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 Since aggregates constitute a major part of the volume and mass of an asphalt mixture, they 
obviously have considerable effect on its performance. In fact, nominal maximum aggregate 
size (NMAS) and consequently the air-void content of an asphalt mixture play a very 
important role in its performance, particularly in terms of indirect tensile strength and 
modulus of elasticity. Three materials with 9.5, 12.5 and 19 mm NMAS were used in this 
research. Specimens were prepared by Marshall asphalt mix design method with 4, 7 and 
10% air-void content, and indirect tensile strength and ultrasonic tests were performed on 
them. Based on the results of indirect tensile strength test, parameters including yield 
horizontal strain, total fracture energy, fracture energy to failure, horizontal tensile stress, 
and vertical compressive stress, and of ultrasonic test, parameters including acoustic wave 
velocity and modulus of elasticity were investigated. The results of indirect tensile strength 
test show that the asphalt mixture with 4% air-void content outperforms other specimens. 
Moreover, increasing the air-void content reduces the values of all parameters of indirect 
tensile strength and ultrasonic tests. Increasing the NMAS diameter increases the acoustic 
wave velocity and modulus of elasticity. 

1.Introduction 

Hot mix asphalt is currently one of the most important parts of the 
flexible pavement system. Since hot mix asphalt is a viscoelastic 
material, temperature change during summer and winter creates 
cracks in asphalt pavement, leading to its failure[1]. Given that an 
asphalt mixture, NMAS is one of the most important parts of an 
asphalt mixture, which has an essential impact on volumetric 
properties (air-void content) and mechanical performance of asphalt 
mixture. Selecting aggregates suitable for designing, fabricating, and 
maintaining road pavements is indispensable. The aggregates used in 
asphalt are granular multidimensional materials in which the effects 
of grain contact, including friction, overlap, and displacement, affect 
the asphalt mixture integrity, and finally its mechanical properties 
and durability. In fact, the effects of grain contact have direct impact 
on asphalt pavement density and its strength against tensions 
exerted by traffic loads [2-4]. It can be concluded that there is a 
relationship between mechanical response of an asphalt mixture and 
contact of coarse grains[5, 6]. Therefore, aggregates used in asphalt 
mixture significantly affect mechanical properties such as tensile 
strength. Given that the asphalt mixture contains aggregate, bitumen 
and air voids, another effective factor is air-void content. Jiange Li et 
al. surveyed the properties of grain contact on features of asphalt 
mixture density and concluded that by increasing aggregate diameter 
in the mixture, grain friction and aggregate interlock are increased. 
Bitumen also acts as an effective plasticizer in the contact of 
aggregates at high temperatures[7]. PeiLong Li et al. investigated the 
properties of aggregate grain displacement while being densified and 
concluded that coarse-grained aggregates tend to move downwards 
at the top and middle of the pavement layer during densification, 
while aggregates at middle and bottom of the layer tend to move 
horizontally. Temperature, of course, significantly affects these 
interactions[8].Gonzalo et al. studied the effect of aggregates’ 

mechanical properties on grain contact of bitumen and concluded 
that geometric properties of aggregates, particularly at low 
temperatures, significantly affect the adhesion of aggregates to 
bitumen[9]. Asphalt concrete is used as a mixture that is a spread 
complex system. The micro-structure of the asphalt concrete, 
specially its air-void content, plays an important role in pavement 
performance improvement[10]. Jiaolong et al. surveyed the effect of 
air-void content on asphalt concrete failure at low temperatures 
using discrete element method and concluded that air-void content 
has a significant effect on asphalt failure and crack 
development[10].One of the simplest, yet widely-applied tests used to 
study the tensile strength properties of asphalt concrete is indirect 
tensile strength test. It is in fact an alternative to direct tensile 
strength test for specimens with brittle failures[11, 12]. 

Rifiqule et al. investigated the effect of densification trend on the 
structure of air-void content of asphalt concrete and concluded that 
indirect tensile strength of real specimens (field) is always less than 
that of specimens densified by gyratory and more than those 
densified by linear kneading method[13]. Kok et al. indicated that for 
an asphalt mixture with the same air-void content, specimens 
densified in laboratory always outperform those densified at 
site[14].In a separate study, Kekana and Cross et al. similarly 
concluded that air-void content has great impact on tensile strength 
of specimens densified in laboratory, while tensile strength of 
specimens core-drilled at site is not much dependent on air-void 
content[15, 16]. In this study, the effect of air-void content and NMAS 
on properties and parameters of indirect tensile strength and 
ultrasonic test, such as horizontal tensile stress, yield horizontal 
strain, total fracture energy, fracture energy to failure, vertical 
compressive stress along the specimen’s diameter, acoustic wave 
velocity and modulus of elastisity are investigated. 
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2. Materials 

Lime aggregates are used in this study, and the results of tests 
conducted to reveal physical and mechanical properties of materials 
are presented in Table1. Grain distribution in the top layer, 
determined by ASTM D3515 Standard[17], is shown in material 
gradation curve in Fig.1. Pure AC 85/100 bitumen is used in this study, 
and the physical properties of this bitumen are presented in Table2. 
 

