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 Asphalt concrete practices heavy loading and environmental impacts through the service 
life of the pavement. Micro cracks usually initiate and accumulate to form various types of 
distresses. However, asphalt concrete has the ability of self-healing under rest period and 
environment conditioning. Asphalt concrete is a composite material consisting of 
aggregates, bitumen, and air voids. Its mechanical behavior is complex due to its dependency 
of temperature, loading frequency, and strain level. In this investigation, asphalt concrete 
specimens of wearing course have been prepared in the laboratory and subjected to repeated 
indirect tensile stresses to initiate the micro-cracks. The test was stopped after 1200 load 
repetitions, and the specimens were stored in an oven at 60°C for 120 minutes to allow the 
crack healing process by external heating to start. Specimens were returned to the testing 
chamber and were subjected to another round of load repetitions. Specimens were tested 
before and after load repetitions and crack healing with the aid of ultrasonic pulse velocity 
traversing the specimen using pundit instrument. The healing indicator was the change in 
pulse velocity before and after the repeated load test and before and after healing process. It 
was concluded that the velocity decreases as the loading cycles proceeds indicating the start 
of damage, while the ultrasonic pulse velocity increases after the micro-crack healing 
process. 

1.Introduction 

The ultrasonic pulse velocity method of testing is one of the most 
widespread wave-based methods in non-destructive testing 
techniques (NDT). However, its potential for assessing the quality of 
materials is limited because it is only based on measurement of wave 
velocity as reported by Jiang, [1]. Human beings can detect sound 
waves of a certain frequency range, roughly from 16 Hz to 20 kHz, 
known as the audible range. Sound waves below 16 Hz are considered 
subsonic; and those above 20 kHz are above the ability of human 
hearing and hence called ultrasonic as stated by Hellier et al., [2]. 
There has been ongoing research on the use of ultrasonic testing for 
asphalt concrete mixtures. However, no standard wave-based test 
protocol is available yet for quality assessment of asphalt concrete, 
the ultrasonic testing of asphalt concrete is difficult because the 
material is viscoelastic and it susceptible to temperature variation as 
stated by Gudmarsson, [3]. The isotropic linear viscoelastic behavior of 
asphalt concrete can be governed by the stiffness modulus (E) and 
Poisson’s ratio (v). These frequency and temperature dependent 
material properties are key parameters in thickness design of 
pavements. The asphalt concrete is known to have a non-linear 
behavior at large strain. At larger strains level than 50-100 
microstrain, the asphalt concrete is viscoelastic plastic, while at lower 
strains, it is expected to have a linear viscoelastic behavior as 
reported by Benedetto et al., [4]; Airey et al., [5]; and Weldegiorgis and 
Tarefder, [6]. The quality of asphalt concrete materials is often 
characterized by material properties such as dynamic modulus 
determination which is based on the simple performance tests 
recommended by Witczak et al., [7]; Bonaquist et al., [8]; Christensen 
and Bonaquist, [9]. However, Sarsam and Kadium, [10] investigated the 
strength and volumetric properties of asphalt concrete wearing 
course using pulse velocity test. Specimens were prepared in the 
laboratory at various asphalt percentages and tested for pulse 
velocity, then subjected to indirect tensile strength and punching 
shear strength determination. The impact of moisture damage and 
testing temperature on pulse velocity were also investigated. It was 
concluded that implementation of non-destructive testing with the 
aid of pulse velocity is feasible for predicting the quality of asphalt 

concrete within the limitations of the testing program implemented. 
The good correlation between the pulse velocity and the volumetric 
and strength properties demonstrates the potential benefit of using 
the wave parameters for condition assessment of asphalt concrete. 
Surface wave data acquisition has successfully been used by 
Bjurström, [11] to determine dynamic modulus and thickness of the 
top asphalt concrete layer in the field. Non-contact sensors, such as 
air-coupled microphones, are established to enable faster surface 
wave testing performed on-the-fly. The ultrasonic pulse velocity can 
be used to predict crack healing non-destructively without specimen 
crushing. As explained by Abo-Qudais and Suleiman, [12], it is 
sensitive to healing and to the effects of aggregate gradation, and rest 
period length and temperature. The effect of mix parameters on the 
UPV test was investigated by Arabani et al., [13]. It was concluded that 
for all the mixtures with different percentages of fractured particles 
and filler content, a specific bitumen content could be determined at 
which the wave velocities exhibit a marked rise and after which both 
velocities start to decrease. Finally, the UPV test was observed to be 
sensitive to the compaction method. 

