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ABSTRACT 

 

Serviceability is one of the fundamentals concepts widely used to design and manage 

pavement structures by the road engineering community. Currently, the quantification of the 

pavement serviceability, as measured in terms of the present serviceability index (PSI), is 

based on the international roughness index (IRI)– a mathematical model developed by the 

World Bank in 1986 (Sayers, Gillespie, and Queiroz 1986). The IRI adopts a constant 

modeling speed of 80 km/h, which is one of the main reasons that support the fact that the 

serviceability models available on the literature are generally more applicable to interstate 

highways and rural roads. However, on low-speed urban roads, particularly in developing 

countries and/or congested roads, this may present a challenge – as vehicle operating speeds 

could be much lower than 80 km/h, among other limitations associated with the use of IRI as 

an indicator of ride quality or serviceability within the context of urban city roads. 

Using the City of Barranquilla’s urban rigid pavements as the datum source, this study was 

conducted to formulate, propose, and compare some pavement serviceability evaluation 

criteria for low-speed roads (30 – 60 km/h) in an urban setting, typical of developing 

countries. Deterministic and probabilistic modeling of the PSI was conducted based on two 

different approaches associated with recognized pavement roughness indicators, namely: (1) 

the traditional methodology using the IRI, and (2) an alternative methodology based on the 

whole-body vibration (WBV) concepts using the vertical frequency-weighted RMS 

acceleration awz. 

Overall, this study has demonstrated that for accurate estimation of the ride quality and 

comfort, in terms of PSI, the evaluation criteria should correspondingly be based on 

representative field conditions. In this sense, the results of this study suggest a plausible 

potential in the ability of the awz-based concept compared to the traditional IRI-based 

serviceability models to adequately describe the users’ perceptions of low-speed urban city 

road. This finding aligns well with the fact that the awz parameter, computed for an operating 

speed of 50 km/h, offers a more realistic representation of the user experience under real 

travel conditions. In fact, the typical operating speed for most urban roads in cities such as 

Barranquilla is around 50 km/h, with a speed limit of about 60 km/h. 
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Additionally, based on the probability of acceptance related to pavement condition, some IRI 

and awz thresholds were formulated. For a recommended criterion of pavement acceptance 

probability of 85%, thresholds of 5.9 m/km and 0.98 m/s2 were proposed for IRI and awz, 

respectively. 

Finally, the criteria proposed in this study can potentially serve as an objective instrument to 

prioritize road infrastructure projects at the local network level. In this way, it can support 

the decision-making process by road agencies, optimize the schedule of maintenance and 

rehabilitation (M&R) activities and, therefore, achieve an increase in the welfare of the urban 

population.



 

 

 

 

 

 

 

 

 

 

I dedicate this thesis to my parents, 

Rafael and Maria, whom I love more 

than anything in the world. 

 

 

 

 

 

 

 

 

 

  



v 

 

ACKNOWLEDGMENTS 

 

Firstly, I would like to express my sincere gratitude to my advisor Dr. Luis Fuentes for his 

continuous support and mentorship throughout my master’s studies, for his time, patience, 

motivation, and constructive advice that helped me achieve this important goal. 

I would like to especially thank my parents, my siblings, and my partner for always giving 

me their support and love during these years, without them it would not have been possible. 

Thank you for believing in me and motivating me to do great things. 

Finally, I express my thanks to all those who in one way or another helped me in this process. 

To Claudia Velosa and Daniel Abudinen, who shared with me key information for the 

successful development of this work; and, especially, to my colleagues who made my studies 

at the Universidad del Norte an unforgettable and pleasant experience. 

  



vi 

 

TABLE OF CONTENTS 
 

LIST OF FIGURES ........................................................................................................ VIII 

LIST OF TABLES .............................................................................................................. IX 

LIST OF ABBREVIATIONS AND SYMBOLS ............................................................... X 

UNIT CONVERSION TABLE ......................................................................................... XI 

CHAPTER 1. INTRODUCTION ........................................................................................ 1 

1.1. Problem Statement ....................................................................................................... 1 

1.2. Study Objectives .......................................................................................................... 4 

1.3. Articles Derived from the Study .................................................................................. 4 

1.4. Structure of the Thesis ................................................................................................. 5 

1.5. Summary ...................................................................................................................... 5 

CHAPTER 2. REVIEW OF LITERATURE AND TECHNICAL STANDARDS ......... 7 

2.1. Pavement Serviceability .............................................................................................. 7 

2.2. Ride Quality and Pavement Roughness ..................................................................... 11 

2.2.1. The International Roughness Index (IRI) ........................................................... 12 

2.2.2. The Whole-Body Vibration Concept .................................................................. 15 

2.2.3. Ride Quality Related Studies on Urban Roads ................................................... 17 

2.3. Summary .................................................................................................................... 19 

CHAPTER 3. STUDY SITE AND DATA COLLECTION ............................................ 21 

3.1. Field Data Collection Plans ....................................................................................... 21 

3.2. Pavement Surface Profile Measurements .................................................................. 23 

3.3. Summary .................................................................................................................... 24 

CHAPTER 4. PAVEMENT SERVICEABILITY MODELING AND STATISTICAL 

ANALYSIS .......................................................................................................................... 25 

4.1. Formulation of Statistical Models ............................................................................. 25 

4.2. Traditional IRI-Based Serviceability Modeling Approach ........................................ 27 

4.2.1. Deterministic Analysis ........................................................................................ 27 



vii 

 

4.2.2. Probabilistic Analysis ......................................................................................... 29 

4.2.3. Formulation of IRI-Based Acceptance Criteria and Thresholds ......................... 31 

4.2.4. Synthesis and Discussion .................................................................................... 32 

4.3. Alternative awz-Based Serviceability Modeling Approach ........................................ 34 

4.3.1. Deterministic Analysis ........................................................................................ 34 

4.3.2. Probabilistic Analysis ......................................................................................... 37 

4.3.3. Formulation of WBV-based Acceptance Criteria and Thresholds ..................... 39 

4.3.4. Synthesis and Discussion .................................................................................... 40 

4.4. Summary .................................................................................................................... 42 

CHAPTER 5. CONCLUSIONS AND RECOMMENDATIONS ................................... 43 

5.1. Conclusions ................................................................................................................ 43 

5.2. Significance and Application of the Study Results and Findings .............................. 45 

5.3. Limitations and Challenges of the Study ................................................................... 45 

5.4. Recommendations for Future Research ..................................................................... 46 

REFERENCES ................................................................................................................... 47 

APPENDICES ..................................................................................................................... 52 

A. Database ....................................................................................................................... 52 

B. Matlab and R Codes ..................................................................................................... 52 

C. Pavement Surface Profiles ........................................................................................... 52 

 

  



viii 

 

LIST OF FIGURES 

 

Figure 1. Work Plan. .............................................................................................................. 6 

Figure 2. Rating Form for Serviceability Study (ASTM 2018a). ........................................... 8 

Figure 3. Quarter Car Model (Sayers 1995). ........................................................................ 12 

Figure 4. Location of the Pavement Sections Evaluated in Barranquilla, Colombia (Abudinen 

et al. 2017). ........................................................................................................................... 22 

Figure 5. SurPro Walking Profiler. ....................................................................................... 23 

Figure 6. Relationship Between PSI and IRI. ....................................................................... 28 

Figure 7. Sensitivity Analysis for the Ordered Logistic Model Based on the IRI. .............. 30 

Figure 8. Predicted Probability of Acceptance Based on the IRI. ........................................ 31 

Figure 9. Relationship Between PSI and awz. ....................................................................... 34 

Figure 10. Sensitivity Analysis for the Coefficient of Determination. ................................. 35 

Figure 11. Relationship Between PSI and awz(50). ................................................................. 36 

Figure 12. Sensitivity Analysis for Ordered Logistic Model Based on the awz(50). .............. 38 

Figure 13. Predicted Probability of Acceptance Based on the awz(50). .................................. 40 

Figure 14. Travel Quality and Ride Comfort Thresholds (Rigid Pavements). ..................... 41 

  



ix 

 

LIST OF TABLES 

 

Table 1. Summary of Serviceability Models Available in the Literature. ............................ 10 

Table 2. Golden Car Parameters. .......................................................................................... 13 

Table 3. Studies Related to Ride Quality on Urban Roads. ................................................. 18 

Table 4. Estimation Results of Ordered Logistic Regression Model Based on the IRI. ...... 29 

Table 5. Estimated Results of Acceptance Logistic Regression Model Based on the IRI. .. 31 

Table 6. Pavement Acceptance Thresholds based on the IRI............................................... 32 

Table 7. Proposed IRI thresholds for various operating speeds (Abudinen et al. 2017). ..... 33 

Table 8. Estimation Results of Deterministic Serviceability Models Based on the awz. ...... 35 

Table 9. awz Thresholds for Serviceability Based on a Deterministic Approach. ................ 37 

Table 10. Estimation Results of Ordered Logistic Regression Model Based on the awz. ..... 37 

Table 11. awz Thresholds for Serviceability Based on a Probabilistic Approach. ................ 39 

Table 12. Estimation Results of Acceptance Logistic Regression Model Based on the awz. 39 

Table 13. Proposed Pavement Acceptance Thresholds Based on the awz Parameter. .......... 40 

Table 14. ISO 2631 Indicative Acceleration Values for Ride Comfort. .............................. 41 

  



x 

 

LIST OF ABBREVIATIONS AND SYMBOLS 

 

AASHO  American Association of State Highway Officials 

AASHTO  American Association of State Highway and Transportation Officials 

ANN   Artificial Neural Network 

ASTM   American Society for Testing and Materials 

awz   Vertical Frequency-Weighted Acceleration 

DOT   Department of Transportation 

FHWA   Federal Highway Administration 

INVIAS  Instituto Nacional de Vías 

IRI   International Roughness Index 

IRRE   International Road Roughness Experiment 

ISO   International Organization for Standardization 

LTPP   Long-Term Pavement Performance 

M&R   Maintenance and Rehabilitation 

MEPDG  Mechanistic-Empirical Pavement Design Guide 

MPR   Mean Panel Rating 

NCHRP  National Cooperative Highway Research Program 

OR   Odds Ratio 

PCI   Pavement Condition Index 

PMS   Pavement Management System 

PSD   Power Spectral Density 

PSI   Present Serviceability Index 

PSR   Present Serviceability Rating 

QCM   Quarter Car Model 

RMS   Root Mean Square 

SHRP   Strategic Highway Research Program 

TRB   Transportation Research Board 

WBV   Whole-Body Vibration 

  



xi 

 

UNIT CONVERSION TABLE 

 

 

 

inches  ins × 25.4  = millimeters  mm  mm × 0.04  =  ins 

feet  ft × 0.3  = meters  m  m × 3.3  =  ft 

yards  yds × 0.9  = meters  m  m × 1.1  =  yds 

miles  mi × 1.6  = kilometers  km  km × 0.6  =  mi 

sq. inch  in
2 × 6.5  = sq. centimeter  cm

2 
 cm

2 × 0.16  =  in
2 

sq. feet  ft
2 × 0.09  = sq. meters  m

2 
 m

2 × 11  =  ft
2 

sq. yard  yd
2 × 0.8  = sq. meters  m

2 
 m

2 × 1.2  =  yd
2 

cu. in  in
3 × 16  = cu. centimeters  cm

3 
 cm

3 × 0.06  =  in
3 

cu. ft  ft
3 × 0.03  = cu. meters  m

3 
 m

3 × 35.00  =  ft
3 

cu. yd  yd
3 × 0.8  = cu. meters  m

3 
 m

3 × 1.3  =  yd
3 

(liq) quart  qt × 0.9  = liter  l  l × 1.1  =  qt 

gallon  gal × 0.004  = cu. meters  m
3 

 m
3 × 264.2  =  gal 

(advp) ounce  oz × 28.3  = grams  g  g × 0.035  =  oz 

(advp) pound  lb × 0.45  = kilogram  kg  kg × 2.2  =  lb 

horsepower  hp × 0.75  = kilowatt  kW  kW × 1.3  =  hp 

ft per second  ft/s × 0.304  = met. per second  m/s  m/s × 3.3  =  ft/s 

ounce-force  ozf × 0.278  = newtons  N  N × 3.6  =  ozf 

pound-force  lbf × 4.448  = newtons  N  N × 0.22  =  lbf 

foot pounds  ft.lb × 1.355  = newtons-meters  N.m  N.m × 0.74  =  ft.lb 

in. Pounds  in.lb × 0.112  = newtons-meters  N.m  N.m × 8.9  =  in.lb 

lb per foot  lb/ft × 14.59  = newtons-meters  N.m  N.m × 0.07  =  lb/ft 

cycles per sec  cps × 1  = hertz  Hz  Hz × 1  =  cps 

British thermal unit  Btu × 1055  = joules  j  j × 0.001  =  Btu 

English to Metric Metric to English



1 

 