Table 1. Specific gravities of aggregate  

Nominal 
maximum 

aggregate size 
Size fraction 

Apparent 
specific 
gravity 

)3(gr/cm 

Bulk specific 
gravity 

)3(gr/cm 

 
19mm 

Coarse 
aggregate 2.711 2.694 

Fine 
aggregate 2.666 2.571 

12.5mm 

Coarse 
aggregate 2.723 2.572 

Fine 
aggregate 2.691 2.458 

9.5mm 

Coarse 
aggregate 2.713 2.669 

Fine 
aggregate 2.639 2.569 

Filler(<0.075mm)                                    2.738 2.738 

 

Figure 1. Gradation curve 

Table 2. Results of tests performed on asphalt cement (AC 85/100) 

Test name Average 
values 

Standard 

Penetration, 25 °C, 100 g, 5 s 
(1/10mm) 

91 ASTM D5 

Softening point (°C) 48 ASTM D36 

Specific gravity (25 °C, kN/m3) 1028 ASTM D70 

Flash point (°C) 235 ASTM D92 

Ductility, 25 °C, 5 cm/min +100 ASTM D113 

Loss on heating(wt)% 0.5 max ASTM D6 

 
3. Experimental process 

Marshall specimen were utilized to perform the tests. First, in order to 
specify the optimum bitumen content for each aggregate, Marshall 
test was conducted according to ASTM D1559 Standard[18]. The 
optimum bitumen content for each NMAS of 9.5, 12.5 and 19 mm was 
obtained as 6.4, 6.02, and 5.8% respectively, with 75 Marshall hammer 
hits to both sides of the specimens and an air-void content of 4%. 
Before fabricating the specimens, graded aggregates were placed in 
drying oven at 160-170 oC for 24 hours to be dried. The bitumen 
needed to prepare the specimens was heated in the drying oven at 145 

oC before being mixed. Since specimens were to be built with different 
air-void contents (4, 7 and 10%), the number of density hits was 
determined through trial and error, such that specimens with 4% air-
void content were densified with 75 hits to both sides of the 
specimens, and for other ones, given the NMAS and air-void contents 
of 4, 7 and 10%, they were densified through hits obtained by trial and 
error. the reason for using air-void content higher than the standard 
rage is 3-5%,investigation the effect of air void content on the indirect 
tensile strength properties of hot-mix asphalt. Three samples were 
made for each asphalt mixture containing different percentages of 
air-void and NMAS. In the first step, ultrasonic tests and the second 
stage, indirect tensile tests were performed on the specimens. The 
results are particularly presented in Table 3. 

Ultrasonic test (acoustic wave velocity determination test) is used to 
evaluate the quality of asphalt mixture. In this experiment, acoustic 
wave enters the specimen from one side by a probe and is received 
from the other side (Fig.4). Therefore, wave pass duration is read on 
the device. Knowing the specimen thickness and wave pass duration, 
wave velocity (in m/s) can be calculated by dividing specimen 
thickness by wave pass duration. According to the following equation, 
wave velocity has direct relation with asphalt modulus of 
elasticity[19] 

 V=L/t                                                    (1)              

 V=√(E/ρ*(1-µ)/((1+µ)(1-2µ)))                              (2)                 

V(m/s): acoustic wave velocity, E(N/m2): modulus of elastisity, ρ(N/m3): 
density, µ: Poisson,s ratio , L(m): sample length , t(s): wave pass 
duration 

If the value of Poisson's ratio is 0.35, we have; 

  E=0.623ρV2                                (3) 

Depending on the quality of the asphalt specimen, part of the energy 
is lost when passing through a specimen, and the remaining energy 
is taken by the receiving probe. Demirbuğa and Toupchi conducted 
the experiment on concrete and classified its quality based on wave 
velocity. If wave velocity is more than 4500 m/s, concrete quality is 
very perfect, 3600-4000 m/s is perfect, 3000-3600 m/s is good, 2000-
3000 m/s is average, and less than 2000 m/s is poor[20]. The 
experiment was done according to ASTM C597 Standard[21]. 

