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Abstract: 

This study discusses the influence of using crude palm oil in hot mix asphalt incorporating recycled asphalt pavement 
materials. The effect of different percentages of recycled asphalt pavement (RAP) and crude palm oil (CPO) on 
stability, flow, stiffness, voids in mix (VIM), voids filled with asphalt (VFA), and Indirect Tensile Strength (IDT) 
were assessed. In addition, for the statistical analysis an analytical tool response surface methodology (RSM) was 
used for designing and statistically analyzing the experimental results. A microstructure level investigation on the 
virgin binder (60/70) and RAP binder incorporating crude palm oil was performed using atomic force microscopy 
(AFM) and Fourier transform infrared spectroscopy (FTIR) analysis. Experimental results showed that stability and 
indirect tensile strength increases with an increase in recycled asphalt pavement material up till 80%. However, 100% 
RAP with crude palm oil resulted in reduction in these strength parameters. The microstructural analysis shows that 
the incorporation of CPO in virgin and RAP aged binder change the structure of aged and virgin binder by new and 
unique phase formations. The statistical models were found significant and well fitted on bases of R2 value (>0.80), 
high adequate precision value (>4), low p-value and insignificant lack-of-fit. Furthermore, ANOVA model theoretical 
results by the RSM analysis were validated by experiments with less than 5% of error that represent a good agreement 
between experimental and theoretical results. Crude palm oil inclusion in HMA-RAP showed good improvement in 
performance parameters indicating a potential source of use as of rejuvenating agent as bio binder material for the 
pavement construction industry. 

Keywords: recycled asphalt pavement; crude palm oil; stability; flow; indirect tensile strength; FTIR; AFM; 
response surface methodology; ANOVA: 

1. Introduction 

In road design, the use of reclaimed asphalt pavement (RAP) is as important as other recycled material, 
exclusively in reducing the quantity of fresh bitumen. RAP containing asphalt binder provides the advantage to 
minimize the amount of fresh binder usage in the roads construction [1]. On the other side, non-renewable crude oil 
related products their consumption is down casted as these resources are prone to rapid and continuously depleting.  
The continuous increase in the crude oil prices in conjunction with the regular reduction in their reservoirs has caused 
the increase in bitumen cost, which is directly affecting the construction of new roads and their maintenance [2, 3]. In 
recent times the increase in traffic volume and the environmental conditions has affected the pavement, which forced 
the authorities to modify the road specifications to achieve sustainable pavement. Due to the environmental and road 
conditions, quality bitumen in terms of stiffness and flexibility is required that should bear the rut under the load at 
elevated temperatures and concurrently resist the low thermal cracking [4, 5].  

Numerous studies verified that using a low amount of RAP, i.e., less than 15% in hot mix asphalt, recycling would be 
having very less effect on the mixture performance [6]. Nevertheless, it is getting more prevalent to incorporate high 
RAP percentages of more than 30% in the mix. It has been proven that using more amount than 20% in mix design 



will be leading to early fatigue and low-thermal cracking [7, 8]. Keeping this into consideration, Asphalt institute 
blending charts for mix design comprising RAP percentage or binder percentage more than 25% are recommended 
with a rejuvenating agent [9]. However, implementation of RAP into mixes still have many weaknesses, such as 
premature fatigue and low-temperature cracking are creating uncertainties for incorporating a high amount of aged 
binder present in RAP, where exact blending techniques having less comprehensive knowledge between virgin and 
aged binder during the mixing process, and, most importantly non availability of standard rules and laws to use 
recycled materials in the mix [10].  

The rejuvenating agent should have the tendency to restore the aged binder's chemical and physical properties [9]. 
The properties include specific gravity, compatibility, flash point, volatility, viscosity and chemical composition of a 
material [7]. Asphalt binders have two phases: asphaltenes considered as dispersed phase and maltenes in a dispersion 
medium. Hence, the most important role for any rejuvenator is to reduce the RAP binder stiffness by increasing the 
maltene. Numerous studies have been conducted to measure the effect of rejuvenators on aged RAP binders.  This 
results in decreasing the viscosity and stiffness and increasing the ductility [11, 12]. Hence, the rejuvenator enables 
the pavement to have experience of another service period. Along with this, the rejuvenator also allows the designer 
to include the RAP in the mix up to 100% [13]. The effects of rejuvenators from multiple sources, including plant oils, 
aromatic extracts, engineered oils, organic oils, waste vegetable grease, distilled tall oil and base oils from refinery 
were studied. The penetration index (PI) reported for binders was depending on the low thermal mixture behavior, 
which made this parameter a coherent criterion to access the potential efficiency of rejuvenators. The outcome of these 
researches was that there are four (WV oil, WV Grease, Organic Oil, Aromatic extract) rejuvenators that have 
considerably reduced the susceptibility of mixtures to low thermal cracking [10, 14, 15].  

In another study structural and rheological features were evaluated for emulsion and liquid rejuvenators. Rheological 
behavior using dynamic shear rheometer (DSR) and microstructural characteristics using atomic force microscopy 
(AFM) of these rejuvenators was studied. A positive effect on the aged binder properties was found through different 
mechanisms. The new morphological behavior was created by liquid type where the emulsion repaired the loss virgin 
microstructure [13]. On the other hand, atomic force microscopy (AFM) can give good surface related information on 
the morphology. The phase images are in relation to the viscoelastic properties of binders. Rheology and different 
phases were detected using the AFM before and after aging for different types of binders and showed how the 
percentage change between asphaltenes and saturates was in relation to the size and spreading of the catana phase and 
periphase [16]. Many studies have analyzed the changes in surface properties of RAP binder after there is an addition 
of rejuvenators. Adding the rejuvenator can bring drastic change in the binder’s morphological behavior [17]. The bio 
rejuvenator molecule’s healing effect on decreasing the asphaltenes interactions through oxidation has been confirmed 
by using density functional theory (DFT) models [18]. 

Biomodified binders are considered as neat or virgin binders, modified when processed bio-oils (with less than 10% 
by weight of the virgin binder) taken out as extract from herbal substances and residues [19]. High temperature 
performance behavior of bio-oil was studied using three different types of bio-oils modification including treated bio-
oil, untreated bio-oil and polymer modified bio-oil. Tests like DSR for rheology and multiple stress creep recovery 
(MSCR) for permanent deformation were conducted to evaluate the high thermal behavior of the modified binders. 
The results showed that all three-binder modification biomodified binders showed improved performance at high 
temperatures [20, 21]. Use of swine manure was also assessed as partial replacement of binder. Findings showed that 
the modification made had better and good performance at low temperature compared to the control virgin binder 
[22].  

