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Abstract   Semi-Circular Bending (SCB) Test is a fast and accurate three-point bending test, which 
was originally used in rock mechanics. SCB test is going to be an accepted test method for asphalt 
concrete pavements. Different asphalt-mixture property-values such as tensile strength, stress 
intensity factor and fatigue can be obtained by this test. In this study, static and dynamic tests 
including SCB test, Stiffness modulus and fatigue tests using Nottingham Asphalt Tester (NAT), 
Indirect Tensile Strength test (ITS) and Triaxial Hveem test, were conducted on asphalt concrete 
specimens with different bitumen and filler contents, using two standard aggregate grades. The results 
obtained from different common tests were compared with the semi-circular bending test; assure that, 
SCB is a true-accurate test for prediction of both short-term and long-term mechanical properties of 
asphalt mixtures. 
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باشد كه از سرعت و دقت  اي مي هاي خمش سه نقطه آزمايش خمش نيم دايره، يكي از انواع آزمايشچكيده       

با توجه به تحقيقات . خوبي برخوردار است و به طور اساسي در مكانيك سنگ مورد استفاده قرار گرفته است
هاي مختلف بتن  هاي آسفالتي، ويژگي زيانجام شده براي گسترش حوزه استفاده از اين آزمايش به ارزيابي روسا

آسفالتي مانند مقاومت كششي، ضرايب شدت تنش و مقاومت خستگي مصالح بتن آسفالتي را مي توان با اين 
ستاتيكي و ديناميكي شامل آزمايش خمش نيم دايره، هاي ا در اين پژوهش، آزمايش. آزمايش تعيين نمود

، آزمايش كشش غير مستقيم و آزمايش سه محوري ويم بر روي )NAT( ناتينگهام هاي دستگاه تست آزمايش
مقايسه نتايج . بتن آسفالتي با درصدهاي مختلف قير و فيلر، با استفاده از دو دانه بندي استاندارد انجام شده است

 هاي خمش نيم هاي ديناميكي و استاتيكي انجام گرفته توسط نمونه هاي رايج و نتايج آزمايش حاصل از آزمايش
-مدت و بلند-هاي رفتاري كوتاه دايره دقت و صحت نتايج آزمايش خمش نيم دايره به منظور تعيين ويژگي

 .نمايد مدت بتن آسفالتي را تاييد مي
 
 

1. INTRODUCTION 
 
The performance of asphalt pavement is influenced 
by a few primary factors: properly designed mixture, 
consistent plant production and field compaction. 
Neither of these factors alone can assure satisfactory 
pavement life [1,2]. 
     The fundamental engineering properties of the 
mixture must relate to its field performance, in 
order to obtain properly deigned asphalt mixture. 
However, relating mixture’s laboratory properties 
to its field behavior is not a simple task. Such 
analyses can only be made if good quality models 

