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 Thermal cracking in asphalt concrete pavement represents a significant pavement distress 
in cold environment. As the temperature drops below freezing limit, thermal stress starts to 
increase in the restrained asphalt pavement layer. The flexural-creep stiffness of asphalt 
cement binder is considered as a good indicator of the resistance to cracking of the binder at 
low temperature which is measured with the aid of Bending Beam Rheometer (BBR). An 
attempt has been made in the present study to evaluate and model the influence of additives 
(hydrated lime, and coal fly ash) on the deterioration of the creep stiffness of asphalt cement 
binder with penetration grades (40-50) and (60-70). Conventional asphalt binders were found 
to be highly sensitive to stress at low temperatures. However, modification of the asphalt 
cement binder with additives can control the deterioration in the flexural-creep stiffness. It 
was concluded that the rate of decline in the creep stiffness throughout the loading period 
for (40-50) and (60-70) binders was (21.5, 22.2, and 14.5) % and (20, 19, and 16.6) % for control, 
coal fly ash modified, and hydrated lime modified asphalt binder respectively. For (40-50) 
and (60-70) binders at failure stage, there is a significant increase in the creep stiffness of (5 
and 32.5) % and (6.2 and 25) % for coal fly ash and hydrated lime modified asphalt binder 
specimens respectively as compared with the control binder. The mathematical power 
models are recommended to predict the Influence of additives on deterioration of the creep 
stiffness of asphalt binder. 

1. Introduction 

Environmental condition plays a major role in traffic induced fatigue 
and low-temperature cracking. Pavement experiences various 
climatic conditions as well as high intensity traffic loading over its 
service life. When the climate temperature reaches a critical value 
below the freezing limit which is referred to as (critical cracking 
temperature), the thermal stresses start to exceed the strength of the 
material, and thermal cracking occurs. The traditional criteria for 
characterizing low temperature cracking behavior of asphalt cement 
binders is not appropriate for conventional binders.  Thermal 
cracking exhibits a serious negative influence on the performance of 
flexible pavement, since rainwater may penetrate freely in the 
pavement structure and accelerate the deterioration process as the 
traffic loading proceeds. Saboo and Kumar, 2015, [1] investigated the 
asphalt cement binder’s response to multiple stress creep and 
recovery test. It was revealed that modified binders exhibit delayed 
elastic response, and the conventional binders are not suitable for 
testing the creep stiffness at higher temperatures. It was concluded 
that when modeling the creep stiffness, power law model has been 
selected to simulate the measured response and incorporate non-
linear viscoelastic response of the modified binders. Use of modified 
binder is among the most common techniques employed to improve 
the strength characteristics and performance of asphalt concrete 
mixtures at low temperature as revealed by Celauro et al., 2012, [2]. 
The ENTPE transformation and Hirsch model are generally 
implemented for the prediction of asphalt mixture creep stiffness 
based on asphalt cement binder creep stiffness test data at low 
temperatures as addressed by Moon et al., 2014, [3]. To characterize 
viscoelastic behavior of asphalt materials, the creep test with the 
Bending Beam Rheometer was developed by AASHTO, 1993, [4]. In this 
test, stress is applied instantaneously to the asphalt binder specimen 
and maintained constant for the entire duration of the test. Lee, 1997, 

