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			Abstract

			Transverse Rumble Strip (TRS) are placed across the travel lanes of the roadway and perpendicular to flow of vehicles. The strips typically placed crossing the roadway surface to provide a tactile and audible warning to alert drivers on unusual traffic conditions. The main aim of this study is to evaluate the effectiveness of the TRS to reduce operating speed of traffic along selected road sections. Types of analysis conducted were speed distribution, average speed reduction and rate of braking by road users before and after the installation of TRS. Two locations were selected for this study i.e. Jalan Sultan and Jalan Barat. The key findings obtained in this study is operating speed was reduced at both locations after the installation of TRS. The speed compliancy rate was also increased with the presence of TRS at both locations. The compliancy was maintained even after 1-week of TRS installation. In evaluating the rate of braking, the higher rate was obtained after 1-day of TRS installation than any other period on both sites. Due to its potential as a countermeasure in reducing or controlling operating speed, it is recommended that TRS is installed at high risk location such as at curve or approaching intersection. However, TRS usage at downhill slope should be further studied or improvised due to the non-significant speed reduction obtained in this study. Precautions should be taken in ensuring that the specifications and materials used for TRS is following the standard and comply with the surface skid resistance value. 
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			Introduction

			The City Council of Petaling Jaya (MBPJ) has decided to install Transverse Rumble Strip (TRS) at two (2) identified locations in Petaling Jaya. The locations were picked due to the high operating speed observed and the presence of curve alignment at the area. The installation of TRS is hoped to be able to reduce the speed of road users. Due to unavailability of reliable findings pertaining the effectiveness of TRS in reducing speed as well as the use of TRS in the urban roads such as in the city of Petaling Jaya, this evaluation study is necesary to be conducted. The focus of this study is to look into the effectiveness of TRS along curve road sections. This is because higher accident rates have been found in sharp curves on road sections than any other road sections [1-4]. Measures in horizontal curves are designed to reduce the accident rate in curves by giving good prior warning of these curves, indicating the path of the curve as clearly as possible and possibly reducing the speed in the curve [3]. Speed-reducing devices are intended to force vehicles to keep to low speeds, so that the risk of crashes is reduced, and the feelings of safety 

is increased [3]. Speed-reducing devices include speed humps, 
raised pedestrian crossings, raised junctions (plateau junctions), rumble strips, narrowing road width and speed zones [5,6].

			 Rumble strips as one of the speed control measures are changes in the road surface that lead to knocks, vibration and or noise within the car and these strips can be constructed using coarse road surfaces or strips of plastic, which are placed across the road on top of the road surface [3]. This can be achieved by introducing grooves on the roadway or rows of raised pavement markers placed on the roadway in such a manner that, they produce sound (noise) and vibration as the tires of a vehicle contact them [3,7]. The noise and vibration produced by rumble strips can also be intended to alert inattentive drivers that they have departed from their lane, or to give advance notice of a change in the roadway ahead [7]. The use of TRS on Malaysia’s roads can be seen at interchange ramps, climbing and downhill road sections and approaching to intersections with the aim to reduce approaching vehicle speed [6]. 

			Generally, there are three (3) types of rumble strips i.e. 

			1.	Shoulder rumble strips

			2.	 Centreline rumble strips and 

			3.	TRS as shown in Figure 1 below [8]. 
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			Shoulder rumble strips are placed on roadway shoulders, outside of the travel lane. The purpose of shoulder rumble strips is mitigating single vehicle run-of-road type crashes. Meanwhile, centerline rumble strips are installed on or near centerline of roadway and the purpose is to mitigate head-on crashes and opposite direction sideswipe crashes. And lastly, TRS are placed across the travel lanes of the roadway and perpendicular to flow of vehicles. TRS is also known as transverse bar, yellow bar and speed breaker.

			According to Elvik et al. [3], rumble strips reduce the number of injury accidents at junctions by around 33% and the number of property-damage-only accidents by around 25%. The effect is assumed to last for 3 years [9]. The rumble strips must then be renewed for it to be effective [3,10]. The rumble strips are assumed to have an effect for the last 100m ahead of the junction [3]. The speed on this stretch is assumed to reduce from 35 to 25km/h, which corresponds to a delay of around 4s per vehicle [3].

