
502|https://doi.org/10.3311/PPci.19139
Creative Commons Attribution b

Periodica Polytechnica Civil Engineering, 66(2), pp. 502–515, 2022  

Cite this article as:  Akpolat, M., Kök, B. V., Aydoğmuş, E. “Research on the Rheological Properties of Asphalt Binder Modified by Fume Silica and Crumb 
Rubber Compound”, Periodica Polytechnica Civil Engineering, 66(2), pp. 502–515, 2022. https://doi.org/10.3311/PPci.19139

Research on the Rheological Properties of Asphalt Binder 
Modified by Fume Silica and Crumb Rubber Compound

Mustafa Akpolat1*, Baha Vural Kök2, Ercan Aydoğmuş3

1 Department of Civil Engineering, Faculty of Engineering, Munzur University, 62000, Tunceli, Turkey
2 Department of Civil Engineering, Faculty of Engineering, Fırat University, 23119, Elazığ, Turkey
3 Department of Chemical Engineering, Faculty of Engineering, Fırat University, 23119, Elazığ, Turkey
* Corresponding author, e-mail: mustafaakpolat@munzur.edu.tr

Received: 23 August 2021, Accepted: 08 February 2022, Published online: 16 February 2022

Abstract

This study investigates the effect of using Fume Silica (Aerosol 300) alone and together with crumb rubber (CR) in bitumen modification 

on the traditional and rheological properties of the binder and compares it to the SBS modified binder. Using the aerosol additive in 

the binder at the rates of 0.5%, 1%, 1.5%, and 2% were determined as the most convenient ratio and CR+aerosol modified binders 

were prepared per this ratio. The binders were subjected to the softening point, viscosity, frequency sweep, bending beam rheometer 

(BBR), and Fourier Transform Infrared spectroscopy (FTIR) tests in the context of the study. Besides, the optimum conditions were 

determined according to the response functions by designing an experiment with statistical regression according to the Response 

surface methodology (RSM). The results indicate that the optimum aerosol ratio is 1.5%. With the use of 1.5% aerosol in 6% CR 

modification per bitumen weight, it was found that (1) the softening point increases and the temperature sensitivity decrease in 

comparison to other binders, (2) the consistency of the binder increases, (3) the complex modulus values increase and become more 

resistant to rutting, (4) the low-temperature parameters enhance by performing more flexible behavior, (5) there may be physical 

changes in the structure even though there is no chemical reaction in the binder with the use of CR and aerosol additives, and (6) the 

experimental data and theoretical data obtained from the RSM method are consistent as per the statistical analysis.
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1 Introduction
With the developing technology, scientists have conducted 
numerous studies to provide more durable and stable roads. 
The harsh conditions of nature and climatic events requires 
the strengthening of the physical and chemical structure 
of asphalt roads. Various additives are used for the mod-
ified bitumen to yield maximum performance under low 
and high-temperature conditions.

The polymers used in bitumen are generally catego-
rized as thermoplastic elastomers and plastomers [1]. As an 
alternative to polymers, the crumb rubber (CR) additive 
was stated to have a positive effect on the performance of 
binders and be more environmentally friendly and cost-ef-
fective [2–4]. It is expressed that styrene-butadiene-sy-
trene (SBS) and CR as polymer additives improve the high 
(rutting) and low-temperature (cracking resistance) param-
eters of the binder [5, 6], raising the mixing-compaction 
temperatures by increasing the viscosity [7, 8], and also 

decrease the temperature sensitivity by increasing the soft-
ening point values [9]. 

In addition to various polymers and CR, nanocompos-
ite materials have started to be frequently used in bitu-
men modifications in recent years, just as in many differ-
ent areas. In the study, it was stated that nanomaterials 
could potentially increase the high temperature sensitivity 
resistance, storage stability and rheological properties of 
asphalt binder samples [10].

Cheraghian et al. [11] investigated the aging process of 
bitumen modified by clay and fumigated silica nanoparti-
cles. The volume fraction of silica nanoparticles in bitu-
men was studied in the range of 1%–3% and the tempera-
ture between 30 and 70 °C. When clay and fumed silica 
nanoparticles were used in bitumen modification, the car-
bonyl index and degree of oxidation decreased. Besides, 
it was observed that the aging resistance and mechanical 
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stability of bitumen to ultraviolet radiation increased. 
When fumed silica nanoparticles were mixed into bitumen 
in different proportions (0.1, 0.2, and 0.3%) by weight, the 
oxidation degree and carbonyl index were found to have 
improved according to the results of ultraviolet aging [12].

