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ABSTRACT: Today, the semi-circular bending (SCB) test has become a common method and is used
in studying the mechanical behavior of asphalt mixtures. According to the regulations, this test has
specified laboratory conditions such as sample geometry, test temperature and a certain loading rate.
However, in addition to providing these conditions for SCB testing, the shape and type of supports used
in the experiment are less considered and they do not have an integrated type and shape, which may cause
differences in laboratory results. Therefore, in this study, the effects of 5 different support configurations
on important parameters of fracture mechanics at intermediate temperatures were investigated by
considering the coefficient of variation (CV). The used loading rate was selected 5 mm/min in which
the asphalt samples were subjected to uniform static loading under mode 1. The experimental results
showed that the selection of support type has a direct influence on the fracture mechanic parameters,
while the selection of the wrong support type may cause significant error in the test results. Nevertheless,
the friction between the sample and the support causes more dispersion in the test results and could
reduce its repeatability. For this purpose, it could be recommended not to use rigid supports that have
considerable friction with the sample. Finally, considering specific laboratory conditions for the SCB
test (i.e., sample geometry, test temperature and specific loading rate), support No. 1 was selected as the
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most suitable support with high repeatability of the results.

1- Introduction

Pavement cracking in cold and high-traffic areas is
one of the most common failures in these regions, which
requires further study to understand the mechanism of crack
growth and pavement failure on how this type of failure has
appeared. By conducting and evaluating the index of fracture
tests, such as SCB testing parameters, many researchers
evaluated the cracking performance of the asphalt mixture.
Previous research shows that various supports have been used
in conducting the SCB test [1-4]. Due to the use of different
types of support in previous studies, the effect of the kind of
support on the failure of asphalt mixture has not been widely
studied, so it is necessary to examine the impact of the type
of support on the SCB testing parameters and repeatability of
test results. This research investigates the effect of 5 types of
supports on different SCB testing parameters at intermediate
temperature based on the coefficient of variation and
dispersion of the data.

2- Methodology
In this study, to evaluate the effect of support type on
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fracture parameters, the SCB fracture test with five different
support types was conducted. According to previous research,
Yousefi et al., the suitable loading rate for conducting the
SCB test at loading mode I, 5 mm/min considered [5]. Figure
1 shows the support type used to perform the test. In each
type of support, different parameters were obtained from SCB
test, including the maximum load (P_), fracture energy (FE),
flexibility index (FI), and cracking resistance index (CRI).

Maximum Load (P_)

This parameter is the maximum load available in the load-
displacement curve.

Fracture Energy (G,)

This parameter is calculated by dividing the area under
the load-displacement curve by the cracked cross-section [6].

Flexibility Index (FI)
This parameter is calculated using the following formula

[7].
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Fig. 2. Maximum load for various support types
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where, |m| is the slope of the post-peak curve at the
inflection point.

Cracking resistance Index (CRI)

This parameter is defined as follows [8]:

G
CRI = ! (2)

max

3- Results and discussion

The results of the SCB testing parameters are shown in
Figures 2-5. According to Figure 2, the maximum load of
supports except support case-4 are approximately equal. In
case 2 and 5, due to the rigidity (Fixed support), the asphalt
sample is experienced the most before breaking.

According to Figure 3, it can be seen that except for
support 1, the effect of the type of support on the FE of asphalt
mixture at intermediate temperature has a similar trend to the
results of Pcr; So that the maximum and minimum value of
FE of the specimens occur in case 5 and 4, respectively.

As the results of FE, the two fixed supports case-2 and
5 have the highest FI of the asphalt mixture, which may be
directly related to the high level of FE of the asphalt mixture
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Fig. 3. Fracture energy for various support types
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Fig. 4. Flexibility index for various support types
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Fig. 5. Cracking resistance index for various support
types

in the two supports.

According to Figure 5, it can be seen that the value of CRI,
increases with increasing the freedom of the support (fixing
the cylindrical roller on the support and adding a spring to
support’s roller).

