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CDV—Transport Research Centre, Líšeňská 33a, 63600 Brno, Czech Republic; richard.turek@cdv.cz (R.T.);
jan.elgner@cdv.cz (J.E.); zuzana.krivankova@cdv.cz (Z.K.); veronika.valentova@cdv.cz (V.V.)
* Correspondence: jiri.ambros@cdv.cz

Received: 26 June 2020; Accepted: 13 August 2020; Published: 15 August 2020
����������
�������

Abstract: The goal of section speed control is to increase speed limit compliance in the monitored
road sections, decrease speed variance and improve traffic safety. General experience with section
speed control on motorways is positive, with significant improvements in both speed and safety
performance. The presented study focused on a unique application of section speed control in
motorway work zones in the Czech Republic. Effectiveness was monitored (in terms of average speed,
speeding and accident rates) in three sections and four time periods (normal operation, work zone,
work zone with section speed control, normal operation), which allowed discerning individual effects
of work zone and section speed control. In addition, a novel data source—floating car data—was used.
Work zones were found to increase accident rates compared to normal operation and decrease with
the introduction of section speed control. The effects on average speed, speed variance and speeding
were positive, although smaller compared to the studies conducted in non-work zone conditions.
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1. Introduction

Speed has been recognised as the most influential risk factor. Internationally, speed is an essential
contributory factor in around 30% of fatal accidents [1]. This proportion may be even higher, for example,
on Czech roads, speeding has been attributed to approx. 40% of fatal accidents in recent years, making
it the most frequent cause of road deaths. One of the speed management techniques is section speed
control (SSC), also known as average speed enforcement (ASE). The goal of SSC is to increase speed
limit compliance in the monitored road sections and thus decrease speed variance and improve traffic
safety. The SSC system involves the installation of a series of cameras along a motorway section.
The cameras detect and identify vehicles through automatic number plate recognition and optical
character recognition. Using time of such detections and the distance between them, the average speed
of a vehicle is calculated. If the corresponding average speed of a vehicle exceeds the legal posted
speed limit for that road section, image and offence data are transmitted to a central processing unit
via a communication network [2].

Various international studies focused on the effectiveness of SSC in terms of the reduction
of average speed and/or accident frequency. Their experience was generally positive—significant
reductions in both speeds and accidents were found. However, SSC on Czech roads has not been
evaluated yet. In addition, local SSC is currently used in work zones with reduced lane number
and width (see Figure 1), where driving is likely to be different from normal motorway operation.
To the authors’ best knowledge, no application of SSC in a motorway work zone was reported
or evaluated in international literature. The presented study aimed to fill this gap by assessing
the effectiveness of SSC in selected Czech motorway work zones.
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Figure 1. Illustration of a motorway work zone (source: iDnes.cz).

2. Literature Review

As mentioned, a number of international studies focused on effectiveness of SSC in terms of
the reduction of average speed and/or accident frequency and found generally positive results,
i.e., both speed and accident reductions. Several examples may be listed:

• De Pauw et al. [3] evaluated the effect of SSC on driving speed in two Belgian motorway locations.
Speed was monitored 6 km upstream and downstream from the sections. Through comparing
the conditions before and after SSC, considerable decreases were found of about 6 km/h in
the average speed, and 74% in the odds of drivers exceeding the speed limit. In addition,
a decrease in the speed variability was observed.

• In Norway, Høye [4] studied the effects of SSC in 14 sites, using an empirical Bayes before-after
study. The number of killed or severely injured was found to be significantly reduced by 49% at
the SSC sites—the author even stated that the accident reductions were larger than one would
expect as a result from the speed reductions.

• Montella et al. [5] investigated SSC in seven sections on two Italian motorways. They observed
large reductions in the number of severe violations (84% and 77% in the number of light and heavy
vehicles exceeding the speed limits more than 20 km/h), as well as the decrease in the standard
deviation of speeds (26% and 20% for light and heavy vehicles).

Some studies collected speeds from floating car data (FCD), i.e., continuous position recordings of
vehicle fleets. In contrast to traditional evaluations, based only on selected road locations, FCD enable
studying continuous speed profiles and indicating for example so called “kangaroo jumps” (V-shaped
speed profiles) and long-term (halo) effects [6,7].

In a sum, SSC was described as a “highly reliable and cost-effective approach to speed
enforcement” [2]. A recent international meta-analysis [8] reported a 30% reduction for the total
number of accidents and 56% reduction for accidents involving killed or severely injured victims.

