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ABSTRACT 

Disposal of industrial and agricultural waste is a serious environmental problem across the globe. The environmentally 

friendly disposal of this Industrial waste by using it in a binder for asphalt mixtures is one of the key focuses of today's 

research in pavement engineering. The bio oils which are derived from various agricultural wastes has been found to 

modify or partially substitute the conventional asphalt binder. Effective use of cotton stalk (CS) waste to produced bio-

oil for using in asphalt can help in reducing environmental problems. In this research, the conventional asphalt binder 

was modified with bio-oil obtained from CS at 5% and 10% by weight to determine its effect on the properties of 

conventional asphalt binder. The Dynamic Shear Rheometer is used along with conventional asphalt binder testing to 

assess the rheological properties of modified asphalt binders. Results from this study reveals that bio-oil extracted from 

CS can be used to enhance the low-temperature rheological properties of conventional asphalt binders. 
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1. INTRODUCTION  

Globally cotton stalk (CS) is an important agriculture 

by-product. Worldwide across 80 countries, more than 

twelve million hectares of land is cultivated with 

cotton[1]. China is the  biggest producer of cotton in the 

world, and every year generate cotton stalk of 40 million 

tons[2]. Usually, this agriculture waste is dumped in 

landfill which eventually generate environmental 

pollution. In the rainy season, this waste combine with 

ground water and made them unsuitable for drinking 

purposes. A shortage of land is an additional problem 

associated with the dumping of CS waste. These 

environmental problems can be diminished by the proper 

utilization of cotton stalk waste. 

Asphalt which is a mixture of aggregates mixed with 

a form of glue material known as asphalt binder or 

bitumen. Bitumen is a material which is highly 

viscoelastic and water-resistant substance. Bitumen is a 

highly viscoelastic and water-resistant substance with 

strong adhesive properties obtained from crude oil 

vacuum distillation and used as a binder to mix mineral 

fillers in asphalt pavements[3]. 

Resources of petroleum asphalt is decreases with the 

passage of time and, results in the diminution of asphalt 

binder quantity. Also, the implementation of 

environmental regulations on the boring of new resources 

reduces the asphalt binder quantity. All these factors 

reduce the production of asphalt binders which led to a 

rise in cost and making the asphalt binder expensive. 

Researchers have turned their attentions to introduce 

alternative material that can replace partially 

conventional asphalt binders. In this regard, researchers 

are investigating materials that would be environmentally 

friendly, sustainable and cost-effective. 

 Bio asphalt is one such ground-breaking alternative 

to conventional asphalt binder, which can be obtained 

from pig manure[4], urban garden waste [5], grass[6, 7], 

tea residues[8] and waste coffee fields[9]. Bio-asphalt is 

an environmentally friendly and renewable material[10] 

that can be obtained by extraction or thermal chemical 
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liq-uefaction from biomass. Bio asphalt is therefore a 

good alternative to traditional asphalt binder [11]. 

To obtain bio-oil from biomass, researchers have 

used various modern techniques. One of the common 

techniques for use is pyrolysis to alter biomass into 

solids, liquids and gaseous components by thermal 

decomposition while omitting oxygen presence. There 

are different types of pyrolysis processes including fast, 

slow, catalytic and flash pyrolysis processes [12],but 

usually, for bio-oil generation, a fast or quick pyrolysis 

process is used which is the most efficient and effective 

process. [13, 14].In the quick pyrolysis process, the 

biomass is first heated to minimize the content of water 

and heated then in the lack of oxygen at a temperature 

between 450 and 600[10]. The vapours formed during 

this process are condensed into bio-oil. 

 Generally, as a petroleum base binder, bio-oil has 

similar constituents. Bio-oil components can be 

categorised into asphaltenes, aromatics, saturates, and 

polar components. [15]. However, due to the higher 

content of oxygen, the composition of bio oil on the 

elemental base varies considerably from the standard 

petroleum asphalt binder. [16-18].Bio-oil show 

inhomogeneity and lower pH as compared to 

conventional asphalt binder[19]. Bio-oil obtained from 

various sources has a different impact on asphalt binder 

performance. Bio-oil extracted from animal waste can 

enhance asphalt binders' low-temperature performance 

[16, 20, 21]. Wen et al. suggested that bio oils derived 

from waste cooking oils can also enhance the 

performance of asphalt binders at low temperatures[22]. 

On the other hand, bio-oils produced from wood 

resources has been found to enhance the stability of 

asphalt at elevated temperatures while compromising 

performance at low-temperature[10, 23]. Furthermore, 

earlier research has concluded that bio oil is more prone 

to elevated temperatures than conventional asphalt 

binder. [10, 20]. 

