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Abstract 

A well-functioning street network is pivotal in the socio-economic development of a region. Street 

networks not only facilitate the movement of people and goods but also allocate space for utility 

services. Maintaining the street network in good condition and meeting the sustainability targets 

necessitate implementing optimal street maintenance strategies, leading to an efficient utilization 

of taxpayers' money.  

The objectives of this Licentiate thesis are to analyse pavement management practices and 

challenges faced by Swedish municipalities, specifically focusing on asphalt concrete (AC) 

pavements within street networks. Additionally, it seeks to integrate a sustainability tool into 

pavement maintenance to select maintenance measures that contribute to sustainability goals at the 

municipal street network management level. Furthermore, the study aims to enhance municipal-

level pavement maintenance approaches through the implementation of machine learning (ML) 

models within a pavement management system (PMS).  

Within this context, three individual studies were conducted—two case studies and a survey 

involving Swedish municipalities. One case study explores sustainability framework application, 

whereas the other investigates the utilization of ML models in municipal AC pavement maintenance. 

The survey investigates the practices and challenges faced by municipal street network 

administrations in AC pavement maintenance. 

The sustainability framework SUNRA (Sustainability National Road Administrations) was adopted 

by the Swedish Transport Administration (STA) with a primary emphasis on promoting 

sustainability in pavement management on state-level roads. In this study, the framework has been 

tested, applied and further streamlined to be applicable for setting sustainability targets and 

monitoring sustainability performances at the project level within both the STA and municipal 

contexts. The aim was to simplify the framework so it is appropriate for investment, re-investments, 

maintenance and operation projects and also to enhance its applicability for various users. The study 

additionally explored how the framework could contribute to sustainability, identified the drivers 

and barriers for its application, and examined its applicability and adaptability to projects of varying 

complexities. The results indicate that the framework can be readily utilized and adapted for 

investment, reinvestment, maintenance, and operational pavement projects during the planning 

stage. Additionally, it is also suitable for small municipal establishments, construction or 

reconstruction of residential areas, and regular maintenance.  

A web-based questionnaire survey was disseminated to municipalities across the country to gather 

first-hand insights into the current practices and challenges associated with street maintenance at 

the municipal level in Sweden. Survey responses were received from 147 of the 290 (51%) 

municipalities nationwide. The study reveals that predominant pavement distress encompasses 

potholes, surface unevenness, and alligator cracking, with the most prevalent causes being 

pavement ageing, heavy traffic, and patches. Likewise, cold climate and population density serve as 

influential factors contributing to pavement deterioration. The automated survey methods for 

collecting pavement condition data, such as road surface scanning vehicles and application of 

commercial PMS, are very limited. On the contrary, the windshield method, a subjective approach 

for pavement condition assessment, is widely adopted among municipalities utilizing PMS. The 

allocation of the budget for maintenance, rehabilitation and reconstruction is higher in the northern 

regions of the country, as well as in densely populated municipalities.  

Manually collected pavement condition data for the years 2014 and 2018 were acquired from 
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Skellefteå municipality to assess the performance of ML models in comparison to the observed 

pavement condition index (PCI) of the street network. In this context, the supervised ML models 

Linear Regression (LR), Random Forest (RF), and Neural Network (NN) were employed in 

conjunction with several variable combinations. The RF model, utilizing paired variables of 

pavement age (A) and pavement distresses (D) data, consistently demonstrated higher accuracy 

compared to the other models for residential streets. However, RF models constructed with paired 

variables of A and traffic (T) consistently outperformed other models in the context of non-

residential streets. The significance of input variables fluctuates based on the model's complexity 

and the pavement performance objective. Nonetheless,  variable A consistently emerges as the 

predominant factor for predicting PCI in both residential and non-residential street models.  

Further evaluation of the models and simplification of the SUNRA framework to enhance pavement 

performance and sustainability are recommended.  
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Sammanfattning på svenska 

Ett väl fungerande gatunät är avgörande för den socioekonomiska utvecklingen av en region. 

Gatunätet underlättar inte bara mobiliteten för människor och varor utan möjliggör också väl 

fungerande samhällstjänster. Effektiv användning av skattebetalarnas pengar åstadkommas genom 

att man underhåller gatunätet i gott skick och tillgodoser att man uppnår hållbarhetsmålen. Detta 

kräver att man implementerar optimala underhållsstrategier.  

Syftet med denna studie är att analysera vägunderhållsmetoder för vägbeläggningar inklusive 

utmaningar som svenska kommuner står inför. Särskilt fokus är på asfaltbeläggningar inom 

gatunätet. Vidare ingår att integrera ett hållbarhetsverktyg för vägunderhåll som möjliggör att man 

kan välja underhållsåtgärder som bidrar till att gatunätsförvaltningen kan nå kommunala 

hållbarhetsmålen. Studien syftar slutligen till att förbättra kommunala gatuunderhållsstrategier 

genom att implementera maskininlärningsmodeller inom ett vägförvaltningssystem (PMS). 

Inom Licentiatavhandlingen genomfördes tre studier – två fallstudier och en enkät med svenska 

kommuner. En fallstudie utforskar tillämpningen av hållbarhetsramverk, medan den andra 

undersöker användningen av maskininlärningsmodeller vid kommunalt underhåll av 

asfaltbeläggningar. Enkäten undersöker praxis och utmaningar för kommunala 

gatunätsförvaltningar vid underhåll av asfaltbeläggningar.  

Hållbarhetsverktyget SUNRA (Sustainability National Road Administrations) anpassades till 

Trafikverket för att främja hållbarhet inom vägförvaltning på statliga vägar. I denna studie har 

verktyget testats, tillämpats och förfinats för att sätta hållbarhetsmål och övervaka 

hållbarhetsprestanda på projektbasis inom både Trafikverket och kommunala sammanhang. Målet 

var att förenkla verktyget så att det passar för investering, återinvestering, underhåll och 

driftsprojekt och även för att förbättra användbarheten för olika användare. Vidare studerades hur 

verktyget kunde bidra till hållbarhet, identifiera drivkrafter och hinder för dess tillämpning, 

användbarhet och anpassningsbarhet till projekt med varierande komplexitet. Resultaten indikerar 

att verktyget kan användas och anpassas för investeringar, återinvesteringar, underhåll och 

driftsprojekt under planeringsstadiet. Det är också lämpligt för små kommunala etableringar, 

konstruktion eller ombyggnad av bostadsområden och regelbundet underhåll.  

Den webbaserad enkätundersökning skickades ut till alla Svenska kommuner (290 stycken) för att 

få information om aktuell praxis och utmaningar för gatuunderhåll på kommunal nivå. Svar på 

enkäten mottogs från (148 stycken) 51 procent av kommunerna. Studien visar att vanliga 

vägbeläggningsproblem inkluderar slaghål, ojämnheter och krackelering, där de vanligaste 

orsakerna är åldrande beläggning, belastning från tung trafik och tidigare åtgärder gjorda i 

asfaltsytan. Ett kallt klimat och befolkningstäthet är v iktiga faktorer som bidrar till 

vägbeläggningsförsämringen. Användning av automatiska metoder för insamling av 

vägbeläggningars tillstånd med vägytemätningsfordon och kommersiella PMS är mycket begränsad. 

Istället används främst subjektiva okulära besiktningsmetoder vid bedömningen av tillståndet 

bland de kommuner som använder PMS. Budgettilldelningen för underhåll och ombyggnad är högre 

i de norra regionerna i landet samt i tätbefolkade kommuner.  
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Manuellt insamlade vägbeläggningsdata för åren 2014 och 2018 från Skellefteå kommun användes 

för att bedöma möjligheterna med modeller framtagna med maskininlärning jämfört med det 

uppmätta beläggningsindexet (PCI).  Maskininlärningsmodellerna Linjär Regression (LR), Random 

Forest (RF) och Neural Network (NN) tillsammans med flera variabelkombinationer testades. RF-

modellen, som använder parvisa variabler av åldrande av vägbeläggning (A) och beläggningsskador 

(D) data, visade, för villagator, konsekvent högre precision jämfört med de andra modellerna. 

Däremot presterade RF-modeller konstruerade med parvisa variabler av A och trafik (T) konsekvent 

bättre precision, för icke-villagator (dvs. huvudgator, matargator och industrigator) än andra 

modeller. Betydelsen av ingående variabler varierar beroende på modellens komplexitet och det 

avsedda vägbeläggningsmålet. Trots det framträder variabel A konsekvent som den dominerande 

faktorn för att förutsäga beläggningsskick i modeller för både villa- och icke-villagator. 

Vidare utvärdering av modellerna och förenkling av SUNRA-verktyget för att förbättra 

vägbeläggningens prestanda och hållbarhet rekommenderas.   
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1. Introductio n 

1.1. Background 

The street network as an asset has a vital role in the socioeconomic development of a country 

(International Road Federation 2007). Efficient street networks not only enable the flow of people 

and goods but also provide designated areas for utility services. They are one of the largest assets in 

the OECD countries (OECD 2001) and demand huge investment for their maintenance in order to 

provide safe and comfortable service to the community  (Kim 1997). 

Flexible pavement constantly faces unpredictable weather and traffic loads throughout its lifespan 

(Carnahan et al. 1987). This makes it difficult for the pavement network administrations to maintain 

the pavement within the available budget (Arif et al. 2016). In other words, the maintenance of 

pavement is a continuous process to support socio-economic development and minimise the 

environmental effects; as a result, the focus is moving away from the construction of new roads to 

the maintenance of already-built roads (Robinson et al. 1998). Thus, keeping the street network in 

comfortable condition needs effective pavement management through setting realistic performance 

goals in the management strategy and by utilizing the available budget cost-effectively (Amin et al. 

2022). 

The urban road management approach in Sweden is very different to the state-owned rural road 

management due to the nature of functionality, serviceability and population density  (Afridi et al. 

2023a). There are 290 municipalities with uneven sizes, populations, resources and street networks 

(NVDB 2021; SCB 2020a; b). Thus, the pavement network management approach varies from one 

municipality to another in contrast to state-owned roads managed by the same agency. Similarly, 

the winter maintenance approach is different for street networks compared to rural roads. 

Moreover, in the urban environment, other factors like different utility services, city developments, 

recreational activities, etc. affect the performance of streets, but such factors are seldom important 

in rural road management (Afridi et al. 2023a). Furthermore, the climate is cold in Sweden though 

it varies from the south to the north (Trafikverket 2020). In the northern part, the comparatively 

long winter seasons—and hence short construction and maintenance periods—make it more 

challenging for the municipalities to maintain the pavements in serviceable condition (Trafikverket 

2020). 

The street network administration at the municipal level or in small cities typically encounters 

multiple constraints in pavement management, namely the limited maintenance budget, lack of 

PMS, and limited expertise in pavement management (Afridi et al. 2023a). On the other hand, 

climate change makes this situation even more difficult for transport agencies, particularly in cold 

climates (Wågberg 2003). Frost heave and freeze-thaw cycles are usually major contributors to 

pavement deterioration (Biswas et al. 2018; Doré and Zubeck 2009). In cold regions, comparatively 

long winter seasons and short construction and maintenance periods make it more challenging for 

the municipalities to maintain the pavements in serviceable condition (Doré and Zubeck 2009). 

Thus, the approach to pavement management among municipalities may be different due to severe 

climatic conditions, population density, traffic volume, long winter seasons and relatively short 

periods for maintenance and rehabilitation (M&R) (Afridi et al. 2023a). Severe or uneven weather 

conditions will result in an increasing number of winter maintenance operations (Doré and Zubeck 

2009; Norem 2009). Such conditions can affect accessibility and pavement performance (Klein-

Paste and Dalen 2018). Accessibility and mobility to services are of major concern when it comes to 

the effectiveness of road networks, particularly in densely populated areas  (Xu et al. 2017). 
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Opting for a proactive maintenance strategy has proved to be a more effective solution compared to 

a reactive maintenance approach (Hicks et al. 1999). A proactive strategy enables the efficient 

utilization of the available budget and resources while addressing sustainability and pavement 

management challenges (Peshkin et al. 2004). Conversely, delaying maintenance treatments or 

adopting a reactive strategy limits the available options, restricting the ability to choose lower-cost 

pavement maintenance treatments (Tavakoli et al. 1992). Similarly, delaying maintenance 

significantly compromises the safety, ride quality, and travel time for taxpayers (Chang et al. 2018). 

Allowing the pavement network to deteriorate is not beneficial in the long run to increase the 

socioeconomic development in any region (NCHRP 2011). 

