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A B S T R A C T

Conductive asphalt concrete has excellent self-monitoring abilities for internal damage and
attractive application prospects. By studying the resistance and strain changes under
indirect tensile deformation, three distinct stages of output resistivity changes are
observed during the destruction of the specimen. In the initial loading stages, contact
between the mixture particles tightens because the specimen under loading forms a more
conductive path, and the resistivity decreases significantly. In the second stage, asphalt
concrete deforms smoothly; small changes in the interior of the asphalt concrete also
correspond to small changes in resistivity. In the final stage, because of the progressive
development of cracks in asphalt concrete, the specimens are destroyed, and the
conductive paths are also seriously damaged, significantly increasing resistivity. This
change in the resistivity value exceeds 50%. Conductive asphalt concrete also has a good
self-monitoring ability regarding the strain caused by the applied stress. The unit strain
corresponding to changes in resistivity is greater when graphite content is lower. CT
(Computer Tomography)identification can confirm that changes in resistivity are caused by
material changes in the interior due to fatigue failure. The decrease or increase in resistivity
is the result of a decrease or increase in the internal porosity of the material.
ã 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Conductive asphalt concrete can be prepared by adding a conductive material such as graphite powder, carbon fibre, or
blast furnace carbon black to ordinary asphalt concrete. The conductive properties are thus changed; resistance can decrease
from 1013V to 102V or even less (Wen and Chung, 2004, 2005; Wu et al., 2002, 2003, 2005; Liu and Wu, 2010; 2011a,b). This
modified conductive concrete also has superior smart characteristics (Liu et al., 2008, 2009; Wu et al., 2003) and road
performance and is used in roads, bridges or airport runways; the material is expected to self-monitor stress, strain and
defects.

Self-monitoring asphalt concrete is a structural material that does not require implantation or addition of sensors and has
the following advantages:
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) The embedding of sensors and resulting performance degradation can be avoided.
) The material self-monitors its structure at a low cost.
) Accuracy and timeliness.
) Stable performance and high durability.

In addition, asphalt concrete strain self-monitoring can be applied in weighing (strain-stress correspondence) and
onfirming the overloading of vehicles, traffic monitoring and structural vibration control (strain correspondence to
ibration) (Liu and Wu, 2008). Previous reports showed that (Liu et al., 2009a,b; Liu and Wu, 2011a,b) conductive asphalt
omposites containing graphite powder can monitor cycle load strain under uniaxial compression.
There are several indoor fatigue tests for asphalt mixtures. Currently, the most widely used methods are the simple

ending test, support bending test, uniaxial test, indirect tensile test, triaxial test, fracture mechanics testing and rutting test.
ccording to the SHRP, comparing the advantages and disadvantages of the fatigue test method (Superpave Mix Design,
996; AASHTO, 2015), the repeated bending and indirect tensile tests are better comprehensive evaluations and have been
idely adopted. However, beam specimens are difficult to produce and are influenced by unstable factors, and the test
ethods are complex and produce widely varying results. In contrast, cylindrical specimens are more conveniently
roduced, and the test methods are simple and easily performed; therefore, this paper introduces the self-monitoring
pplications of conductive asphalt concrete to the indirect tensile test through changes in resistance of the strain and fatigue
amage of the material.
Damage mechanics (Li and Zhang, 2003) is a new discipline established in the 1980s that focuses on the occurrence and

evelopment of microscopic defects, microcracks, and micropore points (which, taken collectively, are injurious) before the
ppearance of macroscopic cracks. Asphalt concrete is a complex heterogeneous composite whose damage mechanism is the
asis of the study of asphalt concrete damage. Determination of the law between internal damage and the variation of
esistivity is the foundation of damaging self-monitoring conductive asphalt concrete. This method is an effective way to
tudy injury and damage accumulation through analysis of the interior of asphalt concrete.
CT (computer tomography) technology displays high-resolution digital images of different densities of information at a

pecified level in computer image reconstruction. In the process of X-ray penetration of substances, the intensity decay is
xponential. The density of the material is evidenced by the X-ray attenuation coefficient, which differs for different
ubstances. When an X-ray penetrates a detected object, the light intensity is defined as follows:

I ¼ I0expð�mmrxÞ ,

here I0 is the light intensity of X-rays before penetrating the object; I is the light intensity of X-rays after penetrating the
bject; mm is the detected mass absorption coefficient per unit, which is only related to the wavelength of the incident X-ray
nder normal circumstances; x is the penetration length of the incident X-ray; and r is the material density. Therefore, the
llowing equation for the X-ray absorption coefficient is more convenient:

m ¼ mmrcm
�1 .

