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Abstract: This paper investigates the impacts of heavy vehicles (HV) on speed variation and assesses
the rear-end crash risk for four vehicle-following patterns in a heterogeneous traffic flow condition
using three surrogate safety measures: speed variation, time-to-collision (TTC), and deceleration
rate to avoid a crash (DRAC). A video-based data collection approach was employed to collect the
speed of each individual vehicle and vehicle-following headway; a total of 3859 vehicle-following
pairs were identified. Binary logistic regression modeling was employed to assess the impacts of HV
percentage on crash risk. TTCs and DRACs were calculated based on the collected traffic flow data.
Analytical models were developed to estimate the minimum safe vehicle-following headways for the
four vehicle-following patterns. Field data revealed that the variation of speed first increased with HV
percentage and reached the maximum when HV percentage was at around 0.35; then, it displayed a
decreasing trend with HV percentage. Binary logistic regression modeling results suggest that a high
risk of rear-end collision is expected when HV percentage is between 0.19 and 0.5; while, when HV
percentage is either below 0.19 or exceed 0.5, a low risk of rear-end collision is anticipated. Analytical
modeling results show that the passenger car (PC)-HV vehicle-following pattern requires the largest
minimum safe space headway, followed by HV-HV, PC-PC, and HV-PC vehicle-following patterns.
Findings from this research present insights to transportation engineers regarding the development
of crash mitigation strategies and have the potential to advance the design of real-time in-vehicle
forward collision warnings to minimize the risk of rear-end crash.

Keywords: heterogeneity traffic; vehicle-following pattern; speed variation; crash risk assessment;
minimum safe headway

1. Introduction

In China and many other developing countries, it has been a common phenomenon that passenger
car (PC) driving is mixed with heavy vehicles (HVs), i.e., trucks and buses, on both freeways
and arterials [1-3], which is defined as heterogeneous traffic flow. This is mainly because public
transport, such as inner-city buses and intercity coaches, can carry more passengers in comparison
with PCs and thus has the potential to relieve traffic congestion problems [4-6]. Moreover, trucks are
the primary land freight transport mode in the logistic chain and transfer freight to and from
seaports, airfields, rail terminals, etc. [7,8]. This kind of heterogeneous traffic flow characteristic,
however, has been regarded as one of the primary reasons for traffic collision [9-14]. When traffic
volume is low, PC drivers usually drive at a relatively higher speed than HV drivers and tend to
overtake a leading HV. In comparison, under high traffic volume conditions, because there are no
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sufficient overtaking opportunities, under the majority of situations a driver has to follow the leading
vehicle [15,16]. Nevertheless, in reality, it was found that the variety in vehicle-following patterns
(i.e., a PC following another passenger vehicle, PC-PC; a PC following a HV, PC-HV; a HV following
a PC, HV-PC; and a HV following another HV, HV-HV) resulted in potential variations in speed
and headway in traffic flow [17-21]. In addition, during the vehicle-following process, the following
vehicle driver has to adjust his or her driving behavior, such as following headways, acceleration and
deceleration maneuvers, and lane-changing decisions based on the status of the leading vehicle [22-25].
Considering the aggressive driving behaviors in China, such as the short vehicle-following headway
and the frequent acceleration and deceleration maneuvers, the turbulences in traffic flow could be
further deteriorated [14,26].

Due to the heterogeneities in both vehicle dynamics and drivers’ driving experience and behavior,
the various vehicle-following patterns tend to result in variations in speed and/or time headway,
which increase the potential of rear-end collisions [27]. In a real-world setting, the sightline of PC
drivers is relatively low (approximately 1.1 m above the road surface) and typically parallel to the road.
In comparison, the sightline of HV drivers is significantly higher than PC drivers (approximately 2.5 m
above the road surface) and, usually, HV drivers tend to look down at the road due to the relative
high sightline [28,29]. The difference in driving postures would affect the view of drivers and their
estimations of the space headway to the leading vehicle. Generally speaking, HV drivers tend to
overestimate space headways, which increases the risk of rear-end collisions [30].

With this concern, it is necessary to take into account the impacts of vehicle characteristics and
driving behavior on traffic operations when assessing the risk of crashes on freeways. In this regard,
this research aims to investigate the risks of rear-end crashes for different vehicle-following patterns
based on microscopic real-world traffic flow data; accordingly, it could provide recommendations
to drivers regarding the potential crash risk and minimum safe vehicle-following headways, so that
they can timely adjust their driving behavior to reduce the possibility of being involved in a rear-end
crash. The remainder of this paper is organized as follows: Section 2 presents a review of the
start-of-the-art regarding crash risk assessment. Section 3 describes the acquisition and reduction of
vehicle-type-specific traffic flow data. Section 4 details the methodologies employed for assessing
the crash risk under different vehicle-following patterns. Section 5 documents the minimum safe
vehicle-following distances for each vehicle-following pattern. Finally, the conclusions of this study
and discussions on future research requirements are summarized in Section 6.

