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The municipal street network acts as a multifunctional asset by providing people, vehicles and public services with a well-functioning infrastructure. To keep it in good condition, optimal maintenance measures are required which would result in an efficient use of taxpayers’ money. This paper investigates the street network deterioration processes and the management practices that the municipal administrations have applied in Sweden. The study is based on a survey with Swedish municipalities using questionnaires and complementary interviews. The answers provide insight into a wide range of common pavement distresses and deterioration factors, along with pavement management practices. The study identifies that potholes, surface unevenness and alligator cracking are the most cited challenges, while pavement ageing, heavy traffic and patches are the most noted causes. Similarly, the cold climate and population density are influential factors in pavement deterioration. Allocation of the maintenance and rehabilitation and reconstruction budget is higher in the northern part of the country as well as in densely populated municipalities. Condition data collection and use of commercial Pavement Management Systems (PMS) are limited. Addressing the challenges effectively may be possible through the enhancement of the budget, feasible/clear guidelines from municipal councils/politicians, and reducing the gap between street network administrations and utility service providers.
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1 INTRODUCTION
Streets or urban roads are an essential asset in any community due to their multifunctioning nature, as they provide not only movement to traffic and people but also utility services. Streets in good condition are therefore vital to the enhancement of socioeconomic value and urban liveability (International Road Federation, 2007). Demographic and environmental changes are the main factors that constantly put unanticipated pressure on street pavements. Consequently, timely maintenance is imperative to keep the serviceability of the street network at the predefined performance level (PIARC, 2019).
It is a constant challenge to maintain street pavements in good condition within the limited maintenance budget, particularly for small municipalities. The shortfall in funding for maintenance is a common issue in Europe (European Union Road Federation, 2018), resulting in delayed maintenance and rehabilitation (M&R) activities. Delaying maintenance treatment can compromise the condition of the pavement network significantly (Chang et al., 2018), with a remarkable increase in the long-term pavement maintenance cost as a consequence (Tavakoli et al., 1992), while road users and environmental costs are additional burdens. Furthermore, limited funding restricts the wide range of treatment measures (Hafez et al., 2019). Relatively expensive construction, operations and maintenance of cold region pavements highlight the scarcity of budget and resources among pavement administrations (Doré and Zubeck, 2009).
For the pavement maintenance staff, ensuring sustainable maintenance solutions in pavement management provides further complications (NAS, 2011). Ramani et al. (2009) noted that only 30% of the US state transportation agencies address the sustainability concept (economic, social and environmental) in their pavement maintenance decision-making. However, this requires up-to-date pavement condition data and prediction models to evaluate the impact of maintenance strategies on the socio-economic and environmental factors in achieving sustainable pavement management (Flintsch and Bryce, 2014).
Keeping streets in good condition may be achieved through implementing an effective pavement management strategy and better cooperation among stakeholders. Pavement Management System (PMS) is a useful tool in the decision process for prioritizing maintenance strategies to reach optimal use of the maintenance budget by predicting the future pavement condition (Tavakoli et al., 1992; Shahin, 2005; Uddin et al., 2013). In light of this, PMS has been in place at the network and project level for several decades (Haas et al., 2015) to maintain the pavement network systematically and strategically intact (Loprencipe and Pantuso, 2017; Saha et al., 2017). It has been developed by many transport agencies (Pérez-Acebo et al., 2018) for various network levels, e.g., state roads (Flintsch and McGhee, 2009; Zimmerman, 2017; Peshkin and Duncan, 2021), local roads and municipal streets (Douglas, 2011; Wolters et al., 2011; He et al., 2017).
The use of pavement data in a PMS is common in selecting treatment alternatives among US state transportation agencies, although the use of environmental sustainability data is lacking in it (Zimmerman, 2017). In another study, it was found that traffic volume, maintenance history and structural data are important factors in building PMS among Colorado local agencies (Hafez et al., 2019). In Iowa State, US, collection of pavement distress data is lacking in 70% (of 74 respondents) of the local agencies, and therefore subjective maintenance practice prevails (Abdelaty et al., 2017).
The condition of the pavement network can be assessed through manual (visual survey/windshield) and sensor-based surveys i.e., automated and semi-automated (Sholevar et al., 2022). The cost of the manual method is low compared to the sensor methods but is a subjective approach (Staniek, 2021). Sensor methods require different data collection devices, namely,: cameras, different road sensor devices, friction, and deflectometer (Coenen and Golroo, 2017). Survey vehicles equipped with multi-devices can be used to measure a wide range of pavement distresses and other pavement performance parameters (Coenen and Golroo, 2017; Benmhahe and Chentoufi, 2021). Sensor-based data collection is comparatively useful in data-driven pavement management, provided that effective condition data quality management is in place throughout the survey (Underwood et al., 2011).
The pavement maintenance management practices at the local level (i.e., urban roads/streets) in the UK, maintenance funding, safety concern and classification of roads are the most decisive factors respectively, while average daily traffic was the least decisive factor in prioritizing the pavement maintenance decisions (Alfar, 2016). A study revealed that the local maintenance authority in England and Wales has a maintenance backlog of nearly £12.64 billion, which reflects the poor condition of local roads and lack of funding (Asphalt Industry Alliance, 2022). Further, it was reported that pavement ageing and pothole repair are the main challenges that the local authorities are facing since the average age of pavements is 70 years and total spending on pothole repair reached £1 billion in 2022 (Asphalt Industry Alliance, 2022).
The classification of road networks is important in managing traffic and budget utilization in the Toronto province (City of Toronto, 2017). A survey revealed that rutting and fatigue crackings are the most commonly collected distresses among Canadian cities and municipalities, followed by ravelling, transverse cracking and edge cracking; however, the frequency of collecting pavement distress data is subject to the availability of funding (Farashah and Tighe, 2014). According to a study, almost 40% of municipal roads are either at a fair or significant deterioration stage among the Canadian municipalities that responded (CIRC team, 2019), which could be the reason that pavement rehabilitation and reconstruction are more predominant than pavement preservation among the municipalities in Alberta (Newstead et al., 2018). Moreover, it was reported that there is significant variation in the implementation of infrastructure management plans between small and large municipalities (CIRC Team, 2019). Another study revealed that the engineering judgement approach prevailed among Canadian municipalities, particularly in small municipalities (Hajek et al., 2004).
Municipalities in Sweden are politically administrated organisations that maintain their street networks through municipal tax (Alm et al., 2021). However, the estimated backlog of municipal streets amounted to 12 billion Swedish crowns (SEK), while 8% of the municipal road network needs immediate rehabilitation or reconstruction (Ekdahl et al., 2016). Furthermore, only 50% of pavements had over 7 years of remaining service life (Ekdahl et al., 2016). The choice of pavement condition data assessment varies among municipalities due to street network size and the extent of the maintenance budget (Wilén, 2016).
To highlight the challenges of pavement management at the municipality level in Sweden, a questionnaire was formulated and disseminated to all municipalities across the country. The main purpose of the survey was to get first-hand information about the present practices of maintaining the streets at the municipal level. Furthermore, some of the respondents were selected for in-depth interviews to discuss pavement maintenance approaches in their respective municipalities. This study presents the results of the questionnaire regarding pavement distresses and their causes, along with the municipal transport street/road administration’s approach to meeting these management challenges. The aim of the study is to provide better information on the status of street maintenance among municipalities in Sweden, which can then be used as a foundation for improving pavement management practices in municipalities.
2 MUNICIPAL PAVEMENTS NETWORK MANAGEMENT
2.1 Pavement structural design and deterioration
Flexible pavements are generally designed for 20 years and are based on a multi-layered elastic approach to withstand both traffic and environmental loads. In the design process it is usually assumed that pavement materials are horizontally infinite while the subgrade is vertically infinite and traffic is represented as equivalent single axel loads (ESALs) (Huang, 2004; Garber and Hoel, 2009; Zhang, Mills-Beale, and You, 2011; Mallick and El-Korchi, 2013). Typically, flexible pavements are supposed to diminish the induced stresses (compression, tensile and thermal) due to traffic loading and environmental changes to prevent the occurrence of pavement distress. The core of pavement design is to withstand traffic loading or environmentally induced excessive deformations (Sun, 2016), which can be achieved by selecting suitable materials for pavement structures in the design, construction and maintenance stages. To meet the pavement design requirement, the design approach aims to control fatigue cracking and rutting by addressing the tensile stress at the underside of the bound layer (asphalt) and the vertical, bottom-up compressive stress at the top of the subgrade (White et al., 2002; Sun, 2016). The thickness of the pavement varies in order to meet the expected functionality and serviceability performance during its designed life period.
