
Research Problem Statement
Research Problem Title: 
Effectiveness of Back-of-Queue Warning Systems
Statement of Problem 
Rear-end crashes are one of the most common types of crashes on our roadways today (National Safety Council, 2025). These are commonly caused by excessive speeds, an unexpected intersection or traffic queues, unstable traffic flow on high-speed roads, following too closely, or distracted driving (International Road Assessment Program, 2022). Temporary traffic control (TTC) zones, such as work zones, often include many of these factors (e.g., speed variation, unexpected vehicle queues, tailgating, and unstable traffic flow) making rear-end crashes the most common crash type in work zones nationwide (U.S. DOT, 2023 & Indiana DOT, n.d.). In 2023, 22% of crashes in Idaho and 28% in Virginia were rear-end collisions, but rear-end collisions accounted for 36% and 51% of each state’s work zone crashes, respectively (Virginia DOT, n.d.), (Idaho DOT, n.d.). Federal Highway’s national work zone data found that in 2021 and 2022 rear-end collisions were involved in 23% and 21%, respectively, of all work zone fatal crashes (FHWA, 2025). These examples illustrate the common disproportionate nature of rear-end crashes within work zones.  
The Manual on Uniform Traffic Control Devices for Streets and Highways (MUTCD) references queue warning systems (QWSs) primarily in the context of signals near grade crossings, with little mention of their use elsewhere. Part 8 of the MUTCD addresses related devices including the DO NOT STOP ON TRACKS (R8-8) sign and queue cutter signals at or near grade crossings, while Part 2 identifies two potentially relevant warning signs: WATCH FOR STOPPED TRAFFIC (W26-1) and BE PREPARED TO STOP (W3-4) (FHWA, 2023). However, the W3-4 is mentioned only in advance of traffic signals. The W26-1 may be used to warn road users of the possibility of vehicles stopping abruptly in the travel lane due to recurring congested conditions. While the MUTCD provides guidance for warning sign placement, including the use of engineering judgment to determine adequate perception–reaction time and spacing (e.g., Section 2C.04 and Part 1), it does not include application-specific guidance for queue warning signs. Accordingly, the placement and justification of these signs depend heavily on engineering judgment and site-specific conditions. A review of the state of the practice would be needed to document how agencies interpret these general MUTCD principles when deciding when queue warning is warranted and how far in advance it should be placed.
Several states, including Minnesota, Pennsylvania, Iowa, Washington, and Texas have conducted experimentation and field deployments to evaluate various QWSs in different scenarios. Some have implemented their own systems, while others continue testing options. Due to limited guidance, a wide range of approaches are used nationwide. Establishing consistent practices for when and how to deploy QWSs is critical, as transition areas in work zones are among the most hazardous segments; providing advance warning could improve safety (Indiana DOT, n.d.). 
To clarify the intended study scope, it is important to note how the MUTCD defines a TTC zone. Section 1C.02 of the MUTCD defines a TTC zone as “an area of a highway, pedestrian or bicycle facility where road user conditions are changed because of a work zone or incident by the use of temporary traffic control devices, flaggers, uniformed law enforcement officers, or other authorized personnel.” Support in Section 6B.02 further expands this definition, specifying that a TTC zone may also result from a planned special event, in addition to work zones and incident zones.
For this project, the term TTC is used in this broader sense, referring to any location where temporary, portable traffic control devices are needed to warn drivers of unexpected or dynamic back-of-queue conditions, not solely traditional construction work zones. This ensures that findings remain applicable to short-term, movable, or non-recurring scenarios (e.g., incident response, rolling operations, special-event traffic surges) where agencies cannot rely on permanent active traffic management infrastructure.
Because TTC conditions typically require portable, rapidly deployable treatments rather than permanent corridor-based technologies, the proposed study would focus on queue warning approaches suitable for short-term or mobile work operations rather than broader active traffic management systems. Although the study would be centered on TTC applications, it may also consider non-TTC locations where recurring congestion creates similar back-of-queue risks. In all cases, the focus will remain on portable, easily deployable queue-warning devices, not permanent active traffic management systems, so that findings are applicable to situations where agencies cannot rely on fixed infrastructure.
The primary objective of this project is to determine which back-of-queue warning devices and messages most effectively influence driver behavior and promote safe, desirable user actions in TTC zones. Specifically, the study will:
1) Evaluate the effectiveness of different queue warning configurations (e.g., static signs with flashing beacons, portable changeable message signs [PCMS]) in communicating queue warnings to drivers.
2) Assess alternative message types and formats to identify those that most effectively improve driver awareness and compliance. 
To the extent possible, the study will also examine how factors such as device placement, spacing, and combinations of devices influence system effectiveness. Findings from this work will inform future decisions on back-of-queue warning system design, deployment, and integration into TTC operations. 
Summary of Existing Literature
As described in the Statement of the Problem, the MUTCD provides little information on the different devices that can be used as queue warning methods or on when and where they should be deployed. Part 8 of the MUTCD talks about queueing devices near or at grade crossings, and Part 2 mentions two warning signs prior to traffic signals (FHWA, 2023). However, there is little additional guidance for States and localities to utilize when implementing queue warning systems. 
Over the past few decades, several state and federal agencies have conducted research and pilot deployments to evaluate the effectiveness of QWSs in reducing rear-end collisions caused by unexpected or recurring traffic queues. Early queue warning strategies relied on static signs placed before work zones, but because queues did not always materialize, drivers often became desensitized to them, reducing their effectiveness. In response, agencies have incorporated Intelligent Transportation Systems (ITS) and Active Traffic Management Systems (ATMS) to detect traffic conditions in real time and alert drivers to slow or stopped traffic ahead. These dynamic systems have shown measurable safety benefits by improving driver awareness, reducing abrupt braking, and decreasing the frequency and severity of rear-end crashes. Figure 1. Example queue warning device.