			1.	Methodology

			The study framework has six phases (See Figure 2): Desk study, pre implementation, construction, 1st post implementation (a day after installation of the TRS), 2nd post implementation (1 week after installation) and reporting.
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			The secondary data was obtained from MBPJ which comprise the information available on the TRS such as the location to be installed, the type and specification of the TRS and any other relevant data necessary for the study. Two locations were selected for the TRS installations (Figure 3&4) by MBPJ. The selected sites are located at a curve section of Jalan Sultan heading to Jalan Barat (Site 1) and at a curve section on Jalan Timur heading to Jalan Sultan (Site 2), Petaling Jaya. These roads form the current one-way loop in the central for Petaling Jaya City Center.

			First round of data collection was conducted before installation of the TRS. During this stage, 100 vehicle spot speed readings during morning off-peak hour (9am –11am), before the vehicle reached the proposed location of the TRS (V1), and after the vehicle entered or encroached the proposed location of the TRS (V2) as shown in Figure 5. This is to obtain the speed distribution data and also to see the rate of speed reduction occurred at the location and to observe if the current location has any speed-reduction effect. At the same time, same vehicles were also tracked (via the number plate) as they go pass the curve section and measured its speed before and after the location. Lastly, observation via video recording was also taken just before the curve section in order to observe the brake lights of each vehicle passing at the proposed location of the TRS within one (1) hour period. This is to observe the braking rate of road users from the total of road users passing the proposed location of TRS.
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			The construction stage was by the MBPJ’s contractor right after the Pre-implementation data collection stage. There will be fifteen (15) strips with 300mm width per strip installed at a curve section along Jalan Sultan dan Jalan Barat. Data collection for post implementation was conducted at two (2) stages. During first stage, 100 vehicle speed readings was obtained similar to the pre implementation stage, right after the TRS being installed (one (1) day after installation) (see Figure 6). This is to see the immediate effect of the TRS onto road users after the implementation. The second stage is to collect another set of 100 vehicle speed after one (1) week the TRS is being installed. This is to observe the long-term effect of the TRS onto road user after long implementation.
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			Results and Discussion

			Jalan Sultan

			The curve radius of Jalan Sultan is 70m with the curve length of 95m. The gradient at this point is 0% and climbing towards Jalan Barat. Based on Table 1, the existing mean speed at Jalan Sultan before entering the curve (V1) was 49.78km/h. Even before the TRS being installed, the mean traffic speed was reduced by -4.18km/h (p<0.01) to 45.60km/h when entering the curve (V2). In terms of the compliance rate to the posted 50km/h speed limit, 50% (at V1) to 80% (at V2) of the road users complied before the TRS were being installed. 

			After one (1) day of TRS installation, the mean speed was reduced by -7.79km/h (p<0.01) to 40.71km/h (at V2) from 48.50km/h (at V1) (see Table 1). While, the speed limit compliance rate was higher at about 60% (at V1) and 90% (at V2). After one (1) week of the TRS installation, the mean speed was reduced much lower by -9.40km/h (p<0.01) (see Table 1) to 41.04km/h (at V1) from 50.44km/h (at V1) when entering the curve. During this time, the speed limit compliance rate was lower at 50% when approaching the curve (V1) but increase significantly to 90% when on the curve section (V2). This shows a great reduction of mean speed even after one (1) week of installation, and also show that the TRS manage to increase the speed limit compliance rate especially at the curve road section where the TRS was installed.

			Table 1: Speed distribution of Jalan Sultan – before installation, after one (1) day and after one (1) week of installation.