CHAPTER 1 

INTRODUCTION 

 

1.1. Problem Statement 

Road infrastructure is one of the crucial elements that propels and contributes to the economic 

growth, tourism, social development of communities and the welfare of citizens (Rojas López 

and Ramírez Muriel 2018). Among other obligatory responsibilities , a city must plan and 

allocate adequate resource investment into the road infrastructure, and thereafter, ensure that 

the plans are executed in accordance with the city policies that prioritizes and optimizes 

budget expenditures. However, the specific city agencies in charge of road infrastructure 

should define not only investment funds for the construction of new road projects but also 

secure and plan resources for the maintenance of the existing network (Babashamsi et al. 

2016). Under this premise, the decision-making process of a road agency should be supported 

by a robust Pavement Management System (PMS) that guarantee objective control processes. 

In this way, it is possible to evaluate, design, and program timely maintenance and 

rehabilitation (M&R) activities to prolong the service life of the road network by reducing 

their rate of deterioration (Shahin 2005). 

PMS-based decisions have proven to be cost-effective and their implementation improves 

the quality of life of citizens and the sustainability of the road infrastructure (FHWA 1998). 

However, in developing countries such as Colombia where there is no PMS, roads are 

managed based on the empirical and/or subjective approach, namely, through engineering 

judgement, political, and social factors. In particular, M&R activities are programmed 

through a reactive approach, that is agencies wait until a pavement section reaches a critical 

condition to define any corrective action. 

All the above issues highlight the need for a PMS that supports the decision-making process 

associated with the road infrastructure. To address this, it is necessary to define appropriate 

performance indexes and tools to assess the prevailing state of a pavement structure such as 

pavement surface roughness, cracking, rutting, skid resistance (friction), etc. Based on these 
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indexes, a road agency can prioritize decisions and optimize the limited resources, while 

guaranteeing an acceptable level of service of the road network (Shahin 2005). Generally, 

road agencies try to define and maintain the performance indexes at acceptable levels to 

sustain/improve the ride quality (among others) on their road infrastructure. 

By definition, serviceability is a concept developed in the American Association of State 

Highway Officials (AASHO) Road Test to assess the ability of a given pavement section to 

serve the traffic in its current condition (AASHO 1962a). In other words, it is a measure of 

the comfort and safety experienced by motorists/users when traveling on a road (Carey and 

Irick 1960). For this reason, the present serviceability index (PSI) is one of the most common 

indexes used worldwide by the pavement engineering community to design and manage 

pavement structures, as in the case of the AASHTO 93 design method (AASHTO 1993). 

Despite the great advances made in the field of pavement design, such as the mechanistic-

empirical (M-E) approaches (e.g., Mechanistic-Empirical Pavement Design Guide 

(MEPDG) that was published in the NCHRP 1-37A (NCHRP 2004)), the AASHTO 93 is 

still the most widely used method today, especially in developing countries (INVIAS 2008, 

2015, ABC 2011, ICPA 2014). In particular, the AASHTO 93 design guide is the preferred 

design methodology by the Colombian pavement consultant community. In fact, it is one of 

the recommended design guides of the Colombian National Road Institute (INVIAS 2008, 

2015). 

In the AASHO Road Test, the experiment from which the AASHTO 93 guide was developed,  

it was shown that the roughness of the longitudinal pavement profile is the variable that best 

describes users’ ratings, and therefore, the serviceability of a pavement (AASHO 1962a). In 

this regard, the International Roughness Index (IRI) was formulated and has been recognized 

as the most important index for characterizing pavement performance. The IRI is used 

worldwide as a standard reference to assess road condition based on the road roughness 

(Múčka 2017a). However, it was not developed until 1986 (Sayers, Gillespie, and Paterson 

1986, Sayers, Gillespie, and Queiroz 1986), hence it was not included in the original 

serviceability models that were developed using data collected in the AASHO experiment 

(AASHO 1962b). 
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For these reasons, researchers have recognized the need to update the original PSI models 

adopted in the AASHTO 93 design guide. Therefore, there is a necessity to adjust the 

serviceability models so that the pavements are designed according to site-specific 

characteristics of users, considering socioeconomic and cultural aspects of a country. One 

can find several models in the literature that relate roughness indexes, mainly the IRI, with 

the PSI (Uzan and Lytton 1982, Nair et al. 1985, Paterson 1986, Al-Omari and Darter 1994, 

Gulen et al. 1994, Dujisin and Arroyo 1995, Hall and Correa Muñoz 1998, La Torre et al. 

2002, Al-Suleiman and Shiyab 2003, De Solminihac et al. 2003, Aleadelat et al. 2016, Long 

2017). 

However, these mathematical models are generally developed for rural roads, and their 

application in urban areas is often questionable (La Torre et al. 2002, Abudinen et al. 2017). 

In addition, most modeling attempts have tried to predict deterministic response values for 

the PSI. By contrast, probabilistic models relating user perceptions to pavement distresses 

have received little attention in the literature (Shafizadeh et al. 2002, Shafizadeh and 

Mannering 2003). These models can be used to evaluate the probability of rating a pavement 

section with a PSI level given some specific pavement distresses. 

On the other hand, since the IRI development in 1986 by the World Bank (Sayers, Gillespie, 

and Queiroz 1986), different studies have described some limitations about the application 

of the IRI in urban roads (Ahlin and Granlund 2002, La Torre et al. 2002, Arhin et al. 2015, 

Múčka 2016, 2017b, Abudinen et al. 2017). One of the most reported limitations is the 

difference between the simulation speed of the quarter car model (80 km/h) and the typical 

operating vehicle speeds on urban roads (30 to 60 km/h). This discrepancy can undesirably 

lead to an overestimation of the discomforts perceived by the users under real-time travel 

conditions. 

In consideration of the above challenges and limitations, the current approaches consist of 

complementing the evaluation of the users' perception using parameters that adequately 

describe the users' experience when traveling on the roads. The International Organization 

for Standardization (ISO) 2631 standard proposes a methodology to quantify the body 

vibrations with an index called -frequency weighted root mean square (RMS) acceleration 

(aw)- (ISO 1997). The aw index allows evaluating the vibrational effects induced by the 
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pavement profile (surface) irregularities on human comfort at operational vehicle speeds. 

This flexibility of the aw index inherently allows addressing the main limitations of the IRI 

when making estimations of serviceability on low-speed roads, with operating vehicle speeds 

less than 80 km/h. The use of representative indicators, such as the aw index, for real-time 

travel conditions is a fundamental component of the PMS and is very critical for rational 

decision-making processes by the road agencies. 

1.2. Study Objectives 

Based on the above background, the main goal of this study is to propose practical criteria 

for the evaluation of the pavement serviceability on low-speed urban roads using two 

different approaches, namely: the traditional IRI-based and the alternative awz-based. The 

specific objectives of this study are: 

• Formulate deterministic and probabilistic models to analyze the relationship between the 

user’s subjective perception regarding the level of service provided by a road, in terms of 

PSI, and objective pavement roughness indicators (i.e., IRI and awz) in the context of low-

speed urban roads. 

• Identify the advantages and disadvantages of the analyzed approaches when representing 

or predicting the users’ perception regarding the ride quality on urban roads. 

• Propose tentative thresholds for pavement serviceability assessment of urban roads as a 

control tool that allows road agencies to prioritize maintenance and rehabilitation 

activities based on a more rational and objective criteria. 

• Compare the proposed thresholds with the criteria used by international agencies and/or 

organizations such as the Federal Highway Administration (FHWA) and the International 

Organization for Standardization (ISO) on related issues. 

1.3. Articles Derived from the Study 

From this thesis, the following papers were developed: 

• Fuentes, L., Camargo, R., Arellana, J., Velosa, C., and Martinez, G., 2019. Modelling 

pavement serviceability of urban roads using deterministic and probabilistic approaches. 

International Journal of Pavement Engineering. 

https://doi.org/10.1080/10298436.2019.1577422. 
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• Fuentes, L., Camargo, R., Martínez-Arguelles, G., Naik, B., Komba, J., and Walubita, L. 

2019. Pavement Serviceability Evaluation using Whole Body Vibration Techniques: A 

Case Study for Urban Roads. Submitted to the International Journal of Pavement 

Engineering. 

1.4. Structure of the Thesis 

To achieve the objectives of the study, the structure of the thesis, in addition to this 

introduction (Chapter 1), has been organized as follows: 

• Chapter 2 provides an overview of the relevant literature associated with the fundamental 

concepts of the functional pavement assessment, especially the relationship between the 

users’ perception of ride quality and the pavement surface roughness.  

• Chapter 3 describes the context of the investigation and the data collection process. 

• Chapter 4 presents the modeling techniques used to process the data and the detailed 

results obtained for the approaches considered in the investigation. This chapter also 

synthesizes, discusses, and compares the fundamental findings of the modeling of the 

pavement serviceability. 

• Chapter 5 concludes the thesis by presenting and summarizing the key findings, the 

significance and the limitations of the study.  Finally, some recommendations are given 

for future work. 

Figure 1, on the next page, illustrates the organizational flow chart for the study work plan 

and structure of the thesis. 

1.5. Summary 

This introductory chapter discussed the background and study objectives. Some article 

publications derived from the study were then presented, followed by the structure of the 

thesis and the work plan. Some appendices containing important data are also included at the 

end of the thesis. 
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Figure 1. Study Work Plan and Thesis Structure.
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CHAPTER 2 

REVIEW OF LITERATURE AND TECHNICAL 

STANDARDS 

 

This chapter provides an overview of the relevant literature associated with the fundamental 

concepts and the relevant indexes used for the functional pavement assessment, especially 

the serviceability concept focused on the relationship between the users’ perception of ride 

quality and the pavement surface roughness. The chapter also summarizes the contributions 

made by other researchers in the last decades with respect to the development of pavement 

serviceability models, and the evaluation of the ride quality in the context of low-speed urban 

roads. 

2.1. Pavement Serviceability 

During 1958 to 1960, the AASHO developed the experimental phase of the AASHO Road 

Test. A full-scale trial whose main objective was the evaluation of the performance of two 

types of structures with defined characteristics was initiated, namely pavements (rigid and 

flexible) and bridges (reinforced concrete and structural steel) subjected to dynamic loads of 

known magnitude and frequency (AASHO 1962a). 

Considering that the fundamental function of a pavement is to serve traffic, and that, it is the 

users who can best evaluate this service, the AASHO proposed the concept of serviceability. 

The serviceability of a road represents the quality of the road as perceived by users, in terms 

of comfort (ride quality) and can be related to the different measurable distresses (e.g., 

roughness, cracking, and rutting) on the pavement surface (Paterson 1987). 

