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Abstract: The combination of reclaimed asphalt pavement (RAP) and foamed bitumen content (FBC)
in bitumen mixtures presents a viable and economically advantageous approach to asphalt pavement
construction. This investigation delves into the optimal combinations of RAP and FBC to attain a
perfect performance, particularly concerning rutting resistance and tensile strength, as assessed
through the Hamburg Wheel Tracking Test (HWTT) and the Indirect Tensile Strength (ITS) test.
Advanced artificial intelligence (AI) methodologies, such as Random Forest, Support Vector
Regression (SVR), and Linear Regression, were utilized to check performance data and attain optimal
mix designs. The findings indicate that RAP content ranging from 60% to 80%, in conjunction with
FBC levels between 1.5% and 1.8%, yields the most adequate performance under both wet and dry
conditions, conforming enhanced rutting resistance and tensile strength.
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1. Introduction

The increasing interest in sustainable and cost-effective asphalt paving options has led to a
notable focus on the use of reclaimed asphalt pavement (RAP) in new mixtures. RAP resource
minimizes the dependence on raw materials and rising environmental sustainability by reducing
construction waste. Nevertheless, finding the ideal ratio of foamed bitumen content (FBC) and RAP
percentage in foamed bitumen mixtures is a challenge to ensure that the resulting pavement mixtures
show optimal performance, such as tensile strength (ITS) and resistance to rutting (HWTT).

Foamed bitumen has emerged as a popular choice for bound materials in the recycling of asphalt
pavements, especially in processes like cold in-place recycling (CIR) and full-depth reclamation
(FDR). Its effectiveness appears in the capacity to activate reclaimed asphalt pavement (RAP) by
forming a foam structure that significantly improves both workability and adhesion characteristics
[1,2]. In addition to determining the most effective ratios of RAP and foamed bitumen content to
avoid incorrect combinations can result poor performance which leads to issues such as early rutting
or cracking [3].

Various laboratory tests were conducted, Hamburg wheel tracking test (HWTT) and the indirect
tensile strength (ITS) test are chosen as particularly dependable measures especially in modeling. The
HWTT is commonly utilized to evaluate the resistance of asphalt mixtures to rutting, that means
simulating the effects of long traffic loads [4,5]. On the contrary, the ITS test offers valuable
information regarding the tensile strength and resistance to cracking of the mixture, both of which
are major to ensure the durability of pavements, especially in colder regions [5].

The possibilities for enhancing the integration of RAP and FBC have been significantly raised
using recent developments in the fields of artificial intelligence (AI) and machine learning. Models

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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driven by Al, especially those that employ regression techniques and neural networks, have
demonstrated significant promise in determining the ideal mixture design by analyzing performance
test outcomes such as HWTT and ITS [6]. Through the examination of extensive datasets derived from
these evaluations, Al is capable of uncovering intricate connections between material attributes and
performance metrics, thereby enabling a more streamlined and focused strategy for mix design [7].

By analyzing actual test results data (HWTT) and (ITS, in wet and dry condition), it was aimed
to uncover the most effective combinations of RAP and FBC that provide a balance between rutting
resistance and tensile strength. This research ultimately seeks to enhance the durability and cost-
effectiveness of bitumen-bound pavements.

2. Materials and Methods

2.1. Determination of Aggregate Gradation

Mixed operations involved the use of gradations containing 3 curves with 100% reclaimed
asphalt pavement (RAP), and 2 curves containing 75%, 50% and 25% RAP, respectively, and 1 one
with entirely virgin aggregate all according to standard specifications (ASTM D 692 & D1073) as
shown in Figure 1
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Figure 1. Aggregate gradations applied.

2.2. Bitumen Type

In our analysis, two types of bitumen (70/100 and 50/70) were chosen; there was shown that both
bitumen types complied with the requirements of related specification (EN 12591), proving their
effectiveness for road construction. The characteristics of the bitumen types used are summarized in
Table 1.

