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ABSTRACT

 The continuous growth of freight transportation over the recent years has resulted in an increasing proportion of commercial vehicles on our nation’s highways. This has led to higher truck volumes and severer truck-related crashes every year (FMCSA, 2006). Safety proponents have therefore been advocating for more restrictions to be placed on these commercial vehicles, in order to reduce the interaction of these larger vehicles and passenger cars. A popular strategy is the use of different lane restrictions for trucks. However, the impact on flow and safety of these restrictions differs from one site to the other because of the unique conditions at each site, including the type of restriction used, the traffic conditions and the geometric characteristics at the site. This study evaluated the impact of these restrictions on the traffic operation and safety for several combinations of traffic and geometric characteristics. In this paper, we present the results obtained for the safety impact. Due to the limited availability of site data, the evaluation was conducted through simulation, using the PARAMICS V3.0 (Quadstone Ltd., 2000) program with its advanced Application Program Interface (API) functions that simulate the different traffic and geometric characteristics. The measurement of effectiveness (MOE) for safety employed in this study is conflict, a surrogate measurement for traffic crash. The impact of different lane restrictions in terms of the above MOE was evaluated for different traffic conditions (volume, truck percentage) and geometric characteristics (gradient, speed limit, intersection density). ANOVA analysis of the simulation results indicates that truck lane restrictions have significant impacts on all types of conflicts related to trucks.

Introduction

With the rapid increase of commercial vehicles in the traffic mix, various truck restrictive measures have been employed to reduce the interactions between trucks and passenger cars on freeways, with the aim of improving traffic flow and reducing crashes that may occur as a result of the sharing of highway lanes by trucks and cars.  However, the impact of different truck lane restriction strategies (TLRS) differs from one site to the other because of the unique factors of each site, including types of TLRS used, traffic characteristics and geometric design.  Although several studies have been conducted to evaluate the effect of different TLRS (Gan, A. and Jo, S. (2003), Garber N. J, and R. Gadiraju (1990), Hanscom, F. R. (1990), Hoel, L.A. and J. L Peek (1999)), most of these studies had focused on the operational impacts such as speed, travel time and throughput, mainly because of the limited available crash data. Also these studies have obtained inconsistent operational impacts for the different truck strategies studied. The few studies that investigated the safety impact of TLRS have mainly used lane changing frequency and speed differential as safety surrogates (Mussa, R. and Price, G. (2004), Vidunas, J.E and L.A. Hoel (1997). However, definite correlation between crash occurrence and these MOEs have not been established. The researchers of this study have therefore used conflict as the safety surrogate.The objective of this study was to identify the effectiveness of truck lane restriction strategies on traffic safety using conflict as the surrogate measurements for different geometric and traffic characteristics.

Literature Review

There are  two main types of TLRS commonly used on interstate highways. The first strategy restricts trucks from using certain lane or lanes in order to provide some lane(s) for higher speed  traffic, and reduce the interactions between cars and heavy vehicles. The other strategy is the use of exclusive truck lane(s), which confined trucks within such lanes and preventing other vehicles from using them at anytime.  Theoretically, this strategy would dramatically reduce the interactions between the trucks and cars unless when they are changing  lanes to get off or on the highway. However, most states allow passenger cars to travel on truck lanes.  Hence, in this study, only the former strategy was used in the evaluation process. A brief summary of studies related to restricting trucks from certain lanes is therefore given in the following paragraphs. 

Garber and Gadiraju (1990) conducted a study using simulation (SIMAN) to identify the impact of implementing a TLRS and differential speed limits  (DSL) for passenger cars and trucks on the operational and safety performance of multilane highways. The results indicated a skewed distribution of speeds and a potential increase of certain types of crashes when DSL was implemented. Hanscom (1990) evaluated the operational effectiveness of TLRS at three highway locations by comparing the observed primary measures of effectiveness (MOEs) before and after imposition of the TLRS. The study results indicated benefits of TLRS in reducing traffic congestion and impedances between trucks and cars. Zavoina et al (1991) analyzed the operational effects of left-lane TLRS imposed on I-20 near Fort Worth, Texas. The field data collected at the study sites were used to investigate vehicle distribution with respect to classification, vehicle speed, and time gaps between vehicles.  The results of the analysis showed significant change in the distribution of trucks due to the TLRS while no significant effect was discovered in the distribution of cars, vehicle speeds and time gaps. Hoel and Peek (1999)  investigated the impact of restricting trucks from the left lane with steep grades using the FRESIM simulation software. The results indicated that that this may cause an increase in the speed differential, a decrease of density and the number of lane changes, while restricting trucks from the right lane leads to an increase in the number of lane changes for sites without exit and entry ramps. Gan and Jo (2003) developed operational performance models using VISSIM to identify the most operationally efficient TLRS alternative on a freeway under general traffic and geometric conditons. This research revealed that 1) the speed differentials between restricted and non-restricted lane groups were significant and the magnitude increases with the increase of the number of intersections, ramp volumes, truck percentages, and free-flow speed increases; 2) lane changes were generally reduced significantly by the application of TLRS, which indicated a potential improvement of freeway traffic safety. However, the operational performance models developed were complicated. These studies placed emphasis mainly on the impact on the operational characteristics and hardly any reference to any safety characteristics, which strongly supports the need for a study that will determine the impact of different TLRS on safety using safety surrogates.