2. Literature Review

To date, there have been a number of studies that employed real-world traffic flow data for crash
risk assessment. Oh et al. [31] identified rear-end collision risks based on traffic flow data collected
by inductive loop detectors. Traffic performance data of individual vehicles were extracted from
loop detectors, which were employed to identify collision potentials. Similarly, Abdel-Aty et al. [32]
identified crash-prone conditions on freeways using loop detector data. Logistic regression models
were developed for assessing the risk of crashes under two different speed conditions. It was
concluded that the crashes that occur under moderate- to high-speed condition differ distinctly from
low-speed condition in both severity and traffic flow conditions. Shew et al. [33] also employed
loop detector data to estimate real-time crash risks on freeways. The classification tree and neural
network-based crash risk assessment models were developed, and they are expected to provide local
authorities with a reasonable estimate of crash risk. Yu and Abdel-Aty [34] utilized the support vector
machine (SVM) model to evaluate real-time crash risk. Results indicated that SVM models have
great application potential in real-time crash risk evaluation because they require a smaller sample
size than the traditional logistic regression models to generate a comparable result. Lao et al. [35]
developed a generalized nonlinear model (GNM) for estimating highway rear-end crash risk. Rear-end
accident data collected from 10 highway routes in the state of Washington were employed to calibrate
the model. Results suggested that truck percentage and grade increased crash risks initially but



Sustainability 2020, 12, 9888 30f18

decreased the risks after reaching certain thresholds. Kwak and Kho [36] developed real-time crash
risk prediction models for different expressway segment types (mainline and ramp) and traffic flow
states (uncongested and congested). Modeling results showed that both roadway type and traffic flow
characteristics influenced the predicted crash risks. Yu et al. [37] developed disaggregate crash risk
analysis models with loop detector traffic data and historical crash data to reveal the mechanisms
of crashes. Through a Bayesian semi-parametric model, it was found that crashes occurring during
weekday peak hours were impacted by upstream traffic; variations of volume and the speed drops
would increase crash occurrence likelihood. Mullakkal-Babu et al. [38] presented a qualitative and
quantitative comparison of five safety indicators (i.e., inverse time to collision, post-encroachment
time, potential indicator of collision with urgent deceleration, warning index, and safety field force) to
evaluate their usefulness in quantifying crash risks. Results indicated that all five safety indicators
were capable of delineating risk continuously in a one-dimensional interaction such as car-following.
Xu et al. [1] investigated the impacts of traffic flow conditions on the casualty of different collision
types based on high-resolution traffic data. Based on logistic regression modeling, it was found that,
for sideswipe crashes, the crash risk was influenced by the speed difference between adjacent lanes,
volume on the right lane, and standard deviation of volume on inner lanes. For rear-end crashes,
the congested traffic conditions at the diverge area, and a large difference in speed on the right lane
between the upstream and downstream stations in adverse weather, contributed to crash casualty.
For heterogeneous traffic flow conditions, several studies have been conducted to investigate
the heterogeneity in vehicle-following behavior, as well as its impact on crash risk. Ossen and
Hoogendoorn [19] identified the different vehicle-following behaviors of passenger vehicle and truck
drivers. Results suggested that the desired headways of passenger car drivers were lower when
following a truck than when following a passenger car. In comparison, truck drivers adopted a more
conservative vehicle-following behavior than passenger vehicle drivers did, and their speed variations
were lower than those of passenger vehicle drivers. Ye and Zhang [29] investigated four vehicle
type-specific time headways based on different combinations of leading vehicles and following vehicles
at different traffic flow levels. Statistical results revealed that, under all traffic flow conditions, the
truck-truck headway was the largest and the car-car headway was the smallest. The truck-car headway
was larger than the car-truck headway, which is mainly because truck drivers are usually sitting higher
than car drivers, which enables them to look beyond the car they are following, and thus keep a
smaller separation. Furthermore, it was found that traffic flow level affected vehicle type-specific
headway characteristics. Weng et al. [20] evaluated rear-end crash risk in work zones for four different
vehicle-following patterns. Results show that the car-truck following pattern had the largest rear-end
crash risk, followed by truck-truck, truck-car, and car-car patterns. Recently, Hyun et al. [39] employed
the headways obtained from inductive loop detectors to investigate the impacts of trucks on crash
risk. A Gaussian Mixture (GM) model was developed to identify trucks and analyze the interactions
between trucks and non-trucks. Modeling results revealed that interactions between the leading and
following vehicles were significantly associated with crash risk; rear-end crashes were more likely to
occur when a truck was following a non-truck. Therefore, traditional safety measures that estimate
the average traffic condition such as total volume or average headway of the traffic stream might not
exactly capture the actual crash risk. Zhao and Lee [40] analyzed the rear-end collision risk of cars
and heavy vehicles on freeways using crash potential index (CPI) as the surrogate measure of safety
(SMoS). It was found that rear-end collision risk was lower for heavy vehicles than for cars in the crash
case due to their shorter reaction time and lower speed when space headway was shorter. With this
consideration, the authors emphasized the importance of reflecting the differences in driver behavior
and vehicle performance characteristics between cars and heavy vehicles when estimating crash risk.
Dimitriou et al. [21] investigated car-following characteristics and vehicle-by-vehicle interactions
to assess rear-end crash potential on urban roads. The stopping distance between two consecutive
vehicles was employed as a SMoS. It was found that speeds were lower and headways were higher
when trucks lead; moreover, rear-end crash potential was presented when traffic flow and speed
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standard deviation was higher. Similarly, Choudhary et al. [41] explored the relationships of speed
variations between different vehicle types with crashes through a Multivariate Poisson lognormal
regression model. Modeling results revealed that crash rates increased with the raise of speed variations,
especially at higher traffic volumes. In addition, modeling results suggested that specific combinations
of traffic characteristics increase the likelihood of crashes. Mahmud et al. [3] investigated the factors
affecting crash frequency on a two-lane two-way highway in a heterogeneous traffic environment using
micro-level traffic flow data; accordingly, he identified the safety risk locations of a particular road
section. It was concluded that speeding was the primary influential factor in crashes. Zhang et al. [2]
pointed out that a driver’s car-following behavior depends on perceived risk levels, acceleration and
deceleration habits, and driver reaction characteristics. Based on this, the authors investigated the
impact of heterogeneity of driving behavior on rear-end crash risk through simulation experiments.
Simulation results implied that driving behavior characteristics and the proportion of different driving
styles (i.e., stable and unstable driving styles) were the most critical factors that affect shock waves in
traffic flow, and subsequently rear-end crash risk. When stable and unstable driving styles coexist,
their proportions had important influences on rear-end crash risk.