For the foaming process, bitumen 70/100 demonstrated a half-life of 10.2 s and an expansion
ratio of 12.6 times when mixed with 2% water at a temperature of 170°C. Meanwhile, bitumen 50/70
exhibited a half-life of 12.3 s and an expansion ratio of 11.4 times with a 2.5% water content at the
same temperature.

Table 1. Bitumen characteristics.

Penetration, Loss on Heating,  Softening Point, Flash Point,

Bitumen Type 0.1 mm M % °C °C
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70/100 82.6 -0.4 46.6 238
50\70 61.2 -0.2 48.9 249

2.3. HWIT

The HWTT is a crucial technique for assessing the resilience of asphalt mixtures against rutting,
closely modelling real-world pavement performance under heavy traffic conditions. This method is
particularly valuable for testing mixtures that incorporate Reclaimed Asphalt Pavement (RAP) and
Foamed Bitumen Content (FBC), as both elements can greatly influence the mixture's resistance to
rutting. Research works indicate that high RAP content or insufficient FBC can lead to diminished
performance; RAP tends to increase stiffness and brittleness, while a lack of foamed bitumen can
result in inadequate adhesion and cohesion [8].

The evaluation of rutting depth and deformation rate under controlled conditions allows for a
comprehensive assessment of different mixtures. By analyzing these outcomes, it is a feasible option
to identify optimum proportions of RAP and FBC to achieve an asphalt mixture with excellent rutting
resistance while maintaining other critical properties, such as tensile strength (assessed through ITS)
and cracking resistance [9] at a favorable level.

Wheel-tracking tests were conducted under the guidelines of AASHTO T324-19.

2.4. Indirect Tensile Strength

Indirect tensile strength (ITS) testing is a widely recognized method for assessing the mechanical
properties and durability of asphalt mixtures. ITS is a particularly important test for evaluating
foamed bitumen bound asphalt mixtures as it provides insights into the material's tensile strength,
cracking resistance, and moisture sensitivity. According to Zielinski [5], ITS testing is instrumental in
determining the structural performance of foamed bitumen bound asphalt mixtures, especially when
Reclaimed Asphalt Pavement (RAP) is incorporated in the mixture. This is critical for ensuring that
such mixtures meet performance standards in terms of stiffness, strength, and resistance to
environmental induced stresses.

Cylindrical Marshall samples with a diameter of 101.6 mm and a height of 63.5 mm (+2.5 mm)
were compacted by 2x75 blows in accordance with PN-EN 12697-30 [10,11]. The samples were used
for testing indirect tensile strength (ITS) in accordance with PN-EN 12697-23.

3. Machine Learning Model

Artificial neural networks (ANNSs) have recently become a key method for analyzing and
optimizing foamed bitumen bound asphalt mixtures. They can provide a useful approach to predict
and to enhance the properties of the mixture materials. Many studies have noted that ANNs can
effectively improve complex relationships between various input factors such as temperature, foam
content, expansion ratio, and half-life, alongside outputs like Marshall Stability and ITS [12]. For
instance, a back proportion or feedforward neural network with its hidden layers has been
successfully employed to predict the characteristics of bitumen mixtures, resulting in reliable and
accurate prediction equations [13]. Furthermore, the integration of ANNs with particle swarm
optimization has improved foamed bitumen properties in cold recycling technology by enhancing
prediction accuracy through the analysis of multiple variables, including temperature and water
content [14]. Researchers have also advanced the prediction of mechanical properties in foamed
bitumen bound asphalt pavements using ANNSs, which aids in optimizing pavement design and in
thoroughly understanding input-output dynamics [15,16].

