10
11

12

13

14
15

Evaluating the cracking resistance of Hot Mix Asphalt modified with calcium

lignosulfonate at low and intermediate temperatures

Seyed Ali Ziaee™, Seyed Saeed Fatemi?, Jafar Bolouri Bazaz®, Rouzbeh Shad*, Seyed Amir

Saadatjoo®

“IDepartment of Civil Engineering, Faculty of Engineering, Ferdowsi University of Mashhad,
Mashhad, Iran. Email: sa-ziaee@um.ac.ir (corresponding author), Mobile Number:
+989155128094

2Department of Civil Engineering, Faculty of Engineering, Ferdowsi University of Mashhad,
Mashhad, Iran. Email: sfomran@mail.um.ac.ir, Mobile Number: +989152007750

3Department of Civil Engineering, Faculty of Engineering, Ferdowsi University of Mashhad,
Mashhad, Iran. Email: bolouri@um.ac.ir, Mobile Number: +989155128094

“Department of Civil Engineering, Faculty of Engineering, Ferdowsi University of Mashhad,
Mashhad, Iran. Email: r.shad@um.ac.ir, Mobile Number: +0989155128094

Department of Civil Engineering, Iran University of Science and Technology, Tehran, Iran.
Email: amir.saadatjoo@gmail.com, Mobile Number: +989151045127



mailto:sa-ziaee@um.ac.ir
mailto:sfomran@mail.um.ac.ir
mailto:bolouri@um.ac.ir
mailto:r.shad@um.ac.ir
mailto:amir.saadatjoo@gmail.com

16

17
18
19
20
21
22
23
24
25
26
27
28
29
30

31
32

33

Abstract

One of the common types of failures in asphalt pavements is cracking. Considering the
environmental importance of material recycling, in this research, calcium lignosulfonate (CLS) as
a waste product of cellulose production, was used as a bitumen additive, and the cracking
resistance of semi-circular bending (SCB) samples of asphalt mixtures containing bitumen
modified with 5% to 20% CLS was investigated at low and medium temperatures. To measure
the performance of asphalt mixtures, the parameters of fracture energy (Gs), fracture toughness
(K1), flexibility index (FI) and cracking resistance index (CRI) were used. Also, rotational
viscosity (RV) test was performed to determine the pumpability of bitumens. The results showed
that CLS particles can increase the stiffness and viscosity of bitumen in high-temperature
conditions. However, it was lower than the maximum allowed amount. At low temperature, with
the addition of CLS, Kic and Gt indices were increased, and their highest values were related to
bitumen with a 15% additive. At intermediate temperature, Gr index was increased until before the
critical load, and FI and CRI were increased up to 15% and then decreased slightly. But Gt index

was increased with a decreasing trend after the critical load until the end.

Keywords: Asphalt mixture, recycled bituminous additive, fracture toughness, fracture energy,

flexibility index, cracking resistance index
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1. Introduction

One of the common types of failures in asphalt pavements is cracking. Asphalt mixture resistance
versus cracking is one of the most important parameters that are investigated for improving the
mixtures’ performances. Asphalt mixture cracking mostly happens at a low temperature because
of asphalt mixtures’ brittle behaviour which causes a high cost for renovation organizations. These
kinds of cracking, which are called low-temperature crack (LTC), have a remarkable influence on
the weakness of pavement structures [1-3]. Moreover, based on the viscoelastic behaviour of
asphalts, an intermediate temperature crack (ITC) has also been presented as one of the serious

cracking in an asphalt mixture [4-6].

Asphalt cracking has different factors, divided into primary as well as secondary ones. Primary
factors include environmental factors and those related to the type of materials. Environmental
factors are associated with stresses due to the temperature change in an inner layer of asphalts [7].
Factors related to the type of materials are also discussed in connection with the adhesion of
bitumen and aggregates [8]. The secondary factors are related to pavement loading and traffic of
vehicles on its surface, especially the traffic of heavy vehicles on the surface of the pavement
which causes the deterioration of failures and cracks on its surface [9-13]. In general, it can be said
that environmental factors and types of materials cause cracks, and factors related to pavement

loading result in crack growth and expansion [14].

Cracks can be classified into fatigue cracks, reflection cracks (from top to bottom) and top to
bottom cracks [15]. Cracks from top to bottom are longitudinal and transverse cracks that start in
the surface layers of the asphalt pavement and extend downwards. Various reasons cause cracks
from top to bottom, which can be mentioned as the stresses created in the contact surface of vehicle
tires with the pavement, stresses due to the temperature change of asphalt pavement and aging of
the asphalts [16].