Polyurethane-based modified binder was obtained by the 
chemical reaction of MDI (4,4'-diphenylmethane diisocy-
anate) with polyethylene glycol and nanosilica. The nano- 
silica content was kept at 0.08% by mass compared to the 
bitumen, the other mixing ratios were changed, and the 
performance of the modified bitumen was evaluated. When 
nanosilica and polyethylene glycol were pre-mixed with 
MDI and then added to bitumen, it was observed that the 
rutting resistance and thermal stability were improved [13]. 

Taherkhani and Afroozi [14] investigated the creep 
behavior of asphalt mixture containing nano-silica. As 
a result, they stated that the flow number increased, and 
the steady-state strain rate decreased with escalating nano- 
silica content. They argued that this would increase the 
resistance against permanent deformation.

Zghair et al. [15] examined the rheological proper-
ties of 2%, 4%, and 6% nano silica modified binders and 
expressed that the stiffness of the binder increased, and 
temperature sensitivity decreased with the escalating per-
centage of nano silica.

It was determined that hybrid organic-inorganic bitu-
men powders obtained from nanosilica and bitumen core 
homogeneously covered the aggregates in the mixture and 
improved the binding properties of bitumen. According to 
the results obtained in hybrid mixtures, an industrial prod-
uct was developed that provided multiple advantages such 
as storage, transportation, and ease of applicability [16].

The use of recycling, waste, or byproducts with bitu-
men binders to extend the service life of asphalt pave-
ment has become widespread. Addition of reed fly ash to 
the asphalt binder was observed to have a positive effect 
on the performance of the mixture. As the rate of reed fly 
ash increased, the bulk density decreased while the volu-
metric void, porosity and permeability increased. In addi-
tion, at low mixing ratios (6%), the resistance to abrasion 
increased by 36% [17]. 

Motamedi et al. [18] examined the fatigue life of asphalt 
binders, mastics, and asphalt mixtures modified with 
nano-silica and synthesized polyurethane. They stated that 
the fatigue life of the mastic and asphalt mixture increased 
with nano-silica and synthesized polyurethane additives.

0.3% nano-silica (SiO2NP) modified binders and mix-
tures were stated to improve rutting resistance, fatigue 

parameter, and moisture damage resistance in comparison 
to the neat binders and mixtures. Besides, scanning elec-
tron microscopy (SEM) results unfold that homogeneous 
binders can be obtained with nano-silica [19].

Rezaei et al. [20, 21] stated that the addition of nano 
silica to SBS modified binders can improve rutting resis-
tance. In addition, they suggested that the mixtures pre-
pared with SBS/nano silica modified binder revealed high 
flow numbers, indicating that their performance at high 
temperatures improved.

Sadiq Bhat and Shafi Mir [22] suggested that the addi-
tion of nano Al2O3 had a positive effect on the rutting and 
fatigue performance of SBS modified asphalt binders, the 
storage stability of SBS modified asphalt binders signifi-
cantly advanced after the addition of nano Al2O3, and their 
aging resistance also improved.

Han et al. [23] detected that the use of nano-silica and 
CR together as asphalt additives improved the rutting 
resistance and low-temperature performance.

It was determined that the viscosity of bitumen modi-
fied with new crumb rubber increased, and its rheological 
properties improved at high temperature as well as exhib-
iting different viscoelastic behavior than styrene-butadi-
ene-styrene (SBS) block copolymer. 

The improvement of high-temperature rheological 
properties of bitumen binders depends on both CR and 
bitumen sources. The results of ANOVA revealed that the 
effect of high-temperature bitumen sources on modified 
products has greater contribution as compared to the CR 
percentages by mass [24].

