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Abstract

:

Gravel-filled arrester beds, also called safety-escape ramps or vehicle run-out areas, have long been a road-safety feature for safely stopping heavy road vehicles from running off the road. In the recent past, there has been consideration given to installing these features on highway access ramps to provide safe areas to stop passenger cars driving at highway speeds. The work presented in this article was performed to investigate the behaviour of standard-size passenger cars on gravel-filled arrester beds, with a particular focus on the achievable vehicle decelerations and the ability of the arrester beds to safely stop a passenger car coasting in an uncontrolled manner. The findings show that the achievable average decelerations are in the range of 0.3 g for coasting vehicles and up to 0.9 g when the vehicles are braking. The results prove that more research is required to quantify the influence of the gravel parameters on the achievable decelerations.
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1. Introduction


Road traffic safety is one of the fundamental requirements to achieve the sustainable development goals. This is outlined in several strategic documents issued by global and regional organizations such as the World Health Organization [1], the United Nations Conference on Trade and Development [2] and the European Commission [3], as well as in national strategies [4]. These documents emphasise the importance of planning and design of safe road infrastructure and its role in the efforts of achieving sustainable development. Some of the design measures have found the way into national best practice guidelines [5].



According to an EU traffic safety report [6], in most countries 40%–60% of all accidents occur at road junctions, which implies that special attention should be paid to increase the safety at these intersections. The existing infrastructure of safety barriers has proved to be inadequate, since sharp angles are present at the exit line of motorways and vehicles can hit the barrier at its corner or impact on it at higher angles, which can have fatal consequences. Gravel-filled arrester beds are currently being investigated as a potential response that can further improve the safety of the exit lines of highways. An example is shown in Figure 1.



Stopping a vehicle without it colliding with objects such as a steel or concrete barrier is an attractive and sustainable option for heavy-goods vehicles as well as for lighter passenger vehicles. In order to increase highway safety, various designs of safety escape ramps are used as a measure to control the behaviour of errant vehicles, decelerating them, in the case of running off the road, as rapidly as possible, but within acceptable limits and without causing injuries to the occupants. The commonly used escape ramps can be divided into three categories: gravity escape ramps, sand or gravel ramps, and arrester-bed escape ramps [7]. Apart from the most commonly used sand and gravel arrester beds, closed-cell foamed-concrete arresters are used as an alternative and effective material for roads and airstrips [7,8].



Gravel-filled arrester beds are a proven safety measure for stopping heavy road vehicles in the case of brake-system failures. Several studies and reports [9,10,11,12,13,14,15,16,17] have confirmed they are an efficient measure for this purpose. Their designs have been unified and accepted as part of design manuals, such as the one issued by the Pennsylvania Department of Transportation [18]. Gravel zones have also long been a standard measure for stopping runaway vehicles in various categories of closed-circuit motor racing [19]. Due to their low cost and efficiency, gravel-filled arrester beds also lend themselves to being safety measures on public highways. The efficiency of arrester beds in terms of reducing the speed of lighter vehicles, however, has not yet been thoroughly investigated. The only publicly available study that deals with experimental measurements of the deceleration of light passenger vehicles in gravel-filled arrester beds is the study of Cocks and Goodram [11], which dates back to the early 1980s. Some recent studies [20,21,22,23] have dealt with numerical modelling and the simulation of vehicle motion on various forms of gravel areas and obtained results that differ from those acquired experimentally. Therefore, the purpose of the work presented in this article was to experimentally test the suitability of gravel-filled arrester beds for reducing the speed of passenger cars if they leave the roadway on a highway and to apply this knowledge to building arresting beds and increasing the safety of exit lines on highways.




2. Materials and Methods


The experiments were designed to measure the deceleration-time curves of two types of passenger vehicles as they were driven into a gravel-filled arrester bed under different driving regimes, according to the regulations for road-safety barriers in the relevant parts of the EN 1317 standard [24,25,26,27]: a lighter passenger car (900 ± 40 kg) and a heavier passenger car (1500 ± 75 kg), as shown in Figure 2. The actual weight of the vehicles, including the driver and the in-vehicle equipment, was measured on a certified weighing device to the nearest 25 kg and was 925 kg for the lighter vehicle and 1475 kg for the heavier vehicle. Both vehicles were technically inspected before testing and complied with the national roadworthiness regulations. The vehicle parameters such as tyre dimensions and pressures were set according to the manufacturers’ specifications.