Due to the fact that the asphalt mixture is a viscoelastic material [17], its fracture resistance
characteristic depends on temperature, time and loading rate [18]. For this purpose, a detailed
assessment of mechanical features of asphalt mixtures fracture and the factors affecting it to bring
the laboratory conditions closer to the real and local conditions will be one of the effective

measures in identifying and improving the pavement [19].
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Many fracture tests have been used in order to investigate the fracture behaviour of asphalts, among
which Edge notched disc bend (ENDB), Semi-circular Bending (SCB), Double-edged Notched
Tension (DENT), Disc-shaped Compact Tension (DCT) and Single-edge Notched Beam (SENB)
test and can be mentioned [20-26]. Among the different methods of fracture tests, SCB test has
been used further than other samples, the main reason for which is the ease of making and cutting
the samples, as well as being close to the field conditions [4, 7, 14, 27-29]. This test was used for
the first time to study the fracture resistance of rock material samples [30]. Also, these samples
have been used to investigate the cracking resistance of asphalts at the low temperature [31-33]

and intermediate temperature [34-36].

As mentioned earlier, cracking is caused by various causes, including weakness in the properties
of asphalt materials, such as aggregates and bitumen. Therefore, any improvement in the properties
of these two components will change the final properties of the mixture. Considering the mixing
and dispersion of asphalt binder in the whole specimen and its importance in the adhesion of
aggregates and asphalt cracking resistance, many researchers has investigated the influence of
bitumen additives on the performance of asphalts, some of these materials can be classified into
one of the general classifications including polymer-based additives, nanomaterials, fibers and
recycled and biological materials [34, 37-39]. Recycled and biological additives have received
more attention in recent years. Because they improve the properties of asphalts and prevent the
accumulation of waste from various industries and help to preserve the environment. In this
context, various studies have been conducted on the evaluation of the influence of crumb rubber
on the behavior of asphalts and have shown that using this material represents positive effects on

the cracking as well as rutting resistances of asphalts [40-43].

Lignin is one of the biomaterials that has been considered for enhancing asphalts’ performance.
Lignin is one of the most abundant natural polymers, which is composed of phenylpropane units
and is mainly obtained from timber and pulp production [44, 45]. As an industrial waste material,
more than 50 million tons of it are produced annually. But only half of it is consumed and the rest
is stored untouched [46, 47]. Thus, one of the main concerns of researchers is to find an approach
for reusing this substance in industries. For this purpose, this substance has been used in some
studies as a modifier in concrete as well as asphalt mixtures, and it has been illustrated that using
this substance in the pavement enhances various performance characteristics of bitumen and
asphalt mixture. Moreover, it presents environmental advantages [44, 48]. Also, investigators
4
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stated that though adding wood lignin into asphalt binder positively influences the rutting behavior
of specimen, increasing the asphalt binder’s viscosity as well as mixture’s brittleness has a
straightforward relationship with lignin amounts [49]. Calcium lignosulfonates (CLSs) are the
amorphous brown powder extracted from sulfite pulp in cellulose productions [46, 50]. It has
hydrophobic and hydrophilic groups, so the solubility potential of CLS in an asphalt binder is
higher compared to that of lignin [51]. In addition, it is susceptible to be used as an anti-aging
material for bitumen since the chemical structures of CLS have a similarity with those of petroleum
bitumens [52]. In this regard, some studies have investigated the effect of this material on asphalt

mixtures’ performances.

In the initial research that was conducted on the properties of an asphalt mixture comprising CLS,
the improvement of the rutting behavior of asphalt sample was seen as a result of using percentages
of 5 to 10 percent. In the subsequent research, it was found that the use of this material, along with
the improvement of rutting, increases the viscosity of the bitumen and the brittleness of the mixture
[49]. Batista et al. used lignin kraft for bitumen modification of asphalt mixtures. In this research,
samples modified with this material showed higher rutting resistance than unmodified samples.
Also, the examination of low temperatures showed that the use of this material increases the
toughness at low temperatures [53]. While in McCready and Williams's research, the increase in
rutting behavior at high temperatures was confirmed, but the behavior at low temperature showed
a slight decrease [54]. Fatemi et al. investigated the effect of adding CLS at 5, 10, 15 and 20
percent. In this study, it was found that all percentages of CLS have anti-aging properties and also
15% value provides the greatest resistance to creasing [55-57]. In several separate researches, Zarei
et al. investigated various properties of CLS, including cracking resistance, moisture sensitivity in
different thaw and freeze cycles, along with some materials such as fibers. The results of these
researches showed that CLS can improve the fracture toughness in different loading modes as well
as different temperatures. These researchers also pointed out that CLS can be considered as a
substance that increases the cracking resistance of the mixture. In this collection of researches, it
is stated that CLS can improve stripping by increasing toughness [58-61]. According to the studies
that have been done so far regarding the influence of this material on the performance of asphalt
samples and considering the importance of the phenomenon of cracking in asphalt, the novelty of
this article is that the influence on the fracture behaviour of asphalt samples at low and intermediate
temperatures has been investigated simultaneously with rotational viscosity (RV) test to determine

5
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the optimum percentage of CLS additive to have an asphalt mixtures with reasonable performance

and bitumens with feasible workability.

