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Abstract: In hot mix asphalts at low temperatures, cracks occur due to thermal
tension and these cracks cause water to leak inside the pavement and the pavement
gets deformed sooner than expected. In order to improve the properties of bituminous
mixtures, mostly polymer type additives are used in the modification of the bitumen.
These types of improvements usually have positive effects on the high-temperature

behavior of the mixture. In this study, semi-circular bending test, which is the most
commonly used method in the literature to investigate the low-temperature behavior
of bituminous mixtures, was performed. In the study, the resistance of stone mastic
asphalt mixtures, which were prepared with modified bitumen with a constant 3% of
paraffin and various amounts of crumb rubber, to crack formation and its movement
was identified. As a result, it was concluded that the effects of additives on crack
formation and its movement is varied and the relation between the fractured
aggregate surface areas and the fracture toughness of the mixture can be determined
by the image processing method.

Parafin ve Ogiitiilmiis Kaucuk ile Modifiye Edilmis Tas Mastik Asfalt Karisiminin Diigiik
Sicaklik Davramisinin incelenmesi

Anahtar Kelimeler
Ogiitiilmiis kauguk,
Parafin,

Diisiik sicaklik ¢atlagy,
Kirilma toklugu

Ozet: Diisiik sicakliklarda bitiimlii sicak kansimlar icinde meydana gelen termal
gerilmeler nedeni ile olusan catlaklar kaplama i¢ine suyun girmesine neden olmakta
ve kaplama beklenenden ¢ok 6nce bozulmaktadir. Bitiimlii karisimlarin dzelliklerini
iyilestirmek amaciyla ¢ogunlukla polimer tiirii katki maddeleriyle bitiim modifiye
edilmektedir. Bu tiir iyilestirmelerin ise genellikle karisimin ytiksek sicaklik davranisi

lizerinde olumlu etkileri olmaktadir. Bu ¢alismada literatiirde bitiimlii karisimlarin
diistik sicaklik davranisin1 degerlendirmek icin en ¢ok kullanilan yontem olan yarim
daire egilme deney yontemi kullanilmistir. Calismada sabit tutulan %3 Parafin icerigi
ile birlikte degisik oranlarda o6giitiilmiis ara¢ lastigi modifiyeli tas mastik asfalt
karisimlarin ¢atlak olusumuna ve ilerleyisine karsi direngleri tespit edilmistir. Sonucta
catlak baslangici ve ilerleyisi agisindan katki kullaniminin etkilerinin farkli oldugu,
kirilan agrega yiizey alanlari ile karisimin kirilma toklugu arasindaki iliskinin gériinti
isleme yontemi ile tespit edilebilecegi belirlenmistir.

1. Introduction

Asphalt pavements are exposed to some deformation
types such as fatigue cracks, low-temperature cracks
and reflection cracks due to traffic and environmental
conditions. The cracks which are formed due to the
thermal stress in the pavement at low temperatures
cause leakage of water into the pavement and the
infrastructure and lead to the deformation of
pavements rather earlier than expected [1]. In the
literature, the cracks which are formed only due to
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low temperatures are named as Mode-1, which are
associated with tensile stress, the cracks which are
formed due to traffic are named as Mode-2, which are
associated with shear stress, and the cracks which
are formed due to the effects of the both matters are
called mixed-type and various mechanisms are built
for laboratory experiments [2,3]. The formation of
cracks in asphalt mixtures was first investigated by
using fracture mechanics approach by Majidzadeh [4]
and later several researchers employed semi-circular
bending test setting according to Mode-1 method [5-
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7]- In the study, it was concluded that the mixtures
prepared with polymer modified bitumen had high
crack resistance, but the material behaved like a solid
elastic object, making its fracture energy and rigidity
stable at very low temperatures (-15 °C) [8]. The
authors found that modification improved the crack
resistance up to a point, after which the greater
modification reduced resistance. However, all
modifications tested performed better than neat
mixtures [9]. The increased awareness on the
protection of the environment has resulted in the
widespread use of crumb rubber (CR) in bituminous
mixtures. In the literature, there are a number of
studies on the behavior of CR modified mixtures at
medium and high temperatures. In these studies, it
was stated that CR modification increased the asphalt
mixture’s fatigue life and resistance against
permanent deformations at high temperatures. Also,
CR can be used as an economical substitute of
polymers [10-13]. In the few studies carried out on
the low-temperature behavior of CR modification, it
was reported that CR modification has positive
effects on crack resistance. This effect was improved
with decreased size of the CR. Moreover, CR modified
mixtures have a slightly greater fracture energy than
neat mixtures according to the J-integral method
[14,15]. It has been proposed that this positive effect
of CR modification is due to the improvements in
viscosity and elastic components and the formation of
thicker asphalt films around aggregate [15]. In
addition to economic improvements of CR
modification in asphalt mixtures, it affects the
workability properties negatively by causing
increases in viscosity [16]. In order to eliminate this
negative effect, warm mixture additives, which
reduces the viscosity considerably, are used [17-19].
In this type of study, which includes utilization of two
different additives in a way that they can cancel out
each other’s negative effect, once again, the low-
temperature behavior of the mixture is not
investigated in detail. In this study, the low-
temperature behaviors of stone-mastic mixtures
which were prepared by using different amounts of
CR and paraffin binders were investigated by the
semi-circular bending test and availibility of additives
in the same mixture was examined.

