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Abstract 10 

The quantification of the pavement serviceability, as measured in terms of the present serviceability 11 

index (PSI), is most often based on the international roughness index (IRI), a mathematical model 12 

developed by the World Bank. The IRI adopts a constant modeling speed of 80 km/h. However, on 13 

low-speed urban roads, particularly in developing countries and/or congested roads, this may present 14 

a challenge - as vehicle operating speeds could be much lower than 80 km/h, among other limitations 15 

associated with the use of IRI as an indicator of ride quality in the urban context. Using the Colombia’s 16 

City of Barranquilla’s urban rigid (concrete) pavements as the datum source, this study was conducted 17 

to formulate some alternative pavement serviceability criteria for low-speed roads (30 – 60 km/h) in 18 

an urban setting. Deterministic and probabilistic modeling of PSI in the SPSS statistical software were 19 

executed based on the whole-body vibration (WBV) concepts, and thereafter, the results were 20 

compared with the ISO 2631 standard that addresses human exposure to multiple mechanical shocks. 21 

In the study, a modified WBV-based frequency-weighted root-mean-square acceleration parameter 22 

(awz), offering a more realistic representation for modeling the serviceability and ride quality of low-23 

speed urban roads, was formulated. Based on the estimated models, an awz criterion of 0.98 m/s2 at a 24 

probability acceptance of 85%, for a vehicle operating speed of 50 km/h, was proposed for urban roads. 25 

Overall, the study has demonstrated that for accurate estimation of ride quality and comfort (i.e., PSI) 26 

of low-speed urban roads, the evaluation criteria should be based on low vehicle speeds that are more 27 

representative of urban field conditions. For road agencies such as the City of Barranquilla, the 28 

proposed awz criteria and thresholds can potentially serve as cost-effective supplements for efficient 29 



Pavement Management System (PMS) decision making and optimize maintenance and rehabilitation 30 

(M&R) timing with respect to urban roads. 31 
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 34 

1. Introduction 35 

In general, the decision-making process of a road agency should be supported by a robust Pavement 36 

Management System (PMS). A PMS is an objective process to evaluate, design, and program timely 37 

maintenance and rehabilitation (M&R) activities to prolong the service life of the road network. 38 

Performance indicators such as pavement surface roughness, cracking, rutting, etc., represent a key 39 

element to a PMS.  Based on these indicators, a road agency can prioritize decisions and optimize the 40 

limited resources, while guaranteeing an acceptable level of service of the road network. Generally, 41 

road authorities try to define and maintain the performance indicators at acceptable levels to 42 

sustain/improve the ride quality (among others) on their road infrastructure. 43 

By definition, pavement serviceability is a concept developed in the American Association of State 44 

Highway Officials (AASHO) Road Test to assess the ability of a given pavement section to serve the 45 

traffic in its current condition (AASHO 1962a). In other words, it is a measure of the comfort and 46 

safety experienced by motorists/users when traveling on a road (Carey and Irick 1960). For this reason, 47 

the present serviceability index (PSI) is one of the most common indicators used worldwide to design 48 

pavement structures, as in the case of the AASHTO 93 design method (AASHTO 1993). Despite the 49 

great advances made in the field of pavement design, such as the mechanistic-empirical (M-E) 50 

methods, the AASHTO 93 is still the widely used method today, literally in most developing countries 51 

including Colombia (ABC 2011, ICPA 2014, INVIAS 2015). 52 

In the AASHO Road Test, it was shown that the roughness of the longitudinal pavement profile is the 53 

variable that best describes users’ ratings, and therefore, the serviceability of a pavement. Since then, 54 

several attempts have been made to relate the pavement roughness to the serviceability concept in 55 

different contexts, mainly on rural and interstates roads. The International Roughness Index (IRI) is 56 

one such popular index used widely in the PMS’s around the world (Múčka 2017).   57 



In a study carried out by Fuentes et al. (2019), the authors presented a summary of the pavement 58 

serviceability models available in the literature along with their relevant details. One of the main 59 

findings of their study is the widespread usage of the IRI for the serviceability estimations in different 60 

contexts, purposes, and interpretations. In their study, Fuentes et al. (2019) also formulated 61 

deterministic and probabilistic serviceability models for urban roads, and proposed some IRI and 62 

pavement condition index (PCI) thresholds for the users’ acceptance of the pavement condition for 63 

developing countries. 64 

However, since the IRI development in 1986 by the World Bank (Sayers et al. 1986), different studies 65 

have described many limitations about the application of the IRI in urban roads. One of the most 66 

reported limitations is the difference between the simulation speed of the quarter car model (80 km/h) 67 

and the typical operating vehicle speeds on urban roads (30 to 60 km/h) (Abudinen et al. 2017). This 68 

discrepancy can undesirably lead to an overestimation of the discomforts perceived by the users under 69 

real-time travel conditions. 70 

In consideration of the above challenges/limitations, the current approaches consist of complementing 71 

the evaluation of the users' perception using parameters that adequately describe the users' experience 72 

when traveling on the roads. The ISO 2631 standard proposes a methodology to quantify the body 73 

vibrations with an index called -frequency weighted root mean square (RMS) acceleration (aw)- (ISO 74 

1997). The aw index allows for the evaluation of the vibrational effects induced by the pavement profile 75 