Indirect tensile strength test is originally a diametric test in which 
cylindrical specimens are put under the compressive forces exerted 
on their lateral surface. Such loading causes tensile stress along the 
loaded diameter. As a result, the specimen fractures along the loaded 
diameter. 

According to ASTM and ISRM Standards, experimented specimens 
with diameter D and thickness H should have a ratio of D to H as 0.5. 
The purpose of this research is to consider the properties of indirect 
tension of asphalt mixtures, including yield horizontal strain, total 
fracture energy, fracture energy to failure, horizontal tensile stress, 
and vertical compressive stress along the cross-sectional diameter of 
the specimen. The experiment is performed at 25 oC in UTM device 
with 5mm/min loading rate. Since the change in specimen diameter 
is aligned with horizon, strain at any moment and consequently the 
horizontal strain at failure moment can be calculated according to the 
strain equation ε=ΔL/L. The total fracture energy to failure is obtained 
by knowing vertical displacement of forces (the area under the force 
curve – vertical displacement) (Fig.5). Moreover, the following 
equations yield the horizontal tensile stress, vertical compressive 
stress, and fracture energy[19, 22].  

 σx = 2P/πtd                             (4)                        

 σy= 6P/πtd                               (5)  

  Gf= Area/t.d                             (6)  

σx(Pa): horizontal tensile stress, P(N): applied load, t(m):m the thickness 
of the test specimen, d(m): diameter of the specimen, σy(Pa): vertical 
compressive stress, Area: area under the load –displacement curve, Gf 
(J/m2): fracture energy 
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4. Results and discussions 

As can be seen in Fig.2, the highest horizontal tensile stress is 
obtained for 4% air-void content in an asphalt mixture with 12.5 mm 
NMAS. The less the air-void content is, the higher the horizontal 
tensile stress should the specimens tolerate. For 4% air-void content, 
by increasing NMAS, horizontal tensile stress is first increased and 
then decreased. The same is true for 7 and 10% air-void contents. 
Furthermore, in each asphalt mix design with fixed NMAS, increasing 
air-void content decreases horizontal tensile stress. Fig.3 shows that 
the highest vertical compressive stress is obtained as 2.47 MPa for 
specimens with 12.5 mm NMAS and 4% air-void content. For 
specimens with the same air-void content, by increasing NMAS from 
9.5 to 12.5 mm, compressive stress is increased, and from 12.5 to 19 
mm, it is decreased. For specimens with the same NMAS, increasing 
air-void content decreases vertical compressive stress. 

 

Figure 2. Changes in horizontal tensile stress in air -void and NMAS 

 

Figure 3. Changes in vertical compressive stress in air -void and 
NMAS 

According to Fig.6, the highest horizontal strain is obtained at fracture 
moment in an asphalt mix design with 19 mm NMAS and 10% air-void 
content. This is due to the presence of many pores in the asphalt 
mixture in which more displacement occurs because of loading. In 
specimens with 4% air-void content, increasing NMAS of the asphalt 
mixture decreases horizontal strain at failure moment. It completely 
differs from 7% air-void content, in which increasing NMAS increases 
horizontal strain. For specimens with 10% air-void content, by 
increasing the NMAS diameter from 9.5 to 12.5 mm, horizontal strain 
is reduced, and from 12.5 to 19 mm, it is increased. In NMAS diameter 
of 9.5 mm, increasing the air-void content first decreases horizontal 
strain, then increases it. In 12.5 mm NMAS diameter, increasing the 
air-void content decreases horizontal strain. However, in 19 mm 
NMAS diameter, increasing air-void content increases horizontal 
strain. 

 

 

 
 

Figure 4. Schematic illustration of the ultrasonic test setup 
 

 
 

 
Figure 5. Schematic of IDT test and Definition of fracture energy 

 
 

 

Figure 6. Changes in horizontal strain in air -void and NMAS 
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Table 3. Indirect Tensile strength and Ultrasonic Test Results 

sample 
No. 