[5] stated that thermal cracking is one of the major types of distresses 
in asphalt pavement. Such distress is highly affected by the 
characteristics of asphalt cement binder or the modified binder 
(asphalt + additive). The properties of the binder exhibit a significant 
role in controlling low temperature cracking. The asphalt binder was 
modified with scrap tire rubber and carbon black. It was concluded 
that the inclusion of such additives increases the flexural creep 
stiffness of asphalt binder, and the testing results were within the 
limit value, maximum 300MPa at 60 second for BBR test. Büchner et 
al., 2022, [6] revealed that creep deformation can be verified through 
cyclic or static compression tests at elevated temperature. For asphalt 
cement binders, creep tests can usually be performed by means of a 
bending beam rheometer or dynamic Shear Rheometer (DSR). Creep 
properties of asphalt cement binders and asphalt mastics (binder + 
additive) were tested in the DSR on a set of 10 different asphalt binders 
and 18 corresponding asphalt mastics. Finally, the creep properties 
obtained from asphalt binder tests, and asphalt mastic tests were 
correlated. It was concluded that the asphalt binder has a significant 
impact on the creep behavior of the corresponding asphalt mixture. 
Zeiada et al., 2024, [7] stated that the BBR test has received growing 
concerns due to the long time-consuming beam preparation and 
testing process and large amount of long-term aged asphalt binder 
used in preparing asphalt binder beams. Frequency sweep tests were 
performed on asphalt binders at temperatures of 0 °C using the 8-mm 
parallel plate geometry to predict the flexural creep stiffness and m-
value of asphalt binder while conversion from shear loading to 
bending loading was conducted. It was concluded that the predicted 
values of S (60) and m (60) value, which evaluates the ability of asphalt 
binder to relieve the thermal stress accumulated due to a drop in 
temperature and were comparable to those measured by the BBR, 
which well demonstrated the feasibility of the proposed DSR-BBR 
conversion method. Lu et al., 2017, [8] reported that thermal cracking 
of asphalt concrete is considered a major failure mode of flexible 
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pavement in cold climate regions. The low-temperature rheology of 
asphalt cement binder has been found to be the principal factor 
influencing the thermal cracking of asphalt pavements. Transverse 
cracks of asphalt pavement become visible when the thermal stress 
that builds up in the restrained asphalt pavement with decreasing 
temperature exceeds the asphalt binder tensile strength as stated by 
Kommidi and Kim, 2021, [9]. It was recommended to Improve the 
tensile strength and the stress relaxation ability of asphalt binder by 
implication of additives to reduce the risk of thermal cracking in 
asphalt pavements. Sun et al., 2016, [10] reported that all the studies 
on creep of the binder could provide satisfactory predictions of 
flexural creep stiffness and m-value. However, the use of empirical or 
approximate equations can reduce the prediction accuracy, and the 
nonlinear regressions are required for converting the dynamic shear 
modulus of the binder or dynamic shear compliance to shear creep 
compliance. Tarefder et al., 2018, [11] investigated the effects of freeze-
thaw cycles on asphalt binder samples in the laboratory using 
bending beam rheometer. It was observed that the freeze-thaw cycles 
cause damage to the binder, which can be seen in the reduction of 
stiffness with increasing the cycles. It was concluded that reduction 
of asphalt creep stiffness with an increase in cycles was found to be 
higher compared to the flexural strength of the asphalt concrete 
beam. Cheng et al., 2023, [12] investigated the rheological property of 
asphalt binder and mastic under freeze-thaw cycles through the 
bending beam rheological test, linear amplitude sweep test, multiple 
stress creep recovery test. The results showed that as freeze-thaw 
cycle increased, the recovery of asphalt binder increased, and the 
non-recoverable creep compliance of asphalt binder decreased. The 
low-temperature stiffness of asphalt binder and mastic increased as 
freeze-thaw cycle increased. Chen et al., 2021, [13] investigated the 
effect of four types of freeze-thaw cycles on asphalt cement binders. 
The creep compliance, rutting factor, and fatigue life of binders after 
freeze-thaw cycles were evaluated, and then the chemical 
composition was analyzed. The test results showed that the freeze-
thaw cycle caused the complex modulus of asphalt binders to decline 
while the creep recovery rate of modified asphalt binder was reduced. 
Sayadi and Hesami, 2017, [14] proposed that the asphalt cement binder 
would become hard after freeze-thaw cycles, while the filler can affect 
the self-healing capability and the fatigue property of asphalt mastic 
after freeze-thaw cycles. It was revealed that the asphalt binder-filler 
interaction is more prominent to affect the rheological property. It 
was concluded that the asphalt binder-filler interaction can be 
evaluated effectively by the interaction indexes. Wang, 2023, [15] 
assessed the interface models of asphalt binder and three mineral 
crystals additives through Molecular Dynamic simulation. The effect 
of temperature change on the interaction strength was analyzed 
based on the service temperature of asphalt mixture. It was concluded 
that due to the increase of model temperature, the non-polar 
components moved away from their surface, particularly saturate 
molecules while the polar components of asphalt moved toward the 
surface of Al2O3 and CaO crystals. Radovskiy, and Teltayev, 2018, [16] 
developed a mathematical model that expresses the asphalt binder 
stiffness modulus as a function of temperature, time, and the simple 
properties of asphalt cement. It was concluded that the developed 
model can be implemented in assessing the stiffness modulus of 
asphalt binder which can be easily calculated in a wide range of 
loading time and temperatures. Huang et al., 2023, [17] evaluated the 
critical low and high temperature rheological properties of a modified 
asphalt binder using low-temperature creep stiffness properties by 
the bending beam rheometer test. Technical indexes such as the creep 
recovery rate and the unrecoverable creep compliance were measured 
and calculated, while the creep stiffness, and creep speed are used as 
technical indexes for low-temperature properties. The results exhibit 
that the incorporation of modifiers increases the creep recovery rate 
and reduces the unrecoverable creep compliance of the asphalt 
binder. At low temperatures, the relaxation time decreases. Wu et al., 
2021, [18] reviewed existing research on asphalt-filler interaction 
mechanisms and models. From the numerous literatures, it was 
concluded that the asphalt-filler interaction is a very complex 
physicochemical interaction. The rheological theory was considered 
suitable for evaluating asphalt-filler interaction. It was revealed that 
the main factors influencing the asphalt-filler interaction are the 
properties of asphalt and filler. Lin et al., 2018, [19] used bending beam 