(surface) irregularities on human comfort at operational vehicle speeds. This flexibility of the aw index 76 

inherently  addresses the main limitations of the IRI when making estimations of serviceability on low-77 

speed roads, with operating vehicle speeds less than 80 km/h. The use of representative indicators, such 78 

as the aw index, for real-time travel conditions, is a fundamental component of the PMS and is very 79 

critical for rational decision-making processes by the road authorities. 80 

2. Objectives and scope of study 81 

Based on the above background and as a supplement to the IRI criteria, this study was conducted to 82 

address the following two objectives, namely to: 83 

(1) Analyze the relationship between the user’s subjective perception regarding the level of service 84 

provided by a road and the vertical accelerations induced by the road profile using the ISO 2631 85 

whole-body vibration index concept. To accomplish this objective, deterministic and 86 



probabilistic models were formulated and utilized for pavement serviceability estimations on 87 

urban roads. 88 

(2) Propose tentative thresholds for pavement serviceability assessment of urban roads using the 89 

aw parameter as a more representative characterization with respect to travel quality; and lastly, 90 

compare the proposed aw thresholds to the ISO 2631 standard. 91 

For the data source, the urban roads in the City of Barranquilla (Colombia) were used as the case study 92 

to accomplish the above objectives. In the subsequent section, the literature review is presented 93 

followed by the study methodology. Formulation and development of the deterministic and 94 

probabilistic models are then presented including statistical analysis and proposition of the acceptance 95 

thresholds/criteria. A synthesis and discussion of the results are then presented followed by a summary 96 

of conclusions and recommendations to wrap up the paper. 97 

3. Review of literature and technical standards 98 

A literature review including the associated technical standards is presented and discussed under this 99 

section. Aspects covered include the pavement serviceability, ride quality, pavement roughness, IRI, 100 

whole-body vibration concepts, and ride quality related studies on urban roads. 101 

3.1 Pavement serviceability 102 

During a period of two years (1958 - 1960), the AASHO developed the experimental phase of the 103 

AASHO Road Test. A full-scale trial whose main objective was the evaluation of the performance of 104 

two types of structures with defined characteristics was initiated, namely pavements (rigid and flexible) 105 

and bridges (reinforced concrete and structural steel) subjected to dynamic loads of known magnitude 106 

and frequency (AASHO 1962a). 107 

Considering that the fundamental function of a pavement is to serve traffic, and that, it is the users who 108 

can best evaluate this service, the AASHO proposed the concept of serviceability. The serviceability 109 

of a road represents the quality of the road as perceived by users, in terms of comfort (ride quality) and 110 

can be related to the different measurable distresses (e.g., roughness, cracking, and rutting) on the 111 

pavement surface (Paterson 1987). 112 

Due to the subjective nature of the serviceability concept, it was necessary to numerically summarize 113 

the users' opinions and, as far as possible, find their relationship with quantifiable physical 114 

characteristics (i.e., roughness, cracking, rutting, and patching areas) of the pavement. Two 115 



fundamental indicators emerged from this process, namely the Present Serviceability Rating (PSR) and 116 

the Present Serviceability Index (PSI). The PSR represents the average of the user ratings for each 117 

pavement section on a 0 to 5 scale (i.e., 0 ≤ PSR ≤ 5), using the rating form shown in Figure 1 (for all 118 

pavement types). The PSI represents the result of the relationship between the PSR and pavement 119 

objective parameters such as the IRI or the PCI. In other words, the PSI is used to describe/predict the 120 

serviceability (PSR) through statistical models.  121 

***** FIGURE 1 BY HERE ***** 122 

As a result of the AASHO Road Test, the first pavement serviceability models were introduced in 1960 123 

(Carey and Irick 1960). The models proposed served as the basis for the pavement design procedure 124 

adopted by AASHTO. Equation (1) presents the model proposed for flexible pavements, while 125 

Equation (2) is used for rigid pavements. 126 

 Flexible pavements: 127 

 PSI = 5.03 - 1.91 log(1+SV) - 1.38(RD)2 - 0.01√C+P (1) 128 

R2 = 0.84,  SEE = 0.38 129 

 Rigid pavements: 130 

 PSI = 5.41 - 1.78log (1+SV)  - 0.09√C+P (2) 131 

R2 = 0.92,  SEE = 0.32 132 

Where SV = slope variance over the pavement section from CHLOE profilometer measurements; RD 133 

= mean rut depth (in); C = cracking (m2/1000 m2) (flexible); C = cracking (m/305 m2) (= 1ft/1000 ft2) 134 

(rigid); P = patching (m2/ 1000 m2); R2 = coefficient of determination; and SEE = standard error of 135 

estimate – where 1 ft ≅ 0.305 m and 1 ft2 ≅ 0.093 m2. 136 

In the AASHO Road Test, it was demonstrated that from the different variables contemplated in the 137 

field experiment to evaluate the overall pavement condition, the surface roughness of the longitudinal 138 

pavement profile, described in terms of SV, was the variable that best described the users’ ratings 139 

(AASHO 1962b). Since then, different concepts have been explored to relate the pavement surface 140 

roughness to pavement serviceability. The IRI is one such concepts that plays a key role in the 141 

pavement condition assessment in many countries around the world (Múčka 2017). 142 

ASTM E1927-98 (2018a) describes a procedure for obtaining subjective numerical ride ratings for a 143 

group of pavement sections. The standard defines the guidelines for the field experiment, particularly 144 



with aspects related to the suitable selection of pavement test sections and panel raters. In the ASTM 145 

standard, the average value, for each pavement section, of ride quality ratings assigned by the panel is 146 

called the Mean Panel Rating (MPR). The MPR is equal, by definition, to the PSR developed in the 147 

AASHO Road Test. Key considerations in ASTM E1927-98 standard include the following aspects 148 

(for both flexible and rigid pavements): 149 

 A minimum number of 20 pavement sections should be selected for each pavement type. 150 

 Each section should have homogeneous physical characteristics throughout its length. 151 

 The group of test sections should be well distributed by distress level. 152 

 Pavement sections should be of equal length, long enough to provide an appropriate time of 153 

panel raters exposure. 154 

 The panel size should be selected as a function of acceptable error in MPR units. 155 

 The rating panel should be representative of the road user population. 156 

 The preparation and provision of appropriate/adequate rating forms. 157 

 The formulation and issuing of appropriate instructions to the raters regarding the use of rating 158 

forms. 159 

 The processing of the data to obtain the MPR values. 160 

In general, the above considerations should be adhered to when conducting pavement rating studies. 161 