Chen et al. [25] investigated the rheological charac-
terization of SBS modified bitumen using the time-tem-
perature superposition principle (TTSP), and the results 
were evaluated with horizontal displacement of isother-
mal curves. This method has been validated to determine 
the relationship of bitumen source, modified type and 
aging with TTSP in SBS modified bitumen. TTSP method 
yielded appropriate results in samples prepared with dif-
ferent bitumen sources and modified species. However, 
this method was determined to have yielded inconsistent 
results in SBS modified bitumen samples that were aged 
too short or too long.

Wang et al. [26] investigated the thermal and UV 
aging stages of different types of bitumen modified by 5 
wt.% nanoclay and SBS binders. The modified bitumen 
was aged according to the Rolling Thin Film Oven Test 
(RTFOT) and UV-Aging methods. The obtained results 
revealed that UV-aging mechanism showed different 
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results than thermal-oxidative aging. The addition of pro-
cessed nanoclay materials improved the resistance of bitu-
men to ultraviolet aging.

Nanoclay has been preferred in bitumen modification 
due to its low cost and abundance in nature. The physical 
and chemical properties of bitumen containing different 
proportions (3%, 5%, 7% and 9%) of nanokaolin clay by 
mass were investigated. It was determined that nanoclay 
positively affected the softening point and storage stability 
of modified bitumen [27].

2 Materials and experimental methods
2.1 Materials
This study examines the traditional and rheological proper-
ties of the modified binders using the additive ratios shown 
in Fig. 1. Crum rubber (separated with sieve No. 40), SBS, 
and Fumed Silica (Aerosil 300) were used as additives. 
Table 1 explains the properties of the additives used in the 
study. Aerosil scanning electron microscope (SEM) images 
were given in Fig. 2.

Modified binders were prepared with bitumen having 
a penetration grade of B160/220 obtained from Batman 
TÜPRAŞ refinery. 

The modified bitumens were produced with a high 
shear mixer (Fig. 1) at a temperature of 175 °C for 1 h at 
a rotation speed of 2000 rpm.

2.2 Experimental methods
2.2.1 Softening point
Softening point detection was performed to determine the 
sensitivity of bituminous binders to temperature changes 
and their resistance to high temperatures. The experiment 
was performed as per the AASHTO T53 standard [28].

2.2.2 Rotational viscometer
A rotational viscometer (RV) test was performed to find out 
the fluidity characteristics of bituminous binders under high 
temperatures (135 °C and 165 °C). The test was performed 
using the DV-III Ultra Brookfield viscometer device per 
the criteria outlined in the AASHTO T 316 standard [29]. 

Fig. 1 Binder mixer and ID's used in study

Table 1 Properties of additives

SBS Crumb rubber
Fumed silica 
(Aerosil 300)

Properties Value Elemental analysis Properties Value

Specific gravity 
(kg/m3)

940 C (%) 68.3 Surface area 
(m2/g)

300

Tensile strength 
(psi)

4600 H (%) 7.1 Particle 
diameter (nm)

7

Hardness shore 
A

69 S (%) 1.7 Tamped 
density 
(kg/m3)

55

O (%) 22.9 SiO2 content 
(%)

99.8

Ash (%) 3

Fig. 2 SEM images of aerosil
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The viscosity values of the binders under high tempera-
tures were used to determine the mixing-compaction tem-
peratures of hot bituminous mixtures and they should not 
exceed 3000 cP (3 Pa.s) at 135 °C due to workability.

2.2.3 Bending beam reometer
A bending beam rheometer (BBR) test was performed to 
determine the low-temperature performance of bitumi-
nous binders. The test was carried out on unaged sam-
ples at -25 °C as per the AASHTO T313 standard [30]. 
As a result of the test, the creep stiffness (St) and m-value 
values were determined, and the λ value was found to 
identify the elasticity of the binders. The study [31] states 
that the flexible behavior under low temperatures develops 
at low creep stiffnesses having high m-values. Thus, the λ 
value was obtained by dividing the creep stiffness by the 
m-value for a more realistic evaluation. Low λ values for 
elastic behavior under low temperatures were sought here.