The cost-effective utilization of public funds is crucial in managing the pavement network and 

constitutes an essential aspect of accountability. Nevertheless, for a municipality facing scarce 

resources and budget shortfalls, implementing an advanced PMS may not be a suitable solution 

(Douglas 2011; He et al. 2017; Vasquez et al. 2011; Wolters et al. 2011). Moreover, the desire for 

sustainable solutions in pavement maintenance increases the complexity of the challenge (NAS 

2011). Pavement administrations need to determine what sort of data they need to attain a certain 

level of pavement performance targets (Wolters et al. 2011). For instance, the data requirements 

could be tailored to address specific distress, enhance pavement performance to a certain level, 

reduce user cost, enhance safety and so forth. Utilization of simplified or less data-driven 

performance models and multi-objective analysis may be useful in this context (France-Mensah and 

O’Brien 2018; Geem and Massart 2019; Mohammadi et al. 2019; Mullin and Abaza 2012) . 

The organizational setup within the municipality can be a significant factor in introducing a new 

approach to pavement management. However, gradual innovation in pavement management 

practices may be more readily accepted compared to radical innovations due to implementation 

challenges in the public or politically administrated organization (Tushman and Nelson 1990).  This 

preference stems from factors such as the involvement of numerous stakeholders and the process 

of acquiring a budget for such changes. Moreover, cooperation and teamwork with utility service 

providers play a crucial role in maximizing the benefits of pavement management (Al-Suhaibani et 

al. 1992; Bodocsi et al. 1995).  

1.2. Research aim and purpose 

This study aims to document the current pavement management practices and challenges 

encountered by Swedish municipalities. Simultaneously, it seeks to contribute to the development 

of a sustainability tool for establishing and monitoring sustainability goals in the selection of 

maintenance alternatives for street networks. Another objective is to implement ML models in 

pavement maintenance at the municipal level to improve decision making. This is useful to 

complement the management strategies and application of tools among municipalities to enhance 

a safe and sound traffic environment for road users. The focus of the study will be on the M&R of 

AC pavements (streets) only. 

The work includes a literature study, two case studies and a survey study to cover street pavement 

maintenance and management practices at the municipality level in Sweden. 

The first case study was focused on street network maintenance approaches in Skellefteå 

municipality, which is located in the northern part of Sweden.  The purpose of the case study was to 

customize the sustainability framework SUNRA in order to apply it to municipal level street 

projects. 



 

3 

 

On the other hand, the survey study was carried out to highlight the frequent occurrence of 

pavement distress and its causes, as well as street network management practices at the municipal 

level across the country. The study is limited to flexible pavements with AC as a surface layer.  

The second case study is about the application of ML techniques in pavement maintenance in the 

Skellefteå municipality, Sweden. Several ML models were applied to analyze manually collected 

pavement condition data sourced from the municipality. The goal was to predict pavement 

conditions and assess the significance of independent variables in network-level street 

management.  
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2. Pavement deterioration and distress 

This section describes the most common pavement distresses occurring in flexible pavements. 

Pavement distress affects the integrity of pavement structures and their serviceability which is 

generally caused by traffic loading, environmental factors, pavement materials, construction and 

maintenance practices, etc. (Sun 2016). The distresses are categorized into groups of cracks, surface 

deformation, surface defects, edge defects and ageing, based on their causes, appearance, and 

characteristics (Fwa 2006; Sun 2016). 

2.1. Cracks 

Longitudinal cracks 

Longitudinal cracks appear on the asphalt surface in the direction of travel, which may be either 

traffic load-induced or non-traffic load-induced (Lavin 2003). Traffic flow-induced longitudinal 

cracks typically appear in the wheel paths while the non-load-induced cracks may appear anywhere 

on the road surface due to several reasons, e.g. frost heaving, construction laps and so forth (Churilin 

et al. 2018; Doré and Zubeck 2009; Lavin 2003). If not treated in their initial stage, such cracks will 

contribute to the appearance of alligator cracks and eventually a pothole (Pearson 2012). 

Transverse cracks 

Transverse cracks appear perpendicular to the road length (Figure 2-1) as a result of low 

temperature, sudden fluctuation in pavement temperature and aged binder (Lavin 2003; Mallick 

and El-Korchi 2013; Sun 2016). Such cracks may begin either in the surface layer or in the 

underlying pavement layers, including the subgrade, due to severe freezing conditions (Doré and 

Zubeck 2009). 

 

Figure 2.1. Transverse crack across a residential street in Skellefteå. 

Block cracks 

Block cracks appear in both transverse and longitudinal directions due to the combined effect of 

temperature cycling and shrinkage (a sign of asphalt hardening and ageing) in any pavement layer 

or within the subgrade (Lavin 2003; Sun 2016). The interconnected cracks tend to appear in the 

form of rectangular blocks and are more prevalent on low-volume roads or parking lots (Lavin 

2003). 

Alligator cracks 

Alligator or fatigue cracks, resembling alligator skins,  are interconnected cracks that indicate the 

occurrence of excessive movements in one or several pavement layers (Figure 2-2) (Fwa 2006; 

Huang 2004; Mallick and El-Korchi 2013). Such cracks are also called bottom-up cracks since these 
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cracks initiate from the bottom of the asphalt layer. The possible causes of alligator cracking are 

repeated wheel loading or overloaded traffic, inadequate pavement drainage, cold weather, aged 

bitumen, or low stiffness in the base course (Doré and Zubeck 2009; Fwa 2006; Huang 2004; 

Mallick and El-Korchi 2013). 

 

Figure 2.2. Alligator cracking at Sundbrogatan, Skellefteå. 

2.2. Surface deformation 

Rutting 

Rutting (Figure 2-3) is a permanent longitudinal deformation of the asphalt pavement in the wheel 

paths as a result of repeated traffic loading (Erlingsson 2012). It is a hydroplaning safety hazard and 

can affect both vehicles and users (Du et al. 2018; Tian et al. 2017). Rutting may occur in all layers 

of the asphalt pavement, including the subgrade, due to one or a combination of several reasons 

(Figure 2-4). 

Wear rutting in the asphalt-bound layers is the progressive loss of particles due to environmental 

and traffic loading in the wheel paths (White et al. 2002). Rutting in the early life of the pavement 

generally occurs because of poor compaction and/or lack of lateral stability of the pavement or 

inadequate mixture design (Zhang et al. 2017). Surface wear in cold regions due to excessive usage 

of studded tyres is common (Doré and Zubeck 2009; Lundberg et al. 2019). Surface wear can often 

be observed on free-flow roads due to high speed limits (Arrojo 2000; Snilsberg et al. 2016).  

Moreover, due to the acceleration and deceleration of vehicles, such rutting can be observed at road 

intersections and bus stops (Transit 2000; Hajj et al. 2007; Ali et al. 2009; Al-Qadi et al. 2009; Li 

et al. 2013; Du et al. 2018). Similarly, in the urban environment, both raised and unraised pedestrian 

crossings are common places where surface wear is noticeable (Afridi et al. 2023a). 

Instability rutting appears as a result of lateral displacement of the bituminous bound material on 

both sides of the wheel paths, due to the inadequate structural capacity of the compacted pavement 

to resist the frequently repeated traffic loads (White et al. 2002). 

Rutting in the unbound layers or subgrade may be due to insufficient pavement thickness or a 

decrease in the bearing capacity of the subgrade due to the presence of water in the subgrade (Doré 

and Zubeck 2009; Salour and Erlingsson 2013). 
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Figure 2.3. Rutting distresses at the exit of a roundabout intersection in Skellefteå. 

 

Figure 2.4. Different types of rutting in flexible pavements, based on White et al. ( 2002). 

Frost heaving 

Frost heaving is most common in cold regions and is part of the frost action process, i.e. freezing 

and thawing when the pavement surface expands unevenly in an upward direction due to the 

formation of ice lenses in the pavement structure (Doré and Zubeck 2009; Pearson 2012). Although 

the bearing capacity of the pavement increases with ice formation, the pavement surface is 

vulnerable to cracks, more specifically cracks along the direction of the pavement (Wågberg 2003). 

Such pavement segments exhibit other pavement distresses as well in the thaw period, for instance 

abrupt fluctuations in the pavement temperature in the case of frost-thaw (FT) cycle conditions. 

Corrugation 

Corrugation distress is a common permanent deformation which appears on the road surface in the 

form of evenly spaced transverse ripples due to acceleration or deceleration in conjunction with poor 

asphalt mix (Fwa 2006). Further possible causes of corrugation include poor asphalt mix and 

insufficient pavement stability from the unbound layers (Fwa 2006; Lavin 2003; Mallick and El-

Korchi 2013). 

Shoving 

Shoving is also a permanent deformation of surface layers which appears in the direction of the road 

due to the combined action of acceleration and deceleration of vehicles, as well as factors such as 

poor asphalt mix or insufficient pavement stability (Fwa 2006; Lavin 2003; Mallick and El-Korchi 

2013). 

2.3. Surface defects 

Bleeding 

The appearance of asphalt binder on the road surface due to the upward movement of an excess 

amount of bitumen in the asphalt layers is called bleeding (Garber and Hoel 2014). Possible causes 
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include hot weather conditions and repeated traffic loadings or over-compaction of the asphalt layer 

during the construction or maintenance of roads (Lavin 2003; Fwa 2006; Pearson 2012). 

Ravelling 

Ravelling (Figure 2-5) is the gradual loss of aggregate from the surface layer over the life span of 

flexible pavements (Lavin 2003; Fwa 2006). It starts with the loss of fine particles followed by coarse 

aggregate. Oxidation, lack of compaction, and traffic wear are the main sources of ravelling.  

 

Figure 2.5. Ravelling distresses at Burträskvägen, Skellefteå. 

Potholes 

A bowl-shaped hole in the asphalt layer is called a pothole (Figure 2-6). Potholes are very common 

in urban flexible pavements in cold regions and develop due to the infiltration of water into the 

pavement through small cracks or poorly bonded asphalt layers (Doré and Zubeck 2009; Neal and 

Pro n.d.; Walker and Asphalt Institute n.d). The presence of moisture in the pavement combined 

with frequent fluctuation of the temperature (i.e. FT period) is the most favourable environment for 

the development of potholes. When water within the pavement freezes and expands, it causes the 

pavement layers to push upward at that specific location. However, the ice melts as soon as the 

temperature increases above the freezing point, resulting in a cavity and wet base/subbase layer in 

the pavement, thereby decreasing the bearing capacity of the pavement. A hole in the surface layer 

will develop as soon as a vehicle load comes at this weakened part of the pavement (Figure 2-7). 

 

Figure 2.6. Developing of pothole due to freezing and thawing at Kanalgatan, Skellefteå.  
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Figure 2.7. Development of a pothole, stages 1 to 4, based on Virginia DOT (2019). 

Patches 

Patches reflect the minor maintenance activities to improve pavement conditions and regular cuts 

for utility networks. Utility cuts cause premature deterioration of pavements and are more common 

on street networks compared to state roads (Yapp et al. 2001; Wilde et al. 2018).  In this context, 

poorly executed patches are more vulnerable to water or cold weather due to frost heaving and FT 

cycles (Wågberg 2003). The impact of pavement surface defects affects the serviceability and 

functionality of roads as an asset in society (Arudi et al. 2000; Wilde et al. 2018). 

2.4. Edge defects 

Edge defects cause pavement edge deformation and are subject to insufficient width of roads; 

inadequate edges or shoulder support or weak subgrade underneath pavement layers; and poor 

execution of pavement resurfacing (Fwa 2006). Such defects are more common on state roads than 

on street networks (Figure 2-8). 

 

Figure 2.8. Longitudinal/edge crack due to frost action at Torsgatan, Skellefteå.  

2.5. Ageing 

Asphalt ageing is a common distress that negatively affects pavement performance throughout the 
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life span due to the degradation of bitumen in AC (Chai et al. 2014; Jing et al. 2021). Several ageing 

mechanisms influence asphalt, oxidation being one of the most significant that affect its durability 

(Huang and Di Benedetto 2015; O’Nions and Preston 2015; Speight 2016). Moreover, asphalt ageing 

may be influenced by the properties of materials used in the asphalt and the void ratio of the asphalt 

mix (Speight 2016). The hardening of asphalt over time may happen as a result of short and long-

term oxidation (Speight 2016; Sirin et al. 2018). Short-term oxidation—the initial phase of 

oxidation—starts in the early life of asphalt, i.e. production, storage, transportation and laying of 

asphalt on the road, while the long-term or secondary phase of oxidation occurs when the laid 

asphalt is exposed to traffic and climate (Speight 2016; Sirin et al. 2018). The process of oxidation 

happens quickly in the early life of asphalt, but slows down somewhat in the second phase of its 

design life (Doré and Zubeck 2009; O’Nions and Preston 2015; Sirin et al. 2018). Aged asphalt is 

relatively more prone to surface defects, cracks and surface deformations than a newly laid asphalt 

surface (Doré and Zubeck 2009; Roque et al. 2015; Underwood 2015).  
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3. Pavement managem ent  

Pavement management is the systematic maintenance process to maintain, upgrade, and cost-

effectively operate the pavement infrastructure (Garber and Hoel 2014; Wolters et al. 2011). In other 

words, pavement management refers to the planning and designing, construction, maintenance, 

and rehabilitation of the pavement network. It provides a solid foundation to meet short- and long-

term goals by using the available budget effectively to get the most benefit from the investment 

(Hudson et al. 1992; Mallick and El-Korchi 2013). 

