levels. In reference to Figure 

13a, it is evident that the diameter of the semicircular curve diminishes when exposed to compressive 

ramp loading. In simpler terms, the application of ramp loading reduces the gaps between conductive 

fillers and enhances the density of conductive pathways, resulting in a decrease in electrical 

impedance. Consequently, the diameter of the semicircular curves decreases with increasing stress 

levels due to the contraction of micropores and spaces, as explicitly highlighted in the magnified 

section of Figure 13b. However, upon failure (cracks appear on the surface of the specimen), 

microcracks and pores become apparent and expand, leading to an enlargement of the semicircular 

curve, as indicated by the red curve in Figure 13b. Therefore, it can be affirmed that the fluctuations 

observed in the Nyquist curves during stress testing offer valuable insights into the microstructural 

state of self-sensing cementitious composites. In general, the findings presented herein align with 

those of a prior investigation in which the impact of cracks, healing, and the duration of the curing 

process were examined regarding the variations observed for electrochemical impedance 

spectroscopy (EIS) carried out for a conventional cementitious composite [57]. However, the different 

shapes and changing trends for the Nyquist curves found in this study compared to those in a 

previous study [57] might be due to the MWCNT/GNP conductive fillers used in the current study. 
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                                                 (a) 

 

                                               (b) 

Figure 13. Electrochemical impedance spectroscopy (EIS) for specimens containing 3% CNMs under 

the compressive ramp loading pattern shown in Figure () a) The complete EIS curve b) The zoomed 

view. 

3.4. Microstructure analysis 

Figure 14 presents the microstructural characteristics of self-sensing cementitious composites 

incorporating 3% MWCNTs/GNPs and 4% MWCNTs/GNPs. As depicted in Figure 14, it is 

discernible that the congestion of carbon nanomaterials (CNMs) increases as the percentage of 

conductive fillers rises, consequently increasing the sensitivity due to an augmented network of 
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conductive pathways, as explained in the context of the stress/strain sensing performance of this 

novel self-sensing cementitious composite. 

As shown in Figure 14a, the bridging effects of MWCNTs are evident, connecting two sides of a 

microspace within the specimen containing 3% MWCNTs/GNPs. This bridging effect contributes to 

the sensory capabilities exhibited by the self-sensing cementitious composite. On the other hand, 

Figure 14b illustrates the overlapping arrangement of MWCNTs, where they intersect with each other 

in the self-sensing cementitious composite containing 4% MWCNTs/GNPs. This configuration 

enhances the composite's stress/strain sensitivity performance more in comparison to the self-sensing 

cementitious composite containing 3% MWCNTs/GNPs. Additionally, the presence of graphene 

nanoplatelets (GNPs) is noticeable in both Figures 14a and 14b, serving to fill microgaps within the 

structure. 

 

                                                  (a) 

 

                                                   (b) 

Figure 14. Morphology of self-sensing cementitious composites containing a) 3% MWCNTs/GNP and 

b) 4% MWCNTs/GNP. 
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4. Conclusion 

The present investigation delves into the evaluation of stress and strain sensing capabilities as 

well as damage detection performance of self-sensing cementitious composites. This assessment was 

conducted utilizing piezoresistivity and electrochemical impedance spectroscopy (EIS) measurement 

systems, employing a four-probe system for piezoresistivity analysis and a two-probe system for EIS 

analysis. In summary, the following key findings and conclusions can be drawn from this study: 

1. In the present research, a hybrid dispersion method involving chemical treatment and 

ultrasonication was utilized to attain a homogeneous dispersion of conductive fillers within a 

self-sensing cementitious composite. 

2. The stress and strain sensing capabilities exhibit an upwards trend as the concentration of 

MWCNTs/GNPs is increased and as the applied stress levels are intensified. Nevertheless, it is 

important to emphasize that the stress levels employed in this study for evaluating stress and 

strain-sensing performance remain within the quasielastic region. 

3. The resilient modulus exhibits a declining trend with increasing percentage of MWCNTs/GNPs, 

signifying a reduction in stiffness in correlation with the increased MWCNT/GNP content. This 

reduced stiffness is observed to be associated with an augmented peak value for the FCR 

variation, which is attributed to a more pronounced variability in the conductive pathways 

formed by the conductive fillers. 

4. An assessment of the damage detection capacity for a self-sensing cementitious composite with 

a 3% MWCNT/GNP composition was conducted through electrochemical impedance 

spectroscopy (EIS) analysis. The findings reveal a reduction in the dimension of the Nyquist 

curves during the application of a compressive load prior to structural failure. Conversely, upon 

failure , the Nyquist curve exhibits an expansion. The decrease in the Nyquist curve size can be 

ascribed to the diminishing distances between conductive fillers. In contrast, the enlargement of 

the Nyquist curve is attributed to an increase in the separation between these conductive fillers. 