rheometer test, Fourier Transform Infrared test, Gel Permeation 
Chromatography test, and DSC Differential Scanning Calorimetry test 
for evaluating the chemical and rheological properties of rubber 
modified asphalt binder and to estimate the low temperature 
properties of mixture. The results indicated that crumb rubber 
improved low temperature properties. Wang et al., 2022, [20] assessed 
three different rheological behaviors, neat binder, modified binder, 
and complex modified binder, by visually identification among the 
interlaboratory results and based on a simple statistical analysis of 
variance. The use of waste polyethylene as a sustainable additive to 
asphalt binder was experimentally investigated with the DSR, and the 
three different rheological behaviors were observed and identified by 
using the Black Diagram. Abedali et al., 2022, [21] developed a modified 
apparatus to simulate the reality of asphalt binder in the asphalt 
mixture, measure the flexural-creep stiffness properties of asphalt 
binder, and measure the deflection values at different test 
temperatures. Hischke, 2019, [22] explained the necessity of 
conducting creep tests for asphalt concrete in the pavement design 
process for flexible pavement. It was stated that the creep properties 
in asphalt concrete are the cause of rutting in existing pavement 
structures, and it should be placed as a higher priority in the 
pavement design process so that the road may achieve a much higher 
life span. Many researchers have tried to model the creep and 
recovery behavior of asphalt binder using different mathematical and 
rheological models. Numerous modifications to these models have 
also been attempted, to include various viscoelastic and visco-plastic 
characteristics, mostly for modified binder. 
The aim of the present work is to model the influence of two types of 
additives (coal fly ash and hydrated lime) on deterioration of the creep 
stiffness of two types of asphalt binder with penetration grade of (40-
50, and 60-70). The bending beam rheometer test will be implemented 
to measure the creep stiffness of asphalt cement binder. 

2. Materials and Methods 
 

The implemented additives (coal fly ash and hydrated lime) are locally 
available; Figure 1 demonstrates the implemented additives. 
 

 
Figure 1. The implemented additives 

2.1. Hydrated Lime 

Hydrated lime is a derivative of burnt lime which is produced by 
reacting burnt lime with water in a continuous hydrator. Hydrated 
lime is light and fluffy with a chemical formula of Ca (OH)2 and has 
4404 m²/kg specific surface area and a specific gravity of 2.211. This 
material is obtained from the local market and the portion used is 75-
micron maximum size. Its chemical compositions are listed in Table 
1. 

2.2. Coal Fly Ash 

The fly ash class F was obtained as a by-product of coal combustion 
from local market, this fly ash has specific surface area of 600 m²/Kg 
and a specific gravity of 2.016. The portion used is 75-micron 
maximum size. Chemical components of fly ash are listed in Table 1.  

Table 1. Chemical Components of additives 

Additives  Oxides percentages Loss on 
Ignition SiO2 Fe2O3 Al2O3 CaO MgO 
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Hydrated 
lime 

0.74 0.19 0.5 64.23 1.17 29.94 

Coal fly ash 61.95 2.67 28.82 0.88 0.34 0.86 

 

2.3. Asphalt Cement Binder 

Two types of Asphalt cement binder of penetration grade (40-50) and 
(60-70) were obtained from Dourah oil refinery. Such types of binder 
are usually implemented in asphalt pavement construction in Iraq. 
Table 2 presents the physical properties of asphalt binders.  

