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Abstract

Secondary crash (SC) occurrences are non-recurrent in nature and lead to significant increase in

traffic delay and reduced safety. National, state, and local agencies are investing substantial amount of

resources to identify and mitigate secondary crashes in order to reduce congestion, related fatalities,

injuries, and property damages. Though a relatively small portion of all crashes are secondary, their

identification along with the primary contributing factors is imperative. The objective of this study is to

develop a procedure to identify SCs using a static and a dynamic approach in a large-scale multimodal

transportation networks. The static approach is based on pre-specified spatiotemporal thresholds while the

dynamic approach is based on shockwave principles. A Secondary Crash Identification Algorithm (SCIA)

was developed to identify SC on networks. SCIA was applied on freeways using both the static and the

dynamic approach while only static approach was used for arterials due to lack of disaggregated traffic

flow data and signal-timing information. SCIA was validated by comparison to observed data with

acceptable results from the regression analysis. SCIA was applied in the State of Tennessee and results

showed that the dynamic approach can identify SCs with better accuracy and consistency. The

methodological framework and processes proposed in this paper can be used by agencies for SC

identification on networks with minimal data requirements and acceptable computational time.
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1. Introduction

Traffic crashes are a major source of congestion on freeway and arterial systems. A “primary crash

(PC)” leads to reduction of roadway capacity and may result in what is known as a “secondary crash

(SC)”. In this paper, the terms ‘crashes’ and ‘incidents’ are used interchangeably. SCs are defined as

crashes that occur in close proximity of the primary incident’s location as a result of either queuing (in the

same direction) or driver distraction (in the opposite direction) (Margiotta et al., 2012). Earlier studies

suggest that up to 15% of reported crashes have occurred partly or entirely as the result of a PC (Raub,

1997a). Though a relatively small percentage of all crashes are secondary, it is important to identify

contributing factors and characteristics, and mitigate their effects on congestion, delay, fuel consumption

and emission. SCs are non-recurring in nature and contribute up to 50% of congestion in urban areas

(Kwon et al., 2006; Ozbay and Kachroo, 1999; Skabardonis et al., 1998). Reducing the occurrence of SCs

is a major concern for traffic incident management (TIM) agencies, especially when dispatching rescue

vehicles to clear the affected traffic lanes1 (Dunn and Latoski, 2003; Owens et al., 2010). United States

Department of Transportation (USDOT) estimates that 18% of freeway traffic related fatalities are

attributed to SCs (Chimba et al., 2014). Limiting the impact of nonrecurring events, such as SCs and

disabled vehicles, through effective incident management is one of the objectives of emergency response

professionals (Raub and Schofer, 1997). Understanding the characteristics of primary and secondary

crashes can help decision-makers select better traffic operation practices and safety programs. The first

step towards achieving these goals is to identify SCs and their contributing factors such as crash severity,

clearance time, and facility type. It is extremely important that SCs are identified with great accuracy

otherwise any steps taken towards mitigation might prove inefficient.

Past research on SCs considered short segments of freeways in small regional scales for easier

delineation of direction, and spatiotemporal thresholds. The most challenging task was identification of

SCs in terms of these thresholds, and directional criteria (Zheng et al., 2014). The latter, often a complex
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process, is the task of attaching the precise location of a crash to a specific lane. Precise lane and direction

identification may be relatively easier for freeways, but poses a challenge for undivided medians.

Therefore, arterials were excluded in most of the published research to date even though they encounter a

significant number of SCs and their identification warrants further research.

The objective of this paper is two-fold. First, development of a methodological framework to

precisely identify SCs in a large scale network using minimal available data for planning agencies within

acceptable computational times. Second, application of the proposed methodology in a case study using

crash, traffic flow, incident management, and roadway network data to demonstrate identification of SCs,

and their patterns of occurrence. Keeping these two-fold objectives in mind, this paper proposes a

procedure to identify SCs using the static and the dynamic approach. The former approach assumes prespecified spatiotemporal thresholds, based on past experience or engineering judgment, while the latter

determines these thresholds based on real-time traffic conditions using kinematic shockwave theory. The

rationale for presenting the static approach is to provide quantitative results (i.e., percentage of error) and

identify spatiotemporal thresholds that agencies can utilize in the absence of a dynamic approach. While

the dynamic approach is more realistic in identifying SCs, in its absence agencies can use the

spatiotemporal thresholds presented in this study for different types of roadway functional classes. Even

though thresholds reported herein may not be fully transferable to other states they can be used in cases

(limited data) where the dynamic approach cannot be implemented or for validation purposes. In addition,

the static approach provides a basis of comparison with the dynamic approach for identification of SCs.

The rest of the paper is organized as follows. The next section discusses practices and published

research on identifying SCs. The third section, presents the proposed methodology followed by a case

study in the fourth section. The fifth section compares SC identification accuracy and consistency of the

static and the dynamic approach. The sixth section presents validation of the proposed methodology

followed by some limitations of this research in the seventh section. The final section concludes the

paper, summarizing findings, and presenting future research directions.
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2. Literature Review

In this section we present SC identification from the relevant literatures along with different criteria

for spatiotemporal thresholds. Recent techniques used for SC identification are also discussed.

