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Abstract

:

Speed is one of the main causes of severe traffic accidents, especially of those involving vulnerable road users. Speed display radars are one of the engineering solutions that aim to reduce the speed of traffic flow at locations where it is crucial. A before and after study was conducted at six locations on district roads in the Republic of Croatia. As part of the research, vehicles’ speeds were measured for two weeks, during which the devices’ displays were switched off for one week and switched on for another, however, the devices’ radars recorded and collected the speeds of all vehicles which passed during the research period. The research collected a total of 182,352 speeds of recorded vehicles. The test was performed to determine the effect of speed display radar on the potential vehicles’ speed reduction. The results did not show a statistically significant difference in average hourly speeds at most locations, however, they showed a statistically significant difference in 85th percentile hourly speeds of approximately 1 to 3 km/h. Therefore, it can be concluded that the speed display radars at the locations had a positive effect on reducing the vehicles’ speeds. Additionally, at some locations a decrease in the number of speed limit violators was found which proved to be a statistically significant difference between the share of speed limit violators in total traffic flow.
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1. Introduction


The National Road Safety Plan of the Republic of Croatia for the Period of 2021–2030 (2021) [1] analysis of the circumstances that preceded the occurrence of severe traffic accidents found that in 39% of cases the speed was one of the potential causes of severe traffic accidents in the Republic of Croatia, with speed itself being a potential cause in about 17% of those. There can be various methods for reducing vehicles’ speed of which the most significant ones are education, enforcement and engineering solutions, such as speed humps, being the most common, however, according to Vaitkus et al. (2017) [2], not always promising in reducing speed. One of the devices that can be used in the engineering solution is speed display radar—an interactive sign displaying a vehicle’s speed as it approaches the sign. The most usual ones display the speed of a vehicle with or without the words “Your speed”. In their paper, Gehlert et al. (2012) [3] researched the ones which leave messages such as “Slow down!” or a sad face emoticon when a vehicle is speeding and “Thank you!” or a happy face emoticon if a vehicle is driving within the speed limit. According to Dadić et al. (2003) [4], these devices can be particularly useful since timely information about significant traffic events plays a very important role in traffic safety.



Speed display radars are very often used as a traffic calming measure in school zones, zones where there are many pedestrians and other vulnerable road users, as well as in work zones, especially those on highways. According to the above, the application of speed display radar and its effect at the previously mentioned locations have already been covered through the relevant literature.



This research was conducted in accordance with the Ministry of the Interior because at many entrances to settlements in Croatia the police noticed more frequent and significant speed limit violations. Accordingly, many road traffic accidents were recorded as a result of higher speeds, such as vehicle collisions, hitting a pedestrian or cyclist, etc. Hence, speed display radars started to be used by police as a measure to reduce speeds at such locations.



Since speed display radars started to be used more and more often it was important to determine the effectiveness of such a measure. Accordingly, the aim of this research was to examine the speed display radars’ effect on speed reduction in the zones of the entrance to settlements where a change in speed limit is present.



Nevertheless, prior to the research, previous research analysis was carried out which, as is shown in the following section, mostly dealt with construction zones, schools zones, urban areas and high-speed roads (highways). This research, on the other hand, focuses on the transition zone—from a non-residential area to a residential area. The assumption was that speed display radars would have a more significant impact on slowing down traffic due to the change in traffic environment and to additional warning.



Therefore, a before and after study was conducted at six locations for two weeks, during one week of which the device’s display was switched off while in the second week it was switched on. Despite the device’s display being switched off, the device’s radar recorded and collected the speeds of all vehicles which passed during the research period. Using inferential statistics, the null hypothesis was tested on the impact of speed display radars on speed reduction. The aim of the research was to determine the impact of speed display radars on the operating speed reduction. Accordingly, a statistical analysis of the collected data was conducted with the aim of discovering the impact of speed display radar on the speed reduction.