Municipality street networks generally have a relatively low traffic volume compared to highways, which may vary from one street to another due to the functionality of the streets. The speed limit on asphalt-paved streets in municipalities usually varies from 30 km/h to 70 km/h, which is relatively low compared to highways. Similarly, streets do not usually include side ditches but cycle paths, parking places, street light poles, traffic sign poles, green strips, drainage inlets and utility inlets are commonly adjacent to the pavement structure. This implies the need for a different strategy for the construction and maintenance of street pavements.
Generally, the performance of flexible pavements is influenced by several factors: traffic volume, axle loads and their configurations, environmental and climate conditions, construction and maintenance strategies (both summer and winter), drainage, and functionality of the road/street or a combination thereof (Mallick and El-Korchi, 2013; Sun, 2016). The environment and serviceability level of the pavement govern the influence of the aforementioned factors, e.g., the type and severity of distress may be different compared to urban roads or highways (Lavin, 2003). Consequently, understanding the occurrence of pavement distresses in an urban context is complex due to uneven traffic conditions and the diverse functionality of pavements (Sadeghi et al., 2017).
Asphalt pavement distresses/defects can be categorized into four groups: cracks, deformations (including surface abrasion and unevenness), surface defects and edge defects (Fwa, 2006). Pavement cracks are common defects and are herein limited to longitudinal (incl. alligator/fatigue cracking), transversal and frost heave/thaw cracking. The mechanisms involved in the occurrence of these cracks are mainly due to fatigue-induced stresses and temperature, along with construction joints/laps. Longitudinal cracks occur in the direction of the pavement, which may be induced either due to traffic loading or non-traffic loading (Lavin, 2003). Longitudinal cracks along the wheel paths are load-driven (Lavin, 2003), which if left unattended will result in alligator cracking and eventually potholes (Pearson, 2012). However, non-load-induced longitudinal cracks occur outside the loading area or wheel paths due to several reasons, e.g., differential frost heaving (Doré and Zubeck, 2009; Churilin et al., 2018), construction joints/laps etc (Lavin, 2003). Alligator cracking in flexible pavement, i.e., bottom-up cracking due to repeated application of traffic loading, may prematurely occur in cold regions due to poor pavement drainage as a result of frost thaw (FT) cycles (Doré and Zubeck, 2009). Large fluctuations in the pavement temperature may even result in longitudinal and transverse cracks (Huang, 2004). Transverse cracks develop perpendicular to the travel direction, mainly due to low temperature, an abrupt change in the pavement temperature or aged binder (Lavin, 2003; Mallick and El-Korchi, 2013; Sun, 2016). The initiation of low-temperature cracks in pavements generally takes place in the asphalt-bound layers, but it may also begin in the underlying frozen layers or subgrade due to the development of ice lenses (Doré and Zubeck, 2009). Furthermore, tree roots in the vicinity of the street may also produce cracks in the pavements.
Pavement deformation commonly includes rutting, corrugation, shoving and frost heaving. Rutting distress is a permanent longitudinal depression of asphalt pavements in the wheel paths as a consequence of repeated traffic loading (Doré and Zubeck, 2009; Erlingsson, 2012; Alaswadko and Hassan, 2018). It may occur due to one or more reasons in all layers, both asphalt-bound layers and unbound layers, including subgrade (Huang, 2004; Pearson, 2012). Rutting in the unbound layers or subgrade may occur as a result of the thaw period that significantly reduces the bearing capacity due to the presence of the excess amount of melted water in the unbound layers of the pavement (Doré and Zubeck, 2009; Salour and Erlingsson, 2013). Pavement deformation in the form of surface wear, i.e., rutting, is common due to the usage of studded tyres in cold regions (Lundberg et al., 2019). However, wear on the surface course is more prominent on free-flow roads compared to residential streets (Arrojo, 2000; Snilsberg et al., 2016). Similarly, in the urban environment asphalt pavement wears down commonly at road intersections and bus stops, due to braking, slow movement and acceleration of vehicles (Transit, 2000; Hajj et al., 2007; Al-Qadi et al., 2009; Ali et al., 2009; Li et al., 2013). Moreover, both raised and unraised pedestrian crossings are observed as places that are vulnerable to surface wear in an urban environment. The surface resistance of asphalt pavement to abrasion can be improved at the design stage by opting for a higher aggregate size of coarse aggregate in the dense-graded or stone-rich mastic asphalt concrete, which on the other hand might compromise the noise level (Snilsberg et al., 2016).
Corrugation and shoving distress are plastic deformations of wearing course that appear in the shape of ripples (perpendicular to the pavement) and horizontal displacement (in the direction of pavement), due to the combined effect of acceleration or deceleration of vehicles and inadequate asphalt mix, poor bonding between layers or insufficient stability (Lavin, 2003; Fwa, 2006; Mallick and El-Korchi, 2013). Similarly, in cold regions, the uneven upward expansion or heaving of pavement structure due to the formation of ice lenses in the pavement results in pavement deformations (Doré and Zubeck, 2009; Pearson, 2012). Pavement surface unevenness occurs both in longitudinal and transverse directions due to corrugation, shoving and frost heaving (Wågberg, 2003).
Flexible pavements can incur surface defects, which are herein referred to as bleeding, ravelling, potholes and patches that can significantly affect the serviceability and skid resistance of the pavement (Fwa, 2006). Bleeding is a construction defect which refers to the appearance of asphalt binder on the pavement surface that results in a soft pavement surface due to the presence of an excessive amount of bitumen in the asphalt mixture (Garber and Hoel, 2009). Repeated traffic loading or over-compaction of asphalt, typically in hot weather conditions, results in the upward movement of asphalt-rich binder to the surface (Lavin, 2003; Fwa, 2006; Pearson, 2012). On the other hand, ravelling is common in cold and wet conditions where it refers to the progressive disintegration of both binder and aggregates from pavement wearing course due to poor compaction, inadequate asphalt binder or pavement ageing (Lavin, 2003; Fwa, 2006).
A pothole is a formation of localized depression or cavities in the pavement surface that may be developed in both wet and dry conditions (Wilson and Romine, 2001; Doré and Zubeck, 2009). Potholes may be formed due to poor base support, the presence of moisture in the pavement, FT cycles and repetitive traffic loading, or a combination of these factors (Jassal, 1998; Wilson and Romine, 2001). The seepage of moisture into the pavement is due to the presence of low-temperature or alligator cracking (Han et al., 2019) which is either left unaddressed or is addressed but not early enough (Marasteanu, 2018). The occurrence of potholes is more common in the case of fluctuating weather conditions or FT cycles—FT cycles was cited as the major cause of potholes in Canadian provinces, followed by traffic load, poor drainage and pavement age (Biswas et al., 2018). Further factors which contribute to pothole formations include type and thickness of asphalt, oxidation, rate and amount of precipitation and winter maintenance strategy, together with the method and material used for pothole repair (Biswas et al., 2018).
Patches result from repairing potholes, low-scale improvements of pavement condition and regular cuts for utility networks. Regular cuts and backfilling for utility networks on street pavements result in premature pavement deterioration (Yapp et al., 2001; Wilde et al., 2018). In cold regions, patches may be vulnerable to frost heaving and FT cycles due to the use of non-homogenous material relative to the surrounding pavement or poorly backfilled material around stormwater inlets or other water supply installations (Wågberg, 2003). The impact of potholes, regular utility cuts and patching not only deteriorate the pavement but also has a huge impact on traffic delays, user cost and comfort, safety, air quality, local businesses, and public perception of the effectiveness of municipal maintenance departments (Arudi et al., 2000; Wilde et al., 2018).
Flexible pavements are also subject to edge defects in the form of edge deformation as a result of insufficient pavement width, poor edge/shoulder support and pavement resurfacing (Fwa, 2006). A weak unbound layer due to frost action may also result in edge deformation (Ahmed, 2017).
Ageing is a well-recognized distress in asphalt pavements (Huang and Di Benedetto, 2015) which has been reported in England and Wales (Asphalt Industry Alliance, 2022), the US and Canada (Kim, 2014) due to a lack of funding and resources. Asphalt ageing has negative effects on pavement performance due to the degradation of bitumen in asphalt over time (Chai et al., 2014; Jing et al., 2021). It is influenced by several mechanisms; however, oxidation is the most significant mechanism that affects the durability of the bitumen in asphalt (O’Nions and Preston, 2015; Speight, 2016). In addition to this, the characteristics of asphalt, aggregates and particle size distribution, as well as the void ratio of the asphalt mix, also affect asphalt ageing (Speight, 2016). Asphalt undergoes both short-term and long-term oxidations that result in the hardening of asphalt over time (Speight, 2016; Sirin et al., 2018). Short-term or first-phase oxidation takes place during the production, storage, transportation and laying of asphalt, while long-term or second-phase oxidation takes place during the in-service life of asphalt (Speight, 2016; Sirin et al., 2018). However, several aspects of ageing are not sufficiently well understood (Doré and Zubeck, 2009; Underwood, 2015). Initial significant ageing happens in the first phase and during the first few months of the second phase. This later gradually slows down but keeps continuing until the end of its design life (Doré and Zubeck, 2009; O’Nions and Preston, 2015; Sirin et al., 2018). Oxidation of the asphalt has a direct relation to the exposing temperature, period of exposure and bitumen film thickness in asphalt (O’Nions and Preston, 2015). Aged asphalt pavements are more vulnerable to cracks, moisture-related damage, pothole formation and surface wear (Doré and Zubeck, 2009; Roque et al., 2015; Underwood, 2015).