The arrester bed for the tests was built on a curve on a closed road of a racing circuit and consisted of a 0.5 m-deep cavity filled with 16–32 mm round gravel according to the requirements for unbound materials for civil engineering work and road construction [28]. This granularity of gravel is generally recommended for truck escape ramps in most reports and design guidelines [15,16,17,18]. The test arrester bed was of trapezoidal shape, measuring just over 55 m in length and 9 to 26 m in width. The minimum depth of the non-bound aggregate was 0.5 m. The gravel was brought to the test arrester bed as several loads of a tipper truck. It was spread and levelled using an earthmover. Once the gravel was spread it was not processed any further, either by fluffing or compacting. This procedure closely resembles the procedure used for building arrester beds on public roads. Figure 3 shows the shape of the planned arrester bed as the hatched area on an orthophotographic image of the location.



2.1. Testing Protocol


The testing protocol included tests with two different modes of the vehicle entering the arrester bed. One set of tests was carried out with the vehicle entering at a right angle, the other set was carried out with the vehicle entering the arrester bed at an acute angle of 20 degrees. Both sets of tests were performed with the two vehicles. During all the tests the vehicles were driven by a professional, licensed racing driver with long-term practical experience of gravel-track racing. The assessment of the expected loads on the driver during the tests did not require the use of special safety equipment, beyond the safety belts and airbags already installed in the vehicles.



In each test, the vehicle was accelerated in an approximately straight line towards the arrester bed in a way that it reached the target entry velocity just before entering the gravel of the arrester bed with one or both of its front wheels. The desired target entry velocities were communicated to the driver, who adjusted the actual vehicle velocity according to the Global Navigation Satellite System (GNSS) velocity reading on the measurement computer. Upon entering the arrester bed, the vehicle was allowed to coast to a complete stop without braking or steering. The entry velocity of the vehicle was gradually increased for each consecutive test from approximately 40 km/h to approximately 78 km/h, the latter being determined as the maximum achievable speed for the given vehicle-roadway combination. Besides the regular tests with the vehicle coasting without braking as per [24], some additional tests were performed with the vehicle braking upon entering the arrester bed and some tests with the vehicle mass increased by one-third. A summary of the tests performed is presented in Table 1.




2.2. Measurement Equipment


The following equipment was used to measure the relevant quantities during each test:




	
Vericom VC4000 DAQ measurement computer [29] with built-in tri-axial accelerometer (measuring range ±2 g) and angular-velocity sensor (position 1 in Figure 4). The device was set up to continuously record the sensor data with a rate of 100 samples per second from the vehicle start to its complete stop during each test.



	
GNSS (Global Navigation Satellite System) receiver for vehicle geolocation and velocity acquisition (mounted on the outside of the vehicle roof). The reading from this sensor was displayed in real time on the VC4000 display and was used as the control value for the driver to match the required target velocity.



	
Two external tri-axial accelerometers with a ±25 g measuring range, mounted on the driver’s head (position 2 in Figure 4) and thorax (position 3 in Figure 4). These devices were attached directly to the driver’s body with adhesive tape. Their acceleration readings were used to evaluate the load on the human body with standardised injury criteria.



	
Two separate measuring devices for measuring the acceleration control values, mounted near the vehicle’s centre of gravity and on its rear window (positions 4 and 5 in Figure 4). The readings from these devices were used to control the correctness of the other vehicle-mounted accelerometer data and were not directly used in the evaluation of the results.



	
One external tri-axial accelerometer with a ±25 g measuring range, mounted on the unsprung part of the vehicle’s front suspension (position 6 in Figure 5). The data from this sensor was used as a control and was not directly used in the evaluation of the results.



	
Wide-angle digital video camera for recording the driver’s motion during the tests (mounted on the inside of the passenger-side door window).








An aerial view of the equipment setup with measurement-post annotations is shown in Figure 6. On the wider testing area, the following measurement equipment was placed and used:




	
High-speed camera for recording and tracking the vehicle velocity immediately on entering the arrester bed area (position 1 in Figure 6).



	
High-speed camera for recording the experiment in gross-plan (position 2 in Figure 6).



	
Remote-controlled unmanned aerial vehicle (UAV) with a digital video camera for recording the aerial view of the experiment (as shown in Figure 6).



	
Several high-definition digital video cameras for recording the experiment from different viewing angles (positions 2, 4, 5 and 6 in Figure 6).








Sample video recordings from the cameras are available as supplemental material to this article (Please see Supplementary Materials).




2.3. Determining the Inital Velocity of the Vehicle


The velocity of the vehicle entering the arrester-bed area is used as the initial condition in the simulations and thus has to be measured as accurately as possible. Although the entry velocity was measured with the GNSS receiver, these values cannot be considered reliable and accurate due to the limitations of velocity measurements with GNSS systems [30].