4- Coefficient of variation of SCB testing parameters

The coefficient of variation related to all fractures
mechanics parameters studied in this research is summarized
in Table 1. In order to draw a general conclusion about how the
effect of the type of support works, considering the average
coefficient of variation of all the discussed parameters, it can
be seen that the repeatability of the results of all parameters
discussed in support 1 is more appropriate than other supports
and has the lowest coefficient of change. Number 5 has the
highest data scatter.
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Table 1. The value of the coefficient of variation related to fracture mechanics parameters

Coefficient of variation

~A A AA

Per 6.09 4.87 10.12 8.62 9.76
FE 5.12 13.45 8.90 6.2 10.24
FI 10.41 32.15 24.98 15.24 31.92
CRI 1.61 15.95 9.34 6.85 13.16
Average 5.81 16.6 13.34 9.22 16.27

5- Conclusion

The main results obtained include the following:

The geometric shape of the contact surface between the
sample and the support has a minor effect on the fracture
mechanics parameters of asphalt mixtures.

The choice of the type of support has a direct and effective
effect on the mechanical parameters of the failure, and the
choice of the wrong support may lead to a significant error in
the test results.

The presence of friction in the supports has a significant
effect on the results of the failure parameter mechanics and
causes errors and scattering of the results.

In rigid supports (fixed supports 2 and 5), due to the
maximum frictional force between the specimen and the
support, the asphalt specimens experience more displacement
before failure and a larger surface diagram is formed.

The amount of constant spring stiffness in roller support
(support 4) is a determining factor in the type of support
reaction, so with increasing spring stiffness, the friction
between the support and specimen increases and the support
behavior towards the fixed support and acts as a rigid support.
(support 4 becomes support 5) and with decreasing spring
stiffness, the amount of friction between the support and the
specimen decreases and the behavior of the support will be
towards the free roller support with curved surface (support 4
becomes support 3).

Considering the average coefficient of variation of
all parameters studied in this study, the free roller support
(number 1) has the least scatter of results and provides
relatively more accurate results
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Fig. 1. Different fracture modes of asphalt mixture: A) Opening mode, B) Shearing mode, C) Mixed mode of
shear-opening
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Table 1. Physical properties of aggregates

obojl 4 jlxo 0gus S lwilewl s, ool g3 dlao
VF Yo Sl ASTM C535 (02 )0) udosl s
2\ 0 Jlos ASTM D5821 Ary S o (NSl o
ay e sl ASTM D5821 42g 9 50 (SHaSE do)d o las
Y/0) _ ASTM D127 (gr/em?) wls Sy pgate )y aild calsyo
2 A iSlas AASHTO T104 (12)0) oo Olilges blio jo 59
-/f Ve Sl AASHTO T4791 (3o,8) IS8 (Mg g (Figm
\ A gSlas AASHTO T104 (30,9) s Slddgus blis jo (59
YIPY - ASTM D128 (gr/em’) wils,, sogare 059 o glae
oY O Jilas ASTM C1252 (wo)9) ails ) wllae (KiwSls wo o &ls 3,
Y O Jslas ASTM D2419 (10,9) (glawslo (53]
100
90 -
80 -
70 A
§~ 60 -
% 50 A
3 40 4 W s als e

O ol I abs

B s b
=t el odd Sgaze U
—— SYL ol Sgdwe d..::-l.:

0.00 0.50 1.00 150 200 250 300 350 4.00
JFD Hla 4y e s o S o3l

[YE-YA] ] bglseo dilaSiuw (g 4ild _oxio .Y JSd

Fig. 2. Aggregate gradation curve of asphalt mixture

YFFY



SolVe pd Olaseia . ¥ Joo

Table 2. The properties of 60/70 bitumen
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Fig. 3. Gyratory compactor machine

Table 4. Volumetric parameters of asphalt mixtures
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Fig. 4. Steps of preparing SCB specimens
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Fig. 7. The result of the load-displacement curve of the SCB test
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Table 5. The critical load values obtained at different loading supports
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Fig. 8. Effect of different load-displacement supports on the maximum load required to fracture asphalt
mixtures at 25° C
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Table 6. The energy required values to fracture asphalt mixtures at different loading supports
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Fig. 9. Effect of different load-displacement supports on energy required to fracture asphalt mixtures at 25° C
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Table 7. The flexibility index values of asphalt mixtures at different loading supports
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Fig. 10. Effect of different load-displacement supports on flexibility index of asphalt mixtures at 25 ° C