2. Objective

In the current article, the cracking resistance of asphalt samples comprising bitumen modified with
calcium lignosulfonate has been investigated at low and intermediate temperatures. For this
purpose, bitumens modified with 5, 10, 15 and 20% by weight of calcium lignosulfonate bitumen
were used to make warm mix asphalt. Then, rotational viscosity (RV) test was performed on
different bitumens to determine the pumpability and feasibility of workability of bitumen
containing different percentages of additive. Next, by making semi-circular bending samples, the
parameters of fracture energy (Gr) as well as fracture toughness (Kic) were calculated for negative
temperature samples, and parameters of Gt and flexibility index (FI) and cracking resistance index
(CRI) were calculated for intermediate temperature samples. Finally, the values of the mentioned
indices for mixtures with different bitumens were compared with each other in order to determine
the appropriate amount of additive for the best performance of the asphalt mixture modified with

calcium lignosulfonate, taking into account its workability.

3. Materials and construction of samples
3.1. Aggregates

In this article, the aggregates and fillers used in one of the main aggregate production mines in the
northeast of the country around Mashhad city have been prepared. The aggregates’ physical
characteristics are represented by Table 1 and compared with their standard values that are within

the allowed range.

Considering that in Iran, most of the roads are designed and implemented based on grading No. 4
of the Iranian Road Pavement Regulations [62], the grading of aggregates used in this article is
selected the same grading. The upper and lower limits and the selected grading are shown in Figure
1.
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3.2. Bitumen

Due to the widespread use of bitumen with 60-70 penetration grade in road construction in Iran
[63], the same bitumen was used in this research, which was obtained from Naft Sharq in Mashhad.

Table 2 shows the physical characteristics of bitumen used in this research.

3.3. Calcium lignosulfonate

In this research, calcium lignosulfonate additive was used as a solution in bitumen for improving
the characteristics of asphalt mixtures. This additive was provided from Ligno Tech South Africa.
Table 3 shows the chemical compounds in the calcium lignosulfonate material used in this
research. Table 4 also shows the physical characteristics of this additive. A calcium lignosulfonate
powder additive can also be seen in Figure 2.

3.4. Mix design and making samples

For the preparation of asphalt mixture, firstly, aggregate grading was selected according to the
middle range of grading curves of No. 4 of Iran's Road Pavment Regulations and Report 234 for
the Topeka layer. The next step in making the samples is to determine the optimal bitumen
percentage based on the ASTM D1559 standard and provide the asphalt mixture mix design. Based
on Marshall mix design, asphalt samples were prepared with 75 blows of Marshall hammer and
with six various bitumen amounts of 4, 4.5, 5, 5.5, 6 and 6.5% and with three repetitions of each
sample. After making asphalt mixtures using the Marshall machine, each of the samples was
subjected to the Marshall stability test as well as Marshall number and flow value of each sample
were obtained. Afterwards, the optimal value of bitumen for mix design was determined based on
the average of three amounts of bitumen corresponding to the highest Marshall stability, the
amount of bitumen corresponding to the highest specific gravity, and the amount of bitumen
corresponding to the air void percentage of 4%. After calculations, the optimal bitumen percentage
of asphalt mixtures was found to be 4.9%, and this value was considered the same for making all

asphalt mixtures, both control and modified ones.

To mix CLS in pure bitumen, based on the experiences of previous studies, the bitumen was heated

to 160°C and then added CLS to it and continued mixing for 30 minutes using a high-shear mixer

7
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at 3000 rpm [64]. The results of the research carried out by Jedrzejczal et al. showed that the use
of more than 20% CLS to modify bitumen properties is not economically viable [65]. Therefore,
in this research, CLS additive with 5, 10, 15 and 20 percent by binder weight was used for bitumen

modification and mixing in it. In Figure 3, a sample of bitumen is shown in additive mixing.

On the other hand, the aggregates were placed at 170 degrees for 18 hours and after the bitumens
were prepared, the aggregates and pure or modified bitumen with 5, 10, 15 and 20% additives were
mixed with each other and 2 samples of each combination were produced.

The prepared mixtures were poured into the Superpave gyratory compactor for compaction with
the conditions listed in Table 5. Then the manufactured gyratory samples were cut to make the
desired SCB samples. For this purpose, first, 2 cm was cut from the top and bottom of specimen.
Then, 3 rings with a thickness of 27 mm were cut from a sample of each polymer percentage for
negative temperature tests, and after cutting in half, a 20 mm groove was created in the middle.
Also, 30 mm rings were cut from another sample of each percentage for positive temperature tests,
and after cutting in half, a 15 mm groove was also created in the middle of them. Table 6 shows
ID, polymer percentage and thickness of each sample.