Due to the subjective nature of the serviceability concept, it was necessary to numerically 

summarize the users' opinions and, as far as possible, find their relationship with quantifiable 

physical characteristics (i.e., roughness, cracking, rutting, and patching areas) of the 

pavement. Two fundamental indicators emerged from this process, namely the Present 

Serviceability Rating (PSR) and the Present Serviceability Index (PSI). The PSR represents 

the average of the user ratings for each pavement section on a 0 to 5 scale (i.e., 0 ≤ PSR ≤ 5), 
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using the rating form shown in Figure 2 (for all pavement types). The PSI represents the 

result of the relationship between the PSR and pavement objective parameters such as the 

IRI or the PCI. In other words, the PSI is used to describe/predict the serviceability (PSR) 

through statistical models (Carey and Irick 1960). 

 

Figure 2. Rating Form for Serviceability Study (ASTM 2018a). 

As a result of the AASHO Road Test, the first pavement serviceability models were 

introduced in 1960 (Carey and Irick 1960). The models proposed served as the basis for the 

pavement design procedure adopted by AASHTO. Equations (1) and (2) present the models 

proposed for flexible pavements and rigid pavements, respectively (Carey and Irick 1960). 

• Flexible Pavements: 

PSI = 5.03 - 1.91 log(1+SV)  - 1.38(RD)
2 - 0.01(C+P)

 0.5
 (1) 

R2 = 0.84,  SEE = 0.38 

• Rigid Pavements: 

PSI = 5.41 - 1.78log(1+SV) -  0.09(C+P)
 0.5

 (2) 

R2 = 0.92,  SEE = 0.32 
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Where SV = slope variance over the pavement section from CHLOE profilometer 

measurements; RD = mean rut depth (in); C = cracking (ft2/1000 ft2) (flexible); C = cracking 

(1ft/1000 ft2) (rigid); P = patching (ft2/1000 ft2); R2 = coefficient of determination; and SEE 

= standard error of estimate. 

In the AASHO Road Test, it was demonstrated that from the different variables contemplated 

in the field experiment to evaluate the overall pavement condition, the surface roughness of 

the longitudinal pavement profile, described in terms of SV, was the variable that best 

described the users’ ratings (AASHO 1962a). Since then, different concepts have been 

explored to relate the pavement surface roughness to pavement serviceability. The IRI is one 

such concept that plays a key role in the pavement condition assessment in many countries 

around the world (Múčka 2017a). 

Several attempts have also been made to relate the pavement roughness to the serviceability 

concept in different contexts. Researchers such as Uzan and Lytton (1982), Nair et al. (1985), 

Paterson (1986), Al-Omari and Darter (1994), Gulen et al. (1994), Dujisin and Arroyo 

(1995), Hall and Correa Muñoz (1998), La Torre et al. (2002), De Solminihac et al. (2003), 

Al-Suleiman and Shiyab (2003), Aleadelat et al. (2016) and Long (2017), have proposed 

deterministic serviceability models in terms of the pavement roughness, mainly represented 

with the IRI as shown in Table 1. Table 1 summarizes relevant details of the pavement 

serviceability models available in the literature, from which we can highlight the following: 

(1) the widespread use of IRI to estimate the quality of service offered by the roads to users, 

and (2) the typical road types where these studies were performed (i.e., rural and interstate 

roads). 

On the other hand, few attempts to associate pavement condition indicators with the PSR 

values using probabilistic approaches can be found in the literature. Shafizadeh et al. (2002), 

used a random effect ordered probit specification to relate individual-specific, pavement-

specific, and vehicle-specific data with users’ roughness rankings of 37 highway segments. 

Their modeling results suggested that while the IRI provided a strong indication of user 

roughness rankings as expected, other factors such as the type of vehicle used, vehicle speed, 

and some individual’s characteristics were also significant. Their study also highlighted the 

existence of an important gap in the literature linking physical infrastructure measurements 

with individual perceptions of the infrastructure condition. 
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Table 1. Summary of Serviceability Models Available in the Literature. 

 

Source Road Type Test Sections Pavement 

Type

Serviceability Model Paremeters

Flexible

Rigid

Overall

Flexible

Rigid

Composite

Overall

Flexible

Rigid

Overall

Flexible

Rigid

Flexible

Rigid

Flexible

Rigid

Note: Model defined for sedan vehicle

Legend: PSI=Present Serviceabiliy Index; RD=Mean Rut Depth; C=Cracking Area; P=Patching Area; Va b =RMS Vertical Acceleration 

Associated with Length b ; IRI=International Roughness Index; PCI=Pavement Condition Index.

Aleadelat et 

al.  (2016)

Urban 30 Sections of 

Flexible Pavement

Flexible PSI

IRI [in/mi]

RD [in]

PCI

Long (2017) National 

Highway 

Routes

3 Highways: 150 

Segments

Flexible PSI

IRI [m/km]

De 

Solminihac 

et al.  (2003)

Urban 66 Sections: 30 

Flexible, 11 AC 

Overlay and 25 Rigid

PSI

IRI [m/km]

Al-Suleiman 

and Shiyab 

(2003)

Slow and 

Fast Traffic 

Roads

440 Sections of 

Flexible Pavement

Flexible PSI

IRI [m/km]

La Torre et 

al.  (2002)

Urban 17 Sections: 7 

flexible and 10 

articulated (Stone 

Blocks and 

Porphyry Cubes)

Flexible and 

Articulated

Note: a and b are the regression 

parameters defined as a function of 

reliability, riding speed and base length. 

PSI

IRI [m/km]

Dujisin and 

Arroyo 

(1995)

Rural ~ PSI

IRI [m/km]

Hall and 

Correa 

(1999)

Rural - 

Interstate

Data from AASHO 

Road Test (123 

Pavement Sections: 

74 Flexible and 49 

Rigid)
Note: x = log(1+2.2704IRI

2
)

PSI

IRI [m/km]

Al-Omari 

and Darter 

(1994)

Rural 

Arterials, 

urban 

freeways 

and 

expressways

378 Sections: 162 

Flexible, 89 

Composite and 127 

Rigid

PSI

IRI [m/km]

Gulen et al.  

(1994)

Interstate 

Highways

20 Sections: 9 

Flexible and 11 

Rigid.

PSI

IRI [m/km]

Nair et al.  

(1985)

Rural - 

Interstate

179 Sections: 131 

Flexible and 48 

Rigid

PSI

VA b [ft]

Paterson 

(1986)

Rural - 

Interstate

49 Sections of 

Flexible Pavement

Flexible and 

Surface 

Treatment

PSI

IRI [m/km]

Uzan and 

Lytton 

(1982)

Rural - 

Interstate

74 Test Sections 

from AASHO Road 

Test

Flexible

Note: Update version of the serviceability 

model developed during the AASHO Road 

Test for flexible pavements

PSI

RD [in]

C [ft
2
/1000ft

2
]

P [ft
2
/1000ft

2
]

Var(RD) [in
2
]

   =4.43 -1. 8 log10 1+350   RD

         -0.881RD2.5-0.031 C+P 0.5

PSI=5  
- IRI

5.5

PSI=5.00-0.00 9V 2-0.13 V 4-23.07V 128

PSI=5.00-0.0 4V 4-0.839V 8-3.084V  4

PSI=5.00-0.008V 2-0.841V 1 -15.92V 128

PSI=5  -0.24 IRI

PSI=5  -0.272 IRI

PSI=5  -0.293 IRI

PSI=5  -0.2  IRI

PSI=7.21 -0.47IRI

PSI=14.05 -0.74IRI

PSI=9.0 -0.5 IRI

PSI=5.85-1. 8(IRI)0.5

PSI=7.10-2.19(IRI)0.5

PSI=5.0-0.2397 4+1.771 3-1.4045 2-1.5803 

PSI=5.0-0.2397 4+1.771 3-1.4045 2-1.5803 

PSI=
5

1+  IRI2
 

PSI=4.92   -0.082 IRI

PSI=4.984  -0.0 1 IRI

PSI=5  -0.2533IRI 

PSI=5  
-0.2021IRI

 

PSI=5  -0.282IRI

PSI=1.185+2.9 -0.003IRI-1.47RD2 
-1.25 1-(PCI 100)
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The ASTM E1927-98 (2018a) describes a procedure for obtaining subjective numerical ride 

ratings for a group of pavement sections. The standard defines the guidelines for the field 

experiment, particularly with aspects related to the suitable selection of pavement test 

sections and panel raters. In the ASTM standard, the average value, for each pavement 

section, of ride quality ratings assigned by the panel is called the Mean Panel Rating (MPR). 

The MPR is equal, by definition, to the PSR developed in the AASHO Road Test. Key 

considerations in ASTM E1927-98 standard include the following aspects (for both flexible 

and rigid pavements): 

• A minimum number of 20 pavement sections should be selected for each pavement type. 

• Each section should have homogeneous physical characteristics throughout its length. 

• The group of test sections should be well distributed by distress level. 

• Pavement sections should be long enough to provide an appropriate time of panel raters 

exposure. 

• The panel size should be selected as a function of acceptable error in MPR units. 

• The rating panel should be representative of the road user population. 

• The preparation and provision of appropriate/adequate rating forms. 

• The formulation and issuing of appropriate instructions to the raters regarding the use of 

rating forms. 

• The processing of the data to obtain the MPR values. 

In general, the above considerations should be adhered to when conducting pavement rating 

studies. However, the field conditions of the urban road context must also be considered. An 

important use of the resulting experimental data is to determine the ability of hypothesized 

functions of the physical pavement parameters, such as profile roughness, distresses 

indicators, etc., to provide appropriate and realistic estimations of the users’ perception about 

ride quality (ASTM 2018a). 

2.2. Ride Quality and Pavement Roughness 

Ride quality refers to the level of comfort experienced by vehicle (car) passengers when 

traveling on a road. This level of comfort is strongly dependent on the in-vehicle vibrations, 

especially vertical accelerations, induced by the pavement surface roughness (Ahlin and 

Granlund 2002). Pavement surface unevenness causes vibrations on the users’ whole-body 
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during vehicle motion, adversely affecting the ride quality and comfort. For these reasons, 

the study of the pavement-vehicle-human interactions and the physical analysis of the 

vibration phenomena are both critical aspects, particularly for quantitatively relating 

pavement surface roughness to ride quality (Cantisani and Loprencipe 2010). As discussed 

subsequently, studies conducted to formulate mathematical representation of pavement 

surface roughness relative to travel quality and support the PMS decision-making processes, 

yielded the well-known and widely used IRI concept (Múčka 2016, 2017a). 

2.2.1. The International Roughness Index (IRI) 

Based on the International Road Roughness Experiment (IRRE) in Brazil, the World Bank, 

in 1986, published a document entitled “Guid lin    o  Conducting  nd C librating 

Roughn    M   u  m nt ” – a calibration manual to introduce and extend the IRI 

internationally (Sayers, Gillespie, and Paterson 1986). The IRI is a mathematical model based 

on the response of a quarter-car model (QCM) as it traverses a longitudinal pavement profile 

at a constant speed of 80 km/h (Sayers 1995), see Figure 3.  

 

Figure 3. Quarter Car Model (Sayers 1995).  

Where cs = suspension damping rate; ks = suspension spring rate; kt = tire spring rate; ms = 

sprung mass (portion of vehicle body mass supported by one wheel); mu = unsprung mass 

(mass of wheel, tire, and half of axle/suspension); and B = moving average base length (250 

mm). 
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For the simulation, the parameters of the QCM are set and normalized by the sprung mass 

(ms) to represent a typical passenger car called ‘the Golden Car’, as presented in Table 2. 

Table 2. Golden Car Parameters. 