2.2 Swedish municipality perspective
Sweden is located in Northern Europe with a population of approx. 10.4 million and has a total of 290 municipalities (SCB, 2020). There are approximately 623 thousand km of roads in the country. Municipalities own approx. 7% of these (mainly streets) while the Swedish Transport Administration owns approx 16% of roads (highways) (SKR, 2021). Due to safety in severe winter conditions, winter tyres (studded and specially designed winter tyres) are mandatory (December to March) but the use of studded tyres is relatively higher than that of other winter tyres in the country. Overall, the estimated use of studded tyres in Sweden is 55%; however, in the northern part of Sweden it is around 95% due to a prolonged winter season (Trafikverket, 2021). Similarly, the use of studded tyres is common in cold climate regions, e.g., the Nordic countries (excl. Denmark), Alaska and Canada. As a result, pavement abrasion wear is a common distress in these places (Abaza et al., 2021).
Generally, municipalities in Sweden classify their street networks on the basis of their provided functions, namely, main or arterials, collectors, residential and industrial streets. Municipalities have the prerogative to decide the load-carrying capacity group on their street network. Each municipality is responsible for maintaining the street network in their jurisdiction. Sweden is climatically divided into five climate zones (CZs) based on the average number of freezing degree days (freezing index, FI), i.e., from below 300 to above 1200 C [image: image] d (Svensson, 1993; Trafikverket, 2011; Erlingsson and Saliko, 2020), namely, CZ 1 to CZ 5 (Figure 1).
[image: Figure 1]FIGURE 1 | Map of Sweden showing the distribution of respondent municipalities and the five CZs based on the FI. The three biggest cities (Stockholm, Gothenburg, and Malmö) are also shown.
The thickness of municipal pavement structure varies mainly with increased FI. Similarly, roads and streets need comparatively higher investments to build and maintain with increasing FI due to the severe climate and less competitive construction and maintenance industry. Typical pavement sections for residential streets in Swedish municipalities (Danderyd Kommun, 2011; Sandviken Kommun, 2021; Östersund Kommun, 2021; Helsingborg Kommun, 2022; Skellefteå Kommun, 2022) and state roads (Trafikverket, 2011) situated in different CZs are given in Table 1.
TABLE 1 | Typical pavement cross-sections of municipal streets and state roads in Sweden.
[image: Table 1]The thickness of the bound layers in Table 1 varies due to traffic conditions while the thickness of the subbase and frost protection layer increases with increasing FI. A geotextile on top of the subgrade is mandatory.
Pavement condition assessment is a significant step towards the effective utilization of the pavement budget. In Sweden, municipalities generally follow the locally developed guidelines of pavement condition assessment, which is useful for the visual assessment of pavement conditions (Wågberg, 2003). Similar types of guidelines have been developed in the US (Miller and Bellinger, 2014) and other European countries (Ragnoli et al., 2018). Similarly, there are locally developed guidelines to select the possible treatment alternatives for pavement distress (Wågberg, 2001). Generally, municipalities in Sweden outsource pavement condition assessment to private contractors or consultants. In fact, private vendors do not use the same methods of condition assessment, which makes it difficult for the municipalities to switch from one vendor to another (Wilén, 2016).
3 METHOD—SURVEY DESCRIPTION
The survey presented here was composed of a questionnaire and in-depth interviews. The web-based questionnaire was sent to the customer service desk of all 290 Swedish municipalities. Thereafter, 14 in-depth interviews took place after the completion of the questionnaire. The criteria of the selection of municipalities for the interviews were solely based on the geographical location, the population size of the biggest urban area of the municipality, and the pavement network size (length per inhabitant) for streets. A total of 147 municipalities answered the survey, which yielded a 51% response rate. The geographical distribution of the municipalities is shown in Figure 1. In addition to this, 63 more municipalities had started the survey but neither finished nor submitted the survey in due time. Nevertheless, their completed parts of the survey are included in the results. Therefore, the response rate varies slightly from question to question relative to the 51% response rate. Population (SCB, 2020) and road network statistics of municipalities are presented in Table 2. As shown, the responding municipalities represent 70% of the total population in Sweden and 64% of the total municipal street network. The response rate is almost equal for all CZs, while the population density in the responding municipalities is somewhat higher than the national average.
TABLE 2 | Population, street network and survey statistics in the respondent municipalities.
[image: Table 2]Figure 2 highlights the research study and the results presented in this paper. Each step is described in the relevant sections.
[image: Figure 2]FIGURE 2 | Flow chart of the study.
3.1 Questionnaire content
The questionnaire was composed of 36 questions to get vital information related to the maintenance of streets owned by municipalities. The survey included: i) general information about municipality-owned pavement networks (8 questions), ii) flexible pavement condition data assessment and PMS (14 questions), iii) pavement distresses and their respective causes (4 questions), iv) budget and resources (10 questions). The question related to distresses in the questionnaire was formulated as “How common are the following distresses on asphalt concrete street pavements?”, and was followed by a set of well-known pavement distresses (see results section). Similarly, in the case of distress causes, the question was formulated as “How common are the following causes of distress on asphalt concrete street pavements?”. The choice of alternatives in both queries was based on a five-point Likert scale, i.e., “None”, “Infrequently”, “Quite frequently”, “Very frequently” and “No info/No opinion”. Additionally, a place for any “Comments” was provided to strengthen the selected answers if needed.
4 RESULTS
The results of pavement distress, distress causes, pavement management and budget are presented as follows. Figures containing the notation N = i represent the number of responses for each option.
4.1 Pavement distresses among responding municipalities
4.1.1 Share of distress distribution
Municipalities chose the most appropriate answers to different pavement distresses among the five alternatives (Figure 3) as per the formulated question “How common are the following distresses on asphalt concrete street pavements?”. As shown in the aforementioned figure, potholes were the most commonly cited pavement distress (80%), followed closely by surface unevenness (75%), which refers to the occurrence of pavement unevenness in both longitudinal and transverse directions due to frost heaving, corrugation and shoving. Alligator cracking, rutting and longitudinal cracking were also considered as very frequent or quite frequent distress types by a large number of survey respondents. Fewer respondents observed transverse cracking, edge deformation or ravelling, while bleeding was the least experienced pavement distress.
[image: Figure 3]FIGURE 3 | Distress distribution share among the responding municipalities.
4.1.2 Distresses with respect to climate zones
The above data (Figure 3) was analysed further to get information about the impact of cold climate on the pavement deterioration of street networks in different CZs. In this regard, the answer alternatives “Quite frequently” and “Very frequently” to the question “How common are the following distress on asphalt concrete street pavements?” of the respective distress in the respective CZ were summed up and plotted against the CZs (Figure 4). It can be seen that the pothole distress occurrence increases by 75%–100% from CZs 1–5, excluding CZ 3. Similarly, surface unevenness also shows a similar trend from south to north, which is probably linked to increased frost-heave action and a higher share of studded tyre usage in the northern part of the country. The trend in the occurrence of alligator cracking is unclear, while rutting occurrence is quite similar in all CZs except for a slight drop in CZs 4–5. On the whole, the occurrence of longitudinal and transverse cracks increases from south to north, reflecting the environmental impacts on the serviceability of the pavements. Edge deformation and ravelling occurrences are infrequent, while bleeding is almost negligible distress.
[image: Figure 4]FIGURE 4 | Pavement distress distribution in different CZs.
4.1.3 Distresses with respect to population and road network size
The distress data (Figure 3) was further analysed to identify the impact of the frequency distribution of most cited distresses (except edge deformation, ravelling and bleeding) in relation to the population density on the road network of each municipality. In this regard, the population of each municipality was divided by its street network (km). This ratio was used to classify the population density into 5 intervals, i.e., <120, 120–160, 160–200, 200–240 and above 240 persons per km street. The results are shown in Figure 5.
[image: Figure 5]FIGURE 5 | Occurrence of different pavement distresses for municipalities with respect to different population densities.
The frequency occurrence of potholes and surface unevenness are very similar and it seems that both distresses increase with increasing population density. The cited trend of rutting seems also to increase with increasing population density. The occurrence frequency of alligator cracking is quite similar in all intervals while longitudinal cracking shows a trend, similar to a bell curve, that is difficult to interpret with regard to population density. On the other hand, transverse cracks show an almost uniform frequency occurrence except for the 20% decline in the most densely populated municipalities.