are available. Models are presented for prediction 
of the strength characteristics and the resistance to 
cracking, fatigue and permanent deformation [3]. 
Asphalt mixtures are complex materials. Their 
behavior is strongly dependent on temperature, 
strain rate (quite often asphalt mixtures are thought 
to be loading time dependent, but actually they are 
strain rate dependent) and stress conditions. Given 
this complex behavior, lots of attention should be 
paid to a correct modeling of the mixture 
characteristics in relation to the above parameters 
[4]. 
      Numerous researches have been conducted 
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relating the tensile strength of asphalt mixtures to 
the performance of asphalt pavements [5-7]. Good 
fracture properties are an essential requirement for 
asphalt pavement built in countries with cold 
winters in which the prevailing failure mode in 
cracking due to stresses such as, low-temperature 
shrinkage. Cracking can occur as a result of a 
single severe temperature drop (single event) or of 
multiple cycles of less severe temperature change 
(thermal fatigue). Low-temperature cracking is 
manifested as a set of surface-initiated transverse 
cracks of various length and width [6]. One of the 
most common tests to determine the fracture 
resistance or tensile strength of asphaltic concrete 
is the Marshall Stability test, but a simple test like 
Marshall does not fulfill all the requirements and is 
therefore abandoned in many countries. After 
Marshall Test, pavement engineers and researchers 
have been extensively using indirect tensile test to 
determine the tensile strength properties of HMA 
mixtures. Also in a number of recent papers, 
researchers have investigated the use of indirect 
tension test to describe the response of asphalt 
mixtures [7]. 
     According to Shapery’s theory of crack-growth 
in viscoelastic media, it suffices to know the 
viscoelastic compliance, the tensile strength, and 
the fracture energy, to characterize the resistance to 
crack-growth [8-10]. The viscoelastic compliance 
can be obtained from a frequency sweep test, e.g. 
the four point bend test. In principles, the tensile 
strength and the fracture Energy can be obtained 
from a tensile test. However, to date, a suitable 
tensile test for asphalt has not been developed. A 
direct tensile test is expected to yield a large 
variation coefficient. 
     Developments in performance based specifications 
have resulted in a search for more appropriate 
“fundamental”  tests for instance a triaxial test. The 
problem with many of these tests however is that 
 they lack simplicity and that specimens cannot 
easily be obtained from the  pavement. Furthermore 
the need to do repeated load testing complicates 
the  applicability of such tests. In Netherland, as 
well as in some other countries, e.g. South Africa, 
the possibilities of the so called semi-circular 
bending test are  investigated since it is believed 
that, this test is a simple tool to obtain  information 
on the modulus and tensile characteristics of 
asphalt  mixtures [11-22]. 

     This paper presents the results of a laboratory 
study in which the Semi-circular bending test was 
evaluated for its suitability to characterize the 
tensile strength, Fracture toughness and fatigue 
life of asphaltic concrete. Numerical analyses 
indicate a good correlation and therefore 
agreement between the results of the tensile 
strength and fracture toughness obtained from 
SCB test and dynamic stiffness modulus of 
Nottingham Asphalt Tester (NAT). It was found 
that SCB test is very promising for determination 
of asphalt concrete characteristics mainly tensile 
and fracture resistance while it clearly shows the 
asphalt-aggregate interaction in the mechanical 
behavior of the asphalt mixtures. 
 
 
 

2. EXPERIMENTAL METHODS 
 
2.1. Semi-Circular Bending Test (SCB)   The 
principle of the semi-circular bending test to 
determine the tensile strength is shown in Figure 1. 
 Monotonic load was applied to a semi-circular 
specimen until  failure. The load and vertical 
deformation was recorded continuously. The 
loading rate was 50.8 mm/min (2in/min ). 
     Two roller supports and a loading roller were 
used for loading conditions [10]. The distance 
between the supports in different researches were 
about 2s = 0.8D  [14,15,17]. The horizontal length 
of the loading strip was 9.4 mm and  the horizontal 
length of the support strip was 6.25 mm [15,17]. 
The specimens’ diameters were 100 mm, resulting 
in a span length of 2s = 80 mm. The specimens’ 
thicknesses were selected to be 25 mm. 
     Figure 2 shows the schematic view of the 
fracture toughness test using SCB specimens. 
Parameter (a) is the length of the notch crack 
which was about 10 mm for the prepared 
specimens. The other geometric parameters are all 
like the SCB tensile strength. Fracture toughness 
SCB test is developed to measure the cracking 
susceptibility of asphalt [9]. The static SCB test on 
notched specimens-used for determining the 
fracture toughness of the asphalt-has already been 
used in various projects [11,14,15,19,23]. With this 
material property, it is possible to calculate the 
critical load at which a construction with a certain 
crack length fails. With this parameter, it is also 
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Figure 1. Principles of SCB test (tensile strength test). 
 
 
 

 
 
Figure 2. Schematic of the experimental setup. (fracture 
toughness test). 
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Figure 3. Applied load in indirect tensile test. 

possible to predict the critical crack length at 
which a construction fails when a specific axle-
load passes. All static SCB experiments for finding 
the fracture toughness value were conducted on 
halved asphalt concrete core at 25˚C and 0˚C. The 
samples were subjected to a compression load with 
continuous strain rate of 0.085 mm/s. 

