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ABSTRACT 35 

 36 
Work zone safety is a pressing concern, and it has been intensified by the increasing number of 37 

roadway maintenance and rehabilitation projects. However, the majority of work zone studies are 38 

based on crash data analysis, and there is limited research on monitoring and studying actual 39 

driver behavior in work zone areas. In this study, a vision-based sensing system developed 40 

through a research project sponsored by the National Academy of Science NCHRP IDEA 41 

program was used to monitor driver behavior in work zone areas. The purpose of this study is to 42 

investigate driver behavior at work zones. Work zone transition and advance warning areas were 43 

divided into four zones so the merge timing and behavior of vehicles (e.g. trucks and others) 44 

under different roadway geometry could be evaluated quantitatively.  Two right lane one-lane 45 

closure work zones, one on a straight road segment and the other on a curved road segment, were 46 
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studied by reviewing two sets of 30-minute video collected on I-95. Preliminary results show 47 

that vehicles tend to merge close to the work zone taper on a curve, and truck drivers tend to 48 

merge earlier than other drivers. Future research needs are also discussed. 49 

 50 

INTRODUCTION 51 

 52 
Work zone safety is a pressing concern and it has been intensified with the increasing number of 53 

roadway widening, rehabilitation, and reconstruction projects. To address these concerns, many 54 

studies have been conducted, including identifying the work zone crash factors (Klauer et al., 55 

2006; Akepati and Dissanayake, 2011), performing the corresponding countermeasures (Kang 56 

and Chang, 2006; Kwon et al., 2007), and developing hazard warning systems (Li et al., 2007; 57 

Gordon et al., 2008). However, due to lack of methods recording and extracting the vehicle 58 

information and driver’s behavior prior to the crashes occurred, current studies have focused on 59 

corrective actions that highly rely on the police crash reports (Ullman et al., 2011). There is a 60 

need to increase our understanding of the driver behavior at work zones.   61 

 62 

For the first time, a vision-based sensing system is proposed in this paper to study the driver 63 

behavior at work zones.  The objective of this vision-based sensing system is to provide a means 64 

to collect work zone images for studying the driver behavior and for ultimately developing a 65 

work hazard awareness and early warning system. This paper is organized as follows. This 66 

section introduces the need for the study of driver behavior at work zones using the actual video. 67 

The second section presents the proposed methodology for studying driver behavior with a 68 

special focus on merge behavior in this paper. The next section presents the experimental test by 69 

analyzing the actual video collected on I-95 work zone. Finally, conclusions and 70 

recommendations are made. 71 

 72 

PROPOSED METHOD 73 
 74 

This section presents a framework on studying the driver behavior at work zones with a special 75 

focus on vehicle merge. Four zones in the work zone advance warning transition areas were 76 

defined so the merge timing and behavior of the vehicles (e.g. trucks and sedans) under different 77 

roadway geometry can be studied quantitatively.  A vision-based sensing system with multi-78 

views cameras is then proposed to ensure that the collected videos cover the 4 zones at work 79 

zone areas. The following are the detailed discussion. 80 

 81 

Framework of the Study on Merge Timing and Behavior 82 

 83 
Figure 1 depicts a novel framework in support of work zone driver behavior study. Three major 84 

elements including vehicle merge, causal factors, and the impacts are considered. Vehicle merge, 85 

the focus of this study, details the statistics of merge timing/location and behavior of vehicles at 86 

work zones. The first focus of this framework is to record the frequency of vehicle merge at each 87 

of the 4 zones shown in Figure 2 separately at work zones to support merge timing  and behavior 88 

study. Then, the causal factors and impacts of the merge behavior are discussed. We also 89 

consider the causal factors, including driver’s attention, roadway geometry, sight distance, traffic 90 

condition, etc., that lead to different merge timing and behavior. These factors can be divided 91 

into two critical categories, i.e., driver exclusive and non-driver exclusive factors. While the 92 
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former describes factors related to driver’s individual behavior such as driver’s inattention, 93 

fatigue, and distraction; the latter focuses on other aspects such as roadway geometry, sight 94 

distance, and traffic conditions. Impacts, on the other hand, describe the consequences of 95 

different merge behavior. 96 

 97 

The three main elements, besides crash records, can enrich the work zone driver behavior study 98 

and can be further extended to different work zone safety and mobility applications as shown in 99 