4.2 Share of cause of distress among the responding municipalities
In the case of common causes of pavement deterioration, the municipalities chose the most appropriate alternative among the five options to the question “How common are the following causes of distress on asphalt concrete street pavements?”. The results are shown in Figure 6. Ageing (second-phase oxidation) was considered the most commonly cited cause of pavement distress (88%), followed closely by heavy vehicles (80%). Patching, high traffic flow and FT cycles were also indicated by a large number of survey respondents (more than 50%) as the main causes of distress. Fewer respondents observed roots and vegetation, frost heave and studded tyres among the common causes. High temperature was considered as the least frequent source of pavement distress.
[image: Figure 6]FIGURE 6 | Cause of distress distribution share among the responding municipalities.
4.2.1 Cause of distress with respect to climate zones
To highlight the possible impact of cold climate on the causes of pavement deterioration, the causes of distress data (Figure 6) were further analysed. In this regard, the answers (“Quite frequently” and “Very frequently”) to the question “How common are the following causes of distress on asphalt concrete street pavements?” in the respective CZs were summed up and plotted against the CZs. The results are shown in Figure 7. Ageing was indicated as the most frequent source of pavement distress in all CZs except CZ 3. The trend suggests that ageing is almost the most significant source of deterioration in 127 municipalities located in CZs 1–2 and CZs 4–5. The low citation about ageing in CZ 3 is difficult to interpret. Heavy traffic as a source of deterioration seems to be more significant in CZs 1–2 relative to CZs 3–5. Frost heave and FT cycles are the most correlated frequent source of pavement distresses. Patching was cited in some way as an equally frequent cause of pavement deterioration. It could be associated with the abundance or presence of utility cuts, pothole fixing and localized pavement surface treatments. Studded tyres, roots and vegetation, and poor edge stability were cited as relatively low in the aforementioned sources of deterioration.
[image: Figure 7]FIGURE 7 | Cause of pavement distress distribution in different CZs.
4.2.2 Cause of distress with respect to population and road network size
To highlight the possible correlation of the most cited causes of pavement deterioration to the population density on the road network, the causes of distress data (Figure 6) were further analysed. The results can be seen in Figure 8.
[image: Figure 8]FIGURE 8 | Causes of different pavement distress for municipalities with respect to different population densities.
Ageing of pavement was cited as the most frequent source of pavement deterioration, followed by heavy vehicles and patching. Apart from a slight drop at the highest population density interval, there is an increasing trend in ageing and patching with population density intervals. Ageing, heavy vehicles, patching and high traffic flow are almost equally cited as the most frequent source of deterioration in most densely populated areas. Heavy vehicles and high traffic flow have slightly similar patterns with regard to an increase in population density intervals. The rest of the pavement deterioration causes (FT cycles, roots and vegetation, frost heave, studded tyres, poor edge stability) were cited with unclear patterns, which may be correlated with the climate rather than the population density intervals.
4.3 Pavement management and budget among responding municipalities
4.3.1 Maintenance and rehabilitation budget
The survey provides insight into the annual M&R budget allocation for the fiscal year 2020. A total of 118 municipalities reported that a total of 940 million SEK were allocated to the M&R budget to maintain about 23 thousand km of the street network (about 54% of the total street network in the country).
The cited M&R budget was analysed with regard to CZs and population density intervals to get an insight into the utilization of taxpayers’ money on the management of the street network. In this regard, the budget of each municipality was divided by its population and the street network (km). The outcome of the taxpayers’ contribution to street network management with respect to CZ and population density is shown in Figure 9. It can be seen that the allocated budget for M&R activities tends to increase with an increase in FI while decreasing with an increase in population density.
[image: Figure 9]FIGURE 9 | Comparison of taxpayers’ contributions to streets M&R (CZ and population density).
The spending of taxpayers’ money is highest in CZs 3–4 but lowest in CZ 2 (12 times less). On the other hand, the cited spending on M&R activities is highest in the most sparsely populated municipalities compared with densely populated municipalities. The spending trend with regard to population density seems to be strongly correlated when compared to CZ.
4.3.2 Reconstruction budget
For the fiscal year 2020, 78 municipalities cited that a total of SEK 749 million was allocated to the reconstruction budget to maintain about 16 thousand km of the street network (about 54% of the respondent municipalities). To highlight the utilization of taxpayers’ money in the management of the street network, the cited spending on reconstruction activities is analysed with regard to CZs and population density. The outcome is presented in Figure 10. It is noticeable that the cited allocated expenditure on reconstruction is lower in CZs 1–2 and comparatively higher in CZs 3–5. The higher budget for reconstruction in CZ 4 (i.e., 21 times more than the CZ 2 spending) is difficult to interpret. On the contrary, the allocated budget for reconstruction decreases with an increase in population density. The most sparsely populated municipalities spent almost 14 times more than the most densely populated municipalities. Apparently, the taxpayers’ spending is more associated with population density than with CZs.
[image: Figure 10]FIGURE 10 | Comparison of taxpayers’ contributions to street reconstruction (CZ and population density).
4.3.3 Maintenance backlog
In response to the budget-related question, 70% of the responding municipalities cited dissatisfaction with catching up with the maintenance backlog due to the low maintenance budget. However, 25% of municipalities cited that they are satisfied in relation to their capacity and resources, while 5% were undecided. Similarly, to reduce the maintenance backlog, 34% of the municipalities indicated that they have received a budget increase over the last 5 fiscal years but it is still not enough. However,22% of municipalities cited that their maintenance budget shrank over time. One municipality cited that the maintenance backlog is huge and it is difficult to meet the performance goals even if there is enough budget, due to a lack of staff and a short summer season.
4.3.4 Pavement management
The majority of municipalities (94 out of 147) have no proper PMS in place due to a lack of resources and maintenance staff. Some municipalities even cited that the need for PMS is not required, due to the implementation cost of commercial PMS and their small pavement network. Most municipalities with no proper PMS have paper-based maintenance approaches or use spreadsheets to manage their network due to budget constraints. The budget (M&R and reconstruction) data in Figures 9, 10 have been broken down to get an insight into the role of PMS in the maintenance of the street network. The outcome is presented in Figure 11.
[image: Figure 11]FIGURE 11 | Comparison of budget in PMS and non-PMS municipalities with respect to different population densities.
It can be seen in Figure 11 that the allocated M&R and reconstruction budget tends to decrease with an increase in population density, both in PMS and non-PMS municipalities. Moreover, the allocated budget for maintaining the street network is almost the same in PMS and non-PMS municipalities. It is therefore difficult to interpret or draw a conclusion about whether the cost of maintaining a street network decreases with a PMS in place or vice versa. Figure 12 shows the PMS and non-PMS municipalities among the responding municipalities.
[image: Figure 12]FIGURE 12 | Pavement management approaches among PMS and non-PMS municipalities.
It can be seen in Figure 12 that more than one-third of the respondent municipalities have a commercial PMS in place to manage 52% of the street network of respondent municipalities. The manual/windshield assessment method of condition assessment is predominant.
An annual assessment of the pavement network is most common among responding municipalities (64 out of 134) but storing such assessments is not practised. The vast majority of the PMS municipalities cited that they collected surface distress data every 4 or 5 years for the whole network. Even among PMS municipalities, storing maintenance history has not yet matured; this is a common problem among municipalities or small pavement administrations elsewhere as well.
In condition assessments, the vast majority of responding municipalities have collected the segment, type, severity and position of distress of the pavement area, as well as the functionality of the street. Nearly one-third of the responding municipalities (43 out of 147) collected data about traffic volume. However, the international roughness index (IRI) and data collection on traffic lanes, drainage inlets and side drains have never been part of the PMS among the responding municipalities. All municipalities cited that the selection of pavement segment for treatment depends on multiple factors, e.g., the type and severity of distress, the functionality of the street, traffic volume, preservation/preventive maintenance, available budget, complaints from road users, and suggestions from the municipal council.
In response to the distress analysis question, 129 out of 142 municipalities cited that they analysed the distresses through engineering judgement, even at the project level. The remaining follow locally developed guidelines and PMS recommendations. Onsite investigation or material testing happens rarely. Common pavement treatment measures that were identified include thin overlay asphalt and resurfacing after milling the deteriorated asphalt surface. Further, it was identified that pavement preservation is infrequent and is limited to cracking sealing.
