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Abstract. Road condition assessment is an important indicator within the infrastructure
maintenance management system. The International Roughness Index (IRI) is a standard service
instrument used in various countries to evaluate road surface roughness. However, assessing
road conditions using IRI faces several challenges, including the need for expensive equipment,
long operational time and cost, limited coverage, and the fact that it only represents surface
roughness, thereby requiring additional surveys to identify pavement distress types directly. The
objective of this study is to develop an IRI prediction model based on the Surface Distress Index
(SDI) parameters to optimize the efficiency of road condition assessment by using Artificial
Neural Networks (ANN) to enhance road maintenance planning. This model was trained on five
years of road-damage data across 42 urban road segments. The coefficient of determination from
the study findings indicates excellent prediction accuracy, with an R2 value of 0.93, a Mean
Absolute Error (MAE) of 0.73, and a Root Mean Square Error (RMSE) of 1.07. This model can
serve as a more dynamic strategy for urban road maintenance management in developing
countries facing resource limitations. The proposed framework offers an innovative and adaptive
solution to issues in road maintenance management and provides support for more sustainable
urban infrastructure management.
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1. Introduction

Pavement performance evaluation is essential in infrastructure management, and the International
Roughness Index (IRI) serves as a primary metric for assessing road surface roughness. The IRI reflects
pavement smoothness and road quality, which affect driving comfort, safety, and become a key indicator
in decision-making for road maintenance management [1-3]. The use and limited accessibility of
expensive equipment pose significant challenges, particularly in developing countries. In addition, the
long processing time, high operational costs, limited equipment coverage, and the fact that the results
represent only surface roughness require additional surveys to identify damage characteristics directly.
Irregular or infrequent IRI measurements can have serious impacts on road safety and increase the risk
of accidents [1,4,5]. Based on the accident data report for the first semester of 2025, there were 21,490
traffic accidents in Indonesia caused by infrastructure and environmental conditions. Delayed
maintenance can accelerate pavement deterioration, resulting in higher repair costs [6—9]. Similar issues
occur in several developing countries, where extensive road networks often do not receive adequate
maintenance due to limited funding and equipment.

Conventional maintenance, which requires substantial human resources and high costs, presents both
challenges and opportunities for developing cost-saving alternatives for fast, precise road maintenance
operations. This need is becoming increasingly urgent as road networks grow and maintenance demands
increase. The integration of technology into road maintenance management systems through Machine
Learning (ML) offers a promising solution [10—12] Artificial Intelligence (Al), particularly Artificial
Neural Networks (ANN), has become increasingly important in civil engineering applications [13—15].
This technology has shown effectiveness in predicting the Pavement Condition Index (PCI) with higher
accuracy and precision compared to conventional methods [10—12,16]. The integration of ANN with
road condition parameters in this predictive model contributes to more sustainable infrastructure
management, supporting more accurate decision-making in road maintenance management [7,17].

Previous studies related to the application of IRI prediction using Machine Learning (ML) were
limited to small datasets and a narrow range of damage variables, such as relying solely on crack length
or rutting [14,18]. Another limitation of previous research is the lack of consideration of the interactions
among various types of distress, which have a significant impact on the IRI. As an innovation, this study
will develop an IRI prediction model based on local damage variables, including crack length, crack
width, crack gap, potholes, and rutting, which are adjusted to the characteristics of road damage in urban
areas of Indonesia. Using a set of variables that represent local damage characteristics can provide a
more comprehensive illustration of road conditions and improve the accuracy of IRI prediction.

While previous studies primarily focused on conventional ANN applications for pavement condition
prediction, this study proposes an ANN based framework with local damage characteristics by
integrating several Surface Distress Index (SDI) variables, including crack length, crack width, crack
gap, potholes, and rutting, specifically designed for urban road environments in Indonesia. Additionally,
this study integrates benchmarking comparisons with conventional machine learning models and applies
cross validation techniques to enhance the predictive resilience and generalization of the model.
Therefore, the contribution of this study lies not only in the application of ANN but also in the
development of a comprehensive, cost effective, and locally adaptive predictive framework for
sustainable urban road maintenance management.