3.1. Pavement management system 

Pavement management can effectively be done through the implementation of a PMS (Mallick and 

El-Korchi 2013). A PMS is a tool to assist pavement managers in improving the decision-making 

process and maintenance strategies to maintain both the good quality of road service (safety and 

mobility) and socioeconomic activities throughout the life span of pavement (AASHTO 2012; 

Hudson et al. 1992). 

PMS consists of several steps combined with hands-on experience and local knowledge that can 

provide enough information to make a wise investment decision for improving the quality and 

service life of the road network (Wolters et al. 2011). PMS starts with the inventory and condition 

assessment of the pavement network data. Additional data such as traffic volume, pavement 

maintenance history and structural capacity of pavements are also vital to collect, if possible. The 

effectiveness of PMS depends on the quality of the data. Data quality control is vital in deciding the 

optimum maintenance strategy, and for ranking and prioritizing the maintenance activities (Mallick 

and El-Korchi 2013). PMS broadly consists of the following steps (Hudson et al. 1992; Mallick and 

El-Korchi 2013): 

• Collection of pavement condition data of the street network using various methods, including 

automated, manual (visual survey/windshield survey), semi-automated, and remote collection 

techniques (Larson and Skrypczuk 2004). 

• Management of a database for the pavement network, incorporating details about inventory, 

pavement structure and maintenance history. 

• Establishment of decision criteria and budget constraints. 

• Identification of alternative strategies derived from the existing data at hand.  

• Employing decision trees to project the cost and performance associated with alternative 

strategies. 

• Selection and implementation of the most economically efficient strategy tailored to specific 

pavement segments. 

3.2. Management activity level 

PMS has been extensively applied at two distinct levels: i) the network level, aimed at managing the 

maintenance budget for the entire network, and ii) the project level, where the maintenance 

strategies and decision-making are confined to specific projects (AASHTO 2012; Haas et al. 1994; 

Huang 2004; Hudson et al. 1992; Peterson 1987). A cost-benefit analysis can aid in choosing the 

optimal maintenance strategy for pavement management, both at the network and project levels 

(Hudson et al. 1992). The data aspect and collection methods differ between network and project 

levels based on user requirements (Table 3-1) (Haas et al. 2015). 
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Table 3.1. Network- and project-level PMS in flexible pavements (Haas et al. 1994). 

Aspect Network level Project level 

Application 

Planning & programming 

Pavement maintenance budgeting 

Treatment threshold values, 

Identification of candidate pavements, 

LCC analysis 

Network-level condition reporting 

Pavement design calibration 

Specific pavements 

Optimal treatment 

recommendations 

Pavement design calibration 

Typical distress 

data collected 

Roughness (IRI) 

Cracks 

Surface deformation 

Surface defects 

Edge defects 

Surface texture 

Mapping of distresses 

Structural capacity 

Subgrade analysis 

Other data 

collected 

simultaneously 

Videos/photos 

GPS coordinates 

Geometrics 

Drainage condition 

Geometrics (e.g. plan, profile, 

cross slope) 

Speed during 

data collection 

Relatively slower than the road speed 

limit 
Walking speed 

 

Over time, the significance of PMS has grown due to the constraints faced by maintenance 

departments, such as limited budgets and personnel resources. Implementing a PMS incurs 

significant initial costs, but its long-term benefits make it a worthwhile investment (Wolters et al. 

2011). The costs associated with PMS encompass investments in data collection (manual or 

automated method), database storage, data maintenance, the hiring of services related to PMS/GIS, 

and personnel training. Nevertheless, these costs fluctuate based on the preferred data collection 

methods and tools chosen for pavement management, as highlighted by Wolters et al. (2011). As the 

sophistication of the PMS rises, so does the cost, particularly concerning its maintenance and 

regular updates. 

3.3. Pavement condition assessment 

Pavement condition refers to the physical state and degradation while pavement performance 

reflects the level of service or functionality of the pavement (Mohammadi and Amador Jimenez 

2022). Pavement evaluation can be conducted either qualitatively or quantitatively (Mohammadi 

and Amador Jimenez 2022). It is noteworthy to mention that an abundance of pavement distress 

data, encompassing surface, subsurface and structural conditions, facilitates decision-making, but 

it can also incur significant costs and demand tedious management (Wolters et al. 2011). The 

optimal approach in this context would be to selectively collect the pavement data necessary for 

decision-making, while considering the constraints of available resources. The essential pavement 

characteristics for assessing the condition of flexible pavements include roughness, texture, skid 

resistance, mechanical/structural properties, and surface distress (Bennett et al. 2007; Huang 

2004). These characteristics can be assessed at both the network and project levels.  
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Roughness 

Road roughness lacks a single standard definition and can be characterized as the absence of 

smoothness (Mallick and El-Korchi 2013). It represents the relative surface irregularities and the 

ride quality of the pavement (TRB and NAC 2019). In other words, roughness is a condition 

indicator of the pavement, since it affects the comfort, safety, and user cost (Pearson 2012), and is 

the primary influencing factor affecting the serviceability of the pavement (Bennett et al. 2007; Haas 

2001). Roughness is due to either longitudinal (either long wavelengths or short wavelengths) or 

transverse distortions in the roadway (Mallick and El-Korchi 2013). Pavement roughness is 

influenced by factors such as traffic loading, environmental effects and construction practices, and 

it tends to increase over time (Pearson 2012). The internationally recognized index “International 

Roughness Index” (IRI) computes the cumulative elevation changes over pavement distance 

(Bennett et al. 2007; Haas 2001; Mallick and El-Korchi 2013). The measurement of road roughness 

is typically carried out through either a profilometer or a response-type measuring system (Balad, 

Novak and Kuo, 1992). IRI is the measure (mm/m) of unevenness based on the longitudinal profile 

of the pavement (Sjögren et al. 2012). A high IRI value corresponds to high pavement roughness 

and discomfort (Lundberg and Sjögren 2004). 

Texture 

Pavement texture refers to the surface irregularities on the pavement that deviate from a perfectly 

smooth surface (PIARC 1987). Pavement texture is associated with safety conditions, user comfort, 

and the overall road environment (Bennett et al. 2007). The functionality of pavement texture varies 

according to variations in the range of wavelengths. Pavement surface texture is classified into three 

levels, as outlined by PIARC (1987): 

• Microtexture refers to the fine-scale surface deviations of road pavement, characterized by 

horizontal dimensions ranging from 0 to 0.5 mm and vertical dimensions between 0 and 

0.2 mm. It provides effective adhesion at low speeds. 

• Macrotexture is defined as the surface irregularities of road pavement with horizontal 

dimensions spanning from 0.5 to 50 mm and vertical dimensions ranging between 0.2 and 

10 mm. It is effective in water drainage from the pavement surface. 

• Megatexture refers to the surface irregularities of road pavement, featuring horizontal 

dimensions ranging from 50 to 500 mm and vertical dimensions between 10 and 50 mm. 

Larger than 500 mm wavelength refers to pavement roughness. Micro- and macrotexture influence 

pavement skid resistance (Haas et al. 2015; PIARC 1987). However, macro- and megatexture in 

combination with longer unevenness (e.g. IRI) is strongly associated with rolling resistance (PIARC 

1987; Sandberg et al. 2011). 

Skid resistance 

Skid resistance or friction refers to the force generated between the vehicle tyre and the pavement 

surface, preventing the tyre from sliding (Shahin 2005). Skid resistance is a complex interaction 

between the road surface and the vehicle's tyre (Haas et al. 2015). It is also a condition indicator that 

is primarily related to the surface texture of the pavement and directly related to the safety 

characteristic of the pavement (Bennett et al. 2007; Fwa 2006). Pavement with poor skid resistance 

can result in skid-related road accidents, particularly in wet conditions. Measurement of skid 

resistance through the ASTME 274 method (i.e. locked wheel skid trailer) is widely practised in the 

US and Canada (Haas et al. 2015). The International Friction Index (IFI) was developed in 1992 

under the umbrella of PIARC for skid resistance measurement, like IRI, but this method has not yet 

reached the same level of recognition (Bennett et al. 2007). 
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Structural properties 

The objective of evaluating the pavement structure is to ascertain the load-carrying capacity of the 

pavement, aligning this with the anticipated traffic volume and loads (Huang 2004). Determination 

of the structural capacity of the pavement is valuable for designing and selecting appropriate 

rehabilitation measures (Gramling 1994). An understanding of the thickness of each layer within 

the pavement structure is vital before undertaking such testing (Bennett et al. 2007; Haas et al. 

2015; Mallick and El-Korchi 2013). The structural properties can be evaluated through coring or by 

using the simple, reliable non-destructive deflection testing (NDT) method (Mallick and El-Korchi 

2013). For instance, the thickness of payment layers can easily be determined through Ground 

Penetrating Radar (GPR) (Haas et al. 2015). Furthermore, the falling weight deflectometer (FWD) 

is a well-known device that measures the surface deflection of the pavement under controlled 

loading (Gramling 1994). Surface deflection measurement serves as an indicator of future pavement 

distress and performance, revealing the potential deterioration rate of the pavement structure over 

time (Haas et al. 2015). 

Surface distresses 

A pavement distress survey is a vital component of pavement management and includes the 

evaluation of distress through the measurement of the type, severity and extent of the distress 

(Bennett et al. 2007; Garber and Hoel 2014; Gramling 1994; Huang 2004). Surface distress 

corresponds to deterioration caused by traffic volume and loads, climate, and pavement ageing 

(AASHTO 2012). Surface distress describes the present surface condition of the pavement regarding 

whether or not the pavement needs maintenance to reduce safety hazards, etc. (Haas et al. 2015). 

The Pavement Condition Index (PCI) was developed by the U.S. Army Corps of Engineers and has 

been globally accepted among transportation agencies as part of PMS (Garber and Hoel 2014; 

Shahin 2005). PCI is a numerical pavement distress condition index ranging from 0 to 100, where 

100 represents the perfect surface condition based on visual assessment and 0 reflects the worst 

pavement condition (ASTM 2020). In PCI there is a practice of defining the critical PCI value, below 

which preventive maintenance is no longer an option; instead, it is more viable to carry out 

rehabilitation treatment (Shahin 2005). Further details about PCI can be found in the ASTM D-

6433 document (ASTM 2020). 

3.4. Pavement data collection methods 

The collection of pavement condition data is vital in getting the whole picture of the road network 

and in the decision-making process of pavement management (Wolters et al. 2011). Collection of 

pavement data may be carried out through manual (visual survey/windshield) and sensor-based 

surveys, i.e. automated and semi-automated (Sholevar et al. 2022). Typical network inventory data 

included in PMS can be: 

• Streets' general data (names, geographic location and geometric dimensions)  

• Functional classification of streets 

• Pavement type and material used 

• Pavement condition data 

• History of construction, maintenance and rehabilitation measures, i.e. pavement age 

 

Manual method of data collection 

Qualified and experienced raters/inspectors perform the visual survey/windshield survey of the 

road network through a vehicle driving along the streets and registering the distress and overall 

condition of each road segment on paper (Puan et al. 2007). Alternatively, the survey vehicles are 
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equipped with a camera to take geo-referenced images of the pavement surface at regular intervals 

with the purpose of analysing the pavement distresses later. Experts analyse pavement condition 

based on their experiences. This method is the most popular and is comparatively less costly 

(Staniek 2021). The major drawbacks of this method are the subjective approach and lack of 

absolute surface measurement (Mustaffar et al. 2008; Staniek 2021). This method may be suitable 

for small municipalities due to limited resources, though data quality may remain subjective or 

inconsistent due to variation in experts/raters and the experience is usually not easy transferable to 

others (Garber and Hoel 2014). 

Automated method of data collection 

In the fully automated method, the data collection can be carried out through specific vehicles 

equipped with cameras, laser scanners, 3-D sensors, specifically made computer hardware, GPS, 

friction, deflectometer, etc. (Coenen and Golroo 2017). The analysis of collected data is also 

automated and can be carried out offline (Chacra and Zelek 2017). On the other hand, the semi-

automated method of data collection is similar to the fully automated except for the post-data 

analysis part, where experts analyse the data instead of using computer-coded programs. 

The survey devices can be utilized to collect a wide range of needed pavement data (Benmhahe and 

Chentoufi 2021; Coenen and Golroo 2017). The laser measurement with RST (road surface tester) 

is a laser-based, computer-automated, non-contact road profilometer system to collect and 

simultaneously process the pavement surface data, i.e. rut depth, unevenness, cracking, 

megatexture, rough macrotexture, fine macrotexture, cross fall, curves, and elapsed distance 

(Arnberg et al. 1991). Even with the use of a fully automated method, there is always a need for the 

post-processing of data (Pantelias 2005). Although the automated data collection method is 

expensive, it is still a better option for retrieving and storing reliable data through proper calibration 

and quality control at the network level (Underwood et al. 2011). Such data collection is useful in 

the long-term analysis of pavement networks. 