2.2. Indirect Tensile Strength Test (ITS)   
The ITS test was conducted according to ASTM 
D4123 [24]. Specimen was  loaded to fail at a  50.8 
mm/min (2 inch/min) deformation rate. The indirect 
tension (ITS) test involves loading  a cylindrical 
specimen with static or  repeated compressive loads 
which act parallel to and along the vertical 
diametrical plane of the specimen. Figure 3 shows 
the loading condition of ITS test. 
     From the indirect tensile test we can determine 
the tensile strength and it’s an  important property 
of asphalt concrete mixtures in order to identify its 
distresses  such as crack growth from fatigue or low 
temperature conditions [3,4]. Although ITS has 
many advantages such as relative simple setup and 
the  ease in preparing specimens, it also has some 
disadvantages. For example; the  permanent 
deformation under the loading strip is undesirable 
for the evaluation of the  tensile strength property 
of asphalt mixtures. In addition, the stress state 
during the  diametrical test on a specimen under 
loading is complicated and not a realistic 
 representation of the stress state in the whole 
pavement structure. A biaxial state of  stress exists 
and the maximum horizontal tensile stress at the 
center of the specimen is  one third of the vertical 
compressive stress at the same point [17,20]. 
 
2.3. Triaxial Hveem Test   Triaxial Hveem test 
method is a common way to design asphalt 
concrete pavements. Triaxial Hveem test is done 
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Figure 4. Aggregate gradations used for test specimens. 
 
 
 

TABLE 1. Properties of the Bituminous Used for Test Specimens. 
 

Total Bitumen 
Content Weight Drop Inflammation 

Point Ductility Softening 
Point 

Penetration 
Index 

Specific 
Gravity 

% % ˚C cm ˚C (mm/10) gr/cm3 

99 0.2 262 112 51 66 1.02 

with Hveem stabilometer which is capable of 
measuring horizontal strain and stresses. 
     By performing Hveem test and using Mohr-
Coloumb theory developed by McCarthy, it is 
possible to define the cohesion value (C) and 
internal friction angle ( φ ) of the asphalt concrete 
which is used to calculate the tensile strength, 
compressive strength and shearing resistance 
[25]. 
 
 
 

3. MATERIAL CHARACTERIZATION 
 
3.1. Aggregate Characterization   The 
aggregate grading used for this research is according 
to the Issue No.101 of technical properties of roads 
and pavements (Iranian Standards) [26]. In Figure 4, 
two aggregate gradations used for the preparation of 
the samples were shown. 

3.2. Bitumen Characterization   Bitumen that 
is used for preparing specimens was from Isfahan 
refinery. It was evaluated for rheology using 
penetration test at 25˚C (ASTM D5 [27]), softening 
point test (ASTM D36 [28]), and ductility test 
at 25˚C (ASTM D113 [29]). Some bitumen 
characteristics are shown in Table 1. As can be 
seen, the rheological characteristics of the bitumen 
were all within the specification limits. 
 
 
 

4. SAMPLE PREPARING 
 
Cement was used as the filler of the mixtures 5, 
5.5, 6 and 6.5 percents of asphalt content were 
chosen for specimen’s preparation in order to have 
more varied results. 
     The hot asphalt mixture was prepared in 
Marshall Test cylinders with the diameter of 100 
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mm and then compacted with 75 levels by Marshall 
Hammer. The specimens were cut to the specified 
height and diameter (25 mm height and 100 mm 
diameter). Afterward the asphalt concrete specimens 
were cut into two halves. The cutting procedure has 
been done with Mason-Mate device. Furthermore, 
indirect tensile stiffness modulus tests (ITSMT) 
have been conducted using Nottingham Asphalt 
Tester. Preparation of NAT specimens were done 
according to ASTM D4123 [24]. 
     For a better comparison, the tests were 
performed at three different temperatures. A series 
of SCB and NAT tests at 25˚C and 0˚C and a series 
of SCB and Hveem tests at 25˚C and 60˚C were 
carried out. The ITS test is usually carried out at 
room temperature, therefore the temperature of 
25˚C was selected to have a comparison between 
ITS and SCB tensile strength results. Furthermore 
the Hveem test is performed at 60˚C defined by the 
ASTM standard; similarly the same temperature 
was used for carrying out a series of SCB and 
Hveem test. Following this tensile strength tests, 
the fracture resistance tests were also performed on 
specimens. These tests are usually conducted at 
low temperatures; consequently the 0˚C and 25˚C 
temperatures were selected for the fracture tests. 
Regarding the temperature-dependent behavior of 
asphalt concrete, the NAT tests which were used 
herein as a tool to investigate the accuracy of 
SCB fracture resistance test, were also carried out 
at 0 and 25˚C.  
 