Table 2. Physical Properties of Asphalt Cement Binders 

Property ASTM, 
2016, [23] 

specification 

Asphalt  
cement  
(40-50) 

Asphalt 
cement  
(60-70) 

Test results Test results 
Penetration at 
25°C,100gm, 5sec, 
(0.1mm) 

D-5 44 66 

Softening Point, °C D-36 50 48 
Ductility at 25 °C, 
5cm/min, (Cm) D-113 +100 +100 
Resilience (ball strain 
recovery) % D-5329 98 99 

Specific gravity D-70 1.042 1.030 
After thin film oven 
test   
Penetration at 
25°C,100gm,5sec, 
(0.1mm) 

D-5 33 51 

Loss in weight                                                         D-1754 0.17 0.24 
Ductility at 25 °C, 
5cm/min, (Cm) D-113 73 90 
Softening Point, °C D-36 54 51 

 

2.4. Preparation of Modified Asphalt Binder  

A modified asphalt binder was prepared by using the wet process. In 
the wet process, asphalt cement was heated to a 150 °C and then 
blended with the additives with the specified percentage. The 
blending was conducted at a blending speed of 1300 rpm and constant 
for 30 minutes to promote the possible chemical and physical bonding 
of the components. The degree of dispersion of the additives was 
controlled by the blending duration and blending speed. Similar 
precautions were followed by Li et al., 2017, [24]. The range of 
treatment with additives was (5-20) % with a 3 % increment. The 
optimum additive content was selected based on the significant 
change in physical and rheological properties of the modified binder. 
Details of mixing and obtaining the optimum additive could be 
referred to Sarsam and Lafta, 2014, [25]. The summary of the optimum 
additive content is listed in Table 3. Beam specimens of 12.5 mm in 
width, 125 mm in length, and 6.25 mm in height were prepared. 

Table 3. Optimum Additives Content 

Additives 
Coal fly Ash Hydrated Lime 

5 % 10 % 
 

2.5. Testing of Modified Binder 

The prepared asphalt binder samples were subjected to the creep 
stiffness determination with the aid of bending beam rheometer 
apparatus which follows the recommended testing procedures by 
AASHTO, 2016, [4]. Figure 2 exhibits the bending beam rheometer test 
apparatus. To characterize the low temperature stiffness properties of 
binders. A simply supported small asphalt binder beam of 12.5 mm in 
width, 125 mm in length, and 6.25 mm in height was subjected to a 
constant creep load at the mid-point of the beam, and the subsequent 
mid-point deflection was measured. The prepared specimens were 
maintained at low temperature (approximately -18°C) using a deep 
freezer.  After seating the asphalt binder specimen in the apparatus, 
the test starts at (-18°C) by applying a 100-gm load to the beam center 
for total time of 240 seconds, at the meantime, the vertical deflection 

is monitored and measured. The creep stiffness at time 60 seconds 
can be calculated using the following equation: 

S (t) = PL 3 / (4bh 3 δ (t))                  (1)                                            

Where: 

S (t) = creep stiffness at time, t = 60 seconds 
P = applied constant load, 100 gm 
L = distance between beam supports = (102 mm) 
b = beam width = (12.5 mm) 
h = beam thickness = (6.25 mm) 
δ (t) = deflection at time, t = 60 seconds 
 

Superpave specification, AASHTO M320, [26] requires that the creep 
stiffness must be less than or equal to 300 MPa at 60 seconds and 
creep rate (m-value) greater than or equal to 0.300 at 60 seconds. 

 

Figure 2. Bending beam rheometer (BBR) test apparatus 

 

3. Results and Discussions 

3.1. Behavior of hard asphalt binder 

The low temperature cracking susceptibility of control and modified 
asphalt binders was studied using flexure-creep stiffness test. Figure 
3 exhibits the deterioration of creep stiffness of asphalt cement binder 
as the loading proceeds for 40-50 penetration grade binder. Sharp 
decline in the creep stiffness at early stages of loading could be 
noticed for control and modified binder specimens. After 30 seconds 
of loading, the trend of decline in the creep stiffness is gentle for the 
tested specimens. It can be observed that implementation of additives 
(coal fly ash and hydrated lime) increased the creep stiffness by (5.8 
and 21.5) % for fly ash and hydrated lime modified asphalt binder 
specimens respectively after 10 seconds of loading as compared with 
the control binder. However, after 250 seconds of loading (at failure 
stage), a significant increase in the creep stiffness of (5 and 32.5) % for 
fly ash and hydrated lime modified asphalt binder specimens 
respectively as compared with the control binder. On the other hand, 
the rate of decline in the creep stiffness throughout the loading period 
was (21.5, 22.2, and 14.5) % for control, coal fly ash modified, and 
hydrated lime modified asphalt binder respectively. Similar behavior 
of the rheological properties of binder was observed by Sarsam, 2024, 
[27]; and Lu et al., 2017, [8]. 
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Figure 3. deterioration of creep stiffness for 40-50 binder 

It can be revealed that the implication of additives into the asphalt 
cement binder exhibit lower flexibility at lower temperatures and 
increased the creep stiffness of the binder at such low testing 
temperature. It was found that the conventional binder is highly 
sensitive to stresses at low temperatures and is not suitable at 
locations with extremely cold environments. Such behavior is further 
supported by the mathematical power models exhibited in Table 4 
which shows a high coefficient of determination. The intercept 
represents the creep stiffness of asphalt binder at the start point of 
loading, while the slope represents the rate of deterioration of the 
creep stiffness of the asphalt binder. 