3.5. Performance models 

Pavement performance models are integral to pavement management as such models forecast 

pavement deterioration or future conditions by considering influential factors such as traffic, 

pavement distress, and historical data (Marcelino et al. 2021). Performance models help in 

monitoring the performance trends of the network over time, subject to the quality and availability 

of the data (Cesme et al. 2017). The identification and gathering of relevant information on 

influential factors (Figure 3-1) play a vital role in the performance of prediction models (Haas et al. 

2015). Pavement age stands out as a significant independent variable among the rest in improving 

the performance of models noted by Mills, Attoh-Okine, and McNeil (2012). The pavement's 

condition, expressed by road administrations as a numeric value in terms of an index or rating, 

serves as the dependent variable in the model (Mills et al. 2012). 

Performance models are equally valuable for allocating maintenance budgets, conducting life-cycle 

economic analyses, and making decisions regarding the selection of M&R alternatives (AASHTO 

2012; Amin 2015). Mahmood (2015) noted that pavement performance prediction at the network 

level is useful in choosing the treatment programme, prioritization of the work plan and budget 

allocation, while at the project level it is beneficial in choosing the right choice of M&R. 
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Figure 3.1. Potential individual and group factors which affect pavement deterioration (Haas et al. 2015). 

Hu et al. (2022) highlighted that IRI, PCI, and the Present Serviceability Index (PSI) are among the 

most widely adopted metrics for performance measures in the literature. Likewise, the most 

common performance indicators are PCI and IRI in North America (Piryonesi 2019). 

There are several ways to group pavement performance models as per the earlier studies . For 

instance, Amin (2015) classified performance models into two types: deterministic and stochastic. 

On the other hand, AASHTO (2012) indicates that generally there are four types of pavement 

performance prediction models used in the literature, including deterministic, probabilistic, 

Bayesian, and subjective models. The models, as noted by Hu et al (2022), can be classified based 

on the application level (project and network),  regression analysis and probabilistic models.  

Deterministic models predict the future condition as a precise value based on the mathematical 

functions of the observed or measured deterioration (Robinson et al. 1998). These are further 

classified into empirical, mechanistic and empirical–mechanistic models, which are mentioned 

widely. The majority of the performance models are deterministic (Sadeghi et al. 2017), due to their 

simplicity relative to probabilistic models. However, Saha, Ksaibati, and Atadero (2017) pointed out 

some drawbacks of such models, e.g. lack of considering uncertainty in the weather condition and 

variation in traffic load, as well as the requirement for both quantitative and qualitative datasets. 

Probabilistic models, particularly Markov and Bayesian models, have been employed in the early 

phase of PMS evaluation. In this regard, the Markov chain model is the most applied in the literature 

noted by Amin (2015) and by Saha, Ksaibati, and Atadero (2017). Probabilistic models are relatively 

accurate in developing pavement deterioration curves, as such models involve the uncertainty in the 

predicted condition as a probability function of a range of possible outcomes (Robinson et al. 1998). 

One drawback of probabilistic models is that M&R strategies may not accurately reflect reality, as 

they are based on steady-state probabilities. Additionally, these models may not be applied to 

individual pavement sections and instead rely on family or group sections with similar 

characteristics (Amin 2015). ML models (e.g. artificial NN, RF) have also been widely employed for 

predicting pavement performance (Kargah-Ostadi and Stoffels 2015). 

Multi-objective optimization models are designed to tackle multiple goals concurrently (such as. 

minimizing agency costs, maximizing performance, minimizing user costs, and reducing 
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environmental impacts) that are set by road administration agencies to get an optimal solution 

(Meneses and Ferreira 2013). For instance, consideration of user costs in decision-making might 

lead to an increase in agency costs (Meneses and Ferreira 2013). To enhance decision-making in 

M&R activities, Meneses and Ferreira (2013) developed a multi-objective decision-aid tool that 

integrates user costs and agency maintenance costs through the assignment of weighting factors.  

3.6. Machine learning application in pavement management 

ML has been increasingly applied in pavement management in recent times. ML models/algorithms 

apply the theory of statistics to a pavement condition dataset of one or several parameters to learn 

and perform predictions on the future condition of the pavement (Alpaydin, 2014). ML models can 

be categorized into four groups, i.e. i) Supervised, ii) Unsupervised, iii) Reinforcement, and iv) 

Semi-supervised learning model (Rebala et al. 2019). This study is limited to supervised learning 

models. 

Supervised learning models 

In supervised learning models, the computer uses a huge pavement dataset for training, containing 

both input variables and the corresponding known or right output values (Rebala et al. 2019). By 

feeding in pavement data, the model should be able to learn the key characteristics within the input 

variables to determine the output value. When new data is provided into the variables, the model 

should be able to predict the output value (Rebala et al. 2019). Supervised learning models can 

generally deal with two types of problems (Dutt et al. 2018): i) classification and ii) regression. 

Classification models predict the class label of the desired data. The model feeds with the training 

dataset containing the input and corresponding output values in class labels to learn the relationship 

among them. Afterwards, the model can identify the new dataset into a distinct set of classes or 

categories, i.e. a qualitative predicted value in the output (Dutt et al. 2018). One example of this is 

to classify the pavement status as to whether it is in good condition or not. So the predictive answer 

would be either yes or no. In the context of regression problems, the model, when exposed to a 

training dataset containing input and corresponding output values, should be capable of generating 

a continuous or numeric predicted value as the output (Dutt et al. 2018). For example, the PCI value 

of a pavement segment can be predicted in numeric form instead of the class label as in classification 

data analysis. Common supervised ML models are Nearest Neighbour, Naive Bayes, Decision Trees, 

LR, Support Vector Machines, NN and RF. 

Linear regression algorithm 

This is perhaps the most basic supervised learning algorithm (Wang et al. 2023a). Such regression 

algorithms show a linear relationship between the independent variable and the dependent variable 

(Rebala et al. 2019). The input variable is the independent variable being used to train the model, 

while the output variable is the dependent variable being explained or predicted by the model. 

Linear regression may be categorized into two types: i) Simple linear regression, and ii) multiple 

linear regression. 

Simple linear regression 

In this approach, a single quantitative input variable is used to predict an unknown output value by 

assuming that the dependent and independent variables have approximately a linear relationship 

(James et al. 2013; Rebala et al. 2019). Mathematically, the equation of the straight line relating 

these two variables may be expressed (James et al. 2013; Montgomery et al. 2012) as  

𝑦 =  𝛽𝜊  + 𝛽1𝑥  (3.1) 
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where 𝑦 = the dependent or response variable, 𝑥 = the independent variable or predictor or 

regressor, while the linear regression coefficients β0, and  β1 are unknown intercepts and slope of the 

line respectively (James et al. 2013; Montgomery et al. 2012). In the case of predicting the PCI value 

y based on the independent variable “pavement age“ x, then mathematically the regression model 

equation could be expressed as y= β0 + β1 x + ε. The difference between the 𝑦 and (β0 + β1x) is 

represented by ε, i.e. random error. 

Multiple linear regression 

In this type of regression analysis, the relationship among the variables is still linear. However, 

several independent variables are used to predict the output or dependent variable (James et al. 

2013). Mathematically multiple linear expressions for p-independent variables may be expressed 

(James et al. 2013) as  

𝑦 =  𝛽𝜊 + 𝛽1𝑥1 + 𝛽2𝑥2 +  ・ ・ ・ + 𝛽𝑝 𝑥𝑝 (3.2) 

where βj represents the jth association between the independent and dependent variable s and Xj 

represents the jth independent variable. The equation is linear due to unknown coefficients βj, j= 1, 

2,..., 𝑝. For instance, to predict the PCI status of pavement through the independent variables like 

distress (x1), age (x2), and traffic (x3), the equation of the multiple linear regression model could be  
𝑦 =  𝛽𝜊  + 𝛽1𝑥1 + 𝛽2𝑥2 + 𝛽3𝑥3 +  𝜀. 

Neural network (NN) 

The artificial neural network, also called ANN or just NN, is a subset of ML and the heart of deep 

learning, which makes it a powerful algorithm. It has been widely applied in earlier studies and it 

contains nodes or neurons interconnected through synapses to transmit the data in the network 

without any loop (Rebala et al. 2019; Sandeep et al. 2023). Each neuron has a certain weight and 

threshold level to process the information in the network. NN more or less mimics the human brain 

and therefore it is called neural. The network contains at least three layers, namely: i) input, ii) 

hidden, and iii) output, as shown in Figure 3-2. However, the number of hidden layers may be either 

single or multiple (James et al. 2013). The flow of information in the network may either be feed 

forward or feed backward (Dutt et al. 2018). ANN requires consideration of multiple aspects during 

the learning or training stage, which may include: the number of hidden layers, the number of nodes 

in the hidden layers, the flow direction of signals or information, and deciding the weights of the 

synapses. 

 

Figure 3.2. Typical ANN graph adapted from Rebala et al. (2019) and Wang et al. (2023b). 
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The input data (input 1, 2, 3), as shown in Figure 3-2, is fed into the nodes of the input layer of the 

network, which is then processed by the hidden layers to learn the data patterns. Each node has an 

input and output in the network. Similarly, each node (except those in the first layer) receives inputs 

or signals, i.e. output, from the previous layer’s node in the network. The edges of the node represent 

weights. The nodes in the input layer do not process any data but just transfer it from the input 

(start) to the output (end) of the node. Except for the input nodes, each node carries out two 

functions—summation and activation, as illustrated in Figure 3-3. The input values 1, 2, and 3, after 

exiting nodes (A, B, C) of the input layer, will be multiplied by weights on the way to reach the nodes 

of the hidden layer. After this, each node will sum up all the weighted values obtained from the 

previous layer’s nodes, which will be used as input (called net input) in the activation function, 

which decides the output of the node. The activation function contains a threshold value to compare 

it with the net input. If the net input is greater or equal to the given threshold, the activation function 

will activate the node to produce an output to pass on to the nodes of the next layer as input. 

Otherwise, the node will be inactive, with an output of zero or a very small value.  

 

Figure 3.3. Structure of a node, adapted from Dutt et al. (2018). 

Mathematically the summation junction ysum may be expressed as follows (Dutt et al. 2018): 

𝑦𝑠𝑢𝑚 = ∑ 𝜔𝑖𝑥𝑖
𝑛
𝑖=1   (3.3) 

where xi (x1, x2, …, xn)  is input to the nodes and wi ( w1, w2, …, wn) is the weight of the synapses. 

The out-of-the-activation function, yout, can be mathematically expressed as follows (Dutt et al. 

2018): 

𝑦𝑜𝑢𝑡 = 𝑓(𝑦𝑠𝑢𝑚)   (3.4) 

The value of the synaptic weights depends upon the difference between the predicted and the 

observed values. The assigning of value to the synaptic weights is the fundamental aspect of the 

training stage of the ANN (Dutt et al. 2018). This is done by setting some values and continuing 

the assigning process until finding the optimal values for the synaptic weights , i.e. the optimal 

difference in the predicted and observed values (Dutt et al. 2018). 

NN is typically the same as linear regression except for the activation functions between the layers, 

which introduce the non-linearity to the model (Wang et al. 2023b). The number of hidden layers 

and the neurons in the hidden layers depend on the complexity of the algorithm. The output layer 

makes the prediction based on the learning process in the hidden layers.  
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Random forest 

The RF model is a collection of many decision tree models (DT) to perform prediction and is useful 

in both classification and regression techniques (Rebala et al. 2019). The advantage of RF is that it 

reduces the overfitting issue by averaging multiple decision trees from various portions of training 

data. DT models make decisions based on the value of the variables in the tree structure for choosing 

one or the other path (Rebala et al. 2019). 

K-nearest neighbour (KNN)  

This is a simple non-pragmatic supervised ML algorithm that can be utilized for classification or 

regression problems. This algorithm has been used in several studies to overcome the missing data 

problem (Sallaby and Azlan 2021). K stands for the number of the nearest neighbours near the 

missing data considered in the prediction process (Igiri Chinwe Peace et al. 2015). In KNN, the 

process involves choosing 'K', measuring distances between data points, identifying the closest 

neighbours, and then filling in missing values based on those nearby neighbours with similar 

characteristics. The study involved predicting missing traffic data for the year 2018 for certain 

streets using the KNN imputation technique. Initially, the optimal value of K was determined by 

calculating the square root of the number of rows in the dataset, guiding the selection of the nearest 

neighbours. Distance calculations were then performed to quantify the similarity between data 

points, based on variables of residential area, traffic volume, and heavy traffic for 2017. By assessing 

these distances, the algorithm identified the most similar data points, allowing for the imputation 

of missing traffic volumes for the year 2018. 