In summary, previous research generally revealed that driving behavior heterogeneity has a
considerable impact on rear-end crash risk. Therefore, exploring the effect of each vehicle-following
behavior on rear-end crash probability could improve our understanding of crash risk and would
support the development of more efficient safety countermeasures to minimize rear-end crash risks.

3. Data Acquisition

3.1. Data Collection and Reduction

Real-world microscopic traffic flow data, including traffic volume, traffic composition (i.e., percent of
HVs), speed and variations of speed, and time and space headways were collected at a representative
freeway (i.e., freeway 5-28) in Yangzhou City, China, using video cameras. Figure 1 illustrates the
location and method for data collection. The data collection was conducted on weekdays under normal
weather condition. To cover a variety of traffic flow conditions, traffic performance data under both
peak and non-peak periods were collected.

2017-12-22 11:17:06

i 2 Heavy Vehicle

Data Collection
Point 2

Data Collection
Point 1

Figure 1. Illustration of data collection location and method.
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To extract traffic flow data on each lane, this research first defined the left-most lane as the passing
lane (Lane 1), the middle lane as the driving lane (Lane 2), and the right-most lane as the merging lane
(Lane 3). Then, this research used codes 1 and 2 to represent passenger vehicles and heavy vehicles,
respectively. Based on the vehicle classification standard in China [42], this research defined passenger
vehicles as vehicles with a length of less than 6 m. Vehicles that have a length of 6 m or longer were
defined as heavy vehicles.

The spot speed of each vehicle was extracted based on the time (in the number of frames) passing
a designated distance, which was determined as 30 m, as shown in Figure 1. In addition, time and
speed headways and speed variations of each paired sample were extracted from the video clips.
The procedure for data extraction is illustrated in Figure 2. This video-based speed data processing
approach can provide a higher speed-data measurement accuracy and has the flexibility to retrieve
detailed vehicle-following trajectories of each paired sample [43]. Details of the microscopic traffic
flow data extraction procedure are described as follows:

Data Collection Data Collection
Point 1 Point 2
1 1 1
1 1 :
» & e
|
1 S 1 hi :
1 I 1
1 L) +
| lp= - Vs : " — — \ Vs
1 1 s [ h ) Yi—1
| —p 1 1] N 1 1}
1 Direction of : e : |1
: Driving " x(t) | v Xi-1(0)
: ld—b'<—>:
1 1 1
I I L; I H; |
1 1 1 .
1 | | |

Figure 2. Illustration of the proposed video-based traffic data extraction approach.

Spot speed of each vehicle:
vi(t) = g———xk ©)

where:

v;(t) is the spot speed (m/s) of vehicle i at time point ¢;

S is the distance between observation points 1 and 2, which was defaulted as 30 m;

b;1 and b, are the frame number at observation points 1 and 2, respectively;

k is the number of frames per second, which was 25 frames per second (i.e., 0.04 s per frame).

Time headway of each paired sample:
ti = bin —bi1 Xk @)

where:

t; is the time headway (s) of each paired sample;

bi1 and b;_;; are the frame number of the tail of vehicles i and i — 1 passing observation point
1, respectively;

k = 0.04.

Space headway (m) of each paired sample:

hi = vi(t) xk 3)
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Vehicle length (m):
Li = (b}, = bin) xkxoi(t) @)

where:

L;  is the length of each vehicle;

b;, and b;; are the frame number of the tail and bumper of vehicles i passing  observation point

1, respectively.

Space interval (m) between paired vehicles, which is the distance between the tail of the leading
vehicle and bumper of the following vehicle:

H;i = hi—L; 5)
Speed difference (m/s) of each paired sample:
0v = v;—vi_1 (6)

where:

ov is the speed difference of vehicles 7 (following vehicle) and i — 1 (leading vehicle);
v; and v;_; are the speeds of vehicles i and i — 1, respectively.

An example of the extracted individual vehicle speed information is illustrated in Table 1.

Table 1. Examples of the Data Extraction Procedure and Extracted Traffic Data.

F #
. . rame Vehicle Vehicle Distance Spot Speed
Vehicle # Time Head at Rear at Rear at Type Lane # Length (m) (m) (km/h)
Location 1 Location 1 Location 2
1 7:07:48 n/a 11,838 11,862 11 1 5 30 112.5

2 7:07:59 12,100 12,125 12,157 21 2 23 30 84.4

Note: # refers to number.

3.2. Descriptive Statistics

Based on the aforementioned video-based data extraction procedure, full data extraction was
performed. Descriptive statistics of traffic flow and travel speed are listed in Tables 2 and 3, respectively.
In summary, a total of 10,502 vehicles were observed, where passenger vehicles and heavy vehicles
constitutes 85.1% and 14.9% of the traffic flow, respectively. In terms of lane traffic distribution,
field data show that most heavy vehicle drivers (i.e., approximately 66.4%) drove on the driving lane,
while approximately 55.4% of passenger vehicle drivers drove on the passing lane. As expected,
travel speeds on the passing lane are higher than the speeds on the driving lane, and average speeds of
passenger vehicles are higher than heavy vehicles on both passing and driving lanes.

Table 2. Traffic Flow Data Extracted from the Video Clips.

Passenger Vehicle (PV) Heavy Vehicle (HV)
Lane . - Total
Traffic Volume  Percentage (%)  Traffic Volume Percentage (%)
Passing Lane 4948 91.9 438 8.1 5386
Driving Lane 2748 72.5 1040 27.5 3788
Merging Lane 1239 93.3 89 6.7 1328

Total 8935 85.1 1567 14.9 10,502
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Table 3. Travel Speeds Extracted from the Video Clips.