Parameter Value Unit 

ks/ms 63.3 s-2 

kt/ms 653.0 s-2 

cs/ms 6.0 s-1 

mu/ms 0.2 ~ 

The simulated motion between the sprung and unsprung masses (passengers and vehicle 

components masses) is accumulated and divided by the distance traveled by the QCM during 

a simulated ride at the standardized speed of 80 km/h – see Equation (3) below. 

IRI = 
1

L
∫ |ż - żu|dt

  L V

0

 (3) 

Where IRI is the pavement surface roughness indicator presented in units of slope, namely 

mm/m, m/km or in/mi; ż , żu = time derivatives of elevation (vertical coordinate) of sprung 

and unsprung masses, respectively; L = pavement profile length; and V = simulation speed 

(i.e., 80 km/h). 

The mathematical processing of the longitudinal pavement profiles to calculate the IRI is 

described in the ASTM E1926-98 (2015) standard. The algorithm developed in the IRRE 

study, reported in the World Bank technical reports (Sayers, Gillespie, and Paterson 1986, 

Sayers, Gillespie, and Queiroz 1986) and summarized by Sayers (1995), consists of solving 

in time domain the differential equations that represent the QCM riding on the pavement 

section profile (measured through any of the methods described by the ASTM E950/950M-

09 (2018b) and ASTM E1364-95 (2017) standards) at 80 km/h. 

It is interesting that, despite the widespread use of IRI, some studies have reported that the 

IRI presents certain limitations that warrants addressing, particularly on low-speed roads 

(Ahlin and Granlund 2002, La Torre et al. 2002, Arhin et al. 2015, Múčka 2016, 2017b, 

Abudinen et al. 2017). Some of these challenges and limitations include the following: 

• The IRI was developed on rural roads based on pavement sections of 320m. However, 

on urban roads, the length of pavement sections is defined mainly by intersections or 
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junctions, which are usually found every 150 m. Since the IRI is sensitive to the base 

length over which it is calculated, it is common to obtain IRI values significantly higher 

than what the pavement condition actually reflects (La Torre et al. 2002). 

• The IRI model adopts a constant modeling speed of 80 km/h. However, on urban roads, 

the vehicle operating speeds are significantly lower. For example, in the Colombian case 

(City of Barranquilla), the vehicle speeds on urban roads within the city limits are usually 

less than 60 km/h. In addition, motorist comfort is strongly related to the vehicle speed 

and, therefore, IRI values can overestimate (or underestimate) the users’ real subjective 

perception about the road condition. 

• The IRI is influenced by particular characteristics associated with urban roads such as 

drainage provisions, frequent intersections, speed humps, roundabouts, frequent stop-go 

zones (i.e., braking/accelerating), pedestrian stops/crossings, and numerous interfaces 

with utility access boxes that affect the IRI significantly without representing greater 

impact on the perception of the users about the road quality. In other words, these 

characteristic factors hardly influence the users’ judgement of the road quality and ride 

comfort despite being quantitatively detrimental in terms of magnifying the IRI values.  

• The high IRI values for urban areas can exaggerate the scope of M&R activities required 

if these are not programmed based on appropriate/adequate indicators and thresholds for 

each specific context (Arhin et al. 2015). For example, the adoption of conventional IRI 

scales or international IRI thresholds such as the roughness thresholds used by the Federal 

Highway Administration (FHWA 2015), in urban areas, can overestimate the actual 

surface-roughness condition of the pavements, leading to inappropriate and costly 

decisions by the road agencies. 

• Lastly, for ride comfort evaluation, the mathematical formulation of the IRI has some 

disadvantages. For the same IRI value, the users can be exposed to totally different travel 

experiences if these are performed at different speeds (Abudinen et al. 2017, Múčka 

2017b). In this way, it is possible to obtain significantly different users’ perception of a 

set of pavements with the same IRI value (Ahlin and Granlund 2002). In addition, the 

QCM is used to calculate the suspension relative motion of a simulated vehicle ride. 

However, ride comfort is related to vehicle vibration rather than displacements (Múčka 

2016). 



15 

 

Given these challenges and limitations associated with the IRI concept, the current 

approaches consist of complementing the evaluation of the users' perception using 

parameters that adequately describe the users' experience when traveling on the roads. As 

discussed subsequently, the envisioned alternative/supplementary indicator is based on the 

whole-body vibration concept. 

2.2.2. The Whole-Body Vibration Concept 

The vehicle industry practice shows that ride quality assessment is preferably based on car 

vibrations, rather than suspension strokes, which corresponds to the displacement 

accumulation encompassed in the IRI model (Ahlin and Granlund 2002). In the same way, 

road agencies should identify and/or formulate appropriate indicators to manage the road 

networks and guarantee acceptable levels of service. Considering the IRI limitations in urban 

roads, alternative approaches are required for travel quality assessment of pavements, 

particularly those located within the city limits. 

The ISO 2631 standard (ISO 1997) proposes a methodology to quantify the vibrations that 

have an influence on human comfort and health. This method allows modeling the whole-

body vibration (WBV) into a single parameter from the analysis of accelerations perceived 

by users when traveling on a road. Specifically, the RMS value of the frequency-weighted 

acceleration time history, called aw, is one such parameter for effectively accomplishing this 

(ISO 1997). The frequency weighting is the mathematical process to represent the manner in 

which vibration affects human health and comfort differently depending on the vibration 

frequency and loading time history (Ahlin and Granlund 2002). 

It is important to highlight that the ISO 2631 (ISO 1997) defines a procedure for processing 

the acceleration data from a real travel experiment. On a car trip, pavement surface 

unevenness causes translational and rotational vibration on the users in all directions. 

However, as in the case of the IRI and other roughness indicators, the most used approaches 

in the literature for roughness assessment consist of the riding mathematical simulations 

based on a measured road profile. In this way, it is not only possible to define the simulation 

parameters according to the real travel conditions, but also study some hypothetical scenarios 

of interest. For example, analyze a wider range of speeds or include other types of vehicles 

by changing the model properties. In the case of the QCM, which is used subsequently in this 
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study, the model can only describe the vertical accelerations experienced by the sprung and 

unsprung masses (Sayers 1995). To avoid confusion and differentiate from aw, the parameter 

to model the vibrations in this study will be denoted as awz and mathematically expressed as 

shown in Equation (4): 

 wz = √∑ (Wk,i× iz
RMS)

2

i

 (4) 

Where awz = vertical frequency-weighted acceleration; aiz
RMS = vertical RMS acceleration 

values on the users’ body calculated by means of the power spectral density (PSD) for each 

ith octave thirds band; and Wk,i = frequency weighting factors for aiz
RMS, according to Table 

3 of ISO 2631-1 standard guide/manual.  

The vertical accelerations of the sprung mass (passengers) can be extracted from the QCM 

in order to compute awz according to the ISO standard (ISO 1997). As it can be observed the 

awz model, defined by Equation (4), has some advantages over the IRI model, including the 

following: 

• The IRI computation is standardized to a reference speed of 80 km/h, while the awz can 

be computed for any specific operational speed conditions of a given road (Cantisani and 

Loprencipe 2010, Abudinen et al. 2017, Loprencipe et al. 2019). This feature shows the 

flexibility and versatility of the awz for its application in different road types or categories 

(Loprencipe et al. 2019). 

• The calculation of the awz is not affected by the profile or section length, as in the case of 

the IRI (Loprencipe et al. 2019). 

• The parameters of the QCM for the IRI computation are fixed to the golden car 

parameters. However, for the awz mathematical processing, the accelerations can be 

measured in a field experiment or estimated from calibrated simulation models to 

represent the real travel conditions. 

• For some applications, depending on pavement roughness wavelength and vehicle speed, 

the IRI-based models can provide misleading estimates when assessing travel quality. It 

has been shown that it is possible to experience different levels of vibrations when 

traveling on pavements with the same IRI values (Ahlin and Granlund 2002, Múčka 

2017b). The awz allows to differentiate and quantify this effect. 
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2.2.3. Ride Quality Related Studies on Urban Roads 

Over the last decades, several authors have proposed different approaches to assess the level 

of service offered by pavement to users in the urban-road context (Ahlin and Granlund 2002, 

La Torre et al. 2002, Cantisani and Loprencipe 2010, Arhin et al. 2015, Abudinen et al. 2017, 

Kırbaş and Karaşahin 2018, 2019). These studies have shown a wide variety of analytical 

techniques for ride quality data processing, with the aim of enhancing the decision-making 

processes within the PMS’s. 

Ahlin and Granlund (2002) estimated some relationships between pavement surface 

roughness, in terms of IRI and a PSD indicator, vehicle speeds and the WBV experienced by 

users based on analytical ride simulations. These models can be used to convert the WBV 

limit values to correspondingly approximate the IRI values for an IRI-based PMS. However, 

for some applications where the IRI cannot be accurately approximated, the authors 

recommended implementing direct calculations based on accelerations measurements. 

La Torre et al. (2002) developed a correlation between user acceptability of pavement 

condition, user ratings on a PSR scale, and pavement surface roughness. The study was based 

on data from 17 sections of flexible and articulated pavements. The roughness was 

characterized by a modified IRI* model (the IRI model using a base length of 50 m and a 

riding speed of 50 km/h instead of 80 km/h) for a more approximate representation of the 

real travel conditions on urban roads. 

Cantisani and Loprencipe (2010) proposed and calibrated a ‘full car model’ to represent a 

complete real vehicle. This model was used to calculate the WBV (awz values) for a sample 

of pavement sections and various speeds (30 – 90 km/h). In total, 124 pavement sections 

extracted from the Strategic Highway Research Program (SHRP) Long-Term Pavement 

Performance (LTPP) were analyzed. The authors developed correlations between the 

standardized IRI model and the awz values for each speed considered. Based on the indicative 

comfort values of the ISO standard, they proposed speed-related IRI thresholds to evaluate 

ride quality on low-speed roads. 

Arhin et al. (2015) developed a model to predict the IRI based on the PSR in urban areas. 

122 flexible pavement sections selected from the District Department of Transportation 

(DDOT) were used in the study. The authors also proposed IRI thresholds based on user 
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perception and compared with the IRI values defined by the FHWA. In their 

recommendations, the authors emphasize the need to define suitable thresholds based on the 

actual pavement surface roughness perceived by motorists. 

Abudinen et al. (2017) described a methodology for the travel quality assessment for urban 

roads. The authors, using a database with information on more than 80 rigid pavements, 

estimated linear regression models to relate the IRI with the awz values for various riding 

speeds (30 – 100 km/h). In their findings, the authors proposed speed-related IRI thresholds 

for pavement management activities. 

Kırbaş and Karaşahin (2018, 2019) investigated the influence of a distress indicator, the PCI, 

on ride comfort. In their studies, PCI and vibrational measurements were performed on urban 

flexible pavements, according to the PAVER system and the ISO 2631 standards. Using 

logistic regression, artificial neural network (ANN), and fuzzy logic techniques, they 

proposed some threshold values of PCI for ride comfort. Finally, Table 3 summarizes the 

findings of the different studies related to ride quality on urban roads, emphasizing on the 

proposed thresholds for pavement sections that have an operating speed of 50 km/h, a 

representative speed of the urban context in which this study was developed. 

Table 3. Studies Related to Ride Quality on Urban Roads. 

Reference 

Source 
Speed Indicator Criteria Proposed Thresholds 

(La Torre et al. 

2002) 

50 

km/h 

IRI* 

(m/km) 

Percentage of Users Satisfied 

(%) 

4.1 (85%), 5.2 (75%), 6.9 (60%), 8.2 (50%) 

(Cantisani and 

Loprencipe 

2010) 

50 

km/h 

IRI 

(m/km) 

Pavement Condition Based 

on Indicative Comfort Values 

of ISO 2631 Standard 

<2.98 (Very Good), 2.98-5.95 (Good/Fair), 

5.95-8.51 (Mediocre), >8.51 (Poor) 

(Arhin et al. 