An important use of the resulting experimental data is to determine the ability of hypothesized functions 162 

of the physical pavement parameters, such as profile roughness, distresses indicators, etc., to provide 163 

appropriate and realistic estimations of the users’ perception about ride quality (ASTM, 2018a). 164 

3.2 Ride quality and pavement roughness 165 

Ride quality refers to the level of comfort experienced by vehicle (car) passengers when traveling on a 166 

road. This level of comfort is strongly dependent on the in-vehicle vibrations, especially vertical 167 

accelerations, induced by the pavement surface roughness (Ahlin and Granlund 2002). Pavement 168 

surface unevenness causes vibrations on the users’ whole-body during vehicle motion, adversely 169 

affecting the ride quality and comfort. For these reasons, the study of the pavement-vehicle-human 170 



interactions and the physical analysis of the vibration phenomena are both critical aspects, particularly 171 

for quantitatively relating pavement surface roughness to ride quality (Cantisani and Loprencipe 2010). 172 

As discussed subsequently, studies conducted to formulate mathematical representation of pavement 173 

surface roughness relative to travel quality, and support the PMS decision-making processes, yielded 174 

the well-known and widely used IRI concept (Múčka 2016, Múčka 2017).  175 

3.2.1 The International Roughness Index (IRI) 176 

Based on the International Road Roughness Experiment (IRRE) in Brazil, the World Bank, in 1986, 177 

published a document entitled “Guidelines for Conducting and Calibrating Roughness Measurements” 178 

– a calibration manual to introduce and extend the IRI internationally (Sayers et al. 1986). The IRI is 179 

a mathematical model based on the response of a quarter-car model (QCM) as it traverses a longitudinal 180 

pavement profile at a constant speed of 80 km/h (Sayers 1995). For the simulation, the parameters of 181 

the QCM are set and normalized to represent a typical passenger car called “the Golden Car”. The 182 

simulated motion between the sprung and unsprung masses (passengers and vehicle components 183 

masses) is accumulated and divided by the distance traveled by the QCM during a simulated ride at the 184 

standardized speed of 80 km/h – see Equation (3) below. 185 

 IRI= 
1

L
∫ |żs- żu|dt

  L/V

0
 (3) 186 

Where IRI is the pavement surface roughness indicator presented in units of slope, namely mm/m, 187 

m/km or in/mi; żs, żu = time derivatives of height (vertical coordinate) of sprung and unsprung masses, 188 

respectively; L = pavement profile length; and V = simulation speed (i.e., 80 km/h). 189 

The mathematical processing of the longitudinal pavement profiles to calculate the IRI is described in 190 

the ASTM E1926-98 (2015) standard. The algorithm developed in the IRRE study and reported in the 191 

World Bank technical reports  (Sayers et al. 1986) and summarized by Sayers (1995), consists of 192 

solving in time domain, the differential equations that represent the QCM, riding on the pavement 193 

section profile (measured through any of the methods described by the ASTM E950/950M-09 (2018b) 194 

and ASTM E1364-95 (2017) standards), at 80 km/h. 195 

In a study carried out by Fuentes et al. (2019), the authors, based on the traditional approach of 196 

predicting serviceability using the IRI, formulated probabilistic and deterministic serviceability models 197 

for urban roads in Colombia. However, some studies have been reported that the IRI presents certain 198 



limitations that warrants addressing, particularly on low-speed roads (Ahlin and Granlund 2002, La 199 

Torre et al. 2002, Arhin et al. 2015, Múčka 2016, Abudinen et al. 2017). Some of these challenges and 200 

limitations include the following: 201 

 The IRI was developed on rural roads based on pavement sections of 320 m. However, on urban 202 

roads, the length of pavement sections is defined mainly by intersections or junctions, which 203 

are usually found every 150 m. Since the IRI is sensitive to the base length over which it is 204 

calculated, it is common to obtain IRI values significantly higher than what the pavement 205 

condition actually reflects (La Torre et al. 2002). 206 

 The IRI model adopts a constant modeling speed of 80 km/h. However, on urban roads, the 207 

vehicle operating speeds are significantly lower. For example, in the Colombian case (City of 208 

Barranquilla), the vehicle speeds on urban roads within the city limits are usually less than 60 209 

km/h. In addition, motorist comfort is strongly related to the vehicle speed and, therefore, IRI 210 

values can overestimate (or underestimate) the users’ real subjective perception about the road 211 

condition. 212 

 The IRI is influenced by particular characteristics associated with urban roads such as drainage 213 

provisions, frequent intersections, speed humps, roundabouts, frequent stop-go zones (i.e., 214 

braking/accelerating), pedestrian stops/crossings, and numerous interfaces with utility access 215 

boxes that affect the IRI significantly without representing greater impact on the perception of 216 

the users about the road quality (Fuentes et al. 2019). In other words, these characteristic factors 217 

hardly influence the users’ judgement of the road quality and ride comfort despite being 218 

quantitatively detrimental in terms of magnifying the IRI values. The high IRI values for urban 219 

areas can exaggerate the scope of M&R activities required if these are not programmed based 220 

on appropriate/adequate indicators and thresholds for each specific context (Arhin et al. 2015). 221 

For example, the adoption of conventional IRI scales or international IRI thresholds such as the 222 

roughness thresholds used by the Federal Highway Administration (FHWA 2015), in urban 223 

areas, can overestimate the actual surface-roughness condition of the pavements, leading to 224 

inappropriate and costly decisions by the road authorities. 225 

 Lastly, for ride comfort evaluation, the mathematical formulation of the IRI has some 226 

disadvantages. For the same IRI value, the users can be exposed to totally different travel 227 

experiences if these are performed at different speeds (Abudinen et al. 2017). In this way, it is 228 



possible to obtain significantly different users’ perception of a set of pavements with the same 229 