3. Data Collection

3.1. Data Collection Frames

Before data collection, both time and spatial data collection frames were defined.



Safety 2020, 6, 38 3 of 11

3.1.1. Time Frame

To be able to discern the individual effects of work zone and section speed control (SSC),
we considered four time periods: Normal operation “before”; work zone; work zone with SSC; normal
operation “after”. Table 1 presents the overview of time periods, together with their graphical symbols.

Table 1. Overview of analysed time periods and their graphical symbols.

TP1 Normal operation “before”
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Using the defined time periods (TPs), we planned to compare changes in driving behaviour
and safety as follows:

• TP1→ TP2 . . . a change due to installation of a work zone.
• TP2→ TP3 . . . a change due to start of SSC.
• TP3→ TP4 . . . a change due to removal of a work zone and SSC.

In addition, cumulative changes could be analysed, such as:

• TP1 × TP3 . . . a change due to installation of a work zone and section speed control.
• TP1 × TP4 . . . behavioural adaptation back into the uninfluenced conditions.

Time frames were defined with a goal to maximise the overlaps of all utilised datasets.
Complete duration of time periods TP2 and TP3 was defined based on information provided by Road
and Motorway Directorate. Normal operation time periods TP1 and TP4 were defined as 3-month
periods. The final dates of each time period are summarised in Figure 2.
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Time periods were usually without interruption. One exception is a break between TP2 and TP3
in section 06, during which operation was normal—this break was analysed as an independent
time period.

3.1.2. Spatial Frame

At the time of the study, three sections with a history of section speed control were available
for analysis. These sections were on the main Czech motorway D1, which connects the capital city
Prague with the second largest city Brno. The sections were labelled by their numbers 06, 20, 25.
Basic characteristics are listed in Table 2.

Table 2. Basic characteristics of studied work zone and SSC sections.

Section
Work Zone Characteristics [km] SSC Characteristics [km]

Location Length Location Length

06 49 56 7 48.5 55.6 7.1
20 146 153 7 147.0 151.2 4.2
25 178 182 4 178.4 181.9 3.5

The spatial frame of the sections was defined by work zone lengths. To enable detecting potential
speed changes before and after work zones, the length was extended by 1 km upstream and downstream
of work zones.

Within the defined time and spatial frames, four sources of data were retrieved: Traffic volumes,
speed, speeding offences and accidents.

3.2. Traffic Volumes

Our original idea was to use the number of vehicles, identified by SSC (maintained by Road
and Motorway Directorate), as an indicator of traffic volume. However, we found that SSC data had
frequent outages and some archival data were unavailable. Therefore, we had to use AADT values
from 2016 national traffic census as an alternative indicator. The original values were factored up to a
level of analysis year and split evenly between driving directions, following Czech technical guidelines,
based on adjustment factors derived from traffic forecasts [9,10].

3.3. Speed

Operating speeds were obtained from floating car data (FCD), purchased from a third party.
The FCD sample was collected from approx. 40,000 vehicles, of which approx. 80% were personal
vehicles). Speed precision was estimated as ±2 km/h.

Data consisted of anonymised vehicle ID, date and time, longitude, latitude and speed. Data
recording frequency varied between 5 and 60 s. In each section, data from more than 30,000 vehicles
was used (between 1000 and 2000 drives in each analysed day)—for details, see Table 3.

Table 3. Summary characteristics of collected floating car data (FCD).

Section Approx. Number of Records Number of Vehicles Average Daily Number of Drives

06 23 million 39,717 1321
20 12 million 32,331 1359
25 9 million 29,544 2085

3.4. Speeding Offences

Czech Road Act distinguishes speeding offences categories based on three thresholds above
the speed limit:

• Category 1: More than 10 km/h above but less than 30 km/h above the speed limit.
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• Category 2: 30 km/h and more above the speed limit.
• Category 3: 50 km/h and more above the speed limit.

Using the work zone speed limit 80 km/h and speeding enforcement tolerance (+3 km/h up to
100 km/h; +3% above 100 km/h), the following speed offence categories are relevant for SSC:

• Category 1: 95–113 km/h.
• Category 2: 114–133 km/h.
• Category 3: ≥134 km/h.

Data from SSC are sent to traffic police and then transferred to responsible municipalities.
We requested data from four relevant municipalities.

3.5. Accidents

The basic information on accidents in analysed road sections was retrieved from a public
on-line portal JDVM (http://www.jdvm.cz/). Further details on selected accidents were obtained from
Traffic Police.