2. Literature Review


In his paper, Bloch (1998) [5] compared two speed reduction systems: photo-radar and speed display radar. Photo-radar is a device which detects a speeding vehicle and informs the owner of the vehicle about the violation via data from the license plates, i.e., sends driver a warning or a penalty. On the other hand, speed display radars, which appeared in the 1980s, only show the speed at which the vehicle is driving, thus trying to draw the driver’s attention to possible speeding. A comparative analysis of these two systems, conducted in Riverside, California, showed that speed display radars are somewhat more effective in reducing the speed than photo-radar with a reduction of 9.3 km/h and 6.6 km/h depending on the location of the vehicle in relation to the device.



A study of the effectiveness of speed display radars at four locations in urban areas was conducted by Stern et al. (2010) [6] who carried out research 1 month before and up to 9 months after speed display radar installation. The results of the research indicate an average speed reduction between 1.8 km/h and 4.2 km/h, while the 85th percentile speed reduction was from 2 to 6 km/h.



A similar before and after study by Malin and Louma (2020) [7] was conducted at pedestrian crossings in urban streets with low speed limits (40 km/h). The results showed a mean speed reduction from 5 to 2.9 km/h. It should be noted that the speed display radars were installed for 5 months and the speed reduction persisted over time. On the other hand, in their work, Ardeshiri and Jeihani (2014) [8] analyzed the observance of speed limits in the presence of speed display radars at locations where speeds are limited to 25, 35 and 45 mph (40.2, 56.3 and 72.4 km/h). The results showed a positive effect on speed reduction but only as a temporary, short-term solution. This information was also previously confirmed by McCoy et al. (1995), Cruzado and Donnell (2009), Walter and Broughton (2011) [9,10,11] and others.



In their paper, Mattox et al. (2007) [12] listed two categories of measures for vehicles’ speed control on roads: (a) standard strategies such as visual narrowing of the road, sound or vibration lines, etc. and (b) technological strategies or new, innovative solutions which, among other things, include speed display radars. As part of their 2004 research in Nebraska, the authors investigated the long-term impact of speed display radars in rural work zones by setting up the device (with the message “You are speeding if flashing”) at three locations with speed being measured at one position before the device and at two positions after the device. The results of the research showed a statistically significant decrease in vehicles’ speeds at positions after the device, while no statistically significant decrease in speed was recorded at the position before the device. On the other hand, Garber and Srinivasan (1998), Fontaine et al. (2000) and McCoy and Pesti (2002) [13,14,15] have concluded that the use of speed display radars reduced speeds in highway work zones.



In addition to work zones and urban areas, research was also conducted in school zones. Lee et al. (2006) [16] state that speed display radars have a positive effect on speed reduction in school zones, with a recorded average speed reduction of 8.2 km/h. However, the scope of the research was limited to only one location. Similar, but smaller, speed decreases in school zones can be found in Rose and Ullman’s (2008) [17] study which also included pedestrian zones and work zones.



A recent study by Vlakveld et al. (2022) [18] shows the impact of road signs’ displaying children’s book illustrations on speed reduction on urban roads. The idea was to evoke feelings of caution and care in drivers and therefore to initiate lower driving speeds. In the study, speeds were measured during seven weeks on five experimental roads, on which the road signs displaying children’s book illustrations were placed, and five comparison roads without the signs. The results showed that the 85th percentile speed and the number of speed violators were significantly lower in the first week after placement of the signs.



The positive impact of speed display radars on speed reduction can be found in Karimpour et al.’s (2020) [19] study of high-speed roads in Arizona where the devices were installed. Furthermore, the results of research by Zineddin et al. (2016) [20] who implemented speed display radars on 20 rural roads showed reductions in average and 85th percentile speeds.



It is also worth mentioning that speed limit reduction showed environmental benefits. In the study conducted by Madireddy et al. (2011) [21] on several roads in the city of Antwerp, speed limits were reduced from 100 to 70 km/h, from 70 to 50 km/h and from 50 to 30 km/h. The speed limit reduction results showed not only smoother traffic flow in residential areas, but also reductions in CO2 and NOx emissions, especially where speed limits were lowered from 50 to 30 km/h. Another similar study by Gressai et al. (2021) [22] analyzed parts of the Budapest road network using microscopic traffic simulations with the aim to determine the impacts of the speed limit on traffic and on emission parameters. The results showed that the effect of the speed limit is less significant on the average speeds under dense traffic conditions, however, contrary to the previously mentioned study, the results of this study showed that the speed limit reduction from 50 to 30 km/h increased CO, HC, CO2 and NOx emissions, whereas the speed limit reduction from 70 to 50 km/h showed a slight emission reduction.