METHODOLOGY

 The methodology consisted of the following tasks:

· Selection of appropriate safety surrogate measurements
· Designing and running the simulation experiments
· Analyses of the safety impact of truck lane restrictions  
Selection of Appropriate Safety Surrogate Measurements

Studies in the area of traffic safety have put a lot of effort in relating crash rate to the operational or non operational independent variables such as AADT, volume to capacity ratio, average speed, etc. These studies usually produce regression models with number of crashes as the dependent variable. Calibration of parameters is required within each of these models to fit special local site conditions for which the necessary data are available. However, crash rate is difficult to predict due to the low frequency of crashes and the random occurrences of crashes, which may be caused by factors beyond the independent variables considered in the models. An alternate procedure is to use safety surrogate measurements, which are directly related to the crash rates but occur at a much higher frequency than crashes. Among all the safety surrogate measurements investigated over the years, conflict is one of the most popular ones, and the high pertinence between the crash rate and conflicts has been shown  in  previous studies  (FHWA, 1990; Sayed and Zein, 1999; Kaub, 2000). In this paper, the concept of conflict follows the definition first given by Amundsen and Hyden (1977) as “An observable situation in which two or more road users approach each other in time and space to such an extent that there is a risk of collision if their movements remain unchanged.”
 
The research report, FHWA-RD-03-050 (2003) gives detailed definitions of different conflicts at intersections including point conflicts and line conflicts. The report also frames out the basic process to acquire such conflict data from simulation. This study follows a similar concept as the process set out in the above report.  The conflict data collected in the simulation consisted of lane-changing conflict (LCC), merging conflict (MC), and rear-end conflict (REC). As shown in Figure 1, LCC was defined as the conflict between the vehicle that makes a lane-changing maneuver  (vehicle A) and the vehicle following immediately after it in the target lane (vehicle B). A MC was defined as the conflict between the vehicle merging onto the main road from a ramp (vehicle D) and the vehicle following immediately on the main road (vehicle E). A REC was defined as the conflict between the vehicle that suddenly reduces its speed (vehicle B) and the vehicle following immediately on the same lane and in the same direction (vehicle C). In the simulation, a potential conflict was triggered by a lane-changing maneuver, or a merging maneuver, or a suddenly braking of the vehicle. Once the potential conflict was triggered, the position, speed, and the acceleration of the vehicles involved were traced for a certain period at each simulation time step. At each time step, the time to conflict (TTC) defined as the expected time for two vehicles to collide if they remain at their present speeds and on the same path (FHWA, 2003), would be calculated. The timeline of a conflict line event for a vehicle making a lane change in front of a vehicle progressing in the same direction on the target lane is described in Figure 2. This timeline is adapted from the research report of FHWA-RD-03-050 (FHWA, 2003). The upper curve represents the time-space trajectory of the encroaching vehicle (which makes a lane change), while the lower curve represents the time-space trajectory of the evasive vehicle (which immediately follows the encroaching vehicle in the target lane). In the simulation, the whole timeline ends at predefined maximum reference time.  In this example, six time points from t1 to t6 were employed to describe the first two conflict points:

· At time t1, the encroaching vehicle makes a lane-change maneuver into the same lane as the evasive vehicle.

· At time t2, the evasive vehicle realizes that a collision might occur and begins braking to avoid the collision.

· At time t3, the next time step of the simulation is reached and state variables for each vehicle are updated.

· At time t4, the evasive vehicle would reach the first conflict point if it did not decelerate at t2.