il jasls p slbub—g s clisee sbolSass Lok - -0
il bbb
S SF ) S 3 e el sphdlasl el
9 Ve JSS 0 aslis cpl polis &S Cuwl bawgio (glod 43 0)5 (sladiges
Ailon 45 395 oo oanlie Vo IS5 a4y dngi bl o 035l V' Jga>
Ot SIS0 5 Y oyled cull o5AST 93 wunks 555 Sl gl
yol opl ol (S oS aidl o (Al bgle (g picillax] asls
9 5 (il bbe a5 (5551 g 5392 Vb b poris LU
3 Slie s picillasl jasls aSo) & dog5 b 4l il wly olSass

Yoy

@y 4]y a5yl e dane o (555 2 () 0jleud) Sl
£5 9 ¥ il (Sl yol pl a8 dad o (]38l as ) AY 4 0+ ol
e andlasb o lawl balste cansls (6550] mte yiolyb y> o5aSs
Sebl 3 Sin sl e yhlisul § Blo polaw , oSSy Sule ool
olod gl Olyss o b a5 3545 0 0mlie A Jlaged 4 s g5 b (b0
C;L’b L;J.S]).s u,s)...af 9 Cp e g 0 J}.ﬁ J.»l& 03945t > olFaSs

sl Y 9 Y ojlasds o5ASS @ bayyo iy



YEE+ B YFFY doio VF) Jlo & 0,loud OF 095 ¢S ol (lpos sudie 4y 5l

&5, ilises 5Ll ass 45 il glabglie oo cilae abii |5 caws p3lio A Joi

Table 8. The values of slope at the curve inflection point of asphalt mixtures at different loading supports
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Table 9. The cracking resistance index values of asphalt mixtures at different loading supports

SF s o s NS SF s oy
@l - oSy

) o ylois Y oyles ¥ oojleds f oylos B o les
| Nl 1 TY/A4 SYO/FO OFAIFA VY- A

ST AYA SFVY BYA/FA AR/ Y
v OYAUA \iale OFY/A] FYEIFE VeYYIVY

RO OFANY AYV/D NN 03Y/0) V-YEIY

Sbzo Gl il AIAY TR OY/04 \TIAN YO/ )

Ol ks g i VS 10/30 e $IAE WO

2100

1800 +

&35!

1500 &

A

1200 +

900 +

(J/m"2) &

600 +

300 &

(VAR

Y0° Cglos y5 (Al sabglive (53,955 5 il 45 Cangliie b s g luls b Cilises LoEASS 25l VY UK

Fig. 11. Effect of different load-displacement supports on cracking resistance index of asphalt mixtures at 25° C
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Table 10. The value of coefficient of variation related to the fracture mechanics parameters

Ol ot o
L ol
Per 7/+9 FIAY V- \Y IN/dE a/ve
FE OY AN A4 ZIY \+IYY
FI IRVAR! YYD Y¥/aA VOIVY Yy/ay
CRI VA VO/A0 UvYf ZIAO \Y1g
il 8IAY V515 \IvE a/yy R,

i 3 bl gl (6 pdg) S5 o3 g basie (glod )3 sl Sl
b o 25 390 Jolis odel Cowd 4 sdes gl &5 )5 )1\

2 G A BASS 5 Lged i oled o otin S5 (1
Jie olgie a4 oyls ] clabole cuSis SHle lazol)b (o,
hb 0 ojles 5SS dlon 5l olBasS plo BMS 5 ¥ ojlows o84S

ol 9y 2 5550 5 et b AT g5 bl (2
B llad cunl S alisl o5aST Cbl 5 o)b cunslls Sl
S ialejl @l o)y k2

ol b Sale oBAST )3 jastie i b yid jleslinel (3
sabl @l ) S mie Wl Lollass » SKlasl 3929 (4
Jade molBaSs Sale e (ol congame il b S gk 4
oBasS Jlo (lgie 4 iS00 Moy (a2 JB ojlul 4 by el
0 jlos ST &y Cannss At (06 5 o s (gl S0 5 Y o)l
il o Gl Sl (sl jialyl oled lade oy i (glyl> )

d39 > 4 (0 9V cub laolfass) o (slrolSass j (5
disel b Jlasl b 0lFasS 5 diged o 585l SKlasl (5,0