2015) 

−− IRI 

(in/mi) 

FHWA Pavement Condition 

Scale and IRI-Based 

Serviceability Models 

Freeways: <2.0 (Good), 2.0-3.4 (Acceptable) 

Arterials: <2.9 (Good), 2.9-4.4 (Acceptable) 

Collectors: <3.0 (Good), 3.0-5.0 (Acceptable) 

(Abudinen et al. 

2017) 

50 

km/h 

IRI 

(m/km) 

Pavement Condition 

According to IRI- awz models 

and ISO 2631 Comfort 

Values 

<2.05 (Very Good), 2.05-4.1 (Good), 

4.1-5.86 (Regular), >5.86 (Bad) 

(Kirbaş and 

Karaşahin 2018) 

50 

km/h 

PCI Indicative Comfort Values of 

ISO 2631 Standard 

<51 (Fairly Uncomfortable), 51-78 (A Little 

Uncomfortable), >78 (Not Uncomfortable) 

(Kirbaş and 

Karaşahin 2019) 

50 

km/h 

PCI Indicative Comfort Values of 

ISO 2631 Standard 

<45 (Fairly Uncomfortable), 45-78 (A Little 

Uncomfortable), >78 (Not Uncomfortable) 
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2.3. Summary 

In this chapter, a review of the literature and technical standards was completed, namely 

addressing the following key aspects: 

• Pavement Serviceability: the first pavement serviceability models formulated in the 

AASHO Road Test, and the evolution of the methodologies and indicators to predict the 

serviceability based on pavement surface roughness. Additionally, a summary of the 

serviceability models available in the literature, and some relevant specifications of the 

ASTM E1927-98 (2018a) were also presented. 

• Ride Quality and Road Roughness: a detailed description of the relation between 

pavement surface roughness and user comfort was presented. Two ride quality indicators 

were described, analyzed and contrasted, namely: (a) the IRI, and (b) the awz defined by 

the ASTM E1926-98 (2015) and the ISO 2631 (1997) standards, respectively. 

• Some of the most relevant studies associated with the ride quality indicators used in this 

study were highlighted. Finally, a summary of the main contributions of the related 

studies was also presented.
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CHAPTER 3 

STUDY SITE AND DATA COLLECTION 

 

The urban roads in the City of Barranquilla (Colombia) served as the case study and 

encompassed over 50 city roads – all with rigid pavement structures. The field data measured 

and collected included longitudinal pavement profiles, users’ perceptions (i.e., PSR), and 

acceptance responses (i.e., accept or reject) regarding the condition of the pavement sections. 

3.1. Field Data Collection Plans 

A two-phase approach was devised and executed for collecting the field data. Phase I 

comprised of a subjective evaluation where a riding quality experiment was conducted 

following the guidelines defined by ASTM E1927 (ASTM 2018a). In particular, the ASTM 

E1927 standard procedures for the adequate selection of road test sections and conformation 

to the evaluation panel (raters) requirements were compliantly adhered to. 

More than 50 rigid pavement sections, generally 3.5 m wide with lengths ranging between 

50 and 200 m, were selected from a representative group of roads, based on certain physical 

characteristics (surface roughness and distresses), of the City of Barranquilla, Colombia. 

Figure 4 illustrates the location of the pavement sections evaluated in the study. Note that 

over 90% of urban roads in the City of Barranquilla comprise of rigid pavement structures 

and thus, only rigid pavement sections were included in the study matrix. However, the 

methodology and concepts adopted can be replicated to urban flexible pavements. 

In addition, the panel size was defined to be 15 based on 0.3 MPR maximum error with a 

normal distribution, according to the ASTM specification (ASTM 2018a). The raters were 

representatively selected from the road user population based on age, sex, driving experience, 

and occupation; this considering that these variables could influence the perception of users 

regarding road condition (Arellana et al. 2019). The panel members (raters) were trained 

before the experiment following the ASTM guidelines. The average rating of the panel 

members for each pavement section was reported as the MPR and subsequently, used for 

serviceability estimations. 
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Figure 4. Location of the Pavement Sections Evaluated in Barranquilla, Colombia 

(Abudinen et al. 2017).  

It is important to mention that Phase I activities were performed by the TRANVIA 

investigation group as a part of a research project funded by the Colombian Department of 

Science, Technology and Innovation (COLCIENCIAS) and the Universidad del Norte. Some 

of the relevant works derived from this research project were presented by Abudinen (2015) 

and Velosa (2018), who provided key information for the successful development/execution 

of the work presented in this thesis. 
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Phase II of the study comprised of an objective evaluation where a performance index such 

as the IRI was evaluated on each pavement section. However, for a better subjective 

characterization of the users’ perception of ride quality in the urban-road context, an 

additional parameter, namely the vertical frequency-weighted RMS acceleration (awz), was 

also calculated in this study. Both parameters, IRI and awz,  were used for the serviceability 

estimations in this study in order to propose practical approaches for the functional evaluation 

of pavements within the PMS’ framework in urban areas. 

3.2. Pavement Surface Profile Measurements 

For field measurements and data collection, pavement profiles were measured continuously 

using a SurPro walking profiler along the outside wheel path. Nazef et al. (2008) suggested 

the use of the SurPro as a reference instrument for calibration and verification of high-speed 

inertial profilers. Figure 5 pictorially illustrates the SurPro used to evaluate the longitudinal 

pavement profiles. 

 

Figure 5. SurPro Walking Profiler. 

Thereafter, both IRI and awz values were extracted from a mathematical simulation of the 

QCM over the measured pavement profiles using an algorithm developed in the MATLAB 

programming platform (MATLAB 2017), which can be consulted from the appendices of 

this study. It is important to highlight that the vertical whole-body vibrational values were 
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simulated using the QCM, as in the case of the IRI, but considering the typical vehicle 

operating speeds prevalent on Barranquilla’s urban roads, namely 30 – 60 km/h. 

Finally, it should be noted this study was carried out on urban roads and, therefore, certain 

conditions/limitations prevented the strict implementation of the ASTM standard. One of 

these limitations was defining an adequate length for the pavement sections that guarantee 

an exposure time of 25 s at a constant speed. The typical operating speed for urban roads in 

Barranquilla is around 50 km/h. Therefore, to guarantee an exposure time of 25 s at that 

speed, a segment length of almost 350 meters would be required. However, on urban roads, 

the length of pavement sections is defined mainly by intersections, which typically are found 

every 150 m. 

3.3. Summary 

This chapter provided an overview of the study site and field data collection process.  The 

data collection plan incorporated a two-phase approach and included the following key 

aspects: 

• Over 50 city roads, all with rigid pavement structures were selected in the City of 

Barranquilla. 

• A subjective evaluation, namely Phase I, following the ASTM E1927 (2018a) 

specifications was conducted. 

• An evaluation panel (raters) was selected and asked about the pavement condition in 

order to quantify the users’ perception. 

• Objective evaluation, namely Phase II, was performed to compute the ride quality 

indicators.  

• The longitudinal pavement profiles of the test sections were measured using the SurPro 

walking profiler. 

• The IRI values were computed following the ASTM E1926-98 (2015) specifications. 

• The awz values were computed following the ISO 2631 (1997) specifications, considering 

a range of speeds between 20 and 90 km/h. 
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CHAPTER 4 

PAVEMENT SERVICEABILITY MODELING AND 

STATISTICAL ANALYSIS 

 

This chapter presents the modeling techniques used to process the data and the detailed 

results obtained for each of the two approaches considered in the investigation. The chapter 

also synthesizes, discusses, and compares the fundamental findings of the modeling of the 

pavement serviceability with the aim of proposing objective criteria for the functional 

evaluation of pavement structures. 

4.1. Formulation of Statistical Models 

For the deterministic analysis, the simple regression statistical technique was used. The 

simple regression allows analyzing bivariate data in order to estimate an equation/model that 

adequately fits the data and to use that equation to draw inferences about the relationship 

between the two variables (Navidi 2008). Specifically, the exponential transformation was 

used to represent the relationships between the user’s perception, in terms of PSI, and the 

predictor variables IRI and awz, respectively. This mathematical transformation was selected 

due to the widespread use that has been given to exponential models in the literature 

associated with the models of serviceability, see Table 1 of this study. 

Mathematically, it should be considered that exponential models constitute a particular form 

of simple regression models, which accounts for both a deterministic component and a 

probabilistic (random error) component (Navidi 2008). However, for practical reasons, one 

usually uses regression models to obtain the expected value of the dependent variable (in this 

case PSI), assuming that the error term has a mean equal to zero – hence, ignoring the random 

nature of the dependent variable. 

On the other hand, for the probabilistic analysis, the logistic regression technique was used. 

The logistic model is the most frequently used regression model when the outcome variable 

is discrete, taking on two or more possible values (Hosmer et al. 2013). It is important to 

highlight that the goal of an analysis using the logistic model is very similar to that of any 
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other regression model used in statistics (e.g., the simple regression). That is, to find the best 

fitting curve and most parsimonious model to describe the relationship between an outcome 

(dependent or response) variable and a set of independent (predictor or explanatory) variables 

(Hosmer et al. 2013). However, the logistic regression is based on probabilities instead of 

the expected value of the dependent variable as in the simple regression. 

In this study, ordinal/ordered and binary logistic regression models were used for data 

analysis. In the first case, the ordered logistic regression model was chosen considering the 

ordered nature of the dependent variable, that is, the five PSI subjective/qualitative levels 

from ‘V  y Poo ’ to ‘V  y Good’, see Figure 2. The dependent variable (i.e., PSI) was 

modeled using an unobserved variable PSI*, according to Equation (5). 

Where X is the independent variable (IRI or awz), βX is the regression coefficient associated 

with X and ε is the random disturbance. The predicted ordered PSI level can be obtained 

using the results of Equation (5) and the estimated thresholds τ according to Equation (6). 

 PSI = 

{
 
 

 
 1 (V  y Poo )       i         -∞ < PSI

* ≤ τ1

2  (Poo )               i          τ1 < PSI
* ≤ τ2

3 (F i )                 i          τ2 < PSI
* ≤ τ3

4 (Good)              i          τ3 < PSI
* ≤ τ4

5 (V  y Good)     i          τ4 < PSI
* ≤ ∞

 (6) 

Additionally, Equation (7) can be used to estimate the cumulative probability of observing 

the PSI levels based on the discomfort experienced by users due to the prevailing pavement 

condition in terms of IRI or awz. In this case, one could modify Equation (7) to obtain the 

probability of observing a specific PSI level of a pavement section given the simulated 

covariate values. 

P(PSI ≤ k|X) = 
 (τk - βX*X)

1+ (τk - βX*X)
 (7) 

Where X is the independent variable (IRI or awz) and βX is the regression coefficient 

associated with X and τk are the estimated thresholds or cut points. 

PSI
*
 = β

X
*X + ε 

(5) 
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In the second case, the binary logistic regression model was chosen based on the dichotomous 

nature of the acceptance/rejection responses by users. In the field experiments, raters were 

asked to identify whether the pavement sections were acceptable in terms of riding comfort. 

The outcomes, namely ‘accept’ or ‘reject’ were modeled as a binary variable Z considering 

both the IRI and the awz vibrational values. Considering Z = 1 for acceptance, and Z = 0 for 

rejection, a binary logistic regression model, expressed in Equation (8), was formulated in 

the present study to obtain the critical IRI and awz values as it is presented later. 

P(Z = 1|X)=
1

1 +  - (β0 + β1*X)
 (8) 

Where Z is the dependent variable; P(Z=1) is the predicted probability that the binary 

variable takes a numerical value of one – that is, accept the vibration or roughness levels; and 

β0 , β1 are regression coefficients, and X is the independent variable (i.e., IRI or awz in the 

present study). 