			
				
					
					
					
					
					
					
					
					
					
					
					
					
					
					
				
				
					
							
							Jalan Sultan

						
							
							Before Installation

						
							
							After one (1) Day of Installation

						
							
							After one (1) Week of Installation

						
					

					
							
							Approaching the TRS, V1

						
							
							On the TRS, V2

						
							
							Approaching the TRS, V1

						
							
							On the TRS, V2

						
							
							Approaching the TRS, V1

						
							
							On the TRS, V2

						
					

					
							
							(BfA-TRS)

						
							
							(BfO-TRS)

						
							
							(A1dA-TRS)

						
							
							(A1dO-TRS)

						
							
							(A1wA-TRS)

						
							
							(A1wO-TRS)

						
					

					
							
							Mean (km/h)

						
							
							49.78

						
							
							45.6

						
							
							48.5

						
							
							40.71

						
							
							50.44

						
							
							41.04

						
					

					
							
							Standard Dev. 

						
							
							7.61

						
							
							5.52

						
							
							7.2

						
							
							5.51

						
							
							7.35

						
							
							6.04

						
					

					
							
							Min (km/h)

						
							
							Max (km/h)

						
							
							35

						
							
							71

						
							
							35

						
							
							68

						
							
							35

						
							
							70

						
							
							28

						
							
							53

						
							
							32

						
							
							69

						
							
							31

						
							
							59

						
					

					
							
							85th % (km/h)

						
							
							57.15

						
							
							50

						
							
							55

						
							
							46

						
							
							58.15

						
							
							46.3

						
					

					
							
							2-sample t-test

						
							
							0.000***

						
							
							0.000***

						
							
							0.000***

						
					

					
							
							Note: ***: Significant at p<0.01 level based two sample t-test

						
					

				
			

			When comparing the road users passing the curve (V2) for before and after installation period, the reduction was about -4.89km/h (after 1 day) and -4.56 (after 1 week) (p<0.01). On the other hand, comparing after one (1) day and one (1) week of installation, the mean speed reduction at the curve section was statically not significant (p>0.05) or in other words, the mean speed during one (1) week remains similar as the mean speed during one (1) day installation but lower than when there is no TRS installed along the curve section.

			Jalan barat

			The curve radius of Jalan Barat is 30m with the curve length of 55m. The gradient at this point is approximately -3% to -4% and downwards towards Jalan Utara. Based on Table 2, the existing mean speed at Jalan Barat before entering the curve (V1) was 47.45km/h. Even before the TRS being installed, the mean traffic speed was reduced by -5.13km/h (p<0.01) to 42.32km/h when entering the curve (V2) (see Table 2). In terms of the speed limit compliance rate, 76% (at V1) and 95% (at V2) of the road users complied with the speed limit before the TRS were being installed. After one (1) day of TRS installation at Jalan Barat, the mean speed was reduced by -5.52km/h (p<0.01) to 41.40km/h from 46.92km/h (V1) (see Table 2). During the period of installation, the speed limit compliance rate was similar to before installation at about 76% (at V1) and 95% (at V2). After one (1) week of the TRS installation, the mean speed was reduced by 4.00km/h (p<0.01) (see Table 2) to 42.91km/h (V2) from 46.96km/h (V1) when entering the curve. During the 1-week period of after installation, the speed limit compliance rate increases slightly to about 78% (at V1) and 97% (at V2). This shows that there is a reduction in mean speed even after one (1) week of installation and the TRS manage to increase the speed limit compliance rate especially at the curve road section where the TRS was installed.

			Table 2: Speed distribution of Jalan Barat–before installation, after one (1) day and after one (1) week of installation.

			
				
					
					
					
					
					
					
					
					
					
					
					
					
					
					
				
				
					
							
							Jalan Barat

						
							
							Before Installation

						
							
							After one (1) Day of Installation

						
							
							After one (1) Week of Installation

						
					

					
							
							Approaching the TRS, V1

						
							
							On the TRS, V2

						
							
							Approaching the TRS, V1

						
							
							On the TRS, V2

						
							
							Approaching the TRS, V1

						
							
							On the TRS, V2

						
					

					
							
							(BfA-TRS)

						
							
							(BfO-TRS)

						
							
							(A1dA-TRS)

						
							
							(A1dO-TRS)

						
							
							(A1wA-TRS)

						
							
							(A1wO-TRS)

						
					

					
							
							Mean (km/h)

						
							