9ol 5 sol el -5
4 S plool slagiolej] (5pd)l S5 oy Cag 0 Bais pl
w3l 3)50 SlaoliasS g9 I cansid sl el (60486 oy g
S5V gt 3 oS Caol 005 odlizal @b )b Sy (logl (glol Lulow ;)
a0y 290 Soyelly 5 s lejl slaodls (g9, 2 s lel s
ol owyp (bayiell dad 3 D o Ui s .l ol sald L
P-value e 3,b ;g o039 i Sl F jlaie I F 95 jlude
BaSS £55 &S S lov oyl Canl 035y yiaS duopd +/+0 Hlads
)85 g (g ylel Blod 5l g andly (a2 350 slo il 2 (o35 b

Al oo dgi LB

S 35 o -V
oialejl @y pbsl 5 (Sl cle 4 SCB ilejl I oyl
P SF S g My eyp kS S Cae Wl olyis 4
Dg oo o3l AL § Slisdos Oluwhe > Hlaw] labglse
slod 5 SIS ¢ 5l el inlejl lash (2Bl baylyd 292y L
0Dy Ciglée Lmoli.f;ila}] 9 Sluwwho ) odlazwl dy90 SrolFass su..uLo)i
ol onlply asb aal ibesl zuls 59y p eaitune U Conl S g

i osel Caws dy slajial)ly )3 oBaST g4 1l oy p Ban b i

1 ANOVA

Y¥for



TS+ U YFFY aoao AF) Jlo & o)led O 093 (oS puol ()] jos (cwdine 45

o 590 S el 5 CanSl ol glaoals (g9, 11 (gylel Julos S )Y Jgua

Table 11. The results of statistical analysis on the fracture test data and the studied parameters

EEIE _ . F jq501
eyl Olas o zozxo Oluyo (ke F 56 P-value .
@) Sl
Between Groups AR ARAY ¥ <J¥YZeay VA/OYYFY EERAEN YIfYA<D
Within Groups DAl44d \- \FEF
P max
Total V/FY-avy \f
Between Groups VY FYVY f DARTEENY VA/OVYFY ARER R YIfYA-D
ithi NFEP V. PP
FE Within Groups / /
Total V/FY-avy ' ¥
Between Groups VY FYVY \ </YYF.AY VA/OYYTY ofeve N YIfY A
FI Within Groups DAYZ44 \- <\PEF
Total V/FY-avy \f
Between Groups AR ANAY ¥ <IYYFeQY VA/BYYSY efeee Ve YIFYA«D
M Within Groups \FEF ). \FEE
Total V/fY-avy \f
Between Groups AR ARAY ¥ <J¥YFeay VR/OYYFY oo YIfYA<D
S Y2 . BAYZ44
CRI Within Groups Ng \ Y4
Total V/FY-avy \f

3590 S oy (oled Dlyets gyt ik (385 s 0 (7
SISl o yieS () oyled) Bl (Sile oBAST (guing oyl > adllas

An3 o )] 1y (65 555 Lians gl 5 4zl |, ol

Xl

[1] A. Molenaar, A. Scarpas, X. Liu, S. Erkens, Semi-
circular bending test; simple but useful?, Journal of the
Association of Asphalt Paving Technologists, 71 (2002).

[2] Z. Wu, L.N. Mohammad, L. Wang, M.A. Mull, Fracture
resistance characterization of superpave mixtures

using the semi-circular bending test, Journal of ASTM

International, 2(3) (2005) 1-15.

yfov

5 o 5 635 35 |y 6 i ol e can5 5] L ]
Rl cnSs car Y (6l o) D98 e SIS (555 )3 Joged
(Mo
o)l oB5aAST) (Sile oSS S yn b ol S Hlade (6
(ol 42 Conl 5 S5 Jall S 5 foyt 5 (S8 s Jole (¥
by g 4Bl ol oS 4SS aigas (p Sl i3 (B (ljEI L &5
Jos o 84S wilo g 2y dalen ol oBAST Cuoms 4 AT
F (B Gl g (08 Joas B oSS 4 ¥ olasS) WS e
Caows 4 05AST Jldy g 4l talS diges 5 08AST o Sl Hlide
SBASS & ¥ o loss 54T s amlgs ol o b Sle ol5T o5aSS

(39 Jods ¥ oyled



Illinois Center for Transportation/Illinois Department of

Transportation, 2015.