To measure the entry velocity with a higher degree of accuracy, a high-speed camera system was employed. Vehicles were recorded on the video just before entering the arrester bed by means of a FASTCAM Ultima 512 high-speed camera placed perpendicular to the vehicle’s trajectory and the recording was made with a frame rate of 2000 fps and the highest available resolution of 512 × 512 pixels. The video files were then analyzed by tracking the template sample (Marker 1 in Figure 7) through the frames using the Tracker Video Analysis and Modeling Tool [31].



To ensure the best quality match between the template sample defined on the key frame and its evolution samples, only a 5% evolution rate was allowed, while the match score level was set to a maximum value of 10. The distance of 1.1 m between the two markers on the side of the vehicle was used as the calibration distance for defining the length of a pixel. The entry velocity was extracted at the moment when the sampling marker (Marker 1) passed through the origin location, which was placed centrally in the frame, representing the vehicle just before entering the arrester bed with its front wheels. The results for the entry velocity for all the tests, along with other measured and calculated values, are presented in Table 2 in the Results section.




2.4. Processing of Measured Data


The data recorded using the VC4000DAQ measurement computer was transferred to a PC and imported into OriginLab software for processing. From the time series of the measured quantities, the following parameters were extracted and calculated:



	
GNSS velocity of the vehicle entering the arrester bed.



	
Maximum deceleration of the vehicle body during its movement over the arrester bed.



	
Maximum deceleration of the driver’s head and thorax during the vehicle’s movement over the arrester bed.



	
Average deceleration   a ¯   of the vehicle body during its movement over the arrester bed, calculated as per Equation (1),


   a ¯  =  1   n s    ·   ∑   t =  t  0 , 1     t =  t 0    a  t  ,  



(1)




where t0,1 is the time when the deceleration first exceeds 0.1 g, t0 the time when the deceleration reaches a zero value after the vehicle had stopped, and ns is the number of measurement samples between those two times.



	
The head-injury criterion (HIC) curve for each test, calculated from the measured accelerations of the driver’s head, as per Equation (2), as defined in [32],


  H I C = max      t 2  −  t 1         1   t 2  −  t 1      ∫    t 1     t 2    a  t  d t     2.5      



(2)




where the time difference between the interval end time t2 and interval start time t1 for integrating the acceleration curve a(t) was 20 ms. The maximum value was calculated for the entire duration of the vehicle driving over the arrester bed.






Other relevant quantities were measured after each test using hand measuring tools and techniques. These quantities included the following:




	
The vehicle’s stopping distance (Figure 8a,b). This was measured from the gravel bed entrance to the axle of the front wheels of the stopped vehicle. In the tests at 20°, the distances for the left and right front wheels were measured separately.



	
The depth of the vehicle wheel trail in the gravel (Figure 8c). This was measured twice for each test, once in the first one-third of the stopping distance and once in the last one-third of the stopping distance. The measurements for the left and right tracks were not significantly different and were therefore averaged to obtain the final result.








An example chart of the recorded and calculated quantities is shown in Figure 9.





3. Results


The results of the experiments consist of measured quantities and general observations derived from the acquired video material. After processing the acquired data, we compiled a summary of the results, which is presented in Table 2. The tests with braking and/or an increased vehicle load (#s 5-10, 19 and 21), not required by EN 1317, are included for reference.



To verify the repeatability of the tests the basic statistics were calculated for the populations of the measured average decelerations in relevant groups of tests. The data in the groups is partially overlapping to analyse the influence of the parameters. The tests with partial braking (#s 11, 15 and 18–21) have been excluded from the statistical analysis. Nevertheless, their results are valuable for observations of the influence of braking on the vehicle motion. The statistics are presented in Table 3. From these values the theoretical stopping distances were calculated and the ranges are presented in Figure 10 as functions of the vehicle’s entry velocity for the average measured average decelerations for tests with and without braking. These data are essential for evaluating the suitability of the gravel arrester beds for stopping the vehicles.




4. Discussion


Striving to contribute to achieving the sustainable development goals by improving traffic safety, the road authorities in some European countries have recently started searching for safer and more sustainable solutions for stopping runaway vehicles and building gravel arrester beds as pilot projects. From the literature review presented in the Introduction it is obvious that very few high-quality measurements of the achievable decelerations for passenger cars on gravel arrester beds have been published to date. This lack of reliable measurement results is making the selection of the parameters for new arrester beds difficult. Designing and performing a full-scale test to obtain the missing data was thus a necessity.



