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ABSTRACT 

Objectives: We combine data on roads and crash characteristics to identify patterns in road traffic 

crashes with regard to road characteristics. We illustrate how combined analysis of data regarding road 

maintenance, maintenance costs, road characteristics, crash characteristics, and its geographical location can 

enrich road maintenance prioritization with a traffic safety perspective. 

Methods: The study is based on traffic crash data merged with road maintenance data and annual 

average daily traffic (AADT) collected in Denmark. We analyzed 3,964 crashes that occurred from 2010-2015. 

A Latent Class Clustering (LCC) technique was used to identify crash clusters with different road and crash 

characteristics. The distribution of crash severity and estimated road maintenance costs for each cluster was 

found and cluster differences were compared using the chi-square test. Finally, a map-matching procedure was 

used to identify the geographical distribution of the crashes in each cluster. 

Results: Results showed that based on road maintenance levels there was no difference in the 

distribution of crash severity. The LCC technique revealed 11 crash clusters. Five clusters were characterized by 

crashes on roads with a poor maintenance level (levels 4 and 3). Only few of these crashes included a vulnerable 

road user (VRU) but many occurred on roads without barriers. Four clusters included a large share of crashes on 

acceptably maintained roads (level 2). For these clusters only small variations in road characteristics was found 

whereas the differences in crash characteristics were more dominant. The last two clusters included crashes 

which mainly occurred on new roads with no need for maintenance (level 1). Injury severity, estimated 

maintenance costs, and geographical location were found to be differently distributed for most of the clusters. 

Conclusions: We find that focusing solely on road maintenance and crash severity does not give a clear 

guidance of how to prioritize between road maintenance efforts from a traffic safety perspective. However, when 

combined with geographical location and crash characteristics, a more nuanced picture appears which allows 

consideration of different target groups and perspectives.  
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INTRODUCTION 

Road safety has generally improved over the past years, although the most recent research now 

indicates a plateau (WHO 2015). Road safety levels can be assessed in several ways, but as stated by Wegman 

(2017), the most commonly used indicators include the number of traffic crashes, the number of causalities, and 

related negative consequences.  

When considering the effect of infrastructure on road safety it is relevant to distinguish between 

initiatives to improve and change existing road infrastructure (e.g. cycle lanes, roundabouts, curvature) and 

initiatives to maintain existing road infrastructure (e.g. resurfacing and treatment of unevenness). The 

importance of maintaining existing road infrastructure has long been recognized, but results regarding the 

influence of specific elements are contradictory (for a review see Elvik et al. 2009). With regard to the safety 

impact of road maintenance, existing knowledge is comparably sparse. This may reflect that road maintenance 

and road safety are often considered separate areas, and a tendency to focus on the influence of isolated elements 

of the road condition (Lee et al. 2015). Nevertheless, studies indicate the importance of road maintenance for 

road safety from several perspectives. Examples include the influence of surface conditions, highlighting aspects 

such as pavement roughness and texture in dry and wet conditions (e.g. Pulugurtha et al. 2013), skid resistance 

(e.g. Kogbara et al. 2016), rut depth (Christensen & Ragnøy 2006), and winter road maintenance (e.g. Usman et 

al. 2010) on motor vehicle crashes or pedestrian safety (e.g. Corazza et al. 2016). 

However, while road maintenance is important for safety it is also costly. In Denmark the estimated 

road maintenance costs for roads maintained by the Danish government was 1 billion DKK (around 0.13 billion 

euro) in 2016 (The Danish Road Association 2017). The Danish government maintains only about five percent 

of the Danish road network, hence the actual costs are much larger. The importance of joint consideration of 

road investment and safety impact has been highlighted by Albalate et al. (2013). Further, research shows that 

knowledge-based optimization of road maintenance plans can reduce maintenance costs (Yu et al. 2015) and that 

it is important to look at the geographical location to make the maintenance as cost efficient as possible (Donev 

and Hoffmann 2018). However, more knowledge is needed that can qualify and support prioritizing between 

road maintenance initiatives (e.g. Cottrell et al. 2009; Agarwal et al. 2013)  

The objectives of the study is to identify and analyze patterns in road traffic crashes based on road and 

crash characteristics. We use a clustering approach to identify crash clusters and afterwards analyze cluster 

differences in terms of road maintenance levels to see if injury severity, estimated maintenance costs, and 

geographical locations of the crashes are differently distributed. With this we investigate whether the combined 

information can be used to support road maintenance prioritization taking a traffic safety perspective into 

account.  