4. Laboratory program

The experiments conducted in this research are divided into three general categories. The first
group of tests related to the rotational viscosity test on different bitumens was to determine the
pumpability and feasibility of workability of bitumen containing different percentages of additives.
The second group of tests were conducted at -15 degrees to measure the low-temperature cracking
resistance of the mixture with the use of fracture energy as well as toughness parameters, and the
third group of tests that were conducted at +15 degrees for measuring the cracking resistance of

mixture with the use of fracture energy, flexibility index and cracking resistance index parameters.

4.1. Rotational viscosity test (RV)

The viscosity test is performed with the aim of checking the pumpability and feasibility of
workability of asphalt mixture during implementation [66]. In this test, according to the method

provided in ASTM D4402, a cylindrical spindle that has a fixed rotation speed should be immersed

8
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in the binder [67]. In the current research, RV experiment was performed by Brookfield rotary
viscometer with 20 rpm rotation speed at 135 degrees to evaluate the performance of bitumen in
control and modified samples [68]. ASTM D4402 suggests the maximum viscosity value at 135
°C equal to 3 pascal.seconds and declares that its higher value indicates the impermissible viscosity
of the bitumen and the lack of proper workability in the asphalt mixture during pavement
implementation [69]. The rotational viscosity measuring device is shown in Figure 4. Also,
bitumen samples made for RV testing are presented in Table 7.

4.2. Low-temperature cracking resistance test

To measure the cracking resistance of SCB samples of a mixture at -15 degrees, first these samples
are kept for 8 hours at the target temperature until all the components of the sample reach that
temperature. Then, the samples as shown in Figure 5 are subjected to monotonic (static) loading
at a speed of 3 mm/min with the Universal Testing Machine (UTM) device. The way the sample
is placed under the device is in such a way that the crack is completely aligned with the loading
jaw and the distance between the supports is 12 cm. As a result, loading is applied to mode | and
as pure tension. Cracking resistance indices at negative temperature where asphalt exhibits elastic
behavior [70, 71], fracture energy (Gr) and fracture toughness (Kic) are considered. The fracture
energy parameter is obtained from the surface under the force-displacement curve, and the fracture
toughness parameter for samples with 27 mm thickness and 20 mm groove is calculated as follows:

K, == v, J7a

2Rt 1)

where a denotes the depth of the created groove in meters, R and t represent respectively the radius
as well as thickness of sample in meters, Pcr is the maximum tolerable load of sample in kN, and

Y is the shape coefficient of the sample obtained by Abaqus [72].

The fracture energy calculated in this article is measured as the fracture energy before the critical
load and fracture energy after critical load, which are respectively known as the stored fracture

energy and the residual fracture energy [73-76] and is obtained from the calculation of the area
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under the force-displacement curve up to the peak point of load and after the peak point of load,
which is shown in Figure 6. The stored fracture energy indicates the resistance to cracking and the
residual fracture energy indicates the resistance to crack propagation [73, 74, 77].

In general, the fracture energy achieved from the calculation of the area under the force-
displacement diagram can be achieved by dividing the area under the force-displacement curve by

the cracked cross-sectional area.
G: =%:I(P)du/A
A )
In which:
U = displacement in the direction of load application
P = force or load (KN)
WEe = work due to failure
Gr = final fracture energy (J/m?)

A = crack-free surface (equal to the product of the crack-free line and the thickness of the sample)

4.3. Intermediate temperature cracking resistance test

SCB samples and monotonic loading were used to measure cracking resistance at intermediate
temperature like low temperature. With the difference that the thickness of the samples was 30
mm, the groove depth was 15 mm and the loading speed was 0.3 mm/min. The other loading
conditions were considered the same as the low temperature condition. In this way, the maximum
load that can be tolerated by the sample was calculated by the UTM device and the force-
displacement diagram of each sample was extracted as the output of the device. According to the
explanations provided in section 4.2, the fracture energy of the samples at intermediate temperature
was considered as the fracture energy before the critical load and the fracture energy after the

critical load.

One of the parameters that was calculated at intermediate temperature is the flexibility index (FI).

FI is a parameter to identify brittle mixtures that are sensitive to premature cracks. The studies of

10
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Al-Qadi et al. [78] showed that the energy required to cause fracture in the sample at intermediate
temperature alone is not a suitable indicator for measuring cracking resistance, so this index was
introduced and used for the first time in 2016 at the University of Illinois, USA, for evaluating
mixture’s resistance against cracking at intermediate temperature, which is obtained from the

following relationship:

Gf
FI = ﬂXOOl
m
3)
In which:

Gr = final fracture energy (J/m?)

m = slope at the inflection point of second part of force-displacement curve in KN/mm

In SCB samples of asphalt mixture, the higher the FI index, it means that the sample shows more

resistance to crack propagation [79].