For water, r = 1.0; thus, for its absorption coefficient, mw ¼ mm.
The CT number is the CT quantitative description; the CT numbers of air, water and ice are defined as �1000, 0 and �100.

he X-ray absorption coefficient can be converted to the CT number by the following relationship:

CTnumber ¼
m � mw

mw
� 1000 ,

here mw is the X-ray absorption coefficient for water. A complete set of CT images can be obtained because brightness is
roportional to the CT number. The differences and changes in material composition and damage can be detected by the CT
umber and CT images.

able 1
aterials and properties descriptions.

Materials Descriptions

Asphalt binder
(AH-70)

Asphalt with a penetration of 65 (0. mm at 25 �C, 100 g and 5 s), ductility of 167.3 cm (at 5 �C) and softening point of 45.4 �C

Graphite Its particle size <150 mm, carbon content 98.9%, ash content 0.2%, iron content 0.03% by weight, the electrical resistivity
10�4V cm

Carbon fiber Its tensile strength 1.68 GPa, tensile modulus 752 GPa, fiber diameter 10 mm, and average filament length 5 mm, the electrical
resistivity 10�3V cm

Aggregate A crashed basalt mineral, with a density of 2.93 g/cm3 and the maximal size of 19 mm, their electrical resistivity was more than
1014V cm. Limestone powders were applied as the mineral filler, with a density of 2.830 g/cm3 and major chemical compounds:
CaO content 51.5% and SiO2 content 1.76%. The passed percentage on sieve was 100%, 97.3% and 83.7 % for the sieve openings
0.3 mm, 0.15 mm and 0.07 5mm, respectively
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In the early 1990s, the U.S. Highway Development Strategic Research Program (SHRP) examined the internal structure of
asphalt mix core samples using CT technology (Li and Zhang 2005a,b). Masad et al. (Li and Zhang 2005a,b), using CT
technology with digital camera technology, have quantitatively analysed the compaction effect and the internal structure of
the mixture specimens of different compaction modes. CT scans and indirect tensile tests can be used to explore the
calculation of the damage variable at different loading and unloading stages. The injury development, evolution equations
and intensity attenuation law are the basis of asphalt concrete damage self-monitoring.

2. Experimental methods

2.1. Raw materials

The materials and their properties are shown in Table 1.
In this study, the Superpave12.5 composition was prepared for electrical resistivity measurements, and indirect tensile

test specimens are shown in Table 2. The aggregates were a mixture of 23% crushed stone (4.75–9.5 mm), 72% fine crushed
stone (<2.36 mm) and 5% fillers (<0.075 mm) by weight, which was 4.2–5.2% for asphalt. Three specimens of each
composition were prepared by a gyrate compactor (EP-31111 model, America) at a temperature of 155 �1 �C. Gyrate numbers
are Nini = 9, Ndes = 125, and Nmax = 205 (SHRP-A-656., 1993). The size of the specimen is 150 � 5 mm in diameter and
130 � 5 mm in height.

2.2. Preparation of specimen

In this study, two specimens of each group with the same composition were prepared by gyrate compactor (EP-31111
model, America) at the temperature of 155 �1 �C. The gyrate number was Nini = 9, Ndes = 125, and Nmax = 205. The size of the
samples was K150� (130 � 5) mm. When the mixture was fed into the mold, two wire-mesh (70 mm � 70 mm sieve;
5 mm �5 mm sieve) electrodes were pre-imbedded on both sides of the samples.

2.3. Test methods

2.3.1. ITT test
Testing was performed at 15 �C under cyclic indirect tensile testing. A hydraulic mechanical testing system (UTM-25,

Australia) was used until the specimens were totally destroyed. During mechanical testing, the longitudinal strain was
measured with a strain gauge. Three specimens of each composition were tested to ascertain reproducibility of the trends
reported here.