METHOD 

Three types of data are included: 1) crash data registered by the Danish Police derived from the Danish 

National Road Traffic Crash database; 2) road maintenance data registered by Aarhus Municipality; and 3) 

annual average daily traffic (AADT) derived from the Danish National Transport Model (NTM) 

(http://www.landstrafikmodellen.dk/dokumentation). The road maintenance data and crash data are from Aarhus 
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Municipality from 2010-2015. Aarhus Municipality is the second largest municipality in Denmark. It has a 

population of 335,685 (2017) and contains a 1,290 km road network. 

4,793 crashes were registered by the police during the study period. For each crash information on crash 

characteristics (e.g., level of severity, time of day, road user type, drunk driving) and the road and its 

surroundings (e.g., speed limit, number of lanes) was available. The severity level was classified according to the 

most severe road user injury in the crash: 1.0% included fatalities, 11.6 % included severe injuries, 6.2% 

included light injuries, and 81.2% included property damage only (PDO).  

The categorization of the road maintenance data are based on a visual inspection performed by trained 

and certified auditors following national guidelines (The Danish Road Directorate, 2015). As part of the visual 

inspection a damage point for each road section is calculated according to the guidelines (Appendix 7) prepared 

by the Danish Road Directorate. The damage point is divided into intervals in close cooperation between the 

municipalities and experts from the Danish Road Directorate. Distinctions are made among four levels: 1) no 

road damage or new road (Dp = 0); 2) a few road damages (Dp=]0,1]); 3) numerous road damages (Dp=]1,4]); 

and 4) extensive road damage (Dp=]4,∞[). The municipality uses the levels as an indication of how urgently it 

must maintain a specific road section: level 1 = no need; level 2 = should be considered; level 3 = necessary; and 

level 4 = urgent. The road maintenance data contained 9,214 observations with information on 1,567 road 

sections.  

For this study Aarhus Municipality assisted in identifying the five costs categories: 1) 0-6.7 EUR/m2; 2) 

6.8-67.0 EUR/m2; 3) 67.1-107.0 EUR/m2; 4) above 107.0 EUR/m2; and 5) no estimate. The estimated 

maintenance costs take road characteristics into account (e.g. type of asphalt and adapted road safety treatments). 

Road sections with maintenance level 1 will always belong to the first cost category.  

For some roads (22.2%), an exact AADT value was not available and the AADT was listed as 

“unknown”. However in all cases these roads were primary roads with an AADT below 10,000. Crash and road 

maintenance data were merged for 3,964 crashes based on road ID number, crash location, crash date, and date 

of visual road inspection. Due to missing information on crash locations for less severe crashes the rate for 

successful merging differed according to crash severity: fatality (95%); severe injury (90%); light injury (90%); 

and PDO (81%). The crash maintenance data were linked to NTM with ArcGIS to find the AADT value for the 

location of each crash. Sample characteristics for the merged data are provided in Table 1. First, a chi-square test 

was used to test if there for maintenance level were any differences in the distribution of crash severity. A 

significance level of 0.05 was used.  

 

Table 1 Sample characteristics of the crash maintenance data 

Variable Category Count Pct. Variable Category Count Pct. 

Severity Fatality 44 1.1 Speed limit 10-60 km/h 3021 75.2 

 Severe injury 499 12.6   70-90 km/h 943 23.8 

 Light injury 265 6.7 Number of 
lanes 

One 235 5.9 

  PDO 3156 79.6 Two 2268 57.2 
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Drunk driving Yes 291 7.3  Three 240 6.1 