In 2018, Kaseer et al. [80] developed an index for evaluating brittle cracking potentials of a mixture
by SCB samples. In the current research, a cracking parameter, known as the cracking resistance
index (CRI), was obtained from the response of the load-displacement curve while the testing of
SCB samples, and its comparison was made with the developed flexibility index (FI). As it
mentioned, at low temperature asphalt has brittle behavior. So there is no slope in the second part

of force-displacement curve and CRI can be calculated instead.

The CRI index is calculated as follows:

CRI = G—f

P @
In this relation, Gr is equal to the total amount of energy required to break the asphalt mixture in
J/m? and Pmas is the maximum force applied to the sample in terms of KN. The parameters that can
be measured from the force-displacement diagram of the fracture experiment of SCB specimen to
calculate values of the FI and CRI indices are shown in Figure 7. In this study, the cracking

resistance index (CRI) has been measured for the samples at intermediate temperature.
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5. Laboratory data and results
5.1. RV results

Figure 8 represents RV test results at 135 degrees. As can be seen, CLS modified samples have
higher viscosity values compared to 60/70 bitumen without additive. In general, with the increase
in the CLS percentage, the bitumen viscosity has also increased, and thus, the bitumen containing
20% CLS with a viscosity of 0.75 Pa.s at 135°C has the highest RV among the studied bitumen
samples, which shows a 114% increase in the viscosity of bitumen modified with 20% CLS. In the
lowest case, when bitumen was mixed with 5% additive, its viscosity reached 0.42, which shows
a 20% increase in RV of the modified bitumen. Consequently, CLS material can cause an
increment in the stiffness of bitumens in high-temperature condition and increase its viscosity,
which is consistent with the research results of Xu [49], Gao [81] and Fatemi [57]. Of course, the
important point is that RV results of all bitumens were less than 3 Pa.s. Thus, according to ASTM
D4402, which declared the maximum viscosity at 135°C equal to 3 Pa.s, the different percentages
of CLS used in this study are acceptable, and the modified bitumens all have appropriate viscosity
and workability in the asphalt mixture during pavement implementation, and CLS material inside

bitumens does not have an inhibitory effect on the performance of the bitumen.

5.2. Low-temperature cracking resistance test results

In this study, two indices of fracture toughness (Kic) as well as fracture energy (Gr) were used to
measure the cracking resistance performance of asphalt mixture containing bitumen modified with
CLS at low temperature. The measurement results of Kic index are shown in Figure 9. Based on
this, Kic index has also increased for samples with modified bitumen with a maximum of 15%
CLS by increasing the additive. In such a way that by increasing the CLS percentage from 0 to 15,
the value of Kac has increased by 37%, from 0.38 to 0.521 MPa.™5, But the samples with 20%
modified bitumen not only did not have higher fracture toughness, but compared to the modified
sample with 15% CLS, it also decreased by 7.5%. However, compared to the sample with control
bitumen, their fracture toughness was 27% higher. As a result, it can be seen that adding CLS to
bitumen up to 15% has increased the toughness of the sample and the maximum tolerable load of
the samples. But increasing the additive percentage to 20% has reduced the tolerable force of the

SCB sample.
12
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As mentioned before, in this article, the fracture energy values of SCB samples of control and
modified samples, in addition to the total fracture energy, have been calculated in the form of
fracture energy before the critical load (peak point of graph) and after the critical load. The purpose
of this work is to determine asphalt mixture behavior against crack formation and propagation.
The fracture energy values of different samples are presented in Figure 10. The results of the
amount of fracture energy at negative temperature show that the total fracture energy as well as
the fracture energy before the critical load for samples containing additive increases gradually with
the increase of additive percentage up to 15%. So that the fracture energy of mixtures containing
15% modified bitumen has increased by 55% from 1283 to 1983 J/m? and the fracture energy
before the critical load for the same mixtures has increased by 47% from 1121 to 1646 J/m?2.
However, with the increase of CLS of bitumen and reaching 20%, the fracture energy not only did
not increase, but also decreased, and the total fracture energy decreased by 9% to 1801 J/m? and
the fracture energy before the critical load decreased by 11% to reach 1460 J/m?. The reason for
this can be considered to be the increase in bitumen stiffness and consequently the asphalt mixture
for 0 to 15 percent CLS and its decrease for 15 to 20 percent CLS. This has also been shown in the
studies of Xie [82] and Fatemi [39]. Of course, in general, the fracture toughness and energies of
SCB samples of the modified asphalt mixture in this study have always been higher than the control
sample. The minimum amount of CLS added to the mixture, which is considered 5% in this
research, has caused the total fracture energy and fracture energy until the critical load to increase
at negative temperature by 22% and 20%, respectively. Thus, the resistance of mixtures modified
by CLS to the formation of cracks at low temperature is higher than the control samples, and its
best performance occurred for the mixture containing bitumen modified with 15% CLS, and the
increase in the percentage of additive from 15% has a negative effect on its cracking resistance

performance.