Figure 1. For example, the development of a hazard awareness and early warning system can be 100 

based on the study of merge timing and behavior to identify potential dangerous cases and 101 

therefore prevent possible hazards of the work zone intrusion. Moreover, the study on causal 102 

factors can lead to recommendations on the adjustments of work zone configuration and traffic 103 

control strategy according to different roadway geometry conditions.  104 

 105 

Enrich work zone 
driver behavior study

Predicting 
dangerous 
situations

Developing hazard 
awareness and 
early warning 

system

Adjusting work 
zone configuration 
and traffic control 

strategy

Supporting work 
zone traffic 
simulation

Vehicle Merge

· Merge timing/location
· Merge behavior
· Others

Others

Impacts on
Safety and Mobility

· No impacts
· Change lane
· Slow down
· Stop
· Near-crash
· Crash
· Others

Causal Factors

· Driver’s attention
· Roadway geometry
· Sight distance
· Traffic condition
· Police enforcement
· Traffic control
· Vehicle type
· Others

to be applied to

Improve work zone 
safety and mobility

 106 
Figure 1  Framework of the driver merge timing and behavior study 107 

 108 

Four Merge Zones and the Vision-Based Multi-View Sensing System 109 
 110 

In this study, we divided the work zone transition area and the advance warning area into 4 zones 111 

in order to better observe and classify vehicle merges at different locations. As illustrated in 112 

Figure 2, Zone 1 represents the whole transition area; Zone 2, Zone 3, and Zone 4 cover the 113 

Javier
Rectángulo



4 

 

advance warning area that they are 0 ft. to 500 ft., 500 ft. to 1000 ft., and over 1000 ft. to the 114 

beginning of the transition area, respectively.  115 

 116 

A vision-based sensing system with multi-view cameras is established to collect video data in 117 

support of the work zone driver behavior study. Figure 3 shows the sensing system which 118 

consists of a 30 ft. tower on which multiple cameras can be mounted. Video images of different 119 

views collected using the multi-view sensing system are shown in Figure 4, where Figure 4(a) 120 

focuses on Zones 1 and 2 and Figure 4(b) focuses on Zones 3 and 4. The entire advance warning 121 

area as well as the transition area can therefore be clearly covered by the multi-view cameras. In 122 

addition to fulfilling the need of work zone driver behavior study, the video data collected by the 123 

sensing system can be incorporated with vehicle detection and tracking algorithms to further 124 

identify and detect potential work zone intrusion vehicles to enhance work zone safety in the 125 

future. 126 

 127 
Transition Area

500 ft.

1000 ft.

0.5 mi.

1 mi.

Approaching Vehicle

Drum/Cone

Merge Sign

Advance Warning Area

Zone 1 Zone 2 Zone 4Zone 3

 128 
Figure 2  Four zones defined in the advance warning and transition areas 129 

 130 

3
0

 ft

 131 
Figure 3  Vision-based sensing system 132 
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 133 

(b) Close view covering Zones 3 and 4(a) Far view covering Zones 1 and 2

Zone 1

Zone 2

Zone 3

Zone 4

 134 
Figure 4  Example images captured by multi-view cameras 135 

 136 

EXPERIMENTAL TEST  137 

 138 
The purpose of this section is to study the influence of different roadway geometry and vehicle 139 

type on the merge timing and behavior of vehicles at work zones using actual video data 140 

collected at I-95 pavement resurfacing construction site near Richmond Hill, Georgia. Two sets 141 

of data, collected at 1:30pm on Mar. 21 and Mar. 24, 2011, were analyzed with a focus on the 142 

merge timing at work zones. The first set of data, which was collected at location A in Figure 5, 143 

was in northbound direction at milepost 86 on I-95, where there was a right lane closure work 144 

zone on a straight road segment. Similarly, the second set of data was collected at location B in 145 

Figure 5, which was also in northbound direction at milepost 90 on I-95, where there was a right 146 

lane closure work zone on a curved road segment.  147 

 148 

 149 
Figure 5  Data collection map on I-95 (source: Google maps) 150 

 151 

In order to objectively compare the two sets of data with a focus on the influence of roadway 152 

geometry and vehicle type, besides to collect data in the same direction at the same time of the 153 

day, we also prudently selected the data so that they have similar traffic conditions, (i.e. a traffic 154 

count around 2000 vehicles per hour.) Moreover, each set of data consists of two views to enable 155 
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the observation of merges at the 4 zones for the straight and curved road segments as illustrated 156 

in Figure 6. 157 

(a) Four zones on the straight road (b) Four zones on the curved road

Zone 1

Zone 2

Zone 3

Zone 4

Zone 1

Zone 2

Zone 3

Zone 4

N N

 158 
Figure 6  The four zones for data collection on the straight and curved road segments 159 

 160 

The study on merge timing and behavior was conducted by analyzing the merge frequency at 161 

each of the 4 zones. During the 30-minute period of study, the first set of data collected at on the 162 

straight road had 927 total traffic counts and 95 of them were in the closed lane; the second set of 163 

data collected on the curved road had 1034 total traffic counts and 143 of them were in the close 164 

lane. In addition to traffic counts, merging vehicles were recorded and classified based on two 165 

types: trucks and other vehicles. 166 

 167 

Figure 7 shows the results of merge frequencies at different zones under different roadway 168 

geometry. Figure 7(a) shows the observation results for the straight road: 31% of vehicles in the 169 

closed lane merged in Zone 4, 38% in Zone3, 18% in Zone 2, and 14% in Zone 1. Results for the 170 

curved road are shown in Figure 7(b), where 4% of vehicles in the closed lane merged in Zone 4, 171 