 
 

5. RESULT AND DISCUSSION 
 
For indirect tensile final results, the load was 
continuously recorded and indirect tensile strength 
was computed as follows: 
 

Dt
ultP2

tS
π

=  (1) 

 
Where 
 
ST Tensile strength, MPa 
 
Pult Peak load, N 
 
t Thickness of the specimen, mm 

D Diameter of the specimen, mm. 
 
For Semi circular bending test (SCB) The 
maximum stress at the bottom of the specimen was 
calculated as Equations 2 obtained from finite 
element analysis [15,17]: 
 

t.D
ultP

564.3x =σ  (2) 

 
Where 
 
σx Tensile strength, MPa 
 
Pult Peak load, N  
 
t Thickness of the specimen, mm 
 
D Diameter of the specimen, mm. 
 
Table 2 presents the ultimate load and tensile 
strength obtained from SCB and ITS tests. It 
should be noted that both tests gave consistent 
results. The coefficient of variation of ITS was 9 
percent; where as those for SCB were within 5.5 
%. The SCB tensile strength was about 2.5 times to 
the ITS strength. 
     By performing Hveem test and using Mohr-
Coloumb theory we defined the cohesion value (C) 
and internal friction angle ( φ ) that is used to 
calculate the tensile strength. 
     In Figure 5 the procedure which is used to find 
the tensile strength of asphaltic concrete through 
Mohr-Coloumb theory and Hveem test method is 
shown. The parameter “TS” which is shown in 5 
equals with the tensile strength of the mixture.  
     In Table 3, comparison between the results of 
SCB and Hveem tests were shown at 60˚C 
temperature. 
     During the test performance, micro-cracking 
damage is initiated within the area of highest 
bending moment at the bottom edge of the 
specimen and in the area above the support. It 
gradually extends along the bottom edge and then 
coalesces near the centerline of the specimen. Due 
to this significant coalescing of tension damage in 
time, intense localization of cracking along the 
diameter of the specimen occurs in the final stages 
of the test. Some distributed compressive damage 
can also be observed near the edge of the loading 
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TABLE 2. Comparison of average ITS and SCB Tensile Strength (TS) at 25˚C. 
 

 SCB ITS Ratio 
A.C (%) Pmax (N) TS (MPa) cov (%) Pmax (N) TS (MPa) cov (%) (SCB/ITS)

5 726 1.05 3.6 1256 0.32 9.4 3.28 
5.5 783 1.18 1.4 1441 0.4 7.5 2.95 1st Grad. 
6 771 1.12 6.5 1345 0.35 5.5 3.2 
5 548 0.79 6 1192 0.27 10.6 2.92 

5.5 624 0.91 4.2 1305 0.33 12.8 2.76 2nd Grad. 
6 560 0.82 3.8 1217 0.3 8.3 2.73 

 
 

 
 

Figure 5. Determining tensile strength of asphalt concrete through triaxial Hveem method [25]. 
 
 
 

TABLE 3. Comparison of average Hveem and SCB Tensile Strength (TS) at 60˚C. 
 

 SCB Hveem Ratio 

A.C (%) TS (MPa) cov (%) TS (MPa) cov (%) (Hveem/SCB) 

5 0.24 7.6 0.32 4.4 1.33 

5.5 0.33 5.4 0.4 5.5 1.21 1st Grad. 

6 0.18 6.5 0.25 3.5 1.39 

5 0.19 8 0.27 3.6 1.42 

5.5 0.25 9.2 0.33 7.8 1.32 2nd Grad. 