5. Scanning electron microscopy (SEM) provides visual evidence for an accumulation of 

conductive pathways with increasing concentration of conductive fillers. The MWCNTs play a 

role in bridging microcracks and pore spaces, while the GNPs fill the voids. Consequently, 

incorporating hybrid conductive fillers in cementitious composites offers a more efficient 

approach to inducing sensory (stress/strain and damage sensing) performances. 

This investigation explored the stress/strain sensing and damage detection capabilities of self-

sensing cementitious composites incorporating hybrid conductive fillers (MWCNT/GNP) for 

possible application in pavement subgrade. While piezoresistivity has been extensively studied in 

the past, it is worth noting that there is a need for further exploration in future research studies, 

particularly concerning the EIS analysis of self-sensing cementitious composites as a pavement 

construction material. 

Author Contributions: Conceptualization, MJR, MA, AGC, RF, PMM; methodology, MJR, MA, AGC, RF, 

PMM; formal analysis, MJR, AGC, RF, PMM; data curation, MJR, AGC, RF; resources, MJR, AGC, RF; 

writing—original draft preparation, MJR; writing—review and editing, MJR, MA, AGC, RF, PMM; supervision 

AGC, RF; project administration, MJR, AGC, RF; funding acquisition AGC, RF; All authors have read and 

agreed to the published version of the manuscript.  

Funding: This work was supported by the European Commission-Shift2Rail Program under the project 

“IN2TRACK3, H2020–S2RJU-CFM-2020, S2R-CFMIP3- 01–2020”. Furthermore, this work was partly financed 
by FCT / MCTES through national funds (PIDDAC), under the R&D Unit Institute for Sustainability and 

Innovation in Structural Engineering (ISISE), under reference UIDB / 04029/2020, under project 

UID/QUI/00686/2020 of CQ, and also under the Associate Laboratory Advanced Production and Intelligent 

Systems ARISE under reference LA/P/0112/2020, as well as under the R&D Unit of the Centre for Textile Science 

and Technology (2C2T).  

Institutional Review Board Statement: Not applicable   

Informed Consent Statement: Not applicable  

Data Availability Statement: The datasets used or analyzed during the current study are available from the 

corresponding author on reasonable request. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 11 December 2023                   doi:10.20944/preprints202312.0713.v1

https://doi.org/10.20944/preprints202312.0713.v1


 18 

 

Acknowledgements: The authors would like to acknowledge the European Commission-Shift2Rail Program 

(In2Track3), Fundação para a Ciência e a Tecnologia (FCT), Institute for Sustainability and Innovation in 

Structural Engineering (ISISE), and University of Minho for supporting this research. 

Conflicts of Interest: The authors declare no conflict of interest.  

References 

1. Roshan, M.J.; A Rashid, A.S.; Abdul Wahab, N.; Tamassoki, S.; Jusoh, S.N.; Hezmi, M.A.; Nik Daud, N.N.; 

Mohd Apandi, N.; Azmi, M. Improved Methods to Prevent Railway Embankment Failure and Subgrade 

Degradation: A Review. Transp. Geotech. 2022, 37, 100834, doi:10.1016/j.trgeo.2022.100834. 

2. Roshan, M.J.; Rashid, A.S.A.; Wahab, N.A.; Hezmi, M.A.; Jusoh, S.N.; Azmi, M. Stability of Railway 

Embankment in Saturated and Unsaturated Conditions. IOP Conf. Ser. Mater. Sci. Eng. 2021, 1153, 012007, 

doi:10.1088/1757-899X/1153/1/012007. 

3. Abadin, M.J.; Hayano, K. Investigation of Premature Failure Mechanism in Pavement Overlay of National 

Highway of Bangladesh. Constr. Build. Mater. 2022, 318, 126194, doi:10.1016/j.conbuildmat.2021.126194. 

4. Liu, Z.; Gu, X.; Ren, H.; Li, S.; Dong, Q. Permanent Deformation Monitoring and Remaining Life Prediction 

of Asphalt Pavement Combining Full-Scale Accelerated Pavement Testing and FEM. Struct. Control Heal. 

Monit. 2023, 2023, 1–19, doi:10.1155/2023/6932621. 

5. Roshan, M.J.; Rashid, A.S.B.A.; Hezmi, M.A. Bin; Nejabi, M.N.; Bt.Jusoh, S.N.; Tamassoki, S.; Razali, R. 

Evaluation of Cement Stabilised Residual Soil on Macro- and Micro-Scale for Road Construction. J. Eng. 