Unlike previous research which included urban zones, work zones, school zones, highways, etc., this research covered specific locations—entrances to smaller settlements where speeds are limited to 40 or 50 km/h. Indeed, according to Croatian legislation, the speed limit on roads outside settlements is 90 km/h, which is why operating speeds on roads outside settlements are often even higher than that. Due to the latter high entering speeds being common, traffic safety in such entrances to the smaller settlements can be jeopardized, especially for pedestrians and cyclists (due to insufficiently built infrastructure for non-motorized traffic) and local vehicles moving at speeds adapted to the speed limit within the settlement.



The aforementioned problem, which is a common case in rural areas in the Republic of Croatia, triggered usage of speed display radars as one of the measures for speed reduction at the settlements’ entrances. Therefore, this research was conducted to examine the effectiveness of speed display radars as a measure to reduce speed on district roads in the smaller settlements’ entrance zones.




3. Methodology


Speed display radars are devices usually placed on road sections where frequent speed limit violations can be found, with the aim of lowering speeds and therefore achieving a higher level of traffic safety. When exceeding the speed limit, the device activates a display which flashes a message (“SLOW!”) and therefore indicates to the driver the need for reducing the speed and increasing caution while driving. The speed display radar is shown in Figure 1.



To determine the impact of speed display radars on speed reduction, a statistical analysis of relevant traffic safety indicators and basic traffic flow parameters at the locations where they are installed was performed.



The methodology of research on the impact of speed display radars on speed reduction consisted of four steps:




	
Step 1—Selection of suitable locations regarding the period of speed display radars’ installation.



	
Step 2—Data collection (field research).



	
Step 3—Statistical analysis.













	
Step 1








In the first step, the area in which the research was conducted was defined—central Croatia. The motive was to reduce the potential negative impact of different driver behavior patterns in different parts of the country on the research results. In addition, the implementation of speed display radars has also started in central Croatia, where the largest number of them have been installed. After defining the area, the road infrastructure operator was asked to submit data on the locations where speed display radars were installed, provided that the locations are not on transit routes. Transit routes were not taken into account due to the higher proportion of non-everyday users who may potentially have a different perception of speed display radars. Therefore, the road infrastructure operator provided five locations that are not on transit routes, and where speed display radars have been installed. For each of the locations, the traffic load, speed limit, positions in relation to the settlement, traffic lane widths and the period of installation were analyzed, based on which it was assumed that the locations are comparable and all were included in the research (Table 1).



After the analysis of the submitted locations, it was affirmed that all speed display radars have been installed for more than 12 months. Considering the assumption that during 12 months the users got used to the speed display radars’ working mode, in cooperation and in accordance with the road infrastructure operators and the Ministry of the Interior, a temporary installation of the speed display radar at a new location was agreed upon for research purposes. It should be noted that the new location matches the existing five locations with its traffic and technical characteristics.



It is worth noting that the selected six locations where speed display radars were installed are positioned on district roads at the entrances to smaller settlements. At those locations, speed is limited to 40 or 50 km/h (depending on location), however, on longer sections of the district roads preceding the speed display radar, speed limits are significantly higher (80, 90 km/h) and, accordingly, the operating speeds preceding the speed display radar are higher. Therefore, higher incoming vehicles’ speeds are expected at those settlement entrances.



It should also be emphasized that the five speed display radars used for data collection had been installed on roads for a period of about one year or longer at the locations, while at one location for the purpose of this research the speed display radar had been installed temporarily (two weeks) only during the field research period. In this way, in addition to the learned reactions of the driver to the already known locations of the speed display radars, the research also included those reactions to the new traffic situation, i.e., traffic regulation. The locations at which the field research was conducted are listed below and shown in Figure 2.




	
Severin, Bjelovar-Bilogora County (road D28)—temporarily installed.



	
Mirkovec, Krapina-Zagorje County (road D1).



	
Donji Macelj, Krapina-Zagorje County (road D1).



	
Veliko Trgovišće, Krapina-Zagorje County (road Ž2195).



