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ABSTRACT 

The growing impact of environmental pollution caused by used tire waste and High-Density Polyethylene 

(HDPE) highlights the need to investigate their potential use as alternative building materials. In this 

study, a porous asphalt mixture was modified with used tire waste (outer and inner tires) and HDPE. Its 

optimization was conducted employing the Response Surface Methodology (RSM) alongside a Central 

Composite Design (CCD). The mixture composition was experimentally designed and tested in the 

laboratory, and performance parameters, including Cantabro Loss (CL), Asphalt Flow Down (AFD), 

Voids in Mix (VIM), and Marshall stability, were evaluated. The most significant results were achieved by 

combining a 9-11% outer tire with HDPE; this combination improved the structural stability, decreased 

the asphalt flow, created ideal voids, and produced excellent wear resistance. Conversely, the mechanical 

performance degraded due to increased inner tire content owing to unstable viscoelastic properties. The 

novelty of this research lies in that it integrates two types of solid waste, namely used tires and HDPE, into 

a single hybrid system in a porous asphalt mixture, which is optimized using a multivariate statistical 

approach. The research contribution is a predictive model and practical formulation recommendations for 

sustainable porous asphalt mixtures. 

Keywords-component; porous asphalt mixture; used tire waste; HDPE; RSM 
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I. INTRODUCTION  

The growth of the automotive industry and global plastic 
consumption has resulted in a massive accumulation of used 
tires and HDPE waste, with similar accumulation observed in 
Indonesia. Based on data from the Ministry of Environment 
and Forestry (KLHK), more than 6.8 million tons of plastic 
waste are produced annually in Indonesia. HDPE has been 
identified as a primary component of single-use plastic items, 
including beverage containers and household packaging 
materials. Meanwhile, as the Indonesian Tire Industry 
Association (AIBI) reported, more than 80 million vehicle tires 
have been produced and circulated annually in Indonesia, most 
of which will transform into used tire waste within 3-5 years of 
use. 

HDPE plastic waste and used tires that are not appropriately 
handled can pollute the environment, both in the form of 
macroplastics and microplastics produced through physical and 
chemical degradation processes in the open environment [1]. In 
addition, bioaccumulating toxic compounds from plastic and 
rubber waste can potentially affect the ecological system and 
human health through the food chain [2]. 

To address these challenges, incorporating used tire waste 
and HDPE as a substitute material for pen 60/70 as a binder in 
porous asphalt mixtures is one of the strategic solutions within 
a circular economy framework [3]. Adding HDPE can increase 
viscosity, reduce plastic deformation, and improve resistance to 
asphalt mixtures [4]. Meanwhile, incorporating used tires in the 
form of crumb rubber can increase the flexibility value and 
fatigue resistance of asphalt to heavy traffic loads [5]. 

Applying porous asphalt mixtures can drain rainwater and 
direct it to seep directly into the next layer, reducing the 
rainwater on the surface [6]. However, the porosity level in this 
mixture can decrease the mechanical stability, so research on 
the binder used is needed. Incorporating used tire waste in the 
mixture can increase the flexibility and resistance to cracking 
due to repeated loads at extreme temperatures [7]. Meanwhile, 
adding HDPE can increase and strengthen cohesion between 
the aggregates, plastic deformation resistance, and wear 
resistance to the mixture in the long term [8].  

Incorporating used tires and HDPE as individual modifiers 
in asphalt mixtures has been widely explored [3]. However, the 
combination of both wastes in developing porous asphalt is 
minimal. In addition, the statistical optimization approach in 
formulating the mixture composition has not been widely 
studied. Therefore, the present study optimizes the proportion 
of the combination of used tire waste (outer tires and inner 
tubes) [9] and HDPE in a porous asphalt mixture using the 
RSM approach, to improve the mechanical performance of the 
pavement while reducing the accumulation of used tire waste 
and plastic waste [10]. 