Mohammad et al. added different percentages of bio-

oil into 64-22, 70-22 and 76-22 performance grading 

conventional asphalt binder and investigated the low-

temperature crack resistance, high-temperature anti-

rutting performance, anti-fatigue performances, and 

water sensitivity. The percentages of oil were 20%, 25%, 

30% and 50%. The study concluded that the 

incorporation of bio oil enhances the crack resistance at 

low temperature, while at high temperature its 

performance was not stronger as compared to 

conventional asphalt binder[24]. 

Peralta et al. incorporated rubber powder in bio 

asphalt binder at a dosage of 10% and 15%. After the 

production of the rubber modified asphalt, the PG of 

asphalt and chemical composition were investigated 

through rheological experiments and infrared spectrum. 

The results showed that bio asphalt and rubber powder 

have strong compatibility. The addition of  10% and 15% 

rubber powder improved the performance grading of bio 

asphalt binder up to 58-22 and 64-22 performance 

grading[25]. 

Onochie et al. added four percent of nano-silicon and 

two percent of nano-clay in modified asphalt binder with 

pig manure. Dynamic shear frequency scanning and the 

high-temperature viscosity tests were performed. The 

findings suggested that  addition of nano-materials 

improve the high-temperature performance[26]. 

Bio-oil was extracted from CS in this study and used 

as a modifier for conventional asphalt binder, and the 

properties were analysed to check the effect of bio-oil on 

conventional asphalt binder. Conventional and DSR tests 

were performed to assess the effect of CS bio-oil on the 

characteristics of conventional asphalt binder. 

2. MATERIAL PREPARATION 

2.1 Cotton stalk 

The source of bio-oil which is known as cotton stalk 

(CS) were procured from Faisalabad city of Punjab 

province in Pakistan. The properties of CS are displayed 

in table 1. 

Table 1. Proximate analyses of cotton stalk [27] 

Material Ash 

(Wt. %) 

Moisture 

(Wt. %) 

Fixed 

carbon 

(Wt. %) 

Volatile 

(Wt. %) 

Low heat 

value 

(MJ/Kg) 

Cotton 

stalk 

6.97 7.87 15.62 69.54 15.99 

2.2 Bitumen 

The bitumen used in this study were 60/70 grade 

penetration. It was procured from Pak-Arab Refinery 

Limited Company (PARCO), which is a good source for 

bitumen procurement in Pakistan. Various properties of 

PARCO bitumen are displayed in Table 2 

Table 2. Properties of Conventional Asphalt Binder 

Physical property Test Value Standards 

Penetration  

Test (0.1mm,25°C) 

66 AASHTO T 49-97 

Softening Point  

Test (°C) 

50 AASHTO T 53-96 

Ductility  

Test (cm) (25°C) 

120+ 

 

AASHTO T 51-94 

 

2.3 Bio oil 

The bio oil used in this research is extracted from CS 

by quick pyrolysis technique, in which CS is heated and 

the vapours produced are converted into the liquid state 

through the condensation process. The residual material 
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remains at the bottom is known as biomass ash. It is of 

utmost importance to first sun-dry the CS to reduce the 

moisture. The Principal properties and components of 

bio-oil obtained from CS are displayed in Table 3. 

2.4 Bio-oil modified asphalt binder preparation 

Modified asphalt binders were prepared by 

incorporating 5% and 10% of CS bio-oil by weight of 

conventional asphalt binder. A dose of 0 percent, 5 

percent and 10 percent was prepared as trial dosages to 

examine its effect on conventional asphalt binder. For 

uniform mixing, a shear mixer machine was used. First 

the conventional asphalt binder was heated at 120°C and 

then CS bio-oil was added. After this, both traditional 

asphalt binder and CS bio-oil were blended for 30 

minutes through a shear mixture with a speed of 15, 00 

revolutions per minute (RPM). A hot plate was used to 

maintain 120°C for the specified time. The ID’s of 

asphalt binders and Cotton stalk bio-oil used in this 

research are displayed in Table 4. 

3. EXPERIMENTAL PROGRAM 

3.1 Penetration Test 

      The test determines the asphalt binder 

consistency. The test was conducted in compliance with 

AASHTO T 49-97, under specified conditions for both 

bio-oil modified and unmodified samples. Penetration of 

the needle into modified and unmodified samples was 

measured according to the specified standard conditions. 