IRI value. In addition, the QCM is used to calculate the suspension relative motion of a 230 

simulated vehicle ride. However, the ride comfort is related to vehicle vibration rather than 231 

displacements (Múčka 2016). 232 

Given these challenges and limitations associated with the IRI concept, this study aims to propose the 233 

use of a recognized alternative indicator, which can be more suitable for modeling user perception 234 

about the pavements in the urban areas. As discussed subsequently, the envisioned 235 

alternative/supplementary indicator is based on the whole-body vibration concept. 236 

3.2.2 The whole-body vibration concept 237 

The vehicle industry practice shows that ride quality assessment is preferably based on car vibrations, 238 

rather than suspension strokes, which corresponds to the displacement accumulation encompassed in 239 

the IRI model (Ahlin and Granlund 2002). In the same way, road agencies should identify and/or 240 

formulate appropriate indicators to manage the road networks and guarantee acceptable levels of 241 

service. Considering the IRI limitations in urban roads, alternative approaches are required for the 242 

travel quality assessment of pavements, particularly those located within the city limits. 243 

The ISO 2631 standard (ISO 1997) proposes a methodology to quantify the vibrations that have an 244 

influence on human comfort and health. This method allows for modeling of the whole-body vibration 245 

(WBV) into a single parameter from the analysis of accelerations perceived by users when traveling 246 

on a road. Specifically, the RMS value of the frequency-weighted acceleration time history, called aw, 247 

is one such parameter for effectively accomplishing this (ISO 1997). The frequency weighting is the 248 

mathematical process to represent the manner in which vibration affects human health and comfort 249 

differently depending on the vibration frequency and loading time history (Ahlin and Granlund 2002). 250 

It is important to highlight that the ISO 2631 (ISO 1997) defines a procedure for processing the 251 

acceleration data from a real travel experiment. On a car trip, pavement surface unevenness causes 252 

translational and rotational vibration on the users in all directions. However, as in the case of the IRI 253 

and other roughness indicators, the most used approaches in the literature for roughness assessment 254 

consist of the riding mathematical simulations based on a measured road profile. In this way, it is not 255 

only possible to define the simulation parameters according to the real travel conditions, but also study 256 

hypothetical scenarios of interest. In the case of the QCM, which is used subsequently in this study, 257 



the model can only describe the vertical accelerations experienced by the sprung and unsprung masses 258 

(Sayers 1995). To avoid confusion and differentiate from aw, the parameter to model the vibrations in 259 

this study will be denoted as awz and mathematically expressed as shown in Equation (4): 260 

 awz = √∑ (Wk,i×aiz
RMS)

2
i  (4) 261 

Where aiz
RMS = vertical RMS acceleration values on the users’ body calculated by means of the power 262 

spectral density (PSD) for each ith octave thirds band; Wk,i = frequency weighting factors for aiz
RMS, 263 

according to Table 3 of ISO 2631-1 standard guide/manual; and awz = vertical frequency-weighted 264 

acceleration. 265 

The vertical accelerations of the sprung mass (passengers) can be extracted from the QCM in order to 266 

compute awz according to the ISO standard (ISO 1997). As it can be observed, the awz model, defined 267 

by Equation (4), has some advantages over the IRI model, including the following: 268 

 The IRI computation is standardized to a reference speed of 80 km/h, while the awz can be computed 269 

for any specific operational speed conditions of the given road. 270 

 The parameters of the QCM for the IRI computation are fixed to the golden car parameters. 271 

However, for the awz mathematical processing, the accelerations can be measured in a field 272 

experiment or estimated from calibrated simulation models to represent the real travel conditions. 273 

 For some applications, the IRI-based models can provide misleading estimates when assessing 274 

travel quality. It has been shown that it is possible to experience different levels of vibrations when 275 

traveling on pavements with the same IRI values (Ahlin and Granlund 2002). The awz allows to 276 

differentiate and quantify this effect. 277 

3.3 Ride quality related studies on urban roads 278 

Over the last decades, several authors have proposed different approaches to assess the level of service 279 

offered by pavement to users in the urban-road context (Ahlin and Granlund 2002, La Torre et al. 2002, 280 

Cantisani and Loprencipe 2010, Arhin et al. 2015, Abudinen et al. 2017, Kırbaş and Karaşahin 2018, 281 

2019). These studies have shown a wide variety of analytical techniques for ride quality data 282 

processing, with the aim of enhancing the decision-making processes within PMS. 283 



Ahlin and Granlund (2002) estimated some relationships between pavement surface roughness, in 284 

terms of IRI and a PSD indicator, vehicle speeds and the WBV experienced by users based on analytical 285 

ride simulations. These models can be used to convert the WBV limit values to correspondingly 286 

approximate the IRI values for an IRI-based PMS. However, for some applications where the IRI 287 

cannot be accurately approximated, the authors recommended implementing direct calculations based 288 

on accelerations measurements. 289 

La Torre et al. (2002) developed a correlation between user acceptability of pavement condition, user 290 

ratings on a PSR scale, and pavement surface roughness. The study was based on data from 17 sections 291 

of flexible and articulated pavements. The roughness was characterized by a modified IRI* model (the 292 

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 293 

approximate representation of the real travel conditions on urban roads. 294 

Cantisani and Loprencipe (2010) proposed and calibrated a “full car model” to represent a complete 295 

real vehicle. This model was used to calculate the WBV (awz values) for a sample of pavement sections 296 

and various speeds (30 – 90 km/h). In total, 124 pavement sections extracted from the Strategic 297 

Highway Research Program (SHRP) Long-Term Pavement Performance (LTPP) were analyzed. The 298 

authors developed correlations between the standardized IRI model and the awz values for each speed 299 

considered. Based on the indicative comfort values of the ISO 2631 standard (ISO 1997), they proposed 300 

speed-related IRI thresholds to evaluate ride quality on low-speed roads.  301 

Arhin et al. (2015) developed a model to predict the IRI based on the PSR in urban areas. 122 flexible 302 

pavement sections selected from the District Department of Transportation (DDOT) were used in the 303 

study. The authors also proposed IRI thresholds based on user perception and compared with the IRI 304 

values defined by the FHWA. In their recommendations, the authors emphasize the need to define 305 

suitable thresholds based on the actual pavement surface roughness perceived by motorists. 306 