Appl. Sci. 2022, 69, 109, doi:10.1186/s44147-022-00165-6. 

6. Abbil, A.; Kassim, A.; Ullah, A.; Rashid, A.S.A.; Roshan, M.J. Numerical Analysis of Embankment Resting 

on Floating Bottom Ash Columns Improved Soft Soil. IOP Conf. Ser. Earth Environ. Sci. 2022, 1022, 012023, 

doi:10.1088/1755-1315/1022/1/012023. 

7. Wei, H.; Zhang, H.; Li, J.; Zheng, J.; Ren, J. Effect of Loading Rate on Failure Characteristics of Asphalt 

Mixtures Using Acoustic Emission Technique. Constr. Build. Mater. 2023, 364, 129835, 

doi:10.1016/j.conbuildmat.2022.129835. 

8. Tamassoki, S.; Daud, N.N.N.; Wang, S.; Roshan, M.J. CBR of Stabilized and Reinforced Residual Soils Using 

Experimental, Numerical, and Machine-Learning Approaches. Transp. Geotech. 2023, 42, 101080, 

doi:10.1016/j.trgeo.2023.101080. 

9. Laporte, S.; Eichhorn, G.; Kingswood, J.; Siemens, G.; Beddoe, R. Physical Modelling of Climate-Soil-

Infrastructure Interactions of Paved Roadways Constructed in Expansive Soil. Transp. Geotech. 2023, 43, 

101126, doi:10.1016/j.trgeo.2023.101126. 

10. Jawed Roshan, M.; Safuan A. Rashid, A.; Abdul Wahab, N.; Azril Hezmi, M.; Norafida Jusoh, S.; Daud Nik 

Norsyahariati, N.; Tamasoki, S.; Zurairahetty Mohd Yunus, N.; Razali, R. EFFECTS OF ORDINARY 

PORTLAND CEMENT ON THE SOIL-WATER CHARACTERISTICS CURVE OF LATERITIC SOIL. 

Suranaree J. Sci. Technol. 2023, 30, 010183(1-10), doi:10.55766/sujst-2023-01-e01614. 

11. Razali, R.; Rashid, A.S.A.; Che Lat, D.; Horpibulsuk, S.; Roshan, M.J.; Rahman, N.S.A.; Ahmad Rizal, N.H. 

Shear Strength and Durability against Wetting and Drying Cycles of Lime-Stabilised Laterite Soil as 

Subgrade. Phys. Chem. Earth, Parts A/B/C 2023, 132, 103479, doi:10.1016/j.pce.2023.103479. 

12. Tamassoki, S.; Nik Daud, N.N.; Jakarni, F.M.; Mohd Kusin, F.; Rashid, A.S.A.; Roshan, M.J. Performance 

Evaluation of Lateritic Subgrade Soil Treated with Lime and Coir Fibre-Activated Carbon. Appl. Sci. 2022, 

12, 8279, doi:10.3390/app12168279. 

13. Tamassoki, S.; Daud, N.N.N.; Jakarni, F.M.; Kusin, F.M.; Rashid, A.S.A.; Roshan, M.J. Compressive and 

Shear Strengths of Coir Fibre Reinforced Activated Carbon Stabilised Lateritic Soil. Sustainability 2022, 14, 

9100, doi:10.3390/su14159100. 

14. Tamassoki, S.; Nik Daud, N.N.; Nejabi, M.N.; Roshan, M.J. Fibre-Reinforced Soil Mixed Lime/Cement 

Additives: A Review. Pertanika J. Sci. Technol. 2022, 31, 217–235, doi:10.47836/pjst.31.1.14. 

15. Razali, R.; Rashid, A.S.A.; Hezmi, M.A.; Roshan, M.J.; Zakaria, N.S.S.; Lat, D.C.; Rahman, N.S.A. 

Experimental Study on Mechanical Behavior of Laterite Soil Treated with Quicklime. J. Mech. Eng. 2022, 11, 

109–122. 

16. Roshan, M.J.; Rashid, A.S.B.A. Geotechnical Characteristics of Cement Stabilized Soils from Various 

Aspects: A Comprehensive Review. Arab. J. Geosci. 2024, 17, 1, doi:10.1007/s12517-023-11796-1. 

17. Jawed Roshan, M.; Abedi, M.; Gomes Correia, A.; Fangueiro, R. Application of Self-Sensing Cement-

Stabilized Sand for Damage Detection. Constr. Build. Mater. 2023, 403, 133080, 

doi:10.1016/j.conbuildmat.2023.133080. 

18. A., D.; D., S.; Pichumani, M. Electro-Mechanical Investigations of Steel Fiber Reinforced Self-Sensing 

Cement Composite and Their Implications for Real-Time Structural Health Monitoring. J. Build. Eng. 2022, 

51, 104343, doi:10.1016/j.jobe.2022.104343. 