The load of the needle was 100g and the duration for 

loading was 5 seconds. The speed of pull was 50mm per 

minute. Both modified and unmodified samples were put 

for a period of about 1.5 hours in a water bath at 25 

degrees. In terms of its 0.1 mm units, the penetration of 

the needle was obtained. 

Table 3. Principal properties and components of cotton 

stalk bio-oil [27] 

Principal Properties CS Boil Oil 

H2O (wt. %) 24.45 

H2O (wt. %) 17.78 

pH 3.310 

Viscosity(mm2/s) 125.1 

Density(kg/m3) 1160 

S (wt. %) 0.210 

O(wt. %) 49.50 

N(wt.%) 0.305 

 

Table 4. Asphalt Binders ID's Used in this analysis 

Sampling Type Respective 

(ID) 

Cotton stalk Bio-oil CS Bio-oil 

Base Asphalt Binder  B1 

Asphalt Binder Containing 5% 

Bio-oil 

 B2 

Asphalt Binder Containing 10% 

Bio-oil 

 B3 

 

3.2 Softening Point Test 

The test determines the tendency of bitumen to flow 

at an elevated temperature and is useful in the 

classification of Bitumen. The test for determining the 

softening point of both modified and unmodified samples 

was carried out according to AASHTO T53-96, with the 

help of Ring and ball apparatus. The rings of brass were 

filled with bitumen, after cooling to normal condition, 

3.5g circular shape balls were placed at the top surface of 

the bitumen filled brass rings. Bitumen filled brass rings 

were positioned in a clean water bath and the whole 

assembly was heated up. The heat was applied to the 

water bath at a uniform rate of a rising of 5 degrees per 

minute. Finally softening point was obtained by taking 

the average of the temperatures at which each steel ball 

touch the plate which is below 25 mm. 

3.3 Ductility Test 

The ductility of bitumen indicates the elongation of 

bitumen when a tensile full is applied. The test was 

conducted in accordance with AASHTO T51-94-94. 

First, the molds were cleaned and then filled with 

bitumen and finally placed in a ductilitometer. The 

elongation in both modified and unmodified bitumen 

samples were observed and measured when the clips 

were allowed to pull from both sides at specified 

temperature and speed. The stretching speed and 

temperature were 50 mm per minute and 25 degrees 

centigrade respectively. The distance in mm covered by 

the clips before the failure of the sample was noted and 

is referred to as the ductility value for that sample. 

3.4 Performance Grading Test 

The performance grading test using the Anton Paar 

Dynamic Shear Rheometer (DSR) was conducted in 

accordance with AASHTO T 315. Pavement 

performance at intermediate and elevated temperatures 

can be investigated through DSR. [28]. In this study at 25 

mm geometry and 10 Hz frequency, the performance 

grading test was carried out and failure temperatures 

were noted when G*/sinδ dropped below one kilo 

pascals. 

3.5 Frequency Sweep Test 

Under strain-controlled conditions, the frequency 

sweep test were performed at six various temperatures 

(22°C, 34°C , 46°C, 58 °C, 70 °C and 82 °C). The 
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diameter of the plate used was 25 mm for temperatures 

above 40 degrees with a 1 mm gap and 8 mm for 

temperatures below 40 degrees with a 2 mm gap. The 

frequency ranged from one hertz to ten hertz during the 

test. A strain limit of 0.45 percent and 10 percent was 

applied to bio oil modified asphalt binder and 

conventional asphalt binder respectively. Rheological 

parameters like phase angle, rutting factor and complex 

shear modulus were investigated. 

3.6 Multiple Stress Creep Recovery (MSCR) 

Test 

The asphalt binders' elastomeric response is 

determined by the percentage of recovery and non-

recoverable creep compliance (Jnr) obtained in the test. 

In accordance with ASTM D74055, the test was 

conducted using DSR at 64 oC. The constant stress creep 

was sustained for a period of 1.0 seconds, which was 

followed by a 9.0 second zero-stress recovery. The range 

of stress level was from 25 Pa to 25,600 Pa, and ten cycles 

were run for each stress level. After the creep and 

recovery time, the residual strain in the sample was 

measured in terms of Jnr, through the following equation. 

Jnr= avg <
γμ

τ 
>                                                        (1) 

where 

Jnr = The residual strain divided by the stress in a sample 

(after a period of creep and recovery cycle) (in the kPa 

unit, s),  𝜏 = shear stress that is applied for an interval of 

1-second. 𝛾𝜇= represent the permanent strain after an 

interval of 9-second. At each temperature and stress level 

(0.25kPa to 3.2kPa) the residual strain was determined. 