II. MATERIALS AND METHODS 

This study was designed using RSM with the CCD scheme 
to determine the optimum composition of used tire waste (used 
outer tire/used inner tire) and HDPE in a porous asphalt 
mixture. The RSM approach was chosen as it can model the 
non-linear relationships between variables with a relatively 

efficient number of experiments while allowing visualization 
through response surfaces and three-dimensional contours [11]. 
The two main independent variables analyzed were the content 
of used tire waste (outer/inner tire) and HDPE content, each 
varied at three levels: 5%, 10%, and 15% of the asphalt weight. 
The materials utilized included Pen 60/70 asphalt in accordance 
with the specifications in [12], used tire waste shredded to a 
powder size of ±1 mm to ensure homogeneous dispersion [13, 
14], and HDPE obtained from household waste bottles, such as 
shampoo and detergent, which were shredded, washed, and 
dried before use. The coarse and fine aggregates were crushed 
stone in accordance with the porous asphalt gradation of [15]. 

The studied mixture variations consisted of three 
compositions: V1 (15% used tire: 5% HDPE), V2 (10% used 
tire: 10% HDPE), and V3 (5% used tire: 15% HDPE) in 
proportion to the asphalt weight. The mixing process was 
carried out deploying the wet mixing method at a temperature 
of 150–170 °C, where the used tire waste and HDPE were 
gradually added to the hot asphalt and stirred using a laboratory 
mixer until a homogeneous mixture was obtained [7]. Next, the 
modified asphalt was mixed with hot aggregate until it became 
uniform. It was then compacted using a Marshall Compactor 
with 50 blows per side and a cylindrical test specimen with a 
diameter of 101.6 mm and a height of 63.5 mm. 

Laboratory tests were conducted to evaluate the mixture's 
performance parameters, namely CL to assess the wear 
resistance [15], AFD to measure the asphalt drainage stability 
[15], VIM to determine the air void content [15], and Marshall 
Stability testing in accordance with SNI 06-2489-1991 to 
evaluate the strength and structural stiffness of the mixture. All 
test data were analyzed using Design-Expert v13 software with 
CCD-based quadratic modeling. Statistical analysis was 
performed using ANOVA, while model suitability was 
assessed utilizing the coefficient of determination (R²), adjusted 
R², and a lack-of-fit test. The visualization of the interactions 
between variables was displayed as response surfaces and 3D 
contours to identify the optimum combination [16]. Multi-
response optimization was performed employing a functional 
equation approach to obtain the best combination that balances 
the CL, AFD, VIM, and Marshall stability values. The results 
were validated by comparing the model predictions with actual 
experimental data to ensure prediction accuracy [16]. 

III. RESULTS AND DISCUSSION 

A. Test Results 

The results of the independent variable parameters and 
response values are presented in Tables I and II. For the 
independent variables, Table I shows the outer tire (A) and 
HDPE (B), and Table II depicts the inner tube (A) and HDPE 
(B), with the same response for both tests: CL, AFD, VIM, and 
Marshall stability. 

Figure 1 demonstrates that the optimal combination of used 
outer tires and HDPE in the 9–11% range resulted in the lowest 
CL value, indicating the best wear resistance in porous asphalt 
mixtures.  
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TABLE I.  USED OUTER TIRE TEST RESULTS: HDPE 

No. 

Independent 

variables 
Response 

A: used 

outer tire 

B: 

HDPE 
CL AFD VIM Stability 

(%) (%) (%) (%) (%) (kg) 
1 15 15 26.89 0.044 18.64 597.44 
2 10 10 23.65 0.023 18.37 630.70 
3 10 10 22.84 0.020 18.31 639.86 
4 10 10 22.47 0.018 18.28 645.76 
5 10 10 23.29 0.021 18.33 635.72 
6 10 5 24.33 0.027 18.43 624.93 
7 10 10 23.96 0.025 18.41 628.37 
8 5 15 28.56 0.047 19.91 581.58 
9 10 15 25.85 0.035 18.52 620.96 

10 15 5 25.58 0.032 18.45 618.73 
11 5 5 27.36 0.039 18.70 590.47 
12 15 10 24.84 0.022 18.39 626.60 
13 5 10 26.73 0.028 18.59 610.58 

TABLE II.  USED INNER TUBE TEST RESULTS: HDPE 

No. 