Additionally, it is important to consider that, for both logistic regression models addressed 

in this document (i.e., ordered and binary logistic models), the general method of estimation 

is called ‘the maximum likelihood’ (Hosmer et al. 2013), which is integrated into most 

statistical computer programs. In general, this procedure yields values for the unknown 

model parameters (i.e., β and τ values) in order to maximize the probability of obtaining the 

observed data set. 

The following sections present, analyze, and discuss the results obtained from the modeling 

of pavement serviceability based on the two approaches considered in this study, namely: 

The traditional models based on the IRI and the alternative proposal based on the whole-body 

vibration in terms of the awz parameter. 

4.2. Traditional IRI-Based Serviceability Modeling Approach 

4.2.1. Deterministic Analysis 

As described in Chapter 3, the data collected was compiled in a database that included the 

estimated awz values at typical operating speeds on Barranquilla’s urban roads (30 – 60 km/h 

with an incremental step of 10 km/h), IRI, MPR, and acceptance responses regarding the road 

infrastructure. 
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The IRI and MPR data were used for the estimation of simple regression models are shown 

in Figure 6. As expected from previous investigations summarized in Table 1 of this study, 

pavement serviceability decreases as the IRI increases. 

 

Figure 6. Relationship Between PSI and IRI. 

Figure 6 presents two exponential models used to describe the IRI-PSI relationship. The first 

model, defined by Equation (9), is a restricted model that sets a maximum PSI of 5 when the 

IRI = 0. The second model, defined by Equation (10), presents the best fit of the data but 

does not have a practical interpretation when the IRI = 0. 

PSI = 5 -0.081*IRI (9) 

R2 = 0.52 

PSI = 9.8 1 -0.174*IRI (10) 

R2 = 0.77 

Where the IRI is expressed in m/km and R2 is the coefficient of determination. Equations (9) 

and (10) represent deterministic models that can be used to predict a single PSI value 

associated with a given IRI.  

Furthermore, Figure 6 also presents the recommended ASTM relationship between the IRI 

and the PSI (values provided in Table X1.1 from appendixes of the ASTM E1927-98 (ASTM 

2018a)). It can be seen that the ASTM curve is significantly lower than the data collected in 
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this study. This could suggest that road users in Colombia are more tolerant to pavement 

sections with high roughness levels. However, it is important to consider the context of the 

study and the prevailing conditions. The present study is based on urban roads and, therefore, 

a careful interpretation of the indicative values of the standard must be made. 

On the other hand, considering the pavement distress data (e.g., patching, faulting, cracking, 

rutting, etc.), a pavement performance model to represent the relationship between the PSI 

and the PCI were estimated, see Equation (11). 

PSI = 0.1205(PCI)
 0.814

 (11) 

R2 = 0. 2 

The models defined in Equations (9) to (11) could be used to determine the serviceability of 

urban roads based on objective pavement indexes. However, these models were proposed 

using a deterministic approach, and in their formulation, the subjectivity of the ratings in the 

range of the data was not considered. To address this limitation, a complementary data 

analysis based on a probabilistic view was performed. 

4.2.2. Probabilistic Analysis 

In this subsection, the results corresponding to the estimation of the ordered logistic 

regression model based on the IRI are presented. Using a computational code in the statistical 

software R, which internally uses the maximum likelihood procedure (Hosmer et al. 2013), 

the respective model parameters defined in Equation (7) were estimated, as summarized in 

Table 4.  

Table 4. Estimation Results of Ordered Logistic Regression Model Based on the IRI. 

Parameter Estimate S.E. Z p-Value OR 
OR 95% CI  

(α = 0.05) 

τ1 -9.63 1.62 -5.95 < 0.001   

τ2 -8.10 1.41 -5.75 < 0.001   

τ3 -6.21 1.23 -5.03 < 0.001   

τ4 -4.28 1.11 -3.85 < 0.001   

𝛽𝐼𝑅𝐼 -0.97 0.19 -5.10 < 0.001 0.38 (0.26 , 0.55) 

Legend: S.E.= Standard Error; Z = Standard Score; OR = Odds Ratio; CI = Confidence Interval; 

α = Signi ic nc  L   l. 

The coefficient βIRI in Table 4 can be used to estimate the Odds Ratio (OR). In the logistic 

regression models, the OR is used to measure the association, in terms of odds, between the 

dependent variable (i.e., PSI) and the independent variable (i.e., IRI or awz) (Hosmer et al. 
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2013). Specifically, the OR describes how much more likely or unlikely it is for the outcome 

to take some defined values for a one-unit change in the independent variable. The OR for a 

change of 1 m/km in the IRI is 0.38. This estimate implies a 62% reduction in the odds of 

assigning a higher PSI level per 1 m/km increase in the IRI, or mathematically, 62% reduction 

in the odds of (PSI > k) over (PSI ≤ k), where k represents one of the five possible levels for 

the categorical variables of the PSI. 

The negative value of βIRI implies that the probability of ranking a pavement with a high PSI 

(PSI = 4 or 5) value decreases as the IRI increases. As an example, according to the estimated 

logistic model parameters and Equation (7), a pavement section with IRI = 2 m/km, presents 

the following probabilities of being rated by users: Probability (PSI = 1) = 0.0%, Probability 

(PSI = 2) = 0.2%, Probability (PSI = 3) = 1.2%, Probability (PSI = 4) = 7.4% and Probability 

(PSI = 5) = 91.1%. Additionally, Figure 7 presents a sensitivity analysis conducted using 

Equation (7) that allows the understanding of the effects of the pavement roughness, in terms 

of IRI, on probability predictions of specific PSI levels, which represents the users’ 

perception. 

 

Figure 7. Sensitivity Analysis for the Ordered Logistic Model Based on the IRI. 

It is important to note that the PSI values were grouped into five categories according to the 

qualitative scale of the serviceability (ASTM 2018a). Therefore, the results must be 

interpreted cautiously considering that each category considers a range of values. For 

example, PSI = 1 corresponds to user ratings of 1 or below (≤ 1), PSI = 2 corresponds to 
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ratings between 1 and 2 (1 < PSI ≤ 2), and so on, until the last category, which is PSI = 5. As 

seen in Figure 7, pavements in excellent conditions (i.e., low IRI) are more likely to be rated 

with high PSI values (4 to 5), while pavements in poor conditions are more likely to be rated 

with values close to 1. 

4.2.3. Formulation of IRI-Based Acceptance Criteria and Thresholds 

With the aim of proposing some tentative thresholds for pavement serviceability assessment 

of urban roads, a binary logistic regression model based on the IRI was formulated. The 

computed maximum likelihood parameter estimates for the binary logistic model, according 

to Equation (8), are given in Table 5. In general, the results show a good fit for the model 

with a p-value significantly less than 0.05 at 95% confidence level. 

Table 5. Estimated Results of Acceptance Logistic Regression Model Based on the IRI. 

Parameter Estimate S.E. (W2) p-Value OR 
OR 95% CI  

( = 0.05) 

𝛽0 5.36 1.54 12.17 < 0.001   

𝛽1 -0.62 0.22 8.09 0.004 0.54 (0.35 , 0.83) 

Likelihood Ratio Test Statistic: 13.47          

P-value: < 0.001                   

Legend: S.E.= Standard Error; W = Wald Statistic; OR = Odds Ratio; CI = Confidence Interv l; α = Signi ic nc  L   l. 

From Table 5, the estimated OR is 0.54, which implies a 46% reduction in the odds for 

acceptable pavement condition for a 1 m/km increase in the IRI. Furthermore, the predicted 

probability of acceptance was computed using Equation (8) with the appropriate parameters 

presented in Table 5, and the results are plotted as in Figure 8.  

  

Figure 8. Predicted Probability of Acceptance Based on the IRI. 
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As recommended by Gulen et al. (1994), a value of P(Z=1) = 0.85 was used to define the 

acceptability thresholds. This value is also convenient because, below this value (i.e., less 

than 85%), the probability decreases significantly for a small change in the predictor variable 

– see Figure 8. From Figure 8, one can identify a critical value of IRI = 5.9 m/km. However, 

depending on the local conditions and available resources, the road agencies can define 

thresholds for different acceptance probabilities. Table 6 summarizes some proposed values 

of interest that can be used in the PMS decision-making process to improve the ability of the 

road infrastructure to satisfactorily serve its users in terms of safety and comfort. 

Table 6. Pavement Acceptance Thresholds based on the IRI. 

Predicted Probability 

of Acceptance (%) 

IRI 

(m/km) 

95 3.9 

85 5.9 

75 6.9 

50 8.7 

25 10.5 

 

4.2.4. Synthesis and Discussion 

The models and results presented above allow for a detailed view of the relationship between 

the longitudinal roughness of a pavement section and the users’ perception regarding the 

travel quality.  

Figure 6 illustrates that the minimum value of the IRI reported in the study was 3.8 m/km, 

which represents a typical value of a newly constructed pavement on an urban environment 

in Colombia. Additionally, from the results reported in Table 6, it can be seen that there is a 

75% probability of accepting a pavement with an IRI of 6.9 m/km. These findings suggest 

that Colombian road users tolerate IRI values that are considered excessively high relative to 

international standards and the reviewed literature (Sayers, Gillespie, and Queiroz 1986, 

Shafizadeh et al. 2002, ASTM 2015, 2018a). For example, the FHWA (2015) uses the IRI to 

report the overall pavement condition of its road infrastructure. According to FHWA, 

pavements with IRI values less than 1.5 m/km are considered to have ‘good’ ride quality. 

Pavements with IRI values greater than 2.7 m/ km are considered to have ‘poo ’ ride quality.  
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However, the results obtained in this study must be assessed without forgetting the context 

in which they were developed. It has been shown that the IRI of urban roadway networks can 

be significantly affected by factors not frequently encountered in rural highways (Ahlin and 

Granlund 2002, La Torre et al. 2002, Arhin et al. 2015, Múčka 2016, 2017b, Abudinen et al. 

2017). Urban roads present singularities such as drainage provisions, frequent intersections, 

speed humps, roundabouts, frequent stop-go zones (i.e., braking/accelerating), pedestrian 

stops/crossings, and numerous interfaces with utility access boxes that affect the IRI 

significantly without representing greater impact on the perception of the users about the road 

quality. 

In fact, recognizing the concerns with the current practices for estimating the roughness of 

urban roads, the Transportation Research Board (TRB) decided to fund a project for 

“Measuring, Characterizing, and Reporting Pavement Roughness of Low-Speed and Urban 

Roads”. The results of this investigation will be published as the National Cooperative 

Highway Research Program (NCHRP) research report 914 (http://apps.trb.org/cmsfeed/ 

TRBNetProjectDisplay.asp?ProjectID=3404).  

On the other hand, it is interesting to note that the thresholds presented in Table 6 are 

consistent with results obtained in related investigations on urban roads. Abudinen et al. 

(2017) and Cantisani and Loprencipe (2010), evaluated the relationship between travel 

quality and pavement roughness on urban roads. They proposed IRI thresholds for different 

operating speeds (between 30 and 100 km/h) using the awz parameter as shown in Table 7. 

Table 7. Proposed IRI thresholds for various operating speeds (Abudinen et al. 2017). 