19. Moldovan, I.D.; Gomes Correia, A.; Climent, N.; Almukashfi, A.; Roshan, M.J.; Arroyo, M. Coupled 

Experimental and Numerical Approaches in Bender Element Testing of Geomaterials. In Proceedings of 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 11 December 2023                   doi:10.20944/preprints202312.0713.v1

https://doi.org/10.20944/preprints202312.0713.v1


 19 

 

the 10th European Conference on Numerical Methods in Geotechnical Engineering (NUMGE2023); 

Zdravkovic, L., Kontoe, S., Taborda, D.M.G., Tsiampousi, A., Eds.; London, 2023. 

20. HUFENUS, R.; RUEEGGER, R.; BANJAC, R.; MAYOR, P.; SPRINGMAN, S.; BRONNIMANN, R. Full-Scale 

Field Tests on Geosynthetic Reinforced Unpaved Roads on Soft Subgrade. Geotext. Geomembranes 2006, 24, 

21–37, doi:10.1016/j.geotexmem.2005.06.002. 

21. Zhang, M.; Zhu, H.; Yang, J.; Qiu, C.; Javadi, A.A. Experimental Study of a 3D Printed Geogrid Embedded 

with FBG Sensor for Reinforcement of Subgrade with Underlying Cave. Geotext. Geomembranes 2023, 51, 

81–92, doi:10.1016/j.geotexmem.2023.05.001. 

22. Zhang, S.; Cao, H.; Xu, S.; Tao, M. Mechanical Responses of Subgrade with Natural Hard Crust through an 

Accelerated Laboratory Loading Test on Pavements Model. Case Stud. Constr. Mater. 2023, 19, e02449, 

doi:10.1016/j.cscm.2023.e02449. 

23. Han, B.; Zhang, K.; Burnham, T.; Kwon, E.; Yu, X. Integration and Road Tests of a Self-Sensing CNT 

Concrete Pavement System for Traffic Detection. Smart Mater. Struct. 2013, 22, 015020, doi:10.1088/0964-

1726/22/1/015020. 

24. Dong, W.; Li, W.; Guo, Y.; Sun, Z.; Qu, F.; Liang, R.; Shah, S.P. Application of Intrinsic Self-Sensing Cement-

Based Sensor for Traffic Detection of Human Motion and Vehicle Speed. Constr. Build. Mater. 2022, 355, 

129130, doi:10.1016/j.conbuildmat.2022.129130. 

25. Azhari, F.; Banthia, N. Cement-Based Sensors with Carbon Fibers and Carbon Nanotubes for Piezoresistive 

Sensing. Cem. Concr. Compos. 2012, 34, 866–873, doi:10.1016/j.cemconcomp.2012.04.007. 

26. Guo, Y.; Li, W.; Dong, W.; Wang, K.; He, X.; Vessalas, K.; Sheng, D. Self-Sensing Cement-Based Sensors 

with Superhydrophobic and Self-Cleaning Capacities after Silane-Based Surficial Treatments. Case Stud. 

Constr. Mater. 2022, 17, e01311, doi:10.1016/j.cscm.2022.e01311. 

27. Wang, Y.; Zhang, L. Development of Self-Sensing Cementitious Composite Incorporating Hybrid 

Graphene Nanoplates and Carbon Nanotubes for Structural Health Monitoring. Sensors Actuators A Phys. 

2022, 336, 113367, doi:10.1016/j.sna.2022.113367. 

28. Meng, X.; Feng, J.; Pai, N.; Zequan, H.; Kaiyuan, L.; Cheng, Z.; Yazhen, Z. Effects of Filler Type and Aging 

on Self-Sensing Capacity of Cement Paste Using Eddy Current-Based Nondestructive Detection. Meas. J. 

Int. Meas. Confed. 2021, 182, 109708, doi:10.1016/j.measurement.2021.109708. 

29. Ding, S.; Xiang, Y.; Ni, Y.-Q.; Thakur, V.K.; Wang, X.; Han, B.; Ou, J. In-Situ Synthesizing Carbon Nanotubes 

on Cement to Develop Self-Sensing Cementitious Composites for Smart High-Speed Rail Infrastructures. 

Nano Today 2022, 43, 101438, doi:10.1016/j.nantod.2022.101438. 

30. Sassani, A.; Arabzadeh, A.; Ceylan, H.; Kim, S.; Sadati, S.M.S.; Gopalakrishnan, K.; Taylor, P.C.; Abdualla, 

H. Carbon Fiber-Based Electrically Conductive Concrete for Salt-Free Deicing of Pavements. J. Clean. Prod. 

2018, 203, 799–809, doi:10.1016/j.jclepro.2018.08.315. 