To obtain precise predictions and determine the optimal percentages of reclaimed asphalt
pavement (RAP) and foamed bitumen content (FBC), various Al models have already been
developed. The primary focus was on three main models: Random Forest (RF), Support Vector
Regression (SVR), and Linear Regression.
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Support vector regression (SVR) is an effective machine learning technique for modelling and
forecasting material behavior in pavement engineering, especially in the field of foamed bitumen
bound asphalt mixtures. Its advantage lies in its ability to capture nonlinear relationships by
transforming input data into a higher-dimensional one using nodes and functions. This capability is
important to understanding the complex behaviors of asphalt materials. Research has indicated that
SVR effectively predicts various performance properties of foamed bitumen bound asphalt mixtures,
such as Marshall Stability and Flow, which are affected by many factors like bitumen content, foam
expansion ratio, and temperature [17,18]. This technique has confirmed prediction accuracy in
comparison with traditional regression models, especially in situations of limited sample sizes, so
reducing the risk of overfitting [17]. Notably, SVR has been successfully employed to forecast the
performance of foamed bitumen bound asphalt mixtures used in cold recycling technology by
providing accurate predictions for long-term pavement durability. Additionally, SVR’s capacity to
deliver estimates of foamed bitumen behavior in different conditions and improve the optimization
process in pavement material design [19].

Random forests (RF) have emerged as a machine learning approach for predicting the
characteristics and performance of foamed bitumen bound asphalt mixtures. This technique creates
numerous decision trees and aggregates their outputs, which leads it to be effective in handling high-
dimensional data and showing nonlinear interactions between variables [20]. In applications related
to foamed bitumen bound asphalt mixtures, RF models have efficiently predicted key metrics like
Marshall Stability, Flow, and rutting resistance against different factors such as foam content,
bitumen temperature, and water content [21,22]. The strengths of RF are clear in its ability to manage
inclusive and varied datasets, perform reliably across different sample sizes, and provide accurate
predictions with minimizing the risk of overfitting, especially that takes a place in traditional machine
learning methods [22]. For example, RF has played an important role in enhancing the mix design of
foamed asphalt by clarifying the interaction between mix components and pavement performance
[23]. Moreover, RF models have shown improved predictive accuracy compared to simple regression
techniques and established them as tools for engineers working with foamed asphalt applications in
cold recycling and other pavement projects [24].

4. Results and Discussion

4.1. Model Validation and Optimization

Following the development of the Al model aimed at identifying the best combination of RAP
and FBC for foamed bitumen bound asphalt mixtures, the subsequent vital phase involves validating
and optimizing the model. This step is essential to confirm the model's predictive accuracy and its
capability to suggest mixed designs that fulfill the necessary criteria for rutting resistance (HWTT)
and tensile strength (ITS). It is imperative that the recommendations generated by the AI model
undergo thorough testing against actual data, allowing for ongoing adjustments and enhancements.
All models achieved a high R? above 0.83 with a small mean squared error (MSE) and a mean absolute
error (MAE) as Figure 2 presents it. Based on the metrics, the Random Forest Regressor is the best-
performing model.
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Figure 2. Comparison between designed models.

4.2. Model Results

Linear Regression achieved an R? of 0.85, indicating a good linear relationship, but its moderate

MSE suggested a balance between simplicity and accuracy. Random Forest performed the best with

an R? of 0.91, capturing nonlinear relationships effectively and minimizing errors with the lowest
MSE. SVR had an R? of 0.80, providing a reasonable fit, but its higher MSE showed slightly less
accuracy than Random Forest.
In the analysis of ITS-wet predictions, the optimal configuration for Linear Regression was
identified with an FBC ranging from 2.00% to 2.30% and a RAP between 0% and 6%, leading to a
predicted ITS of 338.18 MPa. Conversely, Random Forest demonstrated slightly superior
performance with an FBC of 1.50% to 1.7% and a RAP of 62% to 68%, resulting in a predicted ITS of
341.67 MPa. Support Vector Regression (SVR) pinpointed its best combination as an FBC of 1.5% to
1.80% and a RAP of 64% to 70%, yielding a predicted ITS of 340.68 MPa, as shown in Figure 3.
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Figure 3. ITS-wet predictions using three models.