  No 3673 92.7  Four or more 851 21.5 

VRU involved Yes 1621 40.9   Other* 370 9.3 

  No 2343 59.1 
Median barriers 

Yes 546 13.8 

Crash type Single vehicle 486 12.3 No 3418 86.2 

 Same direction 797 20.1 AADT  <5000 287 7.2 

 Opposite direction 194 4.9  5001-10.000 514 13.0 

 Intersection (turn) 1440 36.3  10.001-15.000 323 8.1 

 Intersection (straight) 434 10.9  15.001-20.000 684 17.3 

 Pedestrian crash 305 7.7  20.001-25.000 415 10.5 

  Parking and object 308 7.8  >25.000 860 21.7 

Light  
condition 

Daylight 2713 68.4   Unknown 881 22.2 

Illumination 1044 26.4 Road design Intersection** 2161 64.5 

  Darkness 207 5.2  Straight 1345 33.9 

Road  
condition 

Dry 2683 67.7  Curve 144 3.6 

Wet 998 25.2   Other*** 157 4.0 

  Slippery 283 7.1 Environment Business street 222 5.6 

Season Winter 949 24.0  Industrial district 456 11.5 

 Spring 933 23.5  Dense residential 2075 52.4 

 Summer 931 23.5   Sparse residential 1211 30.5 

  Autumn 1151 29.0 Maintenance  
level 
 

1 1017 25.7 

Weekend Yes 791 20.0 2 1438 36.3 

  No 3173 80.0 3 746 18.8 

Time of day 6:00-8:59 629 15.9  4 763 19.2 

 9:00-14:59 1162 29.3 Maintenance  
cost (EUR/m2) 
  

0-6.7 1645 41.5 

 15:00-17:59 998 25.2 6.8-67.0 1023 25.8 

 18:00-21:59 479 12.1 67.1-107.0 616 15.5 

  22:00-5:59 696 17.6   >107.0 583 14.7 

      Not estimated 97 2.4 

 
*: Parking, playground, and pedestrian area. **: Intersection and roundabout. ***: Train track, parking area, and 
drive in/out.  

 

Second, the data were analyzed using a Latent Class Clustering (LCC) approach for pattern recognition 

of the merged crash maintenance data. The LCC was based on an underlying statistical model that allowed 
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calculating cluster probabilities and allowed overlap across clusters. We used the SAS procedure developed by 

Lanza et al. (2007). The number of clusters were determined by the use of the entropy value and the Bayesian 

Information Criterion (BIC) due to its superiority in terms of consistency and accuracy (e.g. Nylund et al. 2007). 

Third, the crash cluster distribution for the two dependent variables, crash severity and maintenance 

cost, were tested with a chi-square test against the distribution of the total sample and against the distribution of 

each cluster with the same maintenance level. Again a significance level of 0.05 was used.  

Final, the geographical location of the crashes belonging to each cluster was inspected to see if the 

crashes occurred on the same roads and geographical locations or scattered widely around the road network. 

RESULTS 

Our first focus is on the safety effect of the general maintenance level. The chi-square test showed no 

differences in the distribution of crash severity between the four maintenance levels. Therefore, to qualify 

prioritization between different road maintenance efforts from a safety perspective, a broader perspective not 

only based on road maintenance level is needed. We therefore continue with a LCC. 

LCC Results 

The LCC was performed using categorical indicators corresponding to different road and crash 

characteristics. According to the BIC, the LCC yielded 11 crash clusters with an entropy criterion at 0.89, which 

indicates a high certainty in the cluster distribution of observations. Figure I presents the prevalent features for 

each crash cluster (C1-C11) and Table II describes the characteristics as percentages of the crash clusters.  

Table II Latent class characteristics based on the LCC analysis (percentage of crash cluster observation) 

