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ABSTRACT 

 

In 2014, nearly 10% of overall congestion on freeways was due to the presence of 

work zones (WZs), equivalent to 310 million gallons of fuel loss (FHWA, 2017a). In terms 

of safety, in the US, every 5.4 minutes, a WZ related crash occurred in 2015 (96,626 

crashes annually) (FHWA, 2017b). Maintenance work involves both Stationary Work 

Zones (SWZs) and Mobile Work Zones (MWZs). There are many analytical and 

simulation-based tools available for analyzing the traffic impacts of SWZs. However, the 

existing traffic analysis tools are not designed to appropriately model MWZs traffic 

impacts. This study seeks to address this gap in existing knowledge through the use of data 

from MWZs to develop and calibrate traffic impact analysis tools. This objective is 

accomplished through data fusion from multiple sources of MWZ, probe vehicle and traffic 

detector data. The simulation tool VISSIM is calibrated for MWZs using information 

extracted from videos of MWZ operations. This is the first study that calibrated the 

simulation based on real driving behavior behind a MWZ. The three recommended 

calibration parameters are safety reduction factor of 0.7, minimum look ahead distance of 

500 feet and the use of smooth closeup option. These calibration values can be used to 

compare MWZ scenarios. Also, the data collection framework and calibration 

methodology designed in this study could be used in future research. The operational 

analysis concluded that a moving work activity lasting one hour or more are suggested to 

be done when traffic volumes are under 1400 veh/hr/ln, and preferably under 1000 

veh/hr/ln, due to the drastic increase in the number of conflicts. In addition, three data 

driven models were developed to predict traffic speed inside a MWZ: a linear regression 
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model and two models that used Multi-Gene Genetic Programming (MGGP). The second 

objective is to develop models and tools for safety assessment of stationary work zones. In 

the WZ safety literature, few studies have quantified the safety impact of SWZ and almost 

no quantitative study assessing MWZ safety impact. Using Missouri data, this study 

introduces 20 new crash prediction models for SWZs on freeways, expressways, rural two 

lane highways, urban multi-lane highways, arterials, ramps, signalized intersections, and 

unsignalized intersections. All the models except freeway SWZs are proposed for the first 

time in the literature. The mentioned SWZ models are implemented in a user-friendly 

spreadsheet tool which automatically selects the most appropriate model based on user 

input. The tool predicts crashes by severity, and computes the crash costs. For MWZs, there 

is no crash data available to develop crash prediction models. Thus, this dissertation 

analyzed conflict measures as a surrogate for safety impacts of MWZs. Conflict measures 

were generated from the trajectories of traffic simulation model. The safety trade-off plots 

between conflicts and combination of MWZ’s duration and traffic volume were introduced. 

A transportation agency can use these plots to determine, for example, if they should 

conduct a MWZ for a short duration when the volume is high or for a longer duration when 

the volume is lower. 
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INTRODUCTION 

The main purpose of a transportation network is to provide the users with mobility, 

while maintaining safety. Maintenance work involves both Stationary Work Zones (SWZs) 

and Mobile Work Zones (MWZs). MWZs typically involve striping, sweeping, pothole 

filling, shoulder repair, and other quick maintenance activities. Work Zones (WZs) include 

many components that affects both traffic and safety. In 2014, nearly 10% of all congestion 

on freeways was due to the presence of WZs (FHWA, 2107a). This is equivalent to 310 

million gallons of fuel loss (FHWA, 2107a). In terms of safety, in the US every 5.4 minutes 

a WZ-related crash occurred in 2015 (96,626 annual crashes) (FHWA, 2107b). Among 

these, 26.4% were injury crashes, 0.7% were fatal crashes and the rest were property 

damage only crashes (FHWA, 2107b). State departments of transportations (DOTs) assess 

the traffic and safety impacts of work zones in order to find ways to mitigate their impacts. 

Mitigation techniques include efficient scheduling of work activity, use of effective traffic 

management plans, and use of intelligent transportation system (ITS) technologies. This 

study tries to cover the gaps in the available literature of both SWZ and MWZ safety and 

mobility impact assessment. There are numerous analytical (i.e. QuickZone, QUEWA-98, 

and CA4PRS) and simulation-based tools available for analyzing the traffic impacts of 

SWZs. However, same is not true for assessing their safety impacts.  

The Highway Safety Manual (HSM) (AASHTO, 2010) is the national manual on 

highway safety just as the Highway Capacity Manual, the AASHTO Green Book, and the 

Manual of Uniform Traffic Control Devices are national manuals on capacity/level-of-

service, geometric design, and traffic control devices. With the advent of the HSM, 

transportation engineers now have a quantitative method for assessing safety along with 
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other impacts such as capacity and delay. However, the first edition of HSM has many gaps 

in terms of facility and geographic coverage. The quantitative methods presented for SWZs 

are brief and based on limited research as the HSM methodology for the SWZs is based on 

36 freeway work zones with high traffic volumes in California. A previous research (Sun 

et al., 2014) calibrated HSM models using data from the Midwest and determined a 

calibration factor of 3.83 which creates concerns since it is significantly larger than 1. As 

there are not many quantitative models available for the SWZs crash prediction, one focus 

of this study is to make crash prediction models for SWZs on freeways, expressways and 

rural-two lanes. The main goal of the first chapter is to develop a structured safety 

assessment methodology and implementation tool to evaluate the safety impacts of 

different construction work zone phasing plans.  

There is a tremendous amount of effort required for performing WZ safety studies, 

because different data sources need to be cleaned and then fused together. Three types of 

data are required: work zone characteristics such as length, duration, location, and type; 

work zone traffic characteristics; and work zone crash characteristics. The samples were 

extracted based on a theoretical method devised by author using work zones longer than 

0.1 mile and with a duration of greater than 10 days. The crashes were assigned to 

intersections within the 250 ft from the intersection on its approaches. 

In the SWZ databases, the footprint of a SWZ is recorded as the beginning and end 

of the work area. To account for the crashes that happen in advance warning area, transition 

area, buffer area and termination area of work zones, most studies in the literature 

considered a constant threshold before the start and after the end of each work zone. The 
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model used by the HSM (same for most studies in the literature) classified all crashes 

within 0.5 mile (0.8 km) of the beginning and 0.5 mile (0.8 km) after the end of the work 

zone as work zone crashes. In contrast, as a new contribution this study used dynamic 

MUTCD recommended temporary traffic control plans’ thresholds for freeway, 

expressway and rural two lane work zones. All the 20 SWZ crash prediction models 

developed in this study are programmed in a user-friendly spreadsheet for practitioners.  

None of the existing traffic analysis tools are designed to appropriately model the 

mobility effects of a MWZ. This is because a MWZ creates a different type of bottleneck 

than a stationary WZ. The driver behavior at a moving bottleneck created by a moving 

work activity is not well understood and has not been investigated in prior research. The 

second part of this dissertation, Chapter 2, attempts to address this gap in the existing 

knowledge through the use of data from MWZs to develop and calibrate the traffic impact 

analysis tools. This objective is accomplished through data fusion from multiple sources 

of MWZ and traffic data. The simulation tool, VISSIM is calibrated for MWZ using the 

information extracted from videos of MWZ operations. In the second chapter a MWZ 

prototype tool is developed for the prediction of performance measures such as vehicle 

throughput, travel delays, and lane-changing behavior. Two approaches are used to develop 

the prediction tool. First, the collected data is used to calibrate the VISSIM simulation tool 

for use in analyzing traffic impacts of MWZs. Second, a data-driven approach is used to 

estimate regression models of work zone performance measures as a function of various 

independent variables including MWZ characteristics, schedules, traffic and geometric 

characteristics, among others. 



4 

As mentioned before, there is almost no quantitative model for MWZ crash 

prediction. This is due to the lack of data for MWZ and its related crashes. To make a safety 

performance function, at least a hundred of crashes are needed; which is not available. To 

overcome this issue, as a surrogate measure of safety, the conflicts from the calibrated 

VISSIM are analyzed. The second chapter focuses on the MWZs mobility and safety 

effects.  

Multiple data sources were fused to collect work zone and traffic data for MWZs in 

order to develop the VISSIM calibration values and regression models. Four different 

databases were used: MWZ information from Missouri Department of Transportation 

(MoDOT) electronic alerts (e-alerts), travel time from Regional Integrated Transportation 

Information System (RITIS), traffic flow detectors, and videos of MWZs from a moving 

work zone vehicle. Information contained in the e-alerts included start date and time, end 

date and time, location by address and lane closure type (left, right, center). A group of 

MWZs on I-44 and I-64 freeways in the St. Louis area between July 2014 and July 2015 

were queried through these MoDOT e-alerts, and 30 MWZs were identified for further 

analysis. 

MoDOT has an agreement with RITIS to receive travel time data for the state 

roadways. The RITIS database is based on probe vehicle travel time. Queried data from 

the RITIS database includes travel time and speed for segments and information on TMC 

segments identifiers. The other database that was used in this research consisted of MoDOT 

traffic flow detectors which are point detectors. The data collected by these detectors 

consists of vehicles’ spot speed and volume. The RITIS and point detector databases were 
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matched with the MWZ location and time. For the 14 MWZs with durations greater than 

20 minutes, speed-flow diagrams from detectors and speed heat maps from RITIS were 

developed and showed that eight of the MWZs experienced congestion and speed 

reduction. 

To evaluate the driving behavior behind MWZs (MWZs), 11 videos were collected 

from the back of slow-moving trucks. The videos were processed using photogrammetry 

to obtain the following information: 

• The distance to the back of truck at which the following vehicles merged to the 

adjacent lane; 

• The gaps available to each lane changing vehicle in the adjacent lane; 

• Vehicle speed at overtaking moment; 

• Slow-moving truck speed; 

• Traffic volume of vehicles that overtake the truck; 

• Heavy vehicles percentage. 

To help practitioners predict segment speed in presence of a MWZ, three models 

were developed using the collected data. One model was based on linear regression while 

the other two models used multi-gene genetic programming (MGGP) in an effort to 

improve the model fit.  

The speed distribution obtained from the detector data and lane change information 

obtained from the MWZ videos were used to calibrate VISSIM for use with MWZs. An 

18-mile segment of a three lane urban freeway was used as the test network. The simulation 
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duration was 4 hours with 1400 seconds of warm-up. Two categories of VISSIM driving 

behavior parameters related to car following and lane changing were tested and modified 

to calibrate the software. A summary of the recommended parameters calibrated in this 

research is provided below: 

• Smooth Closeup = Checked 

• SRF=0.7 

• Min Look Ahead Distance = 500 ft 

The calibrated parameters were applied in VISSIM to test networks with different 

durations and lengths to evaluate operational impacts. The calibrated parameters provided 

results that were more consistent with the videos as compared to the VISSIM default 

parameters. The simulation was run for five different durations and five different volumes, 

and vehicle trajectories were plotted. The results showed that moving work zone led to 

increased delays, queuing, and stops. These impacts increased as the volume and moving 

work zone duration increased. 

The safety impact of MWZs was assessed using the simulated trajectories and 

Surrogate Safety Assessment Model (SSAM). Both rear end and lane change conflicts were 

assessed. The work zone duration impact on conflicts increased as volumes reached 700 

veh/hr/ln, and the results showed a non-linear increase in the number of conflicts with the 

duration starting at 1000 veh/hr/ln volume. In addition, the conflicts spiked beyond activity 

duration of 60 minutes for all volumes exceeding 1000 veh/hr/ln. Thus, DOTs can 
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minimize the safety impact of moving work activity by keeping the duration under 60 

minutes and scheduling activity at times when volumes are under 1000 veh/hr/ln.  

To sum up, the main contributions of this study are listed as follows: 

• Realistic footprint of SWZs for assigning crashes to SWZs, based on MUTCD; 

• New SPFs for freeway SWZs containing number of on/off ramps,  

• First set of SPFs for the SWZs on expressways and rural two-lanes, urban multi-lane 

highways, arterials, ramps, signalized intersections, and unsignalized intersections; 

• First SWZ safety assessment tool for practitioners; 

• Designing a data collection methodology from video source to extract driving 

behavior behind a MWZ; 

• Suggesting lane change distance as a driving behavior measure behind a MWZ, for 

microsimulation calibration; 

• First data driven model to predict traffic speed in presence of a MWZ; 

• Data driven speed heat map plots as a demonstrator of congestion behind a MWZ; 

• First VISSIM calibration for the MWZs based on real driving behavior: methodology, 

delay, queue and surrogate safety analysis; 

• MWZ queue, delay, safety trade off plots for the use of DOTs and practitioners. 
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1 CHAPTER 1: STATIONARY WORK ZONE SAFETY ANALYSIS 

This chapter focuses on the SWZ safety assessment. The chapter subsections are: 

introduction to the stationary work zone, literature review, work zone survey, data, model 

estimation methodology, model results, software applications/examples and conclusion. 

1.1 INTRODUCTION TO STATIONARY WORK ZONE 

In addition to connectivity and efficiency, safety is an important factor of any road 

network. According to FHWA (2009 b) during the peak construction season, there are more 

than 3000 work zones with almost 12 billion vehicle miles passing through them in the 

United States. More than 40,000 injuries happen at work zones which is equivalent to an 

injury each 13 minutes (FHWA, 2009 b). Work zones include many components that 

increase the crash occurrence risk, such as lane closures, lane width reductions, changes in 

road geometry, and the presence of construction workers. 

Work zones have both traffic and safety impacts. Transportation agencies are in 

charge of assessing these effects. There are many analytical and simulation-based tools 

available for analyzing the traffic impacts of work zones. For simple work zones analytical 

tools (i.e. QuickZone, QUEWA-98, and CA4PRS) from Highway Capacity Manual (2010) 

are recommended, while traffic impacts from more complicated work zones can be 

analyzed using simulation tools. A discussion of the traffic impact analysis tools can be 

found in Edara (2009) and Edara et al. (2013). The traffic impacts of short term lane 

closures were analyzed in Margreiter et. al (2017). As shown in Figure 1.1-1 practitioners 

need to estimate road user costs resulting from the traffic and safety impacts of a work 

zone. 
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Figure 1.1-1 Assessing traffic and safety impacts for planning work zones 

There are not many studies on quantifying work zone safety in the literature. The 

Highway Safety Manual (HSM, 2010) introduced two crash modification factors (CMFs) 

for freeway work zone length and duration derived from Khattak et al.’s (2002) Safety 

Performance Function (SPF). This SPF was made by using 36 high impact work zones in 

California. CMFs and SPFs will be explained and defined clearly in section 1.1.1.  

The main goal of this study is to develop a structured safety assessment tool to help 

decision makers to evaluate the safety impacts of different construction work zone phasing 

plans. To accomplish this goal, models were developed to predict work zone crashes for 

freeways, expressways and rural two lane highways. Different models were made using a 

large database of Missouri work zones between 2009 and 2014. The models were 

implemented in a user friendly spreadsheet for practitioners.  

Based on the input data provided by the user, the software finds the proper and most 

accurate model to quantify the work zone safety and shows the results. The output includes 
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the number of Property Damage Only (PDO crashes), Fatal-Injury crashes, total number of 

crashes and their standard error. A smaller standard error means higher accuracy. For any 

of these predictions, the economic equivalent cost of crashes is computed based on the 

Highway Safety Manual (HSM, 2010) or other references entered by user to make the 

decision making easier. 

This chapter presents the process and tasks that were executed to accomplish the 

goals of this study for SWZs. In the next sections of this Chapter, SPFs and CMFs are 

defined. In Subchapter 1.2, a thorough literature review on the quantifying work safety 

studies is described. Two surveys were designed for Department of Transportation (DOT) 

employees and contractors to learn about existing practices for work zone safety. The 

survey and results are described in Subchapter 1.3. Subchapter 1.4 explains the data 

collection, fusion, and sampling as the essential components of any data-driven study. 

Subchapter 1.5 focuses on the necessary statistical background for modeling. Section 1.6 

describes the modeling process for all facility types. Sample applications and the software 

tutorial are presented in Subchapter 1.7. 