Lan Vehicle Sample Speed (km/h) Low High
M€ Type  Size Mean S.D.  15%  85%  Speeds Speeds
Passing PV 4948 96.3 10.73 87.1 108.0 12.6% 15.0%
Lane HV 438 90.7 10.06 794 100.0 13.0% 26.5%
Driving PV 2748 825 18.35 61.4 203.9 12.2% 10.2%
Lane HV 1040 79.1 11.59 67.5 90.0 15.6% 19.8%
Merging PV 1239 61.7 9.02 52.9 69.2 11.8% 20.9%
Lane HV 89 55.8 8.97 47.0 64.3 14.6% 15.7%

With the extracted traffic and speed data, this paper employed a following speed based method
to identify vehicle-following pairs. According to the General Motors (GM) car-following model [44],
the acceleration rate of the following vehicle is positively related to its speed, indicating that a higher
following speed requires the following vehicle driver to react in a more swift and aggressive manner,
which increases the risk of collision. In accordance with previous studies on determining car-following
status [45-47], this paper assumed that a vehicle is under vehicle-following status if its time headway
to the leading vehicle is less than 6 sec or if the space headway is less than 100 m. By applying
these criteria, a total of 4120 vehicle-following pairs were identified. In addition, considering that
the post speed limit on the study road segment is 120 km/h, this paper assumed that a vehicle that
has a speed between 60 km/h to 120 km/h was under vehicle-following status. Eventually, 3859 valid
vehicle-following pairs were selected for crash risk analysis. Descriptive analysis of vehicle-following
speed and space headway for the identified vehicle-following pairs are presented in Table 4.

Table 4. Vehicle-Following Speed and Space Headway.

Vehicle-Following Speed (km/h) Vehicle-Following Space Headway (m)

Lane Passenger Vehicle Heavy Vehicle Passenger Vehicle Heavy Vehicle
Sample Size 3412 447 3412 447
Min 60 60 0.29 1.27
Max 117.4 117.4 100 99.7
Average 89.6 83.1 49.7 55.9
Standard Error 13.74 11.75 25.83 25.96

In reality, for each vehicle-following pair, the vehicle-following speed and/or space headway
varies according to the speed of the leading vehicle as well as the prevailing road traffic condition.
Therefore, to more accurately capture the following vehicles’ speed and space headway under various
travel speed scenarios, this paper further divided travel speed (v) into three ranges: 60 < v < 80 km/h,
80 < v <100 km/h, and 100 < v < 120 km/h. Vehicle-following speed and space headway under each
speed range are summarized in Table 5. In general, it was found that, under a higher travel speed
condition, following vehicle drivers tend to drive at a higher vehicle-following speed and a larger
space headway.
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Table 5. Vehicle-Following Speed and Space Headway under Various Travel Speed Conditions.

Speed Range
Criteria Statistics
60-80 km/h  80-100 km/h  100-120 km/h

Sample Size 1030 2212 617
Min 60 81.8 103.9
Vehicle-Following Speed (km/h) Max 79.4 100 117.4
Average 69.8 92.6 106.9

Standard Error 6.06 5.61 3.98

Min 0.29 1.21 3.08

. . Max 100 100 100

Vehicle-Foll S Head

ehicle-Following Space Headway (m) Average 48.4 50.1 54.7
Standard Error 27.1 254 25.1

4. Crash Risk Assessment

4.1. Impact of HV on Speed Variation

Due to the differences in vehicle dynamics and driver behavior, the presence of HVs tends to affect
PC drivers’ sight distance and brings in potential panics to PC drivers. This, to some extent, increases
the frequency of PC drivers’ lane changing, overtaking, and sharp accelerating and decelerating
maneuvers, which further increases the variation of speed. Based on the descriptive statistical analysis,
the majority of HVs are running on the driving lane; therefore, this paper first selected traffic flow data
on the driving lane to analyze the impact of HV percentage on speed variation. A total of 120 groups
of 5-min aggregated traffic volume, HV percentage of each 5-min interval, and 5-min average speed
and speed variation were extracted from the 10-hr video clips for data analysis. Eventually, these data
were used for assessing the crash risk under various HV percentages.

Field data show that the percentage of HVs on the driving lane ranges from 0.08 to 0.58;
the scatterplot for HV percentage and average speed is illustrated in Figure 3.

120.007

100.007

80.00

60.00-

40.007

Average Speed (km/h)

20.007

0.007

T T T T T
0.00 0.10 0.20 0.30 0.40 0.50 0.60

HV Percentage

Figure 3. Scatterplot of the Relationship between Average Speed and HV Percentage.

Through Pearson correlation analysis, it was concluded that the correlation coefficient is —0.717
(p = 0.000), indicating that average speed decreases with HV percentage. This is particularly significant
when HV percentage is larger than 30%. In addition, this paper employs the standard deviation of
speed as a surrogate measure of speed variation to reveal the impact of HV percentage on speed
variation, as illustrated in Figure 4. In general, it was found that the coefficient of speed variation first
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increases with HV percentage and peaks when HV percentage is at around 0.35. Then, the coefficient
of speed variation decreases with HV percentage.

0.30-
~ y= —1.241x% + 0.868x + 0.046,R? = 0.703
S hmax = 0.2,Xx = 0.35
T 0257
=
=
B
o 0.204
o,
wn
G
o
S 0.154
>
)
(]
o
U .10+
0.05-

T T T T
0.00 0.10 0.20 0.30 0.40 0.50 0.60
HYV Percentage

Figure 4. Scatterplot of HV Percentage and Coefficient of Speed Variation.