· At time t5, the evasive vehicle would reach the second conflict point if it did not decelerate at t3. 
· At time t6, the predefined maximum reference conflict time is reached. 
For the initial states (position, speed, acceleration/deceleration) immediately after the start of encroachment, the TTC for the first conflict point is the projected time difference between the time the evasive vehicle reaches the position where the encroaching vehicle initiated a lane changing maneuver if the evasive vehicle’s speed remains the same. This is given as the difference between times t4 and t1. Similarly, the difference between times t5 and t3 is the TTC for the second conflict point, for the updated states (position, speed, acceleration /deceleration. During the course of a lane-changing or merging conflict line event, there could be more than two conflict points depending on the value of the time step parameter in the simulation and the predefined maximum reference conflict time. The whole course of conflict event may end before the predefined maximum reference time is reached if earlier the evasive vehicle makes a lane change to avoid the collision or the encroaching vehicle makes a lane change to get off the lane or main road. 
The TTC would be updated if the current TTC was less than all the previous ones during the tracing period. When the  TTC was less than the threshold set in advance, which in this study was set at 5sec., a conflict of a certain type will be recorded. 

Designing and Running the Simulation Experiments 


Conflict has been shown to be highly related to traffic crashes on freeways (FHWA (2003), and the high frequency of conflicts has made it possible to collect adequate data for statistical analyses. However, due to the limited availability of sites with different lane restriction strategies in Virginia, the conflict data were obtained through simulation, using the traffic simulation tool – PARAMICS 3.0, whose advanced application programming interface (API) makes it possible to simulate the emergent interaction between vehicles. Before the application, this simulation tool was calibrated using local data collected on freeways within Virginia in a Latin Hypercube Design (LHD) procedure developed by Park and Qi (2004). 


In order to identify the impact of TLRS under different situations, simulation scenarios were developed by varying lane restriction strategies, traffic conditions (volume, truck percentage) and geometric characteristics (gradient, speed limit, intersection density). The inputs for each key independent variable are presented in Table.1, in which the TLRS Rn/N means trucks are restricted from using the n leftmost lanes on a freeway of N-lanes in each direction.   As shown in Table 1 three flow speeds, five main line volumes, five ramp volumes, five truck percentages, four grades and four intersection densities were used. Only two types of vehicles were assumed in the traffic mix: passenger cars and trucks (Table.2). This resulted in 14,400 different simulation scenarios. 


Figure.3 gives a typical schematic diagram of the simulation network.  Each network is a five-mile freeway section with a certain number of lanes, grade and intersection density (average number of intersections within a one mile freeway segment). At each intersection, an off-ramp is followed by an on-ramp at a distance of 1000 ft. The lengths of acceleration and deceleration lanes were fixed as 700 ft. Each simulation scenario was run using five different random seeds for 30 simulation minutes with a 10 minutes warm-up period. Three API programs were developed and embedded in the simulation process to collect lane-changing, merging and rear-end conflict data.
Analysis of the Impact of Truck Lane Restriction Strategies


The results obtained from the simulation analyses were used to conduct the following analyses 

· ANOVA analysis was used to determine whether the number of each type of lane conflict changed significantly with different lane restriction strategies for a given set of traffic and geometric characteristics. 

· ANOVA analysis was conducted to determine whether the number of each type of lane conflict changed significantly with the traffic and geometric characteristics for a given TLRS, and identifying those key traffic and geometric characteristics that influence the  impact of a given TLRS on lane conflicts. 
 

RESULTS

The results of the first analysis show that for a given set of traffic and geometric characteristics, the number of lane conflicts did not significantly change with changes in the TLRS. The results of the second analysis show that for a given LTRS, the volume and percent of trucks significantly affect the number of lane conflicts. Examples of the results are given in Figures 4 through 9 and Table 3. Figures 4 and  5 show the number of lane-hanging conflicts on a five lane freeway in one direction when the volume is 1000 vphpl and 1500 vphpl, and for truck percentages varying from 15 to 50 percent. Figures  6 and 7 give values for merging conflicts and Figures 8 and 9 give values for rear-end conflicts. Table 3 shows the p values for different combinations of volume and truck percentages  This table shows the combinations of volume and truck percentage  which results in significant reduction in lane-changing conflicts. Similar results were obtained for rear-end, and merging conflicts. This information can be used to identify traffic conditions for which TLRS would be effective. 
The results shown in Figures 4 through 9 are summarized below. For the different types of conflicts.

Lane-Changing Conflicts (LCC)

Volume is 1000 vphpl: The frequency of car-car LCC decreases with the increase in NOLR. The frequency of truck-related LCC increases with increase in NOLR when truck percentage is below 15%. When truck percentage is higher than 15%, the frequency of truck-related LCC decreases with increase in NOLR. The combined effect leads to a trend for total LCC that is similar to that for car-car LCC. Figure.4 gives an example of this trend on a 5-lane (in each direction) freeway.