The initial visual observation made right after the first test was that the gravel arrester bed does not stop a coasting vehicle as efficiently as expected. This was confirmed by the measurements, where the average deceleration never exceeded 0.294 g, with peak values only up to 0.506 g. As the EN 1317 prescribes testing with vehicles without braking, this puts the efficiency of gravel arrester beds in question—at least those filled with gravel sized 16–32 mm. From the statistics on the entire set of tests without braking (cf. Table 3) it is also obvious that the parameter variation (such as the vehicle weight, entry angle, or entry velocity) has very little influence on the achievable average decelerations.



The average deceleration values become significantly higher if the vehicle brakes in the gravel, but even then the average deceleration values only marginally exceed those achieved during braking measured on dry tarmac, as published in [33,34]. Furthermore, from test #21 in Table 2 it can be observed that braking with an anti-lock brake system (ABS), which is standard equipment in all new vehicles, does not significantly increase the average deceleration values.



The tests of the vehicle with added weight also show that a heavier vehicle does not necessarily achieve a greater deceleration compared to a lighter one.



The loads on the vehicle occupant are far below the injury values according to the measured head accelerations and computed head-injury criterion (HIC) values.



The high costs and demanding logistics of full-scale testing prevented the parameter variation in the study from including different granularities for the gravel used in the arrester bed. The initial experimental work was made only with the arrester bed filled with the 16–32 mm gravel, which is the granularity prescribed by the current regulations and guidelines. This is the main limitation of the study, which the authors plan to address in further research into the influence of the gravel’s properties on the forces they exert on vehicles driving on them.




5. Conclusions


The obtained data, consisting primarily of measured kinematic values but also several hundred photographs and several hours of recorded video material, provides an insight into the behavior of passenger cars on gravel arrester beds and presents a foundation for all future research. The test results show that a gravel-filled arrester bed with a gravel granularity of 16–32 mm can decelerate a free-coasting passenger car with an average deceleration of up to 0.294 g (2.88 m/s2). This means that to bring such a car running off the road with a highway speed of 130 km/h to a complete stop would require a 226 m-long arrester bed. The average deceleration on the arrester bed can be significantly increased by braking the vehicle. In this case, the highest average deceleration values of 0.812 g (7.97 m/s2) were measured, requiring an 82 m-long arrester bed to stop the vehicle from 130 km/h. These distances, even when assuming braking, are often longer than the available space on the motorway exit ramps, where the arrester beds are planned to be located.



Indications show that different gravel granularities and grain shapes may result in different average decelerations of vehicles driving over an arrester bed. Preliminary tests indicate that in general the achievable decelerations are higher when the gravel grains are rounder and have a smaller diameter. An investigation of this phenomenon requires further testing, which will yield a mathematical model of the relationship between those parameters. Prior to testing on a full-scale arrester bed with different gravel types, the authors intend to perform a set of laboratory tests on a falling-ball test stand in order to determine the differences in the response of different material types in a controlled and repeatable manner. If the differences between these different gravel types prove significant, more full-scale testing is planned. The findings of those tests will significantly contribute to the input data, based on which the authorities will decide how (and if at all) to implement the gravel-filled arrester beds as a routine measure on the public road network. The other factors contributing to the decision will be the parameters related to economics and ease of maintenance.



The work presented in this article and the results of further research will help in devising the best practices in safe road infrastructure design for achieving the sustainable development goals.
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Figure 1. Arrester bed built as a pilot project on the E70 motorway near Dobruška vas, Slovenia: (a) situation before building the arrester bed, (b) orthophotography of the completed arrester bed (source of both images: Google Earth). 
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Figure 2. Vehicles used in the tests: (a) 900 kg vehicle (Renault Clio), (b) 1500 kg vehicle (Renault Laguna Break). 
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Figure 3. Shape of the arrester bed on an ortophotographic image (image source: Google Earth). 
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Figure 4. Components of the measurement system in the test vehicle. 
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Figure 5. Accelerometer on the unsprung part of the front suspension of the vehicle. 
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Figure 6. Aerial view of the arrester bed with measurement equipment. 
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Figure 7. Video tracking for measuring the vehicle’s entry velocity. 
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Figure 8. Measuring the stopping distance (a,b) and the depth of the vehicle trail (c). 






Figure 8. Measuring the stopping distance (a,b) and the depth of the vehicle trail (c).