Abudinen et al. (2017) described a methodology for the travel quality assessment for urban roads. The 307 

authors, using a database with information on more than 80 rigid pavements, estimated linear 308 

regression models to relate the IRI with the awz values for various riding speeds (30 – 100 km/h). In 309 

their findings, the authors proposed speed-related IRI thresholds for pavement management activities. 310 

Kırbaş and Karaşahin (2018, 2019) investigated the influence of a distress indicator, the PCI, on ride 311 

comfort. In their studies, PCI and vibrational measurements were performed on flexible urban asphalt-312 



concrete pavements, according to the PAVER system and the ISO 2631 standards. Using logistic 313 

regression, artificial neural network (ANN), and fuzzy logic techniques, they proposed some threshold 314 

values of PCI for ride comfort. 315 

Finally, Table 1 summarizes the findings of the different studies related to ride quality on urban roads, 316 

emphasizing on the proposed thresholds for pavement sections that have an operating speed of 50 km/h. 317 

***** TABLE 1 BY HERE ***** 318 

 319 

4. Study methodology and research approach 320 

The urban roads in the City of Barranquilla (Colombia) served as the case study and encompassed over 321 

50 city roads – all with rigid (concrete) pavement structures. The field data measured and collected 322 

included road profiles, pavement distresses (PCI), users’ perceptions (PSR), and acceptance responses 323 

regarding the condition of the pavement sections (Fuentes et al. 2019). A two-phase approach was 324 

devised and executed for collecting the field data. Phase I comprised of a subjective evaluation where 325 

a riding quality experiment was conducted following the guidelines defined by ASTM E1927 (ASTM 326 

2018a). In particular, the ASTM E1927 standard procedures for the adequate selection of road test 327 

sections and conformation to the evaluation panel (raters) requirements were compliantly adhered to. 328 

More than fifty (50) rigid pavement sections, generally 3.5 m wide with lengths ranging between 50 329 

and 200 m, were selected from a representative group of roads, based on certain physical characteristics 330 

(surface roughness and distresses), of the City of Barranquilla, Colombia. Note that over 90% of urban 331 

roads in the City of Barranquilla comprise of rigid pavement structures and thus, only rigid pavement 332 

sections were included in the study matrix.  333 

In addition, the panel size was defined to be 15 based on 0.3 MPR maximum error with a normal 334 

distribution, according to the ASTM specification (ASTM 2018a). The raters were representatively 335 

selected from the road user population based on age, sex, driving experience, and occupation; this 336 

taking into account that these variables could influence the perception of users regarding road condition 337 

(Arellana et al. 2019). The panel members (raters) were trained before the experiment following the 338 

ASTM guidelines. The average rating of the panel members for each pavement section was reported 339 

as the MPR and subsequently, used for serviceability estimations.  340 



Phase II of the research approach comprised of an objective evaluation where performance indexes 341 

such as the IRI and the PCI were evaluated on each pavement section. Detailed results and data 342 

documentation for these evaluations can be found in Fuentes et al. (2019). However, for a better 343 

subjective characterization of the users’ perception of ride quality in the urban-road context, an 344 

additional parameter, namely the vertical frequency-weighted RMS acceleration (awz), was calculated 345 

in this study. The awz was used for the serviceability estimations in this study in order to propose an 346 

alternative approach for the functional evaluation of pavements within the PMS’ framework in urban 347 

areas. 348 

For field measurements and data collection, pavement profiles were measured continuously using a 349 

SurPro walking profiler along the outside wheel path. Thereafter, the vertical whole-body vibrational 350 

values were simulated/modeled using the QCM at the typical vehicle operating speeds prevalent on 351 

Barranquilla’s urban roads, namely 30 – 60 km/h. Using an algorithm developed in the MATLAB 352 

programing platform (MATLAB 2017), the awz values were computed and determined in accordance 353 

with the  ISO 2631 standard procedure (ISO 1997). 354 

 355 

5. Pavement serviceability modeling and statistical analysis 356 

This section discusses the pavement serviceability modeling and estimations including statistical 357 

analysis. Model formulation included both the deterministic and probabilistic methods. The tentatively 358 

proposed serviceability thresholds based on the whole-body vibration concept are also presented and 359 

discussed in this section. 360 

5.1 Deterministic modeling  361 

As documented in Fuentes et al. (2019), the data collected was compiled in a database that included 362 

the estimated awz values at typical operating speeds on Barranquilla’s urban roads (30 – 60 km/h with 363 

an incremental step of 10 km/h), MPR, and acceptance responses regarding the road infrastructure. 364 

Figure 2 depicts the relationship between awz and PSI at the indicated vehicle speeds by means of four 365 

exponential models. As theoretically expected, pavement serviceability decreases as the vibrational 366 

levels represented by awz increases.  367 

***** FIGURE 2 BY HERE ***** 368 



It is important to highlight that the exponential models defined by Equation (5) to (8), as derived from 369 

Figure 2, are restricted to a PSI maximum value of 5.0 when awz is 0.0. This is based on the theoretical 370 

argument that a pavement in optimal conditions is one that does not generate discomfort to its users. 371 

 PSI = 5e-1.164(awz(30)) (5) 372 

R2 = 0.60 373 

 PSI = 5e-0.785(awz(40)) (6) 374 

R2 = 0.72 375 

 PSI = 5e-0.478(awz(50)) (7) 376 

R2 = 0.84 377 

 PSI = 5e-0.382(awz(60)) (8) 378 

R2 = 0.74 379 

Where awz is expressed in m/s2. Additionally, Figure 3 shows the sensitivity analysis for the coefficient 380 

of determination considering a wide range of modeling speeds (20 – 90 km/h). It is also worth noting 381 

that as illustrated in Figure 3, the coefficient of determination (R2) between PSI and awz for different 382 

speeds is 50% and higher. The highest R2 value is 84% for 50 km/h and the lowest (50%) corresponds 383 

to 90 km/h. These R2 values indicate a good correlation-ship and suggest that PSI can be estimated to 384 

a minimum accuracy of 50% from awz. Based on Figure 3 and Equations (5) to (8), the highest PSI 385 

prediction accuracy and statistical confidence, would therefore be for 50 km/h vehicle speed with an 386 