Volume is 1500 vphpl: The frequency of truck-related LCC increases with increase in NOLR  When the truck percentage is below 40%, the frequency of car-car LCC decreases first and increases later with the increase in NOLR. When truck percentage is above 40%, the car-car LCC increases with the increase in NOLR, but there is usually a drop when maximum possible lanes are restricted. The combined effect results in a trend similar to that for total conflicts (Figure 5).

Merging Conflicts (MC)

Volume is 1000 vphpl: The frequency of car-car MC decreases with the increase in NOLR. The frequency of the truck-related MC increases with the increase in NOLR when the truck percentage is lower than 40%. When the truck percentage is higher than 40%, the frequency of truck-related MC decreases with the increase in NOLR. The combined effect leads to a trend for total MC that is similar to that for truck-related MC. (Figure.6)

Volume is 1500 vphpl: The frequency of the truck-related MC increases with the increase in NOLR when the truck percentage is lower than 40%.  When the truck percentage is higher than 40%, this trend first becomes flat and then decreases with the increase in NOLR. The frequency of car-car MC decreases with the increase in NOLR. The combined effect resulted in a trend for total MC that is similar to that for car-car conflicts. (Figure 7)

Rear-end Conflicts (REC)

Volume is 1000 vphpl: The total frequency of REC increases with the increase in NOLR when the truck percentage is below 40%. When truck percentage is higher than 40%, the increase in the frequency of car-car REC becomes flat and the frequency of truck-related REC decreases with the increase in NOLR. The combined effect results in a trend of total REC similar to that for truck-related REC. (Figure 8)

Volume is 1500 vphpl: The frequency of the car-car REC increases with the increase in NOLR, while that of the truck-related REC decreases at the same time. The combined effect results in a trend of total REC similar to that for car-car REC. (Figure 9)

SUMMARY AND CONCLUSIONS

In this study, simulation was used to evaluate the effectiveness of truck lane restrictions under different traffic and geometric conditions using conflict as the safety surrogate. The impact of implementing truck lane restrictions on three types of conflicts, which represent critical situations that have a strong potential for crashes on freeway, was analyzed. The fundamental conclusion from the analysis is summarized as follows:

· All the geometric and traffic characteristics considered in the simulation have some impact on conflicts. However, truck percentage and volume are the key factors that influence the selection of the appropriate TLRS.

· TLRS significantly affect lane changing, merging, and rear-end conflicts. It generally decreases lane-changing conflicts, and increases merging and rear-end conflicts. But the specific impact depends on the volume and truck percentage.

Because lane restriction strategies affect the number of lane changing, merging and rear-end conflicts, these strategies affect safety at locations where they are implemented. 
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TABLE.1 Input Values of Independent Variables
	Independent Variable
	Input Values

	Restriction strategies
	R0/3, R1/3, R2/3, 

R0/4, R1/4, R2/4, R3/4

R0/5, R1/5, R2/5, R3/5, R4/5

	Free flow speed (mph)
	55, 65, 75

	Main line volume (vphpl)
	100, 500, 1000, 1500, 2000

	Ramp volume (vphpl)
	100, 500, 1000, 1500, 2000

	Truck Percentage
	5%, 15%, 25%, 40%, 50%

	Grade
	0%, 1%, 3%, 5%

	Intersection density (no/mile)
	0.25, 0.50, 0.75, 1.00


TABLE.2 Vehicle Types in Simulation
	Type
	Length 

ft (m)
	Height 

ft (m)
	Width 

ft (m)
	Weight (Tonne)
	Top Speed mph (km/h)
	Acceleration ft/s.s (m/s/s)
	Deceleration ft/s/s (m/s/s)

	Car
	13.1 (4.0)
	4.9 (1.5)
	5.2 (1.6)
	0.8
	98.2 (158)
	8.2 (2.5)
	14.8 (4.5)

	Truck
	36.1 (11.0)
	13.1 (4.0)
	8.2 (2.5)
	38.0
	80.0 (128)
	4.6 (1.4)
	12.1 (3.7)


TABLE.3 ANOVA Analysis of Lane-changing Conflicts for Four-lane In Each Direction Freeway with Different Volumes and Truck Percentage * 

	Volume

(vphpl)
	Truck Percentage (%)

	
	5
	15
	25
	40
	50

	100
	.626/.127/.723**
	.625/.128/.631
	.602/.221/.735
	.817/.213/.958
	.051/.052/.230

	500
	.895/.889/.886
	.943/.179/.967
	.541/.187/.651
	.062/.008/.301
	.001/.000/.041

	1000
	.979/.181/.996
	.751/.742/.594
	.112/.099/.108
	.000/.000/.001
	.000/.000/.007