The research methodology that will be adopted in this investigation is 
to detect the crack healing process of asphalt concrete specimens 
subjected to repeated indirect tensile stresses and to evaluate the 
dynamic and elastic modulus of asphalt concrete wearing course 
using the ultrasonic pulse velocity test. The damage and healing 
indicators will be the change in ultrasonic pulse velocity throughout 
the testing program.  

2. Materials and Methods 

The materials used in this investigation are locally available and are 
widely used in pavement construction.  

2.1. Asphalt Cement Binder 

Asphalt cement was obtained from Al-Dura refinery. The physical 
properties of Asphalt cement are demonstrated in Table 1.  
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Table 1. Physical Properties of Asphalt Cement Binder 

Physical properties ASTM, [14] 
Designation 

Asphalt 
cement 

SCRB, 
[15] 

Penetration D5-06 43 40-50 
Softening Point D36-95 49 - 

Ductility D113-99 156 >100 
Specific Gravity D70 1.04 - 

Flash Point D92-05 269 >232 
Retained Penetration of 

Residue 
Loss in weight (163ᵒC, 

50g,5h) %  

D5-06 
 

   D-1754 

31 
 

0.175 

˂55 
 

--- 

Ductility of Residue D113-99 130 cm >25 
 

2.2. Coarse and Fine Aggregates 

Coarse and fine aggregates have been obtained from Al-Nibaee 
quarry; Table 2 illustrates their physical properties. 

 

Table 2. Physical Properties of Al-Nibaee Coarse and fine 
Aggregates 

Fine 
Aggregate 

Coarse 
Aggregate 

Property 

2.631 2.610 Bulk Specific Gravity (ASTM C 127 
and C 128) 

2.6802 2.641 Apparent Specific Gravity (ASTM C 
127 and C 128) 

0.542 0.423 Percent Water Absorption (ASTM C 
127 and C 128) 

- 20.10 Percent Wear (Los-Angeles 
Abrasion) (ASTM C 131) 

 

2.3 Mineral Filler 

The mineral filler passes sieve No.200 (0.075mm). The filler used in 
this work is limestone dust and was obtained from Karbala. The 
physical properties of the filler are presented in Table 3. 

 

Table 3. Physical Properties of Filler (Limestone dust). 

Value Property 
2.617 Bulk specific gravity 
94 % Passing Sieve No.200 

    

 

 

2.4 Selection of Asphalt Concrete Combined Gradation 

The selected gradation in this work follows the SCRB, [15] Specification 
for dense graded wearing courses, with 12.5 mm nominal maximum 
size of aggregates. Figure 1 exhibits the implemented aggregate 
gradation. 

 

Figure 1. The implemented aggregate gradation according to SCRB, 
[15] 

 
 

2.5 Preparation of Hot Mix Asphalt Concrete 

The aggregates were dried in an oven to a constant weight at 110ºC, 
then sieved to different sizes, and stored separately. Coarse and fine 
aggregates were combined with mineral filler to meet the specified 
gradation of asphalt concrete wearing layer as per SCRB, [15] 
specifications. The combined aggregate mixture was heated to 150ºC 
before mixing with asphalt cement. The asphalt cement was heated to 
the same temperature of 150ºC, then it was added to the heated 
aggregate to achieve the desired amount and mixed thoroughly using 
mechanical mixer for two minutes until all aggregate particles were 
coated with thin film of asphalt cement. Marshall Size specimens were 
prepared in accordance with ASTM D1559, [14] using 75 blows of 
Marshall hammer on each face of the specimen. Specimens with 
optimum asphalt content and 0.5% of asphalt above and below the 
optimum have been prepared. Figure 2 shows part of the prepared 
specimens.  