33% merged in Zone 3, 51% merged in Zone 2, and 12% merged in Zone 1.  172 

 173 

Zone 1

Zone 2

Zone 3

Zone 4

(a) Straight road (b) Curved road  174 
Figure 7  Merge frequency at different zones under different roadway geometry 175 
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 176 

On a straight road, a total 69% of the vehicles merge early in Zones 3 and 4. This might be 177 

because the drivers have a longer sight distance and can see the incoming work zone taper 178 

(transition area) better and the causes need to be further studied to confirm.  On the contrary, on 179 

a curved road, only 37% of the vehicles merge early in zones 3 and 4.  This may be due to the 180 

shorter sight distance or the presence of obstacles such as plants or vehicles that could limit the 181 

view of the driver. 182 
 183 
It is interesting to see that 14% and 12% of the drivers merged in Zone 1 on a straight and a 184 

curved road, respectively.  They might be the reckless drivers and they will merge late regardless 185 

they can see the taper in a longer distance.  Again, further study needs to be conducted to better 186 

understand the causal factors. 187 

 188 

(d) Trucks on curved road(c) Other vehicles on curved road

(b) Trucks on straight road

Zone 1

Zone 2

Zone 3

Zone 4

(a) Other vehicles on straight road

 189 
Figure 8  Merge timing/location based on different vehicle types 190 

 191 

Results of merge frequencies at different zones based on different vehicle types are illustrated in 192 

Figure 8. The results reveal that for both road segments, no matter on a straight or a curved one, 193 

most trucks merged in Zones 3 or 4, yet higher percentages of other vehicles merged in Zones 1 194 

or 2. Figure 8(c) depicts that among all non-truck vehicles observed in the closed lane on a 195 

curved road, 67% merged in Zones 1 or 2 and 37% merged in Zones 3 or 4. However, Figure 8(d) 196 

shows that among all trucks, 49% merged in Zones 1 or 2 and 51% merged in Zones 3 or 4. 197 

Namely, based on our observation, trucks tend to merge earlier (farther away from the taper) 198 

than other vehicles in the closed lane at work zones. The results might be because truck drivers 199 

have better view and sight distance than other drivers. 200 

 201 
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Our preliminary study on the merge timing and behavior at work zones indicates that driver 202 

behavior could be influenced by factors such as roadway geometry and vehicle type. Two 203 

findings were identified in the results: First, vehicles at work zones on a curved road, in 204 

comparison with those on a straight road segment, tend to merge late (i.e., closer to the taper.) 205 

Second, trucks tend to merge earlier than other vehicles at work zones. Both findings lead to one 206 

potential causal factor, i.e. driver’s sight distance. Further studies could be conducted by 207 

analyzing eye-level height, recognition distance of lane closure work zone configuration, vehicle 208 

speed, adjacent traffic condition, etc. to better understand the driver’s sight distance. 209 

 210 

CONCLUSIONS AND RECOMMENDATIONS 211 
 212 

It is crucial to improve work zone safety and minimize delays at work zones. However, except 213 

for crash records, there is limited data to support the study of driver behavior at work zones.  214 

This paper is the first time to propose a vision-based multi-view sensing system to collect and 215 

monitor the continuous driver behavior at work zones.  The following are the findings of the 216 

preliminary study: 217 

 218 

Conclusions  219 
1. A vision-based sensing system with multi-view cameras that covers 4 zones is the first 220 

time proposed to study the merge timing and behavior of drivers at work zone transition 221 

and advance warning areas. 222 

2. Preliminary results show that vehicles tend to merge closer (late) to the work zone taper 223 

on a curved road than those on a straight road. 224 

3. Preliminary results also indicate that trucks tend to merge farther (early) away from the 225 

work zone taper than other vehicles. 226 

 227 

Recommendations 228 
1. More data is needed to be collected (e.g. more video data) and extracted (e.g. traffic 229 

information other than traffic count and vehicle type) in order to better understand and 230 

analyze the merge timing and behavior of drivers at work zones. 231 

2. It is recommended to develop image processing algorithms to extract traffic information 232 

such as distance to the taper, vehicle speed, and traffic volume to better support driver 233 

merge behavior study. 234 

3. As the sight distance between the driver and traffic control devices could be one of the 235 

potential causal factors impacting driver behavior, future research is needed to 236 

qualitatively and quantitatively analyze the impact of sight distance on driver’s merge 237 

timing and behavior at work zones. 238 

4. The impact of different merge behaviors on work zone safety and mobility needs to be 239 

further studied by developing a better measure to categorize and measure different levels 240 

of impacts on safety and mobility. 241 
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