31. Ding, S.; Dong, S.; Wang, X.; Ding, S.; Han, B.; Ou, J. Self-Heating Ultra-High Performance Concrete with 

Stainless Steel Wires for Active Deicing and Snow-Melting of Transportation Infrastructures. Cem. Concr. 

Compos. 2023, 138, 105005, doi:10.1016/j.cemconcomp.2023.105005. 

32. Sajid, H.U.; Jalal, A.; Kiran, R.; Al-Rahim, A. A Survey on the Effects of Deicing Materials on Properties of 

Cement-Based Materials. Constr. Build. Mater. 2022, 319, 126062, doi:10.1016/j.conbuildmat.2021.126062. 

33. Amândio, M.; Parente, M.; Neves, J.; Fonseca, P. Integration of Smart Pavement Data with Decision Support 

Systems: A Systematic Review. Buildings 2021, 11, 1–24. 

34. Chung, D.D.L. A Critical Review of Electrical-Resistance-Based Self-Sensing in Conductive Cement-Based 

Materials. Carbon N. Y. 2023, 203, 311–325, doi:10.1016/j.carbon.2022.11.076. 

35. Yang, P.; Chowdhury, S.; Neithalath, N. Strain Sensing Ability of Metallic Particulate Reinforced 

Cementitious Composites: Experiments and Microstructure-Guided Finite Element Modeling. Cem. Concr. 

Compos. 2018, 90, 225–234, doi:10.1016/j.cemconcomp.2018.04.004. 

36. Reddy, P.N.; Kavyateja, B.V.; Jindal, B.B. Structural Health Monitoring Methods, Dispersion of Fibers, 

Micro and Macro Structural Properties, Sensing, and Mechanical Properties of Self‐sensing Concrete—A 

Review. Struct. Concr. 2021, 22, 793–805, doi:10.1002/suco.202000337. 

37. Gulisano, F.; Abedi, M.; Jurado-Piña, R.; Apaza, F.R.A.; Roshan, M.J.; Fangueiro, R.; Correia, A.G.; Gallego, 

J. Stress and Damage-Sensing Capabilities of Asphalt Mixtures Incorporating Graphene Nanoplatelets. 

Sensors Actuators A Phys. 2023, 359, 114494, doi:10.1016/j.sna.2023.114494. 

38. Falara, M.G.; Thomoglou, A.K.; Gkountakou, F.I.; Elenas, A.; Chalioris, C.E. Hybrid Smart Cementitious 

Materials Incorporating Ladder Scale Carbon Fiber Reinforcement: An Experimental Investigation. Case 

Stud. Constr. Mater. 2023, 18, e02035, doi:10.1016/j.cscm.2023.e02035. 

39. Dong, W.; Li, W.; Wang, K.; Han, B.; Sheng, D.; Shah, S.P. Investigation on Physicochemical and 

Piezoresistive Properties of Smart MWCNT/Cementitious Composite Exposed to Elevated Temperatures. 

Cem. Concr. Compos. 2020, 112, 103675, doi:10.1016/j.cemconcomp.2020.103675. 

40. Danoglidis, P.A.; Konsta-Gdoutos, M.S. Strain Sensing Ability of GNP Reinforced Cementitious 

Composites: The Role of Exfoliation and Interlayer Spacing. Constr. Build. Mater. 2023, 390, 131593, 

doi:10.1016/j.conbuildmat.2023.131593. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 11 December 2023                   doi:10.20944/preprints202312.0713.v1

https://doi.org/10.20944/preprints202312.0713.v1


 20 

 

41. Le, J.-L.; Du, H.; Pang, S.D. Use of 2D Graphene Nanoplatelets (GNP) in Cement Composites for Structural 

Health Evaluation. Compos. Part B Eng. 2014, 67, 555–563, doi:10.1016/j.compositesb.2014.08.005. 

42. Xu, C.; Fu, J.; Sun, L.; Masuya, H.; Zhang, L. Fatigue Damage Self-Sensing of Bridge Deck Component with 

Built-in Giant Piezoresistive Cementitious Carbon Fiber Composites. Compos. Struct. 2021, 276, 114459, 

doi:10.1016/j.compstruct.2021.114459. 

43. Galao, O.; Baeza, F.J.; Zornoza, E.; Garcés, P. Strain and Damage Sensing Properties on Multifunctional 

Cement Composites with CNF Admixture. Cem. Concr. Compos. 2014, 46, 90–98, 

doi:10.1016/j.cemconcomp.2013.11.009. 