 

 

Table 4. Deterioration models of creep stiffness for 40-50 binder 

Additive type Intercept 
(MPa) 

Slope  Mathematical 
power model 

R2 

Control (40-50) 313.66 0.082 Y = 313.66 x 0.082 0.976 
Coal fly ash 329.06 0.083 Y = 329.06 x 0.083 0.984 
Hydrated lime 343.23 0.046 Y = 343.23 x 0.046 0.973 

 

3.2. Behavior of soft asphalt binder  

Figure 4 exhibits the deterioration of creep stiffness of asphalt cement 
binder as the loading proceeds for 60-70 penetration grade binder 
which is considered as a softer binder than that of 40-50 penetration 
grade binder. Gentle decline in the creep stiffness at early stages of 
loading could be noticed for control and modified binder specimens. 
After 50 seconds of loading, the trend of decline in the creep stiffness 
is steady for the tested specimens. It can be observed that 
implementation of additives (coal fly ash and hydrated lime) 
increased the creep stiffness by (5 and 20) % for fly ash and hydrated 
lime modified asphalt binder specimens respectively after 10 seconds 
of loading as compared with the control binder. However, after 250 
seconds of loading (at failure stage), a significant increase in the creep 
stiffness of (6.2 and 25) % for coal fly ash and hydrated lime modified 
asphalt binder specimens respectively as compared with the control 
binder. On the other hand, the rate of decline in the creep stiffness 
throughout the loading period was (20, 19, and 16.6) % for control, coal 
fly ash modified, and hydrated lime modified asphalt binder 
respectively through the loading period. It can be revealed that the 
implication of additives into the asphalt cement binder exhibit lower 
flexibility at lower temperatures and increased the creep stiffness of 
the binder at such low testing temperature. It was found that the 
conventional binder exhibits lower sensitivity to stresses at low 
temperatures as compared with the 40-50 penetration grade binder 
and is more suitable at locations with extremely cold environments. 
Implication of additives tends to increase the viscoelastic response of 
binder and reduces its temperature susceptibility. Such behavior 
agrees with the work reported by Sarsam, 2023, [28]; and Lee, 1997, [5]. 

 

Figure 4. deterioration of creep stiffness for 60-70 binder 

Such behavior is further supported by the mathematical power 
models exhibited in Table 5 which shows a high coefficient of 
determination. The intercept represents the creep stiffness of asphalt 
binder at the start point of loading, while the slope represents the rate 
of deterioration of the creep stiffness of the asphalt binder. 

Table 5. Deterioration models of creep stiffness for 60-70 binder 

Additive type Intercept 
(MPa) 

Slope  Mathematical 
power model 

R2 

Control (60-70) 240.05 0.072 Y = 240.05 x 0.072 0.981 
Coal fly ash 247.54 0.064 Y = 247.54 x 0.064 0.949 
Hydrated lime 274.28 0.059 Y = 274.28 x 0.059 0.991 

 

When the properties of both penetration grades binders are compared, 
the low temperature cracking susceptibility of different control and 
modified asphalt binders was indicated by using flexure-creep 
stiffness test.  

4. Conclusions 

 

 The following conclusions can be addressed based on the limited 
testing program and limitations of tested materials. 

 
 For (40-50) and (60-70) binders, the rate of decline in the creep 

stiffness throughout the loading period was (21.5, 22.2, and 14.5) 
% and (20, 19, and 16.6) % for control, coal fly ash modified, and 
hydrated lime modified asphalt binder respectively. 

 
 The conventional binder (40-50) is highly sensitive to stresses at 

low temperatures and is not suitable for paving work at locations 
with extremely cold environments. 

 
 The conventional binder (60-70) exhibits lower sensitivity to 

stresses at low temperatures as compared with the (40-50) 
penetration grade binder and is more suitable for paving at 
locations with extremely cold environments. 

 
 For (40-50) and (60-70) binders and after 250 seconds of loading 

(at failure stage), a significant increase in the creep stiffness of (5 
and 32.5) % and (6.2 and 25) % for coal fly ash and hydrated lime 
modified asphalt binder specimens respectively as compared 
with the control binder. 

 
 The mathematical models exhibit a high coefficient of 

determination and are recommended to predict the Influence of 
additives on deterioration of the creep stiffness of asphalt 
binder. 
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