Statistical tools used in designing the experiments are becoming popular for optimizing the materials, specially 
rejuvenators while utilizing in the mixtures to evaluate the physical and mechanical performance properties. Taguchi 
method has been widely used for the experiment design and optimization phase of the independent variables, affecting 
dependent variables [23]. Grey relational degree was observed while executing the analysis of variance (ANOVA) 
and its influence on experimental independent variables [24]. To design the experiment response surface methodology 



(RSM) was used to investigate the influence of independent variables such as aggregate binder ratio, length of fiber 
and basalt fiber content on the corresponding Marshall performance parameters of modified asphalt mixtures [25]. In 
another study RSM was used as an analytical tool to analyze and optimize the grout cement composition, where the 
results were validated by ANOVA models through additional experimentation [26]. RSM experimental design was 
also used to prepare thirty petroleum sludge modified binder samples for characterizing the physical properties 
(penetration, softening point, penetration index) of modified binder and storage stability. ANOVA was applied to the 
responses to create statistical and diagnostic models [27].   

Malaysia is the second large palm oil producer around the globe, accounting for 40% of the globally demand for crude 
palm oil (CPO), strategically standing positioning as a noteworthy player in the production of biodiesel. Crude palm 
oil growth and production have geometrically increased in Malaysia over the last 60 years from 2.6 million tons to 
20.5 million tons [28]. Various studies have been conducted on the applications and effects of palm oil fuel ash (POFA) 
on concrete properties under different conditions. The results showed a prominent effect on chemical and physical 
properties, varying the POFA characteristic properties from different sources [29-31]. The crude palm oil (CPO) 
extracted from the palm oil fruit's major constituents are palmitic acid and oleic acid. One of the major constituents of 
crude palm oil is oleic acid, which is 40% of its composition [32]. As a result, utilizing crude palm oil as a possible 
rejuvenating agent will not only help to reduce pavement material cost but also reduce the environmental pollution. 
Therefore, in this study utilization of CPO with high RAP content in mixtures and its performance as asphalt properties 
were investigated. The objectives of the study were achieved by optimizing the addition of different percentage of 
crude palm oil (CPO) in RAP binder blends for restoring its properties to stratify the Jabatan Kerja Raya (JKR), 
Malaysia standard requirements. Besides that, the impact of CPO on the chemical and microstructural level of binder 
blends of virgin and aged RAP mixes using FTIR and AFM was investigated. Moreover, the effect of crude palm oil 
on the performance properties of mixtures using high RAP percentages was also evaluated. For this purpose, response 
surface methodology (RSM) was used to develop statistical models by ANOVA to analyze and optimize the CPO and 
RAP percentages.   

2. Materials and Method 
2.1 Materials 

Aggregates (crushed granite) as coarse were acquired from Sunway quarry situated in Ipoh, Malaysia. River 
sand procured from Tronoh, Malaysia was used as fine aggregate. Malaysian JKR standard specification for road 
works named as (JKR/SPJ/2008) is used for the selection of both coarse and fine aggregates [33]. Mineral filler used 
in the research was Ordinary Portland Cement passing through 0.075mm sieve size. The filler is procured from YTL 
Cement Berhad, Malaysia. The physical properties satisfying the standards are shown in Table 1. Higher gravity values 
of aggregates are contributing towards the good strength. Water absorption less than 2 percent showing that bitumen 
content will not be absorbed by the aggregate, therefore less binder will be required. Aggregate was also showing high 
durability as abrasion value is well in range for use in the mix. Bitumen penetration grade of 60/70 was obtained from 
“PETRONAS, Malaysia” refinery. Table 2 shows the physical characteristics of the binder. RAP was collected from 
PLUS highway site, which was first brought to Kamunting Premix Plant, Malaysia in milled form. Crude palm oil 
(CPO) was procured from “Palm Factory Felcra Processing & Engineering Sdn Bhd”. The quality details of CPO were 
provided by the factory, as shown in Table 3, and the chemical composition of the crude palm is shown in Table 4. 

Table 1: Physical properties of aggregates (coarse, fine & filler) 

Physical Test  Aggregate Content  Requirement Specification 
Specific Gravity  Fine  2.7 - ASTM C 128 
 Coarse 2.68 - ASTM C 127 
 Filler 3.14 - ASTM C188 
Water absorption (%) Fine  0.38 <2% ASTM C 128 
 Coarse 0.45 <2% ASTM C 127 
Abrasion loss  Coarse 28.21 <30% ASTM C 131 

 



Table 2:  Physical properties of the binder  

Physical properties Units Value Standard values Specification 
Penetration Value dmm 64 60-70 ASTM D5 
Softening Point °C 49.5 49-56 ASTM D36 
Ductility Value cm 120 >100 ASTM D113-17 
Specific gravity - 1.03 - ASTM D70 

 

 

Table 3: Quality Details of Crude Palm Oil 

FFA (Free Fatty Acid) 4.88 
Moisture 0.19 
DOBI (Deterioration of Bleachability 
Index) 

2.34 

DIRT 0.024 
 

Table 4: Chemical composition of CPO [32] 
Composition (fatty acids) CPO (%) 

Oleic acid  40 
Palmitic acid  44 
linoleic acid 10 

 
2.2 Extraction of binder from RAP and determination of binder content 

RAP binder content was determined by following the asphalt extraction standards AASTHO T 319 and 
ASTM D7906 [34, 35]. The extracted binder content of RAP after aging on-site was recorded as 4.73% by weight of 
the asphalt mix. Sieve analysis was performed in accordance with AASHTO T27 [36] for the particle size passing 
distribution of RAP (coarse and fine aggregate) shown in Fig. 1. 

 
Fig. 1: Extracted 100% RAP gradation curve 
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RAP extracted gradation showed that aggregate retained at sieve size of 20mm. Keeping in mind Type 2 of JKR 
standard specification RAP gradation curve was prepared in conformance with standard ranges. Setting this gradation 
as the baseline for the preparation of HMA mix incorporated RAP.  

2.3 Virgin and RAP extracted binders physical properties 

The physical properties of the control virgin binder and extracted RAP binder were assessed according to the 
standards. Penetration values were calculated following ASTM D5 [37]. Ductility of binder determined by            
ASTM D113 [38], softening point was assessed according to ASTM D36 [39]. Penetration Index (PI) of control/RAP 
blends showed the temperature susceptibility of bitumen, as shown in Table 5. Softness of binder blends is shown 
with higher -PI value that can be used in areas with lower temperatures. Penetration values showing lower -PI values 
indicating hardness and brittleness, less flow and maximum rate of cracking vulnerability are mostly employed in high 
temperature areas. The properties of the blended mix depend on the base binder plus RAP. The RAP causes stiffness 
with an increase in percentage. To cater this problem, many researchers proposed that a rejuvenating agent can be 
used by combining with the binder while incorporating RAP in HMA [40].   

Table 5. Physical Properties and Penetration Index for all the blends. 