2. Material and Mehtod

In this study, B 50/70 class bitumen, which was
supplied from Batman refinery, was used as the neat
binder. In the modification of the neat binder, waste
vehicle tires in 0.3 - 0.6 mm sizes, which were
acquired from the Samsun Akin Rubber Company by
mechanical shredding method and organic based
paraffin (Sasobit®) which is used as a warm mix
asphalt additive and supplied from Sasol Company
were used. Modified binders, by adding determined
amounts of additives to the neat binder, were
obtained by mixing with a four-bladed mixer, which
has a 1000 rpm speed, at a stable 180 °C temperature

for 1 hour. The amount of paraffin was kept as
constant at the ratio of 3% and CR was used at the
rates of 6%, 8% and 10%. In the study, a neat binder
without additives (0-0), a 3% paraffin-modified
binder (0-3), binder containing 6% CR and 3%
paraffin (6-3), binder containing 8% CR and 3%
paraffin (8-3) and binder containing 10% CR and 3%
paraffin (10-3), with a total of five different binders,
stone-mastic-asphalt samples were prepared. The
tests and results of modified binders were presented
in Table 1. It is seen that while paraffin induces a
reduction in viscosity, CR significantly induces an
increase in viscosity.

Table 1. Binder tests results

0-0 0-3 6-3 8-3 10-3
Penetraiton 51.2 40.7 31.3 21.8 19.6
(1/100 cm)
Softening 52.2 77.4 77.8 81.0 82.5
point (°C)
Viscosity 0.600 0.462 1.238 1.925 20950
@135°C
Viscosity 0.175 0.137 0.337 0.487 0.788
@165 °C
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In the mixture samples, limestone, which has its
properties and gradation presented in Table 2, was
used as aggregate. Stone-mastic-asphalt mixture
samples with a maximum diameter of 19 mm were
prepared in a 150 mm diameter and 55-60 mm
height gyratory compactor, under 600 kPa pressure
and with 100 number of gyration. The optimum
bitumen content was determined as 6.0% for the
control mixtures and this rate was also adopted for
other mixture types. 0.5% Viatop fiber was used for
the weights of aggregate which had a Schellenberg
percolation value lesser than 0.3%. The air void ratio
(Va), the void filled with asphalt (VFA), voids in the
mineral aggregate (VMA), bulk specific gravity (Gmb),
the mixing-compacting temperature of the mixtures
were presented in Table 3. The mixing-compacting
temperatures of the mixtures were determined by
the temperatures correspond to 170 + 20 and 280 *
30 cP viscosity values, respectively.

3. Semi-Circular Bending Test and Results

This test determines the potentials of the samples
against fracture toughness and crack movement. The
tests were conducted according to Test EN 12697-44
standards and at 0 °C in order to evaluate the low-
temperature behaviors of the mixtures. The samples
were prepared in 150 mm diameter and 55-60 mm
height in the gyratory compactor and they were
divided into two equal semicircles from the center. 10
mm and 20 mm notchs were created on the centers of
the samples. The load-deformation relations of the
samples were recorded by applying 5mm/minute
loads on the samples (Figure 1). The fracture
toughness (Kic, N/mm3/2) was calculated by Equation
2.
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Table 2. Properties and gradation of aggregate

Sieve size (mm) 19.1 12.7 9.52 4.76 2.00 0.42 0.17 0.075
Passing (%) 100 95.0 65.0 37.5 25.0 17.0 13.0 10.0
Specific gravity (Coarse, fine, filler) 2.533 2.619 2.732
Abrasion loss (%) (Los Angeles) 25
Soundness (%) (with Na2S04) 2.5
Stripping resistance (%) (Nicholson) 70-75
Table 3. Volumetric and physical properties of the samples
Mixture Mixing Compaction
Type Wa (%) Va (%) VMA (%) VFA (%) b Temperature (°C)  Temperature(°C)
0-0 6.0 291 14.28 79.61 2.351 165.8 152.8
0-3 6.0 2.88 14.25 79.78 2.352 159.9 147.3
6-3 6.0 3.01 14.37 79.04 2.348 180.0 169.1
8-3 6.0 3.12 14.47 78.42 2.346 188.2* 176.8
10-3 6.0 3.18 14.52 78.11 2.344 219.4* 206.6*

*For the temperature above 185 °C, the mixing-compaction temperature was regarded as 185 °C.