[12] X.-J. Li, M. Marasteanu, Using semi circular bending
test to evaluate low temperature fracture resistance for
asphalt concrete, Experimental mechanics, 50(7) (2010)
867-876.

[13] G. Nsengiyumva, Development of semi-circular bending

(SCB) fracture test for bituminous mixtures, (2015).

[14] X. Chen, M. Solaimanian, Effect of Test Temperature
and Displacement Rate on Semicircular Bend Test,
Journal of Materials in Civil Engineering, 31(7) (2019)
04019104.

[15] A. Yousefi, a. Nowruzi, Y. Yousefi, S. Sobhi, Evaluation
of the effect of loading rate of Semicircular Bending test
on different fracture mechanical parameters of asphalt
mixtures at intermediate temperature (in Persian), Journal

of Transportation Research, (2020) -.

[16] B. Bahrami, M. Ayatollahi, A. Mirzaei, M.Y. Yahya,
Support type influence on rock fracture toughness
measurement using semi-circular bending specimen,

Rock Mechanics and Rock Engineering, (2019) 1-9.
[17] I. Sedighi, M.R. Ayatollahi, B. Bahrami, A statistical

approach on the support type effect on mode I fracture
toughness determined using semi-circular bend (SCB)
specimen, Engineering Fracture Mechanics, 226 (2020)
106891.

[18] S. Pirmohammad, M. Ayatollahi, Fracture resistance
of asphalt concrete under different loading modes and
temperature conditions,

Materials, 53 (2014) 235-242.

Construction and Building

[19] M. Aliha, H. Fazaeli, S. Aghajani, F.M. Nejad, Effect
of temperature and air void on mixed mode fracture
toughness of modified asphalt mixtures, Construction

and Building Materials, 95 (2015) 545-555.

[20] M. Mirsayar, A. Razmi, F. Berto, Tangential strain-based
criteria for mixed-mode I/II fracture toughness of cement

concrete, Fatigue & Fracture of Engineering Materials &

Structures, 41(1) (2018) 129-137.

[21] A. Yousefi, S. Pirmohammad, S. Sobhi, Fracture

YFOA

[3] M. Aliha, A. Bahmani, S. Akhondi, A novel test
specimen for investigating the mixed mode I+ III fracture
toughness of hot mix asphalt composites—Experimental
and theoretical study, International Journal of Solids and

Structures, 90 (2016) 167-177.

[4] S. Pirmohammad, S. Sobhi, a. yusefi, Study on the
effect of reclaimed asphalt pavement and rejuvenator
on fracture behavior of WMA (in Persian), Amirkabir

Journal of Civil Engineering, 53(10) (2021) 18-18.

[5] M. Kuruppu, Y. Obara, M. Ayatollahi, K. Chong, T.
Funatsu, ISRM-suggested method for determining the
mode I static fracture toughness using semi-circular bend

specimen, Rock Mechanics and Rock Engineering, 47(1)
(2014) 267-274.

[6] M. Aliha, A. Bahmani, S. Akhondi, Mixed mode fracture
toughness testing of PMMA with different three-point
bend type specimens, European Journal of Mechanics-A/
Solids, 58 (2016) 148-162.

[7] G. Nsengiyumva, T. You, Y.-R. Kim, Experimental-
statistical investigation of testing variables of a
semicircular bending (SCB) fracture test repeatability for
bituminous mixtures, Journal of Testing and Evaluation,
45(5) (2017) 1691-1701.

[8] S. Pirmohammad, Y. Majd-Shokorlou, B. Amani,
Experimental investigation of fracture properties of
asphalt mixtures modified with Nano Fe203 and carbon
nanotubes, Road Materials and Pavement Design, (2019)
1-23.

[9] A. Zofka, A. Braham, Comparison of low-temperature
field performance and laboratory testing of 10 test
sections in the Midwestern United States, Transportation

research record, 2127(1) (2009) 107-114.
[10] S. Im, H. Ban, Y.-R. Kim, Characterization of mode-I

and mode-II fracture properties of fine aggregate matrix
using a semicircular specimen geometry, Construction
and Building Materials, 52 (2014) 413-421.