RAP/Virgin 
ratio 

Penetration 
(dmm) 

Softening 
Point 
(°C) 

Ductility 
(cm) 

Penetration 
Index 

Specification (60-70)  (49-56) (>100)  
0/100 64 49.5 120 -0.743 
20/80 49 52 97 -0.764 
30/70 45 54 89 -0.496 
40/60 42 56 76 -0.385 
60/40 36 58 64 -0.385 
80/20 29 59 41 -0.364 
100/0 22 62 17 -0.355 

 

2.4 Preparation and conventional characterization of binders  
 
The preparation of a bio-binder is relatively simple. Bio-oil and control bitumen are heated respectively to a 

certain temperature and then using shear mixer can be mixed at a certain temperature with a shearing rate for a certain 
period. Many researchers have their own ideas for the preparation methods as the bio asphalt is new material varying 
the shearing rate ranging from 200 rpm to 5000 rpm, shearing time from 10 to 60min, and temperature 105°C to 
180ºC. The bio-oil under high shearing rate and temperature showed good workability and mixing with asphalt is 
easier. The bio asphalt presents good performance under suitable shearing time [41-43]. Preparation of crude palm oil 
modified binder, Multi mix laboratory high shear mixer was used for this purpose. Preheating bitumen 60/70 was done 
in the oven at a temperature of 150 ºC to make it adequately fluid for mixing. Using a steel container, the required 
quantity of control bitumen was measured and poured in it, where the temperature of the container was maintained at 
135 ºC. The next step was to measure crude palm oil and the required quantity was added gradually to the bitumen. 
High shear rate of 3000 rpm at shearing rate temperature of 135 ºC for 30 min for the homogenous mixture was done 
for the blending of CPO and bitumen. 
2.5 Optimization of crude palm oil (CPO)  

In view of conventional binder physical properties for control and RAP binder results, the objective to 
rejuvenate the aged RAP binder properties was well defined to get the binder properties almost like virgin binder 
under the same conditions in terms of JKR standard specifications. The purpose of the rejuvenating agent is to improve 
and enhance the aged binder in its physical and chemical properties. Many researchers addressed the binder's 



penetration values as an indication for defining the optimum amount for rejuvenator content [44-47]. Therefore, in 
this study the optimum content for rejuvenator content was determined to have the same penetration value as of control 
binder. RAP binder is modified with different percentages of crude palm oil. Modification was done for 10 minutes 
at a temperature of 140°C using a shear mixer at normal shear rates of 700 rpm to get a homogenously rejuvenated 
binder blend [48].  

2.6 Marshall mixture preparation 

The Marshall mix design was adopted and tested for compacted samples following ASTM D6927 [49].  For 
the determination of optimum binder content (OBC) for the control mix, the volumetric parameters included bulk unit 
weight, total mix voids, mineral aggregate voids and bitumen filled voids were obtained as shown in Table 6. Each 
volumetric parameter requires to be in the range specified by JKR, Malaysia to ensure the acceptable durability of the 
asphalt mixes during its service life. In Marshall mix design, factors like temperature and traffic loading were 
considered to evaluate the fundamental engineering properties for empirical assessment of asphalt mixtures. The 
verification of volumetric properties at OBC was done to ensure that all obtained values must come with in the 
specified range of AC 14 wearing course in line with specifications of JKR [33].  

Table 6. Marshall properties for HMA optimum binder content. 

Bitumen Content 
Design Parameters BUW  

VIM (%) 
(3.0 - 5.0 %) 

VMA (%) 
(>14) 

VFB (%) 
(70 – 80 %) 

S (kN) 
(>8 KN) 

F (mm) 
(2.0-4.0 mm) 

4.0 2.407 4.10 14.83 63.11 16.50 2.75 
4.5 2.417 3.91 14.93 70.81 17.11 3.24 
5.0 2.423 3.40 15.17 77.64 14.84 3.44 
5.5 2.426 3.21 15.50 83.69 12.11 3.32 
6.0 2.423 3.04 16.04 85.13 9.46 3.12 

 

2.7 Mixture preparation containing RAP 

For determining the maximum possible RAP content by using CPO, specimens were prepared with 0, 
20,40,60,80 and 100% RAP incorporated in hot mix asphalt. The blended mix gradation curve keeping in mind the 
JKR, Malaysia specification was prepared. As RAP binder content and OBC for control mixes are already known, the 
virgin binder percentage was adjusted accordingly. Sieve analysis of RAP showed that aggregate was retaining on 
sieve of 20mm. The mix composition of aggregate for a sample of 1200 g containing various RAP percentage was 
prepared, as shown in Table 7. That is why the gradation curve conforming to hot in place recycling Type 2 of JKR 
was used. JKR gradation ranges for the hot recycled mix for Type 2 and the design selection and Rap 100 percentage 
are shown in Fig. 2. 

Table 7. Composition of RAP percentages contained in HMA mix. 

Sieve 
Size 

(mm) 

RAP/HMA Mass Retained (g)  

0/100 20/80 40/60 60/40 80/20 100/0 

100 20 80 40 60 60 40 80 20 100 

28 - - - - - - -   - 

20 144 8 115 15 86 23 58 30 29 38 

14 138 51 110 103 83 154 55 205 28 257 

10 96 25 77 50 58 75 38 100 19 125 



5 120 39 96 79 72 118 48 157 24 197 

3.350 162 18 130 36 97 54 65 72 32 90 

1.180 168 43 134 86 101 130 67 173 34 216 

0.425 132 26 106 53 79 79 53 106 26 132 

0.150 108 17 86 34 65 51 43 69 22 86 

0.075 60 7 48 15 36 22 24 29 12 37 

Pan 72 5 58 9 43 14 29 19 14 24 

 
 

 

 

 

Fig. 2. Aggregate Type 2 blended mix by JKR. 

2.8 Indirect tensile strengths of RAP CPO incorporated mixtures 

To incorporate the maximum RAP content by using CPO, samples were prepared with RAP content of 0, 20, 
40, 60, 80, and 100 percent. The prepared samples were tested for Indirect Tensile Strength (IDT) according to the 
standard method for IDT following ASTM D6931 [50]. IDT test was performed using Marshall stability and flow 
testing equipment. Three specimens for all RAP containing percentages were tested along with the control sample. 
The IDT test results give an evaluation criterion in terms of temperature at low side for the asphalt mixture's fatigue 
cracking. Studies showed that ITS is a good performance indicator in predicting the laboratory rutting propensity of 
asphalt mixes [51]. The aging properties of rejuvenated and non-rejuvenated mixes, the results of ITS were compared 
for all the mixture including RAP percentages and control. Aging accessibility was done by Sengoz (2003) 
implementing the ITS and moisture susceptibility of HMA mixtures with changing air void contents [52, 53]. Another 
study was done on short, and long term behavior of rubber modified asphalt mixes showed that an increase of tensile 
strengths was caused by aging [54]. Studies were done on SBS polymer modified bitumen and warm mix asphalts 
using ITS to access the rutting potential [55, 56]. The data values measured from the machine are to be used for the 
calculation of indirect tensile stresses using Equation (1)  

𝑆𝑆𝑡𝑡 = 2000∗𝑃𝑃
𝜋𝜋∗𝑡𝑡∗𝐷𝐷
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where; 
St = Indirect tensile strength (ITS), kPa 
P = Maximum load, N 
t = Specimen height immediately before test, mm 
D = Specimen diameter, mm 

Aging of binder resulted in reduced cohesion and adhesion ability. Introducing the rejuvenating agent if often softens 
the binder, recovery of properties to some extent and coating ability improves with aggregates [57, 58]. 