Variable Category 
C1 C2 C3 C4 C5 C6 C7 C8 C9 C10 C11 

8.5 4.6 8.3 19.5 12.4 7.1 6.6 10.5 6.7 7.4 8.6 

Maintenance 
level 

1 14.0 22.3 35.2 21.5 19.6 43.6 57.7 20.8 27.1 20.3 17.8 

2 29.9 24.7 25.6 43.1 47.7 25.3 19.9 42.7 28.3 44.6 40.0 

 3 54.1 16.7 7.1 19.3 15.9 12.4 2.9 20.0 18.1 19.9 15.3 

  4 2.0 36.3 32.1 16.1 16.7 18.7 19.5 16.5 26.5 15.1 26.9 

Speed limit 10-60 km/t 98.8 18.4 34.4 98.7 100. 62.9 22.2 95.1 16.1 97.1 98.5 

  70-90 km/t 1.2 81.6 65.6 1.3 0.0 37.1 77.8 4.9 83.9 2.9 1.5 

Number of 
lanes 

One  0.7 6.1 0.3 8.4 9.7 0.0 0.0 8.0 8.7 8.3 8.2 

Two 15.7 63.0 47.0 70.1 72.5 25.3 18.8 67.3 69.0 71.6 75.5 

 Three 9.7 11.3 9.7 5.1 1.3 7.9 6.1 3.0 18.0 3.2 0.6 

 Four or more 62.0 16.0 37.0 8.9 2.6 60.0 67.6 12.5 3.3 1.7 0.0 

  Other* 11.8 3.5 6.0 7.6 13.9 6.9 7.4 9.2 1.0 15.1 15.8 

Median 
barriers 

Yes 89.7 0.0 4.3 5.6 6.6 22.7 0.0 14.6 0.1 4.3 5.6 

No 10.3 100. 95.7 94.4 93.4 77.3 100. 85.4 99.9 95.7 94.4 

AADT  <5000 1.4 24.4 4.3 10.0 6.0 5.6 0.0 5.1 17.7 5.5 4.9 
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 5001-10.000 3.8 36.0 10.7 12.5 11.7 8.9 2.5 18.0 21.4 15.9 10.8 