6 0.18 4.8 0.3 6.3 1.67 
 

strip and near the support rollers also, but it is 
negligible compared to the tensile damage. 
     Stress analysis in specimen of SCB test (Figure 
6) shows the large tensile stresses occurring at the 

bottom of the specimen and also a compressive 
arch develops and pure tension always occurs at 
the mid-point of the bottom edge of the specimen. 
The way in which SCB specimens fail indicates 
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Figure 6. Left FEA diagram shows the distribution of tensile 
stresses right one shows the distribution of compressive 
stresses [14]. 
 
 
 

 
Figure 7. Stresses at the center of the ITS specimen [30]. 

that tension might be the dominant failure mode. 
     Figure 6 shows the tensile and compressive 
stresses as calculated by means of a finite element 
program assuming that the material behaves linear 
elastic. The figure shows that indeed large tensile 
stresses occur at the bottom of the specimen but 
also that a compressive arch develops. 
     The stress state during the  diametrical test on a 
specimen under loading is complicated and not a 
realistic  representation to the stress state in the 
whole pavement structure (Figure 7). A biaxial 
state of  stress exists and the maximum horizontal 
tensile stress at the center of the specimen is  one 
third of the vertical compressive stress at the same 
point. But In SCB test, the specimen starts with a 
pure tensile flexural failure, which reflects a 
relatively “true” tensile strength of the mixture 

[3,4]. From the stress analyses, it appeared that 
significant compressive stress concentration occur 
under the loading strips and/or rollers. Although 
asphalt mixture normally have much higher 
compressive strength than tensile strength, 
excessive compressive stress concentration could 
still cause localized punching failure which in turn 
would affect the stress distributions and cause test 
errors. This is particular when testing asphalt 
mixtures at elevated temperatures or at slow 
loading rates. For determining the fracture 
toughness, if the maximum force at which the 
specimen fails, showed by Fmax, the apparent 
fracture toughness will be obtained from the below 
equation derived from finite element analysis 
[11,14,31 and 32]. 
 

1Yao1K πσ=  (3) 
 

DL
maxF

o =σ
 (4) 

 
Where D is the specimen diameter and L is the 
specimen thickness. Y1 is the normalized intensity 
factor, which is defined from finite elements 
analysis done by Lim, et al [33], for different 
specimen geometries. The variation of the intensity 
factor due to changes in the specimen geometry is 
shown in Figure 8 Parameter Y1 is determined from 
Figure 8. The main standard used in this test is 
ASTM E399 which is developed for the 
determination of the fracture toughness for metals 
is the [34]. To account for the heterogeneity of 
asphalt specimens, the fracture toughness obtained 
from Equation 2 should obtain the conditions 
(5a,d). Before K1 is tested to see if it fulfills the 
conditions mentioned before, it is called apparent 
fracture toughness KIQ. According to Lim et al, the 
conditions Equation 4 provides a conservative 
estimate of the minimum specimen size required. 
But the results demonstrate that there is already too 
much plasticity at + 15˚C causing Pmax to become 
large relative to Po [33]. It was found that the 
conditions 4b-4d is not critical. For example if 
KIQ/σys is assumed to be 1.0 and then condition 
(5b) requires a ≥ 2.5 mm. The notch length of 10 
mm is well beyond this critical value. 
     However the fracture toughness value was 
found to be independent of the specimen thickness 
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Figure 8. Normalized stress intensity factor for SCB specimen 
based on Lim, et al [33]. 
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Figure 9. Variation of fracture toughness with bitumen 
content and gradation (a) at temperature of 25˚C and (b) at 
temperature of 0˚C. 