For ITS-dry predictions, the most effective combination for Linear Regression was an FBC of
1.5% to 1.70% with a RAP exceeding 90%, which predicted an ITS of 444.55 MPa. In contrast, Random
Forest identified an FBC of 1.50% and a RAP of 64% to 68%, achieving a slightly elevated predicted
ITS of 455.46 MPa. SVR also found an optimal combination with an FBC of 1.5% to 1.80% and a RAP
of 76% to 80%, resulting in a predicted ITS of 429.80 MPa (Figure 4).
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Figure 4. ITS-dry predictions using three models.

Across both wet and dry conditions, the percentages of FBC and RAP are crucial in determining
the mechanical properties of the asphalt mixture. Generally, an increase in RAP tends to reduce the
ITS due to the aging and inferior quality of the binder in RAP materials; however, the interplay with
FBC alters this dynamic. FBC serves as a binder that enhances the stiffness and performance of the
mixture by strengthening the bond between aggregates, especially under dry conditions. The models,
especially Random Forest, adeptly capture the intricate nature of these interactions, as Figures 5 and
6 show. The high percentage of RAP with a small one of FBC achieved high ITS results.
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Figure 5. ITS-dry predictions.
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Figure 6. ITS-wet predictions.
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Figure 7 illustrates the performance of three models used for HWTT predictions, all achieving a

high R? value exceeding 0.85, alongside low MSE and MAE. Among these models, the Random Forest

Regressor stands out as the most effective with R? of 0.97, as indicated by the metrics.
In the initial phase of HWTT prediction, as Figure 8 shows, the RAP percentages of 25%, 50%,
75%, and 100% reveal a strong correlation between predicted values and actual outcomes. Notably,

utilizing 100% of RAP significantly enhances the resistance to cracking, which explains the positive

effect of utilizing high percentage of RAP increases, so does the precision of the predictions.

Mean Squared Error (MSE) of Models

R? Score of Models

Mean Absolute Error (MAE) of Models

Model

Figure 7. Performance of the three models.
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Actual vs Predicted Rut Depth for Different RAP Percentages
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Figure 8. First stage of HWTT prediction.

The second stage of prediction, as Figure 9 present it, involved forecasting rut depth after
training the model with a 2% increase in RAP and a total of 1,000 passes. The results indicated that
using 0-40% RAP is generally acceptable, as it slightly enhances resistance. In contrast of it, RAP
between 60% and 80% demonstrated a significant improvement in rut depth up under 13,000 passes,
after which rut depth increased as RAP content exceeded 80%. Notably, resistance improved with
the use of up to 100% RAP until reaching number of passes of 11,000 passes, compared to actual rut
depth results. This suggests that higher RAP content can enhance rutting resistance under specific
conditions, al- though attention should be given to the 80-90% range, which resulted in reduced
resistance to cracking.
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Figure 9. The detailed prediction of HWTT.

The findings suggest that optimal RAP usage is crucial for maintaining pavement integrity
under varying traffic conditions.
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5. Conclusions

This research work clearly identifies the ideal proportions of reclaimed asphalt pavement (RAP)
and foamed bitumen content (FBC) that yield optimal performance in asphalt mixtures. Through
rigorous laboratory experiments and advanced Al modelling, it has been determined that a RAP
content ranging from 60% to 80%, combined with FBC levels between 1.5% and 1.8%, hits an optimal
balance between rutting resistance and tensile strength. Higher RAP percentages surpassing 80% lead
to increased stiffness, which negatively influences cracking resistance, while insufficient FBC levels
adversely affect both adhesion and cohesion properties. Among the Al models tested, the Random
Forest algorithm exhibited the highest predictive accuracy (R? = 0.91), effectively capturing the
complex relationships among RAP, FBC, and performance metrics. The identified optimized
combinations significantly improve the durability and sustainability of asphalt pavements, making
them suitable for heavy traffic and varied climatic conditions.
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