Road Operating 

Speed (km/h) 

Proposed Values for IRI (m/km) Slope 

(equation) 
R2 

Very Good Good  Regular Bad 

100 <0.73 0.73–1.45 1.45–2.07 >2.07 0.43 0.49 

90 <0.78 0.78–1.55 1.55–2.22 >2.22 0.41 0.42 

80 <1.04 1.04–2.09 2.09–2.98 >2.98 0.3 0.52 

70 <1.15 1.15–2.31 2.31–3.29 >3.29 0.27 0.41 

60 <1.54 1.54–3.09 3.09–4.41 >4.41 0.2 0.49 

50 <2.05 2.05–4.1 4.1–5.86 >5.86 0.15 0.47 

40 <3.23 3.23–6.47 6.47–9.24 >9.24 0.1 0.52 

30 <5.1 5.1–10.19 10.19–14.56 >14.56 0.06 0.48 

𝑎𝑤𝑧 parameter 

limit values (m/s2) 
<0.315 0.315–0.63 0.63–0.90 >0.90 
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As can see in Table 7, for an operating speed of 50 km/h, the IRI value corresponding to a 

pavement section in ‘poo  condition’ is 5.86 m/km, which is consistent with the IRI threshold 

of 5.9 m/km proposed in Table 6, based on the results of the logistic regression model. 

Finally, considering that Colombian local road agencies have yet to establish a PMS that 

defines the policies for the execution of maintenance and rehabilitation activities, the 

thresholds proposed in Table 6 could be used to define a prioritization criterion that actually 

takes into considerations how users perceive road condition. However, current approaches 

consist of identifying indicators that represent, in an increasingly realistic way, the 

experience of the users when traversing the roads. In this sense, the unification of the criteria 

can be sought in the functional evaluation of roads, finding a flexible parameter that adapts 

to the prevailing conditions of the interest. To achieve this goal and using the same statistical 

methods, the following section presents a detailed analysis of serviceability based on the 

whole-body vibration concept, by means of the awz parameter. 

4.3. Alternative awz-Based Serviceability Modeling Approach 

4.3.1. Deterministic Analysis 

The awz values at typical operating speeds on Barranquilla’s urban roads (30 – 60 km/h with 

an incremental step of 10 km/h) and the MPR data were used for the estimation of simple 

regression models. Figure 9 depicts the relationship between awz and PSI at the indicated 

vehicle speeds by means of four exponential models.  

  

Figure 9. Relationship Between PSI and awz. 
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As theoretically expected, pavement serviceability decreases as the vibrational levels 

represented by awz increases. Table 8 shows the estimated exponential models considering a 

wide range of modeling speeds (20 – 90 km/h). 

Table 8. Estimation Results of Deterministic Serviceability Models Based on the awz. 

Modeling 

Speed (km/h) 

Parameters 
R2 

𝜷𝟎 𝜷𝟏 

20 5 -2.937 0.62 

30 5 -1.164 0.70 

40 5 -0.785 0.72 

50 5 -0.478 0.84 

60 5 -0.382 0.74 

70 5 -0.248 0.69 

80 5 -0.256 0.64 

90 5 -0.165 0.50 

It is important to highlight that the exponential models defined in Table 8 are restricted to a 

PSI maximum value of 5.0 when awz is 0. This is based on the theoretical argument that a 

pavement in optimal conditions is one that does not generate discomfort to its users. 

Additionally, Figure 10 shows the sensitivity analysis for the coefficient of determination 

considering a wide range of modeling speeds (20 – 90 km/h).  

  

Figure 10. Sensitivity Analysis for the Coefficient of Determination. 

It is also worth noting that as illustrated in Figure 10, the coefficient of determination (R2) 

between PSI and awz for different speeds is 50% and higher. The highest R2 value is 84% for 
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50 km/h and the lowest (50%) corresponds to 90 km/h. These R2 values indicate a good 

correlation-ship and suggest that PSI can be estimated to a minimum accuracy of 50% from 

awz. Based on Figure 10 and Table 8, the highest PSI prediction accuracy and statistical 

confidence, would therefore, be for 50 km/h vehicle speed with an R2 value of 84%. 

The ability of the awz parameter to reflect the user perception in terms of pavement 

serviceability, for each considered speed, was quantified using R2 concept. The R2 value 

calculated for a simple linear regression is a statistical measure of how well the regression 

line describes the real data points (Navidi 2008). As one can observe from Figure 10, based 

on the highest R2 value (i.e., 84%), the model that best adjusts the user ratings in this study 

is defined by a modeling speed of 50 km/h. 

The above results/findings are consistent with the contributions made in previous studies by 

other researchers regarding the importance of the 50 km/h speed when studying urban roads, 

particularly in developing countries (La Torre et al. 2002, Kırbaş and Karaşahin 2018, 2019). 

In fact, the user comfort is highly dependent on the vehicle speed. Therefore, the user ratings 

are influenced by their travel experience, particularly in a situation where the typical average 

speed is around 50 km/h.  For these reasons, the pavement serviceability analysis of urban 

roads in this study will thus be based on simulated vertical accelerations at 50 km/h (awz(50)). 

Figure 11 shows the distribution of the reported average user ratings for each rigid pavement 

section and their corresponding simulated awz(50) values.  

 

Figure 11. Relationship Between PSI and awz(50). 
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From Figure 11 and the corresponding exponential model, it is possible to define the awz 

ranges based on the subjective serviceability scale shown in Table 9. 

Table 9. awz Thresholds for Serviceability Based on a Deterministic Approach. 

PSI Pavement Condition awz(50) 

(4 , 5] Very Good < 0.46 

(3 , 4] Good (0.46 , 1.06) 

(2 , 3] Fair (1.06 , 1.91) 

(1 , 2] Poor (1.91 , 3.36) 

[0 , 1] Very Poor > 3.36 

 

4.3.2. Probabilistic Analysis 

As in the IRI-based probabilistic analysis, an ordered logistic regression model was 

estimated. The model parameters were estimated using the maximum likelihood procedure 

(Hosmer et al. 2013) in the R statistical software, and the relevant results are summarized in 

Table 10. 

Table 10. Estimation Results of Ordered Logistic Regression Model Based on the awz. 

Parameter Estimate S.E. Z p-Value OR 
OR 95% CI 

(α = 0.05) 

τ1 -10.52 2.41 -4.36 < 0.001   

τ2 -7.11 1.36 -5.23 < 0.001   

τ3 -4.14 0.76 -5.45 < 0.001   

τ4 -1.17 0.54 -2.18 0.03   

β
 wz

 -3.74 0.78 -4.78 < 0.001 0.02 (0.01 , 0.11) 

Legend: S.E.= Standard Error; Z = Standard Score; OR = Odds Ratio; CI = Confidence Interval; 

α = Signi ic nc  L   l. 

The OR for the awz-based logistic model allows describing how an increment of 1 m/s2 in the 

awz has an effect on PSI in terms of odds. However, considering the range of the awz values 

(the order of magnitude seen in Figure 11), a change of 1 m/s2 is too large and 0.1 m/s2 is a 

more realistic change for a given pavement in consecutive years. Hence, to provide a useful 

interpretation, the OR for a change of 0.1 m/s2 in awz is OR(0.1) = exp(-3.74×0.1) = 0.69. 

This estimate implies a 31% reduction in the odds of assigning a higher PSI level per 0.1 

m/s2 increase in awz, or mathematically, 31% reduction in the odds of (PSI > k) over (PSI ≤ 

k), where k represents one of the five possible levels for the categorical variables of the PSI. 
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The negative value of βawz implies that the probability of ranking a pavement section with a 

high PSI value (4 or 5) decreases as the awz(50) increases, i.e., increasing discomfort. As an 

example, according to the estimated logistic model, a pavement whose irregularities generate 

vertical accelerations of awz(50) = 0.15 m/s2, presents the following probabilities of being rated 

by users as follows: Probability (PSI = 1) = 0.0%, Probability (PSI = 2) = 0.1%, Probability 

(PSI = 3) = 2.6%, Probability (PSI = 4) = 32.4%, and Probability (PSI = 5) = 64.9%, 

respectively. 

Additionally, Figure 12 presents a sensitivity analysis conducted using Equation (7) that 

allows the understanding of the effects of the discomforts generated by the pavement in the 

users, measured by awz, in their subjective criteria when evaluating a pavement with a specific 

PSI level. 

 

Figure 12. Sensitivity Analysis for Ordered Logistic Model Based on the awz(50). 

It is important to emphasize again that the PSI levels were grouped into five categories 

according to the serviceability scale (ASTM 2018a), so it should be considered when 

interpreting the results. As seen in Figure 12, pavements in excellent conditions (i.e., awz 

values close to zero) are more likely to be rated with high PSI values (4 to 5), while 

pavements in poor conditions are more likely to be quantitatively/numerically rated with PSI 

values less than two. 

A similar analysis to that used in the deterministic approach can be used to define the awz 

ranges based on the subjective serviceability scale. Using Equation (7), it is possible to 
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determine the awz(50) ranges for which the probability of users qualifying the pavement at each 

PSI level reaches the highest values – see Table 11. 

Table 11. awz Thresholds for Serviceability Based on a Probabilistic Approach. 

PSI Pavement Condition awz(50) 

(4 , 5] Very Good < 0.35 

(3 , 4] Good (0.35 , 1.11) 

(2 , 3] Fair (1.11 , 1.89) 

(1 , 2] Poor (1.89 , 2.80) 

[0 , 1] Very Poor > 2.80 

 

4.3.3. Formulation of WBV-based Acceptance Criteria and Thresholds 

The maximum likelihood procedure was then used to estimate the model parameters, namely 

β0 and β1, according to Equation (8). The relevant details of the modeling are presented in 

Table 12. In general, the likelihood p-values, which are less than 0.05 at 95% confidence 

level, indicate that the linear models fit the data well.  

Table 12. Estimation Results of Acceptance Logistic Regression Model Based on the awz. 

Parameter Estimate S.E. (W2) p-Value OR 
OR 95% CI 

( = 0.05) 

𝛽0 4.904 1.242 15.601 < 0.001   

𝛽1 -3.22 1.109 8.428 0.004 0.04 (0.004 , 0.351) 

Likelihood Ratio Test Statistic: 25.15          

P-value: < 0.001                   
Legend:   S.E.= Standard Error;   W = Wald Statistic;   OR = Odds Ratio;   CI = Confidence Interval;    

α = Signi ic nc  L   l. 

From Table 12, the estimated OR for an increase of 1 m/s2 in awz is 0.04. However, as 

discussed before, 0.1 m/s2 was used considering that it represents a more realistic change of 

pavement condition in consecutive years. Therefore, the odds ratio OR(0.1) = exp(-3.22*0.1) 

= 0.72, implies a 27% reduction in the odds for acceptable pavement condition per 0.1 m/s2 

increase in awz. In other words, for every increase of 0.1 m/s2 in the vertical accelerations 

experienced by users, the ratio of the probability that users accept a given pavement section 

over the probability that they will reject it decreases 27%.  

As in the IRI-based analysis, the predicted probability of acceptance was computed using 

Equation (8) with the parameters from Table 12 as inputs. The corresponding results are 

graphically plotted in Figure 13. 
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Figure 13. Predicted Probability of Acceptance Based on the awz(50). 

From Figure 13, using the recommended value of P(Z=1) = 0.85, one can also observe a 

critical value of awz(50) = 0.98 m/s2. Table 13 summarizes some proposed values of interest 

that can be used by road management agencies for ride quality assessment. 

Table 13. Proposed Pavement Acceptance Thresholds Based on the awz Parameter. 

Predicted Probability 

of Acceptance (%) 
awz(50) 

(m/s2) 

95 0.61 

85 0.98 

75 1.18 

50 1.52 

25 1.86 

 

4.3.4. Synthesis and Discussion  

The definition of ride comfort varies depending on personal expectations and perceptions 

about the pavement conditions and user traveling experience. The ISO 2631 standard (ISO 

1997) gives approximate indications of the likely reactions to various magnitudes of the 

WBV for application in public transport, as presented in Table 14. However, considering the 

subjectivity in the opinion of users in different contexts such user travel experience, comfort 

thresholds are not defined in the ISO 2631 standard (Kırbaş and Karaşahin 2018, Arellana et 

al. 2019). In fact, the limit values for the acceleration’s ranges are often in conflict due to 

multiple overlaps in the awz values – see Table 14. For example, according to the ISO, awz 
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values between 0.8 and 1.0 m/s2 can be qualitatively described as ‘F i ly Uncom o t  l ’ or 

‘Uncom o t  l ’. 