							47.45

						
							
							
							42.32

						
							
							
							46.92

						
							
							
							41.4

						
							
							
							46.96

						
							
							
							42.91

						
							
					

					
							
							Standard Dev

						
							
							6.01

						
							
							
							4.49

						
							
							
							6.57

						
							
							
							5.08

						
							
							
							4.94

						
							
							
							3.93

						
							
					

					
							
							Min (km/h)

						
							
							Max (km/h)

						
							
							37

						
							
							67

						
							
							34

						
							
							56

						
							
							35

						
							
							69

						
							
							31

						
							
							54

						
							
							37

						
							
							64

						
							
							34

						
							
							53

						
					

					
							
							85th % (km/h)

						
							
							54

						
							
							46

						
							
							52

						
							
							46

						
							
							53

						
							
							47

						
					

					
							
							2-sample t-test

						
							
							0.000***

						
							
							0.000***

						
							
							0.000***

						
					

					
							
							Note: ***: Significant at p < 0.01 level based two sample t-test

						
					

				
			

			Comparing the road users passing the curve (V2) at Jalan Barat during before and after installation period, the mean speed reduction was minimal (0.92km/h reduction) and minor increase (0.59km/h) (p>0.05). Moreover, comparing after one (1) day and one (1) week of installation, the mean speed increased by +1.51km/h at the curve section (p<0.05) or in other words, TRS installed along the curve section at Jalan Barat may have no effect overtime.

			Table 3: Speed reduction tabulation from vehicle tracking.

			
				
					
					
					
					
				
				
					
							
							Jalan Sultan

						
							
							Before Installation

						
							
							After one (1) Day of Installation

						
							
							After one (1) Week of Installation

						
					

					
							
							Number of vehicles tracked

						
							
							29 vehicles

						
							
							48 vehicles

						
							
							69 vehicles

						
					

					
							
							Average speed reduction (km/h)

						
							
							-6.2

						
							
							-9.7

						
							
							-9.6

						
					

					
							
							Min. speed reduction (km/h)

						
							
							0

						
							
							-2

						
							
							-2

						
					

					
							
							Max. speed reduction (km/h)

						
							
							-17

						
							
							-21

						
							
							-23

						
					

					
							
							Jalan Barat

						
							
							Before Installation

						
							
							After one (1) Day of Installation

						
							
							After one (1) Week of Installation

						
					

					
							
							Number of vehicles tracked

						
							
							44 vehicles

						
							
							38 vehicles

						
							
							92 vehicles

						
					

					
							
							Average speed reduction (km/h)

						
							
							-5.1

						
							
							-5.3

						
							
							-4.4

						
					

					
							
							Min. speed reduction (km/h)

						
							
							0

						
							
							0

						
							
							0

						
					

					
							
							Max. speed reduction (km/h)

						
							
							-11

						
							
							-12

						
							
							-18

						
					

					
							
							Note: The italic figures were compared via chi-squared test (3 x 3 table) to see the difference between the average speed reductions between Jalan Sultan and Jalan Barat.

						
					

				
			

			Speed reduction by vehicle tracking at Jalan Sultan and Jalan Barat

			In order to compliment the previous mean speed analysis, the same vehicles were also tracked (via the number plate) as they pass by the curve section and measured its speed before and after the location. Similarly, from the previous analysis, Table 3 shows that the average speed reduction after one (1) day and one (1) week of installation (-9.7km/h and -9.6km/h) for Jalan Sultan were much higher than the average speed reduction before the installation of TRS (-6.2km/h). However, Jalan Barat show a different scenario compared to Jalan Sultan, as the average speed reduction were much lower during before (-5.1km/h) and after installation (-5.3km/h and -4.4km/h).

			Braking behaviour at jalan sultan and jalan barat

			Braking behaviour data was also analysed. This was carried out in order to observe the rate of braking of road users from the total of road users passing the proposed location of TRS. The higher the rate of braking shows the success of the TRS slowing down the road users during a period of time. Analysis shows that the total rate of braking was much higher during the one (1) day after the TRS installation (64.9% - 89.9%) than any other period on both roads (see Table 4). Passenger cars shows a much higher rate of braking than any other vehicle type while motorcycles show a much lower rate of braking especially on Jalan Sultan. Comparing the rate of braking between the two roads, Jalan Barat shows a higher rate of braking from the road users compared to Jalan Sultan.