	
Sveti Križ Začretje, Krapina-Zagorje County (road Ž2160).



	
Pavlovec Zabočki, Krapina-Zagorje County (road Ž2195).













	
Step 2








After the selection of research area and locations, in cooperation with the road infrastructure operator and the Ministry of the Interior, the field research part and data collection started. With the aim of covering all days of the week and all periods during the day, the data were collected for two weeks (14 days).



Since the reliability of the statistical analysis results significantly depends on the quality of the collected data on which they are based, special attention was paid to the process of data collection. Considering that the characteristics of the traffic flow significantly depend on the period of the year as well as the days of the week, i.e., the hours of the day, data collection was carried out in the working part of the year by continuous recording throughout the week. Data collection for the purpose of this research included all characteristic days of the week as well as hours during the day for a characteristic period of the year.



At the five locations with existing speed display radars, the data were collected according to the following methodology:




	
during the first week (7 days) of the research, the traffic flow speed data were stored, and the operation of the speed display radar was normal (the device would show warning signs to drivers in case of exceeding the speed limit or thanking in case of compliance with it);



	
during the second week (7 days) of the research, the traffic flow speed data were stored, and the speed display radar’s display was turned off, i.e., it did not display warning or thank you signs, but only stored the speed data.








This data collection approach was chosen since the speed display radars at these locations had been installed and operating for over 12 months. Therefore, the point was not to change the current situation in the first week of measurement in order to have as little impact on the traffic flow as possible and therefore to obtain the highest quality traffic flow speed data.



At the location with a temporarily installed speed display radar, the data were collected according to the following methodology:




	
during the first week (7 days) of the research, the traffic flow speed data were stored, and the speed display radar’s display was turned off, i.e., it did not display warning or thank you signs, but only stored the speed data;



	
during the second week (7 days) of the research, the traffic flow speed data were stored, and the operation of the speed display radar was normal (the device would show warning signs to drivers in case of exceeding the speed limit or thanking in case of compliance with it).








This data collection approach was chosen since the speed display radar was not previously implemented and operating at this location. Therefore, the device’s display was initially (in the first week of measurement) turned off (however, the data on vehicle speeds were collected) in order to have as little influence as possible on drivers’ behavior, and thus on traffic flow speeds.



Considering that all locations differ significantly in their technical and road design characteristics, as well as in the traffic environment itself, the statistical analysis was conducted separately for each location. Based on all conducted descriptive and inferential statistical analyses for each location, conclusions were made on the speed display radars’ impact on speed reduction.



All devices are able to store traffic flow characteristics data and save them to various file types. Data processing for statistical analysis was performed with the Excel tool.




	
Step 3








Statistical analysis of the impact of speed display radars on speed reduction was based on descriptive and inferential statistical analysis. All analyses were performed based on average speed during each full hour. Through descriptive statistics, the basic statistical data of the collected data are presented in tabular and graphical terms. Furthermore, measures of central tendency as well as measures of variability were calculated. Based on graphical representations and data exploration, the basic characteristics and trends of the collected data were expressed, which served as a basis for the implementation of inferential statistics techniques. It is important to note that based on the data obtained through the field research of the locations, differences in mean hourly speeds, differences in maximum speeds, differences in the share of users violating speed limits and differences in 85th percentile hourly speeds were determined by a Tukey–Kramer test (the Tukey–Kramer test is a multiple comparisons test that can be used to find means which are significantly different [23]). The significance level used for all statistical tests performed is 95%.




4. Results and Discussion


Table 2 shows the analyzed data of each location where the field research was conducted, including number of measuring hours, speed limit at every location, number of vehicles recorded while the display was switched on and off, average hourly speeds while the display was switched on and off, as well as the average value differences of recorded hourly speeds.




	
Severin, Bjelovar-Bilogora County (Road D28)








During the week when the device’s display was switched off, 13,363 vehicles were recorded, while during the week when it was switched on, 14,303 vehicles were recorded. By comparing the number of vehicles, it can be noted that the difference in the number of recorded vehicles during the measurements is not large, about 6%.



Analysis of the average speeds during each hour showed that there was a statistically significant difference (p-value < 0.0001) between the means in the week when the device’s display was switched off compared to the week when it was switched on.