Moreover, the fracture energy after the critical load of samples at the temperature of -15°C has
always been on the rise. Although its growth rate has decreased over time. So that the samples
containing 15 and 20% bitumen had almost the same performance in this field. Of course, due to
the brittle performance of mixtures at a low temperature and the small area under their force-
displacement diagram, the value of this fracture energy is much smaller than the fracture energies
that were calculated earlier, and thus, it is not so decisive in determining the behavior of the

mixture.
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5.3. Intermediate temperature cracking resistance test results

In this study, the fracture energy (Gr), flexibility index (FI) and cracking resistance index (CRI)
parameters were utilized to measure the cracking resistance of mixtures containing bitumen
modified with CLS at intermediate temperature. Also, the fracture energy parameter, as mentioned
in the low temperature section, is also separated into the fracture energy prior and after critical

load.

The fracture energy values of different samples are presented in Figure 11. The fracture energy
results at intermediate temperature showed that the total fracture energy as well as before and after
the critical load, for the samples containing additive, increase gradually with the increase of
additive percentage up to 15%. So that the fracture energy of mixtures containing 15% modified
bitumen has increased by 70% from 168 to 286 J/m? and the fracture energy before critical load
for the same mixtures has increased by 80% from 75 to 135 J/m2. But similarly to the negative
temperature test, when the bitumen CLS rate exceeds 15% and reaches 20%, the fracture energy
not only does not increase, but the total fracture energy decreases by 1% to 283 J/m? and the
fracture energy before the critical load has decreased by 4% to 129 J/m?. This process shows that
the presence of CLS in the bitumen of asphalt mixtures increases the stiffness of bitumen and
asphalt mixture, which increases its resistance to cracking. Also, this increase in resistance has
shown itself in the form of an increase in the amount of maximum load that can be tolerated by
the SCB sample and an increase in the amount of ductility and displacement of the place of
application of the load until the crack occurs (the peak point of the load). Fatemi et al. also
presented a similar result in their research on the rutting resistance of samples containing CLS and
found that the addition of up to 15% of CLS to bitumen makes the mixture harder and reduces the
depth of rutting, and by increasing the additive percentage from 15%, the process of increasing the
stiffness is stopped and the stiffness of the mixture decreases [39]. Although the addition of CLS
has generally improved the fracture toughness and energies of the SCB samples of the modified
asphalt mixture in all the values investigated in this paper compared to the control sample. Thus,
even adding 5% CLS to bitumen has caused the total fracture energy and fracture energy before
the critical load to increase at intermediate temperature by 12% and 10%, respectively. Therefore,
according to fracture energy results of SCB samples in this research, the resistance of the asphalt
mixtures modified with CLS to the formation of cracks at intermediate temperature is higher than
that of the control samples, and its best performance occurred for the mixture containing bitumen
14
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modified with 15% CLS, and increasing the additive percentage from 15% had a negative effect

on its intermediate temperature cracking resistance performance.

Furthermore, the fracture energy after the critical load of samples at a temperature of +15°C has
always been on the rise. Although its growth rate has decreased over time. So that the samples
containing 15 and 20% bitumen had almost the same performance in this field. Based on the
ductility behaviour of asphalts in intermediate temperatures, although with the increase of CLS
percentage from 15% to 20%, the amount of maximum load for the sample has decreased, but the
amount of ductility of the sample and the displacement of the place of application of the load have
increased to such an extent that, in general, the area under the force-displacement curve after the
peak point of load, where the resistance of sample versus crack propagations, has increased.
Therefore, increasing additive percentages up to 20% has caused the resistance of the sample to
the expansion of the cracks created in it to increase with a decreasing trend, and in percentages of
15-20%, the samples had almost the same performance. Of course, this increase in crack
propagation resistance can be seen for all the modified samples and even the sample containing
5% additive showed a 15% improvement compared to the control sample.