2.9 Design of experiments based on RSM 
Response surface methodology statistical tool was used to design, analyze, optimize, and finally validate 

experimental-based results efficiently. The experimental designs were developed by statistical models to determine 
and establish a relationship between dependent variables (responses) and independent variables (factors) [59, 60]. 
Optimal (custom) design used in this research for designing experiments and to define the factors for analysis to be 
carried out, thus decreasing the number of experimental runs saving time and cost [61]. For this purpose, Design 
Expert software version 11.1.0 was used. This software provides powerful tools for the ideal experimental design 
matrix which involves the process, mix combinations utilizing dependent and independent variables. It also helps to 
visualize data having more significant on other variable and help to precisely model the results. Its output results 
provides the wide range of graphs selection that can help to identify the effects different varaiables are having on other 
variable.Factors were RAP and CPO, whereas stability, flow, stiffness, VIM, VFA, IDT were selected for responses 
based on JKR, Malaysia specification for hot in place recycling used in this study. Table 8 shows the level of factors 
and their corresponding codes. 

  
Table 8. Design of factors and relevant codes in RSM 

Factors Units Code Levels 
-α 0 +α 

RAP % X1 0 60 100 
CPO % X2 8 10 12 

 
The volumetric properties of RAP-CPO incorporated mixtures that are VIM and VFA and performance properties 
stability, flow, stiffness and IDT were analyzed using RSM based experimental runs. Quadratic polynomial models 
were suggested based on the model’s significance to predict the performance properties. For the prediction of 
responses second degree polynomial equation was used the predicted model generalized equation for the predicted 
model is shown in Equation (2) [48]. 
 

     𝑌𝑌 = 𝐶𝐶 + 𝐴𝐴1(𝑋𝑋1) + 𝐴𝐴2(𝑋𝑋2) + 𝐴𝐴3(𝑋𝑋1 2) + 𝐴𝐴4(𝑋𝑋2 2) + 𝐴𝐴5(𝑋𝑋1 ∗ 𝑋𝑋2)   (2) 
 

where Y is the predicted response got from experiments (i.e., stability, flow, stiffness, VIM, VFA, IDT), Independent 
variables (i.e., RAP and CPO) are represented by X1 and X2, Interception constant is C, coefficients in the equation 
are A1 to A5. After the assignment of low and high level factors, Table 9 shows the experiment's design generated 21 
runs. Replication of central point was five times for increase in the reliability during experimentation and analysis. 
The HMA-RAP CPO incorporated specimens according to experimental design were prepared and assessed for 
stability, flow, stiffness, VIM, VFA, IDT. The experimental results of stability, flow, stiffness, VIM, VFA, and IDT 
were further put in the software in conforming slots for responses. Following the analysis steps, modeling and 
optimizing the HMA RAP CPO incorporated components were then performed. Execution of ANOVA was done to 
evaluate the model’s performance in terms of responses inserted (stability, flow, stiffness, VIM, VFA, IDT). 
Regression models suitability were assessed by criteria of lack of fit, F- value and p-values in ANOVA. Corresponding 
using design expert we can also draw a 3D model graph to explain the effect of two factors that were selected on the 
proposed model.  



Table 9. Experimental Design matrix 

Run No.       
(Mix) 

Independent Factors Responses  

X1: RAP 
(%) 

X2: CPO 
(%) 

Y1 Stability 
(KN) 

Y2 Flow 
(mm) 

Y3 Stiffness 
(kN/mm) 

Y4 VIM 
(%) 

Y5 VFA 
(%) 

Y6 IDT 
(kPa) 

1 60 10 17.75 4.63 3.833 4.68 80.571 980 

2 20 10 14.997 4.32 3.471 3.7 78.204 489 

3 100 12 14.792 4.16 3.555 4.8 77.756 628 

4 20 12 11.36 4.4 2.581 4.12 81.294 476 

5 100 10 17.974 4.01 4.482 4.86 75.672 620 

6 100 12 17.701 4.18 4.234 4.55 76.972 635 

7 60 10 19.028 4.52 4.209 4.58 83.738 950 

8 0 8 10.388 3.82 2.719 3.1 77.884 161 

9 80 8 19.605 4.06 4.528 3.8 78.157 996 

10 60 12 16.019 4.55 3.52 4.9 82.241 885 

11 100 10 16.08 4.01 4.009 4.62 76.409 595 

12 60 10 16.426 4.31 3.811 4.29 83.139 960 

13 60 10 18.38 4.41 4.167 4.5 80.321 880 

14 20 8 12.234 3.95 3.09 3.46 79.772 369 

15 100 8 15.632 3.7 4.224 4.6 76.472 532 

16 0 12 10.946 4.2 2.606 3.8 74.585 246 

17 60 10 16.34 4.39 3.722 4.6 82.31 740 

18 0 10 12.434 3.95 3.14 4.07 75.239 354 

19 40 8 15.222 4.12 3.694 3.83 80.196 841 

20 60 8 17.01 4.3 3.955 4 79.717 908 

21 0 8 10.137 3.55 2.855 3.45 77.311 159 
 

 
2.10 Fourier Transform Infrared Spectroscopy FTIR Analysis 

Quantitative and qualitative chemical characterization was done using attenuate total reflection (ATR) mode 
in Fourier transform infrared spectroscopy (FTIR) spectroscopy. To study the changes in asphalt binder because of 
the oxidation process, these techniques are considered quick and effective. Polar components information in binder 
can be studied using FTIR. Using transmission mode chemical characteristics of binder were investigated through 
FTIR spectroscopy [62]. FTIR data is used to study the functional groups present in the virgin as well as polymer 
modified bitumen. Modification of bitumen with polymer brings in the compositional changes. Oxidation happening 
during mixing at plant or at site cause development of the functional group, which is considered responsible for the 
deterioration in physical properties of material. This deterioration in properties might occur in the adhesion loss 
between binder and aggregates or cohesion loss in the binder phase separation [63-65]. FTIR conducted on virgin, 
aged and crude palm oil rejuvenated binders for structural characterization using SHIMADZU 8400S Spectrometer in 
attenuate total reflection (ATR) mode. A small quantity of sample was pressed against prism adhesion of sample and 
prism was maintained by applying pressure. The infrared ray diffraction was then recorded in the forms of peaks. The 
spectral range of 400 to 4000 cm-1 was used to analyze the sample. Functional groups that exist when asphalt binder 
oxidizes include carboxylic acid, amide, aldehyde, ester, anhydride and ketone. Table 10 showing several 
specifications in the wave ranges in an infrared spectrum between 600 and 2000 cm-1 [66, 67]. 