Figure 1. Semi-circular bending test setup

o, =4.263F_ /Dt 8

K

e = O max-9-956 (2)
In these Equations, omax is the maximum stress at the
moment of cracking (MPa), Fmax is the maximum load
(N) and, D and t are the sample diameter and
thickness (mm). The fracture energies of the samples
(Gf, ]/m2) were calculated with Equation 3, according
to the method employed by Li and Maresteanu [6].

G, =W, /A, (3)

In this Equation, Wy is the fracture work which is the
area below the load-deformation curve until the
maximum load and Aiig is the ligament area.

In Figure 2 and 3, at notch lengths in 10 mm and 20
mm, respectively, load-deformation relations were
presented. As it is observed in the figures, load-
deformation rates demonstrate differences in
different notch sizes between the samples, especially
for neat mixtures. In both of the notch sizes, 8-3 and
10-3 samples demonstrated very similar curves. The
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fracture loads and the area under the load-
deformation curves are given in Table 4.
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Figure 2.Load-deformation relation in 10 mm notch length
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Figure 3. Load-deformation relation in 20 mm notch length

The lowest fracture load was observed in the neat
mixture while the highest value was observed in the
10-3 mixture. In the 10mm notch size, with the
increase of CR content from 6% to 10%; 18%, 32%
and 35% increases, respectively, occurred in the
fracture load compared to the neat mixture. The 0-3
mixture demonstrated a 14% higher fracture load
compared to the neat mixture. In the 20 mm notch
size, with the increase of CR content from 6% to 10%;
6%, 8% and 13% increases, respectively, occurred in
the fracture load compared to the neat mixture. The
0-3 mixture demonstrated a 5.5% higher cracking
load compared to the neat mixture. With the
increased notch length, the cracking load increase of
modified mixtures decreases compared to the neat
mixture.
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The changes occurred in the fracture toughness of the
samples were presented in Figure 4. With the
increase in the amount of the additives, the fracture
toughness values increase, in parallel with cracking
load, and this increase is not very distinctive in 20mm
notch length. With the increase of CR content from
6% to 10% in the 10mm notch length, 16%, 29% and
32% increases, respectively, occurred in the fracture
toughness values compared to the neat mixture while
these values were observed as 6.5%, 7.5% and 12%,

respectively, in the 20mm notch size.

The occurred increaments in the fracture toughness
indicate a rigidity increase in the samples. The
increase in the softening point and viscosity of the
binders and a decrease in their penetration also
indicate this conclusion.

The marked changes in the fracture were presented
in Figure 5, 6 and 7 as until the maximum load, after
the maximum load and during the whole load,
respectively. It is possible to relate the fracture
energy until the maximum load with the initiation of
the crack and the fracture energy after the maximum
load with the crack movement. The fracture energies
of all the samples were observed to be higher than
their fracture energies after the maximum load. This
result explains the fact that all the samples acted
rigidly and they are resistant to crack formation, but
they couldn’t resist to crack progression by
demonstrating fragile properties. Within the scope of
crack formation in 10 mm notch length, the samples
of 6-3, 8-3, and 10-3 outputted 21%, 19% and 13%
higher fracture energies, respectively, compared to
the neat mixture while outputting 19%, 37% and
20% lower values after the crack formation.

In 20 mm notch length, none of the mixtures with the
additives outputted a higher fracture energy
compared to the neat mixture. The reason for this is
believed to be the fact that in high notch lengths
tensile stress is in effect rather than shear stress and
modified binders have higher shear stress and lower
tensile stress. While the most resistant sample, in

terms of crack initiation, is the 6% CR + 3% paraffin-
modified sample (6-3), the most resistant sample, in
terms of crack movement, is the neat mixture. The 6-
3 mixture, when the total load is taken into account,
is the mixture with the highest fracture energy.

In all of the three situations, the lowest fracture
energy was observed on the mixture with only 3%
paraffin modification (0-3). While the fracture
toughness of the samples increases with the
additives, it was observed that this increase doesn’t
comply with the resistance to crack formation and
progression.