 10.001-15.000 5.1 16.6 11.5 9.0 7.4 5.5 3.7 8.6 12.4 7.9 4.6 

 15.001-20.000 37.7 0.1 19.3 12.3 16.9 19.4 25.0 14.9 6.5 17.8 19.2 

 20.001-25.000 4.2 0.0 16.7 11.8 9.9 14.6 17.5 12.6 5.4 8.6 8.2 

 >25.000 46.3 1.8 36.9 13.1 15.7 42.8 51.4 15.2 6.0 9.2 12.2 

  Unknown 1.5 21.0 0.6 31.2 32.4 3.2 0.0 25.7 30.6 35.1 40.2 

Environment Business street 3.3 0.0 0.1 6.3 11.5 0.5 0.0 7.7 0.0 15.0 8.3 

 Industrial district 9.0 9.3 19.4 12.6 12.4 12.4 25.0 7.0 2.0 5.8 10.4 

 Dense residential 74.8 6.3 20.8 69.6 63.6 48.5 16.9 72.9 2.4 61.3 66.5 

  Sparse residential 12.9 84.4 59.7 11.4 12.5 38.6 58.1 12.4 95.6 17.9 14.8 

Road design Intersection** 80.8 94.4 29.2 87.1 14.6 81.3 93.0 70.4 3.6 22.9 11.4 

 Curve 0.4 0.0 0.8 0.0 7.3 0.5 0.0 0.2 24.0 1.6 10.0 

 Straight 13.8 2.4 69.2 3.2 62.7 18.2 2.7 22.1 70.6 59.1 66.1 

  Other*** 5.0 3.2 1.0 9.7 15.4 0.0 4.3 7.3 1.8 16.4 12.5 

Drunk driving Yes 1.8 1.5 0.2 1.3 8.6 20.8 1.2 4.5 17.4 1.1 29.6 

  No 98.2 98.5 99.8 98.7 91.4 79.2 98.8 95.5 82.6 98.9 70.4 

VRU involved Yes 45.7 16.6 4.6 72.3 11.2 6.4 61.5 67.3 6.0 100. 12.9 

  No 54.3 83.4 95.4 27.7 88.8 93.6 38.5 32.7 94.0 0.0 87.1 

Crash type Single vehicle 2.8 3.3 3.0 0.3 22.0 19.8 1.7 0.0 61.3 0.0 37.9 

 Same direction 21.2 0.0 90.6 1.8 33.9 31.3 0.1 4.0 10.0 21.8 15.3 

 Opposite direction 1.1 0.0 3.1 0.3 12.4 1.5 0.0 0.2 23.3 7.1 8.6 

 Intersection (turn) 60.0 63.1 1.9 74.8 2.9 31.9 70.9 49.4 0.0 15.9 0.1 

 
Intersection 
(straight) 10.1 33.6 0.6 22.6 1.1 13.3 14.9 19.3 0.0 0.0 0.0 

 Pedestrian crash 4.2 0.0 0.0 0.0 0.0 0.2 11.2 27.1 0.0 50.7 0.0 

  Parking and object 0.6 0.0 0.8 0.2 27.8 2.0 1.2 0.0 5.4 4.5 38.1 

Light 
conditions 

Daylight 90.1 87.7 94.1 100. 100. 3.4 92.0 0.0 51.6 99.6 0.2 

Illumination 9.9 0.0 3.0 0.0 0.0 96.6 8.0 92.7 8.7 0.1 88.4 

  Darkness 0.0 12.2 2.9 0.0 0.0 0.0 0.0 7.3 39.7 0.4 11.4 

Road 
condition 

Dry 75.3 64.4 65.0 77.1 78.6 52.0 77.4 43.7 48.0 83.9 63.7 

Wet 21.7 29.2 30.5 21.5 15.0 37.5 17.5 47.5 23.1 11.7 26.0 

  Slippery 3.0 6.4 4.6 1.4 6.4 10.4 5.2 8.8 28.9 4.5 10.4 

Season Winter 19.9 20.0 23.1 11.9 17.7 40.5 15.8 46.1 37.0 16.8 28.6 

 Spring 26.4 28.2 22.2 22.7 30.2 12.6 33.3 15.4 20.0 28.7 21.7 
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 Summer 25.9 21.9 20.6 32.9 31.2 13.4 27.6 5.0 22.3 30.5 14.8 

  Autumn 27.8 29.9 34.1 32.6 20.9 33.5 23.4 33.5 20.7 23.9 34.9 

Weekend Yes 14.8 19.2 11.2 12.8 23.1 39.0 10.2 24.6 25.6 14.1 32.4 

  No 85.2 80.8 88.8 87.2 76.9 61.0 89.8 75.4 74.4 85.9 67.6 

Time of day 6:00-8:59 16.4 15.8 20.4 22.0 12.8 4.8 18.0 20.8 17.3 13.2 4.1 

 9:00-14:59 40.9 33.8 44.5 42.0 41.4 0.0 38.0 0.0 20.4 46.3 0.0 

 15:00-17:59 31.7 37.2 32.5 27.7 29.8 13.1 32.8 19.9 16.7 29.5 6.2 

 18:00-21:59 7.3 9.9 2.6 7.1 13.4 23.7 8.5 25.0 14.0 10.1 14.1 

  22:00-5:59 3.7 3.2 0.0 1.3 2.5 58.4 2.7 34.3 31.5 0.9 75.5 

*: Parking, playground, and pedestrian area. **: Intersection and roundabout. ***: Train track, parking area, and 
drive in/out.  

 

 In the following the LCC results are presented starting with the crashes occurring on roads with an urgent 

need for maintenance. 

Crashes on roads with a necessary or urgent need for maintenance (level 3 and 4) 

With regard to crashes that occurred on maintenance level 4 roads, the clusters C2, C3, C9, and C11 

include a high number (>25%). Differences in road and crash characteristics exist, however, some common 

features are also found. All four clusters include crashes that occurred on roads with no barriers and only a small 

number involve VRU’s.  

Road characteristics for these clusters differ mostly according to speed limit and AADT. The speed 

limit for C11 is 10-60 km/h. The remaining three clusters include crashes on 70-90 km/h roads. The AADT 

varies between the clusters: In C11 the AADT is unknown for many roads; in C3 the AADT is high (>25,000); 

and C2 and C9 include roads with a low AADT (<10,000). Regarding the crash characteristics, C2 mostly 

includes intersection crashes (with and without turn) occurring in daylight, and on a dry surface between 9 am 

and 6 pm. Cluster C3 has similar crash characteristics to C2, except for the crash type. A large share of the 

crashes involve two parties driving in the same direction on the same road. The remaining two clusters, C9 and 

C11, both consist of many drunk driving crashes (17.4% and 29.6%, respectively). The main differences 

between the clusters regard light and surface conditions. Many C9 crashes occurred on dark roads with a slippery 

or wet surface, whereas C11 crashes mainly occurred on illuminated roads and on a dry surface. 

For crashes occurring on maintenance level 3 roads, only C1, includes a high percentage (54.1%). The 

crashes mainly occurred on 10-60 km/h roads, roads with four or more lanes, with median barriers (89.7%), a 

very high AADT (>25,000), in a dense residential area, in an intersection with one party turning (60.0%), in 

daylight, and on a dry road between 6am and 6pm. 