 

 

Figure 2. Part of the prepared specimens 

 

The prepared Marshall Size Specimens were subjected to the repeated 
indirect tensile stresses test at 25 ºC for 1200 load repetitions using 
the pneumatic repeated load system PRLS shown in Figure 3. 
Specimens have been tested in triplicate, and the average value was 
considered for analysis.  
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Figure 3. PRLS test chamber 

2.6 Ultrasonic Pulse Velocity Measurement 

The portable ultrasonic non-destructive digital indicating tester 
(Pundit) was implemented in this study. The device generates and 
receives ultrasonic waves and has a digital display of the results, and 
it can be used with piezo electric transducers over a frequency range 
from 20 to 500 kHz, a frequency of 54 kHz and accuracy of 0.1 was 
implemented through this study to measure the ultrasonic pulse 
velocity for the specimens. The direct transmission arrangement was 
used in this study. The pulser and receiver were placed on opposite 
specimen parallel surfaces according to ASTM C597, [14]. Calibration 
of the pundit was done before testing to check the accuracy of the 
transit time measurements. This is achieved by the calibration with 
the reference bar. A thin layer of Vaseline oil was applied on the 
surface of the tested points to act as a couplet between the transducer 
and the asphalt concrete specimen’s surface and to prevent 
dissipation of transmitted energy. The pulse transit path length was 
measured accurately, and the time of its travelling was recorded. The 
distance between the transducers, which was equal to the thickness 
of the specimen, was divided by the time measured to calculate the 
ultrasonic pulse waves velocity. Eight readings were performed and 
averaged for each specimen. The ultrasonic pulse velocity test setup 
is demonstrated in Figure 4. 

 

 

Figure 4. Ultrasonic pulse velocity determination in process 

2.7 Repeated Indirect Tensile Stresses Test 

The repeated indirect tension stress test as specified by ASTM, [14] was 
conducted using the Pneumatic Repeated Load System (PRLS). The test 
was performed on cylindrical specimens, 102 mm in diameter and 
63.5 mm in height. Repetitive indirect tensile loading was applied to 
the diametral specimen and the vertical strain is monitored under the 
load repetitions. Diametral loading is applied with a constant loading 
frequency of 60 cycles per minute and loading sequence for each cycle 
is 0.1 sec load duration and 0.9 sec rest period. Load repetitions was 
applied under constant stress level of 0.138 MPa, while the testing 
temperatures of (25) ºC was implemented in the test. Specimens were 
tested for pulse velocity before the application of repeated stresses, 
and after 600 and 1200 load repetitions. Limiting the load repetitions 
to 1200 was based on previous work reported, [12; 16]. Cracking starts 
in the pavement as microcrack up to 1000-1200 load repetitions, then 
the crack pattern changes to macrocrack as reported by Sarsam, [22] 
and Roque et al, [24]. 

 

2.8 Microcrack healing process 

Crack Healing technique adopted in this work was healing with the 
aid of the external heating. After applying 1200 load repetitions to 
allow for the initiation of micro cracks, the test was terminated. 
Specimens were withdrawn from the PRLS testing chamber and stored 
in an oven for 120 minutes at 60 °C to allow for microcrack healing as 
recommended by Sarsam, [16]; Sarsam and Husain, [17]; Sarsam and 
Husain, [18]. Healing occurred in the asphalt concrete mixture 
specimens due to the reduction in the viscosity of asphalt cement due 
to external heating. The specimens were cooled at room temperature 
for 24 hours, then transferred to the PRLS chamber. Specimens were 
conditioned by placing in the PRLS chamber at temperature (25ºC) for 
120 minutes. Specimens were subjected to another cycle of 1200 load 
repetitions. After first and second cycles of load repetitions in PRLS 
device, and before and after healing process, the specimens were 
subjected to ultrasonic pulse velocity determination. 

 

3. Results and Discussions 

Data obtained from the testing program regarding the repeated 
indirect tensile stress application and healing process were analysed, 
the elastic and dynamic moduli were calculated, and the damage and 
healing impacts were determined. 