3.7. Assessing the accuracy of the model 

To assess the goodness of fit and predictive power of the models, the following performance metrics 

have been employed: 

Mean Absolute Error, MAE, measures the average of the residuals: 

𝑀𝐴𝐸 =
1

𝑁
∑ |𝑦𝑖 − 𝑦̂|𝑁

𝑖=1     (3.5) 

Root Mean Square Error (RMSE) measures the standard deviation of residuals: 

𝑅𝑀𝑆𝐸 = √
1

𝑁
∑ (𝑦𝑖 − 𝑦)2𝑁

𝑖=1     (3.6) 

The coefficient of determination (R-squared) represents the proportion of the variance in the 

dependent variable which is explained by the model: 

𝑅– 𝑠𝑞𝑢𝑎𝑟𝑒𝑑 = 1 −
∑ (𝑦𝑖−𝑦̂)2𝑁

𝑖=1

∑ (𝑦𝑖−𝑦̅)2𝑁
𝑖=1

   (3.7) 

where N is the number of street segments, y is the street segment,  𝑦̂  is predicted value of y, and 𝑦̅ is 

a mean value of y. 

It's important to note that low values for MAE and RMSE are indicative of higher model accuracy. 

Conversely, high values close to 1 or negative 1 are considered favourable for the R-squared metric. 

RMSE tends to heavily penalize high prediction errors, while MAE treats all errors equally. 

Moreover, the relationship between predicted and observed values was assessed using both 

Pearson’s (R2) and Spearman’s rank correlation coefficients. Spearman’s correlation measures the 

pairwise degree of association between predicted and observed values. The Spearman's rank 

correlation coefficient measures the strength and direction of the monotonic relationship between 

variables. A value closer to 1 indicates a strong positive monotonic or linear relationship and vice 
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versa. 
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4. Pavement maintenanc e and sustainability 

4.1. Maintenance strategies 

The objective of pavement maintenance is to enhance pavement condition or preserve the pavement 

in good condition through the application of suitable treatment. The treatment selection is a 

complicated process, but it can be categorized as proactive (preve ntive) or corrective 

(rehabilitation). The treatments may also be broadly classified as routine maintenance, preventive 

maintenance, rehabilitation and reconstruction. Any maintenance activity other than 

reconstruction may be considered preventive in the broader prospects. However, pavement 

maintenance can be further categorized as new techniques that have been developed over time. 

Therefore the grouping of maintenance treatments may be slightly different from agency to agency 

depending upon their resources and competence (TEXAPA 2021). Some of the common 

maintenance strategies are described as follows.  

Routine maintenance: These maintenance activities are planned and carried out on a routine basis 

to maintain or preserve the pavement condition at an adequate level (AASHTO 2012). These 

activities encompass treatment alternatives like patching potholes, repairing isolated minor cracks, 

maintaining kerb stones, etc. These tasks are typically small scale and incur lower costs.  

Preventive Maintenance: This focuses on enhancing the surface characteristics of the pavement 

rather than addressing structural issues. Therefore, it is most effective when applied at a time when 

the pavement is in good condition (AASHTO 2012; Uzarowski et al. 2009). Some of the most 

common preventive maintenance activities include microsurfacing, fog seal, crack filling, slurry 

seal, and single and double chip seal. At the municipal level in Ontario, slurry seal, chip seal, and 

thin (40 mm thick) asphalt layers have been successfully applied for many years (Uzarowski et al. 

2009). Preventive maintenance is generally more cost-effective when compared to rehabilitation 

treatments (Figure 4-1). Applying preventive maintenance at the appropriate time during the early 

stages of pavement deterioration to prolong pavement life is called pavement preservation 

(TEXAPA 2021). In simpler terms, pavement preservation encompasses both preventive 

maintenance treatments and routine maintenance treatments (Haas et al. 2015). 

 

Figure 4.1. Pavement deterioration curve over time (Zimmerman 2009). 

Rehabilitation: This type of treatment is intended to enhance the structural capacity of the pavement 

and can be executed through various methods, such as applying a thick overlay on the existing 

pavement, milling and filling existing pavement with one or several layers, or reconstructing the 
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pavement (Michel et al. 2011; TEXAPA 2021). The extent of rehabilitation treatment, whether light 

or major, depends on the selected approach. The cost of rehabilitation treatment depends on many 

factors, e.g. type of materials, transportation of materials, and the quantity of materials required.  

Reconstruction or major rehabilitation: This involves the removal of the existing pavement structure 

and its replacement with entirely new construction materials to meet current traffic and 

environmental conditions (TEXAPA 2021). This activity becomes a viable option for maintenance 

when the existing street or pavement structure has suffered significant damage, reaching a failed 

condition. Consequently, this activity is the most expensive compared to other maintenance 

activities. The materials removed from the existing pavement can be recycled locally, contributing 

to cost reduction and enhancing sustainability.  

4.2. Sustainability in pavement management/maintenance 

The global concern regarding the impact of climate change and the rise in greenhouse gas (GHG) 

emissions has led pavement administrations to integrate sustainability into pavement management 

(France-Mensah and O’Brien 2019).  It is therefore important to incorporate sustainability into 

pavement management (Van Dam et al. 2015), as pavement condition has multifold effects on many 

aspects, ranging from road users to the environment and economy.  

Van Dam et al. (2015) further described that sustainable pavement meets the intended engineering 

goals without compromising either the surrounding ecosystems, environmental and economic 

resources or basic social benefits. Maintenance of pavements in the de sired condition and 

consideration of the economic, environmental and social aspects in selecting the maintenance 

alternatives falls within the domain of sustainable pavement management (SPM) (Flintsch and 

Bryce 2014). Transportation authorities need current pavement condition data and predictive 

models to assess how maintenance strategies affect the socioeconomic and environmental aspects 

in the pursuit of SPM (Flintsch and Bryce 2014). Similar to pavement maintenance, the various 

stages of pavement design life, including planning, designing, construction, operation, and 

recycling, are equally important as part of SPM. One can assert that sustainability may be 

incorporated into the PMS at all levels (Flintsch and Bryce 2014). Opting for the SPM approach will 

contribute to achieving the sustainable development goals (SDGs) by 2030. There are 17 SDGs to 

address the socioeconomic and environmental aspects of development activities (UN. 2015). The 

incorporation of sustainability into pavement management directly or indirectly addresses several 

of these goals. 

In this context, pavement preservation practices can potentially propel pavement sustainability and 

could be further enhanced by the optimization of preservation practices (Gransberg et al. 2014). 

Ramani et al. (2009) noted that transportation agencies in 15 US states address the sustainability 

concept (economic, social and environmental) in their decision-making. Furthermore, Faghih-

Imani and Amador-Jimenez (2013) demonstrated that making a minor concession in the pavement 

condition performance during the selection of environmentally friendly maintenance treatments 

could lead to a substantial decrease in GHG and energy consumption in the US.  

For 2022, Sweden's domestic greenhouse gas (GHG) emissions from the transport sector amounted 

to 13.64 million metric tonnes of CO2 equivalent (MMTCO2eq), whereas the emissions from the 

industry and construction sector were approximately 1.14 MMTCO2eq. This represents a 

comparatively lower level than the years leading up to 2022, according to the Swedish 

Environmental Protection Agency (SEPA 2023). Further measures are necessary at both the 

municipal and state road management levels to achieve a decrease in emissions in the future.  
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Measurement of environmental sustainability in the pavement maintenance process is an emerging 

field (Flintsch and Bryce 2014). A sustainability rating tool can be employed to assess and assign a 

score or value to project activities, considering various environmental sustainability themes (such 

as air quality, noise, water conservation, waste management, natural resource utilization, and 

more), and thus the final score from such evaluation would indicate the overall sustainability level 

of the project (Zhang and Mohsen 2018). Moreover, sustainability ratings are generally based on 

the locally agreed-upon evaluation indicators and goals by involving the stakeholders. Several 

sustainability rating tools have been developed, with varying scope and complexity, to assess the 

sustainability impacts of a pavement project (Flintsch and Bryce 2014; Zhang and Mohsen 2018; 

Anderson-Skold et al. 2022). Such rating tools are for the construction, maintenance and operations 

of infrastructures (Zhang and Mohsen, 2018). For instance, Torres-Machi et al. (2018) proposed a 

sustainability framework to evaluate pavement maintenance treatments by considering the 

technical, economic and environmental attributes. Similarly, a project-based sustainability rating 

tool for pavement maintenance was developed by Zhang and Mohsen (2018). Another research 

study was undertaken to improve decision-making and incorporate sustainability in pavement 

maintenance (Pamuković et al. 2021). More recently, the SUNRA  framework, which was initially 

developed for highways, was modified and applied at the municipal level (Anderson-Skold et al. 

2022). Some of the sustainability tools that are well-established worldwide are the Infrastructure 

Voluntary Evaluation Sustainability Tool (INVEST), Greenroads, Green Leadership in 

Transportation Environmental Sustainability (GreenLITES), Leadership in Energy and 

Environmental Design (LEED ®), GreenPave,  life cycle assessment (LCA), etc. (Flintsch and Bryce 

2014; Zhang and Mohsen 2018). 

4.3. Benefits of incorporating sustainability in pavement maintenance 

Incorporating sustainability aspects in pavement maintenance will benefit society in several ways. 

For instance, utilization of recycled materials in pavement maintenance contributes to improved 

natural resource management and waste reduction. Likewise, employing fully electric or hybrid 

machines will contribute to the reduction of GHG emissions. This will also help in decreasing noise 

levels during operational hours in the surrounding neighbourhood. Moreover, employing smaller-

sized construction machinery will contribute to a reduction in congestion and vibrations. 

Implementation of an improved construction work plan, which avoids blocking streets during peak 

hours, will assist in minimizing unnecessary traffic disruptions, long route diversions, and 

unforeseen traffic congestion on smaller roads. Likewise, maintenance measures should be designed 

in a way that does not compromise socio-economic and environmental considerations. Opting for 

minor maintenance measures during the early stages of pavement defects will lead to reduced user 

and municipal costs, fewer road accidents, diminished reliance on heavy construction machinery, 

and ultimately, a decrease in impacts on air, soil and water, among other factors. Undoubtedly, not 

all sustainable solutions are inherently cost-effective. However, initiating a sustainable activity in 

pavement maintenance can significantly raise awareness, particularly among stakeholders, and 

generally in society. Including sustainability practices in pavement maintenance could potentially 

result in authorities receiving a boost in their maintenance budget.   
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5. Street network managem ent in Skellefteå municipality: A case study 

The Skellefteå municipality encompasses approximately 400 km of street pavements, categorized 

into four street classes based on their functionality, as outlined in Table 5-1. Main streets offer the 

highest mobility in the street network, while collector streets, connecting residential and industrial 

streets to main streets, provide slightly lower mobility. Residential streets, typically located in 

residential areas, offer limited vehicle mobility with a speed limit under 40 km/hr. Industrial streets 

are specifically designed to accommodate heavy traffic in industrial areas. The network has been 

categorized into various street classes to effectively maintain the pavement condition as a 

performance objective. The municipality manages the street network through three maintenance 

units, namely southern, central and northern maintenance units, as shown in Figure 5 -1. 

In 2019, the municipality allocated 9.5 million SEK (~ EUR 0.95 million), followed by 12 million 

SEK (~ EUR 1.2 million) in 2020 for street maintenance aimed at improving the functionality of the 

street network. The expenditure on operations of roads/winter maintenance, reconstruction of 

existing roads, or construction of new streets/roads is accounted for in a separate budget. 

Table 5.1. Street pavements in Skellefteå municipality. 

Streets classifications Length (km) Length (%) 

Main street 62 14% 

Collector street 19 4% 

Residential streets 336 78% 

Industrial street 12 3% 

Total street network 429  
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(a )                                                                                   (b) 

Figure 5.1. (a): Map of Sweden and Skellefteå municipality (black). (b): Map of Skellefteå municipality showing the three 

maintenance units. 

5.1. Pavement distresses in Skelleftea municipality  

The common distress in the municipality includes potholes, rutting, cracks, and damage due to frost 

action. The occurrence of distress varies from one neighbourhood to another. However, pothole 

formation and pavement damage due to cold weather are the most prevalent challenges faced by the 

street network administration. Consequently, the most frequently employed maintenance measures 

involve repairing potholes and milling the pavements, particularly in areas where potholes recur 

consistently. Additionally, addressing cracks and uneven pavement surfaces are common 

maintenance measures in the southern maintenance area. On the other hand, the central 

maintenance unit area exhibits a higher percentage of distress compared to other parts of the 

municipality, primarily attributed to heavy traffic and traffic flow. Additional common pavement 

distress in this area includes rutting and frost cracks. In the northern maintenance unit areas of the 

municipality, certain neighbourhoods are particularly susceptible to pavement distress, potentially 

attributable to the type of soil and the flat topography characteristic of the area.  