The average hourly speed of all measurements when the device’s display was switched on was 49.72 km/h, while the average hourly speed of all measurements when it was switched off was 54.72 km/h. Based on the above, it can be concluded that the difference between the average hourly speeds is 5 km/h, i.e., in the week when the device’s display was switched on the average hourly speed at the location was 5 km/h lower compared to the week when it was switched off (Figure 3).




	
Mirkovec, Krapina-Zagorje County (Road D1)








During the week when the device’s display was switched off, 15,424 vehicles were recorded, while during the week when it was switched on, 14,951 vehicles were recorded. By comparing the number of vehicles, it can be noted that the difference in the number of recorded vehicles during the measurements is not large, about 3%.



Analysis of the average speeds during each hour showed that there was no statistically significant difference (p-value 0.8107) between the mean speeds in the week when the device’s display was switched off compared to the week when it was switched on.



The average hourly speed of all measurements when the device’s display was switched on was 53.66 km/h, while the average hourly speed of all measurements when it was switched off was 53.52 km/h. Based on the above, it can be concluded that the differences in average hourly speeds are almost non-existent, i.e., in the week when the device’s display was switched on the average hourly speed at the location was almost the same as in the week when it was switched off (Figure 4).



Further statistical analysis of the collected data showed a decrease in the mean share of users in the hour whose speed is higher than speed limit of about 1%, however, the difference did not show statistical significance.



Since descriptive statistics showed that most of the maximum speeds occur at night, a test of the average speed differences during each hour in the daytime, 06:00 h–19:00 h, was performed. Analysis of 85th percentile speeds during each hour of the day found that there was a statistically significant difference in the mean speeds during the week when the device’s display was switched off compared to the week when it was switched on. In the week when the display was switched on, the 85th percentile speed at the location was reduced by approximately 1 km/h.




	
Donji Macelj, Krapina-Zagorje County (Road D1)








During the week when the device’s display was switched off, 8107 vehicles were recorded, while during the week when it was switched on, 8984 vehicles were recorded. By comparing the number of vehicles, it can be noted that the difference in the number of recorded vehicles during the measurements is not large, about 9%.



Analysis of the average speeds during each hour showed that there was no statistically significant difference (p-value 0.9809) between the mean speeds in the week when the device’s display was switched off compared to the week when it was switched on.



The average hourly speed of all measurements when the device’s display was switched on was 64.35 km/h, while the average hourly speed of all measurements when it was switched off was 64.34 km/h. Based on the above, it can be concluded that the differences in average hourly speeds are almost non-existent, i.e., in the week when the device’s display was switched on the average hourly speed at the location was almost the same as in the week when it was switched off (Figure 5).



Further statistical analysis of the collected data showed a statistically significant difference in the mean share of users in the hour whose speed is higher than speed limit. In the week when the device’s display was switched on, the share of users who did not comply with the speed limit on the section was reduced by approximately 16%.



Since descriptive statistics showed that most of the maximum speeds occur at night, a test of the average speed differences during each hour in the daytime, 06:00 h–19:00 h, was performed. Analysis of 85th percentile speeds during each hour of the day found that there was a statistically significant difference in the mean speeds during the week when the device’s display was switched off compared to the week when it was switched on. In the week when the device’s display was switched on, the 85th percentile speed at the location was reduced by approximately 2 km/h.




	
Veliko Trgovišće, Krapina-Zagorje County (Road Ž2195)








During the week when the device’s display was switched off, 14,670 vehicles were recorded, while during the week when it was switched on, 15,731 vehicles were recorded. By comparing the number of vehicles, it can be noted that the difference in the number of recorded vehicles during the measurements is not large, about 6%.



Analysis of the average speeds during each hour showed that there was no statistically significant difference (p-value 0.0649) between the mean speeds in the week when the device’s display was switched off compared to the week when it was switched on.



The average hourly speed of all measurements when the device’s display was switched on was 48.63 km/h, while the average hourly speed of all measurements when it was switched off was 49.97 km/h. Based on the above, it can be concluded that the differences in average hourly speeds are small, i.e., in the week when the device’s display was switched on the average hourly speed at the location was only about 1 km/h lower than the week when it was switched off (Figure 6).