The municipalities were asked to rank factors that could improve the current maintenance practices and street network conditions. A total of 114 municipalities indicated that the focus needs to be on the following top four areas: i) maintenance budget, 46% of municipalities cited that enhancement of the maintenance budget would be decisive in the matter for catching up with the maintenance backlog; ii) cooperation, 14% of municipalities cited that better cooperation between municipal street network administrations and utility service providers is needed; iii) policy guidelines, 8% of municipalities identified that better maintenance policy/guidelines from municipal councils/politicians to the municipal street network administration would lead to greater improvement; iv) maintenance staff, 7% of municipalities indicated that the street network condition would improve with an increase in the number of maintenance staff.
5 DISCUSSION
5.1 Frequent pavement distress and causes
The questionnaire revealed that aged pavement as a source of pavement deterioration is the most serious issue throughout the responding municipalities (Figures 7, 8), particularly in CZs 4–5 and densely populated municipalities. This could be because of the low average frequency of resurfacing of municipal roads, since the vast majority of the municipal networks in the country were built in the 1970s. It seems that lack of resources (i.e., proper PMS usage and low frequency of pavement condition data collection) and maintenance budget play a vital role in the abundance of aged networks across the municipalities. The issue of aged pavement needs to be addressed on a priority basis since it contributes to the occurrence of several distresses.
Pavement unevenness is the second most frequent pavement distress after potholes which could be due to the combined effect of cold climate and population density on roads (Figures 4, 5). On the other hand, the occurrence of longitudinal and transverse cracks are strongly correlated to frost action or cold climate (Figure 4).
Patching is further one of the most common sources of deterioration throughout the country (Figures 7, 8). The high frequency of patching and utility cuts could be due to insufficient coordination and cooperation among street network administrations and utility service providers. The choice of material and method to repair potholes and backfill utility cuts is also decisive in keeping the functionality of the roads. In this regard, street network administrations are supposed to improve the quality assessment of backfilled materials and minimize the use of cold mix in winter due to its low durability. Additionally, to keep the street network in a serviceable condition, the street network administrators and utility service providers need to improve the share of information with each other. An integrated system or database would be useful in the timely execution of M&R activities, both for management of street networks and for utility services.
The reported occurrence of alligator cracks is surprisingly quite similar in terms of population density (Figure 5), as heavy vehicles and high traffic are cited as significant sources of distress (Figure 8). This is probably not due to insufficient asphalt-bound layer thickness (Table 1), but rather due to the abundance of aged pavements and pothole formation.
The frequency trend of rutting (Figures 4, 5) is reasonable since it reflects the significance of both cold climates (excess use of studded tyres and/or FT cycles) and the dense population density on roads. Similarly, the lowest frequency occurrence of rutting in the colder zones (Figure 4) can be related to the use of a winter road maintenance strategy, i.e., allowing snow to accumulate on the road surfaces up to a certain level. In northern Sweden, the residential streets in winter are frequently covered with snow/ice, which contributes to reducing the negative effects of studded tyres. Another reason for relatively less occurrence of rutting on municipal streets could be due to the large number of residential streets compared to main, arterial and collector streets. Residential streets are low-speed and low-trafficked streets that are mostly covered with snow, resulting in the low-frequency occurrence of abrasion wear.
5.2 Infrequent pavement distress and causes
The low-cited frequency of bleeding (Figure 4) could be related to the short summer season and the low- cited frequency of high temperatures, while the low-cited frequency of ravelling (Figure 4) might be an oversight due to the presence of issues like aged pavement, pothole formation and patches. The situation might even be the same for the roots and vegetation as a source of deterioration (Figures 7, 8). However, the low frequency of edge deformation (Figure 4) on streets could be due to the presence of pedestrian paths and houses along streets. In other words, edge deformation might be more frequent in the presence of non-functioning side drains or lack of sufficient distance between the side drain and the pavement edge. On the other hand, the reason for the low frequency of poor practices and clogged inlets (Figure 7) is difficult to interpret, since the quality standards are not the same throughout the country. Furthermore, data collection about the functionality of pavement drainage is rare.
5.3 The capacity of municipalities—strategies, resources and budget
Municipal councils, through relevant committees, decide the level of pavement performance goals and the street management budget in municipalities. Municipal pavement management staff make strategies within the available resources and budget to meet pavement performance goals. The representatives of responding municipalities realized a need for much better guidelines from the political administrations regarding the maintenance of street networks. Improvements in policies/guidelines may be achieved by presenting the current and predicted condition of the pavement network. Such assessments require the implantation of PMS.
The sophistication of the commercial PMS among the responding municipalities is low due to a lack of deterioration models, collection of roughness data, and maintenance decision rules/trees. Furthermore, a lack of maintenance history and outdated pavement data management are widespread among the responding municipalities. Consequently, it is difficult to track the quality of maintenance alternatives and maintenance practices. Annual pavement condition assessment is common but storing such data is not practised due to constraints on funding, time and resources. Subjective condition assessment and a subjective treatment selection approach are additional issues which need to be shifted to automated data collection and data-driven decision-making over time. Municipalities are generally satisfied with the current maintenance approach in relation to their competence and available budget. However, they agreed that there is room for improvement.
The street management budget reflects the approach for the utilization of taxpayers’ money. The spending trend of taxpayers’ money on both M&R and reconstruction activities, as per the fiscal year 2020, is similar in terms of both CZ and population density on road length (Figures 9, 10). However, the spending is 2–3 times more on reconstruction activities compared to M&R. Ideally, the spending should be more on M&R activities, though it needs a preventive maintenance approach. It can be said that the taxpayers are contributing more to the M&R and reconstruction of the municipal road network located in the northern region and sparsely populated municipalities. Timely M&R and reconstruction interventions are important in the effective utilization of the available budget, since fixing the distress in the early stage is relatively less costly.
6 CONCLUSION
The paper presents the results of a survey on street network deterioration and pavement management practices among Swedish 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 distresses on the street network among the responding municipalities, along with the possible causes. Moreover, the study highlights the maintenance practices and the availability of budget to the municipalities to maintain the functionality and serviceability of street networks. The main conclusion of the study can be summarised as follows:
• The most cited frequently occurring distresses are potholes, surface unevenness, alligator cracking and rutting respectively.
• On the other hand, ageing, heavy vehicles, patching and high traffic flow are reported as the most frequent sources of pavement distresses.
• The use of commercial PMS is limited while visual assessment of pavements is predominant, due to budget and resource constraints.
• The M&R and reconstruction challenges varied from south to north and from sparsely to densely populated municipalities.
The share distribution of potholes, longitudinal and transverse cracking, and surface unevenness distresses tends to increase from south to north as per CZs. However, no such pattern is visible with increasing population density over road length.
Pavement age or ageing seems to be the main cause of pavement distress irrespective of CZ and population density, which reflects the high share distribution of pavement patches. This might indicate the delayed maintenance approach, possibly due to insufficient cooperation between street network and utility service administrators, a lack of resources and sophisticated PMS. Heavy vehicles and high traffic flow are almost equally dominant in terms of both population density and CZs, but the frequent occurrence of alligator cracks might be due to aged pavements. Frost heave and the number of FT cycles increases from south to north as a source of pavement deterioration. The downsides of studded tyres on residential streets are reduced due to low-speed limits and snow accumulation on street pavements.
A quarter of municipalities are satisfied with the current budget allocation for M&R and reconstruction to catch up with the maintenance backlog. Due to the short summer season and insufficient maintenance staffing, many municipalities would not be able to effectively reduce their maintenance backlog even if they have the needed budget. For the year 2020, the allocated budget both for M&R and rehabilitation decreases with increasing population density over road length, while it increases CZ-wise from southern to northern municipalities.
The challenges that the municipalities are facing are beyond pavement deterioration and cold climate. Additional challenges include getting the required pavement maintenance budget in both the short- and long-term and adapting to unclear or non-feasible maintenance policies/guidelines from municipal councils/politicians. Further challenges include developing better working procedures to improve coordination and cooperation with utility service providers, and lastly increasing the number of maintenance staff and enhancing their competence. In other words, a more national view with insights into different climate zones and capabilities of municipalities could be a good initiative in improving the safety and rideability standards on street networks.