[image: Sustainability 12 01761 g008]







[image: Sustainability 12 01761 g009 550] 





Figure 9. Example chart of measured and calculated quantities during test #3 (900 kg vehicle, right angle without braking, 45 km/h). 
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Figure 10. Theoretical stopping distances calculated from measured average vehicle decelerations. 
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Table 1. Summary of the performed tests.
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	Type of Test
	Vehicle
	Number of Performed Tests





	Right angle without braking
	900 kg
	4



	Right angle with braking
	900 kg
	3



	Right angle without braking, additional load
	900 kg + 300 kg
	2



	Right angle with braking, additional load
	900 kg + 300 kg
	1



	20° without braking
	900 kg
	3



	Right angle without braking
	1500 kg
	3



	Right angle with braking
	1500 kg
	3



	20° without braking
	1500 kg
	2



	Total
	
	21
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Table 2. The results summary.
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	#
	Vehicle
	Angle
	Test Type
	Target Velocity

[km/h]
	Actual Velocity

[km/h]
	Avg. Decel.

[g]
	Max. Decel.

[g]
	Stopping Distance 1

[m]
	Trail Depth 2

[mm]





	1
	900 kg
	0°
	no braking
	40
	343.67
	0.217
	0.342
	35.9
	35/38



	2
	900 kg
	0°
	no braking
	50
	52.40
	0.215
	0.401
	51.1
	35/39



	3
	900 kg
	0°
	no braking
	45
	45.74
	0.240
	0.427
	36.4
	38/40



	4
	900 kg
	0°
	no braking
	50
	50.72
	0.205
	0.399
	47.8
	40/42



	5
	900 kg
	0°
	braking
	50
	50.72
	0.797
	1.158
	15.5
	70/140



	6
	900 kg
	0°
	no braking, +300 kg load
	50
	51.55
	0.253
	0.506
	42.9
	58/89



	7
	900 kg
	0°
	braking, +300 kg load
	50
	50.08
	0.818
	1.159
	14.3
	80/130



	8
	900 kg
	0°
	no braking, +300 kg load
	40
	39.66
	0.294
	0.476
	21.8
	70/90



	9
	900 kg
	0°
	braking
	70
	64.07
	0.770
	1.214
	20.7
	68/123



	10
	900 kg
	0°
	braking
	max. safe
	74.30
	0.812
	1.243
	25.6
	80/95



	11
	900 kg
	20°
	partial braking after 28 m
	50
	57.76
	0.312
	0.803
	41.937.6
	50/80



	12
	900 kg
	20°
	no braking
	40
	41.87
	0.257
	0.463
	27.924.0
	50/60



	13
	900 kg
	20°
	no braking
	50
	50.89
	0.254
	0.446
	39.836.2
	50/40



	14
	1500 kg
	20°
	no braking
	40
	45.29
	0.217
	0.353
	40.635.1
	62/65



	15
	1500 kg
	20°
	partial braking4
	50
	55.16
	0.272
	0.907
	49.545.6
	55/50



	16
	1500 kg
	0°
	no braking
	40
	40.31
	0.261
	0.475
	24.7
	60/75



	17
	1500 kg
	0°
	no braking
	50
	49.41
	0.254
	0.454
	37.7
	68/60



	18
	1500 kg
	0°
	partial braking4
	60
	62.71
	0.263
	0.708
	55.1
	50/65



	19
	1500 kg
	0°
	partial braking4
	max. safe
	73.74
	0.462
	0.850
	48.6
	65/72



	20
	1500 kg
	0°
	partial braking4
	max. safe
	68.25
	0.372
	0.944
	42.2
	not measured



	21
	1500 kg
	0°
	partial braking with ABS off
	max. safe
	74.11
	0.494
	1.05
	32.1
	80/123







1 In tests at 20° angle: the upper number = left, the lower number = right. 2 Left number = depth in the first one-third of the track, right number = depth in the last one-third of the track. 3 Measured only with GNSS due to failed triggering of the high-speed camera. 4 Braking only at the very end of the motion to prevent the vehicle from leaving the arrester bed.













[image: Table] 





Table 3. Statistics on the relevant groups of tests.






Table 3. Statistics on the relevant groups of tests.





	Group of Tests
	Number of Tests

in Group
	Avg.

Avg. Decel.

[g]
	Min.

Avg. Decel.

[g]
	Max.

Avg. Decel.

[g]
	Avg. Decel.

Std. Dev.

[g]





	900 kg vehicle without braking and without additional load
	6
	0.231
	0.205
	0.257
	0.02197



	900 kg vehicle with braking
	3
	0.793
	0.770
	0.812
	0.02128



	1500 kg vehicle without braking
	3
	0.244
	0.217
	0.254
	0.02364



	All tests without braking, including tests with additional load on 900 kg vehicle
	11
	0.242
	0.205
	0.294
	0.02655



	All tests with braking from entry
	4
	0.799
	0.770
	0.818
	0.02141
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