QWSs use various device types and display technologies to communicate real-time traffic conditions. In 2008, the Minnesota Department of Transportation (MnDOT) developed a toolbox for implementing Intelligent Work Zone (IWZ) systems that provide guidance on device types, spacing messaging, and integration with other IWZ applications across different roadway environments (Minnesota DOT, 2008). The devices include changeable message signs (CMS), static and hybrid static/CMS signs, and static signs supplemented with warning beacons that were actuated (flashed) when the queue warnings were in effect. The toolbox provides an overview of QWS options currently used to inform drivers of potential congestion.
Proper QWS device placement is important because the distance at which drivers receive a warning can influence driver response time and system effectiveness. However, existing field studies offer limited insight into the rationale for selecting specific placement distances or how alternative distances compare. 
For example, Ullman et al. (2016) tested PCMS placed 3.5 miles upstream of a nighttime work zone lane closures and 7.5 miles upstream when longer queues were anticipated. Although two upstream locations were used, the study did not indicate why these distances were selected or evaluate whether different placement distances produced different outcomes. Similarly, Hourdos et al. (2017) evaluated a Minnesota DOT deployment that used a PCMS upstream of a recurrent-congestion location, but the study did not examine alternative sign placements or compare spacing strategies.  The Texas A&M Transportation Institute (TTI) study (Pesti, 2020) used queue warning signs located 1 and 5 miles upstream of a lane closure but the study did not compare or justify these distances. Collectively, these studies demonstrate a range of sign-placement distances, but they do not evaluate which spacing strategies are most effective. 
Agencies have also employed different CMS message types including time-based, delay-based, speed, distance-based, and warning-based messages (see Table 1). Despite widespread use, no studies have directly compared driver comprehension or behavior across these message formats. 
Table 1. Examples of Queue Warning System (QWS) Messages by Type
	Message Type
	Example CMS Messages
	Reference

	Time-Based
	• “TIME TO HWY CC 35 MIN” 
• “TRAVEL TIME TO INTERSTATE 101 X MIN”
• “X MINUTES TO BACK OF QUEUE”
	Minnesota DOT (2008) ; Balke et al. (2014) 

	Delay-Based
	• “ROAD WORK AT HWY CC – EXPECT 25 MIN DELAY”
• “ROUTE NAME – 25 MIN DELAY
	Minnesota DOT (2008)

	Speed Advisory
	• “WATCH FOR SLOW TRAFFIC – 30 MPH TRAFFIC AHEAD”
• “WATCH FOR SLOW TRAFFIC AHEAD – 30 MPH”
	Minnesota DOT (2008)

	Distance-Based
	• “STOPPED TRAFFIC 1 MILE – BE PREPARED TO STOP”
• “STOPPED TRAFFIC 11 MILES – CONSIDER OTHER ROUTES”
• “STOPPED TRAFFIC 11 MILES AHEAD”
• “SLOW TRAFFIC X MILES”
• “STOPPED TRAFFIC X MILES”
• “STOPPED TRAFFIC AHEAD X MILES”
	Minnesota DOT (2008) ; Ullman et al. (2016) ; Pesti (2020) ; Balke et al. (2014)

	Warning-Based
	• “STOPPED TRAFFIC AHEAD – BE PREPARED TO STOP”
• “BE PREPARED TO STOP WHEN FLASHING” (with flashing beacons)
• “STOPPED TRAFFIC AHEAD – REDUCE SPEED”
• “SLOW TRAFFIC AHEAD”

	Minnesota DOT (2008) ; Balke et al. (2014) ; Hourdos et al. (2017)


Field implementations of queue warning systems across the U.S. and abroad generally show positive safety outcomes, including reductions in crashes and near misses ranging from 15% to 56%. Texas A&M Transportation Institute published a brief on the benefits on QWSs and summarized early deployments of QWSs in the U.S. and Europe (Texas A&M Transportation Institute, n.d.). Sweden saw a 23 percent reduction in crashes, Germany saw a 20 percent reduction in crashes, Washington state reduced congestion related crashes by 15 to 20 percent, and other states such as Texas saw positive results in speed variance. An overview of specific findings in the U.S. is shown in Figure 2. While these results demonstrate clear safety benefits, isolating the specific effects of QWSs remains challenging, as they are often deployed alongside other countermeasures (Obenberger, 2025). Additionally, there are limited comparisons of different devices.
Table 2. QWS placement/spacing examples with outcomes.
	Study/Agency
	Context
	Device Placement / Spacing
	Reported Outcomes