Air 
content 

(%) 

NMAS 
(mm) 

H.T.S 
(MPa) 

frΓ
 

(J/m2) 

faΓ
 

 (J/m2) 

V.C.S 
(MPa) 

εff 
(10-4) 

V 
(m/s) 

E 
(GPa) 

S1 4 
 

0.761  365.73 1362.03 2.282  7.63 3803.65 20.55  

S2 7 
19 

0.714  322.62 1285.81 2.141  8.63 3759.02 19.78  

S3 10 
 

0.547  198.03 707.61 1.641  9.63 3455.37 16.34  

S4 4 
 

0.825  326.95 1556.68 2.475  10.63 3611.10 18.33  

S5 7 
12.5 

0.771  322.42 1410.67 2.313  11.63 3425.91 16.14  

S6 10 
 

0.623  227.84 989.77 1.868  12.63 3409.75 15.64  

S7 4 
 

0.802  362.82 1668.35952 2.407  13.63 3476.47 17.02  

S8 7 
9.5 

0.763  238.81 1147.76 2.290  14.63 3248.87 14.35  

S9 10  0.353 87.00 399.53 1.058 15.63 2261.44 6.78 

H.T.S: Horizontal tensile stress, frΓ
: Fracture energy to failure, faΓ

: Total fracture energy, εff: Horizontal strain at failure, V: Velocity, V.C.S: 
Vertical compressive stress at center of specimen, 

 E: Modulus of elasticity, NMAS: Nominal maximum aggregate size 
 
 

 
Graphs 7 and 8 indicate that the highest fracture energy is obtained 
in specimens with 9.5 mm NMAS and 4% air-void content. For 
specimens with 4% air-void content, fracture energy to failure 
decreases by increasing the asphalt mixture NMAS from 9.5 to 12.5 
mm, and increases by increasing NMAS from 12.5 to 19 mm. In 
contrast, the total fracture energy reduces by increasing the asphalt 
mixture NMAS for specimens with 4% air-void content. For specimens 
with 7 and 10% air-void content, both total fracture energy and 
fracture energy to failure are first increased and then decreased when 
increasing NMAS from 9.5 to 12.5 mm. For specimens with the same 
asphalt mixture NMAS, both total fracture energy and fracture energy 
to failure are decreased by increasing the air-void content, except for 
specimens with 12.5 mm NMAS, in which by increasing the air-void 
content, fracture energy to failure remains almost fixed. 

 

 

Figure 7. Changes in total fracture energy in air -void and NMAS 

 

Figure 8. Changes in fracture energy to failure in air -void and 
NMAS 

Figure. 9 and 10 show that by increasing NMAS, wave velocity is 
increased, and since wave velocity has direct relation with modulus 
of elasticity, the later also increases. By increasing the asphalt 
mixture’s air-void content, wave velocity is decreased, hence modulus 
of elasticity decreases. Wave pass velocity in asphalt concrete 
specimens depends on specimen’s length and porosity. The denser the 
specimen and the less the porosity and air-void content are, the 
quicker the wave passes through the specimen; wave velocity is 
actually increased, and vice versa. The highest wave velocity and 
modulus of elasticity are obtained in specimens with 19 mm NMAS 
and 4% air-void content. By increasing the air-void content to 
increase porosity of the specimens with the same NMAS, wave 
velocity and consequently the modulus of elasticity are decreased. 
Fig.11 shows the relation between modulus of elasticity and wave 
velocity, and in all three materials, there is a very good relation 
between the two parameters and R2=1. 
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Figure 9. Changes in velocity in air -void and NMAS 

 

Figure 10. Changes in modulus of elasticity air -void and NMAS 

 

Figure 11. Relationship between modulus of elasticity and velocity 

5. Conclusions 

The present research has experimented the effect of NMAS and air-
void content on properties of indirect tensile strength, acoustic wave 
velocity, and modulus of elasticity. The obtained results are 
summarized as follows: 

The highest horizontal tensile stress and vertical stress are obtained 
at 4% air-void content and in an asphalt mixture with 12.5 mm NMAS. 

The highest horizontal strain is obtained at 10% air-void content and 
in an asphalt mixture with 19 mm NMAS. 

In specimens with 4% air-void content, increasing the NMAS diameter 
decreases horizontal strain at failure moment. However, in specimens 
with 7% air-void content, the reverse is true. 

The highest fracture energy and fracture energy to failure at 4% air-
void content are obtained for specimens with 9.5 and 19 mm NMAS 
respectively. 

By increasing the air-void content, the values of all parameters 
related to indirect tensile strength and ultrasonic tests are decreased. 

By increasing NMAS, acoustic wave velocity and modulus of elastisity 
are increased, such that the highest acoustic wave velocity and 
modulus of elastisity are obtained in specimens with 19 mm NMAS. 
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