The assessment of pavement damage primarily depends on the extensive experience of the staff. The 

prevailing belief is that milling or resurfacing asphalt pavements is the most cost-effective method 

to extend the life of a street. However, if there are significant signs of frost heave or if a street is 

highly susceptible to frost damage, reconstruction becomes the preferred option. The staff believe 

that the primary factors contributing to pavement distress are aged pavements and inadequate 

thermal insulation in the street materials (e.g. crushed rocks). This issue is further compounded by 

cold weather and the gradual increase in traffic flow over time. Given that most streets were 

constructed 35-50 years ago with thin pavements not designed for current traffic levels, 
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reconstruction is often deemed necessary or preferable over remedial maintenance measures for 

such pavements. 

5.2. Street pavement condition assessment approach 

The department conducts street condition assessments on an annual basis and, additionally, 

comprehensively assesses the entire network every fourth year.  

• Every fourth-year assessment involves outsourcing the comprehensive evaluation of the entire 

street network to an external entity, a practice that has been in place since 2014. The purpose 

is to acquire the current status of the streets. The pavement condition data obtained from this 

assessment is georeferenced and carefully documented for thorough analysis.  

• The annual assessment of streets is conducted by staff from the maintenance and operational 

units. This assessment aims to track pavement performance through visual surveys. These 

evaluations take place during the spring season and rely on a visual, windshield approach 

without any formal documentation. 

Common maintenance measures encompass the milling of pavement, overlaying with a new asphalt 

layer, applying a thin overlay of 1-2.5 cm thick asphalt, patching, and sealing cracks. Generally, hot 

mix asphalt (HMA) is preferred over recycled/cold mix asphalt in these maintenance measures. 

Pavement distress survey 

The municipality follows the guidelines outlined in the handbook "Bära eller Brista"(Wågberg 2003) 

to assess the current condition of the network, a process carried out through collaboration with a 

private company. Since 2014, pavement condition data has been gathered through windshield 

surveys to determine the PCI, which is rated on a scale from 0 to 100. However, windshield surveys 

often face challenges related to subjectivity and lack of repeatability, which are common issues in 

manual assessments. PCI serves as a composite measure that takes into account the type, extent, 

and severity of various distress observed in each pavement segment of the street. Pavement 

unevenness, alligator cracking, longitudinal/transverse cracks, ravelling including asphalt 

hardening, and miscellaneous distresses are the types of distress that municipalities measure to find 

the status of pavements, as described in Table 5-2. 
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Table 5.2. Example of a pavement assessment to use in the evaluation of the pavement condition (Afridi et al. 2023b). 

Distress Type (D) Severity levels 

Density levels 

Affected 
Pavement 

Difficulty 
Level I 

Difficulty 
Level II 

Difficulty 
Level III 

(Deduct 
points) 

(Deduct 
points) 

(Deduct 
points) 

Surface Unevenness (SU) 

Low <20 20 35 50 

Moderate 20-50 35 50 65 

High >50 50 65 70 

Alligator Cracking (ACR) 

Low <20 30 45 60 

Moderate 20-50 45 60 75 

High >50 60 75 85 

Longitudinal/Transverse 
Cracking (CR) 

Low <20 5 15 30 

Moderate 20-50 15 30 50 

High >50 30 50 75 

Rutting (RUT) 

Low <20 15 40 70 

Moderate 20-50 15 40 70 

High >50 15 40 70 

Ravelling including asphalt 
hardening (LAR) 

Low <20 5 15 30 

Moderate 20-50 15 30 50 

High >50 30 50 75 

Miscellaneous Surface 
Defects (SD) 

Low <20 5 10 20 

Moderate 20-50 10 20 40 

High >50 20 40 60 

 

The PCI score range allows for the categorization of streets into four groups, serving as a 

performance index. The municipality utilizes this assessment to identify and prioritize M&R and 

reconstruction activities of pavement management, both at the network and project level. Allocation 

of the budget is highly dependent on the condition category or PCI status of streets as shown in 

Figure 5-2. These categories are described as follows: 

• Green category, pavement segments with a rating between 81 and 100 are considered in 

good condition and have an approximate lifespan of more than 10 years remaining. Such 

streets do not require any maintenance measures.  

• Yellow category, pavements with a rating between 61-80 are considered in fair condition 

and have an approximate lifespan of 6-10 years remaining. Such pavements are still acceptable 

but in need of minor maintenance treatments.  

• Red category, pavements with a rating between 41-60 are considered in poor condition and 

have an approximate lifespan of 3-6 years remaining. Such streets need immediate 

maintenance measures to avoid reconstruction of the street.  

• Black category, pavements with a rating of less than 40 are considered in very poor condition 

and have an approximate life span of 0-3 years remaining. Such streets primarily need 

reconstruction. 



 

28 

 

 

Figure 5.2. Street inventory process in Skellefteå municipality. 

Data collection and analysis process 

The street inventory starts by taking GPS-coordinated photos of the streets while driving along the 

streets. Afterwards, the evaluation of the pavement condition of the relevant streets is done in the 

office by 1-2 experts. Calculation of the pavement condition/status of the streets involves the 

following steps: 

• Division of streets into different pavement segments, irrespective of the number of driving 

lanes. Most of them are from intersection to intersection, as per GIS available data.  

• Assigning deduction values to each pavement segment, separately, according to the type of 

distress, distress severity level, affected pavement, and difficulty level of maintenance 

measures (see Table 5-2). 

• The “deduct values” corresponding to distresses are summed up and denoted with “x”, then the 

“Weighted Deduct value (WDV)” is found through the expression WDV = 0.63636 ∗ (𝑥 − 10) −

0.001715 ∗ (𝑥 − 10) ∗ (𝑥 − 120). 
• To find the PCI of the pavement segment, use the following expression:  

PCI = 100 − WDV   (5.1) 

• To find the average “Status value” of a whole street, sum up the “PCI value” of all pavement 

segments on the particular street and then divide it by the number of segments.  

An example of pavement evaluation is provided in Table 5-3, which is based on Table 5-2 and 

Figures 5-2 and 5-3. As shown in Table 5-3, the street Skolgatan has a 73 PCI and as a result ends 

up in the yellow category. This reflects prioritizing the street segment for minor maintenance to 

avoid it falling into the red category. 
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Figure 5.3. Pavement condition of Skolgatan street (Afridi et al. 2023b). 

Table 5.3. Street pavement condition assessment form within PMS (Afridi et al. 2023b). 

Pavement evaluation form 

Street class 3 

Street name Skolgatan 

Street segment ID 3508 

Length 388 

Width 7 

Area 2716 

 Severity of Distress Deduct value 

Distress type Low < 20% Medium 20%-50% High > 50% (Points) 

Surface Unevenness - - - - 

Alligator Cracking - - - - 

Longitudinal/Transverse 
cracking 

- - Yes 15 

Ravelling (loss of coarse 
aggregates) including 

Asphalt hardening 
- - Yes 30 

Other defects - - - - 

Total Deduct Value (𝑥) 45 

 WDV = 0.63636 ∗ (𝑥 − 10) − 0.001715 ∗ (𝑥 − 10) ∗ (𝑥 − 120) 27 

Status or PCI value =  100 −  WDV 73 

Condition category Yellow 
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6. Summary of the papers 

6.1. Paper A 

The Sustainability framework SUNRA, i.e. Sustainability National Road Administration framework, 

was initially developed by National Road Administrations (NRAs) across Europe (Sowerby et al. 

2014) and adopted by the Swedish Transport Administration (STA) to address sustainability in 

pavement management at state-level roads. The study aimed to customize the SUNRA framework 

to be user-friendly at both STA and municipal levels. The latest version provides for setting project 

goals and targets to one or more sustainable development goals (SDGs), offers project-specific 

indicators, a checklist for essential aspects in performance and planning, and enables comparisons 

between various project alternatives through ex-ante assessments. A further aim was to identify the 

barriers and driving forces to apply the framework and adapt to the different projects with varied 

complexity and context. This was achieved by involving both staff from STA and three Swedish 

municipalities throughout the modification and application process of SUNRA. Its transparency can 

aid in knowledge sharing and sustainable development, both locally and regionally.  

The framework has been aligned with the SDGs to ensure its applicability across all phases of a 

project within the STA and in urban contexts involving frequent street maintenance, reinvestments, 

and new settlement planning. Extensive cooperation between researchers and practitioners was 

achieved through utilizing various approaches, namely group interviews and a collaborative 

research approach within the STA and Skellefteå municipality. Barriers and drivers were identified 

through email questionnaires and group interviews with municipal experts and with those 

implementing the framework in real STA projects. In Luleå, a project called Sommargatan, the 

Summer Street, was deployed by reshaping/converting a street segment to become a pedestrian 

zone. The STA framework was tested against the scenario of retaining the standard street layout. In 

Uppsala, Rosendal district is a modern, environmentally conscious community within the city to 

promote the ecosystem and reduce the flood risk. The researchers, including a resident of the area, 

conducted a comparative study that contrasted Rosendal's eco-centric design with a traditionally 

planned area, highlighting the differences. The summary of work completed in the STA, Skellefteå, 

Uppsala, and Luleå projects is as follows: 

Swedish Transport Administration 

The previous evaluation of the STA framework identified time consumption as a barrier, but this 

was found to be supportive, particularly in increasing sustainability awareness and helping 

participants focus on sustainability at the project level. The scoping step was particularly useful for 

identifying project-relevant aspects of sustainability. While the framework was regarded as a useful 

tool, one barrier identified was the difficulty in identifying who should be involved in the 

discussions. Improvement proposals included links to regulations and guidelines, guidance on 

vocabulary, and a structure with 16 themes (Table 6-1) instead of the original 26. The revised 

structure incorporates scoping questions, specific scoping questions, goals and targets, indicators 

and a checklist for specific themes. 

 

 

 

 



 

31 

 

Table 6.1. Sixteen themes in the resulting STA sustainability framework (Anderson-Skold et al. 2022). 

Theme 

The theme will mainly affect 

People/social 

aspects 
Environment Economy 

Climate Change Adaptation X X X 

Noise and Vibrations X X  

Energy Efficiency and Climate Change 

Mitigation 
 X X 

Equality and Social Balance X   

Cultural Heritage X X  

Landscape, Biodiversity and Ecosystem 

Services 
 X  

Light Pollution X X  

Local and Regional Development X  X 

Air Quality X X  

Land Use, Mass Management and Soil 

Quality 
 X X 

Natural Resource Management  X  

Public Environment and Well-being X   

Safety and Security X   

Availability X  X 

Water Resources and Quality X X  

Project Management-Related Aspects X  X 

Reference Documents and Links 

 

Skellefteå municipality 

The application of the SUNRA framework was tested in Skellefteå on projects that involve frequent 

street maintenance works, such as asphalt milling and resurfacing. However, it was realized that the 

framework requires a lot of time and resources, and might be an administrative burden if applied to 

all types of maintenance projects. Therefore, it was decided that the framework would be best suited 

for frequent maintenance projects, and templates would be formulated for each type of maintenance 

project. These templates would be optimized depending on the specific nature of each project, thus 

making them more user-friendly and effective over time. The SUNRA framework underwent 

simplification and customization to cater specifically to frequent maintenance treatments. 

Irrelevant themes and questions were either eliminated or condensed, resulting in a tool that 

practitioners can utilize without requiring excessive time and effort to comprehend the specific 

scoping questions. The focus was on increasing the awareness of environmental, social, and 

management aspects applicable to each decision and planning part of the specific treatment 

activities. The themes were reduced to 10 themes (Table 6-2), and the main reasons for the reduction 

were time and budget restrictions. The idea was to enhance the sustainability performance of 

pavement-related projects by incorporating durability considerations into the process of selecting 

maintenance treatments. 

The customized SUNRA framework was employed to assess two potential new asphalt solutions: a 

new asphalt paving (thin asphalt overlay) and the milling and resurfacing of asphalt. The application 

of the framework resulted in a compiled illustration of the pros and cons of the two solutions that 

can be used for communication in the project management process as a transparent decision base 
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and to illustrate a lifetime perspective of the two alternatives. The economy of the project was 

included as a specific theme instead of only being included as one of more aspects in the project 

performance theme. The impacts were given semi-quantitative values, ranging from very positive to 

very negative impact. The comparison showed that the alternative of just applying a new asphalt 

layer resulted in a total of +11, compared to -2 for milling and resurfacing. Although milling and 

replacement with a new AC layer is about 75% more expensive than just placing a thin overlay 

without any milling, the lifespan is expected to be 10-12 years, compared to about 7 years for a thin 

overlay, resulting in a sustainability benefit. In real decision-making scenarios, weighing the relative 

importance of these various aspects against each other should also be conducted.  

Table 6.2. Ten themes and their aspects applied for frequent maintenance (Anderson-Skold et al. 2022). 