4. Analysis

Analysis is described in three subsections: (1) speed analysis, (2) analysis of speeding offences,
and (3) analysis of accident rates. Considering time frame of analysis and data character, selected time
units were weeks (in analyses 1 and 2) or months (in analysis 3).

4.1. Average Speed Analysis

Based on floating car data, we analysed average speed, using two kinds of speed profiles: Speed
profile “in time” and speed profile “in length”.

The first example—speed profile “in time” (Figure 3)—illustrates changes between time periods:
speed decrease due to a work zone, followed by an additional decrease due to section speed control.
During normal operation (first and final time periods, as well as a break in the middle), the speeds
were relatively similar.
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The second example (Figure 4) presents a graph of the standard deviation of average speed (speed
variance), which is relatively similar to the previous speed profile (Figure 3).Safety 2020, 7, x FOR PEER REVIEW  6 of 11 
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The third example—speed profile “in length” (Figure 5)—also illustrates the differences between
time periods. It also shows that the remarkable speed decreases occur in the beginning and the end of
a work zone (i.e., independently on the location of SSC cameras).
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Using mean indicator values per time periods, the following results were obtained:

• The effect of work zones (i.e., transition between time periods TP1→ TP2) was associated with a
speed decrease by approx. 20 km/h.

• With introduction of SSC (TP2→ TP3), speed dropped by additional approx. 3 km/h.
• Speeds “after SSC” (TP4) were similar to speeds “before SSC” (TP1).
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• Both work zones and SSC were thus associated with speed reduction; the same effect was found
for standard deviation of speed (speed variance).

4.2. Analysis of Speeding Offences

Originally, we planned to distinguish individual speeding categories, as defined in Section 3.4.
However, since over 95% of offences were in category 1, we analysed the sample as a whole. We used
the indicator of speeding rate, defined as a number of speeding records divided by traffic volume.

The speeding rates were up to 3.5%. Interestingly, common (non-work zone) speeding rates,
based on information from traffic police section speed cameras, are only around 0.9% [11].

Nevertheless, information from SSC itself does not allow quantifying speeding in non-SSC time
periods. Therefore, an alternative approach was also used—calculating speeding rate from floating car
data, defined as number of records above the speed limit divided by traffic volume. While this resulted
in values, incompatible with the above-mentioned speeding rates, this approach enabled comparison
across all time periods. The speeding rates were around 30% during work zone regime, and 20% under
section speed control. An example graph is in Figure 6.

Safety 2020, 7, x FOR PEER REVIEW  7 of 11 

 

4.2. Analysis of Speeding Offences 

Originally, we planned to distinguish individual speeding categories, as defined in Section 2.4. 

However, since over 95% of offences were in category 1, we analysed the sample as a whole. We used 

the indicator of speeding rate, defined as a number of speeding records divided by traffic volume. 

The speeding rates were up  to 3.5%.  Interestingly, common  (non‐work zone) speeding rates, 

based on information from traffic police section speed cameras, are only around 0.9% [11]. 

Nevertheless, information from SSC itself does not allow quantifying speeding in non‐SSC time 

periods. Therefore, an alternative approach was also used—calculating speeding rate from floating 

car data, defined as number of records above the speed limit divided by traffic volume. While this 

resulted  in values,  incompatible with  the above‐mentioned speeding rates,  this approach enabled 

comparison across all time periods. The speeding rates were around 30% during work zone regime, 

and 20% under section speed control. An example graph is in Figure 6. 

 

Figure 6. Example graph of speeding rates in time (TP denotes analysed time periods). 

4.3. Analysis of Accident Rates 

Firstly, several cases of accidents not related to motorway operation (e.g., on interchanges, fuel 

stations, resting areas) were discarded. The remaining 100 accidents were analysed. 

Secondly, relative proportions of accident severity levels and accident types were compared to 

population (national motorway accident statistics 2006–2007) using a chi‐square test. While severity 

categories were consistent across population and sample (see Table 4), there were some statistically 

significant differences regarding accident types (Table 5): the ratio between single‐vehicle and side‐

swipe accidents was 16% : 60% in the studies sample, but almost the opposite (approx. 70% : 9%) in 

the population. The study of accident reports revealed that the overrepresented side‐swipe accidents 

were without  injuries, due  to  the  inattention of drivers, who were not used  to parallel driving or 

overtaking in narrow work zone lanes. 