Independent 

variables 
Response 

A: used 

inner 

tube 

B: 

HDPE 
CL AFD VIM Stability 

(%) (%) (%) (%) (%) (kg) 
1 5 15 22.95 0.014 20.07 513.92 
2 10 15 26.42 0.003 23.72 543.34 
3 15 5 28.14 0.059 23.53 643.55 
4 15 15 25.54 0.032 15.75 678.45 
5 10 10 21.59 0.033 17.95 558.18 
6 5 15 19.90 0.017 23.78 565.86 
7 10 10 23.30 0.027 19.61 574.70 
8 10 5.0 35.10 0.011 22.74 552.67 
9 10 10 23.22 0.026 17.70 541.23 
10 5 10 26.42 0.025 14.52 548.18 
11 10 10 23.52 0.025 18.89 542.65 
12 10 10 23.48 0.035 19.78 574.70 
13 15 5.0 25.54 0.051 23.24 644.70 

 

B. Statistical Analysis and Discussion 

1) Cantabro Loss  

This is due to the elastomeric properties of the outer tires 
and HDPE thermoplastic, which increase the cohesion between 
aggregates. [17]. On the other hand, using inner tubes above 
10% increases the CL value significantly due to the soft nature 
of the high carbon content, which can weaken the bonds of the 
particles in the mixture. HDPE has been proven effective in 
reducing CL if combined with inner and outer tires in the right 
proportions, while inner tires must be limited in content [18]. 
When using tire and plastic waste in porous asphalt mixtures, 
each material's characteristics must be considered to obtain an 
environmentally friendly and wear-resistant mixture. 

The quadratic regressions in (1) and (2) represent the CL 
value model based on variations in the content of the outer tires 
or inner tires (A) and HDPE (B) as modified materials in the 
porous asphalt mixture. Based on this model, the equation of Y1 
is:  

�� � 23.32 �  0.8883� �  0.6717� �  0.0275�� �

 2.29�
�

 � 1.59�
�    (1) 

Equation (1) shows that the quadratic effect of A² and B² is 
positive and dominant, demonstrating  a simultaneous increase 
in A and B levels beyond the optimum point when increasing 
the CL value. The linear effect of A is adverse, indicating that 
the simultaneous increase in the outer tire level tends to 
decrease the CL value [18]. The asphalt mixtures with rubber 
and plastic exhibit increased wear resistance at optimum 
concentrations, but decrease when the composition exceeds the 
optimum limit [19]. Furthermore, the Y2 model is given as: 

�� � 23.23 � 3.05� � 5.37� � 5.10�� � 0.8815�
�

�

7.02�
�      (2) 

Equation (2) shows that the interaction effect between (AB) 
is very large and positive, indicating that the high inner tube 
and HDPE combination can increase the CL value. In addition, 
the negative coefficients and A² indicate that increasing the 
content of used inner tubes tends to decrease the wear 
performance significantly. 

 

(a) 

 

(b) 

 

Fig. 1.  3D surface plot between CL: (a) used outer tire, (b) used inner tire. 

These findings suggest that the quadratic model proves to 
be effective within the system, and thus it is highly advisable to 
employ the RSM statistical approach for optimizing waste 
material formulations in porous asphalt materials. 
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2) Asphalt Flow Down  

Figure 2 illustrates the relationship of AFD with the HDPE 
content and used tires (outer and inner tubes). In Figure 3(a), 
the combination of used outer tires and HDPE forms a concave 
surface contour with a minimum AFD value in the range of 
HDPE content of 9-11% and used outer tires of 7-9%. This 
indicates that the composition provides optimal thermal 
stability by reducing the risk of excessive asphalt flow. In 
addition, used outer tires can increase the mixture's viscosity 
and hold the asphalt flow rate down during compaction [20]. 
Tire rubber can improve the thermal stability in plastic-
modified porous asphalt mixtures [4]. 