1.1.1 Safety Performance Function (SPF) and Crash Modification 

Function (CMF) 

“Safety performance functions (SPFs) are regression equations that estimate the 

average crash frequency for a specific site type (with specified base conditions) as a 

function of annual average daily traffic (AADT) and, in the case of roadway segments, the 

segment length (L).” (HSM) (AASHTO, 2010). Any SPF is made based on a set of specific 

geometric and geographic characteristics called base conditions. To use a SPF for a 
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condition different from the base condition, it needs to be multiplied by Crash Modification 

Factors (CMFs). The following equation shows the general form of a crash prediction 

model for a site. 

𝑵𝒑𝒓𝒆𝒅𝒊𝒄𝒕𝒆𝒅 = 𝑵𝑺𝑷𝑭 ∗ 𝑪𝑴𝑭𝟏 ∗ 𝑪𝑴𝑭𝟐 .  .  .∗ 𝑪            

 

Where: 

𝑁𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 is the predicted crash frequency for a site, 

𝑁𝑆𝑃𝐹  is the predicted crash frequency for specified base conditions, 

𝐶𝑀𝐹𝑖 is the crash modification factor i reflecting a prevailing site condition that differs 

from the base condition, 𝐶 is the calibration factor which accounts for differences 

(jurisdictional and time period) between the sample used for SPF development and the 

one for which the crash frequency is currently being estimated.  

“The relative change in crash frequency due to a change in one specific condition 

(when all other conditions and site characteristics remain constant)” is represented by the 

CMF (HSM) (AASHTO, 2010). The HSM provides CMF values for several facility types 

derived by synthesizing previous research. The crash data used to develop the SPFs usually 

comes from several states. Chapter 16 of HSM introduces two CMFs for work zone 

duration and length that were developed using California data (AASHTO, 2010): 

𝑪𝑴𝑭𝒅,𝒂𝒍𝒍 = 𝟏. 𝟎 +  
(% 𝐢𝐧𝐜𝐫𝐞𝐚𝐬𝐞 𝐢𝐧 𝐝𝐮𝐫𝐚𝐭𝐢𝐨𝐧 𝒙 𝟏.𝟏𝟏)

𝟏𝟎𝟎
      

   

The crash modification factor for work zone length for all crash severities is presented 

as (AASHTO, 2010): 
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𝑪𝑴𝑭𝒍,𝒂𝒍𝒍 = 𝟏. 𝟎 + 
(% 𝐢𝐧𝐜𝐫𝐞𝐚𝐬𝐞 𝐢𝐧 𝐥𝐞𝐧𝐠𝐭𝐡 𝒙 𝟎. 𝟔𝟕)

𝟏𝟎𝟎
 

Both CMFs specify a linear relationship between the CMF value and work zone 

duration or length. Edara et. al (2016) did a study on development and applications of work 

zone crash modification factors. 

Work zones SPFs could be modeled in two ways. The first method considers the work 

zone as a base condition and makes a SPF for work zone situation. The second method is 

a before-after study with data for both a work zone and non-work zone situation. ‘Non-

work zone situation’ could be achieved from the same location in a period before 

implementing the work zone or finding another segment/site with similar characteristics 

such as duration (cross-sectional before-after study, which is not as reliable as the other 

one). In before-after studies, the most important factor is the similarity of the before and 

after conditions in all aspects, except for the target treatment (implementing a work zone). 

However, even if the samples are chosen properly, as crash frequency is a random variable 

there is no guarantee that before/after durations are similar to each other. This phenomenon 

is called regression to mean (RTM). In before-after studies to overcome RTM, Empirical 

Bayes (EB) is the best solution. EB method considers the difference between predicted and 

observed crashes and tries to reduce the regression to mean phenomenon.  
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1.2 LITERATURE REVIEW 

While existing research is somewhat inconsistent on the impact of work zone 

presence on crash severity, most studies show that work zone presence has a negative 

impact on crash frequency. According to a recent review from Yang et.al (2015), 48% of 

previous studies on work zone crash severity indicate no clear evidence that there is an 

increase in crash severity during work zone conditions. On the other hand, the majority of 

previous studies regarding work zone crash frequency show an obvious increase in crash 

frequencies during work zone operations. Crash frequency is usually used as a safety 

evaluation measure for work zones and is expressed in the total number of crashes in a 

given time period.  

Although there are many studies on crash frequency modeling, only a few of them 

focus on work zone presence. Pal and Sinha (1996) conducted a study on Indiana highway 

work zones and found that crash rates in work zones were significantly higher than non-

work zone conditions. They developed two normal regression models to compare the 

predicted crash rate for different types of lane closures.  Although the normal regression 

model seemed to have better prediction power over the negative binomial and Poisson 

models, it produced negative crash rates in several cases. To ensure non-negative 

predicting results, researchers started using and fine-tuning negative binomial models and 

Poisson models. Venugopal and Tarko (2000) developed two negative binomial models 

with duration of work, type of work, AADT and work zone length as the main variables. 

The two models were calibrated for two regions: the region approaching the work zone and 

the region containing the work zone. They also added cost of work to the model as an 

indicator of the intensity of work and showed AADT, work zone length and duration to be 
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major safety related factors. Khattak et al. (2002) developed a negative binomial model 

using before-and-after data with crash rates of 0.65 crashes per million vehicle kilometers 

without work zones and 0.79 crashes per million vehicle kilometers with work zones. Thus 

the models they developed showed higher crash tendency for work zones. Their findings 

were consistent with previous studies which suggested that a higher AADT along with a 

longer work zone duration and work zone length led to a higher crash rate. The current 

HSM CMF for work zones is derived from the aforementioned model by Khattak et al. 

(2002). To account for zero-crash work zones, researchers have suggested using zero-

inflated negative binomial models (a zero-inflated model is based on a statistical 

distribution that allows for frequent zero-valued observations.). Although there were 

studies comparing zero-inflated negative binomial models with negative binomial models 

for crash frequency prediction modeling (Lord et. al 2005; Lord and Mannering 2010), no 

one has tested and compared zero-inflated negative binomial models with other models 

using work zone data. Qi et al.(2005) built a zero-inflated negative binomial model but did 

not compare it to the truncated negative binomial model in their study. Srinivasan et al. 

(2011) developed negative binomial SPFs for all crashes, injury crashes, and PDOs, and 

then used the empirical Bayes method to estimate different CMFs for daytime and 

nighttime work zones. Recently, Ozturk et. al (2013) developed a negative binomial-based 

model with further temporal adjusted daytime and nighttime traffic volumes and found that 

“work zone duration”, “length of work zone” and “traffic volumes” had the most impact 

on work zone safety. Chen and Tarko (2014) proposed a new fixed-parameter negative 

binomial model with random effects as an alternative to random parameters model, and 

obtained similar crash frequency prediction accuracies.  Rahmani et. al (2016) developed 
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SPFs for freeway work zones using negative binomial models. Brown et. al (2016) 

developed negative binomial SPFs for expressway and rural two-lane work zones. Since 

previous studies have shown reliable results by using the negative binomial model in work 

zone crash frequency modeling, this study also developed negative binomial models. 

Theofilatos et. al (2017) did a meta-analysis on the studies that focused on the work 

zone crash frequency modeling. From various studies they collected and compared the 

coefficients of work zone duration and length, as two main contributing factors. They found 

the average coefficients of length and duration by 0.953 and 0.847, respectively. 

Wei et. al (2017) categorized work zone related crashes in Tennessee during 2005-

2015 into three lighting condition: daylight, dark-lighted, and dark-not-lighted. The study 

showed that by increasing the number of closed lanes the severity level increases during 

daylight, while decreases at night. Also, drug and alcohol were found to significantly 

increase the work zone related crash severity in dark-not-lighted condition, while having 

limited effect on other two lighting conditions. Ullman et. al (2017) developed four work 

zone CMFs for two queue warning system in two different traffic conditions, queued and 

non-queued. 
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1.3 WORK ZONE SURVEY 

Two surveys were prepared for contractors and DOT representatives and were sent 

to respondents by email. The survey tries to find the important factors in SWZ safety in the 

contractors and DOT employees view. Thirty-six survey responses were received, seven 

from contractors and 29 from DOT representatives. The survey summary results are 

explained in sections 3-1 and 3-2 respectively. The surveys were designed using a web tool 

(i.e. Survey Monkey) and were sent to candidate respondents. 

1.3.1 Survey of Contractors 

This section summarizes the responses from the 15-question contractor survey. Each 

question form the survey is repeated below along with a summary of results:  

Q1: What company do you represent? 

Seven different respondents answered the questions of this survey and due to privacy 

issues, their information are kept confidential. 

Q2: Do you believe, generally, that the presence of work zones increases the crash 

frequency? 

As Table 1.3-1 shows, among the contractor respondents, 57.1% of them believed 

that work zone presence increases the crash frequency, while 28.6% of them thought it 

does not increase crash frequency. One of the seven respondents was unsure. 
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Table 1.3-1 Summary result for question 2 of contractors survey 

Answer Options Response Percent Response Count 

Yes 57.1% 4 

No 28.6% 2 

Unsure 14.3% 1 

 

Q3: To what degree do you believe that the following factors impact work zone safety on 

freeways? Please rate the factors on a scale from Not Important to Highly Important. 

Table 1.3-1 shows the answer options for this question. The importance levels were 

ranked numerically from zero to three as: 0 for not important to 3 for highly important. 

Figure 1.3-2 Average importance of work zone safety factors for contractor question 3  

summarizes the average importance of each factor in freeway work zones’ safety based on 

the responses. The factors with an average importance of 2 and more were: AADT, urban-

rural classification, speed reduction, type of work zone (lane shift, crossover, lane closure 

and moving work zone) and work zone warning signs. Speed reduction was the most 

important factor identified by the contractors. A respondent mentioned “depending on if 

there's night work, high visibility is a key factor with speed, road design, and volume.” 
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Figure 1.3-1 Answer options for contractor question 3 
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Figure 1.3-2 Average importance of work zone safety factors for contractor question 

3 

 

Q4: To what degree do you believe that the following additional factors impact the safety 

of work zones on facilities with at-grade intersections? Please rate the factors on a scale 

from Not Important to Highly Important. 

Figure 1.3-3 shows the answer options for this question. The importance levels were 

numerically ranked from zero to three as: 0 for not important to 3 for highly important. 

Figure 1.3-4 summarizes the average importance of each factor in arterial work zones’ 

safety based on the responses. The factors with an average importance of 2 and more were: 

number of intersections in work zone segment and average AADT of crossing roads. The 

number of intersections was the most important factor identified by the respondents. 

0.00 1.00 2.00 3.00

Work zone length

Work zone duration

Work zone traffic volume: work zone AADT

Terrain (flat, rolling, etc.)

Urban versus rural roadway

Speed decrease

Type of work: lane closure (drop in number…

Type of work: lane shift/crossover

Type of work: work on shoulder

Type of work: moving WZ

Work zone warning signs

Number of on-off ramps

Contracting elements such as liquidated…

Contract cost per mile per duration

Importance (0 for not important and 3 for highly important)

To what degree do you believe that the following factors impact work zone 
safety on freeways? Please rate the factors on a scale from Not Important 

to Highly Important.
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Figure 1.3-3 Answer options for question 4 of contractors survey 

 

 

Figure 1.3-4 Average importance of different factors for question 4 of contractors 

survey 

 

A respondent also had the option to add any other factors not included in the list of 

answers. A written answer from a respondent was: “Depending on if there's night work, 

high visibility is a key factor with speed, road design, and volume.” 

0.00 1.00 2.00 3.00

AADT of each crossing streets in work zone
area

Average AADT of all crossing streets in work
zone area

Number of intersections in work zone area

Number of driveways in work zone area

Importance (0 for not important and 3 for highly important)

To what degree do you believe that the following additional factors impact 
the safety of work zones on facilities with at-grade intersections? Please 

rate from Not Important to Highly Important.
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Q5: For freeway work zones, how far upstream before the transition area and downstream 

after the activity area would you consider a crash to be most likely influenced by the work 

zone? 

As shown in Table 1.3-2 one respondent did not answer this question and the rest of 

respondents believed that work zones influence area length is less than a mile upstream 

and downstream of work zones. The upstream length of the influence area was longer than 

the downstream length.  

Table 1.3-2 Summary result for question 5 of contractors survey 

Peak-Hour in Urban Areas 

Answer Options 
0-0.25 

mi 

0.25-0.5 

mi 

0.5-1 

mi 

1-1.5 

mi 

1.5-

2mi 
>2mi 

Response 

Count 

Upstream 1 3 2 0 0 0 6 

Downstream 2 1 1 0 1 0 5 

         
Off-Peak in Urban Areas 

Answer Options 
0-0.25 

mi 

0.25 mi-

0.5 mi 

0.5-1 

mi 

1 mi-

1.5 mi 

1.5-

2mi 
>2mi 

Response 

Count 

Upstream  3 3 0 0 0 0 6 

Downstream 2 1 1 0 0 1 5 

         
Rural 

Answer Options 
0-0.25 

mi 

0.25 mi-

0.5 mi 

0.5-1 

mi 

1 mi-

1.5 mi 

1.5-

2mi 
>2mi 

Response 

Count 

Upstream  2 4 0 0 0 0 6 

Downstream  3 0 1 0 0 1 5 

 

Q6: How serious do you think work zone motor vehicle crashes are compared to other work 

zone safety hazards (e.g. equipment misuse)?  
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As shown in Table 1.3-3, 57.2% of respondents believed that work zone motor 

vehicle crashes are more serious compared to other work zone safety hazards. One 

respondent thought it is less serious. 

Table 1.3-3 Summary result for question 6 of contractors survey 

Answer Options 
Response 

Percent 

Response 

Count 

Much less serious 0.0% 0 

Less serious 14.3% 1 

Same 14.3% 1 

More serious 28.6% 2 

Much more serious 28.6% 2 

Unsure 14.3% 1 

 

 

Q7: Do you think a greater police presence at work zone construction sites help to reduce 

the number of work zone crashes, injuries and/or fatalities? 

Six respondents answered ‘yes’ to this question while one believed police 

enforcement does not improve work zone safety. 

Q8: Which section of a typical work zone do most crashes occur?  

As shown in Table 1.3-4, all respondents believed that the transition area is the most 

probable section of work zone for crashes to happen. Interestingly, the empirical data in 

Subchapter 1.5 indicate a different result.  

 



23 

 Table 1.3-4 Summary result for question 8 of contractors survey 

Answer Options 
Response 

Percent 

Response 

Count 

Advance Warning Area 0.0% 0 

Transition Area 100.0% 7 

Activity Area 0.0% 0 

Termination Area 0.0% 0 

 

Q9: To what extent do work zone incidents and/or crashes delay your construction 

schedule? 

Table 1.3-5 shows that respondents mentioned that work zone incidents and crashes 

delayed construction from somewhat to significantly.  

Table 1.3-5 Summary result for question 9 of contractors survey 

Answer Options 
Response 

Percent 

Response 

Count 

Not at all 0.0% 0 

Somewhat 57.1% 4 

Significantly 42.9% 3 

Very Significantly 0.0% 0 

 

Q10: To what extent is your firm’s Experience Modification Rate (EMR) affected by 

highway work zone safety considerations? 

Six respondents answered this question, Table 1.3-6, and four of them mentioned that 

their firm’s EMR was somewhat affected by work zone safety considerations. 

Q11: To what extent does worker and public safety play a role in winning a 

construction/rehabilitation bid? 
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Four of seven respondents mentioned that worker and public safety plays an 

important role in their chance of winning a construction/rehabilitation bid (Table 1.3-7). 

Table 1.3-6 Summary result for question 10 of contractors survey 

Answer Options 
Response 

Percent 

Response 

Count 

Not at all 16.7% 1 

Somewhat 66.7% 4 

Significantly 0.0% 0 

Very Significantly 16.7% 1 

answered question 6 

skipped question 1 

 

Table 1.3-7 Summary result for question 11 of contractors survey  

Answer Options 
Response 

Percent 

Response 

Count 

Not Important 14.3% 1 

Important 57.1% 4 

Somewhat Important 14.3% 1 

Highly Important 14.3% 1 

 

Q12: What factors do you take into account for evaluating work zone safety? (check all 

that apply) 

Table 1.3-8 Summary result for question 12 of contractors’ survey  

Answer Options 
Response 

Percent 

Response 

Count 

Traffic volumes 100.0% 6 

Crash history 66.7% 4 

Site characteristics 100.0% 6 

Knowledge/experience 83.3% 5 

Highway Safety Manual (HSM) 33.3% 2 

Others 16.7% 1 

answered question 6 

skipped question 1 

 

Six respondents answered the question and a summary of the results is shown in Table 

1.3-8. The factors that more than half of these contractors took into account for work zone 
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safety evaluations were: traffic volumes, crash history, site characteristics and experience. 