Crashes on roads with an acceptable need for maintenance (level 2) 

With regard to crashes on maintenance level 2 roads, five clusters (C4, C5, C8, C10, and C11) include a 

high percentage (≥40%). The road characteristics are similar but the crash characteristics differ widely. The road 

characteristics include a speed limit of 10-60 km/h; two lanes; no median barrier; dense residential environment;  
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Figure I Features and percentages of the most prevalent characteristics of each crash cluster (C1-C11*) divided according to maintenance level. 
 

 
*: C1-C11 represent crash clusters, a complete list of characteristics and percentages can be found in Table AII (supplemental material).   



and AADT values in all categories including “unknown”. With regard to crash characteristics, all clusters 

included a low percentage of drunk driving crashes. Except C5 the clusters all include a large share (>67.3%) of 

VRU crashes. The crashes in three clusters (C4, C5, and C10) mostly occurred in daylight on a dry surface, 

whereas many C8 crashes occurred on a wet surface (47.5%). With regard to crash type the clusters differ 

greatly. C4 includes intersection crashes with one party turning; C5 includes many single-vehicle crashes, 

collisions with a parked car or an object, and crashes with two vehicles driving on the same road in same 

direction. C8 is characterized by intersection and pedestrian crashes. The highest percentage of pedestrian 

crashes is found in C10 (50.7%). 

Crashes on roads with no need for maintenance 

C6 and C7 crashes relatively often happen on maintenance level 1 roads. The crashes often happen on 

larger roads (four lanes or more, AADT>15,000), but differ widely according to road and crash characteristics.  

Maintenance Cost, Injury Severity and Geographical Location 

Crash severity and maintenance cost were not included in the LCC since the categorical indicators were 

assumed to be endogenous, hence no covariates are employed to predict cluster membership. The characteristics 

for injury severity and maintenance cost are presented in Table III for each cluster.  

For maintenance level 4 clusters, the distribution of the crash severity in C2 is not significantly different 

from the total sample. C3 and C11 include more PDO crashes compared with C9, which includes more crashes 

with fatalities. Regarding road maintenance costs, a significant difference was found for C3 and C11 compared 

with the total sample, and between C2 and C3, C3 and C9, and C3 and C11. C3 includes a lower share of high 

maintenance costs roads (>107.0 EUR/m2) compared with all other maintenance level 4 clusters. The estimated 

road maintenance costs are higher for C11 compared with the total sample, but there is no significant difference 

between C11 and C2, and C11 and C9. 

Table III Severity characteristics and maintenance costs of the crash clusters (percentage of cluster 
observations) 

Variable Category 
C1 C2 C3 C4 C5 C6 C7 C8 C9 C10 C11 

8.5 4.6 8.3 19.5 12.4 7.1 6.6 10.5 6.7 7.4 8.6 

Severity Fatality 0.6 2.3 0.0 0.5 0.6 0.4 2.0 1.0 5.4 1.6 0.6 

 Severe injury 11.7 16.5 4.3 14.7 4.6 5.4 17.3 19.6 13.0 27.7 5.2 

 Light injury 8.4 7.4 4.3 9.1 3.8 2.9 9.8 8.4 4.6 8.7 3.8 

  PDO 79.2 73.9 91.3 75.6 91.0 91.3 71.0 71.1 77.0 61.9 90.5 

Maintenance 
cost 
(EUR/m2) 

0-6.7 59.3 30.7 43.5 36.5 35.6 54.7 62.4 37.1 40.6 34.2 34.1 

6.8-67.0 25.3 31.3 33.2 26.5 23.1 19.9 18.8 27.3 26.8 26.1 25.7 

67.1-107.0 1.5 15.9 18.9 17.0 17.3 15.6 16.1 16.7 17.2 16.8 15.6 

 >107.0 10.5 18.8 3.1 17.4 21.7 7.6 0.8 15.8 15.3 18.7 22.3 

  No estimate 3.3 3.4 1.2 2.5 2.3 2.2 2.0 3.1 0.0 4.2 2.3 
 



The distribution of the injury severity of the crashes in C1 (maintenance level 3) is not significantly 

different compared with the total sample. However, the maintenance costs are significantly lower (0-6.7 

EUR/m2). 