2.1. Spatiotemporal threshold

The first step in defining a SC is selection of spatiotemporal thresholds (relative to a PC). Two types

of thresholds have been prominent in the literature: static (predefined) and dynamic (varies based on

incident characteristics and queuing of vehicles). Several studies (Chang and Rochon, 2003; Hagen, 2005;

Hirunyanitiwattana and Mattingly, 2006; Karlaftis et al., 1999; Moore et al., 2004; Pigman et al., 2011;

Raub, 1997b; Zhan et al., 2009, 2008) illustrate the use of static thresholds in SCs classification (reaching

up to 2 miles and 2 hours after the occurrence of a PC) with some studies only considering crashes in the

same direction as the primary incident (Hirunyanitiwattana and Mattingly, 2006; Karlaftis et al., 1999).

The dynamic approach, on the other hand, has been used to identify SCs based on the influence area

of the primary incident that depends on vehicle queue length, and other incident and traffic data (Khattak

et al., 2011, 2010; Zhang and Khattak, 2010). An Incident Progression Curve (IPC) was proposed in 2007

and 2010 by Sun and Chilukuri (Sun and Chilukuri, 2010, 2007), to identify the dynamic impact area of a

PC. Dynamic thresholds were modeled as a multivariate function of various parameters (e.g. primary

incident duration, number of blocked lanes etc.). The use of IPC reduced SC misclassification (false

positive and negative) significantly. Another study developed queuing models to determine the impact

area of a primary incident using estimated queue length and incident duration (Zhang and Khattak, 2011).

The likelihood of SC occurrence is commonly associated with primary incident duration. Modeling

incident duration is crucial in the process of developing prediction models for SC occurrence. One of the

effective techniques used in the past to estimate incident durations has been hazard-based models (Chung,

2010; Jones et al., 1991) and recently Chung (2010) utilized accelerate failure time metric model to

account for the influence of the explanatory variables. One particular advantage of hazard-based duration

modeling is that it allows the explicit study of the relationship between incident duration and the
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explanatory variables. Most studies developed a correlation between incident duration and SC likelihood,

considering the influence area to be independent of prevailing traffic conditions and incident

characteristics. However, recently published research (Imprialou et al., 2014; Vlahogianni et al., 2010)

identified real time traffic conditions as critical component in accurate estimation of the influence areas.

2.2. Recent SCs identification techniques

Yang et al. (2014) identified SCs using speed contour plots with approximately 75% and 50% of SCs

occurring within two hours after and two miles upstream of the PC respectively (Yang et al., 2014b).

Overall, 42% of SCs were found to occur within two hours of the onset of a PC and within a distance of

two miles upstream. 58% of SCs occurred beyond these frequently used spatiotemporal thresholds. In

addition, more than half of SCs occurred from PC-induced queues lasting more than two hours. Results

also revealed that rear-end crashes were the dominant SC type and that the major contributing factor was

“following too closely”. Other significant contributing factors included improper lane change, distracted

driving and unsafe speeds (Yang et al., 2014a). Speed contour plot analysis limits the scope of SC

identification to urban freeways as real time network speeds are needed. Obtaining such data is

challenging for arterials and, even more so, for suburban freeways.

Hirunyanitiwattana and Mattingly (2006) compared differences in the characteristics of secondary

and primary crashes with respect to time-of-day, roadway classification, primary collision factors,

severity level and type of crash. The study revealed a higher SC rate (expectation) in regions with high

traffic volumes during morning and evening peak hours. The study concluded that a PC occurring in an

urban area on a high speed facility is likely to have a high probability of inducing SCs. Sensitivity

analysis measuring the impact of queue length and clearance time on the estimated number of SCs

revealed that reduction in queue clearance time from 60 to 15 minutes reduced the number of SCs by

approximately 43%.

The literature review reveals that in the very early stages, when the concept of “secondary crash” was

introduced, studies proposed spatiotemporal thresholds, independent of the facility type, crash severity,
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clearance time, and flow characteristics; all of which are crucial determinants of SCs. While

implementing static thresholds is relatively simpler and not computation-intensive, it comes with the risk

of identifying SCs with significantly high numbers of false positive and negative (type I and II errors

respectively).

The dynamic approach proposed in this paper (section 3.2) is queue length based hence displays some

similarity with past literature (Zhan et al., 2009; Zheng et al., 2014). However, the proposed methodology

and scope have significant improvements from past literature. First, we have utilized lane closure

information based on crash severity and number of vehicles involved to determine the reduction in

capacity and subsequently the traffic flow state after the PC which leads to more accurate identification of

SCs (in contrast to fixed number of lane closures). Second, we present a comprehensive comparison of

five cases of SC occurrence on large-scale networks. Third, we present a comparison of the static (with

varying spatial and temporal threshold) to the dynamic approach for freeways including the effect of

rubbernecking on SCs. Fourth, the dynamic approach is validated using video detected SC data from the

Traffic Management Centers (TMCs) in TN, USA. In the validation process, it is verified whether each of

the observed SC would be identified as a SC if SCIA is applied in that study area. Validation results

suggest that SCIA replicated the observed SC data well.