2.3.2. Electrical measurements
Simultaneous with mechanical testing, electrical resistance measurements were made by a Keithley 2700 multimeter

(USA). Resistance measurement of specimen in indirect tensile test are shown in Fig. 1. Changes in the specimen longitudinal
displacement and resistance should be recorded, during the load test.

The reading frequency of resistance was equal to that of loading (10 Hz). The longitudinal strain and resistance were
measured simultaneously for each specimen. Technical details can be found elsewhere (Zhonghe, 1995). The four-probe
method was used for specimens of resistivity approximately 105V cm or less. The outer two electrical contacts (40 mm
apart) were for passing current, and the inner two electrical contacts were for voltage measurement. Each of the two pairs of
electrical contacts was symmetrically positioned relative to the mid-point of the specimen length. Each electrical contact
was around the entire perimeter of the specimen in a plane perpendicular to the specimen length. The two-probe method
was used for specimens of resistivity beyond 106V cm. Six specimens of each type were tested. Technical details can be
found elsewhere (Taya et al., 1998).

Table 2
Superpave 12.5 (passage%).

Sieve size (mm) 19 12.5 9.5 4.75 2.36 1.18 0.6 0.3 0.15 0.075

Gradation 100 95.6 77.3 49.5 29.7 21.7 15.7 10.5 7.9 5.7
Maximum 100 92 80 62 48 36 26 18 14 8
Minimum 100 76 60 34 20 13 9 7 5 4
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. Results and discussion

.1. Self-monitoring studies under uniaxial compression

Previous studies have shown that conductive asphalt concrete responds well to load (stress) and strain because the
hange of resistivity is due to a change in the internal structure of graphite particles and spacing of carbon fibres. The
onductive asphalt concrete structure is thus damaged. The internal conductive network is also affected, which is bound to
ffect a change in resistance. Correspondence of this change to damage and application to actual engineering would bring
normous economic and social benefits.
Previously used Superpave12.5 gradations described the specimen with added 22.5 vol% graphite and 1.0 vol% carbon

bre. The loading frequency was 10 Hz, the maximum load 4 kN and the minimum load 200 N. Continuous loading and stress
ontrol mode was used, and the test temperature was 20 �C. Fig. 1 shows the resistivity and longitudinal displacement
ariation curve during dynamic load until complete destruction of conductive asphalt concrete, in which resistivity is the
ick curve, and strain is the thin curve. Three distinct stages in the variation of resistivity are observed in the process of

pecimen destruction. In the first stage, the initial stage of the load (at 1.0% of the fatigue lifetime), the conductive asphalt
oncrete specimens have much closer contact between the mixture and form a more conductive path; thus, resistivity
eclines sharply. The fractional change in the resistivity of this process is approximately 70%. In the second stage, asphalt
oncrete specimens are in a smooth deformation process, accounting for 80% of the fatigue lifetime (from 1% to 82%); there is
ttle change in the internal structure of asphalt concrete, and the change in resistivity is also small. The total process of
hange in resistivity does not exceed 10%. In the final stage, due to progressive development of microcracks in the asphalt
oncrete, the specimens are completely destroyed, and the conductive paths are also seriously damaged; thus, resistivity
creases sharply. This process accounts for approximately 20% of the fatigue life, and the change in resistivity is greater than
0%.
If the conservation programs of asphalt pavement at the conservative point shown in Fig. 2 were used and the optimal

aintenance time were considered, maintenance costs could be reduced and the asphalt pavement lifetime significantly
xtended. When damage is found in its early stages, and related solutions are proposed, the pavement performance index
an be restored to the original 90% to 100%, significantly extending road lifetime. Existing manual inspection typically

Resistivity  acqu isition 

instrume nt   

Electrod e 

Fig. 1. The schematic representation of resistance measurement of cylinder specimen.
Fig. 2. Curves of the resistivity (thick curve) and longitudinal displacement variation (thin curve) during the dynamic load.
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assumes that the proposed conservation in asphalt pavement performance index dropped to 30–40% and that the recovery
can only stay between 40 and 60% of the original level. Self-monitoring techniques can maximise protection of normal
service functions and reduce maintenance costs and thus is an ideal nondestructive testing technology.