Therefore, this study aims to develop an IRI prediction model using Artificial Neural Networks
(ANN) with the Surface Distress Index (SDI) as the fundamental variable based on more comprehensive
local damage characteristics. By integrating Machine Learning (ML), this model is expected to improve
IRI prediction accuracy compared to existing models. In addition, this model is designed to provide
solutions for enhancing data-based road maintenance strategies through a planning approach that is more
adaptive to local conditions, efficient, and sustainable.
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2. Methods

2.1.  Research Design

The research design adopted the Artificial Neural Networks (ANN) system, which has the primary
capability to identify patterns in previous data to determine the International Roughness Index (IRI) of
road surfaces. The ANN framework was designed to identify local pavement distress factors influencing
IRI values. The ANN framework is illustrated in Figure 1.
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The artificial neural network framework in Figure 1 is designed to connect local characteristics of
urban road damage in Indonesia, based on the Surface Distress Index (SDI) parameters, to the
International Roughness Index (IRI) values. This framework integrates theories of pavement surface
distress and related factors that interact to inform data-driven decision-making in road maintenance
management.

22 Samples and Procedures

The Artificial Neural Network (ANN) model was trained using a dataset consisting of 2,467 road
damage observations collected from 42 urban road segments over five years. The variables were selected
based on indicators and characteristics of local road damage in Indonesia to predict road surface
roughness (IRI), including crack length, crack width, crack gap, pothole, rutting, and IRI as the
dependent variable (Y). The predictive model was developed using Machine Learning (ML) techniques
implemented in R Studio software.

The dataset was divided into three categories for modeling: 60% for training (1,481 records), 20%
for testing (494 records), and 20% for validation (492 records) to ensure model stability and accuracy.
The training process aimed to learn the relationship between input features and the output variable, while
the testing data were used to evaluate the model’s performance in predicting road conditions not
included in the training data. Validation procedures were implemented during training to improve model
generalization and minimize overfitting risk.

2.3. Data Preprocessing

Previous to the model development, the dataset had been processed with several procedures to improve
data quality and model stability. First, the data is examined for missing values and inconsistent
observations. Then, outliers are removed using the interquartile range (IQR) analysis to identify
abnormal pavement damage values that might affect the model’s predictions.Then all numerical

02604038-03



variables are normalised by using the min-max scaling method to convert the input variables into a
common numerical scale from 0 to 1. This normalisation process is important for the application of
Artificial Neural Networks (ANN) to avoid numerical dominance among variables and to improve the
convergence during the training process of the model. Furthermore, random shuffling is used to
overcome sampling bias and provide a more representative distribution of observations in the training,
testing, and validation datasets. Then, the final dataset is split into training, testing, and validation
subsets with a 60:20:20 ratio.

2.4. ANN Architecture and Hyperparameter Tuning

A model of an artificial neural network (ANN) was designed based on the multilayer perceptron
architecture, with one input layer, two hidden layers and one output layer. The input layer consisted of
five predictor variables for the pavement distress characteristics, and the output layer was for the
International Roughness Index (IRI). The tuning of hyperparameters was performed in an iterative
manner through a grid-search approach to find the most optimal ANN configuration. Different
combinations of neurones and learning parameters were tested to obtain the best predictive performance
with the least overfitting.

Network Configurations for Accurate Prediction Results are based on N, = N{ingependenty — 1
where N(ingependent) 18 the number of independent variables. The ANN model was constructed using
the neuralnet package in R with a feedforward backpropagation architecture. The hidden layers used
sigmoid activation functions and the output layer used a linear activation function (linear. output =
TRUE) to accommodate the continuous IRI prediction. We tested several configurations of hidden layers
to find the best network architecture in terms of validation performance.

2.5. Model Evaluation

The validation metrics in the data analysis used to assess model performance include the Coefficient of
Determination (R2), Mean Squared Error (MSE), and Root Mean Squared Error (RMSE). R2 measures
the model’s ability to explain data variability, while MSE and RMSE measure the differences between
predicted and actual values. The proposed ANN model was evaluated using a training, validation and
testing data partition scheme. The dataset was randomly split using the create Data Partition function in
R, in which all subsets preserved a representative distribution of the target data. The best ANN
architecture was chosen by testing different hidden layer configurations on the validation dataset, taking
into account R?, MAE and RMSE. These metrics help evaluate the model’s accuracy in predicting the
International Roughness Index (IRI) values and its reliability in detecting road segment distress for data-
based decision-making in road maintenance.