To quantitively assess the crash risk under various HV percentages, this paper employs Binary
Logistic Regression Modeling to reveal the impact of HV percentage on speed variation. Two separate
models were developed: Model 1 for HV percentage between 0.08 and 0.35; Model 2 for HV percentage
between 0.35 and 0.58. For each model, this paper identified a crash risk threshold to differentiate low
and high crash risk statuses. The low-crash risk threshold was determined based on the 85th percentile
coefficient of speed variation that has been presented in Figure 4 (i.e., Model 1: Speed Variation
Coefficient < 0.18; Model 2: Speed Variation Coefficient < 0.19). The Binary Logistic regression
modeling was conducted based on the IBM SPSS software package, where low-crash risk status was
encoded as “0” and high-crash risk status was encoded as “1”, as specified in Table 6.

Table 6. Speed Variation Coefficients under Various HV Percentages.

Speed Variation Coefficient for Two Logistic Models
Model 1 (0.08 < HV < 0.350 Model 2 (0.35 < HV < 0.58)

Cy<0.18 Cy <0.19 0 Low
Cy > 0.18 Co > 0.19 1 High

Parameter Encoding  Level of Crash Risk *

Note: * Low- and High-levels of crash risk refer to low- and high-speed variation coefficients, respectively.

Binary Logistic regression modeling results are listed in Table 7. Results show that both the
regression coefficient and the constant term are nonzero parameters, and the modeling results are
statistically significant at the 0.05 significance level. Therefore, the probabilities of high-crash risk for
the two models could be depicted as follows:

—8.416+35.953x
| Tresmemes (0.08 < x <0.35)
Ply =1) = o~ 20.176-+8.643 (7)
1o 20176x 75683 0.35 <x <0.58)

where:
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x refers to HV percentage;
P(y = 1) refers to the probabilities of high-crash risk.

Table 7. Binary Logistic Regression Modeling Results.

. Regression  Standard Wald Degree of s "
Binary Model Coefficient Deviation Statistic Freedom Significance
Model 1 HV% 35.953 8.971 16.060 1 0.000
(0.08 <HV <0.35) Constant —-8.416 2.105 15.979 1 0.000
Model 2 HV% —20.176 6.455 9.769 1 0.002
(0.35<HV <0.58)  Constant 8.643 2.811 9.453 1 0.002

Note: * 0.05 significance level.

Accordingly, the impacts of HV percentage on crash risk are depicted, as illustrated in Figure 5.
Results show that, when HV percentage is between 0.19 and 0.5, the variation of speed on a freeway
tends to be more significant, which is expected to result in a high risk of rear-end collision. In comparison,
when HV percentage is either below 0.19 or exceed 0.5, a low risk of rear-end collision is expected,
which is mainly due to the low variation in speed.

1.00 1.00
0.801 0.801
e =
5 2
= 0.60 ‘%‘ 0.60-
& o)
o]
0.401 0.401
€0.49, 0.22
___________ ( 2 e m - - (0.50, 0.19
i #(020022) ] = e e o ‘ .50, 0.19)
019,017 | Crash Risk Threshold Crash Risk Threshold D
£ (0.18) ©.19) -
0.00 L 0.001 [
LA RELIY LI AL LAY LI PR PR PR R0 . PR PR P T T T T T T T —1 T T T
(l.OﬂIO_IOIO.lII(l.NIO l(!l().l8[().20]0.Z2]0.24]0.2(\[0.18]().30]0.32]0.34[ 035 IU-37 | 0.39 | 0.41 I(i 43 I(),JS |()-47 | 0. 49]0-51 |() 53 l()v55 |0.57 |
0.090.11 0.13 0.15 0.17 0.19 0.21 0.23 0.25 0.27 0.29 0.31 0.33 0.35 0.36 0.38 0.40 042 044 046 048 0.50 0.52 0.54 0.56 0.58
HV Percentage HYV Percentage
(a) (b)

Figure 5. Relationship between Crash Risk and HV Percentage: (a) 0.08 < HV Percentage < 0.35; (b)
0.35 < HV Percentage < 0.58.

4.2. Risk Assessment for Different Vehicle-Following Patterns

In real-world conditions, a rear-end collision is a small-probability event, particularly considering
the relatively short field data collection period. Therefore, this paper employs time-to-collision (TTC)
and deceleration rate to avoid a crash (DRAC) as surrogate measures of safety for assessing the rear-end
crash risk of different vehicle-following patterns. TTCs and DRACs are estimated based on the speed
difference and vehicle-following distance of each vehicle-following pair. A lower TTC indicates a
higher risk of rear-end collision, and a larger DRAC is related to a higher rear-end collision risk.
TTC and DRAC are calculated through Equations (8) and (9), respectively.

xi—1(t) = x;i(t) = Liq

N D0

, Yoi(t) > i1 (1) )

where:

TTC,; refers to the time to collision (sec) between following vehicle (i) and leading vehicle (i — 1);
x;j—1(t) refers to the location of the leading vehicle at time £;
x;(t) refers to the location of the following vehicle at time £;
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v;_1(t) refers to the speed of the leading vehicle (m/s) at time £;
v;(t) refers to the speed of the following vehicle (m/s) at time £;
L;_1 is the length (m) of the leading vehicle.

1) i(f) —vi-1(f (1) =01 (1))
racy = 20 SO [0

where:

DRAGC; refers to the minimum required deceleration rate (m/s?) which a vehicle has to apply to avoid
a crash with the leading vehicle;

ov  refers to the speed difference (m/s) between leading vehicle and following vehicle;

At refers to TTC.

Based on the extracted speed and vehicle-following distance data for the identified
vehicle-following pairs, TTC and DRAC for each vehicle-following pair were calculated and analyzed.
The average, median, and the 95th percentile of TTC and DRAC for each vehicle-following pattern,
as well as Kolmogorov— Smirnov (K-S) normal distribution test results are presented in Table 8.

