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The present study will design self-sensing asphalt mixtures that can detect the 

applied load; thus, it gives a lead toward more sustainable infrastructure by 

means of real-time pavement monitoring, hence optimized maintenance with 

less environmental impact. These are points which scientists have been trying to 

enhance in the mixes of asphalt concrete from in terms of the mechanical 

properties; though traditionally, monitoring asphalt surfaces was highly 

expensive and inaccurate. These monitoring systems provide useful data related 

to pavement condition assessment, design, and cost estimation for the execution 

of the maintenance programs. Recent development in technologies, especially 

the self-sensing technology, has provided new avenues toward improving 

asphalt mixtures. The purpose of this research is to incorporate conductive 

materials into hot mix asphalt for enhancing the electrical and mechanical 

properties, aiming at developing an electrically conductive mixture able to 

perform self-sensing of the applied loads. The experimental work included the 

Marshall tests with 40-50 penetration-grade asphalt and aggregate mixtures 

prepared according to the Iraqi specifications. Graphite powder was added to 

the asphalt blend as a filler in order to investigate its effect on the performance 

of the asphalt blend. Electrical resistance changed significantly because the 

mixture was sensitive to the applied load. Besides, the stability of modified 

asphalt was increased according to the Marshall test. Indeed, these have 

improved the watched conditions of the pavement with enhanced operational 

efficiency and service life.  

Keywords: Graphite powder; Electrical resistivity; Multifunctional asphalt 

concrete mixtures; Self-sensing; Marshall test; Electrical conductivity. 
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1. Introduction 

Modern society depends on the broad range of infrastructures engineered for life support: 

highways, airport pavements, bridges, subway systems, dams, wastewater plants, coastal 

structures, and buildings. These facilities serve key components in people's lives, yet they are 

under constant attack from degradation and deformation resulting from various types of 

loadings and environmental attacks. Therefore, determining the degree of their respective 

damages is crucial in risk mitigation, ultimately for the protection of the public. Regular 

inspections are key to maintaining the safety and functionality of transportation systems [1]. 

Highways, to be more precise, form the connecting links between cities and large towns, 

ensuring easier and more possible transportation hence economic development. It is, 

therefore, indispensable in human life and development. With the international focus on road 

safety, road research methodologies have ensured scientific evaluation for reliability, 

validity, and accuracy of results. A major objective of pavement systems involves ensuring 

that the passage of traffic is safe, efficient, and economical [2,3,4]. Continuous internal 

monitoring of the stress and displacement within pavement structures provides valuable 

information on developing strategies for maintenance and construction quality assurance to 

detect early signs of deterioration to ensure preventive measures in extending pavement 

lives. The new approach thus offers great potential to optimize pavement performance and 

safety [5]. 

Structural health monitoring represents the continuous on-site monitoring of infrastructure in 

regard to its effectiveness. By applying SHM techniques, the life of the structure can be 

elongated, safety to public enhanced, and cost of restoration minimized. In addition, to the 

above advantages, the SHM will provide the real-time status evaluation and thus allow early 

detection of problems besides providing an opportunity for timely remedial action against 

catastrophic failure [6]. The SHM techniques, through condition-based maintenance, can 

provide improved structural safety for the civil infrastructure with reduced frequency of 

maintenance [1,7]. 

There are different forms of deterioration that have attacked asphalt concrete on the highway 

in Iraq [8], and pavement deterioration due to traffic congestion and environmental 

conditions is indicated by cracking and rutting in flexible asphalt pavement [9,10,11], and 

such deformations are caused by accumulated stress due to repetition of vehicle load [11]. To 

assess damage, data from weigh-in-motion (WIM) systems can be used to track traffic loads, 

providing insights into the impact of heavy vehicles and fatigue on pavement performance 

[12,13]. Overestimating pavement service life due to underestimating traffic usage can result 

in unexpected structural failures [14,15]. 

With increasing traffic volumes, it is crucial to explore materials that enhance the quality and 

durability of asphalt [16]. Failure to address pavement deterioration can lead to a disruption 

of the transportation networks, leading to increase costs for drivers, the public, in addition to 

authorities [17]. The ability to detect stress, strain, and cracks in real-time enables timely 

warnings about infrastructure degradation, helping to mitigate damage. 

Traditional traffic detection systems are often expensive, lack sensitivity, have limited 

lifespans, and may not be durable enough for long-term use [18-23] . Additionally, asphalt is 
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highly sensitive to temperature fluctuations, becoming brittle in cold weather and soft in hot 

conditions, which further accelerates its deterioration. 