This result underscores the need for a quantitative work zone safety assessment tool. 

Q13: Do you use any tools or quantitative measures to compare the safety of different 

alternative work zone phasing plans? If so, which one(s)? 

As shown in Table 1.3-9, six of the respondents mentioned that they do not have any 

quantitative measure to compare different work zone alternatives. A respondent mentioned 

MUTCD as a source, which does not have any quantitative work zone safety evaluation 

equation.  The results show the importance and need for a quantitative work zone safety 

assessment tool for practitioners. 

Table 1.3-9 Summary result for question 13 of contractors survey  

Answer Options 
Response 

Percent 

Response 

Count 

No or Engineering Judgment only 100.0% 6 

HSM work zone CMF 0.0% 0 

Other published sources 33.3% 2 

 

Q14: If there were a tool for quantifying the safety of different work zone configurations, 

how frequently would you use it on the following types of work zones? 

The answers to questions 14 and 15, Table 1.3-10 and Table 1.3-11, show the 

contractors’ eagerness to have access to an analytical work zone safety assessment tool, 

which is the goal of this study. 
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Table 1.3-10 Summary result for question 14 of contractors survey  

Answer Options Always Often Sometimes Rarely Never Response Count 

Full closure work zones 3 2 0 1 0 6 

Crossover work zones 2 4 0 0 0 6 

Lane closure work zones 2 4 0 0 0 6 

Work zones on shoulder 2 2 1 1 0 6 

Short term work zones 2 3 1 0 0 6 

Moving work zones 3 2 1 0 0 6 

answered question 6 

skipped question 1 

 

Q15: Would you like to receive a copy of the final version of this study and work zone 

safety assessment tool when they are completed? 

Table 1.3-11 Summary result for question 15 of contractors survey  

Answer Options 
Response 

Percent 

Response 

Count 

Yes 83.3% 5 

No 16.7% 1 

answered question 6 

skipped question 1 

 

1.3.2 Survey of DOTs 

This section summarizes the answers of 9-question survey of DOTs, answered by 29 

DOT representatives.  

Q1: What agency do you represent? 

The survey was sent to different DOT representatives and 29 different respondents 

completed it. Due to privacy issues, their information is kept confidential. 

Q2: Do you believe, generally, that the presence of work zones increases the crash 

frequency? 
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Among the DOT respondents, 48.3% of them believed that work zone presence 

increases the crash frequency, while 34.5% thought it does not increase crash frequency. 

Five of the 29 respondents were unsure about this question.  

Table 1.3-12 Summary result for question 2 of DOTs survey 

Answer Options 
Response 

Percent 

Response 

Count 

Yes 48.3% 14 

No 34.5% 10 

Unsure 17.2% 5 

 

Q3: To what degree do you believe that the following factors impact work zone safety on 

freeways? Please rate the factors on a scale from Not Important to Highly Important. 

Figure 1.3-5 shows the answer options for this question. The importance levels were 

ranked numerically from zero to three as: 0 for not important to 3 for highly important. 

Figure 1.3-6 summarizes the average importance of each factor in freeway work zone 

safety based on the responses. The factors with average importance of 2 and more were: 

AADT, duration, speed reduction, type of work zone (lane shift, crossover, lane closure 

and moving work zone), number of on /off-ramps and work zone warning signs. Work 

zone traffic volume was the most significant factor identified by the respondents. 



28 

 
Figure 1.3-5 Answer options for question 3 of DOTs survey 
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Figure 1.3-6 Average importance of different factors for question 3 of DOTs survey 

Some DOT respondents mentioned a few different factors other than the ones in the 

list such as: number of traffic phases, presence or absence of shoulders (especially for 

moving or short duration work), sight distance along the highway night construction, lane 

width, daytime versus nighttime seasons (e.g. summer vs. winter), large truck volumes or 

percentage of total ADT, state construction vs. maintenance operations vs. utility 

contractors under permit, predictability of traffic delays (i.e. expected end of queue versus 

unexpected end of queue), types of positive protection used (i.e. temporary barrier, mobile 

barrier, barricades, traffic cones, impact attenuation devices), and advance notification with 

the use of ITS to alert of work zone areas (cameras, message boards, and sensors). 

Q4: To what degree do you believe that the following additional factors impact the safety 

of work zones on facilities with at-grade intersections? Please rate from Not Important to 

Highly Important. 
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Contracting elements such as liquidated…

Contract cost per mile per duration

Importance (0 for not important and 3 for highly important)

To what degree do you believe that the following factors impact work zone 
safety on freeways? Please rate the factors on a scale from Not Important 

to Highly Important.
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Figure 1.3-7 shows the answer options for this question. The importance levels were 

ranked numerically from zero to three as: 0 for not important to 3 for highly important. 

Figure 1.3-8 summarizes the average importance of each factor in arterial work zones’ 

safety based on the responses. The factors with average importance of 2 and more were: 

number of intersections in work zone segment and AADT of each crossing road. The 

number of intersections in the work area was the most significant factor identified by the 

respondents. 

 

Figure 1.3-7 Answer options for question 4 of DOTs survey 
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Figure 1.3-8 Average importance of different factors for question 4 of DOTs survey 

Some DOT respondents mentioned a few different factors other than the ones in the 

list such as maintenance of work zone devices, police enforcement of speeds and other 

traffic regulations, number of businesses within the work zone, spacing of 

intersections/accesses, available alternate routes for intersecting local/surface streets, 

access types (e.g. public parks, private businesses, large businesses, schools and factories, 

private residence or apartment complex), number of pedestrians and bicyclists that travel 

in and around work zone area, and quality of devices and layout (effectiveness) especially 

in intersections. 

Q5: For freeway work zones, how far upstream before the transition area and downstream 

after the activity area would you consider a crash to be most likely influenced by the work 

zone? 

As shown in Table 1.3-13, 27 respondents answered to this question and more than 

80% of them believed that work zones influence area length is less than a mile upstream 

0.00 1.00 2.00 3.00

AADT of each crossing streets in work zone
area

Average AADT of all crossing streets in work
zone area

Number of intersections in work zone area

Number of driveways in work zone area

Importance (0 for not important and 3 for highly important)

To what degree do you believe that the following additional factors impact 
the safety of work zones on facilities with at-grade intersections? Please 

rate from Not Important to Highly Important.
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and downstream of work zones. The upstream influence length was longer than 

downstream.  

Table 1.3-13 Summary result for question 5 of DOTs survey 

Peak-Hour in Urban Areas 

Answer 

Options 

0-0.25 

mi 

0.25-0.5 

mi 

0.5-1 

mi 

1-1.5 

mi 

1.5-

2mi 
>2mi Response Count 

Upstream 2 7 8 3 1 6 27 

Downstream 15 9 2 1 0 0 27 

  
       

Off-Peak in Urban Areas 

Answer 

Options 

0-0.25 

mi 

0.25 mi-

0.5 mi 

0.5-1 

mi 

1 mi-

1.5 mi 

1.5-

2mi 
>2mi Response Count 

Upstream 8 9 5 4 1 0 27 

Downstream 19 5 1 0 1 0 26 

  
       

Rural 

Answer 

Options 

0-0.25 

mi 

0.25 mi-

0.5 mi 

0.5-1 

mi 

1 mi-

1.5 mi 

1.5-

2mi 
>2mi Response Count 

Upstream 6 5 10 3 1 2 27 

Downstream 18 5 1 1 1 0 26 

 

Q6: How do you account for safety in work zone planning/design? (check all that apply) 

Results concerning safety factors are shown in  

Table 1.3-14. The factors that more than half of respondents considered for work 

zone safety evaluation include traffic volume, crash history, site characteristics and 

experience. The results were similar to the results from the contractor survey. The need for 

a quantitative work zone safety assessment tool is apparent. 

Some respondents mentioned other sources they use to account for work zone safety 

planning and design such as the Virginia Work Area Protection manual (Virginia's version 

of Part 6 to the MUTCD), standardized design of TCPs Pre-construction operating speeds 
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safety and operational review of detour routes, MUTCD, and the Montana Department of 

Transportation Standard Specifications and Detailed Drawings. There were two other 

interesting comments. The first comment was regarding ITS usage: “account for ITS 

architecture to assist while work zones in place. i.e. cameras, message boards, sensors to 

be used for diversion and notification”. The second comment concerned driver behavior: 

“driver behavior considerations if the info is available - usually falls under experience.” 

Table 1.3-14 Summary result for question 6 of DOTs survey 

Answer Options 
Response 

Percent 

Response 

Count 

Traffic volumes 96.6% 28 

Crash history 62.1% 18 

Site characteristics 96.6% 28 

Knowledge/experience 96.6% 28 

Highway Safety Manual (HSM) 34.5% 10 

Other 17.2% 5 

Others (please specify) 8 

 

Q7: Does your agency utilize innovative contracting techniques (e.g. incentive/disincentive 

contracts, A+B bidding, etc.) to improve work zone safety? 

As shown in Table 1.3-15, among the 28 DOT representatives that answered this 

question, 79% of them indicated that their agency uses innovative contracting techniques 

(e.g. incentive/disincentive contracts, A+B bidding, etc.). The methods some respondents 

mentioned include incentive/disincentive, I/D lane rental, A+B (Cost + Time) and A+C 

(Cost + Pre-Qualifications), and accelerated bridge construction techniques. 
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Table 1.3-15 Summary result for question 7 of DOTs survey 

Answer Options 
Response 

Percent 

Response 

Count 

Yes 78.6% 22 

No 10.7% 3 

Unsure 10.7% 3 

Explain, if necessary 8 

answered question 28 

skipped question 1 

 

Q8: If there were a tool for quantifying the safety of different work zone configurations, 

how frequently would you use it? 

The answers to questions 8 and 9, in Table 1.3-16, Table 1.3-17, and Figure 1.3-9, 

show the DOT representatives’ eagerness to have access to an analytical work zone safety 

assessment tool, which is the goal of this study. 

Table 1.3-16 Summary result for question 2 of DOTs survey 

Answer Options Always Often Sometimes Rarely Never 
Response 

Count 

Choose the most 

applicable 
2 13 11 3 0 29 
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Figure 1.3-9 Summary result for Question 8 of DOTs survey 

Q9: Would you like to receive a copy of the final version of this study and work zone safety 

assessment tool when they are completed? 

Table 1.3-17 Summary result for question 9 of DOTs survey 

Answer Options 
Response 

Percent 

Response 

Count 

Yes 96.4% 27 

No 3.6% 1 

answered question 28 

skipped question 1 
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1.3.3 Phone Interviews 

In addition to the online survey, ten follow-up phone interviews were conducted with 

some of the participants from the online survey to learn more about their perspectives on 

work zone safety. The interviewees were from the following states: Oregon, Iowa, District 

of Columbia, Kansas, Missouri, Virginia, and Nebraska. The interviews included eight 

representatives from state DOTs, one representative from the Federal Highway 

Administration (FHWA), and one contractor. Some of the questions asked of the 

interviewees included: 

• Do you currently incorporate safety analysis into your evaluation of work zone 

phasing alternatives? If so, how do you perform this analysis?  

• What features would you like to see incorporated into a safety assessment tool to 

evaluate work zone phasing alternatives? 

Many interviewees responded that they do not perform a formal safety analysis of 

work zone alternatives but look at safety informally using engineering judgment. Some 

agencies indicated that it is difficult to obtain sufficient data for a formal analysis. Other 

agencies look at crash rates as an indicator of work zone safety. Anticipation of queuing is 

also used by some agencies to help reduce rear end crashes in work zones.  

In response to the question about features in safety assessment tool for work zones, 

interviewees indicated that they would like a tool that could help them to balance safety 

across projects by looking at crashes and user costs. Work zone duration and traffic counts 

were mentioned as important exposure variables that should be investigated. The tool 
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should give some guidance to practitioners regarding factors to consider when evaluating 

work zone safety and should help to provide recommendations to practitioners while 

recognizing that each project is different. 

Interviewees were also asked about other aspects of work zone safety such as 

nighttime work zones, quality assurance, and work zone speed limits. Some of the other 

key findings from the phone interviews include: 

Work zone phasing that provides for separation between traffic and construction 

workers is ideal. A complete closure with a detour is preferable from a safety standpoint 

but often difficult to implement due to resistance from stakeholders and the general public. 

Other options to be considered in order of preference include the use of a temporary bypass 

to divert traffic from the construction area, staged construction with a horizontal offset or 

concrete barrier, and the use of channelizers to separate the traffic from construction 

workers. 

Consistency in work zone implementation within an agency can be a challenge, 

especially since there can be differences in goals between jurisdictions (such as rural versus 

urban). Training can help to improve consistency in work zone implementation. 

Agencies use various methods to help improve visibility and safety for nighttime 

work zones such as the development of specifications, use of brighter signs, use of drums 

instead of cones for channelizers, and lighting requirements such as lighting for flagger 

stations.  
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Short duration work zones can also be challenging. Some agencies use additional 

measures for short duration work zones such as the use of a special handbook for operations 

in short duration work zones or trying to make construction vehicles more visible. 

Communicating work zone information to the public through public outreach and 

Dynamic Message Signs (DMS) is an important aspect of work zone safety. 

Agencies have different policies for setting work zone speed limits. For example, 

Missouri typically uses a 10 mph speed limit reduction on freeways. Iowa reduces work 

zone speed limits from 70 mph to 55 mph for two-lane two-way operations on multi-lane 

highways. Nebraska has implemented a policy that sets work zone speed limits based on 

the type of facility and type of work. Virginia uses a spreadsheet to analyze work zone 

speed limits but tries not to lower speed limits if possible. The District of Columbia 

typically uses a 5 mph speed reduction for work zones. In Kansas, work zone speed limits 

are set in the field and are typically 10 mph to 15 mph less than the posted speed limit. 

Most interviewees generally thought that speed enforcement helps to improve work 

zone safety, but it helps if the enforcement is visible and announced in advance. In some 

cases, enforcement can impact traffic and safety negatively if it causes traffic backup. 

Many agencies perform work zone audits to help evaluate the safety and operations 

of work zones.  

The use of Personal Protective Equipment by construction workers is an important 

component of work zone safety. 
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1.4 DATA 

The dependent variable in work zone crash prediction models is most often the crash 

count based on crash severity. The crash temporal-spatial characteristics are available in 

some DOT crash archives. The Missouri DOT databases contained all the necessary 

information, thus they were used for model development in this study. By knowing the 

exact time and place of work zones, crashes that occurred in the exact temporal-spatial 

footprint of work zones could be found.  The number of crashes that occurred in a work 

zone is the only necessary dependent variable in developing work zone crash prediction 

models. However, the locations of crashes in work zones could be interesting to DOTs; so 

this study also discusses crash location analysis. Typically, a work zone is divided into five 

independent segments: advance warning area, transition area, buffer area, activity area, and 

termination area (MUTCD 2009). These segments are described in greater detail in 

subsequent sections of this study. 

 

1.4.1 Databases 

To develop a work zone SPF, three categories of data are needed: work zone 

characteristics, crash characteristics, and road and traffic characteristics. The challenging 

part is fusing the data from these different databases. Some of the necessary data in each 

category are as follows: 

Work zone characteristics 

• Travel-way ID 

• Work zone dates and location (mile post) 
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• Cost of the project 

• Lane closure 

• Duration of the work zone  

• Length of the work zone 

Crash characteristics 

• Travel-way ID 

• Log-mile (the mile post on each travel-way) 

• Date and time of the crash 

• Number of injuries, fatalities, etc. 