Table 8. Time-to-Collision (TTC) and Deceleration Rate to Avoid a Crash (DRAC) of difference
Vehicle-Following Patterns.

Vehicle- Surrogate

Following S.’;Iir;[;le Measure of Average S.D. Median Pel?citnhtile ?e_sst Significance *
Pattern Safety (SMoS)
PCPC 105 prac am  ss 200 am 03 00w
PRV 3 pac g1 w5 se s 0w oow
HEPC 30 poac s 29 1 216 o6 000
HEIV 12 pge g3 ey am sl oaw oo

Note: * 0.05 significance level. K-S test refers to the Kolmogorov-Smirnov test.

Results show that, on average, TTC of the PC-HV vehicle-following pattern is the smallest among
the four vehicle-following patterns (6.61 s), followed by the PC-PC vehicle-following pattern (8.28
s), the HV-HV vehicle-following pattern (8.80 s), and the HV-PC vehicle-following pattern (9.35 s).
In terms of DRAGC, it was found that the PC-HV vehicle-following pattern has the highest DRAC
among the four vehicle-following patterns (8.18 m/s?), followed by the HV-HV vehicle-following
pattern (4.38 m/s?), the PC-PC vehicle-following pattern (3.50 m/s?), and the HV-PC vehicle-following
pattern (2.56 m/s?). Both TTC and DRAC results indicate that the PC-HV vehicle-following pattern
has the highest risk of rear-end collision, and the HV-PC vehicle-following pattern has the lowest
rear-end collision risk. K-S test results indicate that the p-values of TTC and DRAC for all the four
vehicle-following patterns are not significant at 0.05 significance level, indicating that the TTC and
DRAC of the four vehicle-following patterns are not normally distributed.

5. Safe Vehicle-Following Headways

In reality, the majority of rear-end collisions are attributed to insufficient vehicle-following
distance [21,48,49]. Because the braking capability of the two vehicle categories varies, the minimum safe
vehicle-following distances for different vehicle-following patterns vary. With this concern, this section
aims at determining the minimum safe vehicle-following distances for various vehicle-following
patterns based on a micro-level analysis of vehicle braking process.
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When a leading vehicle driver slams the brakes on, the minimum safe distance (D) for the following
vehicle to avoid a rear-end collision is mainly determined by the difference of braking distances of the
leading vehicle (5;) and the following vehicle (S¢), and the safe stopping distance (/) between the two
vehicles, as depicted in Equation (10).

D = Sf—51+l (10)
where:

Sy refers to the braking distance (m) of the following vehicle starting from the braking process;
S; refers to the braking distance (m) of the leading vehicle starting from the braking process;
I refers to the safe distance (m) between the leading vehicle and the following vehicle.

Generally speaking, a driver’s braking process consists of four steps: (1) driver perception and
reaction step, (2) vehicle brake response step, (3) driver braking step, and (4) deceleration step. For the
following vehicle, the braking process consists of all these four steps; the time required for performing
the four steps are denoted as ts1, tf, tr3, and gy, respectively. During the driver perception and
reaction and the vehicle brake response steps, the speed of the following vehicle is assumed to remain
a constant speed that equals its vehicle-following speed (vf); accordingly, the distances traveled during
these two steps are Sy; and Sy, as depicted in Equations (11) and (12), respectively.

tfl
sfl = j(; Ufldt = vflxtfl (11)
sz = L‘ T)fzdt = Uszffz (12)
s = [ Ve R e — gt — Lapx 2 13
3= fo vfg—fo i = Up Xtz = pap Xy (13)
Uf3 afnmxXh 2
Spa = S e 2. - Ly xt 14
f4a = zxafmax = 2xaf+§af>< f3_§vfx 13 (14)

During the driver braking step, the deceleration rate of the following vehicle increases from zero
to the vehicle’s maximum deceleration (4 4y). To simplify the modeling, this paper assumes that the
vehicle deceleration rate increases linearly with time; then, distance traveled during this step (S3)
could be described by Equation (13). During the deceleration step, the speed of the following vehicle
decreases to zero; distance traveled during this step (Sy4) is estimated by Equation (14). An illustration
of the braking process and distance traveled during each step is presented in Figure 6.

A A
Deceleration Braking Distance
(my/s?) (m)
S4¢
S3 A
Y
!
S2
A
A
S1 ‘
- v ; -
TE TR T T T T AT R T e T T e
(a) (b)

Figure 6. Graphicillustration of Vehicle Braking Process: (a) Deceleration versus time profile; (b) Braking
distance versus time profile.
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For each vehicle-following pair, driver perception and reaction time and vehicle brake response
time will not be taken into account for the leading vehicle. Prior to the braking process, the travel
speed of the leading vehicle is denoted as v;. Similarly, during the driver braking step, the deceleration
rate of the leading vehicle increases from zero to the maximum vehicle deceleration capability (ajx)-
Distance traveled during this step (Sj3) is described by Equation (15). During the deceleration step,
the speed of the leading vehicle decreases to zero; distance traveled during this step (S;4) could be
estimated by Equation (16).

tis ta X h 1
1
Si3 = f (z}l — f %dh)dt = Uy Xty — galmux X tlzg (15)
0 0 13
n 2
(o - |y %) 02 1 1
Sy = I d = X 12 — ~uy X t 16
14 2 X i Ixag . | glmar Xtz pv X (16)

Substituting Equations (11)—(16) to Equation (10), the minimum safety distance could be estimated
as follows:
D = (Sf1+Sf2+5f3+Sf4)—(513+514)—|—l (17)