It basically deals with the development of asphalt mixtures to avoid a number of pavement 

distresses such as bending, reflection cracking, fatigue cracking, and moisture damage [24]. 

Conductive fiber-reinforced asphalt concrete with steel and carbon fibers is researched in 

recent times, mainly for electro-thermal applications [25]. Minsk in 1968 was the first to first 

introduce the idea  of electrically conductive asphalt concrete, he has gained significant 

attention in the past decade. Research has focused on using conductive asphalt to melt snow 

and ice through electrical heating [26]. Additionally, electric heating in conductive asphalt is 

expected to improve self-healing by reducing recovery time. The piezoresistivity of 

conductive asphalt—its ability to change electrical resistance under mechanical stress—also 

opens up opportunities for strain sensing [27]. 

Self-sensing technology allows asphalt to autonomously detect and monitor damage, such as 

strain and deformation, without relying on embedded sensors. This method enhances asphalt 

durability and sustainability by allowing continuous monitoring of pavement conditions 

[28,29]. Unlike traditional sensors, self-sensing materials are cost-effective, stable, and 

maintain their mechanical properties over time [30]. Embedded sensors can reduce the 

mechanical efficiency of pavement and require intrusive repairs, whereas self-sensing 

materials eliminate these drawbacks [31]. 

This research deals with the piezoresistive mechanism of the electrically conductive asphalt 

concrete (CAC) in terms of how the addition of carbon fiber and graphite-modified asphalt 

contributes to achieving the self-sensing capability of CAC. A model was developed 

illustrating the self-sensing behavior of CAC [32]. The research work deals with the study of 

the mechanical and self-sensing properties of carbon nanotubes in composite materials 

according to the degree of the conductive network by different ratios of carbon nanotubes 

[33]. 

Another study examined the effect of conductive materials on the indirect tensile strength 

(ITS) of asphalt mixtures, finding that high amounts of graphite can reduce the adhesive 

strength of asphalt due to thinning of the mastic layer [34]. Many studies confirm that the 

type and quantity of conductive additives can significantly influence the electrical and 

mechanical properties of asphalt [35,36]. Monitoring key structural characteristics, such as 

stress and strain, is crucial for designing, maintaining, and servicing asphalt pavements. 

Recently, the self-sensing property has emerged as a groundbreaking method for detecting 

pressure on flexible pavements. 

This study aims to develop and test a hot mix asphalt sample with electrically conductive 

materials, measuring changes in electrical resistance when loads are applied. Marshall 

stability and flow values for the modified asphalt samples will be compared to a control 

sample. To the authors' knowledge, this is the first study of its kind to explore the 

sustainability of self-sensing asphalt. 
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2. Materials and Experimental Work 

2.1 Materials  

2.1.1 Asphalt: The asphalt used in this study was a (40–50) penetration grade asphalt cement 

produced by AL-Daurah Refinery. The physical properties of the asphalt are detailed in 

Table 1. All test results align with the specifications set by the State Commission on Roads 

and Bridges (SCRB) [37]. 

Table (1): Characteristics of Asphalt binder 

Test Test condition 
ASTM 

designation 

Results 

 

Iraqi Specification's Standard 

Limits (SCRB/R9,2003) 

Penetration 
100 g, 25 C, 5 s, 

(0.1mm). 
D-5 46.5 (40-50) 

Viscosity 
135 C, c.p. 
165C, c.p. 

D-4402 
613 
156 

Min. 400 
--------- 

Specific gravity 25 C D-70 1.031 --------- 

Flash point --------- D-92 318 Min. 232 

Ductility 25 C, 5 cm/min D-113 142 >100 

Softening point (4 + 1) C/min D-36 53 -------- 

After thin-film oven ASTM D1754 
Penetration of 

residue 
-------- 37 55+ 

Ductility of 

residue 
-------- 108 25+ 

Loss in weight 163 C, 50 g,5 h 0.3 -------- 

2.1.2 Aggregate 

Crushed quartz aggregate from the Al-Nibaie quarry was used in this study. Both coarse and 

fine aggregates were sieved and mixed in the specified ratios to meet Type IIIA mixture 

requirements for the wearing course, as shown in Figure 1 [37] and Table 2. Routine 

evaluations of the aggregate’s physical properties were conducted. The fine aggregates 

ranged from 4.75 mm (No. 4) to 0.075 mm (No. 200) sieve, with minimal clay, loam, and 

other impurities. 