R2 value of 84%. 387 

***** FIGURE 3 BY HERE ***** 388 

Mathematically, it should be considered that exponential models constitute a particular form of linear 389 

regression models. A linear model accounts for both a deterministic component and a probabilistic 390 

(random error) component (Arhin et al. 2015). However, for practical reasons, one usually uses 391 

regression models to obtain the expected value of the dependent variable (in this case PSI), assuming 392 

that the error term has a mean equal to zero – hence, ignoring the random nature of the dependent 393 

variable. 394 

The ability of the awz parameter to reflect the user perception in terms of pavement serviceability, for 395 

each considered speed, was quantified using R2 concept. The R2 value calculated for a simple linear 396 



regression is a statistical measure of how well the regression line describes the real data points (Navidi 397 

2008). As one can observe from Figure 3, based on the highest R2 value (i.e., 84%), the model that best 398 

adjusts the user ratings in the present study is defined by Equation (7), which corresponds to a modeling 399 

speed of 50 km/h. 400 

The above results/findings are consistent with the contributions made in previous studies regarding the 401 

importance of the 50 km/h speed when studying urban roads, particularly in developing countries (La 402 

Torre et al. 2002, Kırbaş and Karaşahin 2018, Fuentes et al. 2019). In fact, the user comfort is highly 403 

dependent on the vehicle speed. Therefore, the user ratings are influenced by their travel experience, 404 

particularly in a situation where the average speed limit is 50 km/h. For all these reasons, the pavement 405 

serviceability analysis of urban roads in this study will thus be based on simulated vertical accelerations 406 

at 50 km/h (awz(50)). Figure 4 shows the distribution of the reported average user ratings for each rigid 407 

pavement section and their corresponding simulated awz(50) values. 408 

***** FIGURE 4 BY HERE ***** 409 

From Figure 4 and Equation (7), it is possible to define the awz ranges based on the subjective 410 

serviceability scale shown in Table 2.  411 
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5.2 Probabilistic modeling  413 

The model defined in Equation (7) can be used to determine the serviceability of urban roads based on 414 

the vertical vibrations experienced by users, quantified in terms of the awz parameter. However, this 415 

model was proposed using a deterministic approach, and in its formulation, the subjectivity of the 416 

ratings in the range of the measured data was not considered. 417 

To address this limitation, a probabilistic approach was used to predict the likelihood of obtaining a 418 

given serviceability rating based on the vertical accelerations. Specifically, an ordered logit model was 419 

formulated to study the relationship between PSI and awz(50). The ordered logit model was chosen 420 

considering the ordinal nature of the dependent variable (PSI subjective levels), which was modeled 421 

using an unobserved variable (PSI*), according to Equation (9). 422 

 PSI* = β
awz

× awz(50) + ε (9) 423 



Where β
awz

 is the regression coefficient and ε is the random disturbance variable. The predicted ordinal 424 

PSI level can be obtained using the results of Equation (9) and the estimated thresholds τ found in Table 425 

3 according to Equation (10). 426 

 PSI =  

1 (Very Poor)       if        -∞ < PSI
*
 ≤ τ1

2  (Poor)               if         τ1 < PSI* ≤ τ2

3 (Fair)                 if         τ2 < PSI* ≤ τ3

4 (Good)              if         τ3 < PSI
*
 ≤ τ4

5 (Very Good)     if         τ4 < PSI
*
 ≤ ∞

 (10) 427 

The model parameters were estimated using the maximum likelihood procedure (Hosmer et al. 2013) 428 

in the SPSS statistical software (SPSS 2017), and the relevant results are summarized in Table 3. 429 
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The coefficient β
awz

 in Table 3 can be used to estimate the odds ratio. In logistic regression models, the 431 

odds ratio (OR) is used to measure the association between the dependent variable (i.e., awz) and the 432 

independent variable (i.e., PSI) (Hosmer et al. 2013). Specifically, it tells you how an increment of 1 433 

m/s2 in awz has an effect on the PSI. However, considering the range of the awz values (the order of 434 

magnitude seen in Figure 4), a change of 1 m/s2 is too large and 0.1 m/s2 is a more realistic change for 435 

a given pavement in consecutive years. Hence, to provide a useful interpretation, the odds ratio for a 436 

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 437 

in the odds of assigning a higher PSI level per 0.1 m/s2 increase in awz, or mathematically, 31% 438 

reduction in the odds of (PSI > k) over (PSI ≤ k), where k represents one of the five possible levels for 439 

the categorical variables of the PSI. 440 

Additionally, Equation (11) can be used to estimate the cumulative probability of observing a specific 441 

PSI level based on the discomfort experienced by users due to the prevailing pavement condition. In 442 

this sense, one could modify Equation (11) to obtain the probability of observing a specific PSI level 443 

of a pavement section given the simulated acceleration. 444 

 P(PSI ≤ k|awz(50)) = 
e

(τk - β
awz

× awz(50))

1+e
(τk - β

awz
× awz(50)) (11) 445 



The negative value of  β
awz

 implies that the probability of ranking a pavement section with a high PSI 446 

value (4 or 5) decreases as the awz(50) increases, i.e., increasing discomfort. As an example, according 447 

to the estimated logit function, a pavement whose irregularities generate vertical accelerations of awz(50) 448 

= 0.15 m/s2, presents the following probabilities of being rated by users as follows: Probability (PSI = 449 