1 Uf 1 , | (1 v? 1 2\
(tf1+tf2+§tf3)vf+m—ﬁafmaxxtﬁ - EUZth_'_— Amax X by | + (18)

D = - —
2 X Ay 24

Because driver braking time (¢3) is usually a small number (i.e., 0.1 s), the impacts of 21—4111 X iflz3
and 21—411 X t23 could be ignored. This paper assumes that t;3 = f3 = 3, and vy = vy —0y;
then, Equation (18) could be simplified as:

1 % ()
D = vf(ts1 +ty2) + 5 X 1300 + Xamm 2xam ! (19)

Based on the proposed model, minimum safe vehicle-following distance is determined by the
following factors: vehicle-following speed (vf), speed difference (6v), following vehicle driver’s
perception time (¢;), vehicle brake response time (t7), maximum deceleration rate (@;sx), driver braking
time (t3), and safe brake distance (I). Specifically, the minimum and maximum vehicle-following
speeds were determined as 60 and 120 km/h, which are consistent with the post speed limits of the
study site. Based on the descriptive statistics analysis, the absolute speed differences of the collected
vehicle-following pairs are within 50 km/h. Because this paper only considers the condition that the
following vehicle has a larger speed than the leading vehicle, the speed difference was determined
as 0 to 50 km/h. Based on previous research and existing guidelines, the default value for the other
parameters are determined as follows: Driver perception and reaction time was determined as 1.6 s,
and driver braking time was determined as 0.1 s. Maximum deceleration rates for passenger cars and
heavy vehicles were determined as 8.5 and 7.2 m/s?, respectively. Safe braking distances for passenger
cars and heavy vehicles were determined as 3 and 5 m, respectively. Brake response times for passenger
cars and heavy vehicles were determined as 0.175 and 0.6 s, respectively.

Then, the minimum safety vehicle-following distances (i.e., space headways) under various travel
speeds and speed differences for each vehicle-following pattern could be estimated as follows:

Passenger Car—Passenger Car:

2 (0—60)2

1 v
Dpc_pc = v(1.6 +0.175) + 3 X 0.16v + %85 +3 (20)



Sustainability 2020, 12, 9888

Passenger Car—Heavy Vehicle:

Heavy Vehicle—Passenger Car:

Heavy Vehicle—Heavy Vehicle:

1
Dpc_gv = 0(16+06) + E x 0.16v +
Dyy_pc = 0(16 + 0175)

1 v
Dyy_pgy = v(l.6+ 0.6) + 5 x 0.160 +

2x72

2 -5 2
v (v-00) +5
2x72 2x85
1 v? (v - 6v)*
— 1 —
X010t s o7 3
2 2
—(v=6
el ) RS

14 0f 18

(21)

(22)

(23)

Accordingly, the minimum space headways for each vehicle-following pattern are calculated and
summarized in Tables 9-12.

Table 9. Minimum Safe Space Headways for PC-PC Vehicle-Following Patten.

Following Speed Minimum Safe Space Headway (m) under Various Speed Differences (km/h)
(km/h) 0 5 10 15 20 25 30 35 40 45 50
60 32.6 n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a
65 350 38.0 n/a n/a n/a n/a n/a n/a n/a n/a n/a
70 375 40.6 436 n/a n/a n/a n/a n/a n/a n/a n/a
75 40.0 433 465 494 n/a n/a n/a n/a n/a n/a n/a
80 424 46.0 494 525 554 n/a n/a n/a n/a n/a n/a
85 449 487 523 557 588 61.7 n/a n/a n/a n/a n/a
90 474 514 552 588 622 653 682 n/a n/a n/a n/a
95 498 541 581 620 656 689 720 750 n/a n/a n/a
100 523 568 61.1 651 689 725 759 790 820 n/a n/a
105 548 595 640 682 723 761 79.7 830 862 89.1 n/a
110 572 622 669 714 757 797 835 871 905 936 96.5
115 59.7 649 698 745 79.0 833 874 912 948 981 101.2
120 622 676 727 777 824 8.9 912 952 99.0 1026 106.0

Table 10. Minimum Safe Space Headways for PC-HV Vehicle-Following Patten.

Following Speed Minimum Safe Space Headway (m) under Various Speed Differences (km/h)
(km/h) 0 5 10 15 20 25 30 35 40 45 50
60 446 n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a
65 482 51.1 n/a n/a n/a n/a n/a n/a n/a n/a n/a
70 51.8 549 578 n/a n/a n/a n/a n/a n/a n/a n/a
75 554 58.8 619 648 n/a n/a n/a n/a n/a n/a n/a
80 59.1 627 66.1 692 721 n/a n/a n/a n/a n/a n/a
85 629 667 703 736 768 797 nja n/a n/a n/a n/a
90 66.6 707 745 781 814 846 878 n/a n/a n/a n/a
95 704 747 788 826 862 895 927 956 nja n/a n/a
100 743 788 831 871 909 945 979 101.0 1039 n/a n/a
105 782 829 874 917 957 995 103.1 1065 109.6 1125 n/a
110 82.1 871 918 963 1006 1046 1084 1120 1154 1185 1214
115 86.1 913 962 101.0 1054 109.7 1138 117.6 1212 1245 127.7
120 90.1 955 100.7 105.7 1104 1149 119.1 1232 1270 130.6 1339
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Table 11. Minimum Safe Space Headways for HV-PC Vehicle-Following Patten.