Table 4. Comparison of accident severity levels between population and the studied sample. 

  Population  Sample 

Accident severity  Frequency  Percentage  Frequency  Percentage 

Fatal  63  0.7%  0  0.0% 

Severe injury  127  1.5%  2  2.0% 

Slight injury  1088  12.6%  18  18.0% 

Property damage only  7356  85.2%  80  80.0% 

Total  8634  100.0%  100  100.0% 

Figure 6. Example graph of speeding rates in time (TP denotes analysed time periods).

4.3. Analysis of Accident Rates

Firstly, several cases of accidents not related to motorway operation (e.g., on interchanges, fuel
stations, resting areas) were discarded. The remaining 100 accidents were analysed.

Secondly, relative proportions of accident severity levels and accident types were compared to
population (national motorway accident statistics 2006–2007) using a chi-square test. While severity
categories were consistent across population and sample (see Table 4), there were some statistically
significant differences regarding accident types (Table 5): the ratio between single-vehicle and side-swipe
accidents was 16%:60% in the studies sample, but almost the opposite (approx. 70%:9%) in the population.
The study of accident reports revealed that the overrepresented side-swipe accidents were without
injuries, due to the inattention of drivers, who were not used to parallel driving or overtaking in narrow
work zone lanes.
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Table 4. Comparison of accident severity levels between population and the studied sample.

Population Sample

Accident Severity Frequency Percentage Frequency Percentage

Fatal 63 0.7% 0 0.0%
Severe injury 127 1.5% 2 2.0%
Slight injury 1088 12.6% 18 18.0%

Property damage only 7356 85.2% 80 80.0%

Total 8634 100.0% 100 100.0%

The Pearson’s chi-square test indicated no statistically significant differences (N = 8734, Fisher’s exact test = 3.129,
df = 3, p > 0.05).

Table 5. Comparison of accident types between population and the studied sample.

Population Sample

Accident Type Frequency Percentage Frequency Percentage

Single-vehicle 6004 69.5% 16 16.0%
Head-on 70 0.8% 0 0.0%

Side-swipe 742 8.6% 60 60.0%
Side 311 3.6% 6 6.0%
Rear 1507 17.5% 18 18.0%

Total 8634 100.0% 100 100.0%

The Pearson’s chi-square test indicated statistically significant differences between categories in bold italics (N = 8734,
Fisher’s exact test = 188.792, df = 3, p < 0.05).

Thirdly, accident rates for each time period were calculated, based on the standard formula:

AR = N·106/(365·AADT·L·t)

where AR is the accident rate (106veh-km−1year−1), N is the number of accidents, AADT is the annual
average daily traffic volume (veh/day), L is the length of road section (km), and t is the length of time
period (year). Since accidents were relatively rare, data from additional road sections were also used
(in total 13 sections). A comparison is presented in Figure 7:

• Work zones (starting in TP2) were found to increase accident rates compared to normal operation
(TP1) by approx. 170%. This increase was related to the mentioned overrepresentation of
side-swipe accidents.

• With introduction of section speed control (TP3), accident rate decreased by approx. 17%.
• Another decrease occurred with the return to normal operation (TP4).

Safety 2020, 7, x FOR PEER REVIEW  8 of 11 

 

The Pearson’s chi‐square test indicated no statistically significant differences (N = 8734, Fisher’s exact 

test = 3.129, df = 3, p > 0.05). 

Table 5. Comparison of accident types between population and the studied sample. 

  Population  Sample 

Accident Type  Frequency  Percentage  Frequency  Percentage 

Single‐vehicle  6004  69.5%  16  16.0% 

Head‐on  70  0.8%  0  0.0% 

Side‐swipe  742  8.6%  60  60.0% 

Side  311  3.6%  6  6.0% 

Rear  1507  17.5%  18  18.0% 

Total  8634  100.0%  100  100.0% 

The Pearson’s chi‐square test indicated statistically significant differences between categories in bold 

italics (N = 8734, Fisher’s exact test = 188.792, df = 3, p < 0.05). 

Thirdly, accident rates for each time period were calculated, based on the standard formula: 

𝐴𝑅 𝑁 ∙ 10 365 ∙ 𝐴𝐴𝐷𝑇 ∙ 𝐿 ∙ 𝑡⁄  
where  𝐴𝑅  is the accident rate (106veh‐km−1year−1), 𝑁  is the number of accidents,  𝐴𝐴𝐷𝑇  is the annual 
average daily traffic volume (veh/day),  𝐿  is the length of road section (km), and  𝑡  is the length of 
time period (year). Since accidents were relatively rare, data from additional road sections were also 

used (in total 13 sections). A comparison is presented in Figure 7: 

 Work  zones  (starting  in  TP2)  were  found  to  increase  accident  rates  compared  to  normal 

operation (TP1) by approx. 170%. This increase was related to the mentioned overrepresentation 

of side‐swipe accidents. 