DATA AVAILABILITY STATEMENT
The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.
AUTHOR CONTRIBUTIONS
Conceptualization: SE, LS, and MA; Methodology: SE, LS, and MA; Investigation: MA, SE, and LS; Writing–original draft preparation: MA; Writing–review and editing: SE and LS; Visualization: MA, SE, and LS; Supervision: SE and LS; Project administration: SE and LS; Funding acquisition: SE and LS. All authors contributed to the article and approved the submitted version.
FUNDING
The project was funded by Mistra Infra Maint Project 1.8 (DIA 2016/28) and Skellefteå municipality. The APC was funded by the library of the KTH Royal Institute of Technology.
ACKNOWLEDGMENTS
The authors gratefully acknowledge those who have taken part in the formulation of questionnaires at VTI and those who responded to the questionnaire and interviews.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Abaza, O. A., Arafat, M., and Uddin, M. S. (2021). Physical and economic impacts of studded tyre use on pavement structures in cold climates. Transp. Saf. Environ. 3, 1–15. doi:10.1093/tse/tdab022
 Abdelaty, A., Jeong, H. D., and Smadi, O. (2017). Practical approach for pavement treatment decisions for local agencies. J. Constr. Eng. Proj. Manag. 7, 30–36. doi:10.6106/JCEPM.2017.3.30.030
 Ahmed, A. (2017). Effects of climatic loading in flexible pavement subgrades in Texas. Available at: https://rc.library.uta.edu/uta-ir/bitstream/handle/10106/27171/AHMED-DISSERTATION-2017.pdf?sequence=1&isAllowed=y.
 Al-Qadi, I. L., Yoo, P. J., Elseifi, M. A., and Nelson, S. (2009). Creep behavior of hot-mix asphalt due to heavy vehicular tire loading. J. Eng. Mech. 135, 1265–1273. doi:10.1061/(ASCE)0733-9399(2009)135:11(1265)
 Alaswadko, N., and Hassan, R. (2018). Rutting progression models for light duty pavements. Int. J. Pavement Eng. 19, 37–47. doi:10.1080/10298436.2016.1155123
 Alfar, E. (2016). GIS based pavement maintenance management model for local roads in the UK. Available at: https://usir.salford.ac.uk/id/eprint/39679/1/F__Final%20Version%20of%20Emad%20Alfar%20PhD%20Thesis_Emad%20Alfar%20PhD%20Thesis%201.pdf.
 Ali, B., Sadek, M., and Shahrour, I. (2009). Finite-element model for urban pavement rutting: Analysis of pavement rehabilitation methods. J. Transp. Eng. 135, 235–239. doi:10.1061/(ASCE)0733-947X(2009)135:4(235)
 Alm, J., Paulsson, A., and Jonsson, R. (2021). Capacity in municipalities: Infrastructures, maintenance debts and ways of overcoming a run-to-failure mentality. Local Econ. 36, 81–97. doi:10.1177/02690942211030475
 Arrojo, G. (2000). Pavement wear caused by the use of studded tyres. Linköping: Swedish National Road and Transport Research Institute. 
 Arudi, R., Pickering, B., and Flading, J. (2000). Planning and implementation of a management system for utility cuts. Transp. Res. Rec. 1699, 42–48. doi:10.3141/1699-06
 Asphalt Industry Alliance (2022). Annual local authority road maintenance (ALARM) survey 2022. Wrington, England. Available at: https://www.asphaltuk.org/wp-content/uploads/ALARM-survey-2022-FINAL.pdf (Accessed November 14, 2022). 
 Benmhahe, B., and Chentoufi, J. A. (2021). Automated pavement distress detection, classification and measurement: A review. IJACSA 12, 1–11. doi:10.14569/IJACSA.2021.0120882
 Biswas, S., Hashemian, L., and Bayat, A. (2018). Investigation of pothole severity and maintenance methods in Canada through questionnaire survey. J. Cold Regions Eng. 32, 1–9. doi:10.1061/(ASCE)CR.1943-5495.0000161
 Chai, G., van Staden, R., Chowdhury, S. H., and Loo, Y. C. (2014). A study of the effects of pavement ageing on binder deterioration. Int. J. Pavement Eng. 15, 1–8. doi:10.1080/10298436.2012.752823
 Chang, C., Rodriguez, E., Yapp, M., and Pierce, L. (2018). Consequences of delayed maintenance of pavement networks. Pretoria, South Africa: Jukwaa Media. Available at: https://repository.up.ac.za/bitstream/handle/2263/69516/1A_Chang_Consequences_2018.pdf?sequence=1&isAllowed=y.
 Churilin, V., Efimenko, S., Matvienko, O., and Bazuev, V. (2018). Simulation of stresses in asphalt-concrete pavement with frost heaving. MATEC Web Conf. 216, 01011–01019. doi:10.1051/matecconf/201821601011
 CIRC team (2019). Canada infrastructure report card 2019: Monitoring the state of Canada’s core public infrastructure. Canadian Infrastructure. Available at: http://canadainfrastructure.ca/downloads/canadian-infrastructure-report-card-2019.pdf (Accessed January 2, 2023). 
 City of Toronto (2017). About the road classification system. City of Toronto. Available at: https://www.toronto.ca/services-payments/streets-parking-transportation/traffic-management/road-classification-system/about-the-road-classification-system/ (Accessed February 8, 2023). 
 Coenen, T. B. J., and Golroo, A. (2017). A review on automated pavement distress detection methods. Cogent Eng. 4, 1374822–1374823. doi:10.1080/23311916.2017.1374822
 Danderyd Kommun (2011). Teknisk handbok (in Swedish). Available at: https://www.danderyd.se/contentassets/e24ebabb04bc4330a6ad0c3826f7aa16/teknisk-handbok.pdf (Accessed January 24, 2023). 
 Doré, G., and Zubeck, H. K. (2009). Cold regions pavement engineering. Reston, VA: New York: ASCE Press ; McGraw-Hill. 
 Douglas, R. A. (2011). Appropriate pavement maintenance and rehabilitation management system for local governments. Transp. Res. Rec. 2205, 206–212. doi:10.3141/2205-26
 Ekdahl, P., Hellman, M., Henrikson, T., Svedben, P., and Silfwerbrand, J. (2016). Skulden till underhåll. Det kommunala underhållsbehovet för gator, broar och belysning (in Swedish). Stockholm: Sveriges Kommuner och Landsting. Available at: https://webbutik.skr.se/bilder/artiklar/pdf/7585-446-5.pdf (Accessed September 29, 2021). 
 Erlingsson, S. (2012). Rutting development in a flexible pavement structure. Road Mater. Pavement Des. 13, 218–234. doi:10.1080/14680629.2012.682383
 Erlingsson, S., and Saliko, D. (2020). “Correlating air freezing index and frost penetration depth—a case study for Sweden,” in Proceedings of the 9th international Conference on Maintenance and Rehabilitation of pavements—mairepav9 lecture notes in civil engineering ed . Editor C. Raab (Cham: Springer International Publishing), 847–857. doi:10.1007/978-3-030-48679-2_79
 European Union Road Federation (2018). Road Asset Management: An ERF position paper for maintaining and improving a sustainable and efficient road network. Brussels, Belgium: European Road Federation. Available at: https://erf.be/wp-content/uploads/2018/07/Road-Asset-Management-for-web-site.pdf.
 Farashah, M. K., and Tighe, S. L. (2014). “Development practices for municipal pavement management systems application,” in Asset management: Reinventing organizations for the next 100 Years session (Montreal, Quebec), 1–20. 
 Flintsch, G., and Bryce, J. (2014). “Sustainable pavement management,” in Climate change, energy, Sustainability and pavements green energy and Technology ed . Editors K. Gopalakrishnan, W. J. Steyn, and J. Harvey (Berlin, Heidelberg: Springer), 373–392. doi:10.1007/978-3-662-44719-2_13
 Flintsch, G. W., and McGhee, K. K. (2009). Quality management of pavement condition data collection. Transportation research board. Washington, D.C.: National Cooperative Highway Research Program Synthesis. doi:10.17226/14325
 T. F. Fwa (Editor) (2006). The handbook of highway engineering (Boca Raton: Taylor & Francis). 
 Garber, N. J., and Hoel, L. A. (2009). Traffic and highway engineering. 4th ed. Australia; United States: Cengage Learning. 
 Haas, R., Hudson, W. R., and Falls, L. C. (2015). Pavement asset management. 1st edition. Salem, Massachusetts: Hoboken, New Jersey: Wiley-Scrivener. 
 Hafez, M., Ksaibati, K., and Atadero, R. (2019). Best practices to support and improve pavement management systems for low-volume paved roads. Int. J. Pavement Eng. 20, 592–599. doi:10.1080/10298436.2017.1316648
 Hajek, J., Hein, D., and Olidis, C. (2004). “Decision making for maintenance and rehabilitation of municipal pavements,” in Annual Conference of the Transportation Association of Canada (Québec, Canada), 1–9. 
 Hajj, E. Y., Siddharthan, R. V., Sebaaly, P. E., and Weitzel, D. (2007). Hot-mix asphalt mixtures for Nevada’s intersections. Transp. Res. Rec. 2001, 73–83. doi:10.3141/2001-09
 Han, S., Liu, M., Shang, W., Qi, X., Zhang, Z., and Dong, S. (2019). Timely and durable polymer modified patching materials for pothole repairs in low temperature and wet conditions. Applied Sciences 9, 1–13. doi:10.3390/app9091949
 He, Z., Qin, X., Wang, H., and Comes, C. (2017). Implementing practical pavement management systems for small communities: A south Dakota case study. Public Works Manag. Policy 22, 378–391. doi:10.1177/1087724X17721714
 Helsingborg Kommun (2022). Överbyggnadstabell—Teknisk handbok (in Swedish). Available at: https://tekniskhandbok.helsingborg.se/wp-content/uploads/sites/64/2020/03/overbyggnadstabell-tekniskhandbok-200330.pdf (Accessed January 24, 2023). 
 S.-C. Huang, and H. Di Benedetto (Editors) (2015). Advances in asphalt materials: Road and pavement construction. 1st edition (Boston, MA: Woodhead Publishing). 
 Huang, Y. H. (2004). Pavement analysis and design. 2nd ed. Upper Saddle River, NJ: Pearson/Prentice Hall. 
 International Road Federation (2007). The socio-economic benefits of roads in Europe. Brussels: European Union Road Federation. Available at: https://www.aecarretera.com/cdc/ERF_Los%20beneficios%20socioeconomicos%20de%20las%20carreteras%20en%20Europa.pdf (Accessed January 2, 2023). 
 Jassal, K. S. (1998). Development of potholes from cracks in flexible pavements. Available at: https://www.collectionscanada.gc.ca/obj/s4/f2/dsk2/ftp01/MQ39100.pdf (Accessed March 9, 2022). 
 Jing, R., Varveri, A., Liu, X., Scarpas, A., and Erkens, S. (2021). Differences in the ageing behavior of asphalt pavements with porous and stone mastic asphalt mixtures. Transp. Res. Rec. 2675, 1138–1149. doi:10.1177/03611981211032218
 Y. R. Kim (Editor) (2014). Asphalt pavements (London, UK: CRC Press/Balkema is an imprint of the Taylor & Francis Group, an Informa business). 
 Lavin, P. (2003). Asphalt pavements: A practical guide to design, production and maintenance for engineers and architects. London: Spon. 
 Li, L., Huang, X., Wang, L., and Li, C. (2013). Integrated experimental and numerical study on permanent deformation of asphalt pavement at intersections. J. Mater. Civ. Eng. 25, 907–912. doi:10.1061/(ASCE)MT.1943-5533.0000745