	Ullman et al. (2016)
	Nighttime lane closure on busy interstate
	Portable CMS 3.5 mi upstream of taper; add’l CMS 7.5 mi upstream where longer queues expected
	44% crash reduction; remaining crashes less severe

	Hourdos et al. (2017)
	MnDOT IWZ field test
	Two sensors 2,218 ft (~0.4 mi) apart; CMS 2,712 ft upstream of the second sensor; third sensor at CMS to suppress message if queue reaches that point
	22% crash reduction; 54% near-miss reduction

	TTI (TX) – V2I QWS (Pesti, 2020)
	Lane-closure operations
	CMS 1 mi and 5 mi upstream of the closure
	Improved speed uniformity (no specific % reported)

	MnDOT deployments (FHWA Fact Sheet (Obenberger, 2025))
	Various IWZ deployments (toolbox-based)
	Not specified in cited summary (varies by context)
	56% crash reduction; 69% near-crash reduction

	PennDOT deployments (FHWA Fact Sheet (Obenberger, 2025))
	Various QWS deployments
	Not specified in cited summary
	12% crash reduction; 23% injury/fatal reduction


Potential Research Approach
Task 1 – Kickoff Meeting and Project Management
The research team will attend a kickoff meeting with FHWA and the TCD PFS members. The research team will work with the Task Order Contracting Officer’s Representative (TOCOR) to ensure a common understanding of the research objective, scope, and research questions. 
Task 2 – Conduct Literature and State-of-Practice Review
The research team will collect and synthesize information on the use and effectiveness of various QWSs. This task will identify current strategies, document their applications across roadway and work zone contexts, and summarize available data on their effectiveness. The review will draw from published literature, MUTCD provisions, state manuals or supplements, agency guidance, and other resources, supplemented by practitioner input to capture current practices, lessons learned, and implementation challenges. As part of this review, the team will also examine existing detection technologies and methods used to activate QWSs to document what systems are currently in use, even though the study itself will focus on evaluating the traffic control devices.
Task 3 – Develop Work Plan
The research team will use the findings from the literature and state-of-practice review to refine the methodology and develop a detailed project work plan. The plan will outline the overall approach, which may include both laboratory and field components depending on identified knowledge gaps. Because substantial variation exists in queue warning message wording or format, preliminary laboratory testing may be conducted to evaluate comprehension and narrow options before field evaluation. Conversely, if variability is limited, the laboratory phase may be unnecessary or redirected to other key factors. In all cases, field testing will be a central focus given the need to assess driver behavior and system effectiveness in real-world conditions.
Task 4 – Conduct Laboratory Testing and Analyze Data
The team will design and conduct a laboratory study or controlled driver-feedback activities, if warranted by Task 3 findings, to assess driver comprehension and expectations for different queue warning messages and device configurations. Participants will view simulated or static roadway scenes and provide feedback on message clarity and perceived effectiveness. Data will identify which messages best convey back-of-queue information, informing treatment selection for the field study.
Task 5 – Conduct Field Testing and Analyze Data
The research team will conduct a field study to evaluate selected QWS configurations with participating agencies. Specific test conditions, device types, and dependent variables will be detailed in the Work Plan and refined based on laboratory findings. The team will consider roadway type, traffic, and site availability, but the final scope will balance representativeness with feasibility to ensure meaningful data collection within available resources. 
Field testing will focus on behavioral and system-level performance measures that serve as surrogate indicators of crash risk, including driver behaviors such as speed reduction, deceleration rate, braking distance, following distance, and lane-changing, as well as system measures such as queue length, speed variance, and near-miss frequency. Depending on available resources and site conditions, the study may also explore the influence of device placement, recognizing that spacing can affect driver response time and system effectiveness.
Given the variability of TTC environments and the interaction of QWSs with other countermeasures, multiple treatments should be evaluated sequentially at the same site where possible. This approach will help control external factors while enabling direct comparison of different QWS configurations and message strategies.
Task 6 – Develop Implementation Framework and Final Report
The research team will prepare a final report summarizing the research approach, results, and key findings, including considerations for implementing back-of-queue warning systems. The team will also develop a concise one-page summary and present the findings to the TCD PFS.
Chance of Successful Evaluation
Medium-High. Given the variability of TTC zones and the many possible QWS configurations, it is not feasible to test every device type, placement, or scenario in one study. Because QWSs are often deployed with other countermeasures, isolating their effects may be challenging. Still, a well-designed study that samples representative TTC conditions and controls key variables should yield strong, generalizable insights for future validation through field deployments. 
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