3. Results and Discussion

The methodological framework described above was subsequently implemented to evaluate the
predictive capability of the proposed ANN model and compare its performance with baseline prediction
approaches.

3.1 Results

The dataset was collected through direct field observation methods to measure road conditions. The data
were statistically analyzed to examine the relationship between predictor variables and the output. In the
data analysis, understanding the relationship between input variables and the output variable
representing road condition values was achieved through correlation analysis. Figure 2 below presents
the correlogram of five independent variables (crack length, crack width, crack gap, pothole, and rutting)
and one dependent variable (Y). The correlogram is a graphical representation that illustrates the
relationships among variables in a dataset, including Pearson correlation (Corr), scatter plots, and
distribution graphs.
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Figure 2. Correlogram of the IRI Prediction Model
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The Pearson correlation measures the strength and direction of the linear relationship between two
variables, with values ranging from -1 to 1. A value of +1 indicates a perfect positive relationship, -1
signifies a perfect negative relationship, and 0 means there is no linear relationship between the
variables. The main relationships between the IRI and the independent variables show varying
correlation strengths. The pothole variable has the highest correlation with the IRI at 0.873, which is
highly significant, indicating a strong relationship between the two. Meanwhile, the crack gap and
rutting show moderate correlations with IRI values of 0.614 and 0.620, respectively, indicating weaker
but still significant relationships.

Figure 2 further demonstrates that the correlation between pothole distress and IRI scores is the most
robust among all distress measures. The clustered distribution pattern indicates that the escalation in
pothole severity substantially enhances pavement roughness. This condition signifies that potholes exert
significant vertical dynamic loads on car suspension systems, directly affecting ride quality and
elevating IRI values. Conversely, crack-related variables exhibit more pronounced deterioration trends
and show moderate associations with pavement roughness. The IRI prediction model was analyzed by
testing 19 artificial neural network configurations to achieve accurate prediction results based on the
equation Ny = Niingependenty — 1, where Ningependent) 18 the number of independent variables [19].
The most optimal model consists of two hidden layers with a 4-4 neuron configuration in the ANN.
The first layer contains four neurons, and the second layer also contains four neurons.

This model structure receives five input variables representing road damage conditions obtained from
field observations, consisting of crack length, crack width, crack gap, pothole, and rutting, which are
implemented as input layers in the ANN. Figure 3 illustrates the architecture of the IRI's predictive
model using an ANN. The ANN structure shown is a multilayer network, which allows the model to
learn complex nonlinear relationships between multiple pavement distress variables at the same time.
The hidden layer configuration improves the model's ability to identify hidden interaction patterns
between distress indicators and pavement roughness levels, thus increasing the prediction accuracy over
traditional statistical approaches.
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Figure 3. Architecture of the IRI Artificial Neural Network Model

The developed model demonstrates strong generalization capability on unseen data, as indicated by
an R-squared value of 0.91 in the validation data. The R-squared values across different data subsets
consistently range from 0.93, confirming that no overfitting occurred in this model and that it is valid
for data-based prediction. The findings confirm that the proposed ANN framework can accurately
predict IRI values for urban pavement assessment in road maintenance planning with a high level of
precision and reliability. The model performance metrics in Figure 4 indicate that the model successfully
explains most of the variability in the target data, and the prediction accuracy is reflected in the MSE
and RMSE values.
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Figure 4. Performance of the Artificial Neural Networks Model

Figure 4 illustrates a robust correlation between anticipated and observed IRI values, evidenced by
the concentration of data points adjacent to the regression line. This pattern demonstrates that the ANN
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model effectively captures the inherent nonlinear dynamics of pavement deterioration with significant
predicted reliability. The minimal prediction deviation further substantiates the robustness of the
proposed approach for urban pavement assessment applications.

3.2. Discussion

The findings obtained from the developed ANN model not only demonstrate strong predictive capability
but also provide important implications for sustainable pavement management and data-driven
infrastructure maintenance strategies in urban environments. The International Roughness Index (IRI)
prediction model shows excellent generalization performance on data not seen during training, as
indicated by an R-squared value of 0.93 on the validation data. During the validation phase, the model's
performance was evaluated using the Mean Absolute Error (MAE), yielding a value of 0.73. This value
indicates that the average deviation between predicted and actual values is very small, reflecting the
model's high accuracy and precision. In addition, the Root Mean Square Error (RMSE) was 1.07,
indicating that the average prediction error is also low.