 Loprencipe, G., and Pantuso, A. (2017). A specified procedure for distress identification and assessment for urban road surfaces based on PCI. Coatings 7, 65–26. doi:10.3390/coatings7050065
 Lundberg, J., Janhäll, S., Gustafsson, M., and Erlingsson, S. (2019). Calibration of the Swedish studded tyre abrasion wear prediction model with implication for the NORTRIP road dust emission model. Int. J. Pavement Eng. 22, 432–446. doi:10.1080/10298436.2019.1614585
 R. B. Mallick, and T. El-Korchi (Editors) (2013). Pavement engineering: Principles and practice. 2nd edn. (Boca Raton: CRC Press). 
 Marasteanu, M. (2018). Pothole prevention and innovative repair. Pillsbury drive. Minneapolis, MN: Department of Civil, Environmental, and Geo- Engineering University of Minnesota. Available at: http://mndot.gov/research/reports/2018/201814.pdf.
 Miller, J. S., and Bellinger, W. Y. (2014). Distress identification manual for the long-term pavement performance project. McLean,VA: Federal Highway Administration, US. Available at: https://www.fhwa.dot.gov/publications/research/infrastructure/pavements/ltpp/13092/13092.pdf (Accessed January 2, 2023). 
 NAS (2011). Sustainable pavement maintenance practices. Washington, DC: The National Academies Press. 
 Newstead, B., Hashemian, L., and Bayat, A. (2018). A study on pavement network condition and reporting in the province of Alberta through a questionnaire survey. Ottawa, Ontario: Transportation Association of Canada. 
 NVDB (2021). Vägdata: Kommunala asfalterade bilvägar. Nationella Vägdatabasen (in Swedish). 
 O’Nions, L., and Preston, N. (2015). “Chapter 20: Durability of bitumens and asphalts,” in The shell Bitumen handbook (westminster (London: Published for Shell Bitumen by ICE Publishing), 573–589. 
 Östersund Kommun (2021). Tekniska handbok, sektioner körbana (in Swedish). Available at: https://tekniskhandbok.ostersund.se/vagutformning/korbana/ (Accessed January 24, 2023). 
 Pearson, D. (2012). Deterioration and maintenance of pavements. First edn. London: ICE Publishing. 
 Pérez-Acebo, H., Linares-Unamunzaga, A., Abejón, R., and Rojí, E. (2018). Research trends in pavement management during the first years of the 21st century: a bibliometric analysis during the 2000–2013 period. Appl. Sci. 8, 1–23. doi:10.3390/app8071041
 Peshkin, D. G., and Duncan, G. M. (2021). Maintenance and surface preparation activities prior to pavement preservation treatments. Washington, DC: The National Academies Press. 
 PIARC (2019). Innovative-innovative-approaches-asset-management. PIARC technical committee D.1 - management of road infrastructure assets. La defense cedex. France: World Road asspciation. Available at: https://www.piarc.org/ressources/publications/11/8427e86-31264-2019R19EN-Innovative-Innovative-Approaches-Asset-Management.pdf (Accessed May 8, 2022). 
 Ragnoli, A., De Blasiis, M. R., and Di Benedetto, A. (2018). Pavement distress detection methods: A review. Infrastructures 3, 58–19. doi:10.3390/infrastructures3040058
 Ramani, T., Zietsman, J., Eisele, W., Rosa, D., and Spillane, D. (2009). Developing sustainable transportation performance measures for TxDOT’s strategic plan: Technical report. Austin, Texas: United States: Federal Highway Administration. Available at: https://static.tti.tamu.edu/tti.tamu.edu/documents/0-5541-1.pdf.
 Roque, R., Zou, J., and Hernando, D. (2015). “5 - cracking mechanisms in asphalt mixtures,” in Advances in asphalt materials woodhead publishing series in civil and structural engineering ed . Editors S.-C. Huang, and H. Di Benedetto (Oxford: Woodhead Publishing), 135–167. doi:10.1016/B978-0-08-100269-8.00005-2
 Sadeghi, J., Najafabadi, E. R., and Kaboli, M. E. (2017). Development of degradation model for urban asphalt pavement. Int. J. Pavement Eng. 18, 659–667. doi:10.1080/10298436.2015.1095912
 Saha, P., Ksaibati, K., and Atadero, R. (2017). Developing pavement distress deterioration models for pavement management system using markovian probabilistic process. Adv. Civ. Eng. 2017, 1–9. doi:10.1155/2017/8292056
 Salour, F., and Erlingsson, S. (2013). Investigation of a pavement structural behaviour during spring thaw using falling weight deflectometer. Road Mater. Pavement Des. 14, 141–158. doi:10.1080/14680629.2012.754600
 Sandviken Kommun (2021). Grävbestämmelser sandvikens kommun (in Swedish). Available at: https://sandviken.se/download/18.69cc24a417ffd93f9a4bfe39/1650963101798/Sandviken%20kommuns%20gr%C3%A4vbest%C3%A4mmelser.pdf (Accessed December 13, 2022). 
 SCB (2020). Folkmängden efter region, civilstånd, ålder och kön. År 1968 - 2021 (in Swedish). Statistikdatabasen. Available at: http://www.statistikdatabasen.scb.se/pxweb/sv/ssd/START__BE__BE0101__BE0101A/BefolkningNy/ (Accessed January 26, 2023). 
 Shahin, M. Y. (2005). Pavement management for airports, roads and parking lots. 2nd ed. New York, NY: Springer. 
 Sholevar, N., Golroo, A., and Esfahani, S. R. (2022). Machine learning techniques for pavement condition evaluation. Automation Constr. 136, 1–17. doi:10.1016/j.autcon.2022.104190
 Sirin, O., Paul, D. K., and Kassem, E. (2018). State of the art study on aging of asphalt mixtures and use of antioxidant additives. Adv. Civ. Eng. 2018, 1–18. doi:10.1155/2018/3428961
 Skellefteå Kommun (2022). Ritningar och andra handlingar - skellefteå kommun (in Swedish). Available at: https://skelleftea.se/invanare/startsida/bo-trafik-och-miljo/bygga-nytt-andra-eller-riva/bygglov-och-bygganmalan/ritningar-och-andra-handlingar (Accessed January 24, 2023). 
 SKR (2021). Drift och underhåll: Fakta om svenska vägnätet (in Swedish). Sveriges Kommuner och Reg . Available at: https://skr.se/skr/samhallsplaneringinfrastruktur/trafikinfrastruktur/driftochunderhall.291.html (Accessed July 14, 2021). 
 Snilsberg, B., Saba, R. G., and Uthus, N. (2016). “Asphalt pavement wear by studded tires – effects of aggregate grading and amount of coarse aggregate,” in Proceedings of 6th eurasphalt & eurobitume congress (Prague: Czech Technical University). doi:10.14311/EE.2016.072
 Speight, J. G. (2016). Asphalt materials science and Technology. 1st ed. Oxford: Butterworth-Heinemann:Elsevier. 
 Staniek, M. (2021). Road pavement condition diagnostics using smartphone-based data crowdsourcing in smart cities. J. Traffic Transp. Eng. Engl. Ed. 8, 554–567. doi:10.1016/j.jtte.2020.09.004
 Sun, L. (2016). in Structural Behavior of asphalt pavements ed . Editor L. Sun (Oxford: Butterworth-Heinemann:Elsevier). 
 Svensson, J. (1993). VTT Tjäldataarkiv (in Swedish). Statens Väg-och Trafikinstitut., VTI meddelande 727. Available at: https://www.diva-portal.org/smash/get/diva2:672187/FULLTEXT01.pdf (Accessed February 5, 2021). 
 Tavakoli, A., Lapin, M. S., and Figueroa, J. L. (1992). Pmsc: Pavement management system for small communities. J. Transp. Eng. 118, 270–280. doi:10.1061/(ASCE)0733-947X(1992)118:2(270)
 Trafikverket (2011). Trafikverkets tekniska krav Vägkonstruktion (in Swedish). Available at: https://trafikverket.ineko.se/Files/sv-SE/10750/RelatedFiles/2011_072_TRVK_vag_2.pdf (Accessed July 13, 2020). 
 Trafikverket (2021). Undersökning av däcktyp i Sverige – vintern 2021 (januari–Mars) (in Swedish). Available at: https://www.dackinfo.se/wp-content/uploads/2012/04/Dackundersokning_PV_vinter_TRV_publ_2021-215.pdf (Accessed May 12, 2022). 
 Transit (2000). Asset management manual. Available at: https://www.nzta.govt.nz/assets/resources/state-highway-asset-management-manual/docs/SM020-manual.pdf (Accessed December 5, 2022). 
 Uddin, W., Hudson, W. R., and Haas, R. (2013). Public infrastructure asset management. New York, US: McGraw-Hill Education. 
 Underwood, B. S. (2015). “9 - multiscale modeling approach for asphalt concrete and its implications on oxidative aging,” in Advances in asphalt materials woodhead publishing series in civil and structural engineering ed . Editors S.-C. Huang, and H. Di Benedetto (Oxford: Woodhead Publishing), 273–302. doi:10.1016/B978-0-08-100269-8.00009-X
 Underwood, B. S., Kim, Y. R., and Corley-Lay, J. (2011). Assessment of use of automated distress survey methods for network-level pavement management. J. Perform. Constr. Facil. 25, 250–258. doi:10.1061/(ASCE)CF.1943-5509.0000158
 Wågberg, L.-G. (2003). Bära eller brista: Handbok i tillståndsbedömning av belagda gator och vägar (in Swedish). Stockholm: Svenska kommunförbundet. 
 Wågberg, L.-G. (2001). I valet & kvalet: Handbok för val av beläggningsåtgärd (in Swedish). Stockholm: Svenska kommunförbundet. 
 White, T. D., Haddock, J. E., Hand, A. J., and Fang, H. (2002). Contributions of pavement structural layers to rutting of hot mix asphalt pavements. Washington, D.C: National Academy Press. 
 Wilde, J., Grant, C., and Nelson, P. (2018). Manual for controlling and reducing the frequency of pavement utility cuts. Washington, D.C: Federal Highway Administration, US. Available at: https://www.fhwa.dot.gov/utilities/utilitycuts/manual.pdf (Accessed January 18, 2023). 
 Wilén, Ni. (2016). Framtagning av standard för skadesammanställning på kommunala gator (in Swedish). Available at: http://lup.lub.lu.se/student-papers/record/8876577.
 Wilson, T. P., and Romine, A. R. (2001). Materials and procedures for repair of potholes in asphalt-surfaced pavements-manual of practice. Washington, DC: Federal Highway Administration. Available at: https://www.fhwa.dot.gov/publications/research/infrastructure/pavements/ltpp/99168/99168.pdf (Accessed November 9, 2022). 
 Wolters, A., Zimmerman, K., Schattler, D. K., and Rietgraf, A. (2011). Implementing pavement management systems for local agencies: Implementation guide. Illinois: Illinois Center for Transportation. Available at: https://idot.illinois.gov/Assets/uploads/files/Transportation-System/Manuals-Guides-&-Handbooks/T2/P052.pdf (Accessed September 18, 2020). 
 Yapp, M., Lundy, J., and Chu, S. (2001). Impact of utility cuts on pavement performance in the city of seattle. Available at: https://trid.trb.org/view/793554 (Accessed September 23, 2021). 
 Zhang, Q., Mills-Beale, J., and You, Z. (2011) “Pavement engineering I: Flexible pavements,” in Handbook of transportation engineering, volume II: Applications and technologies ed . Editor M. KutzSecond Edition (New York, Chicago, San Francisco, Lisbon, London, Madrid, Mexico City, Milan, New Delhi, San Juan, Seoul, Singapore, Sydney, Toronto: McGraw-Hill Education). Available at: http://www.accessengineeringlibrary.com/content/book/9780071614771/chapter/chapter11 (Accessed June 4, 2021). 
 Zimmerman, K. A. (2017). Pavement management systems: Putting data to work. Washington, DC: National Academy of Sciences. 
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2023 Afridi, Erlingsson and Sjögren. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fbuil-09-1205235-t001.jpg
Municipal street Low-volume state road