Theme 

The theme will mainly affect 

People/social 

aspects 

Environment Economy 

Climate Change Adaptation X X X 

Noise and vibrations X   

Energy efficiency and Climate Change 

Mitigation  X X 

Cultural heritage X   

Light pollution X   

Environmental impact (soil, air, water)  X  

Use of materials  X X 

Safety and accessibility X   

Perception quality X   

Project performance and project 

management X  X 

 

Luleå and Uppsala municipalities 

The framework developed for the STA was tested on the Luleå Sommargatan (Summer Street) and 

the Uppsala Rosendal. The framework worked well for setting goals, suggesting indicators, and 

evaluating the outcome of the two projects in relation to standard solutions. This kind of evaluation 

process could prove very useful and could perhaps be a starting point for municipalities to get used 

to the framework, as well as to visualize their environmental and sustainability efforts within a 

municipality or community. It was discovered that once the aspects were considered, and the goals 

and indicators were defined, an ex-ante expert assessment of the evaluated alternative required 

minimal time. The comparative analysis of the two alternatives indicated that both Sommargatan 

and Uppsala Rosendal performed better in numerous aspects concerning the current usage of 

Sommargatan and existing planning standards. Nonetheless, weighting the importance of various 

aspects was not done in these two studies or in the Skellefteå study. However, several tools and 

methods could be applied for such a weighting procedure to increase awareness and to make more 

transparent and structured decisions. In the case of Uppsala and even in the STA project, it was 

observed that the people directly engaged in the process had an impact on determining which 

aspects should be taken into consideration. Moreover, the outcome of the ex-ante (researcher) 

versus ex-post (inhabitants) assessments may differ. Both the researcher and inhabitants agreed 

that the project met the objectives and expectations concerning climate adaptation, particularly in 

water management, biodiversity, and landscape features.  Certain aspects that were not pronounced 

as the major goals of the specific project performed rather well, while some aspects that were not 

highlighted as the primary goals of the project exhibited notable performance. These aspects were 
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not taken into account by inhabitants but were taken into consideration by the researchers, who 

possess extensive experience in numerous projects and evaluations associated with these specific 

aspects through their professional expertise.  

Varying perceptions of the framework between STA and municipal civil servants stem from the 

STA's specific sustainability requirements compared to the absence of such obligations at the 

national or municipal level. The fruitful collaboration between researchers and practitioners 

resulted in a framework suitable for preliminary assessments and monitoring progress in regional 

and municipal infrastructure projects.   
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6.2. Paper B  

The study presents the results of a survey on street network deterioration and pavement 

management practices among Swedish municipalities. The study is based on the survey 

questionnaire and interviews of 14 municipalities.  Fifty-one percent of survey responses were 

received out of a total of 290 municipalities across the country. The study highlights both the 

significant/frequent and insignificant/infrequent pavement distress and the causes of such distress 

on the street network of the responding municipalities. Moreover, the study underscores the 

maintenance approaches utilized by these municipalities and the financial resources at their 

disposal to maintain the functionality and serviceability of their street networks. A brief description 

of distress, its causes, budget and PMS usage in the responding municipalities is as follows.  

Distresses 

Municipalities chose the most appropriate responses from five options (Figure 6-1) in response to 

the query "How common are the following pavement distresses on AC street pavements?" As 

illustrated in Figure 6-1, potholes ranked as the most frequently reported pavement distress (80%), 

closely followed by surface unevenness (75%). Alligator cracking, rutting, and longitudinal cracking 

were also identified as distress types that were very frequent or quite frequent. Fewer respondents 

noted transverse cracking, edge deformation, or ravelling, while bleeding was reported as the least 

encountered pavement distress. 

 

Figure 6.1. Share of causes of pavement distress among responding municipalities (Afridi et al. 2023a). 

Furthermore, in the street networks of the responding municipalities, the distribution of potholes, 

longitudinal and transverse cracking, and surface unevenness tends to increase from south to north 

based on climate zones (CZs). However, this trend is not apparent when comparing sparsely and 

densely populated areas within CZs. 

Causes 

Concerning the prevalent causes of pavement deterioration, municipalities selected the most 

appropriate option from five alternatives when responding to the question "How common are the 

following causes of distress on AC street pavements?". The findings are illustrated in Figure 6-2. 

Ageing (second-phase oxidation) stood out as the most frequently mentioned cause of pavement 
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distress (88%), closely followed by heavy vehicles (80%). A substantial number of survey 

respondents (more than 50%) also identified patching, high traffic flow, and freeze-thaw cycles as 

primary causes of distress. Root and vegetation intrusion, frost heave, and studded tires were 

observed by fewer respondents as common causes. High temperature was considered the least 

frequent contributor to pavement distress. 

 

Figure 6.2. Share of causes of pavement distress (Afridi et al. 2023a). 

Moreover, pavement ageing appears to be the primary cause of pavement distress across all CZs, 

which is evident in the high distribution of pavement patches in the street network of the surveyed 

municipalities. As anticipated, both frost heave and freeze-thaw cycles exhibit an increasing trend 

from south to north. Studded tires do not appear to be the predominant cause of distress, probably 

because of the low speed limits on residential streets and the winter road maintenance strategy. 

Furthermore, pavement ageing and patching are serious issues in both sparsely and densely 

populated areas. Heavy vehicles and high traffic flow are almost equally dominant in terms of 

population density and CZs. 

Budget and PMS 

The M&R and reconstruction challenges varied from south to north and from sparsely to densely 

populated municipalities. A quarter of the responding municipalities were satisfied with the budget 

allocation for M&R and reconstruction to catch up with the maintenance backlog. For the year 2020, 

the allocated budget both for M&R and reconstruction decreased with increasing population density 

over road length, while it increased CZ-wise from south to north as presented in Figure 6-3. 
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Figure 6.3.  M&R Budget comparison (CZ and population density) (Afridi et al. 2023a). 

The use of commercial PMS is limited while visual assessment of pavements is predominant, due to 

budget and resource constraints. As illustrated in Figure 6-4, municipalities with a PMS constitute 

one-third of those without PMS, encompassing approximately 52% of the street network in the 

surveyed municipalities. Significantly, 92% of municipalities with PMS rely on the 

manual/windshield assessment method for pavement condition evaluation. Moreover, as evident in 

Figure 6-5, the trend of allocated M&R and reconstruction budget decreases with an increase in 

population density, both in PMS and non-PMS municipalities. 

 

Figure 6.4. PMS and non-PMS municipalities (Afridi et al. 2023a). 



 

37 

 

 

Figure 6.5. Comparison of budget in PMS and non-PMS municipalities (Afridi et al. 2023a). 

The maintenance challenges faced by the responding municipalities extend beyond pavement 

deterioration and cold climates. Additional challenges include securing the necessary pavement 

maintenance budget in both the short and long term, as well as adapting to unclear or non-feasible 

maintenance policies/guidelines from municipal councils/politicians. Further hurdles involve the 

development of improved working procedures to enhance coordination and cooperation with utility 

service providers. Lastly, it is necessary to increase the number of maintenance staff and enhance 

their competence. In summary, adopting a more national perspective with insights into different 

climate zones and the capabilities of municipalities could be a valuable initiative to enhance safety 

and rideability standards across street networks.  

  



 

38 

 

6.3. Paper C 

Predicting pavement performance is decisive in carrying out timely maintenance measures. This 

requires quality condition data and prediction models as part of a PMS. Windshield assessment of 

street networks and lack of a prediction model as part of PMS is common among municipalities 

across Sweden. The paper aims to apply machine-supervised learning models to predict the PCI at 

the municipal level, using manually collected and analysed street pavement condition datasets 

obtained through a windshield survey. In this regard, LR simple, LR, RF, and NN were trained on a 

street network condition dataset consisting of 3024 segments (320 km) obtained from Skellefteå 

municipality. Datasets were grouped into residential and non-residential streets (main, arterial, and 

industrial). Several input variables like distresses (surface unevenness, alligator cracking, 

longitudinal and transverse cracking, rutting, ravelling (loss of coarse aggregates), and 

miscellaneous surface defects (Table 5-2), along with traffic and pavement age (Table 6-3), were 

used as variables in several combinations (Table 6-4) to predict the PCI value over 4 years. 

Evaluation of models (through MAE, RMSE and R-squared regression matrices), correlation among 

predicted and observed PCI values (through Pearson’s (R2) and Spearman's coefficients), and 

significance of dominant variables in predicting the PCI values were measured. All algorithms and 

comparisons were conducted in the R programming language.  

Table 6.3. Description of variables used in the study (Afridi et al. 2023b). 

Variables Description 

Age (A) Time since last maintenance treatment up to 

2018 

Deduct values of distresses (D) Deduct value assessment of different distresses 
(SU, ACR, CR, RUT, LAR, SD), based on 

Table 2. Pavement condition “D” as per the 

2014 assessment. 

Traffic (T= LT + HT) 

 

Average weekday traffic includes both light 

traffic (LT) and heavy traffic (HT). 

 
 

Table 6.4. Variables and models used in the study (for both residential and non -residential streets) (Afridi et al. 2023b). 

Model name Variables Description 

LR simple A The model is based on a single variable, Age. 

LR, RF, NN A and D 

Linear Regression and well-known supervised 
ML approaches. 

LR, RF, NN A and T 

LR, RF, NN A, D and T 

 

Residential streets 

As illustrated in Figure 6-6, the RF model built on variables A and D performs better in the 

prediction of the status of street segments, followed by NN, LR, and LR simple models.  
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Figure 6.6. Comparison of model performance for residential streets (Afridi et al. 2023b). 

Pearson’s correlation coefficient (R2), as depicted in Figure 6-7, reveals a consistently positive linear 

relationship in all models, with R2 values ranging from 0.30 to 0.59. This can be considered as 

acceptable R2 values considering the subjective nature of the assessment method, different 

pavement structures (layer thickness, inhomogeneity of pavement materials), construction 

methods, variation in traffic volume between sections and surroundings. Additionally, it is 

noticeable that predictions from the RF model are closer to the regressed diagonal line compared to 

those from the NN, LR, and LR simple models. 

 

Figure 6.7. Comparison of model performance based on R
2 
for residential streets (Afridi et al. 2023b). 

Measurement of Spearman's rank correlation coefficient revealed that the RF model, utilizing 

variables A+D, demonstrates the highest correlation (0.74), indicating a relatively strong positive 

monotonic relationship between the predicted and observed values. Moreover, it emerged that for 

all three models, variable A consistently holds the highest importance, indicating its strong influence 
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on the predictions. 

Non-residential streets 

As presented in the performance metrics for different models in Table 6-5, the RF model 

consistently exhibits strong predictive performance across different sets of variables. The RF model 

with variables A+T performs the best, as it achieves the lowest MAE and RMSE, along with the 

highest R-squared values. Moreover, the RF model constructed with pair variables A+T stands out 

with the highest correlation coefficient (0.79), indicating a strong positive linear relationship. 

Similarly, higher values for the RF model built on A+T pair variables, and also on A+D+T variables, 

suggest strong positive monotonic relationships. Moreover, by assessing the order of variable 

importance, it became evident that variable A holds a position of considerable influence in 

predicting the PCI value for 2018 across all the models.  

Table 6.5. Comparison of model performance for non-residential streets (Afridi et al. 2023b). 

Model name Variables MAE RMSE R-squared R2 
Spearman’s 
correlation 

LR simple A 11.55 14.68 0.13 0.14 0.40 

LR 

A+D 10.91 13.90 0.18 0.19 0.45 

A+T 11.48 14.51 0.15 0.15 0.39 

A+D+T 10.98 14.35 0.19 0.20 0.45 

RF 

A+D 9.81 13.20 0.31 0.42 0.66 

A+T 7.45 11.30 0.50 0.79 0.88 

A+D+T 8.17 11.42 0.49 0.72 0.85 

NN 

A+D 10.01 13.38 0.26 0.30 0.57 

A+T 11.04 14.11 0.18 0.27 0.49 

A+D+T 10.08 13.66 0.23 0.42 0.62 

 

A thorough analysis was conducted for each model to assess the influence of input variables and 

determine their importance. It emerged that variable A consistently holds the utmost importance 

across all models built on A+D pair variables, although the order of importance for other variables 

varies among models. However, it was observed that the distress variable LT surpasses the 

importance of variable A for the RF model constructed with A+T pair variables. 

The RF model consistently provided a better explanation of the variation in data, as evidenced by 

higher R-squared values in both residential and non-residential models. The importance order of 

variables varied depending on the algorithm used, but pavement age consistently emerged as the 

dominant variable for both residential and non-residential street models. This underscores the 

significance of maintenance history in pavement management. It is crucial to carefully select the 

model based on specific requirements and considerations for decision-making. While more 

advanced models outperformed simpler ones, the difference in performance might not be dramatic. 