In addition to the fracture energy index, the FI and CRI indices were also applied for measuring
the intermediate temperature cracking behavior, and Figure 12 shows FI index calculation results.
It has been observed that the FI index increased from 33.35 for the control sample with an increase
in CLS percentage and reached 87.19 in the sample with 15% modified bitumen with a 160%
increase. But with the increase of additive percentage, its value has reached 75.83 with a decrease
of 13%. As mentioned before, in SCB samples of asphalt mixture, the higher the FI index, it means
that the sample shows more resistance to crack propagation. Therefore, it is clear that the asphalt
samples modified with bitumen containing CLS have a better performance than the control
samples against crack propagation, and this performance improvement has reached its maximum

value in the asphalt produced with 15% modified bitumen.

Also, according to the results of the calculation of the CRI index shown in Figure 13, this index
has performed completely similar to FlI, and the C15 sample has improved the most with an
increase of 45% of the index from 1556 to 2258, and after that the index has decreased to some

extent. Therefore, by comparing the CRI index of the modified samples with the control, it can be

15



412
413

414
415
416
417
418
419
420
421
422
423
424

425

426

427
428
429
430
431
432
433
434
435
436
437
438
439
440

found that the cracking behavior of samples increases by adding CLS, the optimal value of which

is around 15 percent by weight of bitumen.

In the intermediate temperature, it can be said that the trend of rising and falling of the graphs for
Gr, Fl and CRI indices was almost the same. But by looking carefully at the values of the indices,
we notice that the amount of changes in the FI index is much higher than the other two indices.
The reason for this is that the calculation of the FI index is measured with the use of two parameters
Gt and m (the slope of the graph in the load return phase), which increases the maximum load by
adding CLS to bitumen and increasing the stiffness of the mixture. On the other hand, with the
increase in the resistance of the sample against the propagation of cracks, the displacement of the
place of load during loading also increases, and this increase causes a decrease in the slope of the
graph in the load return phase. Therefore, in the calculation of FI, the numerator of the fraction has
increased and its denominator has also decreased, which leads to drastic changes in the calculation

of the index.

6. Conclusion

The aim of the present research was to evaluate the cracking resistance of asphalt samples
containing bitumen modified by calcium lignosulfonate at low and intermediate temperatures. For
this purpose, firstly, in order to measure the pumpability and feasibility of workability of 60-70
bitumen without additive, along with modified bitumen with 5, 10, 15 and 20% calcium
lignosulfonate by weight of bitumen, rotational viscosity (RV) test was performed on different
bitumens. Then, from SCB warm mix asphalt samples made with control and modified bitumens,
to measure fracture energy parameters at low and intermediate temperatures (generally and
separately for before and after critical load), fracture toughness (Kic) was used for negative
temperature samples and flexibility index (FI) as well as cracking resistance index (CRI) were
used for intermediate temperature samples. Finally, the values of the mentioned indices for
mixtures with different bitumens were compared with each other in order to determine the
appropriate amount of additive for the best performance of the asphalt mixture modified with
calcium lignosulfonate, taking into account its workability. The following results were obtained

from this study:
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CLS particles can increase bitumen stiffness in high temperature conditions and increase
its viscosity. Thus, the bitumen containing 20% CLS at a temperature of 135°C had a
viscosity equal to 0.75 Pa.s.

RV results of all bitumens at 135°C temperature were less than 3 Pa.s. Therefore, according
to ASTM D4402, which declared the maximum viscosity at 135°C equal to 3 Pa.s, the
different percentages of CLS used in this study are acceptable, and the modified bitumens
all have appropriate viscosity and workability in the asphalt mixture during pavement
implementation, and CLS material inside the bitumen does not have an inhibitory effect on
the performance of the bitumen.

As the percentage of CLS increases from 0 to 15%, the s (Kuc) is increased. But the samples
with 20% modified bitumen not only did not have higher fracture toughness, but also had
a decrease in CLS compared to the sample modified with 15%. However, compared to the
sample with control bitumen, their fracture toughness has been higher. As a result, it can
be seen that adding CLS to bitumen up to 15% has increased the stiffness of the sample
and the maximum tolerable load of the samples. But increasing the additive percentage to
20% has reduced the tolerable force of the SCB sample.

Examining the total fracture energy index and pre-critical load in SCB samples showed
that the resistance of samples modified with CLS to cracking at low temperatures was
higher than that of control samples, and the best performance occurred for the mixture
containing bitumen modified with 15% CLS. Increasing the percentage of additive from
15% negatively affects its cracking resistance performance.

The results of fracture energy before the critical load at intermediate temperature illustrated
that the resistance of samples modified with CLS to cracking at intermediate temperature
was higher than that of control samples, and its best performance occurred for the mixture
containing bitumen modified with 15% CLS, and increasing the additive percentage from
15% negatively affects its intermediate temperature cracking resistance.

The fracture energy results after the critical load at intermediate temperature showed that
increasing the additive percentage up to 20% has caused the resistance of the sample to the
expansion of the cracks created in it to increase with a decreasing trend, and at 15-20%,

the samples have almost the same performance.