3.2. Self-monitoring studies under indirect tensile deformation

3.2.1. Self-monitoring study with different conductive material contents
Conductive asphalt concrete has highly piezoresistive characteristics under uniaxial compression, according to previous

reports. The resistance varies with compression stress and tensile stress. This paper focuses on a cylindrical specimen with
different conductive material contents, different loads, and different temperatures of external load caused by the stress/
strain behaviour of self-monitoring under indirect tensile deformation.

Superpave12.5 gradations used previously described the specimen with additional 22.5 vol% graphite and 1.0 vol% carbon
fibre, with initial resistivity if 84 37 V cm. Fig. 3 shows the resistivity and change curve of strain under the indirect tensile test
in stress control mode. The maximum and minimum loads were 4 kN and 200 N, respectively; the waveform was a half-sine,
and the test temperature was 20 �C. The change in resistance and longitudinal deformation of the specimen was recorded
under loading. The resistance reading counts were six times per second.

As shown in Fig. 2, the resistance increases as the strain increases reversibly and decreases as the strain recovers. The
resistivity changes indicate negative piezoresistivity, that is, the resistivity decreases as the load increases and returns to the
initial state after unloading. Because of the influence of noise and changes in the structure, the variation of the absolute value
of each cycle in resistivity may not be consistent. However, the changes in resistivity of frequency and load frequency are
equal, meaning that the resistivity of each cycle changes in response.

Fig. 4 shows a similar relationship to Fig. 3, but the graphite content is reduced to 15 vol% of the specimens in Fig. 4, with
all other conditions being the same. The sensitivity of the resistivity deformation is higher than in the first case. Graphite
content is relatively low, and the carrier concentration of the unit volume change is larger than that of the high-graphite-
content case; thus, greater unit strain corresponds to a change in resistivity value, which results in higher sensitivity.

The changes in resistivity and the structure of each cycle in response can be explained by the conductive mechanism
(Zhang, 1995). When mixing graphite and carbon fibre content exceeds the percolation threshold, the conductivity of the
conductive concrete mechanism is controlled by the contact mechanism (Sihai and Chung, 1999). When a load is applied on
the conductive asphalt concrete specimens, resulting in closer contact between the graphite particles and between graphite
and carbon fibre, a more conductive path is formed, and the resistivity thus decreases. When unloaded, due to elastic
recovery, the distance between the graphite particles and between graphite and carbon fibre is also restored to the original
value; hence, the resistivity is also restored to its initial value. However, because resistivity is also affected by noise and
structural changes in the loading process, the absolute value of resistivity is different for each cycle.

When its graphite content is low, conductive asphalt concrete contains a relatively small number of conductive particles
per unit volume. The change in resistivity caused by loading is higher when graphite content is lower. The piezoresistive
mechanism of conductive asphalt concrete has been previously studied (Liu and Wu, 2014). The resistivity of conductive
asphalt concrete is related to its internal carrier concentration; the density of the conductive material per unit volume
increases after asphalt concrete is compacted, and the resistivity decreases. Thus, the self-monitoring capacity is relatively
low when the conductive material content is high.

Fig. 3. The resistivity (thick curve) and change curve of strain (thin curve) under the indirect tensile test in the stress control mode for the asphalt concrete

with 22.5% graphite particle and 1.0% carbon fiber as the filler.
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Higher smartness cannot be obtained by simply reducing the graphite material content; the resistance is significantly
ecreased only when the conductive material content is greater than its percolation threshold, but the decrease of resistivity

 small when its content is greater than 20 vol%. Thus, the graphite content should be controlled at between 15 and 20% for
vailable sensitivity. The material has ideal sensitivity coefficients only when graphite content is in the range of the threshold
alue.

.3. CT identification of damage

We used the indirect tensile repeated loading and unloading fatigue test combined with CT scans to observe changes in
e internal structure of the specimen. The equipment used was a UTM-25 dynamic material testing system and multislice

piral CT scan machine. Specimens were formed by rotation. Sample diameter and height were 150 mm and 106 mm,
espectively; the selected slice thickness was 3-mm layers and interval of 3 mm, and scanning voltage and current were
20 kV and 300 mA, respectively. In selected scan conditions, the expansion process of cracks during fatigue tests was
bserved. The fatigue damage is divided into three different stages of four scans, with a typical scanning image shown in
ig. 5. The change in resistivity during the fatigue process and longitudinal displacement curve are shown in Fig. 6