	1500
	.714/.000/.710
	.037/.257/.012
	.220/.025/.079
	.257/.000/.000
	.065/.000/.000

	2000
	.347/.000/.603
	.000/.000/.000
	.000/.055/.000
	.000/.000/.000
	.000/.000/.000


* ANOVA analyses were conducted using frequency of lane-changing conflicts as dependent variable, and using lane restriction strategies as independent variable;

** In each cell of the table, the first value gives the p value from the ANOVA analysis when using the total lane-changing conflicts as the dependent variable; the second value gives the p value for truck-related lane-changing conflicts; and the third value gives the p value for the car-car lane-changing conflicts. 
.
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Figure 1: Schematic Diagram of Simulation Network
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Figure 2. Conflict Line of Lane-changing Conflict
(Adapted from FHWA-RD-03-050, FHWA final report, 2003)
   
[image: image3.emf]700 ft 700 ft 1000 ft


Figure 3: Typical schematic diagram of the simulation network
\
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Figure 4:  LCC on 5-lane (in each direction) Freeway at Volume of 1000 vphpl.

Note: 1. In each category, the first bar represents the frequency of total lane-changing conflicts, the second bar represents the frequency of the car-car lane-changing conflicts, and the third bar represents the frequency of truck-related lane-changing conflicts.


2. Categories in the horizontal axis are defined by truck percentage and truck lane restriction strategy. For example, T25%_R2 means the truck percentage is 25% and trucks are restricted from the 2 leftmost lanes.
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Figure 5:  LCC on 5-lane (in each direction) Freeway at Volume of 1500 vphpl.

Note: 1. In each category, the first bar represents the frequency of total lane-changing conflicts, the second bar represents the frequency of the car-car lane-changing conflicts, and the third bar represents the frequency of truck-related lane-changing conflicts.


2. Categories in the horizontal axis are defined by truck percentage and truck lane restriction strategy. For example, T25%_R2 means the truck percentage is 25% and trucks are restricted from the 2 leftmost lanes.
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Figure 6:  MC on 5-lane (in each direction) Freeway at Volume of 1000 vphpl.

Note: 1. In each category, the first bar represents the frequency of total merging conflicts, the second bar represents the frequency of the car-car merging conflicts, and the third bar represents the frequency of truck-related merging conflicts.


2. Categories in the horizontal axis are defined by truck percentage and truck lane restriction strategy. For example, T25%_R2 means the truck percentage is 25% and trucks are restricted from the 2 leftmost lanes.
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Figure 7:  MC on 5-lane (in each direction) Freeway at Volume of 1500 vphpl.

Note: 1. In each category, the first bar represents the frequency of total merging conflicts, the second bar represents the frequency of the car-car merging conflicts, and the third bar represents the frequency of truck-related merging conflicts.

2. Categories in the horizontal axis are defined by truck percentage and truck lane restriction strategy. For example, T25%_R2 means the truck percentage is 25% and trucks are restricted from the 2 leftmost lanes.

[image: image8.emf]0

300

600

900

1200

1500

T5%_R0 T5%_R1 T5%_R2 T5%_R3 T5%_R4 T15%_R0 T15%_R1 T15%_R2 T15%_R3 T15%_R4 T25%_R0 T25%_R1 T25%_R2 T25%_R3 T25%_R4 T40%_R0 T40%_R1 T40%_R2 T40%_R3 T40%_R4 T50%_R0 T50%_R1 T50%_R2 T50%_R3 T50%_R4

Truck Percentage and Number of Lanes Restricted

Frequency of rear-end conflicts


Figure 8:  REC on 5-lane (in each direction) Freeway at Volume of 1000 vphpl.

Note: 1. In each category, the first bar represents the frequency of total rear-end conflicts, the second bar represents the frequency of the car-car rear-end conflicts, and the third bar represents the frequency of truck-related rear-end conflicts.


2. Categories in the horizontal axis are defined by truck percentage and truck lane restriction strategy. For example, T25%_R2 means the truck percentage is 25% and trucks are restricted from the 2 leftmost lanes.
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Figure 9:  REC on 5-lane (in each direction) Freeway at Volume of 1500 vphpl.

Note: 1. In each category, the first bar represents the frequency of total rear-end conflicts, the second bar represents the frequency of the car-car rear-end conflicts, and the third bar represents the frequency of truck-related rear-end conflicts.


2. Categories in the horizontal axis are defined by truck percentage and truck lane restriction strategy. For example, T25%_R2 means the truck percentage is 25% and trucks are restricted from the 2 leftmost lanes.
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