44. Guo, Y.; Li, W.; Dong, W.; Luo, Z.; Qu, F.; Yang, F.; Wang, K. Self-Sensing Performance of Cement-Based 

Sensor with Carbon Black and Polypropylene Fibre Subjected to Different Loading Conditions. J. Build. 

Eng. 2022, 59, 105003, doi:10.1016/j.jobe.2022.105003. 

45. Teomete, E. The Effect of Temperature and Moisture on Electrical Resistance, Strain Sensitivity and Crack 

Sensitivity of Steel Fiber Reinforced Smart Cement Composite. Smart Mater. Struct. 2016, 25, 075024, 

doi:10.1088/0964-1726/25/7/075024. 

46. Jang, S.-H.; Hochstein, D.P.; Kawashima, S.; Yin, H. Experiments and Micromechanical Modeling of 

Electrical Conductivity of Carbon Nanotube/Cement Composites with Moisture. Cem. Concr. Compos. 2017, 

77, 49–59, doi:10.1016/j.cemconcomp.2016.12.003. 

47. Yıldırım, G.; Öztürk, O.; Al-Dahawi, A.; Afşın Ulu, A.; Şahmaran, M. Self-Sensing Capability of Engineered 

Cementitious Composites: Effects of Aging and Loading Conditions. Constr. Build. Mater. 2020, 231, 117132, 

doi:10.1016/j.conbuildmat.2019.117132. 

48. Sevim, O.; Jiang, Z.; Ozbulut, O.E. Effects of Graphene Nanoplatelets Type on Self-Sensing Properties of 

Cement Mortar Composites. Constr. Build. Mater. 2022, 359, 129488, doi:10.1016/j.conbuildmat.2022.129488. 

49. Cabeza, M.; Keddam, M.; Nóvoa, X.R.; Sánchez, I.; Takenouti, H. Impedance Spectroscopy to Characterize 

the Pore Structure during the Hardening Process of Portland Cement Paste. Electrochim. Acta 2006, 51, 1831–
1841, doi:10.1016/j.electacta.2005.02.125. 

50. Dong, B.; Wang, Y.; Ding, W.; Li, S.; Han, N.; Xing, F.; Lu, Y. Electrochemical Impedance Study on Steel 

Corrosion in the Simulated Concrete System with a Novel Self-Healing Microcapsule. Constr. Build. Mater. 

2014, 56, 1–6, doi:10.1016/j.conbuildmat.2014.01.070. 

51. McCarter, W.J. The a.c. Impedance Response of Concrete during Early Hydration. J. Mater. Sci. 1996, 31, 

6285–6292, doi:10.1007/BF00354451. 

52. Dotelli, G.; Mari, C.M. The Evolution of Cement Paste Hydration Process by Impedance Spectroscopy. 

Mater. Sci. Eng. A 2001, 303, 54–59, doi:10.1016/S0921-5093(00)01886-4. 

53. Hu, X.; Shi, C.; Yuan, Q.; de Schutter, G. AC Impedance Spectroscopy Characteristics of Chloride-Exposed 

Cement Pastes. Constr. Build. Mater. 2020, 233, 117267, doi:10.1016/j.conbuildmat.2019.117267. 

54. McCarter, W.J.; Garvin, S.; Bouzid, N. Impedance Measurements on Cement Paste. J. Mater. Sci. Lett. 1988, 

7, 1056–1057, doi:10.1007/BF00720825. 

55. Ravikumar, D.; Neithalath, N. An Electrical Impedance Investigation into the Chloride Ion Transport 

Resistance of Alkali Silicate Powder Activated Slag Concretes. Cem. Concr. Compos. 2013, 44, 58–68, 

doi:10.1016/j.cemconcomp.2013.06.002. 

56. Pichór, W.; Frąc, M.; Radecka, M. Determination of Percolation Threshold in Cement Composites with 
Expanded Graphite by Impedance Spectroscopy. Cem. Concr. Compos. 2022, 125, 104328, 

doi:10.1016/j.cemconcomp.2021.104328. 

57. He, H.; Zhu, Y.; Zhou, A. Electrochemical Impedance Spectroscopy (EIS) Used to Evaluate Influence of 

Different External Pressures, Curing Ages and Self-Healing Environments on the Self-Healing Behavior of 

Engineered Cementitious Composites (ECC). Constr. Build. Mater. 2018, 188, 153–160, 

doi:10.1016/j.conbuildmat.2018.08.104. 

58. Cruz, J.M.; Fita, I.C.; Soriano, L.; Payá, J.; Borrachero, M.V. The Use of Electrical Impedance Spectroscopy 

for Monitoring the Hydration Products of Portland Cement Mortars with High Percentage of Pozzolans. 