Further statistical analysis of the collected data showed a statistically significant difference in the mean share of users in the hour whose speed is higher than the speed limit. In the week when the device’s display was switched on, the share of users who did not comply with the speed limit on the section was reduced by approximately 8%.



Since descriptive statistics showed that most of the maximum speeds occur at night, a test of the average speed differences during each hour in the daytime, 06:00 h–19:00 h, was performed. Analysis of 85th percentile speeds during each hour of the day found that there was a statistically significant difference in the mean speeds during the week when the device’s display was switched off compared to the week when it was switched on. In the week when the device’s display was switched on, the 85th percentile speed at the location was reduced by approximately 2 km/h.




	
Sveti Križ Začretje, Krapina-Zagorje County (Road Ž2160)








During the week when the device’s display was switched off, 17,143 vehicles were recorded, while during the week when it was switched on, 19,648 vehicles were recorded. By comparing the number of vehicles, it can be noted that the difference in the number of recorded vehicles during the measurements is slightly higher compared to other measurements, but still not too high, about 12%. In order to determine whether there are significant irregularities, the correlation of the number of vehicles per hour over two weeks was examined and a coefficient of determination of 0.96 was obtained which indicates a high level of correlation between the hourly number of vehicles in the week when the device’s display was switched off and the week it was switched on.



Analysis of the average speeds during each hour showed that there was no statistically significant difference (p-value 0.1184) between the mean speeds in the week when the device’s display was switched off compared to the week when it was switched on.



The average hourly speed of all measurements when the device’s display was switched on was 51.95 km/h, while the average hourly speed of all measurements when it was switched off was 53.31 km/h. Based on the above, it can be concluded that the differences in average hourly speeds are small, i.e., in the week when the device’s display was switched on the average hourly speed at the location was only about 1 km/h lower than the week when it was switched off (Figure 7).



Further statistical analysis of the collected data showed a decrease in the mean share of users in the hour whose speed is higher than speed limit of about 2%, however, the difference did not show statistical significance.



Since descriptive statistics showed that most of the maximum speeds occur at night, a test of the average speed differences during each hour in the daytime, 06:00 h–19:00 h, was performed. Analysis of 85th percentile speeds during each hour of the day found that there was a statistically significant difference in the mean speeds during the week when the device’s display was switched off compared to the week when it was switched on. In the week when the device’s display was switched on, the 85th percentile speed at the location was reduced by approximately 2 km/h.




	
Pavlovec Zabočki, Krapina-Zagorje County (Road Ž2195)








During the week when the device’s display was switched off, 20,365 vehicles were recorded, while during the week when it was switched on, 19,663 vehicles were recorded. By comparing the number of vehicles, it can be noted that the difference in the number of recorded vehicles during the measurements is not large, about 3%.



Analysis of the average speeds during each hour showed that there was no statistically significant difference (p-value 0.1331) between the mean speeds in the week when the device’s display was switched off compared to the week when it was switched on.



The average hourly speed of all measurements when the device’s display was switched on was 51.77 km/h, while the average hourly speed of all measurements when it was switched off was 52.44 km/h. Based on the above, it can be concluded that the differences in average hourly speeds are small, i.e., in the week when the device’s display was switched on the average hourly speed at the location was only about 1 km/h lower than the week when it was switched off (Figure 8).



Further statistical analysis of the collected data showed an increase in the mean share of users in the hour whose speed is higher than speed limit of about 1%, however, the difference did not show statistical significance.



Since descriptive statistics showed that most of the maximum speeds occur at night, a test of the average speed differences during each hour in the daytime, 06:00 h–19:00 h, was performed. Analysis of the average speeds during each hour in the day period found that there was a statistically significant difference in the mean speeds in the week when the device’s display was switched off compared to the week when it was switched on. In the week when the device’s display was switched on, the average speed at the location was lower by about 1 km/h.