1) = 0.0%, Probability (PSI = 2) = 0.1%, Probability (PSI = 3) = 2.6%, Probability (PSI = 4) = 32.4%,  450 

and Probability (PSI = 5) = 64.9%, respectively. 451 

Additionally, Figure 5 presents a sensitivity analysis conducted using Equation (11) that allows the 452 

understanding of the effect of the discomforts generated by the pavement in the users, measured by 453 

awz, in their subjective criteria when evaluating a pavement with a specific PSI level. 454 

***** FIGURE 5 BY HERE ***** 455 

It is important to note that the PSI levels were grouped into five categories according to the qualitative 456 

scale of the serviceability. Therefore, the results must be interpreted cautiously considering that each 457 

category considers a range of values. For example, PSI = 1 corresponds to user ratings of 1 or below 458 

(≤ 1), PSI = 2 corresponds to ratings between 1 and 2 (1 < PSI ≤ 2), and so on, until the last category, 459 

which is PSI = 5. 460 

As seen in Figure 5, pavements in excellent conditions (awz values close to zero) are more likely to be 461 

rated with high PSI values (4 to 5), while pavements in poor conditions are more likely to be 462 

quantitatively/numerically rated with PSI values less than two. 463 

A similar analysis to that used in the deterministic approach can be used to define the awz ranges based 464 

on the subjective serviceability scale. Using Equation (11), it is possible to determine the awz(50) ranges 465 

for which the probability of users qualifying the pavement at each PSI level reaches the highest values 466 

– see Table 4. 467 
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5.3 Formulation of WBV-based acceptance criteria and thresholds 469 

An analysis was conducted using the information of the users regarding the acceptance or rejection of 470 

a rigid pavement section given its prevailing condition with the aim of proposing and recommending 471 

some acceptance thresholds for vertical accelerations. In the field experiments, raters were asked to 472 

identify whether the pavement sections were acceptable in terms of riding comfort. The two possible 473 



answers and response outcomes, namely “accept” or “reject” were modeled in the SPSS statistical 474 

software (SPSS 2017) as a binary variable Z. 475 

Considering Z=1 for acceptance, and Z=0 for rejection, a binary logit model, expressed in Equation 476 

(12), was formulated to obtain the critical awz(50) values. 477 

 P(Z = 1|awz(50))=
1

1 + e
- (β0 + β1× awz(50)) (12) 478 

Where Z is the dependent variable; P (Z=1) is the predicted probability that the binary variable takes a 479 

numerical value of one – that is, accept the vibration levels; and β
0 

, β
1
 are regression coefficients.  480 

The maximum likelihood procedure was then used to estimate the model parameters, namely β
0 

 and 481 

β
1
 (Hosmer et al. 2013). The relevant details of the modeling are presented in Table 5. In general, the 482 

results show a good fit for the model with a p-value significantly less than 0.05 at 95% confidence 483 

level. 484 
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From Table 5, the estimated OR for an increase of 1 m/s2 in awz is 0.04. However, as discussed before, 486 

0.1 m/s2 was used considering that it represents a more realistic change of pavement condition in 487 

consecutive years. Therefore, the odds ratio OR(0.1) = exp(-3.22*0.1) = 0.72, implies a 27% reduction 488 

in the odds for accept pavement condition per 0.1 m/s2 increase in awz. In other words, for every increase 489 

of 0.1 m/s2 in the vertical accelerations experienced by users, the ratio of the probability that users 490 

accept a given pavement section over the probability that they reject it decreases 27%. 491 

Additionally, the predicted probability of acceptance was computed using Equation (12) with the 492 

parameters from Table 5 as inputs. The corresponding results are graphically plotted in Figure 6. 493 

***** FIGURE 6 BY HERE ***** 494 

As recommended in previous investigations by Fuentes et al. (2019), a value of P=0.85 was used to 495 

define the acceptability thresholds. This value is also convenient because, below this value (i.e., less 496 

than 85%), the probability decreases significantly for a small change in the predictor variable – see 497 

Figure 6. From Figure 6, one can also observe a critical value of awz(50) = 0.98 m/s2. However, 498 

depending on the local conditions and available resources, the road authorities can define thresholds 499 

for different acceptance probabilities. Table 6 summarizes some proposed values of interest that can 500 



be used in the PMS decision-making process to improve the ability of the road infrastructure to 501 

satisfactorily serve its users in terms of safety and comfort. 502 
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6. Synthesis and discussion of the results 504 

The definition of ride comfort varies depending on personal expectations and perceptions about the 505 

pavement conditions and user traveling experience. The ISO 2631 standard (ISO 1997) gives 506 

approximate indications of the likely reactions to various magnitudes of the WBV for application in 507 

public transport, as presented in Table 7. However, considering the subjectivity in the opinion of users 508 

in different contexts such user travel experience, comfort thresholds are not defined in the ISO 2631 509 

standard (Kırbaş and Karaşahin 2018, Arellana et al. 2019). In fact, the limit values for the 510 

acceleration’s ranges are often in conflict due to multiple overlaps in the awz values – see Table 7. For 511 

example, according to the ISO, awz values between 0.8 and 1.0 m/s2 can be qualitatively described as 512 

‘Fairly Uncomfortable’ or ‘Uncomfortable’. 513 

***** TABLE 7 BY HERE ***** 514 

Figure 7 summarizes the most relevant findings of this study. The graph shows the results obtained 515 

from the deterministic and probabilistic modeling including the proposed awz thresholds for pavement 516 

condition acceptance and the values suggested by the ISO 2631 standard (ISO 1997) for the evaluation 517 

of the vibrations that affect the travel quality and ride comfort. 518 
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It is interesting to note that the thresholds summarized in Figure 7 are consistent and/or overlapping 520 

with the ISO 2631 standard (ISO 1997). For example, for awz values greater than 2 m/s2, which mean 521 

approximately PSI qualitative categories of ‘Poor’ and ‘Very Poor’ pavement condition according to 522 

the deterministic and probabilistic approaches, correspond to unacceptable acceleration values 523 

according to the acceptance threshold, and an ‘Extremely Uncomfortable’ level of comfort. Similarly, 524 

awz values lower than 0.5 m/s2, qualitatively describe roughly a pavement in ‘Very Good’ condition, 525 

with a high probability of acceptance (P ≥ 0.85), and a ride experience qualitatively described as ‘Not 526 