Cem. Concr. Res. 2013, 50, 51–61, doi:10.1016/j.cemconres.2013.03.019. 

59. Dong, B.; Qiu, Q.; Gu, Z.; Xiang, J.; Huang, C.; Fang, Y.; Xing, F.; Liu, W. Characterization of Carbonation 

Behavior of Fly Ash Blended Cement Materials by the Electrochemical Impedance Spectroscopy Method. 

Cem. Concr. Compos. 2016, 65, 118–127, doi:10.1016/j.cemconcomp.2015.10.006. 

60. Fan, S.; Li, X.; Li, M. The Effects of Damage and Self-Healing on Impedance Spectroscopy of Strain-

Hardening Cementitious Materials. Cem. Concr. Res. 2018, 106, 77–90, doi:10.1016/j.cemconres.2018.01.016. 

61. He, F.; Wang, R.; Zhang, R.; Chen, C.; Lin, L. Effect of the Sample–Electrode Contact Impedance on the 

Appearance of Dispersion in the AC Impedance Spectroscopy of Cement-Based Materials. J. Sustain. Cem. 

Mater. 2018, 7, 323–339, doi:10.1080/21650373.2018.1502102. 

62. Zhang, J.; Heath, A.; Abdalgadir, H.M.T.; Ball, R.J.; Paine, K. Electrical Impedance Behaviour of Carbon 

Fibre Reinforced Cement-Based Sensors at Different Moisture Contents. Constr. Build. Mater. 2022, 353, 

129049, doi:10.1016/j.conbuildmat.2022.129049. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 11 December 2023                   doi:10.20944/preprints202312.0713.v1

https://doi.org/10.20944/preprints202312.0713.v1


 21 

 

63. Li, W.; Ji, W.; Fang, G.; Liu, Y.; Xing, F.; Liu, Y.; Dong, B. Electrochemical Impedance Interpretation for the 

Fracture Toughness of Carbon Nanotube/Cement Composites. Constr. Build. Mater. 2016, 114, 499–505, 

doi:10.1016/j.conbuildmat.2016.03.215. 

64. da Silva, G.F.; Martini, S.; Moraes, J.C.B.; Teles, L.K. AC Impedance Spectroscopy (AC-IS) Analysis to 

Characterize the Effect of Nanomaterials in Cement-Based Mortars. Constr. Build. Mater. 2021, 269, 121260, 

doi:10.1016/j.conbuildmat.2020.121260. 

65. Taheri, S.; Georgaklis, J.; Ams, M.; Patabendigedara, S.; Belford, A.; Wu, S. Smart Self-Sensing Concrete: 

The Use of Multiscale Carbon Fillers. J. Mater. Sci. 2022, 57, 2667–2682, doi:10.1007/s10853-021-06732-1. 

66. Lu, D.; Wang, D.; Zhong, J. Highly Conductive and Sensitive Piezoresistive Cement Mortar with Graphene 

Coated Aggregates and Carbon Fiber. Cem. Concr. Compos. 2022, 134, 104731, 

doi:10.1016/j.cemconcomp.2022.104731. 

67. Gupta, S.; Lin, Y.-A.; Lee, H.-J.; Buscheck, J.; Wu, R.; Lynch, J.P.; Garg, N.; Loh, K.J. In Situ Crack Mapping 

of Large-Scale Self-Sensing Concrete Pavements Using Electrical Resistance Tomography. Cem. Concr. 

Compos. 2021, 122, 104154, doi:10.1016/j.cemconcomp.2021.104154. 

68. Ullah, R.; Abdullah, R.A.; Kassim, A.; Yunus, N.Z.M.; Ullah, A.; Junaid, M.; Roshan, M.J. Effectiveness of 

Laser Diffraction Method for Particle Size Evaluation of Residual Soil. Indian Geotech. J. 2022, 52, 1476–1486, 

doi:10.1007/s40098-022-00615-1. 

69. Parveen, S.; Rana, S.; Fangueiro, R.; Paiva, M.C. Microstructure and Mechanical Properties of Carbon 

Nanotube Reinforced Cementitious Composites Developed Using a Novel Dispersion Technique. Cem. 

Concr. Res. 2015, 73, 215–227, doi:10.1016/j.cemconres.2015.03.006. 

70. Wahab, N.A.; Rashid, A.S.A.; Roshan, M.J.; Rizal, N.H.A.; Yunus, N.Z.M.; Hezmi, M.A.; Tadza, M.Y.M. 

Effects of Cement on the Compaction Properties of Lateritic Soil. IOP Conf. Ser. Mater. Sci. Eng. 2021, 1153, 

012015, doi:10.1088/1757-899X/1153/1/012015. 