The results of the statistical analysis show that the speeds at the settlement entrances are relatively high, which can certainly have a negative impact on traffic safety, especially if vulnerable road users are present on the road within settlements. According to Wramborg (2005) [24], the average chance of survival of a pedestrian in the event of a vehicle running into him at a speed of 30 km/h is 90%, at a speed of 40 km/h it is 60%, and at a speed of 50 km/h only 10%. The stopping distance is also significantly longer at different speeds, so at a speed of 30 km/h the stopping distance is on average 19 m, at a speed of 40 km/h 27 m, at a speed of 50 km/h 37 m and at a speed of 60 km/h 56 m. It should be taken into account that it is often the case in settlements in Croatia that there is a lack of adequate infrastructure for vulnerable road users, which forces them to use the road when walking, cycling, etc. The aforementioned fact points to the necessity of implementing adequate measures to reduce vehicles’ speeds when entering settlement areas where vulnerable users also use the road. Therefore, at such locations the speed display radars were found to be a relatively acceptable measure, but only as a temporary one.



Furthermore, although it was expected that the speed display radar installed at the new location would have an impact on speed reduction, the data obtained are not in accordance with this assumption because, even though the speed reductions are statistically significant, from a point of view of traffic safety, the obtained reductions can be interpreted as insufficient, raising the question about the use of speed display radars for the purpose of increasing traffic safety. The main argument for questioning the justification of installing the device is the stopping distance, which, according to Klomp et al. (2019) [25], if the recorded reductions and 85th percentile speeds are taken into consideration, does not decrease significantly.



It is important to emphasize that the researched speed display radars do not have the penalty function, but only that of providing information to drivers. At the locations where speed display radars have been installed for a longer period (more than 12 months), it can be concluded that most drivers are already familiar with how the device works and are aware that they will not be penalized in case of speeding. For this reason, the research showed that there is no statistically significant difference in vehicles’ speeds at locations where the radars have been installed for a longer period. On the other hand, at the location where the speed display radar was installed as a new but temporary solution (Severin), a statistically significant vehicles’ speed difference was found. This is the reason why the initial speed measurement was started without the displayed messages in order to determine the traffic flow speed of the current state, after which the display was switched on and the speeds were measured again. If the locations where speed display radars have been installed for a longer period are compared with the location where a speed display radar has been installed temporarily (without previously being installed at the location), it can be concluded that such measures have only a temporary effect on speed reduction. At the same time, it should be emphasized that the research of this solution at a “new” location was carried out at only one location, and so further research should to be expanded to more locations. Further research should also be expanded to roads of other categories with the aim of collecting a larger sample. Additionally, it would be fruitful to conduct research on other types of speed display radars with other light-changing signs that have the speed reduction function. Additionally, it should be pointed out that such measures are usually relatively financially expensive, and since their efficiency is questionable for a longer period, through further research it is necessary to consider them as mobile devices, not fixed ones.



If the previous studies, which were carried out in urban zones, work zones, school zones, highways, etc., are taken into account, it can be concluded that the effectiveness of speed display radars is affected not only by the location and its environment, but also by the driver’s mentality and behavioral patterns. Accordingly, in future research it would be interesting to make a comparison of speeds at locations with the same infrastructural characteristics but with groups of drivers with different mentalities and behavioral patterns.




5. Conclusions


Statistical analysis of the field research results showed a statistically significant difference in average hourly speeds at only one location (Severin, road D28), which was also a temporary location of the speed display radar used only for this research, with a difference of 5 km/h. At the remaining locations (where speed display radars were installed for a year or longer), no statistically significant differences in mean hourly average speeds were found, however, statistically significant differences of 85th percentile speeds during the day, when the device’s display was switched off compared to the week when it was switched on, were found at all locations. At the location Donji Macelj (road D1), a decrease in the number of speed limit violators by 16% was also found, which was confirmed as statistically significant. In addition, at the locations Sveti Križ Začretje (road Ž2160), Pavlovec Zabočki (road Ž2195) and Veliko Trgovišće (road Ž2195), a decrease in the number of speed limit violators by 1% to 2% and 8% was found which proved to be a statistically significant difference between the share of speed limit violators in total traffic flow. It is also important to note that the statistical analysis showed the average share of hourly speed limit violators ranged from 62% to as much as 96% at all three previously mentioned locations. This result also indicates the possible existence of speed limits which are not in line with actual traffic conditions.