• Number of vehicles involved 

• Type of collision 

Road and traffic characteristics 

• Travel-way ID 

• Segment begin and end Log-mile 

• Average daily traffic (ADT) or AADT with seasonal adjustment factor 

• Number of lanes 

• Number of intersections 

• Percent of heavy vehicles 

Intersection database 

• Intersection ID 

• Leg travel-way ID 

• Log-mile 
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• Signalized flag 

• Number of Legs 

Figure 1.4-1 shows the schematic data collection process: 

 

Figure 1.4-1 Schematic work zone studies data collection process 

There are several variables that can be used in making a crash prediction model. At 

first glance, the inclusion of more variables leads to a more accurate model. However, a 

large number of variables has several disadvantages. First, it increases the data 

requirements and may require the collection of data that are not readily available. Second, 

it can lead to over fitting of the model (especially in big samples). Over fitting happens 

when model has many parameters and an over fitted model describes random error instead 

of underlying relationship. Such a model has a poor predictive performance and can 

exaggerate results of a small change in exposure variables. Third, it can make the model 

usage by practitioners more difficult due to the extensive data requirements, as some data 

are not readily available to practitioners. 
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Data fusion was used to merge the information contained in the work zone, crash, 

and road segment databases. Databases need to be organized in a way that makes linking 

them possible. Missouri databases are indexed in a way that crashes, road segments and 

work zone databases could be linked in a proper way. Because the data fusion process is 

complex and time consuming, prior research has typically relied on small sample sizes for 

building work zone crash models. For example, Khattak et al. (2002) used a sample size of 

36 work zones in building the model used in HSM.  One contribution of this research is the 

use of a large sample size for model development. The sample sizes used in this study are 

significantly larger than those used in any of the published literature in work zone safety. 

This study used 1,546 freeway, 1,189 expressway, 6,095 rural two lane, 251 multi-lane 

highway, 3,138 arterial, 372 ramp, 2,488 4-leg signalized intersection, and 8,060 4-leg 

unsignalized intersection work zones to develop 20 different work zone safety models. 

The work zone database included a unique work zone ID, a roadway segment ID, 

start and end date, time of work, and start and end location. The crash database contained 

archived highway patrol reports. Even though there is a column in crash reports indicating 

work zone presence, it was not relied upon, because it was based upon a police officer’s 

judgment at the scene which could be inaccurate. Instead, tempo-spatial matching was used 

to match the crashes with the time and location of each work zone. Thus there are crashes 

that occurred in work zones that are not reported as work zone-related crashes in crash 

reports. An FHWA study (FHWA-RD-96-100, 1996) tested four work zones and found 

that as many as 77 percent of the crashes that occurring in these work zones were not coded 

as work zone-related crashes by police officers.  
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In work zone databases, the footprint of a work zone is recorded as the beginning and 

end of the work area. To account for the work zone signage areas, including the advance 

warning areas, this study used MUTCD recommended temporary traffic control plans’ 

thresholds for freeway, expressway and rural two lane work zones. To this end, the road 

functional type, speed limit, lane width and area designation (urban-rural) were also 

collected. The process is explained further in the next section 4.2, Crash Assignment to 

Work Zones. In contrast, the model used by the HSM classified all crashes within 0.5 mile 

(0.8 km) of the beginning and 0.5 mile (0.8 km) after the end of the work zone as work 

zone crashes.  

 

1.4.2 Crash Assignment to Roadway Work Zones (based on MUTCD) 

As mentioned in the previous section, the crashes were matched to work zones based 

on MUTCD recommended distances. Work zones have five different parts: advance 

warning area, transition area, buffer area, activity area, and termination area (FHWA, 

2009a). This study considered activity and buffer areas together, and the remaining areas 

separate. Figure 1.4-2 shows the schematic plan of work zone parts. 
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Figure 1.4-2 Work zone components based on MUTCD (FHWA, 2009a) 
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Table 1.4-1 shows the information from the MUTCD that was used to compute the 

advanced warning area minimum distance. This minimum distance depends on the facility 

functional type, speed and work zone area urban-rural designation. 

Table 1.4-1  Advanced warning area distances, MUTCD 

recommendations (FHWA, 2009a) 

 

The buffer distance only depends on the road speed limit as shown in Table 1.4-2. 

This space could be included in both the before and after work area of the work zone. 

Table 1.4-2 Buffer area, MUTCD 

recommendations (FHWA, 2009a) 
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The transition area is based on the lane closure, speed, and the lane width. Based on 

the MUTCD work zone schematic plan, the shoulder taper is not in the transition area and 

is included in the advanced warning area. So there is no need to compute this distance. 

Table 1.4-3 shows the equation for computing transition areas. The distance needed to add 

to the start of the work area is the summation of the buffer area, transition area, and advance 

warning area. 

Table 1.4-3 Transition and termination area, 

MUTCD recommendations (MUTCD, 2009) 

 

Downstream from each work zone work area are two different parts: buffer space and 

termination area. The buffer area is considered the same as the upstream buffer of the work 

zone, and the termination area is 50-100 ft for each closed lane. Figure 1.4-3 shows a 

schematic plan of a two-lane work zone. 
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Figure 1.4-3 Rural two-lane schematic work zone parts, MUTCD (FHWA, 2009a) 

 

1.4.3 Crash Assignment to Work Zones on Intersections 

The work zone database includes the work zones on roadway segments. There is no 

available data for work zones on intersections. In addition the intersection database is not 
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aggregated for each intersections. In fact, the intersection database contains a list of all 

‘intersections legs’ in the state of Missouri. So, each row of the database includes the 

information of ONE Leg of an intersection.  

To assign the work zones to the intersections the following algorithm was devised. 

Note that the real footprint of the work zones were found by the MUTCD thresholds 

mentioned in section 1.4.2. Crashes were classified intersection-related, which occurred on 

one of the intersection approaches with distance less than 250 ft from the intersection. 

1.4.3.1 Algorithm 

The following algorithm was devised to link work zones, intersections and crashes. 

In the algorithm symbols Ⓐ, Ⓑ, Ⓒ, and Ⓓ represent various datasets that were prepared. 

1. For each work zone in the database: 

1.1. From intersection database find the ‘set of intersection legs inside the WZ’
Ⓐ

 

by using the legs travel-way ID and log-mile 

1.1.1. Find the legs with travel-way ID, equal to work zone travel-way ID 

which: 

𝑊𝑍 𝑏𝑒𝑔𝑖𝑛 𝑙𝑜𝑔𝑚𝑖𝑙𝑒 < 𝑙𝑒𝑔 𝑙𝑜𝑔𝑚𝑖𝑙𝑒 <  𝑊𝑍 𝑒𝑛𝑑 𝑙𝑜𝑔𝑚𝑖𝑙𝑒 

1.2. From Ⓐ find the ‘list of unique intersection IDs’
Ⓑ

 

1.3. For each intersection in Ⓑ find the ‘list of all the legs of the intersection’
Ⓒ

 

1.4. For each intersection in Ⓑ  

1.4.1. From Ⓒ Find AADT of major and minor set of legs considering: 

1.4.1.1. One of major legs has maximum AADT, One minor of legs has 

the minimum AADT 

1.4.1.2. The leg on opposite side of the 1st major leg is the second major 

leg. The same for the minor leg. 

1.4.1.3. Find the average AADT for set of major legs and minor legs 

1.4.2. Find the crashes on each leg that have the same travel-way ID as the 

leg travel-way ID, which: 
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𝐿𝑒𝑔 𝑙𝑜𝑔𝑚𝑖𝑙𝑒 − 250 <  𝐶𝑟𝑎𝑠ℎ 𝑙𝑜𝑔𝑚𝑖𝑙𝑒 <  𝐿𝑒𝑔 𝑙𝑜𝑔𝑚𝑖𝑙𝑒 

𝑊𝑍 𝑠𝑡𝑎𝑟𝑡 𝑑𝑎𝑡𝑒 <  𝐶𝑟𝑎𝑠ℎ 𝑑𝑎𝑡𝑒 <  𝑊𝑍 𝑒𝑛𝑑 𝑑𝑎𝑡𝑒 

1.4.3. Put the crashes on all legs in a list Ⓓ 

1.4.4. Aggregate all the crashes in Ⓓ by severity 

2. For each intersection found in 1, add WZ and crash count information calculated 

in 1.4.1 and 1.4.4.  

 

1.4.4  Sampling and Data Descriptive Statistics 

The Missouri work zone database had 110,287 work zones between January of 2009 

and December of 2014. Data for years before 2009 were available, but the crash rate of the 

years before 2009 was different than the years after 2009. The years between 2009 and 

2014 seems not to be significantly different. The concern with using pre-2010 data, was 

that the difference in the crash rate was due to factors not captured in the available 

variables, e.g. the Great Recession.  

Table 1.4-4 shows the number of work zones in each facility type. The facilities 

having a large number (>5000) of work zones were freeway, expressway, and two lane 

roads. Freeway and expressway work zones were divided almost equally between urban 

and rural roads, while the two lane roads were mostly rural. So, three categories of models 

were developed for freeway, expressway and rural two lanes.  

Most of work zones in the database were short length and short duration work zones, 

with no crashes. Table 1.4-6 shows the minimum, maximum and average duration, length 

and AADT of these work zones. 
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Table 1.4-4 Number of work zones by facility 

type; 2009 to 2014 

Operation Type Number of WZs 

3 LANE SECTION 474 

5 LANE SECTION 3922 

EXPRESSWAY 8993 

FREEWAY 20873 

MULTI-LANE 2300 

ONE-WAY 216 

RAMP 4083 

SHARED FOUR LANE 226 

SUPER 2-LANE 2191 

TWO-LANE 64476 

(blank) 2533 

Grand Total 110287 

  

Table 1.4-5 Descriptive statistics of 110,287 Missouri work zones between 

2009 and 2014 

 Duration (day) Length (mile) AADT (veh/day) 

Min 0.02 0.01 4 

Max 1096.42 282.89 241418 

Average 6.9 3.28 16990 

 

Table 1.4-6 shows the length and duration of these 110,287 work zones. As can be 

seen in this table, more than half of the work zones (61153) were shorter than 2 miles with 

duration less than 30 days. 

Among these 110,287 work zones, based on police officers’ judgement, only 2,618 

of 110,287 work zones contained at least 1 work zone related crash. Table 1.4-7 and Table 

1.4-8 show the distribution of work zones with no crashes and the work zones with at least 

1 crash, respectively. Table 1.4-7 shows that most of “No-Crash-Work zones” are the short 

ones with duration less than a month. 
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Table 1.4-6 Distribution of 110,287 work zones by length and duration 

 Duration (days) 

Length (miles) <30 
30-

120 

120-

210 

210-

300 
>300 Total 

0-2 61153 2867 303 118 104 64545 

2-4 16083 495 44 35 20 16677 

4-6 9284 305 20 6 13 9628 

6-8 5956 230 7 13 6 6212 

8-10 4031 133 14 7 17 4202 

>10 8402 522 68 18 9 9019 

Total 104913 4552 456 197 169 110287 

 

Table 1.4-7 Distribution of work zones with no crashes by length and duration 

Number of Work 

Zones with no 

Crash 

Duration (days) 

Length (miles) <30 30-120 120-210 
210-

300 
>300 Total 

0-2 60568 2707 255 94 85 63709 

2-4 15841 424 22 17 5 16309 

4-6 9085 251 10 4 5 9355 

6-8 5824 180 4 7 3 6018 

8-10 3904 95 7 1 9 4016 

>10 7874 335 29 8 6 8252 

Total 103100 3992 327 131 113 107663 

 

Table 1.4-8 Distribution of work zones with at least one crash by length and 

duration 

Number of Work 

Zones with at least 1 

Crash 

Duration (days) 

Length (miles) <30 30-120 120-210 
210-

300 
>300 Total 

0-2 579 160 48 24 19 830 

2-4 242 71 22 18 15 368 

4-6 199 54 10 2 8 273 

6-8 132 50 3 6 3 194 

8-10 127 38 7 6 8 186 

>10 528 187 39 10 3 767 

Total 1807 560 129 66 56 2618 
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Table 1.4-9 shows the average crash count of the work zones with at least 1 crash 

(crash per work zone) indicated for different combinations of work zone duration and 

length. The table shows that by increasing the duration and length of the work zone, the 

probability of having a higher crash frequency, increases too.  

Table 1.4-9 Average crash count per work zone (for work zones with at last one 

crash) 

Average Crash Count 

per Work Zone (with at 

last one crash) 

Duration (days) 

Length (miles) <30 30-120 120-210 
210-

300 
>300 Total 

0-2 1.17 2.24 4.02 10.17 5.89 1.91 

2-4 1.38 2.49 4.32 6.17 5.73 2.18 

4-6 1.35 2.43 2.70 41.00 7.13 2.07 

6-8 1.48 3.28 6.00 26.67 11.00 2.94 

8-10 1.49 3.34 6.43 15.33 19.88 3.29 

>10 1.66 4.63 16.79 22.80 37.33 3.56 

Total 1.40 3.26 8.01 13.89 9.98 2.62 

 

As discussed previously, most of the work zones do not have any crashes. Table 

1.4-10 shows the number of work zones with different crash frequency for the years 

between 2009 and 2014.  

Table 1.4-11shows the average crash count (i.e. crashes per work zone) by severity 

for rural, urban, and urbanized areas for work zones with at least one crash. An area is 

classified as rural if it has fewer than 5,000 people, urban if it has between 5,000 and 50,000 

people, urbanized if it has between 50,000 and 250,000 people, and metropolitan if it has 

more than 250,000 people. In this study urban, urbanized and metropolitan work zones 

were categorized as one group named urban area. PDO and Minor Injury crashes increase 

from rural to urbanized area, while Disabling Injury and Fatal crashes decreases. Table 
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1.4-11 shows that there is significant difference between urban and rural work zones. So, 

the work zones were separated based on its urban-rural designation.  

Table 1.4-10 Number of work zones with 

different crash counts 

Number of Crashes (n) 
Work Zones 

with n crashes 

0 103418 

1 1719 

2 384 

3 156 

4 91 

5 64 

6 35 

7 35 

8 18 

9 15 

>=10 101 

 

Table 1.4-11 Average crash count based on severity and area designation 

   Crashes per Work Zone 

Area 

Designation 

Number of 

Work Zones 

Number 

of 

Crashes 

PDO 
Minor 

Injury 

Disabling 

Injury 
Fatal 

RURAL 1214 2254 1.461 0.451 0.138 0.029 

URBAN 234 657 1.863 0.598 0.085 0.030 

URBANIZED 1170 3958 2.405 0.721 0.068 0.003 

 

Another way to analyze the work zone crashes is to study them by time of occurrence. 

Table 1.4-12 indicates that most of the crashes occurred during the day. “(F+DI)/Grand 

Total ratio” indicates the percentage of severe crashes, which is more than 7% for 6 AM, 

7 and 8 PM. It means that during these hours it is more probable to see a severe crash.  
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Table 1.4-12 Temporal distribution of work zone crashes by severity 

Time FATAL DI MI PDO 
(F+DI)/Total 

crashes *100 
Total Percentage 

12 AM    10 0.0 10 0.15 

1 AM    2 0.0 2 0.03 

2 AM   1 1 0.0 2 0.03 

3 AM   1 5 0.0 6 0.09 

4 AM    1 0.0 1 0.01 

5 AM   1 4 0.0 5 0.07 

6 AM  5 5 36 10.9 46 0.67 

7 AM 2 18 66 285 5.4 371 5.40 

8 AM 8 20 86 334 6.3 448 6.52 

9 AM 3 19 118 428 3.9 568 8.27 

10 AM 6 23 129 496 4.4 654 9.52 

11 AM 3 30 177 571 4.2 781 11.37 

12 PM 6 26 220 582 3.8 834 12.14 

1 PM 5 35 184 574 5.0 798 11.62 

2 PM 3 22 200 615 3.0 840 12.23 

3 PM 4 25 158 453 4.5 640 9.32 

4 PM 5 21 80 293 6.5 399 5.81 

5 PM 1 12 68 211 4.5 292 4.25 

6 PM  6 24 81 5.4 111 1.62 

7 PM  4 6 30 10.0 40 0.58 

8 PM  1 5 8 7.1 14 0.20 

9 PM   3 2 0.0 5 0.07 

10 PM    2 0.0 2 0.03 

Total 46 267 1532 5024  6869 100 

 

Figure 1.4-4 shows the percentage of severe crashes that occurred in work zones for 

each hour, from column 6 of Table 1.4-12. The crashes in Table 1.4-12, was derived by 

using ‘work zone presence checkbox’ in the crash reports. It was shown in the literature 

(FHWA-RD-96-100, 1996) that a large amount of crashes in work zones were not coded 

as work zone-related crashes by police officers. Figure 1.4-5 shows the overall temporal 

distribution of work zone crashes from last column of Table 1.4-12. In Figure 1.4-4, 6 a.m. 

and 8 p.m. are the hours with highest proportional of fatal and injury crashes. Three 
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possible reasons for this result include the presence of peak hour, changes in light 

condition, and setup and take down times of work zones. Figure 1.4-6 depicts the monthly 

distribution of work zone related crashes between 2009 and 2014. 