23
15 1
=
10 1
j -
D T T T T
0-0 0-3 6-3 -3 10--3
Mixture types

Figure 4. The changes in the fracture toughness of the
samples
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Figure 5. The changes in Gf until the maximum load

Table 4. Test results of 10 mm and 20 mm notch lengths 10 mm notch length

The area until the

Thickness Ligament Maximum load Total area .
Sample type (mm) area(mm?) (ke) (kgmm) maximum load
" (kg.mm)
0-0 57.04 3610 581 453 306
0-3 56.72 3592 662 343 266
6-3 57.85 3618 686 488 371
8-3 57.88 3638 765 444 368
10-3 58.08 3660 785 474 356
20 mm notch length
Thickness Ligament Maximum load Total area The area until the
Sample type (mm) area (mm2) (ke) (kgmm) maximum load
" (kg.mm)
0-0 57.66 3138 505 347 236
0-3 57.37 3200 534 245 162
6-3 57.57 3078 537 249 186
8-3 57.78 3110 545 268 189
10-3 58.27 3069 574 293 199
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Figure 6. The changes in Gf after the maximum load
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Figure 7. The changes in Gf until the load is discharged
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Since the behaviors of the samples on 10 mm and 20
mm notch lengths are different in themselves, the
sample’s resistances to crack formation and
progression were calculated by the J-integral method,
presented in the Equation 4, and the results were
presented in Figure 8. In this Equation, b is the
sample thickness, a is the notch length and U is the
energy at the moment of fracture.
3500

_ _(EJ
¢ b
3000

2500
2000
<1500
1000
e
0 - . . . .
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Figure 8. The changes in Jc values of samples

du

da

J (4)

As it can be observed in the figure, in this method,
which calculates the fracture according to the critical
deformation energy discharge rate, all the samples,
except neat and 0-3 mixture, demonstrated similar
fracture toughness values until the maximum load.
While the neat mixture which contains the lowest
softening point and the bitumen with the highest
penetration obtained the lowest Jc value, modified
mixture demonstrated better results compared to the
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neat mixture. While the best performance was
observed in the 6-3 mixture, which has 2.7 times
more Jc value compared to the neat mixture, it was
observed that with increased amount CR, the Jc value
decreases. It is believed that the decrease in the
resistance with the 8% and 10% CR content is due to
the high CR content’s gradual negative effect on the
mixture’s cohesion. According to the result of this
test, in waste vehicle tire utilization, the optimal rate
of CR content is 6%.

Following the breaking of the samples with 10 mm
notch length, with the help of the pictures taken of
their inner surfaces, the fractured aggregate surfaces
were detected. In Figure 9, the sample pictures are
presented in black-white forms. On these samples,
the rate of white areas, which are the surfaces of
fractured aggregates, to the total area was calculated
by using MATLAB software on the pictures which
were transformed to black-white and were presented
in Figure 10. On these samples, it was observed that
with the increase in the amount of additive, the
amount of white area increased, which means that
the aggregate was fractured. The fact that there are
more white aggregate surfaces indicates a more rigid
fracture and this result complies with the Kic values.

Figure 9. The pictures of fractured aggregate surfaces

White area / Total area (%)
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Figure 10. The changes in white area / total area,
according to image processing method

4., Conclusion

In this study, with the constant rate of paraffin at 3%,
stone-mastic asphalt mixtures modified with various
amounts of crumb rubber were tested to determine
their resistance to crack formation and movement.

According to binder test results, with increased CR
content, the softening point and viscosity of the
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modified bitumens increased compared to the neat
mixture and their penetration rate was decreased
while paraffin modification increased the softening
point and decreased the viscosity.

According to semi-circular bending test, with the
additive utilization, fracture load and fracture
toughness values increased and this increase was
observed to be more in 10 mm notch length. With
increased notch length and additive utilization, the
differentiations in the mixtures decrease. CR and
paraffin-modified mixtures, in terms of fracture
energy, performed better until the crack initiation yet
performed worse against crack movement compared
to the neat mixtures. In 20 mm notch length, none of
the samples with additives demonstrated a better
fracture energy compared to the neat mixture.
According to critical fracture energy values, the neat
mixture demonstrated the lowest cracking resistance
while the highest cracking resistance was observed
on 6% CR+3% paraffin-modified mixture. The
aggregate surfaces, which were determined by image
processing method, demonstrated compatible results
with the fracture toughness values and it was
determined that with the increased rigidity, the
fractured aggregate surface increased.
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