Table 10. FTIR criteria for different bonds 

Name, Vibration  Peak(/cm) Lower limit (/cm) Upper limit (/cm) Designation 
Carbonyl, stretching 1730 1660 1820 C═O 
Sulfoxide, stretching 1,030 990 1100 S═O 

Carbon-hydrogen bond, 
bending (aromatic) 

>one peak 680 920 C─H 

Carbon-hydrogen bond, 
stretching (aliphatic) 

1450 1400 1490 CH2 

Carbon-hydrogen bond, 
bending (aliphatic) 

1375 1350 1390 CH3 

 

2.11 Atomic Force Microscopy (AFM) 

Morphological analysis of binder blends with crude palm oil was done for studying the chemical changes. 
AFM (SII NANO NAVI) was used for topographical and surface information analysis of bitumen in this study.  Phase 
detection mode (PDM) of dynamic force mode (DFM) was used for scanning. Preparation of sample was done by 
spreading hot binder on a glass slide and then cooled to ambient room temperature. Scanning of samples using sharp 
silicon tip with resonance frequency (f=149) was done and surface measurement was used for topographical image 
[68]. Tapping mode was utilized to scanning purpose for AFM measurement to avoid any damage to the sample. 

3. Results and Discussion 
3.1 Binder Tests Results 

The optimum crude palm oil content was determined to have the same penetration value as the control binder 
by the modification process discussed in the above section. Table 11 represents the penetration test results of 
rejuvenated binders with different blends of  CPO contents. The optimum crude palm oil content was determined as 
10% by weight of RAP binder corresponding target penetration value of 64. It showed that the penetration values for 
different CPO rejuvenated RAP binders, based on this optimum CPO percentage was derived from the penetration 
values equivalent to the same penetration value of the control/virgin binder. Therefore, it is possible to attain the 
desired penetration value by suitability adding the CPO percentage 

Table 11. Penetration values for rejuvenated binders by various CPO contents. 

CPO Content 
(%) by 

weight of RAP 
binder 

Penetration 
(25 °C; 0.1 

mm) ASTM 
D5 

0 22 

6 35 

8 58 

9 63 

10 64 

12 76 

 



Modified RAP binder with optimum crude palm oil properties is shown in Table 12. Results showed that the 
addition of oil could increase aged binder penetration values. Softening point value indicated that using oil, it can also 
be lowered near to the softening values of virgin binder.  

Table 12. Properties of rejuvenated RAP binder modified with optimum CPO content. 
Test Specification Results (CPO 10%) 

Penetration (25 °C; 0.1 mm) ASTM D5 ASTM D5 64 
Softening point (°C) ASTM D36 51 
Viscosity at (135 °C)-Pa.s ASTM D4402 0.45 
Viscosity at (165 °C)-Pa.s ASTM D4402 0.12 

 
3.2 Mixtures properties results of Control mix and RAP samples incorporating CPO 
3.2.1 Volumetric Properties  

Marshall test was done to check the outcome of different percentages of crude palm oil, i.e., 8%,10%,12% 
on volumetric properties for various RAP percentages containing asphalt mixtures. Optimum asphalt content of 5% 
was used to perform the test. The blended mix containing RAP and virgin aggregate gradation as elaborated in the 
above section was used in preparation of HMA samples. Volumetric properties result showed that compacted sample 
bulk unit weight (BUW), voids in mix (VIM) and volume of filled bitumen (VFB) were showing variability due to 
the adding crude palm oil with different percentages with RAP content to get the optimized value of CPO. Bulk unit 
weight of CPO containing higher percentages is more than the 8 and 10% showing increase in density. Voids in mix 
showed that CPO containing 8 and 10% in all percentages all fulfilling the specified range of 3.0–5.0%  by JKR. Voids 
filled with bitumen are within the target range of 70 to 80 % specified by JKR. The volumetric properties result of 
BUW, VIM, and VFB, are shown in Fig. 3. 
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Fig. 3. Marshall volumetric properties of control and RAP containing CPO mixes  

3.2.2 Marshall Stability and Flow 

The Marshall stability and flow were measured by performing the Marshall test on the HMA sample 
containing different percentages of RAP and crude palm oil percentages. Stability value of all samples containing 
RAP percentages incorporated with CPO percentages was greater than the JKR Specification of 8KN for samples 
from control having CPO to 100% RAP containing CPO percentages. Stability values increased up to 80% RAP 
containing samples along with the CPO percentages showing a lot of stiffness, hardness and some virgin binder along 
with CPO playing its role. In rejuvenation, CPO having the value of 10% showed the maximum value of stability 
compared to 8 and 12%. For 100% RAP containing only CPO, it showed less value because of aged asphalt brittleness 
and slippage effect of CPO as there is no virgin binder involved. The flow of compacted samples showed that for 10% 
CPO containing RAP samples was less than 8 and 12% show good stability at this percentage and was in the range of 
JKR specifications of 2.0–4.0mm. The results of the stability and flow are shown in Fig. 4. 

         

Fig. 4. Marshall stability and flow properties of  control and RAP containing CPO mixes 

3.2.3 Indirect tensile strength results 
RAP containing sample with CPO percentages from 8 to 12% were tested for IDT. The test was conducted 

on the samples prepared by virgin mix containing CPO percentages with no RAP content and RAP content from 20 
to 100% containing CPO as shown in Fig. 5. IDT results provide a good perception of mix stiffness. From Fig. 5, it 
can be seen that as the RAP percentages increased the material stiffness increased and corresponding IDT value 
increased. For the control sample containing CPO percentages, the bituminous mix has been softened and showing 
less IDT values. For 8 and 10 % the values of 10% CPO containing samples the IDT values are higher, showing the 
good material stiffness and packing and will give better workability due to addition of CPO as a rejuvenator. For 12%, 
the CPO percentage is too high compared to 10% CPO mixing mix softer. Therefore, it can be concluded based on 
physical properties of aged binder rejuvenated by percentages of CPO and stiffness values of mixtures containing 
RAP percentages that 10% CPO values are providing good stability and enough softness for an aged binder to behave 
as virgin binder providing flexibility as well as fulfilling the other volumetric properties. 
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Fig. 5. Indirect Tensile strength properties of control and RAP containing CPO mixes 