[11] LL. Al-Qadi, H. Ozer, J. Lambros, A. El Khatib, P.
Singhvi, T. Khan, J. Rivera-Perez, B. Doll, Testing

protocols to ensure performance of high asphalt binder

replacement mixes using RAP and RAS, 0197-9191,



dissipation evolution process and characteristics of
marble in three tension-type failure tests, Rock Mechanics

and Rock Engineering, 51(11) (2018) 3613-3624.

[28]D.X.Lu,N.H. Nguyen, M. Saleh, H.H. Bui, Experimental
and numerical investigations of non-standardised semi-
circular bending test for asphalt concrete mixtures,
International Journal of Pavement Engineering, (2019)
1-13.

[29] M.A. Elseifi, L.N. Mohammad, H. Ying, S. Cooper III,
Modeling and evaluation of the cracking resistance of
asphalt mixtures using the semi-circular bending test at
intermediate temperatures, Road Materials and Pavement
Design, 13(supl) (2012) 124-139.

[30] E.T.S. Aragdo, D.A. Hartmann, Y.-R. Kim, L.M.G. Da
Motta, M. Haft-Javaherian, Numerical-experimental
approach to characterize fracture properties of asphalt
mixtures at low temperatures, Transportation Research

Record, 2447(1) (2014) 42-50.
[31] H. Ozer, L.L. Al-Qadi, P. Singhvi, T. Khan, J. Rivera-

Perez, A. El-Khatib, Fracture characterization of asphalt
mixtures with high recycled content using Illinois
semicircular bending test method and flexibility index,

Transportation Research Record, 2575(1) (2016) 130-
137.

[32] F. Kaseer, F. Yin, E. Arambula-Mercado, A.E. Martin,
J.S. Daniel, S. Salari, Development of an index to
evaluate the cracking potential of asphalt mixtures using
the semi-circular bending test, Construction and Building

Materials, 167 (2018) 286-298.

Toughness of Warm Mix Asphalts Containing Reclaimed

Asphalt Pavement, Journal of Stress Analysis, 5(1)
(2020) 85-98.

[22] X. Li, X. Zheng, W. Yuan, X. Cui, Y. Xie, Y. Wang,
Instability of cracks initiation from a mixed-mode crack
tip with iso-stress intensity factors KI and KII, Theoretical

and Applied Fracture Mechanics, 96 (2018) 262-271.

[23] H. Ogzer, I.L. Al-Qadi, J. Lambros, A. El-Khatib, P.
Singhvi, B. Doll, Development of the fracture-based
flexibility index for asphalt concrete cracking potential
using modified semi-circle bending test parameters,
Construction and Building Materials, 115 (2016) 390-
401.

[24] W. Song, B. Huang, X. Shu, Influence of warm-mix
asphalt technology and rejuvenator on performance
of asphalt mixtures containing 50% reclaimed asphalt

pavement, Journal of Cleaner Production, 192 (2018)
191-198.

[25] J. Yang, H. Lian, W. Liang, V.P. Nguyen, Y. Chen,
Experimental investigation of the effects of supercritical
carbon dioxide on fracture toughness of bituminous
coals, International Journal of Rock Mechanics and
Mining Sciences, 107 (2018) 233-242.

[26] M.-D. Wei, F. Dai, N.-W. Xu, J.-F. Liu, Y. Xu,
Experimental and numerical study on the cracked chevron
notched semi-circular bend method for characterizing the
mode I fracture toughness of rocks, Rock Mechanics and

Rock Engineering, 49(5) (2016) 1595-16009.

[27] F.-q. Gong, S. Luo, J.-y. Yan, Energy storage and

(2022) 2441-2460.

DOI: 10.22060/ceej.2021.19356.7146

A. Mirhashemi, S. Sobhi, P. Ayar, A. A. Yousefi, The Effects of SCB test support configurations
on different fracture mechanic parameters in asphalt mixtures, Amirkabir J. Civil Eng., 54(6)

w3 gl o ol 4 g

YFoa