in the range between 25 mm and 75 mm, and 
independent of the specimen diameter in the range 
between 100 mm and 220 mm at low temperatures 
[11]. 
     Results of the apparent fracture toughness 
obtained from SCB test are shown in Figure 9. 
Comparing the variation of tensile strength and 
fracture toughness with bitumen content and 
gradations revealed that fracture toughness value is 
more dependent on aggregate characteristics than 
bitumen content (mastic) of the specimens. It is the 
result of the facts that in asphalt mixtures, cracks 
propagate not only through the mastic and 
interface between the mastic and the aggregate, but 
also through the aggregate particles. 
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Stiffness modulus values of each specimen were 
obtained from the indirect tensile stiffness modulus 
tests using the NAT. The condition of loading and 
other variation was steady for all the specimens. 
Figure 10 shows the results of Stiffness modulus 
test. The Fracture toughness results must have a 
good correlation with the ones of the stiffness tests 
in order to assure the tensile strength obtained from 
SCB test can be used to investigate the influence of 
asphalt-aggregate interaction in the mechanical 
behavior of the bituminous mixtures. 
     Correlation for Fracture toughness (K1C) values 
obtained from the SCB-specimen shows that they 
are in good agreement with the Stiffness modulus 
value of NAT tests. The results of correlation 
analyses on the data obtained from these two tests 
were shown in Figure 11. As shown in this Figure, 
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all the correlation factors (C.C; Correlation 
Coefficient) are in the agreement range which 
denoted the SCB test is very promising for the 
determination of asphalt concrete characteristics; 
mainly tensile and fracture resistance while it 
clearly shows the asphalt-aggregate interaction in 
the mechanical behavior of the mixtures. 
     In the next step, the Fatigue life tests on the AC 
specimen were applied. Figure 12 presents the 
results of the SCB fatigue test. Load levels were 
based on a fraction of the ultimate strength from 
the SCB tensile strength test and were applied at a 
frequency of 5 Hz to evaluate the fatigue 
characteristics of the mixtures with two different 
gradations. For each grading, the HMA were made 
at the optimum bitumen contents. 

Figure 13 presents the results of the NAT fatigue 
test. From both NAT and SCB fatigue test results it 
can be clearly seen that the fatigue behavior of the 
two tests are similar. The mixtures made of the 
second gradation have less fatigue resistance due 
to the gap-graded aggregates. 
 
 
 

6. SUMMARY AND CONCLUSIONS 
 
This study has been conducted to evaluate the SCB 
test for determining tensile and fracture resistance 
of asphalt concrete mixtures. For a better 
conclusion we perform the high validity indirect 
tensile stiffness modulus test on the specimens, 
using Nottingham asphalt tester device. 
     Following notes can be drawn from this 
investigation: 
 

• SCB test could be used to characterize the 
tensile strength of asphalt mixtures with 
good repeatability, which makes it a 
potentially simple performance test for 
asphalt concrete mixtures. 

• The results from SCB, ITS and Hveem 
methods, were fully comparable and 
convertible. The tensile strength from SCB 
and ITS test were different due to their 
different stress states under loading. 

• The SCB has the big advantage over the 
well known ITS test, being the fact that the 
specimens fail much nicer. The way in 
which SCB specimens fail indicate that 
tension must be the dominant failure mode 
even at higher temperatures. This is contrary 
to the type of failure (wedging) often 
observed at ITS tests which indicates the 
specimens fail is due to a mixed mode of 
stress conditions. 

• In the SCB test, loads can be chosen much 
smaller (1/5 to 1/10) than ITS test. Thereby 
reducing the undesirable effect of local 
failure close to these loads and letting the 
investigated phenomenon (crack growth) 
appear in its pure form. 

• Fracture test results obtained from SCB test 
have a good correlation with the ones from 
stiffness modulus; assure that the SCB test 
can be used to characterize the fracture 
properties of HMA mixtures. 
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Figure 10. Stiffness modulus tests (NAT) results for 
specimens (a) at temperature of 25˚C and (b) at temperature of 
0˚C. 
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Figure 11. Correlation between the results of fracture toughness (SCB) and stiffness modulus (NAT). 
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Figure 12. Number of load cycles to failure versus initial strain at the bottom of the 
asphalt concrete layer (SCB Test Results). 
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Figure 13. Number of load cycles to failure versus initial strain at the bottom of the asphalt concrete layer (NAT Test Results). 



IJE Transactions A: Basics Vol. 22, No. 1, February 2009 - 57 

7. REFERENCES 
 
1. Hughes, C.S., “NCHRP Synthesis of Highway Practice”, 

Report 152: Compaction of Asphalt Pavement TRB, 
National Research Council, Washington, D.C., U.S.A., 
(1989). 