2.2.4 Frequency sweep test
Frequency sweep tests were performed with Bohlin DSRII 
rheometer device at four different temperatures (40 °C, 
50 °C, 60 °C, and 70 °C) on a 25 mm parallel plate and with 
a gap geometry of 1 mm. The test was carried out within 
the binder's linear viscoelastic (LVE) region. During the 
test, the frequency was adjusted to increase linearly within 
the range of 0.1–10 Hz. The master curve of the complex 
modulus (G*) and phase angle (δ) values obtained to deter-
mine the viscoelastic behavior in a wider frequency range 
at a reference temperature of 40 °C was developed accord-
ing to the time-temperature superposition principle (TTSP) 
with the Arrhenius equation given in Eq. (1).

log a E
R T TT
a

ref
� ��

�
�

�

�
�

1 1
 (1)

Here, Ea is the relaxation-related activation energy, R 
is the gas constant, T is the test temperature, Tref is the 
reference temperature, and aT is the shift factor. Just as 
the Arrhenius equation is used to describe the behavior 
outside the glass transition region, it is also referred to 
obtain the activation energy corresponding to the glass 
transition [32].

2.2.5 FTIR 
Fourier transform infrared spectroscopy (FTIR) measure-
ments were studied using the Shimadzu IRSpirit QATR-S 
instrument. FTIR analyses of the samples were made between 
600 cm–1 and 4000 cm–1 wavelengths. Functional groups are 

very important in characterizing the materials in the chem-
ical process. By comparing the functional groups of bitu-
men binders before and after modification, it can be deter-
mined whether chemical reactions or physical processes 
have occurred. There are two regions in the FTIR spec-
trum, namely the functional group region (4000–1330 cm–1) 
and the fingerprint region (1330–400 cm–1). The functional 
group region is used to define the functional group and 
therefore to determine the material structure.

3 Results and discussions
3.1 Softening point and RV test results
Fig. 3 shows the change in the softening points of neat and 
modified binders. As evident in Fig. 3, when the aerosil 
additive is solely used, the binder with 1.5% aerosil dis-
plays the highest softening point at 45.9 °C, and this is 
7.2% higher than the neat binder. Moreover, using the 1.5% 
aerosil together with 6% CR brings about an increase of 
10.6 °C, 2.9 °C, and 2.3 °C in the softening points in com-
parison to the neat, CR, and SBS-modified binders, respec-
tively. It was seen that CR+aerosol modified binders with 
high softening point values will behave more rigidly and be 
harder compared to other binders. This is an indication that 
the binder will be more resistant to rutting and such deteri-
orations under high temperatures.

Table 2 shows the rotational viscosity test results. The 
viscosity values of the binder were marked on the viscos-
ity-temperature graph and the temperature values that 
would provide the required viscosity values (170 ± 20 cP 
and 280 ± 30 cP, respectively) were determined during 

Fig. 3 Change in the softening point according to the binder type
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mixing and compaction, in case of using bituminous bind-
ers in mixtures. Table 3 displays the viscosity-temperature 
relationship of the binders.

As Table 2 and Fig. 4 reveal, all binders are below the 
specification criterion of 3000 cP. Although there has been 
no significant increase in the viscosity of the neat binder 
when the aerosil additive was used solely, the viscosity 
increases approximately 5 times at both temperatures in 
comparison to the neat binder after using 1.5% aerosil with 
6% CR. This increase is nearly 3 times in CR and SBS 
modified binders. Consequently, it was determined that 
aerosil, CR, and SBS additives increase the consistency 
of the binder and raise the resistance to high temperatures.

3.2 BBR test result
Table 3 shows the results of the BBR test. According to 
the test results, when the aerosil additive is used alone, the 
stiffness (λ) values respectively increase by 6.3%, 12.5%, 
6.9%, and 4.9% in comparison to the pure binder at 0.5%, 
1%, 1.5%, and 2%, correspondingly. As Table 3 describes, 

there occurs an increase of up to 1% in the creep stiff-
nesses compared to the neat binder with the use of aero-
sil, then they decrease and behave similarly with the pure 
binder under low temperature. 6% CR and 3% SBS mod-
ified binders display similar low-temperature behaviors. 
However, with the use of CR separately, the high creep 
stiffness value decreases by 14% with the use of 1.5% 
aerosil and it has no positive effect on the m-value. The λ 
value of SBS-modified binder has the highest value among 
all modified binders. As a result, with the use of aerosil 
with CR, the binder behaves more flexibly at low tempera-
tures and becomes more resistant to crack formations in 
comparison to the CR and SBS-modified binders.