A more detailed statistical analysis of the maximum hourly speeds on the road D28 also found that there was no statistically significant difference in the mean of the maximum hourly speeds when the device’s display was switched on compared to the period when it was switched off. The fact that there is no statistically significant difference in the mean hourly maximum speeds, and that there is a statistically significant difference in the mean hourly average speeds, shows that the standard deviation of the traffic flow speed increases, i.e., the oscillations between minimum and maximum speeds increase.



Taking into account that a decrease in average hourly speeds of up to 5 km/h was found, i.e., that the number of speed limit violators was reduced by up to 16% at some locations (more than 1200 vehicles in Donji Macelj during the week), a positive side of speed display radars from the point of view of traffic safety should not be ignored.



Additionally, given that almost no changes in traffic flow characteristics were found at certain locations (reduction of average speeds and the share of speed limit violators in the total traffic flow), it can be concluded that more detailed research of traffic flow characteristics should be conducted when selecting locations for speed display radars. By conducting a more detailed analysis of traffic flows as well as the analysis of the traffic safety situation, it is possible to determine with much higher probability what is the cause of excessive driving speed at a particular location.
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Figure 1. Speed display radar—example. 
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Figure 2. Locations at which the field research was conducted. 
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Figure 3. Cumulative representation of average speeds in an hour on road D28 in Severin. 
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Figure 4. Cumulative representation of average speeds in an hour on road D1 in Mirkovec. 
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Figure 5. Cumulative representation of average speeds in an hour on road D1 in Donji Macelj. 
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Figure 6. Cumulative representation of average speeds in an hour on road Ž2195 in Veliko Trgovišće. 
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Figure 7. Cumulative representation of average speeds in an hour on road Ž2160 in Sveti Križ Začretje. 
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Figure 8. Cumulative representation of average speeds in an hour on road Ž2195 in Pavlovec Zabočki. 
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Table 1. Traffic-technical characteristics of the selected locations.
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	Location
	Road Mark
	Road Type
	Speed Limit [km/h]
	Location in Relation to the Settlement
	AADT [veh/day]
	Road Lane Width [m]
	Installation Period





	Severin
	Road D28
	District road
	50
	At the entrance to the settlement
	1989
	~3.25
	Temporarily installed



	Mirkovec
	Road D1
	District road
	40
	At the entrance to the settlement
	2135
	~3.00
	More than 12 months



	Donji Macelj
	Road D1
	District road
	50
	At the entrance to the settlement
	1283
	~3.25
	More than 12 months



	Veliko Trgovišće
	Road Ž2195
	District road
	40
	At the entrance to the settlement
	2247
	~3.00
	More than 12 months



	Sveti Križ Začretje
	Road Ž2160
	District road
	40
	At the entrance to the settlement
	2807
	~3.00
	More than 12 months



	Pavlovec Zabočki
	Road Ž2195
	District road
	40
	At the entrance to the settlement
	2809
	~3.00
	More than 12 months
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Table 2. Analyzed data of each location where the field research was conducted.
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	Location
	Road Mark
	Measurement Time [h]
	Speed Limit [km/h]
	Vehicles Recorded—Display Switched Off
	Vehicles Recorded—Display Switched On
	Average Hourly Speed—Display Switched Off [km/h]
	Average Hourly Speed—Display Switched On [km/h]
	Average Hourly Speed Difference
	Average 85th Percentile Hourly Speed Difference [km/h]





	Severin
	Road D28
	167
	50
	13,363
	14,303
	54.72
	49.72
	5 [km/h]
	No data available



	Mirkovec
	Road D1
	168
	40
	15,424
	14,951
	53.52
	53.66
	Negligible
	Approximately 1



	Donji Macelj
	Road D1
	168
	50
	8107
	8984
	64.34
	64.35
	Negligible
	Approximately 2



	Veliko Trgovišće
	Road Ž2195
	168
	40
	14,670
	15,731
	49.97
	48.63
	Negligible
	Approximately 2



	Sveti Križ Začretje
	Road Ž2160
	168
	40
	17,143
	19,648
	53.31
	51.95
	Negligible
	Approximately 2



	Pavlovec Zabočki
	Road Ž2195
	168
	40
	20,365
	19,663
	52.44
	51.77
	Negligible
	Approximately 1
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