(residential pavement cross-sections) (<5 x 10"® ESAL)
CZ1-5 CZ 1-5
Thickness Material Aggregate size Thickness
(mm) (mm) (mm)
25-45 ABT*
Binder course or road base 35-60 AGY 16 -
Unbound base course 80-120 Crushed rock 0-32 80
Subbase 350-500 Crushed rock 0-80 420
0-90 |
0-100
Geotextile v v
, Subgrade v
(None to highly frost-susceptible soils)

*ABT, Dense Graded Asphalt Concrete pen 160/220.
“AG, Asphalt Gravel-Bitumen Bound pen 160/220.





OPS/xhtml/nav.xhtml
Contents

		Cover

		Municipal street maintenance challenges and management practices in Sweden		1 Introduction

		2 Municipal pavements network management		2.1 Pavement structural design and deterioration

		2.2 Swedish municipality perspective





		3 Method—Survey description		3.1 Questionnaire content





		4 Results		4.1 Pavement distresses among responding municipalities

		4.2 Share of cause of distress among the responding municipalities

		4.3 Pavement management and budget among responding municipalities





		5 Discussion		5.1 Frequent pavement distress and causes

		5.2 Infrequent pavement distress and causes

		5.3 The capacity of municipalities—strategies, resources and budget





		6 Conclusion

		Data availability statement

		Author contributions

		Funding

		Acknowledgments

		Publisher’s note

		References









OPS/images/fbuil-09-1205235-g012.gif





OPS/images/inline_1.gif





OPS/images/fbuil-09-1205235-t002.jpg
Climate Total
zone (C2) | municipalities
(no)
i &
2 s
B »
4 2
2
Toul »

Total
population
(million)

051
047

1038

Total street
network®
(thousand km)

nzs

26

323

257

«Partially collected from National Rosd Database, Trafikverket (NVDB, 2021).

Total
population
densityon

streets
(persons/km)

3

261

187

236

146

214

Respondent
municipalities
(no)

Survey
response
rate (%)

Survey.
response
rate
relative to
51 percent
response
(%)

2

10

100

Populationin
responded
municipalities
(million)

410
031
038

036

Streetnetworkin
the respondent
municipalities
(thousand km)

769

112

166

236

23

Respondent
municipality
population
densityon
roads
(persons/km)

21
151

26





OPS/images/fbuil-09-1205235-g011.gif
MEH B R
s s S it
i i
i i
: P, %
i 3
fu fu i
LI ] E R 288381
EH H R
ettt i) ey o o
N Jo——
[y [

£ §8¢8¢8§%
it “igic
R e . “-B.8 R





OPS/images/fbuil-09-1205235-g010.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
in Built Environment





OPS/images/fbuil-09-1205235-g005.gif





OPS/images/fbuil-09-1205235-g006.gif
v
e

s

entotcton

o iy
S
Copeaies
[y

Cowta of disirens dlotribastion DY

o o et S i et 0 o i s





OPS/images/fbuil-09-1205235-g003.gif
J—
s
R——
pr—

Vg ity B G Mgty & ibasiily i s aps





OPS/images/fbuil-09-1205235-g004.gif





OPS/images/fbuil-09-1205235-g009.gif
IR i ey





OPS/images/fbuil-09-1205235-g007.gif





OPS/images/fbuil-09-1205235-g008.gif





OPS/images/cover.jpg
& frontiers | Frontiers in Built Environment






OPS/images/fbuil-09-1205235-g001.gif





OPS/images/fbuil-09-1205235-g002.gif