3.3 Frequency sweep test results
Fig. 5 gives the complex modulus changes at frequencies 
of 0.1, 1, 5, and 10 Hz under 40 °C. As the figure shows, 
the highest complex modulus (G*) value was determined 
to be given by the binder with 1.5% aerosil additive at 
all frequencies when the aerosil additive was used alone. 
CR+aerosil modified binders gave the highest G* values at 
all frequencies, while the neat binders had the lowest G* 

Table 2 Rotational viscosimeter test results

Binder type
Viscosity (cP) Mixing 

temperatures (°C)
Compaction

Temperatures (°C)135 °C 165 °C

Neat Binder 262.5 87.5 147–154 127–137

A(0.5) 287.5 100 149–157 131–141

A(1) 350 112.5 155–160 140–147

A(1.5) 387.5 137.5 157–160 142–148

A(2) 362.5 125 161–165 149–155

CR 812.5 250 168–170 162–165

CR-A(1.5) 1438 437.5 172–173 169–171

SBS 800 250 168–170 162–165

Fig. 4 The change in the viscosities of neat and modified binders by 
temperature

Table 3 BBR test result

Binder type St m-value λ

Neat Binder 71.97 0.374 192.59

A(0.5) 74.23 0.361 205.62

A(1) 81.71 0.371 220.01

A(1.5) 74.05 0.358 206.84

A(2) 72.7 0.359 202.68

CR 89.19 0.309 288.55

CR-A(1.5) 78.02 0.306 255.13

SBS 88.45 0.279 316.91

Fig. 5 The effect of frequency change on the complex modulus at 40 °C
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values. When 6% CR and 1.5% aerosil additive were used 
together, 6.15, 3.01, 1.54, and 1.23 times higher G* values 
were obtained at 0.1 Hz frequency in comparison to the 
neat, 1.5% aerosil, CR, and SBS added binders, respec-
tively; and these ratios were 2.47, 1.44, 1.20, and 1.04 at 
10 Hz. The effectiveness of modified binders became more 
obvious at low frequency or under adverse loading condi-
tions such as prolonged loading. CR+aerosil added binders 
with high complex modulus values were observed to be 
more resistant to rutting at high temperatures.

Fig. 6 shows the variation of the complex modulus val-
ues of neat and modified binders at different frequencies 
with temperature. As the figure reveals, when the aerosil 
additive is used alone, 1.5% aerosil added binders at 40 °C 
and 50 °C at all frequency values display higher complex 
modulus values compared to other ratios, while 2% aerosil 
additives at 60 °C and 70 °C give high complex modulus 
values. Thus, it was determined that rather than the fre-
quency values, the temperature values are more effective 
on the aerosil contribution in terms of G* values. While 6% 
CR+1.5% aerosil added binder gives the highest G* value 

at all frequencies and temperatures, the G* values of CR 
and SBS modified binders get closer to those of CR+aerosil 
added binders as the frequency value raises. Besides, the 
use of aerosil together with CR drove up the complex mod-
ulus values of the CR modified binders above the SBS-
modified binder' values

Fig. 7 gives the variation of phase angles of neat and 
modified binders with the temperature at frequencies of 0.1, 
1, 5, and 10 Hz. When using the aerosil alone as a modifier, 
it provides 1.5% lower phase angle values at all frequencies 
at 40 °C and 2% lower phase angle values at 50 °C, 60 °C, 
and 70 °C and behaves more flexibly. Just like the varia-
tion in the complex modules in Fig. 6, it can be seen here 
that the temperature factor is effective on the aerosil addi-
tive. 6% CR+1.5% aerosil-modified binders displayed the 
lowest phase angle values at high frequencies (Figs. 7(c) 
and (d)). For example, at 60 °C, CR+aerosil-doped binders 
displayed 15.3 °C, 3.6 °C, and 4.5 °C lower phase angle 
values at 5 Hz respectively, compared to the neat, CR and 
SBS modified binders; while at 10 Hz, these ratios were 
15.6 °C, 3.5 °C, and 3.2 °C.