			Table 4: Rate of braking behaviour at Jalan Sultan and Jalan Barat.

			
				
					
					
					
					
					
				
				
					
							
							Jalan Sultan (% Braking)

						
					

					
							
							Period

						
							
							Motorcycles

						
							
							Passenger Cars

						
							
							Heavy Vehicles

						
							
							Total % of Braking

						
					

					
							
							Before (no TRS) (n=1,816)

						
							
							20.1% (72/358)

						
							
							60.2% (838/1,391)

						
							
							13.4% (9/67)

						
							
							50.6% (919/1,816)

						
					

					
							
							1-day (n=1,593)

						
							
							38.8% (118/304)

						
							
							73.5% (882/1,200)

						
							
							38.2% (34/89)

						
							
							64.90%

						
					

					
							
							(1,034/1,593) 1-week (n=1,387)

						
							
							21.7% (65/299)

						
							
							68.1% (691/1,015)

						
							
							26% (19/73)

						
							
							55.9% (775/1,387)

						
					

					
							
							Jalan Barat (% Braking)

						
					

					
							
							Period

						
							
							Motorcycles

						
							
							Passenger Cars

						
							
							Heavy Vehicles

						
							
							Total % of Braking

						
					

					
							
							Before (n=501)

						
							
							51.2% (62/121)

						
							
							98.4% (358/364)

						
							
							75% (12/16)

						
							
							86.2% (432/501)

						
					

					
							
							1-day (n=617)

						
							
							60.9% (92/151)

						
							
							99.8% (448/449)

						
							
							82.4% (14/17)

						
							
							89.9% (554/617)

						
					

					
							
							1-week (n=500)

						
							
							44.5% (53/119)

						
							
							82.6% (303/367)

						
							
							85.7% (12/14)

						
							
							73.6% (368/500)

						
					

					
							
							Note: % = (Number of vehicle breaking at V2/Total of number vehicle passing V2) x100                             N = total vehicle passing over 1 hour

						
					

				
			

			Conclusion

			This study was conducted in collaboration with the MBPJ City Council and MIROS. Two (2) locations was selected as study site i.e. a curve section of Jalan Sultan headings to Jalan Barat (Site 1 or named as ‘Jalan Barat’) and a curve section on Jalan Timur heading to Jalan Sultan (Site 2 or named as ‘Jalan Sultan’). The aim of this study is to evaluate the effectiveness of Transverse Rumble Strip (TRS) in reducing the operating speed along the curve section. Three (3) analyses were conducted in order to achieve the study aim i.e. speed distribution analysis, speed reduction analysis and braking rate analysis. The key findings obtained in this study are:

			A.	Speed distribution and reduction analysis conducted indicates that operating speed was reduced at both locations before the installation of TRS and after one (1) day of TRS installation. However, the speed reduction is higher with presence of TRS. In addition, the speed reduction is more obvious at Jalan Sultan compare to Jalan Barat.

			B.	In terms of speed compliance, the speed compliancy rate was also increased with the presence of TRS at both locations. The compliancy was also maintained even after one (1) week of installation of TRS.

			C.	In evaluating the rate of braking, the higher rate was obtained after one (1) day of TRS installation than any other period on both sites and Jalan Barat shows higher braking rate as compare to Jalan Sultan.

			Due to its potential as a countermeasure in reducing or controlling operating speed, we are recommending that TRS is installed at high risk locations such as approaching curves or intersections. The TRS usage at down slope sections should be further studied or improvised due to the non-significant speed reduction, i.e. no difference in speed reduction, obtained in this study. In addition, precaution should be taken in ensuring that the specifications and material used for TRS is following the standard and comply with the established surface skid resistance value. 
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Figure 1: Three types of rumble strips - shoulder, centerline and transverse (TRS)
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