4. RESULTS AND DISCUSSION 

4.1 Penetration, Softening point and ductility 

tests results 

Figure 1 indicate the effects of bio-oil on the 

conventional and modified bitumen penetration values. 

Penetration values basically reflect the asphalt binder's 

hardening and stiffness at a moderate temperature. A 

greater value of penetration indicates that the binder has 

become soft. Figure 1 shows that the penetration value 

increased by rising the bitumen bio-oil content, which 

essentially means a decrease in stiffness and an increase 

in bitumen fluency. When 5 % bio-oil was incorporated 

(by bitumen mass), penetration significantly increased by 

19.5%, while a 27.1% increase in penetration value was 

reported by rising the bio-oil dosage to 10%. 

 

 

Figure 1. Graphical representation of the penetration 

values obtained for every sample 

The softening point test is typically performed to 

determine the rough limit between viscoelastic and 

viscous bitumen behaviour and to assess bitumen 

resistance to deformation at elevated temperatures. The 

incorporation of bio-oil (by mass of bitumen) decreased 

the softening point as shown in figure 2. When 5% and 

10% of bio-oil was added a decrease of 1 degree and 2 

degrees in the softening point of conventional asphalt 

binder was observed respectively. This decrease in 

softening point shows that the incorporation of bio oil 

extracted from CS softer the conventional asphalt binder. 

 

Figure 2. Softening point graphical representation 

obtained for each sample 

The ductility test provides information about each 

asphalt binder sample's tensile properties. The results 

obtained are shown in Table 5. The results indicate that 

the Values of ductility are 120+ for all samples which 

show that all the asphalt binders are flexible and will be 

more resistive to fracture in low-temperature regions. 
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Table 2. Ductility Values for Each Binder Sample 

Samples Ductility Value 

B1 120+ 

B2 120+ 

B3 120+ 

 

Generally, low softening point, high penetration 

values and high ductility values indicate that the addition 

of bio-oil soft the conventional asphalt binder, and thus 

the CS bio oil modified asphalt binder would be ideal for 

use in regions with low temperatures.  

4.2 Temperature Susceptibility 

The penetration index (PI) is use to determine the 

effect of adding bio oil on temperature susceptibility of 

the asphalt binder. As demonstrated by Ahinola et al. the 

temperature susceptibility assessment is determined 

below using subsequent equations[29]. 

P.I=
 20 - 500B

1+50B
                                        (2)  

      Where 

               𝐵 =
 𝑙𝑜𝑔  (800)−log (𝑃𝑒𝑛𝑒𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑎𝑡 𝑇)

𝑆𝑜𝑓𝑡𝑒𝑛𝑖𝑛𝑔 𝑃𝑜𝑖𝑛𝑡 − 25
  

Where T , is the temperature at which the penetration 

test is conducted (25 0C), Pen at T ,Represent  the 

penetration at the proper temperature T (0.1 mm), SP = 

indicate softening point of asphalt binder (◦C) and Pen at 

SP = shows the penetration value at the softening point 

and is presumed to be 800 (0.1 mm)[30]. 

A greater penetration index value specifies lower 

sensitivity of asphalt binder to temperature. In addition, 

most asphalt binders are considered to have penetration 

values between -2 and +2. Asphalt  binders with 

penetration values lower than -2 are extremely sensitive 

to temperature, are brittle at lower temperatures and will 

crack in regions of cold-weather [31]. The PI values are 

measured and are within the standard range (from -2 to 

+2) for all the bio-oil percentages. The trend in the graph 

indicate that with increase of percentage of bio-oil the 

values of PI increases. It can be used as a paving material 

as the values are within the defined range of -2 and 2, so 

it would be less vulnerable in the winter season to low 

temperature cracking. 

 

Figure 3. Penetration index of samples of bitumen 

4.3 Dynamic Shear Rheological Properties 

4.3.1 Performance grade analysis 

In order to determine the rheological high and 

intermediate temperature properties for both modified 

and unmodified binder samples, Dynamic Shear 

Rheometer tests were conducted. Figure 4 indicates the 

failure temperature against bio oil dosages. Test results 

show that the incorporation of bio oil to conventional 

asphalt binder reduces the temperature of failure. With 

the incorporation of 5 % and 10% bio oil, the binder 

failure temperature decreases by 0.94% and 3.12 %, 

respectively. This decrease in failure temperature 

indicate that bio-oil addition soft conventional asphalt 

binder and enhance pavement resistance against fatigue 

cracking but PG remains the same that is PG 64 for all 

samples. 