Figure II Map-matching of crash clusters with crashes that occurred on roads with a necessary or urgent need 
for maintenance (C1, C2, C3, C9, and C11).  
 

 
 

For the clusters characterized by maintenance level 2 (C4, C5, C8, and C10), the distribution of the 

severity degree is significantly different from the total sample. C5 mainly consists of PDO crashes, whereas C4, 

C8, and C10 include a significantly higher share of severe and light-injury crashes. The maintenance costs for 

C4 and C8 are not significantly different, while the maintenance costs for C5 and C10 are different compared 

with the total sample. C5 and C10 both include a higher share of roads with high maintenance costs (>107.0 

EUR/m2) and a lower share of roads with low maintenance costs (0-6.7 EUR/m2).  

There is no significant difference regarding estimated maintenance costs between the two maintenance level 1 

clusters (C6 and C7). Both clusters include fewer roads with very high maintenance costs (>107.0 EUR/m2) and 
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more roads with low maintenance costs (0-6.7 EUR/m2). However, both clusters have a significantly different 

severity distribution compared with the total sample, and compared with the distribution between the two 

clusters. C6 includes many PDO crashes and fewer severe and light-injury crashes compared with C7.    

When adding the geographical location of the crashes to the maintenance level 3 and 4 clusters (C1, C2, 

C3, C9 and C11) it becomes clear that some clusters include several crashes that occurred on the same road 

section (see Figure II). C1 mainly includes crashes close to the city centre and C3 crashes occurred in a line 

around the inner city. C9 crashes (including the highest share of severe injury crashes and fatalities), occurred on 

roads outside the city centre mainly on rural roads. C11 also includes many rural road crashes, but the roads are 

different from C9. C2 crashes are located in different geographical areas and is thus the only cluster with no 

clear geographical pattern.  

DISCUSSION 

The purpose was first to identify patterns in road traffic crashes with regard to different road and crash 

characteristics. Second, to analyze cluster differences regarding road maintenance levels, to see if injury severity, 

estimated maintenance costs, and the geographical locations of the crashes was differently distributed, and if the 

combined information could support road maintenance prioritization from a traffic safety perspective.  

As no significant difference in crash severity distribution according to maintenance level was found, the 

results show that to include road safety in a nuanced manner in road maintenance prioritization, e.g. focusing on 

specific target groups, prioritization based solely on maintenance level is not sufficient. Rather, a more 

multifaceted approach which allows additional road and crash characteristics to be considered is relevant. 

The LCC revealed 11 crash clusters, five of which included a high percentage of crashes occurring on 

roads with an urgent need for maintenance. Significant differences regarding the distribution of crash severity 

and maintenance costs were found for the majority of clusters compared with the total sample of crashes. Map-

matching identified road sections with a high concentration of crash occurrence. 

With regard to the clusters with a large share of crashes on roads with an urgent need for maintenance 

(levels 3 or 4) the map-matching proved to be relevant for road maintenance prioritization. With the exception of 

C2, the majority of the crashes within each cluster occurred in a specific geographical area. Therefore the cost-

treatment of maintaining C2 road sections could be higher than for the road sections in the other clusters due to a 

scattered geographical distribution (Donev and Hoffmann 2018).     

Speed has a high effect on crash severity (OECD/ITF 2018) and the road safety effect of road 

maintenance on high-speed (70-90 km/h) and low-speed (10-60 km/h) roads should be considered separately. C3 

and C9 included a high share of 70-90 km/h speed limit crashes. However, in C9 crashes many other risk factors 

such as drunk driving (e.g. Ogden and Moskowitz 2004) or wet and slippery surfaces (e.g. Pulugurtha 2013) 

existed; thus, the influence of maintenance level is less clear. Crashes often result from an unfortunate interplay 

between the road, the road user, and the vehicle (e.g. Møller and Haustein 2016; Shinar 2017), and a poorly-

maintained road may increase the risk of a drunk driver losing control of the vehicle. C9 crashes are more severe 

with a higher percentage of fatalities and a lower AADT compared with C3. However, based on the cluster 

characteristics results indicate that in order to prevent these crashes a combined preventive effort including road 

maintenance and efforts to reduce risk-taking behavior such as drunk driving is needed.  
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The two crash clusters (C1 and C11) with crashes occurring on low speed limit roads (10-60 km/h) 

differ according to road and crash characteristics. Regarding road characteristics, C1 crashes mainly occurred on 

roads with median barriers which could have an effect on crash frequency and severity (Elvik 1995; Tarko et al. 