3.3 Chemical analysis- FTIR Testing Results 

Infrared spectrums of control 60/70, Control-10% CPO, RAP, RAP-10% CPO and crude palm oil (CPO) 
samples are reported in Fig. 6. The FTIR spectra of control 60/70, Control-10% CPO, RAP, RAP-10% CPO and crude 
palm oil are depicted by a black, red, blue, green and purple colors in Fig. 6. Focusing on CPO spectrum values, the 
absorption peak of 1750cm-1 was found corresponding with C═O stretch, showing the carboxylic acids or ketones 
presence in the crude palm oil. Observance of a peak between 1,500 and 1,600 cm−1 showed aromatic ring C═C 
stretch [66]. The presence of absorption peak at 1,450 cm−1 approximately attributing the hydrocarbon compound 
along with CH2 blending of alkane in crude palm oil. Peaks showing the attributes of C─O, C═O, and C─C, at 
approximately at 1,200 cm−1 indicating the presence of ether, ester and acids functional groups respectively[67, 
69, 70]. Observance of another peak at 700 cm−1 that is most probably associated with bending C─H in aromatics. 
FTIR spectra of control and CPO modified binder can be related to each other with reference to Fig. 6. Creation of 
new absorption peaks at approximately 1750 and 1250 cm−1 can be noticed by comparing control binder with CPO 
modified binder. Already discussed the peaks showing at 1,750 cm−1 could be related to ketones, aldehydes, C═O in 
ester and carboxylic functional groups [67]. These are peaks which also be found at CPO spectrum. The peak 
absorbance was strong in CPO spectra showing C═O bond, which are very small compared to control and RAP binder. 
Presence of sulfur is very negligible in CPO, which in result not considered as an ageing group. Therefore, the blends 
considering C═O stretch would be considered for oxidation analysis at approximately 1700 cm−1. The Carbonyl 
group of RAP binder as shown in Fig. 6 is higher than control-CPO and only CPO showing aged and more oxidized 
than the control-CPO and control. This was the result of high amount of oxygen present in the CPO based bio 
binder. The ageing effect can also take place as well during mixing operation [67]. Suitable ageing also improves 
resistance against rutting and moisture susceptibility for binders [71]. 
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Fig.6. FTIR Infrared Spectrum of Control, RAP and CPO modified binders  

3.4 Microstructural characterization  
3.4.1 AFM Analysis-Topography and phase detection 

Topography and phase information can be taken from AFM images. Control binder 60/70 microstructures 
can be seen and observed in Fig. 7. Surface height morphology can be seen in topographic images, the phase images 
are signs containing various mechanical properties and different domains as an interaction of AFM probe [72]. The 
Fig. 7 showing how diverse domains are contained in virgin asphalt binder. Domains in elliptical shape containing the  
“bee” structures (corresponding major and minor axes of few microns) control the control virgin binder surface. 
Moreover, the phase image showed that two domains are more prominent, matrix having “bees” immersed by 
surrounding zones showing different mechanical properties. Among the main domain are the spherical clusters. The 
clarification these types of structures is not the same by researchers in other words, not univocal. For the time being 
the “bee” structures are known to be the interaction showing between non wax binder component and paraffinic waxes 
[73, 74]. 

 

 

 

 

 

 

 

Fig. 7. 2D and 3D Phase image of virgin binder 60/70  the image size is equal to 10 x 10 μm, 8 x 8 μm 

40080012001600200024002800320036004000

Ab
so

rb
an

ce

Wavenumber [cm-1]

2920

2851

2945

1601
1376

1458

1027

868
809 7221744 1161

Control 60/70

Control- CPO RAP

RAP- CPO
CPO



AFM performed on extracted RAP binder as shown in Fig. 8, the morphological behavior is not uniform depicted by 
the few white spots in the phase image. Absence of “bees” resulted from a new structure because of the high 
asphaltenes content due to ageing could be playing a major role for rearrangement of the various fractions 

 

 

 

 

 

 

 

 

 

Fig. 8. 2D and 3D Phase image of RAP binder the image size is equal to 10 x 10 μm, 8 x 8 μm 

As an additional step, 10% CPO was added to the control 60/70 binder. The addition of CPO, as shown in Fig. 9 
influenced and changed the control binder's morphology behavior, forming new dark structures showing different 
mechanical properties detected in phase imaging shown in (Fig. 9 right). Phase image in (Fig. 9 right) shows white 
spots corresponding to different mechanical characteristics and properties, evidence of new branches formation. The 
addition of crude palm oil causing a change in binder's morphological behavior shows a rise of new nucleation 
structures. The similarity of these structures was also shown along the RAP binder surface with different height.  

 

 

 

 

 

 

 

 

 

Fig. 9. 2D and 3D Phase image of virgin binder 60/70 plus 10% CPO the image size is equal to 10 x10μm,8 x 8μm 

To examine the effect of CPO on RAP binder, 10% CPO addition as a rejuvenator in RAP binder created the new 
structure formation affecting the morphology with the change in mechanical properties as shown in (Fig. 10 left). RAP 
CPO modified binder showed several sal phases with protrudes like structures. The formation of new structures by 
adding crude palm oil changing RAP binder properties and branch formation along the surface of the aged binder is 
shown as spots with variable height. 



 

 

 

 

 

 

 

 

 

Fig. 10. 2D and 3D Phase image of RAP binder plus 10% CPO the image size is equal to 10 x 10μm, 8 x 8μm 

Asphaltenes content increased because of ageing process and the corresponding content of resins decreases. AFM 
results concluded that the aged sample changed the “bees” structure which becomes thinned. With the AFM images 
comparison of the RAP and control binder, it is visible that ageing did affect the binder's morphological behavior. In 
the RAP aged binder presence of sal phases appeared as white spots in the phase image, they are more visible in the 
control binder. RAP binder and CPO analyses showed that how the CPO addition increases heterogeneity in the 
morphology. RAP-CPO binder surface can still be observed with branch formations. Modified control, as well as RAP 
binder surfaces, are shown as hills and formation of valleys. In conclusion corresponding to AFM results, the binder’s 
morphology is influenced by ageing. CPO also played its part to rejuvenate the binders and changed the morphology 
before and after the effect of ageing. This addition of CPO and other rejuvenators like this having similar compositions 
could affect morphological behavior and can create the same domains in the binders. 

3.5 Statistical analysis of HMA-RAP incorporating Crude palm oil using RSM 

RSM technique is used to analyze, optimize, and validate the volumetric and performance properties of the 
experimentally designed mixes. Factors which are RAP and CPP were chosen with different percentages while 
stability, flow, stiffness, VIM, VFA and IDT were the corresponding responses. ANOVA technique for analysis was 
used to check the statistical effect of factors (RAP and CPO) on the responses and for the suggested models’ 
significance.   