 

Figure. 4 Graphical representation of failure 

temperature obtained for each sample 
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4.3.2 Frequency sweep analysis 

A frequency sweep test was performed to determine 

the influence of time and temperature on all the bitumen 

samples. It was carried out through a number of 

temperatures and frequencies. The temperature selected 

for frequency sweep was 22, 34, 46, 58, 70, and 82 degree 

Centigrade. The frequencies range was from one hertz to 

ten hertz. The findings are shown in figure 5 in the form 

of master curves drawn between phase angle and 

complex modulus. The master curves were drawn 

through a sigmoidal function at a reference temperature 

of 58 ° C. 

𝐿𝑜𝑔|𝐴| =  +


1+𝑒
− log (𝑓𝑟)                          (3) 

where 𝐴 represent the complex modulus,  represent 

the reduced frequency at a reference temperature,  show 

the variation among min and max complex modulus of 

asphalt binder and ,  indicate the shape parameters of a 

curve[32].The master curve of complex modulus ‘G*’ 

against reduced frequency indicates that at low 

temperature and high-frequency range the stiffness is 

decreased when bio-oil is mixed with conventional 

asphalt binder which means that at high-frequency range 

master curve of the complex shear modulus shift 

horizontally towards the right. In conclusion, 10% CS 

bio-oil modified asphalt binder show good fatigue 

performance as compared to 5% bio-oil modified asphalt 

binder and conventional asphalt binder [32] 

 

Figure 5. Master Curves drawn among (Reduced 

Frequency vs. Complex Modulus)  

The deterioration of pavement due to heavy traffic 

loads in the wheel path at high temperature, which is 

called rutting, is the main and important distress of 

asphalt pavements. The G*/Sinδ is a factor of rut that 

indicates a high temperature binder failure. Figure 6 

displays the master curve with reduced frequency drawn 

at the horizontal axis and rut factor drawn at the vertical 

axis at 58°C reference temperature. It can be investigated 

from Figure 6 that the rut factor decreases in the high-

frequency range with the addition of bio oil in the 

conventional asphalt binder, which basically 

demonstrates that modified asphalt binder would provide 

strong anti-cracking efficiency compared to unmodified 

asphalt binder in the low-temperature range[32]. 

 

Figure 6. (Rut Factor vs. Reduced Frequency) Master 

Curves 

4.3.3 Asphalt Binder's Sensitivity to Stress 

Variations 

To simulate the real pavement force and asphalt 

deformation through loading mode, which corresponds to 

the real loading of the pavement, the MSCR test results 

were analysed. This represents high temperatures 

performance in the real environment.  In addition to 

being able to sustain continuous deformation at elevated 

temperatures, every high-quality asphalt binder must be 

able to properly recover, i.e. remain satisfactorily elastic 

at a wide temperature range, from different types of 

stresses placed on it. Figure 7 is plotted at 64°C between 

Percent Recovery as the dependent variable and stress as 

the independent variable and non-recoverable creep 

compliance (Jnr). 
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Figure 7. Graphical representation of    Stress (kPa) and 

Jnr (kPa -1) for each sample 

It can be observed that as the stress rises, the value of 

Jnr also rises while the recovery percentage decreases 

and the amount depends on the type of binder. Literature 

shows that Jnr values will be less for stiffer binder than 

the softer binder. It can be noted from the figure 7 that 

the Jnr values are getting higher and higher with the 

inclusion of bio oil in the binder, so it can be concluded 

from these results that a softer grade binder can be 

obtained from the stiffer one by modifying the binder 

with bio oil. 

5. CONCLUSIONS 

Following conclusions have been drawn from the 

results. 

1) In contrast to the base and 5%, 10% modified asphalt 

binder gives higher penetration and ductility values 

and lower softening point values. It means that the 

CS bio oil addition makes the conventional asphalt 

binder softer and hence can be used in areas with low 

temperatures.  

2) Asphalt binder performance evaluation using the 

DSR test reveals that bio-oil addition degrades high 

temperature performance while enhancing low 

temperature performance. This is because, in the 

high-frequency range, stiffness decreases. A major 

improvement in fatigue resistance is achieved by 

adding 10 percent bio oil to the conventional asphalt 

binder. 

3) It was found in the DSR test for failure temperature 

determination that 10% bio-oil modified asphalt 

binder fails before 5% modified asphalt binder and 

conventional asphalt binder. This means that relative 

to 5% modified asphalt binder and conventional 

asphalt binder, 10% modified asphalt binder is 

softer. 

Finally, it is concluded that bio-oil obtained from CS 

enhances the low-temperature performance and is a better 

option for HMA pavements in low-temperature regions 

where the primary issue is fatigue cracking. 
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