2008). However, as the effect of median barriers depends on the type e.g., concrete, steel, cable (Zou et al., 

2016) and our data did not include this information, the impact of the barriers is not possible to asses. Although 

the detailed information on the specific damages on the road sections was not available, the cluster 

characteristics of C1 indicate that well maintained roads in residential areas are of key importance for the safety 

of VRU also for intersection accidents. Further detailed studies are needed to verify this.  

The results show that if preventing fatal accidents is a priority, maintaining C9 road sections should be 

prioritized. The highest number of fatalities was included in this cluster, and a high number of these crashes 

occurred on roads with an urgent need for maintenance (level 4), the findings confirm that poor road conditions 

and the number of fatality crashes are related (Chan et al. 2010; Dozza and Werneke 2014; Lee et al. 2015).  

Maintenance of less-damaged roads may well be cost-efficient, as additional maintenance costs later 

can be avoided (Burningham and Stankevich 2005). Further, in line with previous results (see Janstrup et al., 

2018) the high share of VRU crashes on roads with an acceptable need for maintenance (level 2) indicates that 

even minor road damages may be critical for VRU and therefore relevant to maintain. The results show that 

maintenance prioritization between maintenance level 2 clusters should be based on crash characteristics since 

cluster differences regarding road characteristics are limited. With regard to the crash characteristics, C5 differs 

from the other three clusters, as the involvement of VRU is comparably low. Poor maintenance level increases 

the crash risk for a cyclist tenfold (Dozza and Werneke 2014), and focus on road environment and maintenance 

is recommended in order to lower the injury degree for pedestrians (Corazza et al. 2016). Due to a large share of 

VRU maintenance of C4, C8, and C10 roads should therefore be prioritized. However, C4 and C8 also included 

a high share of intersection crashes; and although this crash situation is frequent among VRU (e.g. Zegeer & 

Bushell 2012; Møller and Haustein 2016), the impact of road maintenance may be smaller, as road user factors 

such as looked-but-failed-to-see (e.g. Herslund and Jørgensen 2003) and impairment or risk-taking behavior (e.g. 

Aust et al. 2012) are also of key importance. Therefore, maintenance of C10 road sections may have the highest 

road safety impact. This is supported by the fact that all C10 crashes involved a VRU, 50% were pedestrians, 

and the number of severe injury crashes was much higher compared with all other clusters. 

The two clusters on roads with no need for maintenance differ widely according to road and crash 

characteristics, this indicates that crashes on well-maintained roads are perhaps more influenced by the behavior 

of the road user.    

In this study, the effect of road maintenance on crash risk has not been our focus. The aim has been to 

provide support for road maintenance prioritization from a safety perspective, considering crash severity and 

frequency, road characteristics, and AADT. The results show that even though road characteristics of roads 

needing maintenance are similar, the crash characteristics are often different. This highlights the importance of 

taking crash characteristics into account in road maintenance prioritization. The methodology and results are 

easily transferable to other municipalities or on a national level, as long as the data collection is similar. 

Geographical information was included, but a similar analysis covering other areas can be done, as long as 

important, country-specific variables are included. The multifaceted understanding provided by the analysis 
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allows stakeholders to make informed decisions regarding road maintenance prioritization, taking specific road 

safety aspects into account, such as crash type (e.g., single vehicle crashes, intersection crashes), road user type 

(e.g., bicyclist, pedestrian, motorists), and crash severity. 

Three limitations are worth mentioning. First, the geographical area included was limited and additional 

studies on larger geographical areas are relevant. However, due to high quality data, the results are expected to 

be robust. Second, high levels of underreporting, particularly regarding less severe crashes (Janstrup et al. 2016) 

may influence the results. Successful data-merging was lowest for less severe crashes, and the effect of road 

maintenance level on the PDO crashes may be higher. To test this, a larger sample with additional municipalities 

is needed. Alternatively, crash data from insurance companies, which are expected to include many more PDO 

crashes, could be included. However, such data are currently not available. Lastly, as detailed information on the 

circumstances related to each crash was not available, the specific impact of the road condition could not be 

assessed.  
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