.4 Damage analyses of specimen internal structure

We used different CT image processing methods to analyse asphalt concrete mesostructure damage evolution. Applying
e K-means law with WIT image processing software, we obtained the void change in the scan surface of the specimens.
his change and the change in resistivity are plotted in Fig. 6.
Fig. 6 indicates that the internal structure of the asphalt mixture goes through the following three stages in the indirect

nsile fatigue test process. First, the porosity decreases in the initial loading, and contact between the aggregates becomes
loser (Fig. 5b and Fig. 6A and B); thus, the resistivity declines. With increased loading, injury begins to appear, and the
ternal porosity of the mixture is gradually increased (Fig. 5c and Fig. 6C and D); resistivity increases slightly, microdamage
lowly grows and larger cracks expand in the loading stage. The porosity of the mixture increases rapidly, and the specimen is
estroyed (Fig. 5d and Fig. 6D and E). The resistivity increases dramatically, which fully indicates that mixed resistivity
hange is due to porosity changes caused during the fatigue test process. These results demonstrate resistivity changes in the

ig. 4. The resistivity (thick curve) and change curve of strain (thin curve) under the indirect tensile test in the stress control mode for the asphalt concrete
ith 15% graphite particle and 1.0% carbon fiber as the filler.
Fig. 5. CT photograph of different fatigue periods.
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fatigue process but also give information about the changes in the internal structure of the mixture to achieve a true sense of
the self-monitoring effect.

The smart characteristics of conductive asphalt concrete can be applied as a strain or stress sensor that is mainly used in
pressure sensing of aircraft and vehicles and civil engineering applications such as bridge vibration sensors. The most
intuitive explanation of smart properties is that a conductive network is formed by the overlap of conductive particles. Such a
material can be conductive only when the conductive particles are within a certain distance from one another. When the
conductive particles are further apart than this distance, the conductivity between them fails, so this distance is a valid
distance. Strain changes the gap between conductive particles and thus affects the resistivity of the system. The gap between
conductive particles increases with applied tensile stress, thus increasing resistivity. With applied pressure, the gap between
conductive particles shortens, and resistivity decreases. These explanations only deal with the gap changes of conductive
particles. With further research, some different mechanisms, such as the effects of boundary and microcracks may also be
introduced. In short, the dependence of resistance on stress is related to the destruction and reorganisation of the conductive
network.

The smart features of conductive asphalt concrete are attractive. Compared to other embedded-sensor smart materials,
conductive asphalt concrete does not require an embedded internal sensor but can sense its own strain or stress. The
material responds in a timely manner, has low cost, good durability, and perceived ability, and its characteristics are not
degraded due to an implanted external sensor.

4. Conclusions

Conductive asphalt concrete with a suitable amount of graphite powder and carbon fibre can effectively diagnose its own
strain during the loading process and resulting damage.

(1) The resistivity changes are a negative pressure resistance effect in which resistivity decreases as the load increases and
back to the initial state after unloading. Although the variation of the absolute value of each cycle in resistivity may not be
consistent because of the influence of noise and changes in the structure, the changes in the resistivity of frequency and
load frequency are equal, demonstrating that the resistivity of each cycle changes in response.

(2) Conductive asphalt concrete has excellent self-monitoring capabilities of internal damage, and there are three distinct
stages of resistivity changes during the destruction process of the specimen. In the initial stages of loading, the contact
between the mixture becomes tighter because the conductive asphalt concrete specimen is subjected to loads, forming a
more conductive path, and the resistivity decreases sharply. In the second stage, asphalt concrete is deformed smoothly.
In this process, small changes in the internal structure of the asphalt concrete result in small changes in resistivity. In the
final stage, the progressive development of cracks in asphalt concrete leads to the complete destruction of the specimen.
Conductive paths are seriously damaged, resulting in a sharp increase in resistivity; the change in resistivity exceeds 50%.

(3) The resistivity change is related to internal carrier concentration. Resistivity is inversely proportional to carrier
concentration. The smart mechanism is due to changes in the carrier concentration per unit volume.

(4) CT identification can confirm that resistivity change is caused by material changes in the internal structure of the process
of fatigue failure. The decrease or increase in resistivity is the result of the decrease or increase of internal porosity.
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