 

3.1 Determination of Elastic and Dynamic Moduli of Asphalt 
Concrete 

An elastic modulus is a quantity that measures resistance of a 
specimen to being deformed elastically when a stress is applied to it. 
The elastic modulus of an object is defined as the slope of its stress–
strain curve in the elastic deformation region. A stiffer material will 
have a higher elastic modulus. On the other hand, Dynamic modulus 
is the ratio of stress to strain under vibratory conditions. It is a 
property of viscoelastic materials. Dynamic modulus (sometimes it is 
called complex modulus) is the ratio of stress to strain under vibratory 
conditions (calculated from data obtained from either free or forced 
vibration tests, in shear, compression, or elongation). As 
demonstrated in Figure 5, the slope of the elastic modulus of wearing 
course mixture is sharper than that of dynamic modulus while the 
intercept is almost the same. On the other hand, the dynamic modulus 
is twofold higher than the elastic modulus. Similar findings were 
reported by Qiu et al., [19]; Garcıa et al., [20] and Barrasaa et al., [21]. 
The coefficient of determination (R2) for each correlation was similar 
indicating that the relationships can explain 97% of the variations in 
the moduli when implementing NDT. 
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Figure 5. Modulus – Pulse Velocity relationship for Wearing course 
mixture 

3.2 Influence of Microcrack Healing on Modulus of Asphalt 
Concrete 

As demonstrated in Figure 6, crack healing has increased the pulse 
velocity and Dynamic Modulus of asphalt concrete. This may be 
attributed to the reduction of voids by crack healing, which results in 
increasing the cohesion between the particles of aggregate.  

 

Figure 6. Influence of Microcrack Healing on Dynamic Modulus  

Figure 7 exhibit the influence of crack healing on the Elastic modulus 
of asphalt concrete, it can be detected that the pulse velocity and the 
elastic modulus increases after microcrack healing. This may be 
attributed to the more solid and stiffer mixture obtained after healing 
process. 

 

Figure 7.  Influence of Microcrack Healing on Elastic Modulus 

 

3.3 Damage and Healing Indicators of Asphalt Concrete Wearing 
Course Mixture 

Figure 8 exhibit the damage and healing indicators of wearing course 
mixture as measured with the aid of ultrasonic pulse velocity. It can 
be observed that specimens constructed at optimum asphalt content 
are able to sustain higher pulse velocity after load repetition and 
exhibit minimum damage among other specimens with 0.5% asphalt 
above or below the optimum content before and after healing process. 
The damage as indicated by the reduction in pulse velocity is (23.5, 28) 
%, (14.7, 18.8) %, and (29.5, 32.7) % after 600 and 1200 load repetitions 
for (4.5, 5, 5.5) % asphalt content respectively before healing process. 
It can be noted that after microcrack healing process, the damage was 
(25.3, 14.3, and 5.4) % after 1200 load repetitions for (4.5, 5, 5.5) % 
asphalt content respectively as compared to that after 600 load 
repetitions. On the other hand, healing process exhibit the ability of 
reservation of asphalt concrete quality by (72, 28.3, 21) %, (36.8, 15.4, 
20) % after 600 and 1200 load repetitions for (4.5, 5, 5.5) % asphalt 
content respectively as compared to the condition before healing. 
Such finding agrees well with the work reported by Sarsam, [22]; Ajam 
et al., [23] and Roque et al., [24]. 

 

  

Figure 8. Damage and Healing Indicators of Wearing Course Mixture  
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4. Conclusions 

Based on the limitation of materials and testing program, it can be 
concluded that: 

» The damage as indicated by the reduction in pulse velocity is (23.5, 
28) %, (14.7, 18.8) %, and (29.5, 32.7) % after 600 and 1200 load 
repetitions for (4.5, 5, 5.5) % asphalt content respectively before 
microcrack healing process.  

»  The damage was (25.3, 14.3, and 5.4) % after 1200 load repetitions 
for (4.5, 5, 5.5) % asphalt content respectively as compared to that 
after 600 load repetitions after microcrack healing process.  

»  Microcrack healing process exhibit the ability of reservation of 
asphalt concrete quality by (72, 28.3, 21) %, (36.8, 15.4, 20) % after 
600 and 1200 load repetitions for (4.5, 5, 5.5) % asphalt content 
respectively as compared to the condition before healing.  

»  The slope of the elastic modulus- pulse velocity relationship of 
wearing course mixture is sharper than that of dynamic modulus 
while the intercept is almost the same. 

» The dynamic modulus is twofold higher than the elastic modulus.  

»  Implication of ultrasound pulse velocity test in evaluating asphalt 
concrete quality after load repetitions and microcrack healing is 
sound and fast technique for quality control in the laboratory, 
field application of such technique is recommended.  
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