3.5.1 Statistical assessment of HMA-RAP incorporating Crude palm oil 

The volumetric properties of HMA RAP which were VIM and VFA and the performance mechanical 
properties stability, flow and IDT were analyzed. The model’s performance for stability, flow, stiffness and IDT 
ANOVA was performed in RSM. Quadratic polynomial was suggested on model’s significance to predict the 
volumetric and performance properties of HMA-RAP mixtures. Modified Equation (3) from its generalized Equation 
(2) and its selected factors is shown below 

𝑌𝑌 = 𝐶𝐶 + 𝐴𝐴1(𝑅𝑅𝐴𝐴𝑅𝑅1) + 𝐴𝐴2(𝐶𝐶𝑅𝑅𝐶𝐶2) + 𝐴𝐴3(𝑅𝑅𝐴𝐴𝑅𝑅1 2) + 𝐴𝐴4(𝐶𝐶𝑅𝑅𝐶𝐶2 2) + 𝐴𝐴5(𝑅𝑅𝐴𝐴𝑅𝑅1 ∗ 𝐶𝐶𝑅𝑅𝐶𝐶2) (3) 
Y represents the experimentally obtained responses, i.e., stability, flow, stiffness, VIM, VFA and IDT. Independent 
variables are RAP and CPO, interception constant is represented by C and coefficients of the equation are from A1 to 
A5. The significance and fit characteristics of established models after the ANOVA are shown in Table 13. The 
model’s significance is depicted by the F and p-value high F-Value and lower p (<0.05), which shows that the factor 
and their corresponding factors are in very good agreement. Furthermore, the values of R2 (>.80) and the numerical 
difference in adjusted and predicted R2 <0.2 also justify the established models are significant in the prediction of 



responses. Coefficient of determination, i.e., R2 which represents the quality of the model and the degree of fit which 
have been developed. R2  value >0.80 showed that the prepared model is well fitted and in a good significant agreement 
between the responses (actual and predicted) [75, 76].  
 

Table 13. ANOVA and Model Validation for RAP incorporated CPO mixtures 
Responses Stability (KN) Flow (mm) Stiffness VIM VFA IDT 
Standard 
Deviation 

1.31 0.093 0.2497 0.2338 1.31 102.57 

Mean 15.26 4.17 3.64 4.21 78.95 638.29 
R2 0.8500 0.9171 0.8730 0.8501 0.8189 0.8959 

Adjusted R2 0.8000 0.8894 0.8307 0.8001 0.7585 0.8612 
Predicted R2 0.6682 0.8408 0.7242 0.6578 0.6215 0.7917 

Adequate Precision 10.6037 18.3695 13.9414 12.2783 10.1978 13.5414 
F-value 17.00 33.17 20.62 17.01 13.56 25.82 
p-value  <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 
Model significant significant significant significant significant significant 

Lack of fit       (F 
and             p-

value) 

Not significant Not significant 
0.2921 
0.9471 

Not significant Not significant 
2.55 

0.1179 

Not significant 
1.37 

0.3455 

Not significant 
2.68 

0.1056 
1.04 0.6104 

0.4861 0.7887 
Final model type Quadratic Quadratic Quadratic Quadratic Quadratic Quadratic 

 

Adequacy of the model and lack of fit analysis can be checked for data variation of a fitted model. Less lack of fit 
value and showing insignificance of p-value > 0.05 indicates that models which were proposed are well fitted [75-77]. 
So, looking at the ANOVA in Table 13 smaller F-value and lack of fit error in-significance showed that the highly 
significant models well selected are well fitted for establishing a correlation between the factors and responses [76]. 
Results obtained showed that RAP and CPO has a noteworthy contribution on volumetric properties VIM and VFA 
and has influenced the stability, flow, stiffness and IDT strength of HMA RAP mixtures. Empirical equations from 
(4) to (9) are developed based on factors (RAP and CPO) for the prediction of responses (stability, flow, stiffness, 
VIM, VFA and IDT) after the reduction of model. The insignificant terms were removed by the application of model 
reduction technique [76] [78]. However, these developed equation are limited to the source of RAP that has been used 
in this study. Number of factors such as RAP agglomeration, poor blending between RAP and virgin binder and, 
variability in RAP source change cannot be ignored. Because the hard binder present in RAP will be in contact with 
low viscosity virgin binder for a long time, there will be some diffusion between the two binder might occur and that 
can change the stability of the mix. These points are quite critical in determining the modelled equations which can 
accurately predict the volumetric and performance properties. The equations holds true as per the JKR , Malaysia road 
specification standard due to the fact that the outcome of these equations lies with in the specified range. These 
equations can also be adopted for those regions where the standards are similar or nearby. 

 
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 = −19.981 + 0.185(𝑅𝑅𝐴𝐴𝑅𝑅1) + 6.346(𝐶𝐶𝑅𝑅𝐶𝐶2) − 0.001(𝑅𝑅𝐴𝐴𝑅𝑅1 2)− 0.318(𝐶𝐶𝑅𝑅𝐶𝐶2 2)− 0.002(𝑅𝑅𝐴𝐴𝑅𝑅1 ∗ 𝐶𝐶𝑅𝑅𝐶𝐶2) (4) 

 
𝐹𝐹𝑆𝑆𝐹𝐹𝐹𝐹 = 1.252 + 0.021(𝑅𝑅𝐴𝐴𝑅𝑅1) + 0.428(𝐶𝐶𝑅𝑅𝐶𝐶2) − 0.0001(𝑅𝑅𝐴𝐴𝑅𝑅1 2)− 0.015(𝐶𝐶𝑅𝑅𝐶𝐶2 2)− 0.0001(𝑅𝑅𝐴𝐴𝑅𝑅1 ∗ 𝐶𝐶𝑅𝑅𝐶𝐶2)  (5) 

 
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 = −2.850 + 0.027(𝑅𝑅𝐴𝐴𝑅𝑅1) + 1.239(𝐶𝐶𝑅𝑅𝐶𝐶2) − 0.00007(𝑅𝑅𝐴𝐴𝑅𝑅1 2) − 0.066(𝐶𝐶𝑅𝑅𝐶𝐶2 2) − 0.00056(𝑅𝑅𝐴𝐴𝑅𝑅1 ∗ 𝐶𝐶𝑅𝑅𝐶𝐶2) (6) 

 
𝑉𝑉𝑉𝑉𝑉𝑉 = −3.614 + 0.0198(𝑅𝑅𝐴𝐴𝑅𝑅1) + 1.313(𝐶𝐶𝑅𝑅𝐶𝐶2) − 0.00049(𝑅𝑅𝐴𝐴𝑅𝑅1 2)− 0.0571(𝐶𝐶𝑅𝑅𝐶𝐶2 2) − 0.0005(𝑅𝑅𝐴𝐴𝑅𝑅1 ∗ 𝐶𝐶𝑅𝑅𝐶𝐶2) (7) 

 
𝑉𝑉𝐹𝐹𝐴𝐴 = 81.549 + 0.128(𝑅𝑅𝐴𝐴𝑅𝑅1)− 0.832(𝐶𝐶𝑅𝑅𝐶𝐶2) − 0.002(𝑅𝑅𝐴𝐴𝑅𝑅1 2) + 0.027(𝐶𝐶𝑅𝑅𝐶𝐶2 2) + 0.009(𝑅𝑅𝐴𝐴𝑅𝑅1 ∗ 𝐶𝐶𝑅𝑅𝐶𝐶2)  (8) 