 

Figure 1.4-4 Percent of fatal/disabling-injury crashes by time of day 

 

Figure 1.4-5 Crash distribution by time of day 

All the crash statistics above were calculated based on the population of 110,287 

work zones between 2009 and 2014 in Missouri. It is noteworthy that the crash statistics 

were based on work zone presence checkbox of the crash reports. As mentioned in previous 
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page, (FHWA-RD-96-100, 1996) that a considerable amount of crashes in work zones were 

not coded as work zone-related crashes by police officers. In the next sections, the statistics 

are based on tempo-spatial crash matching using MUTCD mentioned work zone thresholds 

for freeways, expressways and rural two-lane two-way roads. 

 

Figure 1.4-6 Monthly distribution of work zone crashes between 2009 and 2014 

 

1.4.4.1 Freeway Work Zones 

Freeway is a divided travel-way with full control of access and two or more lanes for 

through traffic in each direction. All freeway intersections are grade separated. There were 

20,873 freeway work zones in Missouri between January of 2009 and December of 2014. 

As mentioned before, most of these work zones are ”small work zones” with short duration 

and low crash frequencies. Modeling crashes by including all the small work zones is 

possible, but the high uncertainty of the predictions in the model would limit the usability 

of the developed models. One solution is to exclude the work zones with short length and 

duration based on a pre-determined threshold. By dropping these work zones, the sample 
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size would become smaller but would include a greater percentage of work zones with 

crashes. So, there is a tradeoff between the minimum length and duration of work zones 

and the resulting sample size. 

To find the optimum thresholds for length and duration, different thresholds were 

tested to find the corresponding sample sizes. Also different models were fitted to the 

resulting sample, and the average overdispersion was calculated. As will be explained later 

in the Methodology section of this study, a smaller overdispersion means a more accurate 

model. The results of different thresholds for work zone duration are in Figure 1.4-7 and 

Figure 1.4-8, and the optimum threshold is on minimum duration of 10 days. 

 

Figure 1.4-7 Average overdispersion versus minimum duration 
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Figure 1.4-8 Freeway sample size versus minimum length 

A similar process was used for determining the minimum threshold for work zone 

length. The results in Table 1.4-13 shows that by using the minimum length of 0.1 mile, 

the overdispersion decreases from 0.53 to 0.5. By increasing the threshold more than this 

value, the overdispersion term does not change considerably. So, work zones shorter than 

0.1 mile and with duration of fewer than 10 days were omitted. In practical terms, very 

small work zones have very little traffic and safety impact, thus there is less of a need for 

using a safety tool for analyzing such work zones. 

 

Table 1.4-13 Average overdispersion of freeway models and their 

sample size using different minimum length thresholds 

Minimum Length 

of Work Zones 

(Miles) 

Average Overdispersion of 

Models 

Freeway 

Sample Size 

--- 0.53 20808 

0.1 0.5 19436 

0.2 0.5 17460 

0.3 0.49 16760 

0.4 0.49 15595 

0.5 0.483 14000 
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Table 1.4-14 shows the descriptive statistics of the sample of 1,546 freeway work 

zones used in this study. The sample contained work zones longer than 0.1 miles and with 

a duration of more than 10 days, thus decreasing the number of work zones without any 

crashes. The average length and duration from this reduced sample were 5.048 miles and 

43.4 days, respectively. The AADT of the samples ranged from 757 to 128,756 veh/day 

with an average of 30,531 veh/day.  

Table 1.4-14 Descriptive statistics of the freeway work zone sample 

Length, Duration and AADT 

Variables Average Min Max 

Length of work zone, mi (km) 
5.048 

(8.125) 

0.101 

(0.163) 

29.920 

(48.151) 

AADT (vehicles per day) 30,531 757 128,756 

Work zone Duration (days) 43.4 10 290 

Urban/rural percent 69% / 31% 

Number of observations 1,546 

Crashes 

Number of Crashes All crashes PDO Fatal-Injury 

Sum 9,199 6,975 2,224 

Average 5.950 4.152 1.439 

Min/max 0/175 0/136 0/39 

 

 

Table 1.4-15Table 1.4-15 depicts the number and percentage of crashes that occurred 

in the four parts of work zones: advanced warning area, transition area, work and buffer 

area, and termination area. Between 79.74% and 89.45% of the work zone crashes occurred 

in work and buffer area, depending on the number of closed lanes. The percentage of 

crashes in work and buffer area are larger than mentioned percentages in Zhao and Garber 

(2001). The percent of crashes in advance warning area varied between 10.55% and 

13.83%, depending on the number of closed lanes. By increasing the number of closed 
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lanes, the percent of PDO work zone crashes in transition area increased from 0.0% to 

7.92%. Termination area crashes were not significantly noteworthy.  

 

Table 1.4-15 Freeway work zone crash location analysis (population) 

Number 

of 

Closed 

Lanes 

Severity 

Freeway 

Advanced 

Warning 

Area 

Transitio

n Area 

Work and 

Buffer Area 

Terminatio

n Area 

0 

PDO 
Count 266 0 2255 0 

Percent 10.55 0.00 89.45 0.00 

Fatal-

Injury 

Count 84 0 692 0 

Percent 10.82 0.00 89.18 0.00 

1 

PDO 
Count 795 255 6347 22 

Percent 10.72 3.44 85.55 0.30 

Fatal-

Injury 

Count 260 84 2055 6 

Percent 10.81 3.49 85.45 0.25 

>1 

PDO 
Count 227 160 1618 15 

Percent 11.24 7.92 80.10 0.74 

Fatal-

Injury 

Count 86 39 496 1 

Percent 13.83 6.27 79.74 0.16 

 

 

1.4.4.2 Expressway Work Zones 

Expressway is a divided travel-way with limited/partial control of access and two or 

more lanes for through traffic in each direction. Intersections are normally at-grade, 

although isolated interchanges are possible. Table 1.4-16 shows the descriptive statistics 

of the sample of 1,189 expressway work zones used in this study. The sample contained 

work zones longer than 0.1 miles with a duration of more than 10 days. The average length 

and duration were 4.074 miles and 51.3 days, respectively. The AADT of the samples 

ranged from 713 to 34,744 veh/day with an average of 8,767 veh/day.   
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Table 1.4-16  Descriptive statistics of the expressway work zone 

sample 

Length, Duration and AADT 

Variables Average Min Max 

Length of work zone, mi (km) 
4.074 

(6.557) 

0.107 

(0.172) 

29.606 

(47.474) 

AADT (vehicles per day) 8,767 713 34,744 

Work zone duration (days) 51.3 10.3 298.3 

Urban/rural percent 51% / 49% 

Number of observations 1,189 

Crashes 

Number of Crashes All crashes PDO Fatal-Injury 

Sum 3,047 1,624 591 

Average 2.563 2.707 0.985 

Min/max 0/74 0/42 0/32 

Table 1.4-17 depicts the number and percent of crashes that occurred in the four parts 

of work zones: advanced warning area, transition area, work and buffer area, and 

termination area. Between 78.85% and 81.25% of the work zone crashes occurred in work 

and buffer area. The percentage of crashes in the advance warning area was between 

17.15% and 28.57%, depending on the number of closed lanes. By increasing the number 

of closed lanes, the percentage of crashes in the transition area increased from 0.0% to 

7.14%. Termination area crashes were not significantly noteworthy for zero and one closed 

lane; the percentage of PDO and fatal-injury crashes for work zones with more than one 

closed lane were 5.60% and 4.76% respectively. The percent of expressway work zone 

crashes in the work area was less than the freeway, while transition area had more crashes 

comparing to freeways. 

1.4.4.3 Rural Two-Lane Work Zones 

A rural two lane is an undivided travel-way with one lane for through traffic in each 

direction. It may include three lane sections, third lane may be either a climbing lane or 
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passing. Table 1.4-18 shows the descriptive statistics of the sample of 6,095 rural two-lane 

work zones used in this study. The sample contained work zones longer than 0.1 miles with 

a duration of more than 10 days. The average length and duration were 5.803 miles and 

30.9 days, respectively. The AADT of the samples ranged from 50 to 10,325 veh/day with 

an average of 778.6 veh/day.  

 

Table 1.4-17 Expressway work zone crash location analysis (population) 

Number 

of Closed 

Lanes 

Severity 

Expressway 

Advanced 

Warning Area 

Transition 

Area 

Work and 

Buffer Area 

Termination 

Area 

0 

PDO 
Count 96 0 358 0 

Percent 21.15 0.00 78.85 0.00 

Fatal-

Injury 

Count 24 0 104 0 

Percent 18.75 0.00 81.25 0.00 

1 

PDO 
Count 525 81 2415 10 

Percent 17.32 2.67 79.68 0.33 

Fatal-

Injury 

Count 188 29 871 8 

Percent 17.15 2.65 79.47 0.73 

>1 

PDO 
Count 30 4 84 7 

Percent 24.00 3.20 67.20 5.60 

Fatal-

Injury 

Count 12 3 25 2 

Percent 28.57 7.14 59.52 4.76 

 

Table 1.4-19 depicts the number and percent of crashes occurred in the four parts of work 

zones: advanced warning area, transition area, work and buffer area, and termination area. 

Between 95.86% and 97.45% of the work zone crashes occurred in the work and buffer 

area. The percentage of crashes in advance warning area was between 1.33% and 2.19%, 

depending on the lane closure. Transition and termination area crashes were not 

significantly noteworthy. Thus for rural work zones, the overwhelming majority of crashes 

occurred in the work and buffer areas.  
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Table 1.4-18  Descriptive statistics of the rural two-lane work zone 

sample 

Length, Duration and AADT 

Variables Average Min Max 

Length of work zone, mi (km) 
5.803 

(9.339) 

0.1 

(0.161) 

29.897 

(48.114) 

AADT (vehicles per day) 778.6 50 10,325 

Work zone duration (days) 30.9 10 300 

Number of observations 6,095 

Crashes 

Number of Crashes All crashes PDO Fatal-Injury 

Sum 1,629 1,077 552 

Average 0.267 0.177 0.091 

Min/max 0/32 0/23 0/9 

 

Table 1.4-19 Rural two-lane work zone crash location analysis (population) 

Number 

of Closed 

Lanes 

Severity 

Rural Two-Lanes 

Advanced 

Warning Area 

Transition 

Area 

Work and 

Buffer Area 

Termination 

Area 

0 

PDO 
Count 9 4 394 4 

Percent 2.19 0.97 95.86 0.97 

Fatal-

Injury 

Count 2 1 146 1 

Percent 1.33 0.67 97.33 0.67 

1 

PDO 
Count 49 10 2414 21 

Percent 1.96 0.40 96.79 0.84 

Fatal-

Injury 

Count 22 5 1148 3 

Percent 1.87 0.42 97.45 0.25 

1.4.4.4 Urban Multi-lane Highway Work Zones 

An urban multi-lane highway is an undivided travel-way with two or more lanes for 

through traffic in each direction. The access control can be either limited/partial or none.  

Table 1.4-20 shows the descriptive statistics of the sample of 251 urban multi-lane 

highway work zones used in this study. These work zones were collected between the years 

of 2011 and 2016. The sample contained work zones longer than 0.1 miles with a duration 

of more than 10 days. The average length and duration were 1.477 miles and 42.8 days, 
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respectively. The AADT of the samples ranged from 1,164 to 18,071 veh/day with an 

average of 7,592 veh/day. About 68.77% of the crashes were property damage only and 

the rest were fatal and injury crashes. 

Table 1.4-20 Descriptive statistics of the urban multi-lane highway 

work zone sample 

Length, Duration and AADT 

Variables Average Min Max 

Length of work zone, mi (km) 
1.477 

(2.377) 

0.1 

(0.161) 

9.32 

(14.999) 

AADT (vehicles per day) 7,592 1,164 18,071 

Work zone duration (days) 42.8 10.0 277.0 

Number of observations 251 

Crashes 

Number of Crashes All crashes PDO Fatal-Injury 

Sum 506 348 158 

Average 2.016 1.386 0.629 

Min/max 0/83 0/51 0/32 
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1.4.4.5 Arterial Work Zones 

Arterial roads were collected from MoDOT database by filtering the functional class 

name as ‘PRINCIPAL ARTERIAL’ or ‘MINOR ARTERIAL’. Table 1.4-21 shows the 

descriptive statistics of the sample of 3,138 arterial work zones used in this study. These 

work zones were collected between the years of 2011 and 2016. The sample contained 

work zones longer than 0.1 miles with a duration of more than 10 days. The average length 

and duration were 2.291 miles and 40.1 days, respectively. The AADT of the samples 

ranged from 94 to 29,383 veh/day with an average of 5,746 veh/day. Around 55% of these 

ramps were in urban areas. About 73.24% of the crashes were property damage only and 

the rest were fatal and injury crashes. 

Table 1.4-21  Descriptive statistics of the arterial work zone sample 

Length, Duration and AADT 

Variables Average Min Max 

Length of work zone, mi (km) 
2.291 

(3.687) 

0.1 

(0.161) 

9.990 

(16.077) 

AADT (vehicles per day) 5,746 94 29,383 

Work zone duration (days) 40.1 10.0 299.9 

Urban/rural percent 55% / 45% 

Number of observations 3,138 

Crashes 

Number of Crashes All crashes PDO Fatal-Injury 

Sum 4,682 3,429 1,253 

Average 1.492 1.093 0.399 

Min/max 0/60 0/48 0/26 
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1.4.4.6 Ramp Work Zones 

Ramp is a travel-way which allows movement from one travel-way to another travel-

way. Ramps are usually found at interchanges, however, some at grade intersections may 

have ramps to reduce turning movements. Here the ramps with lengths less than 0.1 were 

filtered out. Table 1.4-22 shows the descriptive statistics of the sample of 372 ramp work 

zones used in this study. These work zones were collected between the years of 2011 and 

2016. The sample contained work zones longer than 0.1 miles with a duration of more than 

10 days. The average length and duration were 0.277 miles and 46.1 days, respectively. 

The AADT of the samples ranged from 112 to 64,755 veh/day with an average of 6,487 

veh/day. Around 84% of these ramps were in urban areas. About 68.12% of the crashes 

were property damage only and the rest were fatal and injury crashes. 

Table 1.4-22  Descriptive statistics of the ramp work zone sample 

Length, Duration and AADT 

Variables Average Min Max 

Length of work zone, mi (km) 
0.277 

(0.446) 

0.11 

(0.177) 

0.820 

(1.320) 

AADT (vehicles per day) 6,487 112 64,755 

Work zone duration (days) 46.1 10.0 280 

Urban/rural percent 86% / 14% 

Number of observations 372 

Crashes 

Number of Crashes All crashes PDO Fatal-Injury 

Sum 138 94 44 

Average 0.371 0.253 0.118 

Min/max 0/34 0/28 0/6 
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1.4.4.7 Signalized Intersection (4-Leg) Work Zones 

Table 1.4-23 shows the descriptive statistics of the sample of 2,484 work zones on 4-

leg signalized intersections used in this study. There was not enough data for 3-leg 

intersections. These work zones were collected between the years of 2011 and 2016. The 

sample contained work zones longer than 0.1 miles with a duration of more than 10 days. 

The average duration was 43.1 days. The major leg AADT of the samples ranged from 

1,213 to 36,561 veh/day with an average of 11,373 veh/day. The minor leg AADT of the 

samples ranged from 15 to 13,878 veh/day with an average of 3,115 veh/day. Around 93% 

of these intersections were in urban areas. About 80% of the crashes were property damage 

only and the rest were fatal and injury crashes. 