Table (2): Type IIIA mixes for the wearing course 
Sieve 19 mm 12.5 mm 9.5 mm No. 4 No. 8 No. 50 No. 200 

%Passing 100 98.8 90.5 65.58 49.3 16.5 6.55 

Table (3):  Characteristics of the used aggregate 

Property Coarse aggregate Fine aggregate 
Limits 
SCRB/2003 

Bulk specific gravity ( ASTM C-127 AND C128 ) 2.626 2.569 -- 

Apparent specific gravity(ASTM C-127 AND C128) 2.613 2.627 -- 

Percent water absorption ( ASTM C-127 AND C128 ) 0.92 0.93 -- 

Angularity (ASTM D5821 ) 95.5% -- Min. 90% 

Toughness (Loss Angeles abrasion)(ASTM C535) 20.17 -- Max. 30% 

Soundness (ASTM C88 ) 3.9 % -- Max. 12% 

Table (4): Chemical composition of the used aggregate 
Chemical composition % Content 

Silica, Soi2 82.65 

Lime, Cao 5.33 

Magnesia, MgO 0.72 

Sulfuric anhydride,SO3 2.76 
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Alumina,Al2O3 0.42 

Ferric oxide, Fe2O3 0.68 

Loss on lenition 6.67 

Total 99.23 

Mineral composition 
Quartz 80.36 

Calcite 10.79 

2.1.3 Mineral Filler 

As can be seen from Figure 2, Portland cement is utilized in the composition of the mineral 

filler. The condition describing the ill state is not tight and humid owing to the aggregation 

of fine particles. Table 5: Mineral filler physical and chemical properties. 

Table (5): Physical and chemical properties of the mineral filler 
Chemical composition % Content 

Silica, Soi2 21.51 

Lime, Cao 62.52 

Magnesia, MgO 1.61 

Sulfuric anhydride,SO3 5.61 

Alumina, Al2O3 3.77 

Ferric oxide, Fe2O3 3.35 

Loss on lenition 1.36 

Total 99.73 

Physical properties 
%passing sieve No.200 (0.075mm) 97.81 

Apparent specific gravity 3.102 

Specific surface area (m2/kg) 356 

2.1.4 Graphite powder 

Graphite powder possesses characteristics such as being lightweight, flexible, malleable, and 

compressible. It exhibits good thermal and electrical conductivity, as well as heat resistance. 

The graphite used is of ’a density of 2.16 g/cm3 and passing the No. 200 sieve (0.075 mm) 

has a carbon content of 85.6% with electrical resistivity of 10-4 Ω .m , Figures 3 and 4 show 

the graphite powder used for this study. 

 

Figure 1. Selected gradations according to SCRB specifications [37] 

 



                        Enhancing Mechanical and Electrical Properties…. Ahmed Wasfi Obaid et al. 1208  
 

Nanotechnology Perceptions Vol. 20 No.5 (2024) 

 

Figure 2. Portland cement (Filler) 

 

Figure 3. Graphite powder 

 

Figure 4. SEM image of graphite powder 

2.2 Experimental work  

2.2.1 Mix design with graphite powder 

The asphalt mixture's conductive components were unable to distribute evenly due to the 

blending process [39]. Generally, dry conditions are employed to incorporate modifying 

components into the mixture. Additionally, a technique for achieving homogeneous 

dispersion of additives in asphalt materials was suggested to assess their impact. 
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Mixing method: The process involved mixing the fundamental components in a dry form 

with graphite powder for 10 minutes. Afterward, the asphalt was introduced, and the 

concoction was subjected to a temperature of 150 ° C and agitated for a minimum duration 

of 15 minutes. The temperature distribution concept is recognized as a determining factor 

that impacts the mechanical characteristics of hot asphalt mixture [40].  

2.2.2 Marshall Test: O.A.C. of the conventional and the modified asphalt mixtures was 

determined from a set of Marshall tests -stability, density, and air voids-performed in 

conformity with ASTM D2726-08.Asphalt concentrations ranged from 4% to 6.5% of the 

total mixture weight, with 0.5% increments. For each concentration, three samples with a 

nominal maximum aggregate size of 12.5 mm were prepared. Marshall samples, measuring 

2.5 inches in height and 4 inches in diameter, were compacted using a Marshall hammer with 

75 blows on each side. 

The samples were tested in a water bath at 60°C for 60 minutes with a loading rate of 50.8 

mm/min. The Marshall parameters, including bulk specific gravity, air void volume, 

Marshall stability, and flow values, were optimized based on the results. Figure 5 illustrates 

the procedure used in the Marshall test. 