2. Prowell, B.D. and Dudley, M.C., “Evaluation of 
Measurement Techniques for Asphalt Pavement Density 
and Permeability”, Transportation Research Board 
1789, TRB National Research Council, Washington, 
D.C., U.S.A., (2002), 36-45. 

3. Louay, N.M., Wu, Z., Zhang, C., Mohammd, J. K., 
Chris, A. and John, W. H., “Variability of Air Voids and 
Mechanistic Properties of Plant Produced Asphalt 
Mixtures”, 83th Transportation Research Board Annual 
Meeting, (2004), 85-102. 

4. Molenaar, A.A.A., “Are There Any Lessons to be 
Learned from Pavement Research”, Report, Delft 
University of Technology, Netherlands, (2000). 

5. Marasteanu, M.O., Li, X., Clyne, T.R., Voller, V.R. and 
Timm, H.D., “Low Temperature Cracking of Asphalt 
Concrete Pavements”, Report No. MN/RC-2004-23, 
Department of Civil Engineering, University of 
Minnesota, Minneapolis, U.S.A., (2004). 

6. Sival, H. and Pais, C. J., “Comparison Between Tensile 
Stiffness and Fatigue Life Test Results”, 6th Rilem 
Symposium PTEBM’03, Zurich, Switzerland, (2003), 
421-430. 

7. Huang, B., Li, G. and Mohammad, L. N.,“Analytical 
Modeling and Experimental Study of Tensile Strength 
of Asphalt Concrete Composite at Low Temperatures”, 
Composite, Part B: Engineering, Elsevier, (2003), 705-
714. 

8. Schapery R.A., “A Theory of Crack Initiation and 
Growth in Viscoelastic Media”, Int. J. Fract., Part I, 
Vol. 11, (1975), 141-159. 

9. Schapery R.A., “Approximate Methods of Analysis”, 
Int. J. Fract., Part II, Vol. 11, (1975), 369-388. 

10. Schapery R.A., “Analysis of Continuous Growth”, Int. 
J. Fract., Part III, Vol. 11, (1975), 549-562. 

11. Molenaar, J.M.M. and Molenaar, A.A.A., “Fracture 
Toughness of Asphalt in the Semi-Circular Bend Test”, 
2nd Euroasphalt and Eurobitume Congress, Barcelona, 
Spain, (2000), 509-517. 

12. Erkens, S.M.J.G, Liu, X., Scarpas, A., Molenaar, 
A.A.A. and Blaawendraad, J., “Asphalt Concrete 
Response: Experimental Determination and Finite 
Element Implementation”, Proceedings, Ninth 
International Conference on Asphalt Pavements, 
Copenhagen, Denmark, Vol. II, No. 3, (2002), 3-6. 

13. Wu, Z., Mohammad, L.N., Wang, L. and Mull, M., 
“Fracture Resistance Characterization of Superpave 
Mixtures Using the Semi-Circualr Bending Test”, 
Journal of ASTM International, Vol. 2, Issue 3, 
(2005), 324-332. 

14. Krans, R.L., Tolman, F. and Van De Ven, M.F.C., 
“Semi-Circular Bending Test: Practical Crack Growth 
Test Using Asphalt Concrete Cores”, Third International 
RILEM Conference, Reflecting Cracking in Pavements, 
Spon Press, U.K., (1996), 123-133. 

15. Molenaar, A.A.A., Scarpas, A. and Liu, X., “Semi-

Circular Bending Test, Simple but Useful”, Journal of 
Association of Asphalt Paving Technologies, Vol. 71, 
(2002). 

16. Molenaar, J.M.M., Liu, X. and Molenaar, A.A.A., 
“Resistance to Crack Growth and Fracture of Asphalt 
Mixture”, Third International RILEM Conference, 
Reflecting Cracking in Pavements, Spon Press, U.K., 
(2002), 125-138. 

17. Huang, B., Xiang, S. and Zuo, G., “Laboratory 
Evaluation of Semi-Circular Bending Tensile Strength 
Test for HMA Mixtures”, AMEC Earth and Environment 
Congress, U.S.A., (2004), 231-245. 