 

(a) 

 

(b) 

 

Fig. 2.  3D surface plot between AFD: (a) used outer tire, (b) used inner 
tire. 

In contrast, Figure 3(b) shows a significant upward surface 
trend at high inner tube and HDPE content, indicating that this 
combination increases the AFD value. It can increase the risk 
of bleeding. This is due to the softer, viscous-plastic properties 
of inner tubes, which are insufficient to withstand the 
movement of liquid asphalt during heating and compaction. 
Thus, it can be concluded that the combination of used outer 
tires and HDPE is more effective in controlling the AFD value 
compared to used inner tires. Also, the formulation of porous 
asphalt mixtures must consider the optimum proportions of 
both materials to ensure that the risk of bleeding remains within 
the specified technical limits. In contrast, its interaction with 
used inner tubes is more effective in stabilizing HDPE in the 
mixture [21]. Additives in porous asphalt mixtures significantly 

influence the nonlinear characteristics and material synergy, 
beyond their linear effects [22]. To this end, the AFD 
optimization strategy should consider the interactions between 
the materials and the quadratic effects, rather than solely the 
individual contributions of the components. The model 
equation for Y1 is as: 

�� � 0.0206 � 0.0027� � 0.0047� � 0.0010�� �

0.0064�
�

� 0.0124�
�    (3) 

Equation (3) shows that increasing the HDPE content 
linearly (B) and quadratically (B²) increases the AFD value, 
while A decreases AFD linearly but increases AFD at high 
levels of A², indicating an optimum point.  The Y2 model is 
given as: 

�� � 0.0288 � 0.0185� � 0.0020� � 0.0103�� �

0.0167�
�

� 0.0208�
�    (4) 

Equation (4) demonstrates that A has a significant 
contribution in increasing AFD both linearly and quadratically. 
In contrast, HDPE has an adverse effect on AFD, especially at 
high levels of B², which can reduce the risk of bleeding. The 
AB interaction also exhibits an opposite behavior in both 
models [23]. Thermoplastic materials, such as HDPE are 
important in controlling the asphalt viscosity, while waste 
rubber exhibits complex behavior depending on its type and 
composition. [24]. Thus, this model not only supports the 
RSM-based material optimization approach, but also shows the 
importance of understanding the properties of each material in 
controlling the thermal performance of porous asphalt 
mixtures. 

3) Voids in Mix  

VIM indicates that the viscous-plastic characteristics of 
used inner tires that are soft and less cohesive can reduce the 
efficiency of void filling, increase excessive porosity, and 
decrease the stability of the mixture [25]. VIM control is 
greatly influenced by the balance between the flexibility and 
adhesiveness of the modified binder, where HDPE is effective 
in stabilizing the cavity volume to the optimum limit. At the 
same time, excess elastomeric materials, such as used rubber, 
cause segregation and irregularity of the internal structure [26]. 
Thus, managing plastic and rubber waste composition is 
important to ensure an optimal VIM performance in porous 
asphalt mix design. 

Figure 3 displays the 3D surface plot of the relationship of 
VIM with variations in HDPE and waste tire content (used 
outer tires and used inner tires) in porous asphalt mixtures. 
Figure 3(a) shows that increasing the HDPE content and using 
outer tires to the optimum point of 9–11% causes a significant 
decrease in VIM, forming a concave pattern indicating 
improved mixture density. This implies that the specific 
combination can effectively fill the voids between aggregates 
without disturbing the desired open pore structure in porous 
asphalt. In contrast, Figure 3(b) demonstrates that the 
combination of used inner tires and HDPE tends to produce 
more fluctuating VIM values, with high VIM areas especially 
at extreme HDPE and waste tire content.  