 

Figure 5. Procedures for the stages of the Marshall test 

2.2.3 Measurement of electrical resistivity using the Marshall Test: To assess the electrical 

resistivity, graphite powder was added to the asphalt mixture, and copper electrodes were 

embedded to ensure conductivity. The samples were electrically insulated from the Marshall 

apparatus using nylon wraps. Wires connected to the electrodes allowed for the measurement 

of electrical resistance while the Marshall test was conducted. 

A measuring device, equipped with a video camera, was used to record stability, flow, and 

resistance values over time. This setup allowed for real-time monitoring of changes in 

electrical resistivity as loads were applied to the samples. Figure 6 shows the procedure for 

measuring electrical resistivity. 
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Figure 6. Procedures for the stages of measuring electrical Resistivity 

 

3. Results and Discussion 

3.1 Marshall Test Results (Mechanical Properties) 

The optimal asphalt content (O.A.C.) for the (40–50) penetration grade asphalt mixture was 

determined by analyzing a series of samples prepared with varying asphalt contents ranging 

from 4% to 6%, with 0.5% increments. The Marshall test results, including stability, density, 

and air voids, were used to identify the O.A.C., which was found to be 4.91% for both 

conventional and modified mixtures. These results were consistent with previous studies on 

similar asphalt grades, where O.A.C. typically ranges between 4% and 5% . 

When replacing 5%, 10%, 15%, 20%, 25%, and 30% of the filler with graphite powder, the 

Marshall stability values increased from 9.0 kN (0% graphite) to a peak of 10.1 kN at 10% 

graphite content, before decreasing to 6.1 kN at 30% graphite content, as shown in Table 6 

and Figures 7 and 8. This increase in stability aligns with earlier research by Wu et al. 

(2011), which demonstrated that conductive fillers like carbon fibers improve the mechanical 

properties of asphalt concrete up to an optimal content, beyond which mechanical 

performance declines due to particle agglomeration and loss of cohesion . 

The increase in Marshall flow values from 3.2 mm (0% graphite) to 5.2 mm at 30% graphite 

is also comparable with studies by Pan et al. (2015), where the addition of conductive 

materials such as graphite and carbon fibers led to a similar trend in flow values. The 

observed rise in flow can be attributed to the graphite particles’ interference with the 

aggregate’s interlocking mechanism. 

Table 6: Marshall Test Results for Unmodified and Modified Mixtures 
Asphalt Mixture Graphite Powder (%) Marshall Stability (kN) Flow (mm) 

Unmodified 0% 9.0 3.2 

Modified 5% 9.6 3.303 

Modified 10% 10.1 3.62 

Modified 15% 8.7 3.73 

Modified 20% 8.2 3.82 

Modified 25% 7.4 4.6 

Modified 30% 6.1 5.2 
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Figure 7.  Marshall stability with graphite powder 

 

Figure 8: Marshall Flow with Graphite Powder 

From these results, it is evident that 20% graphite powder represents the optimal balance 

between stability and flow, similar to findings in previous research. Studies such as those 

by Liu and Wu (2009) observed that conductive fillers enhance stability up to a certain 

threshold, after which the mechanical properties diminish due to increased brittleness and 

weaker matrix integrity. 

3.2 Electrical Resistivity Behavior 

To explore the electrical resistivity behavior, copper electrodes were embedded within the 

asphalt samples containing different proportions of graphite powder (0%, 5%, 10%, 15%, 

20%, 25%, and 30%), and real-time resistance measurements were taken during the Marshall 

test. 

The results indicated a clear transition from an insulating state to a conductive state as 

graphite content increased, with the percolation threshold (Pc) occurring at approximately 

20% graphite content. At this point, electrical resistivity dropped from 

1×1011 Ω⋅m1×1011Ω⋅m to 1.1×106 Ω⋅m1.1×106Ω⋅m, as shown in Figure 9. This drastic 

change in resistivity reflects the formation of a continuous conductive network within the 

asphalt matrix, similar to findings reported by Xin et al. (2020), who investigated carbon 

nanotubes as conductive fillers in asphalt and found a comparable percolation threshold. 
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Figure 9: Electrical Phase Transition with Graphite Content 

The relationship between the electrical resistivity and graphite content followed closely the 

S-shaped curve generally followed by conductive materials. Other similar studies by Liu and 

Schlangen 2010; Wu et al. 2005 also recorded a sharp decrease in the electrical resistance 

beyond the percolation threshold, substantiating the fact that the Asphalt matrix had now 

become a conductive material from an insulating one. 