18. Huang, B., Shu, X. and Tang, Y., “Comparison of Semi-
Circular Bending and Indirect Tensile Strength Tests for 
HMA Mixtures”, Geo-Frontiers 2005, Advances in 
Pavement Engineering, (GSP 130), U.S.A., (2005), 155-
169. 

19. Hofman, R., Oosterbaan, B., Erkens, S.M.J.G. and Kooji, 
J., “Semi-Circular Bending Test to Asses the Resistance 
Against Crack Growth”, 6th Rilem Symposium 
PTEBM’03, Zurich, Switzerland, (2003), 257-269. 

20. Erkens, S., Kasbergen, C., Scarpas, A. and Molenaar, 
A.A.A., “Asphalt Concrete Response-Cyclic Aspects”, 
ACRE-II., Sun City, South Africa, (2004). 

21. Arabani, M. and Ferdowsi, B., “Evaluating the Semi-
Circular Bend Test as a New Method to Determine 
Tensile Strength of Asphalt Concrete Mixtures”, 7th 
International Congress on Civil Engineering, Tarbiat 
Modarres University, Tehran, Iran, (2006), 257. 

22. Arabani, M. and Ferdowsi, B., “Characterization of 
Tensile Fracture Resistance of Hot Mix Asphalt Using 
Semi-Circular Bend Test”, ISSA International 
Congress, Beijing, China, (2006), 260-265. 

23. Mohammad, L.N., Wu, Z. and Aglan, M.A., 
“Characterization of Fracture and Fatigue Resistance on 
Recycled Polymer-Modified Asphalt Pavements”, 6th 
Rilem Symposium PTEBM’03, Zurich, Switzerland, 
(2004), 375-387. 

24. ASTM, “Standard Test Method for Indirect Tension 
Test for Resilient Modulus of Bituminous Mixtures”, 
Vol. 04.03, (2000), 421-429. 

25. McCarthy, L.E., “Application of the Mohr Circle and 
Stress Triangle Diagrams to Test Data Taken from the 
Hveem Stabilometer”, Highway Research Board, Vol. 
24, (1946), 100-121. 

26. Technical Properties of Roads and Pavements Strategic 
Planning and Control of Presidency, Iran, No. 101, 
(2004). 

27. ASTM, “Standard Test Method for Penetration of 
Bituminous Materials”, ASTM D5, Vol. 04.03, 
(2000). 

28. ASTM, “Standard Test Method for Softening Point of 
Bitumen (Ring-and-Ball Apparatus)”, ASTM D 36, Vol. 
04.04, (2000). 

29. ASTM, “Test Method for Ductility of Bituminous 
Materials”, ASTM D113, Vol. 04.03, (2000). 

30. Hondros, G., “The Evaluation of Poisson’s Ratio and 
the Modulus of Materials of a Low Tensile Resistance 
by the Brazilian (Indirect Tensile) Test with Particular 
Reference to Concrete”, Austr. J. Appl. Sci., Vol. 10, 
No. 3, (1959), 243-268. 



58 - Vol. 22, No. 1, February 2009 IJE Transactions A: Basics 

31. Chong, K.P., Kuruppu, M. and Kuszmaul, J. S., 
“Fracture Toughness Determination of Layered 
Materials”, Engineering Fracture Mechanics, Vol. 28, 
No. 1, (1987), 43-54. 

32. Kuruppu, M., “Stress Intensity Factors of Chevron-
Notched Semi-Circular Specimens”, Proceeding, Third 
Regional AFCOM, Australia, (1998), 111-117. 

33. Lim, I.L., Johnston, I.W. and Choi, S.K., “Stress 
Intensity Factors for Semi-Circular Specimens 
under Three-Point Bending”, Engineering Fracture 
Mechanics, Vol. 44, (1993), 363-382. 

34. ASTM, “Standard Test Method for Linear-Elastic Plane-
Strain Fracture Toughness KIC of Metallic Materials”, 
ASTM E399, Vol. 03.01, (2000). 

 