Uncomfortable’. 527 



Considering that Colombian local road agencies have yet to establish a PMS that defines the policies 528 

for the programming, timing, and scheduling of M&R activities, the thresholds proposed in this study 529 

as summarized in Figure 7 could be tentatively used to define a prioritization criteria that take into 530 

considerations how users perceive the urban road conditions. 531 

7. Conclusions and recommendations 532 

Using the City of Barranquilla’s urban rigid (concrete) pavements as the datum source, this study was 533 

conducted to formulate some alternative pavement serviceability criteria for low-speed roads (30 – 60 534 

km/h) in an urban setting. Deterministic and probabilistic modeling of PSI, in the SPSS statistical 535 

software, were executed based on the WBV concepts, and thereafter, the results were compared with 536 

the ISO 2631 standard. The key findings and recommendations drawn from the study, based on an 537 

analysis of over 50 rigid (concrete) pavement sections, are summarized as follows: 538 

 The formulated frequency-weighted root-mean-square acceleration (awz) parameter, based on 539 

the WBV concept and accounts for simulated vertical acceleration, offers a more realistic 540 

representation for modeling the serviceability and ride quality of low-speed urban roads. The 541 

robustness and flexibility of the awz parameter allow it to accommodate and compute PSI values 542 

for any operating vehicle speed within an urban setting. Plausible results were obtained in this 543 

study for a speed range of 30 to 60 km/h. 544 

 For the vehicle speeds considered in this study (i.e., 30–60 km/h), deterministic modeling 545 

yielded high PSI prediction accuracy (84%) and statistical confidence for an operating vehicle 546 

speed of 50 km/h. This finding aligns well with the fact that the speed limit for most urban 547 

roads in cities such as Barranquilla rarely exceeds 50 km/h, i.e., speed limit < 50 km/h. 548 

 Various serviceability thresholds based on both deterministic and probabilistic modeling were 549 

successfully formulated for the awz parameter, which corresponding to a PSI scaling range of 0 550 

to 5.0 and pavement condition rating range of “Very Poor” to “Very Good”. 551 

 Using the WBV concept for an operating vehicle speed of 50 km/h, an awz criterion and 552 

threshold of 0.98 m/s2 at a probability acceptance of 85% was proposed. Thus, in lieu of the 553 

traditional perspective for travel quality assessment (i.e. the IRI-based models), this study 554 

recommends to consider this tentative criterion proposed herein for quantifying and rating the 555 

serviceability and ride quality of low-speed urban rigid (concrete) roads. 556 



Overall, this study has demonstrated that for accurate estimation of the ride quality and comfort, in 557 

terms of PSI, of low-speed urban roads, the evaluation criteria should correspondingly be based on low 558 

vehicle speeds that are more representative of urban field conditions. For road agencies such as the 559 

City of Barranquilla, the proposed awz criteria and thresholds can potentially serve as cost-effective 560 

supplements for efficient PMS decision making and optimize M&R timing. 561 

Although the WBV-based parameter used for pavement serviceability estimations offers a more 562 

accurate representation of real travel conditions than traditional approaches, the model includes several 563 

simplifications that could be the subject of future studies. For example, the estimation of more complex 564 

vehicle models that accounts for both translational (in all directions) and rotational vibration that are 565 

experienced in a real vehicle ride. 566 

Lastly, although the results and findings reported herein pertain to the rigid (concrete) pavements 567 

evaluated in the study, the methodology and concepts adopted can be replicated to urban flexible 568 

pavements. 569 
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Figure 2: Relationship Between PSI and awz. 594 
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Figure 3: Sensitivity Analysis for the Coefficient of Determination. 597 
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Figure 4: Relationship Between PSI and awz(50). 601 
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Figure 5: Sensitivity Analysis for Ordinal Logistic Model Based on the awz(50). 605 
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Figure 6: Predicted Probability of Acceptance Based on the awz(50). 609 
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Figure 7: Travel Quality and Ride Comfort Thresholds (Rigid Pavements). 611 
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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) 

(Fuentes et 

al. 2019) 

50 

km/h 

IRI(m/km) Probabilities of Pavement 

Condition Acceptance (%) 

3.9 (95%), 5.9 (85%), 6.9 (75%), 

8.7 (50%), 10.5 (25%) 

PCI 71 (95%), 61 (85%), 55 (75%), 

46 (50%), 37 (25%) 

Table 1. Studies Related to Ride Quality on Urban Roads. 621 

 622 

 623 

 624 

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 

Table 2: awz Thresholds for Serviceability Based on Deterministic Approach. 625 

 626 



Parameter Estimate S.E. Z p-Value Odds Ratio 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
awz

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

Legend: S.E.= Standard Error; Z = Standard Score; CI = Confidence Interval; α = Significance Level. 

Table 3: Estimation Results of Ordered Logit Model. 627 

 628 

 629 

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 

Table 4: awz Thresholds for Serviceability Based on Probabilistic Approach. 630 

 631 

 632 

Parameter Estimate S.E. (W2) p-Value Odds Ratio 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; CI = Confidence Interval; α = Significance Level. 

Table 5: Estimation Results of Acceptance Logit Model. 633 

 634 

Predicted Probability of 

Acceptance (%) 
awz(50) 

(m/s2) 

95 0.61 

85 0.98 

75 1.18 

50 1.52 

25 1.86 

Table 6: Proposed Pavement Acceptance Thresholds Based on the awz Parameter. 635 



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 

Table 7: ISO 2631 Indicative Acceleration Values for Ride Comfort.  636 
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