17



471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501

The FI index values of SCB samples of asphalt mixtures modified with bitumen containing
CLS were higher than the control samples, and it shows that the modified asphalt mixture
samples have a better performance than the control sample against crack propagation. The
FI index increased with the increase of CLS percentage in bitumen up to 15% and then
decreased.

The CRI index also performed quite similar to the FI and its value increased with the
addition of CLS to bitumen. But this increase stopped after the CLS percentage exceeded
15% and the index has also decreased. Therefore, the cracking resistance of samples has
been increased with adding CLS, the optimal value of which is about 15 percent by weight
of bitumen.

In the intermediate temperature, it can be said that the trend of rising and falling of the
graphs for Gr, FI and CRI indices was almost the same. But the amount of changes in the
FI index is much higher than the other two indices, which is due to the simultaneous
increase in the stiffness of the mixture and its fracture energy and the decrease in the slope
of the graph in the return phase in samples containing modified bitumen up to 15%.
Results show that the asphalt mixture modified by CLS additive has its best performance
in 15% dosage of additive in low and intermediate temperature

As mentioned before, FI, CRI, Fracture Energy and Fracture Toughness Index increase by
adding CLS up to 15%. But decreasing the CLS percentage to 20% negatively affects its
cracking resistance performance. Previous studies declared that more than 15% CLS in
asphalt mixture makes it brittle and increases the speed of crack propogation. So 15% is
the optimum percentage of CLS additive in asphalt mixture.

Comparing the result to other studies, Fatemi et al. found that all percentages of CLS have
anti-aging properties and also 15% value provides the greatest resistance to creasing [55-
57] that is equal with the presented research. also, Zarei et al. investigated various
properties of CLS, including cracking resistance, moisture sensitivity in different thaw and
freeze cycles, along with the CLS additive and results of these researches showed that CLS
can improve the fracture toughness in different temperatures and increases the cracking
resistance of the mixture and also improve stripping by increasing toughness [58-61]. The
research conducted in this article confirms the results of previous studies on the use of this

material as an additive in asphalt mixtures.
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Tables:

Table 1. Physical characteristics of aggregates

. ASTM Test Specification
Test Unit Standard Result Limit
Coarse Aggregate
Los Angeles
Abrasion % C131 21 <25
Value
Fractured
Particles in % D5821 96 >95
One Side
Fractured
Particles in % D5821 92 >90
Two Sides
Bulk Specific | /s C127 2.66 i
Gravity
Apparent
Specific gr/m3 C127 2.74 -
Gravity
Water 0
Absorption % C127 0.84 <25
Fine Aggregate
Bulk specific | /s C128 2.66 i
gravity
Apparent
Specific gr/m? C128 2.87 -
Gravity
Water 0
Absorption Yo C128 3.3 <25
Sand % D2419 74 > 50
Equivalent
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870 Table 2. Physical characteristics of bitumen

. . ASTM
Test Properties Unit Standard Test Result
Penetration @
250C 0.1 mm D5 67
Softening Point °C C36 51
Viscosity @
135°C Pa.s - 0.354
Specific Gravity gricm?® D70 1.02
Ductility @
250C cm D113 100+
Flash Point °C D92 280
PG - - 64-16
871
872 Table 3. Chemical compounds in calcium lignosulfonate
Const LOI(
ituent Na;O | MgO | KO | SO; | CaO | FexOs | P2Os | TiO2 | MnO | 950°C
)
0
Wt)(/" 004 | 017 | 012 | 29 | 80 | 008 | 011 | 001 | 0.08 | 88.29
873
874
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879

Table 4. Physical characteristics of calcium lignosulfonate

Dry pH (10% Insolubility Bulk Reducing
Test Color . .
Matter solution) (V/v) Density Sugars
Unit % min - % max Kg/m?3 %
Test i 500
Light | g3 75+0.8 0.5 3
Result Brown

Table 5. Conditions of the Superpave gyratory compactor for compaction of asphalt mixtures

Aggregate Stress | Mold Sample | Air
No. of ) Angle
Test Temperature ) Level | Rotation Diameter | Void
Gyration (degree)
(°CO) (KPa) | (degree) (mm) | (%)
Specifications 160 60-200 600 360 1.25 150 6
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Table 6. ID and characteristics of asphalt mixtures

Sample ID Polymer (%o) Thickness (mm)

C0+15 0

C5+15 5

C10+15 10 30

C15+15 15

C20+15 20

C0-15 0

C5-15 5

C10-15 10 27

C15-15 15

C20-15 20

Table 7. Bitumen samples for RV test
Sample ID C-0|/C-5|C-10|C-15]| C-20

Polymer (percentage) | 0 5 10 15 20
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896 Figure 4. Rotational viscosity measuring device
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