Fig. 6 The variation of G* values by the temperature at different frequencies (a) 0.1 Hz, (b) 1 Hz, (c) 5 Hz, (d) 10 Hz



508|Akpolat et al.
Period. Polytech. Civ. Eng., 66(2), pp. 502–515, 2022 

Fig. 8 shows the master curves at a reference tempera-
ture of 40 °C according to TTSP. When examining the rhe-
ological properties of asphalt binders, knowing the rheo-
logical properties at low, medium, and high frequencies 
provides information on how the pavement will behave at 
different vehicle speeds. Fig. 8 indicates that the complex 

shear modulus of all binders increases logarithmically with 
the increase in frequency. When the aerosil additive is used 
alone, binders with 1.5% aerosil additive exhibit the high-
est complex shear modulus values. Thus, 1.5% was found 
to be the most suitable aerosil ratio. Among all binders, 6% 
CR + 1.5% aerosil-modified binder performed the high-
est complex shear modulus, while the lowest G* values 
were displayed by the neat binder. It was determined that 
the rheological properties of the neat binder will improve 
more than the SBS modified binder by using CR and aero-
sil additive together at both low and high-frequency values 
(in other words, under low and high vehicle speeds).

Fig. 9 shows the change of phase angles of neat and modi-
fied binders according to the frequency. As Fig. 9 indicates, 
CR modified binders reveal the lowest phase angle values 
at low frequencies (from 0.01 Hz to 0.03 Hz). However, 
after 0.1 Hz frequency, CR and aerosil-modified binders 
behave more flexibly by revealing a lower phase angle. 
While the neat binder reveals the highest phase angle val-
ues at all frequencies, aerosil-modified binders give simi-
lar values among themselves. The use of aerosil with CR 

Fig. 7 The variation of phase angle by the temperature at different frequencies (a) 0.1 Hz, (b) 1 Hz, (c) 5 Hz, (d) 10 Hz

Fig. 8 Master curve of Complex modulus (Master Curve at 40 °C)
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creates a significant reduction in phase angles. Besides, 
after 0.1 Hz frequency, SBS and CR modified binders put 
in similar performances in terms of phase angle values.

Fig. 10 gives a black space diagram of neat and modified 
binders drawn by using TTSP and frequency scan data. 
The black space diagram indicates the phase angle cor-
responding to the complex shear modulus from dynamic 
rheological data. This plot is stated to be typically used 
for measuring the validity of time-temperature superpo-
sition and thermorheological simplicity [33]. As the fig-
ure indicates, the time-temperature superposition of the 
CR-modified binders disappears above 60 °C, referring 
that the CR modification has a thermorheologically com-
plex structure under high temperatures. However, the 
addition of the aerosil additive to the CR modification 
reduces the deviation in the time-temperature superposi-
tion (TTS). SBS modified binder shows TTS valid over CR 

and aerosil modified binders [34]. Aerosil-modified bind-
ers also put up similar properties in terms of TTS. Besides, 
below 1000 Pa complex modulus values after 60 °C, aero-
sil-modified binders behave more flexibly by displaying 
lower phase angle values than SBS-modified binders.

Fig. 11 gives the Cole-Cole diagram of neat and modi-
fied binders. As the figure shows, the curves of CR, SBS, 
and CR+aerosil-modified binders shear towards the stor-
age modulus. This is an indication that these binders 
behave more flexibly according to other ones. Besides, 
CR+aerosil modified binder exhibits a more flexible 
behavior than SBS-modified binder under low frequency 
and high temperatures.

3.4 FTIR spectrum for Aerosil modified bitumen
In the FTIR spectrum, 2921 and 2850 cm–1 correspond 
to the CH2 and CH3 stretch in bitumen (alkanes), while 
the C=C stretch shows the aromatic groups at 1600 cm–1 
wavelength. The peaks between 1467 and 1378 cm–1 wave-
lengths represent CH3 asymmetric and symmetric defor-
mation (alkanes), respectively. The peak of nanosilica par-
ticles at 1050 cm–1 wavelength refers to the Si-O-Si bond, 
which is the backbone of silicon for the silica modified 
surface. However, it has been determined that this peak 
shifted towards a wavelength of 1100 cm in the bitumen 
binder modified with nanosilica. This shift indicates that 
the modified bitumen is obtained by interacting with the 
siloxane bond of the bitumen with the nanosilica par-
ticle. This proves the physical interaction that occurs as 
a result of the modification in bitumen. The surface of 
pure nanosilica contains silanols that support the for-
mation of hydrogen bonds with asphaltenes in bitumen. 