71. Rizal, N.H.A.A.; Hezmi, M.A.; Razali, R.; Wahab, N.A.; Roshan, M.J.; Rashid, A.S.A.A.; Hasbollah, 

D.Z.A.A. Effects of Lime on the Compaction Characteristics of Lateritic Soil in UTM, Johor. IOP Conf. Ser. 

Earth Environ. Sci. 2022, 971, 012031, doi:10.1088/1755-1315/971/1/012031. 

72. Han, J.; Pan, J.; Cai, J.; Li, X. A Review on Carbon-Based Self-Sensing Cementitious Composites. Constr. 

Build. Mater. 2020, 265, 120764, doi:10.1016/j.conbuildmat.2020.120764. 

73. Díaz, B.; Guitián, B.; Nóvoa, X.R.; Pérez, C. Analysis of the Microstructure of Carbon Fibre Reinforced 

Cement Pastes by Impedance Spectroscopy. Constr. Build. Mater. 2020, 243, 118207, 

doi:10.1016/j.conbuildmat.2020.118207. 

74. Xie, P.; Gu, P.; Xu, Z.; Beaudoin, J.J. A Rationalized a.c. Impedence Model for Microstructural 

Characterization of Hydrating Cement Systems. Cem. Concr. Res. 1993, 23, 359–367, doi:10.1016/0008-

8846(93)90101-E. 

75. Saberian, M.; Li, J.; Thach Nguyen, B.; Setunge, S. Estimating the Resilient Modulus of Crushed Recycled 

Pavement Materials Containing Crumb Rubber Using the Clegg Impact Value. Resour. Conserv. Recycl. 2019, 

141, 301–307, doi:10.1016/j.resconrec.2018.10.042. 

76. Ackah, F.S.; Zhuochen, N.; Huaiping, F. Effect of Wetting and Drying on the Resilient Modulus and 

Permanent Strain of a Sandy Clay by RLTT. Int. J. Pavement Res. Technol. 2021, 14, 366–377, 

doi:10.1007/s42947-020-0067-3. 

77. Yang, S.; Lin, H.; Kung, J.H.S.; Huang, W. Suction-Controlled Laboratory Test on Resilient Modulus of 

Unsaturated Compacted Subgrade Soils. J. Geotech. Geoenvironmental Eng. 2008, 134, 1375–1384, 

doi:10.1061/(ASCE)1090-0241(2008)134:9(1375). 

78. Ng, C.W.W.; Zhou, C.; Yuan, Q.; Xu, J. Resilient Modulus of Unsaturated Subgrade Soil: Experimental and 

Theoretical Investigations. Can. Geotech. J. 2013, 50, 223–232, doi:10.1139/cgj-2012-0052. 

79. Ikechukwu, A.F.; Hassan, M.M.; Moubarak, A. Resilient Modulus and Microstructure of Unsaturated 

Expansive Subgrade Stabilized with Activated Fly Ash. Int. J. Geotech. Eng. 2021, 15, 915–938, 

doi:10.1080/19386362.2019.1656919. 

80. Freitas, J.B. de; Rezende, L.R. de; Gitirana Jr., G. de F.N. Prediction of the Resilient Modulus of Two Tropical 

Subgrade Soils Considering Unsaturated Conditions. Eng. Geol. 2020, 270, 105580, 

doi:10.1016/j.enggeo.2020.105580. 

81. Zhang, J.; Peng, J.; Zeng, L.; Li, J.; Li, F. Rapid Estimation of Resilient Modulus of Subgrade Soils Using 

Performance-Related Soil Properties. Int. J. Pavement Eng. 2021, 22, 732–739, 

doi:10.1080/10298436.2019.1643022. 

82. Du, Y.-J.; Jiang, N.-J.; Liu, S.-Y.; Horpibulsuk, S.; Arulrajah, A. Field Evaluation of Soft Highway Subgrade 

Soil Stabilized with Calcium Carbide Residue. Soils Found. 2016, 56, 301–314, 

doi:10.1016/j.sandf.2016.02.012. 

83. Ortega, J.M.; Sánchez, I.; Climent, M.A. Impedance Spectroscopy Study of the Effect of Environmental 

Conditions in the Microstructure Development of OPC and Slag Cement Mortars. Arch. Civ. Mech. Eng. 

2015, 15, 569–583, doi:10.1016/j.acme.2014.06.002. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 11 December 2023                   doi:10.20944/preprints202312.0713.v1

https://doi.org/10.20944/preprints202312.0713.v1


 22 

 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those 

of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) 

disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or 

products referred to in the content. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 11 December 2023                   doi:10.20944/preprints202312.0713.v1

https://doi.org/10.20944/preprints202312.0713.v1