Next, we present the proposed methodology to identify SCs on freeways and arterials in large size

networks.



3. Methodology

A pictorial representation of the proposed methodology and a step-by-step workflow is shown in

Fig.1 and then described in the following subsections. Before proceeding with the methodology, we

present the notations used throughout the paper.
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Notation

abf,s

abr,s

abf,o

abr,o

BLM

D

dS

dT

I

i

j

(kini)s , (qini)s (uini)s

(kint)s ,(qint)s,(uint)s

(ksat)s ,(qsat)s, (usat)s

(kini)o ,(qini)o ,(uini)o

(kint)o ,(qint)o,(uint)o

(ksat)o ,(qsat)o, (usat)o

Si

Prij

ql1

ql2

t

t1

t2

Tc



Description

Backward-forming or “Back of the queue” shockwave speed in the same direction

Backward-recovery or “Front of the queue” shockwave speed in the same direction

“Back of the queue” shockwave speed in the opposite direction

“Front of the queue” shockwave speed in the opposite direction

Beginning log mile

Impact area

Distance between two paired crashes

Time interval between two paired crashes

Set of all the crashes

A primary crash

A potential secondary crash

Density, flow, and speed of lane in the same direction prior to primary crash

Density, flow, and speed of lane in the same direction after primary crash but prior to

clearance

Density, flow, and speed of lane in the same direction representing optimal (saturated)

condition

Density, flow, and speed of lane in the opposite direction prior to primary crash

Density, flow, and speed of lane in the opposite direction after primary crash but prior

to clearance

Density, flow, and speed of lane in the opposite direction representing optimal

(saturated) condition

Set of secondary crashes for i

Primary crash for the identified secondary crash j

End of impact area at the time of crash j

Start of impact are, at the time of crash j

Duration between primary and secondary crash occurrence

Time of occurrence of primary crash

Time of occurrence of secondary crash

Primary crash clearance duration



3.1. Static Approach

Identification of SCs using a static approach requires selection of pre-specified spatiotemporal

threshold values. In addition, directionality and location (impact region) of a PC play a crucial role and

needs to be predefined. Directionality refers to the direction of the PC as compared to the SC (i.e. same or

opposite direction). Location refers to the upstream or downstream location of the SC with respect to the

direction of flow and location of PC. For the static approach, five possible combinations of directionality

and location were considered in this study (graphically depicted in Fig. 2), capturing all possible types of

SCs. These five cases are defined as follows:





Case-1: Same Direction-Upstream: SC occurs in the upstream same direction of the PC
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Case-2: Opposite Direction-Upstream: SC occurs in the upstream opposite direction of the PC







Case-3: Opposite Direction-Downstream: SC occurs in the downstream opposite direction of the PC







Case-4: (Combination of cases 1 and 2): SC occurs either in the downstream or upstream opposite

direction of the PC







Case-5: Cases 1, 2, and 3 combined



Start



Prepare master

database with

crash, network,

and traffic

operation data



Define the

temporal and

spatial

threshold



Extract

information by

date, road and

direction



Separate the

freeways and

arterials



Primary Crash

occured on Freeway



Yes



Access the
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Apply
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spatial and

temporal
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Calculate

shockwave

speed, queue
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impact Area



Identified
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crashes for

freeway and

arterials



Identified

secondary

crashes for

freeway and

arterials



Yes



Is the potential

secondary crash

within the impact

area ?



End



No



Static Approach



End

Not a secondary

crash

Dynamic Approach



Fig. 1. Flow chart showing the methodology.
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For the static approach, in all five cases, spatiotemporal thresholds are predefined by the user. As an

example, one can consider a one mile/one hour threshold. Previous research suggests that SC occurred in

the opposite direction because of ‘rubbernecking’ effect. Rubbernecking represents the phenomenon

when drivers in the opposite direction slow down to observe the PC causing congestion, reduction in

capacity, and associated delays (Chung and Recker, 2013; Colon et al., 2013; Masinick and Teng, 2004;

Saddi, 2009; Shah et al., 2015). Rubbernecking effects depends on the facility type, traffic conditions,

type and severity of an incident, and has a significant potential of inducing SCs in the opposite direction

of a PC. Research conducted by department of transportation in California, Virginia, Washington, and

Nevada suggest that about 16% of SCs are caused on freeway grade and median separated urban

segments (Saddi, 2009). In a case-study in Washington state, a real-time incident was analyzed which

showed that PC occurring on an urban freeway led to a formation of 3-mile long queue in the opposite

direction within 15 minutes. SCs on opposite direction of PC would be even more prominent on painted,

curbed, and no median arterials.

Case-1: Same direction – Upstream











Case-2: Opposite direction – Upstream











Case-3: Opposite direction – Downstream













Case-4: (Cases 2 and 3 combined)













Case-5: (Cases 1, 2 and 3 combined)













 Primary Crash

 Secondary Crash



Fig. 2. Pictorial representation of directionality and locations of SCs.
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