The developed ANN model demonstrates high predictive accuracy to that of other developing
countries, such as the IRI prediction model for national highways in Nepal, which achieved an R? value
of 0.82 for the entire training model [20]. In addition, the resulting model is comparable to similar
models in various countries, which have R? values ranging from 0.82 to 0.99 [21-24]. These results also
confirm that ANN is effective in modeling non-linear and complex relationships among multiple input
variables, with higher accuracy compared to linear regression models [25-28].

The ANN model's performance indicates that pavement roughness is influenced by nonlinear
interactions among various pavement distress variables. The ANN model discerns concealed
correlations among crack attributes, potholes, rutting, and IRI values through nonlinear learning
processes inherent in the neural network framework. This characteristic differentiates the ANN model
from conventional regression techniques, which often presuppose linear connections among variables.
The prediction outcomes demonstrate that the ANN model attained superior accuracy compared to the
baseline statistical models employed in this study. The pothole measure exhibited a stronger association
with IRI scores than the other distress variables. This phenomenon is associated with the vertical
dynamic effects of pothole degradation on car suspension systems, which amplifies the feeling of
pavement irregularity [29-31].

Variables associated with cracking exerted a more mild influence, as surface degradation resulting
from cracking transpires gradually over time. The inclusion of local adaptive SDI variables enhanced
the model’s ability to represent pavement deterioration characteristics of urban roads in developing
countries. The urban pavement distress patterns are different from the highway pavement conditions
used in previous studies. Such differences include traffic variability, stop and go vehicle movements,
drainage conditions, and the activities of urban utilities that influence the progression of pavement
surface deterioration [32,33].

Comparative benchmarking against baseline prediction models remains challenging, as the Surface
Distress Index (SDI) variables utilised in this study are locally developed parameters for assessing
pavement condition specifically implemented in Indonesia, adhering to the standards established by the
Bina Marga, Ministry of Public Works regulation No. SMD-03/RCS. Consequently, international
research incorporating variables for predicting pavement performance based on Surface Distress Index
(SDI) remains scarce.

Significant studies comprise a Multiple Linear Regression (MLR) model that attained a R? value of
0.735 [34] and a Radial Basis Function Neural Network (RBFNN) model with a R? value of 0.82
[35].The comparative analysis indicates that the ANN model built in this study attained an R? value of
0.93, demonstrating superior predictive ability relative to prior models. The findings indicated that the
suggested ANN model exhibited a superior coefficient of determination and reduced prediction error
values, signifying its enhanced capacity to elucidate the nonlinear correlations among pavement distress
indicators and to deliver more precise and reliable prediction.
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The proposed ANN framework provides an efficient approach for estimating IRI values, a smarter
approach to assessing road surface conditions can be achieved. The proposed framework offers a
practical and cost efficient solution that reduces the need for extensive surveys to detect road surface
roughness. By adopting and utilizing this predictive modeling approach, road maintenance management
systems can quickly and accurately identify surface roughness conditions and optimize resource
allocation for sustainable road maintenance.

4. Conclusion

Based on the experimental evaluation and comparative analysis conducted in this study, several
important conclusions can be drawn regarding the applicability of the proposed ANN framework for
urban pavement roughness prediction. The International Roughness Index (IRI) prediction model,
developed using Artificial Neural Networks (ANN), consists of two hidden layers with four neurons in
the first and four in the second. The proposed ANN framework with a 4-4 neuron configuration
demonstrates excellent predictive capability and precision in data generalization, achieving an R-
squared value of 0.93. The Mean Absolute Error (MAE) of 0.73 indicates that the average deviation
between the predicted and actual values is minimal, reflecting the model’s high accuracy and precision,
while the Root Mean Square Error (RMSE) of 1.07 signifies that the average prediction error is very
low.

The developed framework can serve as an efficient alternative for assessing road conditions with
high precision and reliability, supporting road maintenance strategies through a more adaptive,
comprehensive planning approach to promote a safer, more sustainable transportation system. This
study is limited to urban roads and can be further explored across other road classes and expanded to
include external factors such as environmental conditions and traffic volume composition to improve
the accuracy of the International Roughness Index (IRI) prediction model.
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