Even a simple linear regression model could serve as a reliable predictor in cases of manually 

collected pavement data or for small municipalities where simplicity is prioritized over accuracy due 

to budget constraints.  
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7. Discus sion  

Framework for sustainable maintenance measures 

The SUNRA framework has the potential to play a crucial role in advancing sustainability efforts, 

having proved its applicability through collaboration among researchers and practitioners, 

particularly with the STA. The framework can be utilized for establishing sustainability goals and 

monitoring progress in achieving them within the infrastructure projects. The increasing demand 

for systematic frameworks is attributed to SDGs, national regulations, and organizational 

requirements. Despite this demand, time constraints, resources and the apparent necessity of the 

framework act as barriers within the STA and municipalities, hindering the frequent application of 

the simplified framework. This perception is linked to a lack of clear connections to national 

organizations and local policies, along with a notable absence of structure in organizational 

processes. Additionally, there is a barrier related to the comfort level of applicants using the 

simplified framework due to unfamiliarity and infrequent use. Real barriers, such as investment 

costs, hinder initial implementation of the framework. However, with frequent application of the 

SUNRA framework over time, the sustainability benefits become significant.  Another recognized 

barrier is the lack of knowledge; this is associated with not being a specialist and lacking experience 

in relevant themes and aspects. This can be addressed by involving various experts and stakeholders 

in the process. The framework's advantage lies in its documentation, outcomes and experiences, 

which can be utilized in other similar projects and as a learning tool in project processes, for instance 

in planning, procurement and investments.  

Moreover, numerous projects undertaken by both STA and municipal entities share similar 

characteristics. Therefore, collaboration and knowledge transfer are extensive among the STA and 

municipalities, particularly road-related initiatives, where identical contractors are engaged in 

comparable projects. However, adaptation efforts to the SUNRA framework are still needed to 

accommodate project complexity and enhance sustainability awareness among project members. 

The eventual goal is to establish standardized framework structures that contribute to a learning 

process and sustainable development in the transport sector and infrastructure projects.  

Street maintenance survey insights 

The study identifies aged pavement as the most serious issue across all responding municipalities, 

particularly in CZs 4–5 and densely populated areas. The low frequency of municipal road 

resurfacing, mainly constructed in the 1970s, is attributed to resource constraints, limited use of 

PMS, and infrequent pavement condition data collection. The study emphasizes the urgent need to 

address aged pavement as it contributes to various distresses. Pavement unevenness, the second 

most frequent distress after potholes, is attributed to the combined effects of cold climate and 

population density. Longitudinal and transverse cracks are strongly correlated with frost action or 

cold climate. Furthermore, patching is identified as a widespread source of pavement deterioration 

throughout the country. The high frequency of patching and utility cuts is linked to insufficient 

coordination among street network administrations and utility service providers. Enhanced 

information sharing between street network administrators and utility service providers, facilitated 

by an integrated system or database, is suggested for effective management and maintenance 

activities. The occurrence of alligator cracks, which is surprisingly similar across different 

population densities, is attributed to heavy vehicles and high traffic rather than insufficient asphalt-

bound layer thickness. The frequency trend of rutting is explained by the significance of cold 

climates and dense population density on roads. The lower occurrence of rutting in colder zones is 

linked to a winter road maintenance strategy, low speeds and traffic.  

Municipal councils, with input from relevant committees, determine pavement performance goals 
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and allocate street management budgets. Municipal pavement management staff create strategies 

within the available resources to meet these goals. The responding municipalities recognize the need 

for improved guidelines from political administrations in street network maintenance. 

Enhancements in policies can be achieved by presenting the current and predicted pavement 

conditions, which require the implementation of PMS. However, the sophistication of commercial 

PMS among responding municipalities is hindered by short staffing and a lack of deterioration 

models, roughness data and maintenance decision frameworks. Issues such as insufficient 

maintenance history and outdated pavement data management make tracking maintenance quality 

challenging. While annual pavement condition assessments are common, storing data is limited due 

to funding, time and resource constraints. Shifting from subjective assessments to automated data 

collection and data-driven decision-making is recommended. Despite general satisfaction with the 

current maintenance approach based on competence and budget, municipalities acknowledge room 

for improvement. 

The budget spending trends indicate that expenditures for M&R and reconstruction activities are 

aligned with CZ and population density (persons/km road). Despite this alignment, 2–3 times more 

funds were directed towards reconstruction compared to M&R. The optimal spending would involve 

allocating a larger proportion of the budget to M&R, advocating for a preventive maintenance 

approach. This approach aims to address pavement distress proactively, preventing extensive 

damage and higher costs in the long run. In the northern region and sparsely populated 

municipalities, taxpayers are comparatively contributing more to both M&R and reconstruction 

activities. 

ML in data-driven street maintenance 

In analysing models for residential streets, their performance is assessed through various evaluation 

metrics, including model evaluation matrices, R2, Spearman’s coefficient value, and variable 

importance order. Throughout these evaluations, RF models consistently outperform others, with 

an R-squared value of 0.53, indicating their ability to explain half of the data variance. The best 

RMSE value for RF is 14.55, which is better than other models. Spearman’s coefficient proves 

slightly higher than R2 values for each model, thereby suggesting that Spearman’s is less sensitive 

to outliers. The RF models are potentially effective in outlier management or less susceptible to 

outliers in predicting future status. For residential streets, input variables include pavement age and 

distress, while pavement age and maintenance history are highly important predictors of PCI. The 

variables SU, LAR and CR emerged as the most crucial variables, followed by variable A, in 

predicting PCI for residential streets. These variables are equally associated with the age of 

pavement and cold climate, the latter influencing pavement deterioration despite not being a direct 

variable. Regular collection of pavement distress data is essential for improving model performance. 

The model's application in densely populated municipalities could be enhanced by incorporating 

traffic information. The residential RF model emerges as the most effective overall (54% accuracy), 

closely followed by the NN model (48%). Each model exhibits varying stre ngths in predicting 

different PCI categories; for instance, the NN model excels in the green category, the LR simple 

model performs well in the yellow category, and the RF model achieves the highest accuracy for both 

red and black categories. The choice of model for residential streets may depend on specific 

priorities, such as accurately predicting different PCI categories or achieving high overall accuracy. 

The performance of models for MCI streets (main, collector and industrial) is subject to variations 

in the input variables, similar to residential streets, as presented in Table 6-5. It emerged that the 

A+T variable pair is effective in forecasting pavement conditions using the RF algorithm. Notably, 

adding distress as a third variable slightly decreases the RF model's accuracy, while LR simple, LR, 

and NN models show improved performance, though RF remains a better model. This underscores 
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the importance of regular street network assessments for model optimization. RF models excel in 

explaining data variation, yielding an R-squared value of 0.5, with the best RMSE value at 11.30 and 

a correlation of 0.79 between predicted and observed values when utilising A+T as input variables. 

A comparison of predicted and observed PCI reveals that Spearman’s coefficient consistently 

surpasses R2 values for all models, indicating a strongly positive monotonic correlation, particularly 

in RF models constructed with A+T and A+D+T variables. The RF model's efficacy in outlier 

management is attributed to its data-splitting mechanism across decision trees. The order of 

importance of input variables varies across models, such that pavement age consistently ranked 

highest, followed by CR and traffic. The significance of traffic in RF models for predicting PCI, 

surpassing distress, contrasts with other MCI models. This discrepancy may be attributed to the 

influence of climate and traffic on CR distress, especially in aged pavements. In MCI streets, RF 

constructed with A+T variables achieves the highest overall accuracy at 84%, closely followed by the 

RF model employing A+D+T variables. However, accuracy diminishes with lower PCI categories, 

potentially due to data imbalance and subjective pavement condition assessments. NN models show 

varying overall performance across variable combinations, indicating sensitivity to input variables. 

The best-performing model depends on the specific street condition category and the combination 

of input variables considered. RF, especially with A and T variables, consistently performs well 

across categories, particularly in the green and yellow categories.  

The overall prediction accuracy for both residential and MCI models indicates that the models 

possess sufficient strength to enhance maintenance approaches. Further improvements in accuracy 

may be attainable with additional data and the inclusion of condit ion data obtained through 

automated surveys.  
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8. Conclus ion and recommen dations 

Conclusions 

Three studies have been conducted on municipal street pavement maintenance in Sweden, each 

offering a distinct perspective on the issue. The conclusions for each study are outlined below. 

The Swedish SUNRA framework for the STA and municipal transport infrastructure has been 

customized and applied to enhance sustainability both at the regional and local levels. The 

simplified framework provides guidance on defining project-specific goals and targets related to 

SDGs, offering examples of project-specific indicators, a checklist for performance and planning 

considerations, and the ability to compare project alternatives in ex-ante assessments. The 

framework has been successfully applied in real projects within the STA and three municipal desk 

studies. Although the framework was regarded as useful and ambitious in test cases and covered 

many sustainability aspects related to the SDGs, there are still challenges faced by municipal staff, 

such as time constraints and high staff turnover. The framework is seen as more beneficial for larger 

investments requiring thorough assessments at the municipal level, while at STA it was perceived 

as useful and relevant. Despite differences in perception between the STA and municipal civil 

servants, the research–practitioner cooperation was effective, resulting in a framework useful for 

ex-ante assessments and monitoring project performance in regional and municipal infrastructure 

projects. 

The questionnaire study revealed that the most cited pavement distresses include potholes, surface 

unevenness, alligator cracking and rutting. Concurrently, pavement ageing, heavy vehicles, patching 

and high traffic flow are reported as the most frequent sources of these distresses. Commercial PMS 

has limited usage, with visual/manual pavement condition assessment being predominant and 

automated data collection methods seldom employed. This is attributed to budget and resource 

constraints. Challenges in maintenance and reconstruction vary between municipalities, ranging 

from south to north and from sparsely to densely populated areas. The findings of the study 

underscore the importance of addressing aged pavement and implementing coordinated strategies 

for effective pavement management, emphasizing the need for improved data collection, resource 

allocation, and collaboration among relevant stakeholders. Moreover, the study emphasizes the 

necessity of a balanced and cost-effective allocation of funds in street management budgets. It 

highlights preventive maintenance as an effective strategy to address pavement distress efficiently 

and economically. 

The study of ML models for pavement maintenance revealed that the RF model outperforms LR 

simple, LR and NN models for both residential and MCI streets. Specifically, the RF model based 

on A+D variables exhibits the best performance for residential models Similarly, for MCI streets, 

the RF model relying on pavement age + traffic variables performs the best. The RF model 

consistently demonstrates a superior ability to explain the variation in data. While the order of 

variables varies in importance according to the algorithm used, variable A consistently emerges as 

the predominant factor for both residential and MCI street models, underscoring the significance of 

maintenance history in pavement management. It is crucial to consider the understanding and 

selection of the model in decision-making, given that the difference in performance between more 

advanced models and simpler ones is not substantial. Even a simple linear regression model can be 

a reliable predictor in cases of manually collected pavement data or small municipalities with budget 

constraints that prioritize simplicity over accuracy. These models offer valuable insights for 

enhancing decision-making in prioritizing maintenance activities and optimizing resource and 

budget utilization. 



 

45 

 

Recommendations 

The simplified SUNRA framework has the potential to be expanded for application in numerous 

street maintenance projects, targeting both small and large-scale investment projects to boost local-

level sustainability. In this context, multiple SUNRA templates should be formulated to target 

specific maintenance alternatives, such as crack sealing and new AC overlay with varying 

thicknesses. The templates should be customized to provide more quantitative support for setting 

and monitoring sustainability goals. Moreover, all such templates should also have the option to 

quantitatively calculate and compare the environmental impacts and costs of different construction 

materials and machinery usage in the project, aiming to enhance usage of the SUNRA framework 

nationwide and to reduce the time constraint. This customization could cater to projects managed 

exclusively by internal staff or those involving external contractors in the execution of maintenance 

measures, as well as those encompassing both scenarios. Further simplification can enhance the 

framework's acceptance among other municipalities.  

Municipal street network administration could employ the outcome of the questionnaire study to 

seek scientific and financial support from research institutes and political leaders. This support 

would facilitate the transition towards data-driven street network management and the 

implementation of preventive maintenance strategies at the municipal level. For instance, it could 

enhance the increased utilization of commercial PMS and the integration of performance models in 

maintenance practices. This, in turn, would improve decision-making in choosing maintenance 

alternatives and optimize budget utilization. The study could be expanded to specifically focus on 

municipalities employing PMS, delving into their approaches to develop a simplified, customizable 

version tailored to the needs of both large and small municipalities.  

The ML models could be improved by utilizing a larger dataset that incorporates multiple condition 

surveys of street networks. Furthermore, assessing the models with pavement condition data from 

multiple municipalities would enhance their applicability for a broader range of users. Moreover, 

incorporating climate factors, pavement structure, construction materials, surroundings and 

construction practices into the model could provide valuable insight for further study of the 

performance of the models. However, it is relatively difficult for the municipalities to gather such 

detailed information about their street network due to resources and budget constraints.  
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