Following Speed Minimum Safe Space Headway (m) under Various Speed Differences (km/h)

(km/h) 0 5 10 15 20 25 30 35 40 45 50
60 29.6 n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a
65 316 350 n/a n/a n/a n/a n/a n/a n/a n/a n/a
70 335 371 40.6 n/a n/a n/a n/a n/a n/a n/a n/a
75 354 393 43.0 464 n/a n/a n/a n/a n/a n/a n/a
80 372 414 454 491 525 n/a n/a n/a n/a n/a n/a
85 390 434 47. 516 553 58.8 n/a n/a n/a n/a n/a
90 40.7 454 50.0 542 582 618 6535 n/a n/a n/a n/a
95 424 475 522 567 609 649 686 720 n/a n/a n/a
100 441 494 544 592 637 679 719 755 790 n/a n/a
105 457 512 566 616 664 709 751 790 827 86.1 n/a
110 473 531 587 640 690 738 783 825 864 90.1 93.6
115 489 550 60.8 664 716 767 814 859 90.1 94.1 97.8
120 504 567 629 686 742 795 845 893 938 980 1020

Table 12. Minimum Safe Space Headways for HV-HV Vehicle-Following Patten.

Following Speed Minimum Safe Space Headway (m) under Various Speed Differences (km/h)
(km/h) 0 5 10 15 20 25 30 35 40 45 50
60 41.7 n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a
65 447  48.1 n/a n/a n/a n/a n/a n/a n/a n/a n/a
70 478 514 549 n/a n/a n/a n/a n/a n/a n/a n/a
75 508 548 585 619 n/a n/a n/a n/a n/a n/a n/a
80 539 581 621 658 69.2 n/a n/a n/a n/a n/a n/a
85 569 614 656 69.6 733 767 n/a n/a n/a n/a n/a
90 60 648 692 735 774 811 845 nfa n/a n/a n/a
95 631 681 728 773 8l6 855 892 926 n/a n/a n/a
100 66.1 714 764 812 857 899 939 975 1020 n/a n/a
105 692 747 80.0 850 898 943 985 1025 1063 109.6 n/a
110 722 781 836 889 939 987 1032 1074 111.3 1150 1185
115 753 814 872 928 98.1 103.1 107.8 1123 116.6 1205 124.3
120 783 847 90.8 966 102.1 1075 1125 1173 121.8 126.0 129.9

Results show that, with the increase of vehicle-following speed and/or speed differences,
the minimum safe following distances indicate an increasing trend for all four vehicle-following
patterns. Under an identical vehicle-following speed and speed difference, it was found that
the PC-HV vehicle-following pattern requires the largest minimum safe space headway, followed
by the HV-HV, PC-PC, and HV-PC vehicle-following patterns, respectively. This also suggests
that the PC-HV vehicle-following pattern poses the highest crash risk in comparison with other
vehicle-following patterns.

6. Concluding Remarks

This paper employed a video-based speed data collection approach to investigate the impacts
of heavy vehicles on speed variation; ultimately, it assessed the risk of rear-end crashes for different
vehicle-following patterns. Field data revealed that average speed displays a decreasing trend with the
increase of HV percentage; nevertheless, the variation of speed first increases with HV percentage and
reaches the maximum when HV percentage is at around 0.35; then, it shows a decreasing trend with
HV percentage. Based on a binary logistic regression modeling of the collected speed data, this paper
concluded that a high risk of rear-end collision is expected when HV percentage is between 0.19 and
0.5. In comparison, when HV percentage is either below 0.19 or beyond 0.5, a low risk of rear-end
collision is anticipated.
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Then, this paper employed TTC and DRAC as surrogate measures of safety to assess the crash
risk of four vehicle-following patterns. Results show that the PC-HV vehicle-following pattern has
the lowest TTC and the highest DRAC (i.e., the highest risk of rear-end collision), and the HV-PC
vehicle-following pattern has the highest TTC and lowest DRAC (i.e., the lowest rear-end collision
risk). In addition, based on the analytical modeling of the vehicle braking process, this paper develops
models for estimating the minimum safe vehicle-following distances for each vehicle-following pattern
under various travel speeds and speed differences. In general, it was concluded that, for a given travel
speed and speed difference scenario, HVs require a larger safe following distance than PCs. Specifically,
the PC-HV vehicle-following pattern requires the largest minimum safe space headway, following by
the HV-HV, PC-PC, and HV-PC vehicle-following patterns.

In summary, findings from this research reveal that there are diversities in the minimum safe
vehicle-following distance for different vehicle-following patterns, indicating that the crash risks of
different vehicle-following patterns vary. This presents some preliminary insights to transportation
engineers in terms of the development of crash mitigation strategies such as HV access and lane
use management, variable speed limits, and driver’s safety education on the selection of following
headways, etc. In addition, with the increasing popularity of connected vehicle (CV) technology,
the estimated minimum safe vehicle-following headways also present potentials to advance the
development of real-time in-vehicle forward collision warnings to minimize the risk of rear-end crash.

Nevertheless, it is necessary to point out that the traffic flow data used by this research were
collected from one representative freeway segment under normal weather condition, and crash
risks were assessed solely based on vehicles’ speed, vehicle-following headways, and default driver
behavior and vehicle dynamics performances. In practice, vehicle-following behavior under different
demand levels might vary and tends to be affected by a wider range of factors such as roadway
geometry configurations, driver demographical features, post speed limits, and weather conditions,
etc. For instance, drivers usually keep a larger following distance under adverse weather conditions
(e.g., rainy, foggy, snowy, windy weather) than under normal weather condition, and the changes
in driving behavior will affect the safety performance assessment results. Therefore, further works
should further investigate the impacts of these various factors on the safety performance of various
vehicle-following patterns. The presented video-based data collection and extraction procedure could
be used for similar research activities if the adverse weather event does not significantly impact
the visibility of vehicles and pavement markings. In cases where the research site is under severe
weather conditions such as heavy rain, dense fog, heavy snow, etc., this paper recommends using
calibrated machine vision or machine learning technologies to process the capture videos to extract the
vehicle-following headways.
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