 With introduction of section speed control (TP3), accident rate decreased by approx. 17%. 

 Another decrease occurred with the return to normal operation (TP4). 

 

 

Figure 7. Comparison of accident rates in the analysed time periods. 

5. Results 

The  reported  study  aimed  to  evaluate  the  effectiveness  of  section  speed  control  in  Czech 

motorway work zones. We monitored the effectiveness in three sections (in terms of average speed, 

speed variance, speeding and accident rates) and four time periods (normal operation, work zone, 

work zone with section speed control, normal operation), which allowed for discerning individual 

effects of the two concurrent measures—work zone and section speed control. 

A graphical overview of all findings is presented in Figure 8. Green arrows indicate decreases 

in the studied indicators, i.e., safety improvement; on the contrary, red arrows indicate increases, i.e., 

the deterioration of safety. The part in the bold frame relates to the effects of section speed control. 

Figure 7. Comparison of accident rates in the analysed time periods.



Safety 2020, 6, 38 9 of 11

5. Results

The reported study aimed to evaluate the effectiveness of section speed control in Czech motorway
work zones. We monitored the effectiveness in three sections (in terms of average speed, speed variance,
speeding and accident rates) and four time periods (normal operation, work zone, work zone with
section speed control, normal operation), which allowed for discerning individual effects of the two
concurrent measures—work zone and section speed control.

A graphical overview of all findings is presented in Figure 8. Green arrows indicate decreases in
the studied indicators, i.e., safety improvement; on the contrary, red arrows indicate increases, i.e.,
the deterioration of safety. The part in the bold frame relates to the effects of section speed control.Safety 2020, 7, x FOR PEER REVIEW  9 of 11 
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6. Discussion and Conclusions

The overview in Figure 8 enables the following conclusions:

• The work zone itself, i.e., driving in limited cross-section, was associated with lower speed
and speed variance, but a higher accident rate. Nevertheless, accidents were typically side-swipes,
without injuries.

• Adding section speed control to the work zones helped decrease all indicators (average speed,
speed variance, speeding, accident rate).

• After the removal of work zones and section speed control, all indicators returned to almost
original values.

The main finding was that section speed control (SSC) is really effective—in addition to
the work zone itself, it helps reducing speed and accidents even more. This information is currently
communicated by stakeholders (Ministry of Transport, Road and Motorway Directorate) to the public.
In addition, the Ministry of Transport has recently launched a media campaign focusing on safe driving
in motorway work zones.

In addition, the study illustrated how floating car data (FCD) may enrich the speed analyses.
Similar to previous FCD-based studies, the presented study also found V-shapes in speed profiles,
known as “kangaroo jumps”. Interestingly, such jumps were found in the beginning and the end of a
work zone, i.e., independently on the location of SSC cameras.
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Nevertheless, the final results were influenced by a combination of work zone and section
speed control effects. On one hand, section speed control is believed to be the most effective speed
management measure in work zones [12]. On the other hand, a number of reviews indicated that work
zones have higher accident frequency when compared to normal conditions; although, the accidents
are usually less severe than accidents in non-work zone sections [13–16]. The overrepresentation
of side-swipe accidents in work zones was also found in several studies [17–19]. This may be why
the effects of section speed control, as reported in the framed box in Figure 8, were remarkably smaller
compared to previous evaluations in non-work zone conditions (as reviewed by [2,8]). It may be even
biased by varying international definitions of accident severity levels.

In the end, several limitations were encountered and should be considered in following studies:

• In the time of evaluation, only three sections were available for detailed analysis, which is a
major limiting factor. Data from additional sections were used only in accident rate analysis.
Future studies may use increased sample sizes.

• Representativeness of floating car data depends on the source vehicle fleet characteristics.
In our case, the presence of heavy goods vehicles in the fleet could have shifted the results
towards lower speed and speeding rates.

• Due to incomplete traffic volume data from section speed control, we used aggregated AADT
data, which does not reflect changes between time periods and driving directions. This could
have biased the volume-related indicators (speeding rates and accident rates).
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