Table 14. ISO 2631 Indicative Acceleration Values for Ride Comfort. 

aw (m/s2) Expected Comfort Level 

< 0.315 Not Uncomfortable 

0.315 - 0.63 A Little Uncomfortable 

0.5 - 1.0 Fairly Uncomfortable 

0.8 - 1.6 Uncomfortable 

1.25 - 2.5 Very Uncomfortable 

> 2.0 Extremely Uncomfortable 

Figure 14 summarizes the most relevant findings of the alternative approach for pavement 

serviceability modeling using the awz parameter. The graph shows the results obtained from 

the deterministic and probabilistic modeling including the proposed awz thresholds for 

pavement condition acceptance. Additionally, the values suggested by the ISO 2631 standard 

(ISO 1997) for the evaluation of the vibrations that affect the travel quality and ride comfort 

were also included in Figure 14. 

  

Figure 14. Travel Quality and Ride Comfort Thresholds (Rigid Pavements). 

It is interesting to note that the thresholds summarized in Figure 14 are consistent and/or 

overlapping with the ISO 2631 standard (ISO 1997). For example, for awz values greater than 

2 m/s2, which mean approximately PSI qualitative categories of ‘Poo ’ and ‘V  y Poo ’ 

pavement condition according to the deterministic and probabilistic approaches, correspond 
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to unacceptable acceleration values according to the acceptance threshold, and an ‘E t  m ly 

Uncom o t  l ’ level of comfort. Similarly, awz values lower than 0.5 m/s2, qualitatively 

describe roughly a pavement in ‘V  y Good’ condition, with a high probability of acceptance 

(P ≥ 0.85), and a ride experience qualitatively described as ‘Not Uncom o t  l ’. Lastly, the 

proposed threshold of awz = 0.98 m/s2, according to the acceptability criteria, represents 

approximately the acceleration value for which a pavement moves from ‘Good’ to ‘F i ’ 

based on deterministic and probabilistic analysis; and the beginning of an ‘Uncom o t  l ’ 

ride experience according to ISO indicative comfort values. 

These results and findings highlight some of the advantages of the pavement serviceability 

modeling approach based on vertical accelerations using the awz parameter. Among these, the 

possibility of using a unified objective criterion to assess the quality of the service offered by 

roads of different types and operative characteristics, as long as the parameter is adapted to 

the field conditions. It should be noted that, in the case of the IRI criteria, the index is 

calculated under the standard methodology that does not represent the field conditions of the 

study (i.e., the operating speed). Therefore, what is adapted is the threshold, for example, 

high IRI values on low-speed roads. However, the awz can be adapted to local conditions 

(measuring or simulating accelerations under real conditions) without modifying the ISO 

standard procedure, and also, allowing a global comparison scale of the ride quality based on 

the users’ experience when traveling on the roads. 

4.4. Summary 

In this chapter, the serviceability modeling and statistical analysis of the collected data were 

performed considering two different approaches, namely: the traditional IRI-based, and (b) 

the alternative awz-based. The key outcomes from the chapter are as follows: 

• Deterministic serviceability models using the simple regression analysis were estimated 

based on the IRI and the awz. 

• Probabilistic serviceability models using the ordered logistic regression technique were 

estimated based on the IRI and the awz. 

• Pavement acceptance criteria and thresholds using the binary logistic regression 

technique were formulated based on the IRI and the awz. 

• Finally, the main results were summarized, analyzed and contrasted with the reference 

values defined by the FHWA and the ISO. 
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CHAPTER 5 

CONCLUSIONS AND RECOMMENDATIONS 

 

5.1. Conclusions 

Using the City of Barranquilla’s urban rigid pavements as the datum source, this study was 

conducted to formulate some pavement serviceability evaluation criteria for low-speed roads 

(30 – 60 km/h) in an urban setting. Deterministic and probabilistic modeling of the PSI was 

developed based on two different approaches associated with recognized pavement 

roughness indicators, namely: (a) the traditional IRI-based, and (b) the alternative awz-based 

serviceability modeling approach. The pavement performance and ride quality indicators 

(i.e., PSI, IRI and awz) were obtained following relevant ASTM and ISO specifications. 

Subsequently, the relevant results were compared with the criteria used by some international 

organizations to identify the advantages and disadvantages of the proposed methodologies 

for evaluating pavement serviceability. The key findings drawn from the study, based on an 

analysis of over 50 rigid pavement sections, are summarized as follows: 

• Both IRI and awz are strongly related to the users’ perception regarding the quality of the 

service offered by the roads, that is, the pavement serviceability. However, the context 

plays a key role in the use and interpretation of the results. In the particular case of the 

IRI, data suggested that Colombian users have higher tolerance toward roads with high 

IRI values in urban roads when compared with international standards. This could be 

explained considering that the operational speed on urban roads is significantly lower 

than the 80 km/h defined by the mathematical IRI model. Also, the unique characteristics 

of urban roads could disturb the estimation of the IRI despite not affecting users’ 

perception of road condition. For this reason, the formulated frequency-weighted root-

mean-square acceleration (awz) parameter, based on the WBV concept and accounts for 

simulated vertical acceleration, offers a more realistic representation for modeling the 

serviceability and ride quality of low-speed urban roads. The robustness and flexibility 

of the awz parameter allow it to adapt and compute PSI values for any operating vehicle 
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speed within an urban setting. Plausible results were obtained in this study for a speed 

range of 30 to 60 km/h. 

• Deterministic modeling yielded high PSI prediction accuracy: 52% for the IRI model and 

84% for the awz model estimated for an operating vehicle speed of 50 km/h . This result 

implies a 32% increase in the ability of the awz-based model compared to the IRI-based 

serviceability model to adequately describe the users’ perception. This finding aligns well 

with the fact that the typical operating speed for most urban roads in cities such as 

Barranquilla is around 50 km/h, with a speed limit of about 60 km/h. 

• Probabilistic ordered logistic regression models based on the analyzed pavement 

roughness indicators (i.e., IRI and awz) were estimated. These models can be used to 

estimate the probability that a rater would assign a specific PSI level to a particular 

section given its current condition allowing more detailed analysis of the variability in 

individual perceptions of users. 

• Based on the probability of acceptance related to pavement condition, IRI and awz 

thresholds were successfully formulated. For a recommended probability criterion of 

P=85%, thresholds of 5.9 m/km and 0.98 m/s2 were proposed for IRI and awz, 

respectively. These tentative values can be used by road management agencies to improve 

ride quality of low-speed urban roads. However, depending on the local conditions and 

available resources, the road agencies may consider thresholds for different acceptance 

probabilities. 

Overall, one of the main contributions of this study was to demonstrate that for accurate 

estimation of the ride quality and comfort, in terms of PSI, the evaluation criteria should 

correspondingly be based on the representative field conditions. It should be noted that, in 

the case of the IRI criterion, the indicator is calculated under the standard methodology that 

does not represent the context of the study (i.e., the operating speed); therefore, what is 

adapted is the threshold, for example, high IRI values on low-speed roads. This means that 

the evaluation of the ride quality, based on users’ perception,  is made in relative terms and 

not in a general scale of roughness that allows to make comparisons with roads with different 

operating conditions. However, in the case of the awz criterion, the indicator can be adapted 

to local conditions (measuring or simulating accelerations under required conditions) without 

modifying the ISO standard procedure, and also, allowing a global comparison scale of the 
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ride quality, based on the users’ experience (i.e., vertical accelerations) when traveling on 

the roads. 

5.2. Significance and Application of the Study Results and Findings 

From an academic perspective, the study represents an important contribution to the 

pavement serviceability evaluation considering other types of models and criteria that have 

not been widely explored in the literature. For example, the development of probabilistic 

models such as the logistic regression models to analyze the effect of the subjectivity of users' 

perceptions. This type of models allows a broader view of the state of roads than a single 

value obtained from a deterministic approach.  

In addition, this study demonstrates the need to explore new criteria and indicators to assess 

the variety of field conditions that can be found in different contexts. In this sense, indicators 

such as the awz allow to increase the tools available for the functional evaluation of 

pavements, especially in the case of urban roads. 

On the other hand, for the state of practice, considering that Colombian local road agencies 

have yet to establish a PMS that defines the policies for the programming, timing, and 

scheduling of M&R activities, the thresholds proposed in this study could be tentatively used 

to define a prioritization criteria that take into considerations how users perceive the urban 

road conditions. These criteria can potentially serve as an objective instrument to prioritize 

road infrastructure projects at the local network level, supporting the decision-making 

process by road agencies, and thus achieving an increase in the welfare of the urban 

population. 

5.3. Limitations and Challenges of the Study 

The main limitations of the study, especially related to the data collection process in the 

context of urban roads, are summarized as follows: 

• Although some studies have reported the influence of the temperature on the pavement 

roughness, particularly in the case of rigid pavements, this variable was not considered 

in the process of measuring the longitudinal pavement profiles. Therefore, the models 

and thresholds proposed in this study could be influenced by the typical temperature 

gradient in the field conditions. However, it is important to mention that the ASTM 
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standards used in the present study for data collection and analysis do not describe any 

practical or mathematical procedure to include the effect of temperature in the calculation 

of the IRI values or in the estimation of pavement serviceability models based on this 

index. 

• According to the ASTM E1927-98 standard, the length of the pavement test sections must 

be defined to guarantee users an exposure time of 25 s at a constant speed. The typical 

operating speed in the City of Barranquilla is around 50 km/h, therefore, to guarantee an 

exposure time of 25 s at that speed, a segment length of almost 350 meters would be 

required. However, considering that this study was performed on urban roads, the length 

of pavement sections was defined mainly by intersections, which are usually found every 

150 meters. 

• The dynamic simulation was performed using the QCM with the original “Golden Car” 

parameters. However, these vehicle properties may differ from the characteristics of 

current vehicles that are part of the typical composition of traffic in the City of 

Barranquilla. 

5.4. Recommendations for Future Research 

Further studies should focus on improving the accurate representation of real travel 

conditions. For example, it would be interesting to consider other vehicle characteristics 

according to the typical composition of the transit. Additionally, the estimation of more 

complex vehicle models that accounts for both translational (in all directions) and rotational 

vibration that are experienced in a real vehicle ride must be considered. 

On the other hand, considering that PSI values are the basis of the pavement design 

methodologies (e.g., the AASHTO 93) used in most developing countries, validation 

analyses would be useful in the near future to assess the forecasting accuracy of the models 

proposed in this thesis. This is particularly significant when comparing against the actual 

field performance of rigid pavements that currently form the road network of the City of 

Barranquilla.  

Lastly, although the results and findings reported herein pertain to the rigid (concrete) 

pavements evaluated in the study, the methodology and concepts adopted can be replicated 

to urban flexible pavements.
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APPENDICES 

 

A. Database 

The database file is included in the Appendix folder, see the file ‘A_Thesis_Database.txt’. 

 

B. Matlab and R Codes 

The script files used throughout this investigation for data analysis are included in the 

appendix folder as follows: 

• Moving average smoothing filter: ‘B_Filter.txt’ (Matlab). 

• Function for IRI calculation: ‘B_Func_IRI.txt’ (Matlab).  

• Function for awz calculation: ‘B_Func_awz.txt’ (Matlab). 

• Main code to call the IRI and awz functions: ‘B_MCode.txt’ (Matlab). 

• Ordered logistic regression script: ‘B_OLogit.txt’ (R). 

• Binary logistic regression script: ‘ B_BLogit.txt’ (R). 

 

C. Pavement Surface Profiles 

The pavement profiles are included in the Appendix folder, see the folder 

‘C_Pavement_Profiles’. 