Table 1.4-23  Descriptive statistics of the signalized intersection (4-

Leg) work zones sample 

Length, Duration and AADT 

Variables Average Min Max 

Major leg AADT (vehicles per day) 11,373 1,213 36,561 

Minor leg AADT (vehicles per day) 3,115 15 13,878 

Work zone duration (days) 43.1 10.1 299.9 

Urban/rural percent 93% / 7% 

Number of observations 2,484 

Crashes 

Number of Crashes All crashes PDO Fatal-Injury 

Sum 236 189 47 

Average 0.095 0.076 0.019 

Min/max 0/9 0/8 0/3 
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1.4.4.8 Unsignalized Intersection (4-Leg) Work Zones 

Table 1.4-24 shows the descriptive statistics of the sample of 8,060 work zones on 

4-leg unsignalized intersections used in this study.  There was not enough data for 3-leg 

intersections. These work zones were collected between the years of 2011 and 2016. The 

sample contained work zones longer than 0.1 miles with a duration of more than 10 days. 

The average duration was 34.2 days. The major leg AADT of the samples ranged from 66 

to 46,198 veh/day with an average of 3,575 veh/day. The minor leg AADT of the samples 

ranged from 11 to 12,976 veh/day with an average of 423 veh/day. Around 37% of these 

intersections were in urban areas. About 71% of the crashes were property damage only 

and the rest were fatal and injury crashes. 

Table 1.4-24  Descriptive statistics of the unsignalized intersection (4-

leg) work zones sample 

Length, Duration and AADT 

Variables Average Min Max 

Major leg AADT (vehicles per day) 3,575 66 46,198 

Minor leg AADT (vehicles per day) 423 11 12,976 

Work zone duration (days) 34.2 10.1 283.7 

Urban/rural percent 37% / 63% 

Number of observations 8,060 

Crashes 

Number of Crashes All crashes PDO Fatal-Injury 

Sum 75 53 22 

Average 0.0093 0.0066 0.0027 

Min/max 0/10 0/8 0/2 
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1.4.5 Data from Other States 

The most challenging part of work zone safety studies is finding good data sources. 

In addition to Missouri work zone data, the  following state DOTs were contacted to 

determine if they have suitable safety and work zone data: Florida, Idaho, Illinois, Maine, 

Michigan, New Hampshire, North Carolina, Ohio, Pennsylvania, South Carolina, South 

Dakota, Tennessee, Virginia, West Virginia, Wyoming, Indiana, Minnesota, Nebraska, 

Iowa, Wisconsin, and Kansas. 

The data received from other states were in a format that could not easily be used for 

work zone safety modeling. New Hampshire data was descriptive statistics of 33 work zone 

crashes. IowaDOT sent the list of crashes happened in Iowa. However, the Iowa crash data 

could not be used for work zone safety modeling due to the lack data regarding work zone 

characteristics. Most states do not have data in a form to make matching the crashes with 

work zones possible. Among the states that responded to the request, only Ohio and Kansas 

data were suitable for the purpose of developing work zone models. However the number 

of work zones provided were not enough to develop separate models. However, data from 

these two states could be used for calibrating the freeway models made by Missouri data. 

New Hampshire sent descriptive statistics for 33 freeway work zones. Three Error! 

Reference source not found.Figure 1.4-10, Figure 1.4-11, and Figure 1.4-11show the 

hourly, time of day and monthly distribution of the work zone related crashes, respectively. 

As a comparison, Missouri crashes occurred more frequently on 6 a.m., 7 and 8 p.m., while 

New Hampshire crashes were more frequently seen around 8 a.m. and 3 p.m. Most of New 

Hampshire crashes happened during the morning and afternoon. In New Hampshire most 
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of work zone related crashes happened between April and December which is similar to 

Missouri. 

 

Figure 1.4-9 Crash distribution by time 

 

Figure 1.4-10 Crash distribution by time of day 

 

Figure 1.4-11 Monthly crash distribution 
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1.5 MODEL ESTIMATION METHODOLOGY  

Negative Binomial (NB), Zero Inflated Negative Binomial (ZINB), Poisson and Zero 

Inflated Poisson (ZIP) were investigated as distributions for modeling the dependent 

variable, crash counts. Akaike Information Criterion (AIC) result was the best for Negative 

Binomial compared to the other models of ZINB, Poisson and ZIP distributions. The 

Akaike information criterion (AIC) for a given set of data, is a measure of the relative 

quality of statistical models. The smaller the AIC, the better. So, NB distribution was used 

for modeling. Most of the existing work zone safety studies used NB models (e.g. Pal and 

Sinha, 1996; Venugopal and Tarko, 2000; Tarko and Venugopal, 2001; Khattak et al., 

2002; Srinivasan et al., 2011; Ozturk et al., 2013; Yang et al. 2013; Sun et al. 2014). 

The NB model, which is the most commonly used model for work zone crash 

frequency, is explained as follows. Total crashes can be considered the result of a series of 

Bernoulli trials. Using Bernoulli terminology, the occurrence of a crash is considered a 

“success” and the alternative a failure. The use of this statistical terminology does not mean 

that crashes are positive phenomena.  

For 𝑌𝑖 independent trials or crashes, there are y𝑖 observed crashes, a negative binomial 

distribution is appropriate when 𝑌𝑖 is large enough and is given the form of: 

P(𝑌𝑖 = 𝑦𝑖) = (
𝑌𝑖

𝑦𝑖
) 𝑝𝑦𝑖(1 − 𝑝)𝑌𝑖−𝑦𝑖 

where p = λ𝑖/𝑌𝑖, and the negative binomial distribution can be approximated as a 

Poisson distribution (Rouphail et al., 1988): 
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P(𝑌𝑖 = 𝑦𝑖) ≅
λ𝑖

𝑌𝑖！
𝑒−λ𝑖 

If i represents a work zone with a specific duration and length, then λi is the expected 

crash frequency of that work zone i. 𝑌𝑖 and 𝑦𝑖 are all natural numbers. 

The explanatory variable x𝑖 is introduced into λ𝑖 (Khattak et al., 2002; Chen and 

Tarko, 2014): 

λ𝑖 = 𝑒(𝛽𝑥𝑖+𝜀𝑖) 

where 𝜀𝑖 is error term, and is used to account for errors such as an omitted explanatory 

variable. For the negative binomial model, 𝑒𝜀𝑖 is assumed to have a gamma distribution 

with mean 1 and variance 𝛼2.  

In Generalized Linear Models, overdispersion is a situation where the variance of the 

crash frequency data exceeds the mean (Salkind, 2006). If the overdispersion condition 

exists, then the negative binomial model form should be used instead of the Poisson. With 

the additional parameter α, the natural form of overdispersion is: 

Var[𝑦𝑖] = E[𝑦𝑖]{1 + αE[𝑦𝑖]} 

and overdispersion parameter is: 

α =
Var[𝑦𝑖]

E[𝑦𝑖]
2

−
1

E[𝑦𝑖]
=

Var[𝑦𝑖] − λ𝑖

λ𝑖
2  

and if α is not statistically different from zero, Poisson model is more appropriate 

than negative binomial. A small α leads to a small variance and a more accurate model. 

The models in this study were all estimated using the well-known maximum likelihood 

method.  



73 

Many previous studies assumed a constant overdispersion term for NB models; 

however, a constant overdispersion parameter gives too much weight to short segments 

(Hauer,2001; Heydecker and Wu, 2001). Instead, the overdispersion should be dependent 

on segment length, i.e. 
𝛼0

𝐿
 where L is length of the segment. The models in this study predict 

work zone crash count, instead of yearly crash frequency.  The work zone duration is an 

independent variable with the same power functional form of length mentioned in (Hauer, 

2001). So, all the calculations for length in (Hauer, 2001) could be duplicated for the 

variable duration. Thus, the weight of work zones with short duration should also be 

reduced. The authors recommend that the overdispersion parameter be a function of both 

work zone length and duration: 

𝛼 =
𝛼0

𝐿 ∗ 𝐷
 

where L is the work zone length and D is the duration. The overdispersion parameter, 

𝛼, is unitless. This study uses three different overdispersion terms as constant 𝛼 = 𝛼0, 

modified by length 𝛼 = 
𝛼0

𝐿
 and modified by length and duration as 𝛼 =

𝛼0

𝐿∗𝐷
. Thus the 

overdispersion is assumed to be a function of length and duration. The smallest 

overdispersion means the most accurate model. The safety tool chooses the best model, 

defined by overdispersion value, based on the input information entered by user. 

1.5.1 Functional Form 

Most of the SPFs in safety literature have used length, duration and AADT of the 

segment as effective exposure variables. Figure 1.5-1 and Figure 1.5-2 show the increasing 

trend of work zone crash frequency by increasing values of these three variables. The 
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figures show that the probability of having more crashes increases by 

Length*Duration*AADT. However, the increasing trend does not have a linear behavior. 

As these three variables are not the only characteristics of a work zone segment, some of 

the points do not follow the overall trend; especially for expressway and rural two-lane 

work zones. So, further analysis and data mining were needed.  

 

Figure 1.5-1 Freeway work zone crash trend vs product of AADT, length and 

duration 

 

Figure 1.5-2 Expressway work zone crash trend vs product of AADT, length and 

duration 
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Figure 1.5-3 Rural two-lane work zone crash trend vs product of AADT, length and 

duration 

 

Figure 1.5-4, Figure 1.5-5 and Figure 1.5-6 show the trend of work zone crash count 

based on work zone AADT group, from the aforementioned samples. There is an increasing 

trend for both PDO and fatal-injury crashes by AADT for all three road functional types. 

The trend does not seem to be linear. So, the proper functional form for AADT could be a 

power function: 𝐴𝐴𝐷𝑇𝛽1. The kinks in the diagrams could be due to some unknown traits 

i.e. change in area designation, change in number of lanes, etc. 

 

Figure 1.5-4 Freeway work zone crash trend vs product of AADT 
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Figure 1.5-5 Expressway work zone crash trend vs product of AADT 

 

Figure 1.5-6 Rural two-lane work zone crash trend vs product of AADT 
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𝐶𝑙𝑜𝑠𝑒𝑑 𝐿𝑎𝑛𝑒𝑠

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐿𝑎𝑛𝑒𝑠
 was supposed to be added to the model. For finding the proper functional 

form for it, the behavior of proportion of observed/predicted versus this variable was 

assessed, Figure 1.5-7. The same aggregation as AADT was made. Such a trend in Figure 

1.5-7 can be explained by an exponential form. The rest of variables were added using the 

same methodology, called Variable Introduction Exploratory Data Analysis (VIEDA). 

 

Figure 1.5-7 Finding functional form for a new variable to be added to a model 

Many work zone crash prediction models used AADT, length and duration of work 

zone (Pal and Sinha, 1996; Elias and Herbsman, 2000; Venugopal and Tarko, 2000; Tarko 

and Venugopal , 2001; Khattak et al., 2002; Ozturk et al., 2013; Yang et al., 2013; Sun et 

al., 2014) as explanatory variable. Some studies (Venugopal and Tarko, 2000; Tarko and 

Venugopal , 2001; Khattak et al., 2002; Srinivasan et al., 2008; Sun et al., 2014) used 

urban/rural classification. In utilizing the knowledge of previous studies, the final models 

functional forms were:  

• All variables included freeway combined model for freeway fatal-injury or PDO crashes: 
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𝑁𝐶 = 𝑒𝛽0𝐴𝐴𝐷𝑇𝛽1𝐿𝛽2𝐷𝛽3𝑒
𝛽4∗

𝐶𝑙𝑜𝑠𝑒𝑑 𝐿𝑎𝑛𝑒𝑠
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐿𝑎𝑛𝑒𝑠𝑒𝛽5

𝑂𝑛−𝑟𝑎𝑚𝑝𝑠
𝐿 𝑒𝛽6

𝑂𝑓𝑓−𝑟𝑎𝑚𝑝𝑠
𝐿 𝑒𝛽7𝑈𝑟𝑏𝑎𝑛𝑒𝛽8𝐼𝑛𝑗𝑢𝑟𝑦           

• Expressway combined model 

𝑁𝐶 = 𝑒𝛽0𝐴𝐴𝐷𝑇𝛽1𝐿𝛽2𝐷𝛽3𝑒𝛽4∗
𝑆𝑖𝑔𝑛𝑎𝑙

𝐿 𝑒𝛽5𝑈𝑟𝑏𝑎𝑛𝑒𝛽6𝐼𝑛𝑗𝑢𝑟𝑦     
• Rural two-lane combined model 

𝑁𝐶 = 𝑒𝛽0𝐴𝐴𝐷𝑇𝛽1𝐿𝛽2𝐷𝛽3𝑒𝛽4∗
𝑆𝑖𝑔𝑛𝑎𝑙

𝐿 𝑒𝛽5𝐼𝑛𝑗𝑢𝑟𝑦 

• Rural two-lane PDO crash model 

𝑁𝑃𝐷𝑂 = 𝑒𝛽0𝐴𝐴𝐷𝑇𝛽1𝐿𝛽2𝐷𝛽3𝑒𝛽4∗
𝑆𝑖𝑔𝑛𝑎𝑙

𝐿  

• Rural two-lane fatal-injury crash model 

𝑁𝐼𝑛𝑗𝑢𝑟𝑦 = 𝑒𝛽0𝐴𝐴𝐷𝑇𝛽1𝐿𝛽2𝐷𝛽3𝑒𝛽4∗
𝑆𝑖𝑔𝑛𝑎𝑙

𝐿  

• Urban multi-lane highway total crash model 

𝑁𝑇𝑜𝑡𝑎𝑙 = 𝑒𝛽0𝐴𝐴𝐷𝑇𝛽1𝐿𝛽2𝐷𝛽3 

 

• Arterial total crash model 

𝑁𝑇𝑜𝑡𝑎𝑙 = 𝑒𝛽0𝐴𝐴𝐷𝑇𝛽1𝐿𝛽2𝐷𝛽3𝑒𝛽4∗Urban 

• Ramp total crash model 

𝑁𝑇𝑜𝑡𝑎𝑙 = 𝑒𝛽0𝐴𝐴𝐷𝑇𝛽1𝐷𝛽2 

• Signalized intersection total crash model 

𝑁𝑇𝑜𝑡𝑎𝑙 = 𝑒𝛽0𝐴𝐴𝐷𝑇𝑀𝑎𝑗𝑜𝑟
𝛽1 𝐴𝐴𝐷𝑇𝑀𝑖𝑛𝑜𝑟

𝛽2 𝐷𝛽3 

• Unsignalized intersection total crash model 

𝑁𝑇𝑜𝑡𝑎𝑙 = 𝑒𝛽0𝐴𝐴𝐷𝑇𝑀𝑎𝑗𝑜𝑟
𝛽1 𝐴𝐴𝐷𝑇𝑀𝑖𝑛𝑜𝑟

𝛽2 𝐷𝛽3 

where the variables are as follows: 

𝑁𝐶    – Number of fatal-injury or PDO crashes, based on Injury variable; 

𝑁𝑃𝐷𝑂    – Number of PDO crashes; 

𝑁𝐼𝑛𝑗𝑢𝑟𝑦   – Number of fatal-injury crashes;  

𝑁𝑇𝑜𝑡𝑎𝑙    – Total number of crashes; 

AADT    – Annual Average Daily Traffic (vehicles/day);  

𝐴𝐴𝐷𝑇𝑀𝑎𝑗𝑜𝑟   – Intersection’s major leg Annual Average Daily Traffic 

(vehicles/day);  

𝐴𝐴𝐷𝑇𝑀𝑖𝑛𝑜𝑟  – Intersection’s minor leg Annual Average Daily Traffic 

(vehicles/day); 

D    – Duration of observation (days); 

L    – Segment length (miles); 

Closed Lanes  – Number of work zone, closed lanes 

Number of Lanes – Number of lanes in the segment 

On-ramps  – Number of on-ramps in the work area of work zone 

Off-ramps  – Number of off-ramps in the work area of work zone 

Signal   – Number of signalized intersections in the work area of work zone 

Urban    – Dummy variable for work zone location, 1= urban, 0 = rural; 

Injury    – Dummy variable for crash severity, 1 = fatal-injury, 0 = PDO; 
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Variables were added sequentially, and maximum likelihood was used to estimate 

parameters. 
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1.6 MODEL RESULTS 

This subchapter summarizes the final results of modeling for three different road 

functional types: freeway, expressway and rural two-lane work zones. All of the models 

were developed using a variable-added-in-order method. In this method variables are added 

to the model one by one; in each stage a variable that improves the model most is added, 

then significance of variable and the resulted overall model’s improvement are tested. If 

both statistical tests are passed the variable remains in the model, otherwise it is dropped. 