Meanwhile, in the used inner tire and HDPE model, only 
the interactions AB, A², and B² are significant, while the linear 
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effect of used inner tires and HDPE is not significant. This 
shows that the stability of VIM in this combination is more 
determined by the synergy and nonlinear effects than the direct 
contribution of each material. These results generally indicate 
that the optimal design of porous asphalt mixtures requires 
considering the proportions of the materials and understanding 
the interactive and quadratic relationships between the waste 
materials used.  

 

(a) 

 

(b) 

 

Fig. 3.  3D surface plot between VIM: (a) used outer tire, (b) used inner 
tire. 

The quadratic regression equations of Y1 and Y2 show the 
relationship between the levels of tire waste (A), HDPE (B), 
and VIM in porous asphalt mixtures. The Y1 model equation is: 

�� � 18.33 � 0.1200� � 0.0817� � 0.0050�� �

0.174�
�

� 0.1591�
�    (5) 

The linear effect on the content of used outer tires (A) is 
negative, indicating that increasing the content of used outer 
tires tends to decrease VIM. While the content of B can slightly 
increase the VIM value linearly, the nonlinear effects of A² and 
B² demonstrate the effect of increasing VIM at high levels. The 
Y2 model equation is: 

�� � 18.87 � 0.6680� � 0.0886� � 3.76�� � 4.08�
�

�

4.16�
�      (6) 

On the contrary, (6) indicates that the content of the used 
inner tube (A) and HDPE (B) quadratically increases VIM, with 

a vast and adverse AB interaction effect, exhibiting that, in 
specific combinations, both materials can drastically reduce 
VIM. The high quadratic coefficient also indicates that the 
VIM value is susceptible to fluctuations in material 
composition in the experimental range used [27]. The porosity 
characteristics of modified asphalt mixtures are highly 
dependent on the quadratic effects and interactions between 
waste materials, such as plastic and rubber. So, nonlinear 
models are essential for mix design optimization [28]. 
Therefore, the formulation of waste materials in porous asphalt 
must simultaneously consider the individual and combined 
effects to control VIM effectively. 

4) Stability 

Figure 4 illustrates the 3D surface plot of the relationship of 
Marshall stability with variations in the content of HDPE and 
used tire waste (outer tires and inner tires) in porous asphalt 
mixtures. Figure 4(a) shows that increasing the content of used 
outer tires and HDPE simultaneously significantly increases the 
stability of the mixture, with the maximum area of stability 
achieved at a level combination of around 11–13%. The raised 
surface pattern and curve indicate a synergistic effect between 
the used outer tires that act as elastomers and HDPE, increasing 
the mixture's stiffness. 

 

(a) 

 

(b
) 

 

Fig. 4.  3D Surface plot between stability: (a) used outer tire, (b) used 
inner tire. 

In contrast, Figure 4(b) shows that increasing the content of 
used inner tires can increase stability, but it is more dominant 
than HDPE, with a steep surface shape. This demonstrates that 
using inner tires substantially contributes to elasticity and 
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internal bonds, but requires careful control to avoid excessive 
deformation due to excess soft rubber [29]. Used tire waste can 
improve the mechanical performance of asphalt, especially in 
terms of stability and deformation, while thermoplastic 
materials, such as HDPE, function more as structural 
reinforcements in the long term [28]. 

Thus, the proportional combination of HDPE and used 
outer tires can effectively increase the stability of the mixture 
but it must be controlled so as not to exceed the optimum 
threshold, which could potentially reduce other performances, 
such as flexibility or crack resistance. 