Fig. 9 Master curve of phase angle

Fig. 10 Black diagram for neat and modified binders

Fig. 11 Cole-Cole diagram for neat and modified binders measured at a 
reference temperature 40 °C
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It has been observed that the surface of pure nanosilica has 
silanols and it promotes the formation of hydrogen bonds 
with asphaltenes in bitumen, thus demonstrating the phys-
ical interaction between the functional groups in the bitu-
men and the nanosilica [35–38]. In the FTIR spectrum in 
Fig. 12, Si-O-Si asymmetric bonds are seen at 1087 cm–1 
and Si-O-Si symmetric bonds at 809 cm–1 wavelengths. 
When the spectrum is examined, as the ratio of aerosil 
(wt.%) in the modified bitumen increases, the size of the 
Si-O-Si peak observed at a wavelength of 809 cm–1 rises 
as well. Similarly, the intensity of the peak at 1087 cm–1 
wavelength also increases. It has been determined that 
aerosil, which interacts physically with bitumen, did not 
bond with a chemical reaction.

The FTIR spectrum in Fig. 13 shows the FTIR image of 
aerosil 300, pure bitumen, crumb rubber (6wt.%) modified 
bitumen, and aerosil (1.5wt.%) with crumb rubber (6wt.%) 
modified bitumen. It was found that aerosil 300 reinforce-
ment in the spectrum increased the intensity of the peaks 
at 810 cm–1 and 1100 cm–1 wavelengths. Although a chemi-
cal reaction was not among the components, it was consid-
ered that there could be physical changes in the structure.

3.5 Response surface methodology (RSM)
In this study, an experimental design was made with sta-
tistical regression according to RSM method and opti-
mum conditions were evaluated according to response 
functions. In the experimental design, it is necessary 
to determine the effective parameters to find optimum 
results with a small number of experiments. The response 
functions of these parameters in the process are defined 

statistically in a fast, reliable way, yielding a good solu-
tion. According to the RSM method, the most appropri-
ate results are obtained in the most economical way, in 
a short time and with maximum efficiency by sparing less 
effort. In the experiments, optimum results were obtained 
by evaluating the response functions of the independent 
variables. First, the independent variables and their range 
of change were defined, and then the experimental results 
obtained were entered into the RSM as a response func-
tion. The results were defined by statistical analysis, and 
both optimum experimental conditions and optimum mix-
ing ratios were evaluated [39–42]. In Fig. 14, the com-
plex modulus, effect of temperature and aerosil 300 ratio 
(wt.%) are shown according to the RSM results. In Fig. 15, 
both the agreement and the distribution of the deviations 
between the actual data and the predicted values were 
evaluated according to the experimental study plan. In the 
experiments, optimum results were obtained by evaluat-
ing the response functions of the independent variables. 
First, the independent variables and their range of change 
were defined, and then the experimental results obtained 
were entered into the RSM as a response function. The 
results were defined by statistical analysis, and both opti-
mum experimental conditions and optimum mixing ratios 
were evaluated [39–42]. In Fig. 14, the complex modu-
lus, effect of temperature and aerosil 300 ratio (wt.%) are 
shown according to the RSM results. In Fig. 15, both the 
agreement and the distribution of the deviations between 
the actual data and the predicted values were evaluated 
according to the experimental study plan.

Fig. 13 FTIR spectrum of the crumb rubber and aerosil modified 
bitumenFig. 12 FTIR spectrum of the pure and aerosil modified bitumen
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Fig. 16 shows the effect of temperature and aerosil 
ratio (wt.%) on the complex modulus in the RSM results 
obtained using the Square Root model. In Fig. 17, both the 
agreement and the distribution of the deviations between 
the actual data and the predicted values were determined 
according to the square root model.

In Eq. (2) and Eq. (3), the aerosil rate (A: wt.%), tem-
perature (T: °C), and complex modulus (G*) have been 
expressed in the RSM model equations. 

G A
T A T

* . .

. .

.