This process continues for adding other variables. Adding all the variables in all the 20 

final models significantly improved the models’ performance. The variables that were not 

significant were dropped from final models. 

1.6.1 Freeway Work Zone Models 

This section shows different models that were fitted to the freeway work zone sample 

with different overdispersion terms and functional forms. 

1.6.1.1 Freeway 1st Model 

This model was made by considering a constant overdispersion. Table 1.6-1 

summarizes the estimated parameters of freeway 1st Model with the following functional 

form: 

𝑁𝐶 = e𝛽0𝐴𝐴𝐷𝑇𝛽1𝐿𝛽2𝐷𝛽3𝑒
𝛽4∗

𝐶𝑙𝑜𝑠𝑒𝑑 𝐿𝑎𝑛𝑒𝑠
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐿𝑎𝑛𝑒𝑠𝑒𝛽5𝑈𝑟𝑏𝑎𝑛𝑒𝛽6𝐼𝑛𝑗𝑢𝑟𝑦 

The model estimates the number of PDO crashes by substituting Injury variable of 

zero and fatal-injury crashes of 1. Each variable added was statistically beneficial to the 

model (using the ℵ2 test) and all explanatory variables were statistically significant in the 
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end (i.e. p-value<0.01). From this crash prediction model, CMFs can be derived for all 

explanatory variables. A 1% increase in AADT, length, and duration leads to the number 

of crashes increasing by 0.88%, 0.60% and 1.01%, respectively. However deriving the 

CMFs from crash models by linearization of a crash prediction model is a controversial 

method (Hauer, 1997; Ozturk et al., 2014). The HSM used this method to extract the work 

zone CMFs from Khattak’s model (Khattak et al., 2002). Since e(0.3841) = 1.468, this means 

urban road segments have 1.468 times the frequency of crashes in comparison to rural 

roads. The frequency of injury crashes is 32.00% of PDO crashes as calculated by e(-1.1394) 

= 0.3200. The overdispersion is 0.35 which is acceptable.  

Table 1.6-1 Freeway 1st model parameters for fatal-injury or PDO crashes 

Explanatory Variable Parameter Estimates Standard Error p-value 

Constant -12.4009 0.3328 <.0001 

AADT 0.8826 0.02982 <.0001 

L 0.6043 0.01683 <.0001 

D 1.0085 0.02077 <.0001 
Closed Lanes

Number of Lanes
 0.2322 0.08103 0.0042 

Urban 0.3841 0.05399 <.0001 

Injury  -1.1394 0.03855 <.0001 

Overdispersion, 𝜶𝟎 0.3536 0.02346  

Number of Observations 1,546 

 

Most of the safety models in the literature have overdispersion between 0.2 and 0.35 

(Ozturk et al., 2013; Ozturk et al., 2014; Srinivasan and Carter, 2011). A small α leads to 

a small standard deviation and better accuracy, but there are some studies with α around 

0.8 (Venugopal and Tarko, 2000). In road segment safety modeling the duration of the 

study for each segment is decided by the modeler who can choose even a couple of years. 

However, work zone studies have smaller sample size and the duration is restricted to work 
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zone plan and phasing. Work zone safety modeling is subjected to this constraint; 

consequently sometimes it is subjected to larger overdispersion term, too. 

An ideal model is one that predicts the same value as observed, but in reality always 

a model’s prediction has difference with observed values. The difference between 

predicted value and observed value is called residual. A possible way to see how the 

residuals are distributed with respect to continuous independent variables is to plot 

residuals versus that variable. However, this plot is not informative (Hauer, 2015). Hauer 

(2004) suggested the use of Cumulative Residuals (CURE) plot instead; the CURE method 

is described in Hauer and Bamfo (1997). To make a CURE plot, the sample should be 

sorted in ascending order with respect to the target exposure variable. Then the cumulative 

residuals should be computed from the beginning of the sample to each member of the 

sample. CURE plots should oscillate like a random walk around zero. If CURE plot is 

decreasing for a range of a variable, it means that the model is overpredicting the results. 

An increasing CURE plot for the range of a variable indicates underestimation.  

As CURE plot is sum of random variables (crash predictions) it is approximately 

normally distributed (Hauer, 2013). In a normal distribution, about 95% of the probability 

mass should lie between two standard deviations from the mean. So the CURE plot should 

rarely go beyond the two confidence limits (∓2𝜎∗). With the same reasoning if 

significantly more than 40% of cure plot lie between half of standard deviation limits 

(∓0.5𝜎∗), the danger of overfitting problem presents. In an overfitted model, variables 

coefficients do not show the underlying relationships and a small change in one 

independent variable could result in an exaggerated change in the dependent variable. 
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Figure 1.6-1, Figure 1.6-2 and Figure 1.6-3 show the freeway 1st model CURE plots 

for AADT, length and duration, respectively. For this model, the AADT and duration 

CURE plots are acceptable, but the length CURE plot shows the model overpredicts for 

lengths less than 6 miles. Thus a model was developed for freeway work zones with lengths 

less than 6 miles and constant overdispersion. 

 
Figure 1.6-1 Freeway 1st model AADT CURE plot 
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Figure 1.6-2 Freeway 1st model length CURE plot 

 

 
Figure 1.6-3 Freeway 1st model duration CURE plot 
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1.6.1.2 Freeway 2nd Model, Shorter than 6 miles  

This model was made by considering a constant overdispersion for work zones 

shorter than 6 miles. Table 1.6-2 summarizes the estimated parameters of freeway 2nd 

model with the following functional form: 

𝑁𝐶 = e𝛽0𝐴𝐴𝐷𝑇𝛽1𝐿𝛽2𝐷𝛽3𝑒
𝛽4∗

𝐶𝑙𝑜𝑠𝑒𝑑 𝐿𝑎𝑛𝑒𝑠
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐿𝑎𝑛𝑒𝑠𝑒𝛽5𝑈𝑟𝑏𝑎𝑛𝑒𝛽6𝐼𝑛𝑗𝑢𝑟𝑦 

Each variable added was statistically beneficial to the model (using the ℵ2 test) and 

all explanatory variables were statistically significant in the end (i.e. p-value<0.01). From 

this crash prediction model, CMFs can be derived for all explanatory variables. A 1% 

increase in AADT, length, and duration leads to the number of crashes increasing by 

0.94%, 0.45% and 1.03%, respectively. Since e(0.5180) = 1.679, this means urban road 

segments have 1.679 times the frequency of crashes in comparison to rural road segments. 

The frequency of injury crashes is 32.01% of PDO crashes as calculated by e(-1.1394) = 

0.3201. Overdispersion of this model for work zones shorter than 6 miles is 0.36 which is 

acceptable. 
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Table 1.6-2 Freeway 2nd model parameters for fatal-injury or PDO crashes 

Explanatory Variable Parameter Estimates Standard Error p-value 

Constant -13.1689 0.4332 <.0001 

AADT 0.9355 0.03961 <.0001 

L 0.4457 0.02624 <.0001 

D 1.0287 0.02693 <.0001 
Closed Lanes

Number of Lanes
 0.3397 0.09840 0.0006 

Urban 0.5180 0.08731 <.0001 

Injury -1.1391 0.05058 <.0001 

Overdispersion, 𝜶𝟎 0.3602 0.03240  

Number of Observations 1,092 

 

Figure 1.6-4, Figure 1.6-5 and Figure 1.6-6 show the freeway 2nd model CURE plots 

for AADT, length and duration, respectively. AADT, length and duration CURE plots are 

all acceptable.  

 
Figure 1.6-4 Freeway 2nd model AADT CURE plot 
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Figure 1.6-5 Freeway 2nd model length CURE plot 

 
Figure 1.6-6 Freeway 2nd model duration CURE plot 
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1.6.1.3 Freeway 3rd Model with Length-Modified Overdispersion  

This model was made by considering a length-modified overdispersion for freeway 

work zones. Table 1.6-3 summarizes the estimated parameters of freeway 3rd model with 

the following functional form:  

𝑁𝐶 = e𝛽0𝐴𝐴𝐷𝑇𝛽1𝐿𝛽2𝐷𝛽3𝑒
𝛽4∗

𝐶𝑙𝑜𝑠𝑒𝑑 𝐿𝑎𝑛𝑒𝑠
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐿𝑎𝑛𝑒𝑠𝑒𝛽5𝑈𝑟𝑏𝑎𝑛𝑒𝛽6𝐼𝑛𝑗𝑢𝑟𝑦 

Each variable added was statistically beneficial to the model (using the ℵ2 test) and 

all explanatory variables were statistically significant in the end (i.e. p-value<0.01). From 

this crash prediction model, crash modification factors can be derived for all explanatory 

variables. A 1% increase in AADT, length, and duration leads to the number of crashes 

increasing by 0.89%, 0.65% and 1.00%, respectively. Since e(0.3506) = 1.420, this means 

urban road segments have 1.420 times the frequency of crashes in comparison to rural 

roads. The frequency of injury crashes is 32.16% of PDO crashes as calculated by e(-1.1345) 

= 0.3216. Overdispersion of this model is 𝛼 =
0.89

𝐿
. 

Table 1.6-3 Freeway 3rd model parameters for fatal-injury or PDO crashes 

Explanatory Variable Parameter Estimates Standard Error p-value 

Constant -12.5132 0.2991 <.0001 

AADT 0.8923 0.02643 <.0001 

L 0.6540 0.01699 <.0001 

D 0.9986 0.01804 <.0001 
Closed Lanes

Number of Lanes
 

0.2134 0.07363 0.0038 

Urban 0.3506 0.04410 <.0001 

Injury -1.1345 0.03371 <.0001 

Overdispersion, 𝜶𝟎 0.8928 0.06726  

Number of Observations 1,546 

 

Figure 1.6-7, Figure 1.6-8 and Figure 1.6-9 show the freeway 3rd model CURE plots 

for AADT, length and duration, respectively. The AADT and duration CURE plots are 
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acceptable, but the length CURE plot shows the model underestimates for work zones 

shorter than 2 miles and overpredicts for lengths between 2 and 6 miles. Thus a model was 

developed for the freeway work zones with lengths less than 6 miles with an overdispersion 

modified by length. 

 
Figure 1.6-7 Freeway 3rd model AADT CURE plot 



90 

 
Figure 1.6-8 Freeway 3rd model length CURE plot 

 
Figure 1.6-9 Freeway 3rd model duration CURE plot 
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1.6.1.4 Freeway 4th Model with Length-Modified Overdispersion, Shorter than 6 

Miles 

This model was made by considering a length modified overdispersion for freeway 

work zones shorter than 6 miles. Table 1.6-4 summarizes the estimated parameters of 

freeway 4th model with the following functional form: 

𝑁𝐶 = e𝛽0𝐴𝐴𝐷𝑇𝛽1𝐿𝛽2𝐷𝛽3𝑒
𝛽4∗

𝐶𝑙𝑜𝑠𝑒𝑑 𝐿𝑎𝑛𝑒𝑠
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐿𝑎𝑛𝑒𝑠𝑒𝛽5𝑈𝑟𝑏𝑎𝑛𝑒𝛽6𝐼𝑛𝑗𝑢𝑟𝑦 

Each variable added was statistically beneficial to the model (using the ℵ2 test) and 

all explanatory variables were statistically significant in the end (i.e. p-value<0.01). From 

this crash prediction model, crash modification factors can be derived for all explanatory 

variables. A 1% increase in AADT, length, and duration increases the number of crashes 

by 0.98%, 0.46% and 1.04%, respectively. Since e(0.4141) = 1.513, this means urban road 

segments have 1.513 times the frequency of crashes in comparison to rural roads. The 

frequency of injury crashes is 32.08% of PDO crashes as calculated by e(-1.1370) = 0.3208. 

Overdispersion of this model is 𝛼 =
0.49

𝐿
. 

Table 1.6-4 Freeway 4th model parameters for fatal-injury or PDO crashes 

Explanatory Variable Parameter Estimates Standard Error p-value 

Constant -13.5250 0.3990 <.0001 

AADT 0.9759 0.03672 <.0001 

L 0.4595 0.02839 <.0001 

D 1.0370 0.02443 <.0001 
Closed Lanes

Number of Lanes
 0.3152 0.08704 0.0003 

Urban 0.4141 0.08097 <.0001 

Injury -1.1370 0.04678 <.0001 

Overdispersion, 𝜶𝟎 0.4895 0.04631  

Number of Observations 1,092 
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Figure 1.6-10, Figure 1.6-11 and Figure 1.6-12 show the freeway 4th model CURE 

plots for AADT, length and duration, respectively. AADT, length and duration CURE plots 

are acceptable. The next model was fitted for the freeway work zones with an 

overdispersion modified by length and duration. 

 
Figure 1.6-10 Freeway 4th model AADT CURE plot 
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Figure 1.6-11 Freeway 4th model length CURE plot 

 
Figure 1.6-12 Freeway 4th model duration CURE plot 
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1.6.1.5 Freeway 5th Model with Length-Duration-Modified Overdispersion  

This model was made by considering a length and duration modified overdispersion 

for freeway work zones. Table 1.6-5 summarizes the estimated parameters of freeway 5th 

model with the following functional form: 

𝑁𝐶 = e𝛽0𝐴𝐴𝐷𝑇𝛽1𝐿𝛽2𝐷𝛽3𝑒
𝛽4∗

𝐶𝑙𝑜𝑠𝑒𝑑 𝐿𝑎𝑛𝑒𝑠
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐿𝑎𝑛𝑒𝑠𝑒𝛽5𝑈𝑟𝑏𝑎𝑛𝑒𝛽6𝐼𝑛𝑗𝑢𝑟𝑦 

Each variable added was statistically beneficial to the model (using the ℵ2 test) and 

all explanatory variables were statistically significant at 1% level but 
Closed Lanes

Number of Lanes
 

coefficient significance level is 5%. From this crash prediction model, crash modification 

factors can be derived for all explanatory variables. A 1% increase in AADT, length, and 

duration increases the number of crashes by 0.86%, 0.65% and 1.00%, respectively. 

Overdispersion of this model is 𝛼 =
34.39

𝐿∗𝐷
. 

Table 1.6-5 Freeway 5th model for fatal-injury or PDO crashes 

Explanatory Variable Parameter Estimates Standard Error p-value 

Constant -12.1945 0.2757 <.0001 

AADT 0.8638 0.02440 <.0001 

L 0.6472 0.01564 <.0001 

D 0.9969 0.01577 <.0001 
Closed Lanes

Number of Lanes
 0.1419 0.06726 0.0350 

Urban 0.3751 0.04053 <.0001 

Injury -1.1423 0.03076 <.0001 

Overdispersion, 𝜶𝟎 34.3921 2.6134  

Number of Observations 1,546 

 

Figure 1.6-13, Figure 1.6-14 and Figure 1.6-15 show the freeway 5th model CURE 

plots for AADT, length and duration, respectively. AADT and duration CURE plots are 

acceptable, but there are still concerns with work zones shorter than 6 miles. Thus the next 
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model was fitted for the freeway work zones with lengths shorter than 6 miles with an 

overdispersion modified by length and duration. 