Equations (7) and (8) represent the predictive model for the 
Marshall stability (kg) of porous asphalt mixtures modified 
with a combination of waste tires and HDPE: 

�� � 637.24 � 10.02� � 5.69� � 3.10�� � 21.55�
�

�

17.19�
�      (7) 

The values of the linear coefficient A indicate that 
increasing the content of used tires can increase stability, while 
HDPE has a negative linear and quadratic coefficient. The 
negative values in A² and B² indicate that exceeding the 
optimum content of used tires and HDPE reduces stability due 
to the potential for over-coating and weakening of aggregate 
cohesion. The Y2 model equation is: 

�� � 557.05 � 56.01� � 1.56� � 13.27�� � 53.38�
�

�

5.93�
�      (8) 

In contrast, the Y2 model indicates that inner used tubes (A) 
make a substantial quadratic contribution to enhancing 
stability, with a significant AB interaction. The adverse 
quadratic effect of HDPE (B²) still indicates that there is an 
optimum limit for the use of plastic [30]. Utilizing inner tube 
rubber can significantly strengthen the structure of the asphalt 
mixture by increasing the elasticity and bonding power 
between particles. While using recycled plastics, such as 
HDPE, provides structural benefits up to a specific dose, it 
reduces performance when overdosage occurs [31]. Therefore, 
these two models show the importance of optimizing the waste 
material content in the mixture to obtain maximum statistical 
and structural stability performance.  

The test results and statistical analysis indicate that the 
mechanical performance of porous asphalt mixtures can be 
substantially enhanced by incorporating a blend of recycled 
outer tire waste and HDPE at an optimal concentration of 9–
11%. Reducing the CL, AFD, VIM, and Marshall stability 
values signifies this enhancement. The quadratic regression 
model developed through the RSM approach has been 
validated with an R² value above 0.90 with an insignificant lack 
of fit, so it can be used to predict mixture behavior accurately. 
HDPE significantly contributes to the mixture's plastic 
deformation resistance and cohesion, while adding used outer 
tires improves elasticity and fatigue resistance. Including used 
inner tires at high levels reduces the combination's performance 
due to their viscoelastic properties. The optimization of eco-
friendly porous asphalt has been achieved using the integration 
of waste material, enhancing structural performance, and aiding 
in the reduction of the contamination of the environment within 
a circular economy framework.  

IV. CONCLUSION 

This study demonstrates that utilizing used tire waste (outer 
and inner tubes) with High-Density Polyethylene (HDPE) as a 
modifying material in porous asphalt mixtures can significantly 
improve the mechanical performance at an optimum asphalt 
content. Deploying the Response Surface Methodology-Central 
Composite Design (RSM-CCD) approach, the optimum asphalt 
content obtained with a combination of used outer tires and 
HDPE in the range of 9–11% yields the best results, 
characterized by low Cantabro Loss (CL) values, decreased 
Asphalt Flow Down (AFD) values, controlled Voids in Mix 
(VIM) values, and increased Marshall stability values. The 
elastomeric properties of used outer tires increase flexibility 
and wear resistance, while HDPE contributes significantly to 
the stiffness and cohesion of the mixture. In contrast, 
incorporating used inner tubes at high asphalt content reduces 
performance due to less stable viscoelastic properties. 

The novelty of this study lies in the integration of two 
different solid wastes: used tires (outer and inner tubes) and 
recycled HDPE plastic, which had previously been studied 
separately. Furthermore, this study employed a multivariate 
optimization approach based on RSM-CCD to reveal nonlinear 
interactions between variables. This resulted in a quadratic 
model with an R² value > 0.90 and an insignificant lack of fit. 
This demonstrates the reliability of the predictive model in 
formulating waste-based porous asphalt mixture compositions. 

The primary contribution of this study is two-fold: technical 
and ecological. From a technical perspective, the optimal 
formulation provides an alternative pavement material with 
superior mechanical performance, meeting the porous asphalt 
mixture standards. From an ecological perspective, this study 
supports the concept of a circular economy by utilizing waste 
tires and HDPE plastic waste, which are abundant in Indonesia, 
thereby reducing environmental pollution and providing added 
value. Therefore, this study makes both a scientific contribution 
by developing a waste-based material optimization 
methodology and a practical contribution by proposing a 
mixture formulation ready for implementation to support 
sustainable road infrastructure development. 
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