� � � �
� � � � �

�

1 05300 8668 96473

3372 07145 123 08767

397 496625 27 002242 2� � �A T.

 (2)

G A
T A T

A

* . .

. .

.

� � � �
� � � � �

� �

541 86929 39 58541

14 94071 0 445651

3 64927 22 20 106907� �. T

 (3)

In validation experiments, the aerosil ratio was taken as 
1wt.% and the temperature as 55 °C, and the experiments 
were repeated for 5 times. According to the experimental 
data, complex modulus were found to be approximately 
3020, 2998, 3045, 3012, and 3029. In the RSM method, the 
results were expressed in the lowest 2959.70 and the high-
est 3083.09 at 95% confidence interval. Statistical analysis 
(Std. dev = 41.2579) indicated that the experimental data 
and the theoretical results were consistent. RSM analysis of 
variance (ANOVA) results and statistical data are shown in 
Table 4. The statistical significance of the model equations 
can be determined by the P-test and the significance value 
by the F-test. P-value (<0.0001) and F-value were evalu-
ated by statistical analysis of complex modulus, tempera-
ture, and amount of aerosil (wt.%) in the RSM study plan. 
Low F-value and P-value tests indicate high significance for 
the regression model. Besides, the suitability of the model 

Fig. 14 Change of complex modules (G*) with temperature and aerosil ratio (wt.%) for the power model

Fig. 15 Statistical analysis for the RSM results for power model
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can also be explained by the fact that the multiple correla-
tion coefficients (R2) are close to 1. It is stated that the value 
of the predicted correlation coefficient and the adjusted 
correlation coefficient value are also congruent. Also, the 
lower coefficient of variance (%C.V.) indicates a better pre-
cision and reliability of the experiments performed [41–43].

According to the RSM results, optimum experimental 
conditions are 1wt.% aerosil rate, 55 °C temperature, and 
3019.5 complex modulus.

The distribution of the experimental data and the 
model data were compared according to the RSM results 

in Fig. 16. The data obtained in the experimental study 
plan in RSM design according to the central composite 
method were evaluated by statistical analysis. In the cen-
tral region, the distribution of errors, large deviations, and 
small deviations were defined, and the consistency of the 
actual and estimated values were evaluated. According to 
the statistical parameters, the fact that the error functions 
such as total sum square (SST) were low indicates the reli-
ability of the experimental model and its consistency with 
the theoretical model [43–46].

Fig. 16 Change of complex modules (G*) with temperature and aerosil ratio (wt.%) for the square root model

Fig. 17 Statistical analysis for the RSM results for square root model

Table 4 RSM design models result for the complex modulus

Transform Source P-value F-value SST Std. Dev. R2 C.V.%

Power Quadratic 0.0001 102.14 108.78 1.63 0.9986 2.66

Square Root Quadratic 0.0001 215.51 219.67 1.98 0.9979 3.82
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4 Conclusions
This study examines the effect of the binder on high and 
low-temperature parameters in the case of using the aero-
sil additive alone and together with CR and compares it to 
the SBS modified binder.

1. The softening point test results show that the use of 
1.5% aerosil additive causes an increase of approxi-
mately 3 °C in the softening point of both neat and 
CR-modified binders.

2. It was found that aerosil, CR, and SBS additives 
increase the consistency of the binder and decrease 
its fluidity under high temperatures.

3. BBR test results reveal that the use of aerosil together 
with CR makes the binder behave more flexibly under 
low temperatures and more resistant to crack forma-
tion in comparison to the binders with CR and SBS 
additives.

4. Frequency sweep results indicate that CR+aerosil mod-
ified binders behave more flexibly and reveal higher 
complex modulus values than SBS and CR modified 
binders under all frequencies and temperatures.

5. Statistical analysis reveal that the experimental data 
and the theoretical data obtained from the RSM 
method are coherent.

6. FTIR results show that the use of aerosil alone or aero-
sil supplementation to the CR modification increases 
the intensity of the peaks at 810 cm–1 and 1100 cm–1 
wavelengths. It was estimated that physical changes 
may occur in the structure although there is no chem-
ical reaction between the components.

7. According to RSM results, optimum experimental con-
ditions are 1 wt.% aerosol rate and 55 °C temperature.
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