 

Figure 10: Electrical Resistivity vs. Graphite Content 

That is reflected at 20% graphite, where the asphalt mixture showed an optimum electrical 

conductivity that could detect the applied loads through real-time changes in resistance. The 

resistivity behaviour noted in this study corroborates the observations of previous studies 

such as those by Al-Dahawi et al. (2017), who also observed that asphalt mixtures 

incorporating conductive materials exhibited self-sensing properties under applied stress. 

Because the graphite particles have a close molecular arrangement, charge could flow freely 

within the mixture, hence the ability to show self-sensing capability. 

The results obtained in this study generally complement the findings obtained in prior 

research into conductive asphalt mixtures in both their mechanical and electrical properties. 

Incorporating graphite powder as a conductive filler enhanced the Marshall stability; such 
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phenomena were also presented by Pan et al. (2015) in the study of conductive fillers, which 

showed increased stability up to an optimum content. Beyond 20% graphite, it lost stability 

because of brittleness in material nature, which agrees with the findings of Wu et al. 2011 

using carbon fibers. 

Electrical behavior: The outcome repeated some of the previous works from Xin et al. 2020 

and Liu and Wu, 2009, where a quite clear percolation threshold-around 20% content-had 

been found in asphalt mixtures filled by conductive additives such as carbon nanotubes and 

fibers. These among present works ensure that at the percolation threshold, inside the matrix 

conductive pathways are formed that reduce radically resistivity, enabling the real-time 

monitoring of the mechanical loads. 

Besides, the traced self-sensing ability agreed with those works of Al-Dahawi et al., 2017; 

Schlangen et al., 2010, who independently indicated that the conductive asphalt composite is 

in a position to detect stress and strain through the change in electrical resistance-that can be 

regarded as an opening towards smart pavement fabrication, which would thus provide real-

time conditions of the road, hence better maintenance and prolonging its lives. 

 

4. Conclusions 

This study explored the use of graphite powder as a conductive filler in hot mix asphalt to 

enhance both its mechanical properties and self-sensing capabilities. Based on the laboratory 

experiments and analysis, the following key conclusions can be drawn: 

• Marshall Stability Improvement: As a general trend, the measured stability values by 

Marshall have been increased drastically when adding graphite powder in asphalt mixture; 

the highest value of stability reported was at 10.1 kN for 10% graphite content. The stability 

values started to decrease beyond 20% of graphite contents since the graphite is brittle and it 

affected the integrity of asphalt matrix. 

• Marshall Flow Behavior: Similarly, the values of Marshall flow continued to 

increase with the increase in the percentage of graphite powder and reached a maximum 

value of 5.2 mm at 30% graphite content. Such increase in flow was believed to be due to the 

reduction in cohesion among the aggregate particles since the graphite particles interfered in 

the interlocking mechanism of the asphalt matrix. 

• Optimum Graphite Content: A graphite powder content of 20% was found to be 

optimum in achieving mechanical strength and complying with the SCRB standards of 2003. 

Such content can depict a quite appropriate balance in stability and flow parameters of the 

asphalt mixture for practical consideration. 

• Electrical Conductivity and Self-Sensing: With increasing graphite content in the 

asphalt mixture, its electrical resistance was reduced more and more considerably until it 

attained a percolation threshold with the addition of 20% graphite content. While pure 

asphalt behaves like an electrical insulator, a mixture of asphalt and graphite immediately 

becomes electrically conductive just after the addition of graphite. Such a transition allows 

for real-time monitoring of the applied load, pointing to the possibility of self-sensing in 

pavements. 
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• Self-Sensing Capability: The results indicated that under load, the electrical 

resistance of asphalt mixture reduced, hence it could self-sense the applied stress and 

deformation, and will be able to make use of continuous pavement monitoring in gathering 

useful data related to traffic volume and road condition without embedded or attached 

sensors. 

• Practical Implications: These results can show that graphite powder blended into 

asphalt is going to provide enhancement not just in mechanical properties but also to 

facilitate smart pavements due to their enabling of detections of traffic volume and pavement 

stress. This technology is inexpensive and going to improve infrastructure quality, which is 

both existing and newly constructed roadways. 

The overall trend of the present study shows that the addition of conductive materials, such 

as graphite, during the production of multifunctional asphalt mixtures, is very promising for 

applications with combined needed mechanical and self-sensing properties and thus for 

much more sustainable and intelligent infrastructure systems. 
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