 
             𝑉𝑉𝐼𝐼𝐼𝐼 = −523.40 + 24.469(𝑅𝑅𝐴𝐴𝑅𝑅1) + 132.244(𝐶𝐶𝑅𝑅𝐶𝐶2)− 0.178(𝑅𝑅𝐴𝐴𝑅𝑅1 2)− 5.918(𝐶𝐶𝑅𝑅𝐶𝐶2 2) − 0.224(𝑅𝑅𝐴𝐴𝑅𝑅1 ∗ 𝐶𝐶𝑅𝑅𝐶𝐶2) (9) 



 
Additionally, 3-dimensional (3-D) diagrams for the relationship in between independent variables (i.e., RAP and CPO) 
and their corresponding dependent variables (i.e., stability, flow, stiffness, VIM, VFA and IDT) were drawn for best 
description. Fig. 11 showing the 3-D response surface for stability, flow, stiffness, VIM. VFA and IDT of HMA-RAP 
incorporating CPO specimens. Fig. 11a shows the increase in stability of HMA-RAP incorporated CPO and up to 80% 
CPO and the decrease in stability at 100%RAP because of brittleness created by the CPO. Fig. 11b show flow keeps 
on increasing with an increase in CPO values and is vice-versa for small values. Fig. 11c shows the stiffness values 
that is the ratio of stability and flow indicates that for higher CPO values the HAM RAP mixtures are less stiff when 
CPO values are less the stiffness is more and continuously increasing for higher RAP values. Fig. 11d shows the void 
in the mix as HMA mix stiffness increases the mix's voids and keeps increasing till 100% RAP. Fig. 11e show the 
voids filled with asphalt it depicts that the asphalt filled voids keep on increasing and then decreased after 60% RAP 
content. As virgin bitumen is playing its role when the percentage of virgin is reduced, the aged binder’s effect is 
becoming more prominent, which resulted in the reduction of VFA percentage. Fig. 11f shows the indirect tensile 
strength, which shows the same behavior as stiffness getting less values for 100% RAP CPO incorporated specimens. 



 
Fig. 11. Effect of RAP and CPO on stability, flow, stiffness, VIM. VFA and IDT 
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3.6 Multi-objective optimization and validation of modeled results  

RSM tool was used for a multi-objective optimization technique for finding the optimum solution. On 
individual responses, it is very difficult to calculate optimized factors as in this study, two independent factors RAP 
and CPO and six dependent responses were stability, flow, stiffness, VIM were considered. VFA and IDT. The 
criterion was set for factors and their corresponding responses after ANOVA is shown in Table 14. 

Table 14: Criteria for optimization 

Factor/Response Parameters (Lower and Upper 
Limits) JKR Standard 

Criteria for optimization 

RAP - 0-100 
CPO - 8-12 

Stability >8KN Maximize 
Flow >2mm Minimum 

Stiffness >2KN/mm Maximize 
VIM 3%-5% In range 
VFA 75%-85% In range 
IDT - Maximize 

The optimization analysis using RSM tool was performed on already defined criteria by JKR as shown in Table 14. 
After the optimization, the achieved combinations for the responses that were targeted are presented in Table 15. The 
effect of RAP on HMA incorporating CPO is quite significant. Optimization results concluded that high RAP content 
can be used with HMA when CPO as rejuvenating is added in the mix. RAP  can be replaced by conventional or virgin 
materials by 77% using CPO 9.39% as a rejuvenating agent to achieve the target strength. 

Table 15: Multi-Objective optimization of factors from RSM 

Factor/Response Optimized Factors and Responses JKR requirements 
RAP 76.83 0-100 
CPO 9.39 8-12 

Stability 18.032 Maximize 
Flow 4.274 Minimum 

Stiffness 4.214 Maximize 
VIM 4.529 In range 
VFA 79.887 In range 
IDT 861.029 Maximize 

 

To validate optimized values, additional testing was done to analyze and justify the agreement between the predicted 
responses and experimental obtained results. Considering the optimized factors, the results obtained from experiments 
are presented in Table 16. The error of <5% showing the significant compatibility in predicted results and 
experimentally obtained values. 

Table 16. Validation of predicted results 

Factor/Response Predicted Results Experimental Results Error (%) 
RAP 76.83 - - 
CPO 9.39 - - 

Stability 18.032 18.50 2.53 
Flow 4.274 4.20 1.73 

Stiffness 4.214 4.404 4.31 



VIM 4.529 4.31 4.83 
VFA 79.887 77.35 3.17 
IDT 861.029 898 4.11 

 

4. Conclusions  
In this research study, effect of different percentages of RAP and CPO in hot mix asphalt on physical, 

mechanical and morphological properties were investigated. Based on the findings of crude palm oil utilization as 
rejuvenating agent to the binder as well as in mixes, the following conclusions have been drawn:  

• CPO as a rejuvenating agent increases the penetration, decreases the softening point and reduces the 
viscosity of the RAP binder and show physical properties close to the control binder.  

• Models prepared by ANOVA containing six mechanical performance responses such as stability, flow, 
stiffness, VIM. VFA and IDT were validated statistically. These prediction models are based on mechanical 
performance properties which are specific RAP source used in this study. All the models were found 
significant and well fitted on bases of R2 value (>0.80), high adequate precision value (>4), low p-value and 
insignificant lack-of-fit for all the predicted responses.  

• With the use of 9.39% crude palm oil as a rejuvenator the percentage of RAP can be increased up to 76% to 
achieve the target range of stability, flow, stiffness, VIM, VFA and IDT as mentioned in JKR specification. 
The validation of the model’s theoretical results was done by additional experimentation with error showing 
<5% and presenting a good agreement between the results. 

• Fourier transform infrared spectroscopy obtained spectrum for binders and CPO blended binders showed 
improved properties after the ageing process. Similar functional groups as in other bio-binders were 
found as a result of CPO incorporation. The introduction of CPO increases the carbonyl groups occurrence 
shown by quantitative results, which is relevant to the oxidation of binders. 

• Topographical and surface information analysis of bitumen was done using AFM. AFM analysis showed 
how the addition of CPO as a rejuvenator could develop the new structure formation along virgin and RAP 
binder surfaces. Due to the effect of aging on binder it can be seen that “bees” structure has been observed 
changing the size, CPO addition has further affected both chemical and morphology of the virgin and RAP 
aged binder. 

• Utilizing increased RAP amount along with the crude palm oil could be an effective way of reusing the 
asphalt material as a replacement for traditional recycling methods without rejuvenation. Recycling of asphalt 
pavement material and its rejuvenation with crude palm oil in asphalt pavement surfaces will contribute to 
sustainable construction solutions. 
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