 
Figure 1.6-13 Freeway 5th model AADT CURE plot 
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Figure 1.6-14 Freeway 5th model length CURE plot 

 
Figure 1.6-15 Freeway 5th model duration CURE plot 
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1.6.1.6 Freeway 6th Model with Length-Duration-Modified Overdispersion, 

Shorter than 6 miles 

This model was made by considering a length and duration modified overdispersion 

for freeway work zones shorter than 6 miles. Table 1.6-6 summarizes the estimated 

parameters of freeway 6th model with the following functional form: 

𝑁𝐶 = e𝛽0𝐴𝐴𝐷𝑇𝛽1𝐿𝛽2𝐷𝛽3𝑒
𝛽4∗

𝐶𝑙𝑜𝑠𝑒𝑑 𝐿𝑎𝑛𝑒𝑠
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐿𝑎𝑛𝑒𝑠𝑒𝛽5𝑈𝑟𝑏𝑎𝑛𝑒𝛽6𝐼𝑛𝑗𝑢𝑟𝑦 

Each variable added was statistically beneficial to the model (using the ℵ2 test) and 

all explanatory variables were statistically significant in the end (i.e. p-value<0.01). From 

this crash prediction model, crash modification factors can be derived for all explanatory 

variables. A 1% increase in AADT, length, and duration leads to the number of crashes 

increasing by 0.97%, 0.47% and 1.02%, respectively. Overdispersion of this model is 𝛼 =

20.59

𝐿∗𝐷
. 

Table 1.6-6 Freeway 6th model parameters for fatal-injury or PDO crashes 

Explanatory Variable Parameter Estimates Standard Error p-value 

Constant -13.4541 0.3665 <.0001 

AADT 0.9730 0.03434 <.0001 

L 0.4655 0.02662 <.0001 

D 1.0225 0.02111 <.0001 
Closed Lanes

Number of Lanes
 0.2924 0.08103 0.0003 

Urban 0.4350 0.07651 <.0001 

Injury -1.1322 0.04262 <.0001 

Overdispersion, 𝜶𝟎 20.5883 1.9007  

Number of Observations 1,092 
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Figure 1.6-16, Figure 1.6-17 and Figure 1.6-18 show the freeway 6th model CURE 

plots for AADT, length and duration, respectively. AADT, length and duration CURE plots 

are acceptable. Next model, 7, uses additional variables but constant overdispersion.  

 
Figure 1.6-16 Freeway 6th model AADT CURE plot 
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Figure 1.6-17 Freeway 6th model length CURE plot 

 
Figure 1.6-18 Freeway 6th model duration CURE plot 
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1.6.1.7 Freeway 7th Model 

This model was made by applying a constant overdispersion term for freeway work 

zones. Two new variables were used in this model: number of on-ramps and off-ramps in 

the work area divided by length of the work zone. The number of on-ramps and off-ramps 

were collected visually by finding the segment on TMS maps and aerial photographs. As 

the process is time consuming, the sample with these two variables is smaller than the 

previous sample. Still, the sample size is considerably larger than previous studies in the 

work zone safety modeling literature. To this end a random sample of 600 freeways were 

collected and the data was gathered manually. By adding these two variables, the variable 

Closed Lanes

Number of Lanes
 was not significant anymore. Table 1.6-7 summarizes the estimated 

parameters of freeway 7th model with the following functional form: 

𝑁𝐶 = e𝛽0𝐴𝐴𝐷𝑇𝛽1𝐿𝛽2𝐷𝛽3𝑒𝛽4∗
𝑂𝑛−𝑟𝑎𝑚𝑝𝑠

𝐿 𝑒𝛽5∗
𝑂𝑓𝑓−𝑟𝑎𝑚𝑝𝑠

𝐿 𝑒𝛽6𝑈𝑟𝑏𝑎𝑛𝑒𝛽7𝐼𝑛𝑗𝑢𝑟𝑦 

Each variable added was statistically beneficial to the model (using the ℵ2 test) and 

all explanatory variables were statistically significant at the 5% level. From this crash 

prediction model, crash modification factors can be derived for all explanatory variables 

as shown in previous models. Overdispersion of this model is 𝛼 = 0.3. Figure 1.6-19, 

Figure 1.6-20 and Figure 1.6-21 show freeway 7th model CURE plots for AADT, length 

and duration, respectively; the plots are mostly acceptable but with some small sections 

exceeding the bounds. 
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Table 1.6-7 Freeway 7th model parameters for fatal-injury or PDO crashes  

Explanatory Variable Parameter Estimates Standard Error p-value 

Constant -13.4257 0.5053 <.0001 

AADT 0.9577 0.04412 <.0001 

L 0.7660 0.03313 <.0001 

D 1.0072 0.03587 <.0001 
𝑂𝑛 − 𝑟𝑎𝑚𝑝𝑠

𝐿
 0.1027 0.05163 0.0470 

𝑂𝑓𝑓 − 𝑟𝑎𝑚𝑝𝑠

𝐿
 0.1246 0.05269 0.0183 

Urban 0.2122 0.07955 0.0078 

Injury -1.1200 0.05509 <.0001 

Overdispersion, 𝜶𝟎 0.3002 0.03005  

Number of Observations 600 

 

 
Figure 1.6-19 Freeway 7th model AADT CURE plot 
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Figure 1.6-20 Freeway 7th model length CURE plot 

 
Figure 1.6-21 Freeway 7th model duration CURE plot 
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The next attempted model was to use a length modified overdispersion, but the CURE 

plots were not acceptable. Figure 1.6-22, Figure 1.6-23 and Figure 1.6-24 show the CURE 

plots and the inadequate fit. However, the model with length and duration modified 

overdispersion performed well. The next section summarizes the results of this model. 

 
Figure 1.6-22 Freeway 7th model with length modified overdispersion, AADT CURE 

plot 
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Figure 1.6-23 Freeway 7th Model with length modified overdispersion, Length 

CURE plot 

 
Figure 1.6-24 Model 7 with length modified overdispersion, duration CURE plot 
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1.6.1.8 Freeway 8th Model with Length-Duration-Modified Overdispersion 

This model was made by considering a length and duration modified overdispersion 

for freeway work zones. The two new variables, on and off ramps divided by length of 

work zone, were used to make this model. Table 1.6-8 summarizes the estimated 

parameters of freeway 8th model with the following functional form:  

𝑁𝐶 = e𝛽0𝐴𝐴𝐷𝑇𝛽1𝐿𝛽2𝐷𝛽3𝑒𝛽4∗
𝑂𝑛−𝑟𝑎𝑚𝑝𝑠

𝐿 𝑒𝛽5∗
𝑂𝑓𝑓−𝑟𝑎𝑚𝑝𝑠

𝐿 𝑒𝛽6𝑈𝑟𝑏𝑎𝑛𝑒𝛽7𝐼𝑛𝑗𝑢𝑟𝑦 

Each variable added was statistically beneficial to the model (using the ℵ2 test) and 

all explanatory variables were statistically significant at the 5% level. From this crash 

prediction model, crash modification factors can be derived for all explanatory variables. 

Overdispersion of this model is 𝛼 =
45.14

𝐿∗𝐷
. 

Table 1.6-8 Freeway 8th model parameters for fatal-injury or PDO crashes 

Explanatory Variable Parameter Estimates Standard Error p-value 

Constant -12.9446 0.4410 <.0001 

AADT 0.8851 0.03886 <.0001 

L 0.8264 0.03153 <.0001 

D 1.0126 0.02925 <.0001 
𝑂𝑛 − 𝑟𝑎𝑚𝑝𝑠

𝐿
 0.1805 0.06305 0.0043 

𝑂𝑓𝑓 − 𝑟𝑎𝑚𝑝𝑠

𝐿
 0.2704 0.06277 <.0001 

Urban 0.1488 0.06219 0.0169 

Injury -1.1184 0.04670 <.0001 

Overdispersion, 𝜶𝟎 45.1352 5.0443  

Number of Observations 600 

 

Figure 1.6-25, Figure 1.6-26 and Figure 1.6-27 show the freeway 8th model CURE 

plots for AADT, length and duration, respectively; the CURE plots were mostly acceptable.  
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Figure 1.6-25 Freeway 8th model AADT CURE plot 

 
Figure 1.6-26 Freeway 8th model length CURE plot 
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Figure 1.6-27 Freeway 8th model duration CURE plot 

1.6.2 Expressway Work Zone Models 

This section shows different models that were fitted to the expressway work zone 

sample with different samples and functional forms. 

1.6.2.1 Expressway 1st Model 

This model was made by considering a constant overdispersion. The functional form 

was similar to previous models. A new variable used was the number of signalized 

intersections in the work area per mile. The number of signalized intersections in each work 

zone was available in the road segments database and was collected by through an 

automated program. Table 1.6-9 summarizes the estimated parameters of expressway 1st 

model with the following functional form: 
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𝑁𝐶 = e𝛽0𝐴𝐴𝐷𝑇𝛽1𝐿𝛽2𝐷𝛽3𝑒𝛽4∗
𝑆𝑖𝑔𝑛𝑎𝑙

𝐿 𝑒𝛽5𝑈𝑟𝑏𝑎𝑛𝑒𝛽6𝐼𝑛𝑗𝑢𝑟𝑦 

Each variable added was statistically beneficial to the model (using the ℵ2 test) and 

all explanatory variables were statistically significant at the 1% level. From this crash 

prediction model, crash modification factors can be derived for all explanatory variables. 

A 1% increase in AADT, length, and duration leads to the number of crashes increasing by 

0.83%, 0.60% and 1.00%, respectively. Since e(0.6584) = 1.9317, this means urban road 

segments have 1.9317 times the frequency of crashes in comparison to rural roads. The 

frequency of injury crashes is 35.93% of PDO crashes as calculated by e(-1.0236) = 0.3593. 

The overdispersion is 0.7154 which is acceptable. 

Table 1.6-9 Expressway 1st model  parameters for fatal-injury or PDO 

crashes 

Explanatory Variable Parameter Estimates Standard Error p-value 

Constant -11.9335 0.5399 <.0001 

AADT 0.8338 0.05700 <.0001 

L 0.6042 0.02803 <.0001 

D 0.9990 0.03410 <.0001 
𝑆𝑖𝑔𝑛𝑎𝑙

𝐿
 0.2106 0.01712 <.0001 

Urban 0.6584 0.08137 <.0001 

Injury  -1.0236 0.06460 <.0001 

Overdispersion, 𝜶𝟎 0.7154 0.05867  

Number of Observations 1189 

 

Figure 1.6-28, Figure 1.6-29 and Figure 1.6-30 show expressway 1st model CURE 

plots for AADT, length and duration, respectively. AADT and Length CURE plots were 

not satisfactory, as they go beyond the limits. Different solutions were devised and tried to 

improve the fit. The best solution was to separate the data from urban and rural work zones 

and fit a model to them. Using the length and duration modified overdispersion did not 

improve the models and led to overfitting.  
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Figure 1.6-28 Expressway 1st model  AADT CURE plot 

 
Figure 1.6-29 Expressway 1st model  length CURE plot 
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Figure 1.6-30 Expressway 1st model  duration CURE plot 

 

1.6.2.2 Expressway 2nd Model (Rural) 

This model was made by considering a constant overdispersion. Table 1.6-10 

summarizes the estimated parameters of expressway 2nd model with the following 

functional form: 

𝑁𝐶 = e𝛽0𝐴𝐴𝐷𝑇𝛽1𝐿𝛽2𝐷𝛽3𝑒𝛽4∗
𝑆𝑖𝑔𝑛𝑎𝑙

𝐿 𝑒𝛽5𝐼𝑛𝑗𝑢𝑟𝑦 

Each variable added was statistically beneficial to the model (using the ℵ2 test) and 

all explanatory variables were statistically significant at 1% level. A 1% increase in AADT, 

length, and duration leads to the number of crashes increasing by 0.66%, 0.66% and 1.10%, 

respectively. The frequency of injury crashes is 35.93% of PDO crashes as calculated by 

e(-1.0052) = 0.3660. The overdispersion is 0.4120 which is almost half of expressway 1st 
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model’s overdispersion (0.7154). Figure 1.6-31, Figure 1.6-32 and Figure 1.6-33 show the 

expressway 2nd model CURE plots for AADT, length and duration, respectively; all plots 

are satisfactory. 

Table 1.6-10 Expressway 2nd model parameters for fatal-injury or PDO 

crashes 

Explanatory Variable Parameter Estimates Standard Error p-value 

Constant -10.9364 0.8186 <.0001 

AADT 0.6615 0.09018 <.0001 

L 0.6558 0.04296 <.0001 

D 1.0952 0.05431 <.0001 
𝑆𝑖𝑔𝑛𝑎𝑙

𝐿
 0.4294 0.09951 <.0001 

Injury  -1.0052 0.09893 <.0001 

Overdispersion, 𝜶𝟎 0.4120 0.08076  

Number of Observations 589 

 

 

 
Figure 1.6-31 Expressway 2nd model AADT CURE plot 
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Figure 1.6-32 Expressway 2nd model length CURE plot 

  
Figure 1.6-33 Expressway 2nd model duration CURE plot 
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1.6.2.3 Expressway 3rd Model (Urban) 

This model was made by considering a constant overdispersion. Table 1.6-11 

summarizes the estimated parameters of expressway 3rd model with the following 

functional form: 

𝑁𝐶 = e𝛽0𝐴𝐴𝐷𝑇𝛽1𝐿𝛽2𝐷𝛽3𝑒𝛽4∗
𝑆𝑖𝑔𝑛𝑎𝑙

𝐿 𝑒𝛽5𝐼𝑛𝑗𝑢𝑟𝑦 

Each variable added was statistically beneficial to the model (using the ℵ2 test) and 

all explanatory variables were statistically significant at the 1% level. A 1% increase in 

AADT, length, and duration leads to the number of crashes increasing by 0.88%, 0.59% 

and 0.96%, respectively. The frequency of injury crashes is 35.60% of PDO crashes as 

calculated by e(-1.0330) = 0.3560. The overdispersion was 0.8340 which was larger than 

Expressway 1st model’s overdispersion of 0.7154.  

Table 1.6-11 Expressway 3rd model parameters for fatal-injury or PDO 

crashes 

Explanatory Variable Parameter Estimates Standard Error p-value 

Constant -11.5982 0.7321 <.0001 

AADT 0.8890 0.07261 <.0001 

L 0.5858 0.03682 <.0001 

D 0.9571 0.04358 <.0001 
𝑆𝑖𝑔𝑛𝑎𝑙

𝐿
 0.1996 0.01852 <.0001 

Injury  -1.0330 0.08361 <.0001 

Overdispersion, 𝜶𝟎 0.8340 0.07864  

Number of Observations 589 

 

Figure 1.6-34, Figure 1.6-35 and Figure 1.6-36 show the expressway 3rd model CURE 

plots for AADT, length and duration, respectively. The AADT CURE plot exceeded the 

band limits, and the length CURE plot was inadequate for work zone smaller than 6 miles. 
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As a solution, a separate model was fitted to the expressway work zones with lengths 

smaller than 6 miles. 

 
Figure 1.6-34 Expressway 3rd model AADT CURE plot 
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Figure 1.6-35 Expressway 3rd model length CURE plot 

 
Figure 1.6-36 Expressway 3rd model duration CURE plot 
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1.6.2.4 Expressway 4th Model (Urban), Shorter than 6 Miles 

This model was made by considering a constant overdispersion. Table 1.6-12 

summarizes the estimated parameters of expressway 4th model with the following 

functional form: 

𝑁𝐶 = e𝛽0𝐴𝐴𝐷𝑇𝛽1𝐿𝛽2𝐷𝛽3𝑒𝛽4∗
𝑆𝑖𝑔𝑛𝑎𝑙

𝐿 𝑒𝛽5𝐼𝑛𝑗𝑢𝑟𝑦 

Each variable added was statistically beneficial to the model (using the ℵ2 test) and 

all explanatory variables were statistically significant at 1% level. A 1% increase in AADT, 

length, and duration leads to the number of crashes increasing by 1.15 %, 0.38% and 

1.05%, respectively. The overdispersion is 0.6954. Figure 1.6-37, Figure 1.6-38 and Figure 

1.6-39 show the expressway 4th model CURE plots for AADT, length and duration, 

respectively; all plots were acceptable.  

Table 1.6-12 Expressway 4th model parameters for fatal-injury or PDO 

crashes 

Explanatory Variable Parameter Estimates Standard Error p-value 

Constant -14.3737 0.8626 <.0001 

AADT 1.1486 0.08503 <.0001 

L 0.3801 0.04800 <.0001 

D 1.0505 0.04513 <.0001 
𝑆𝑖𝑔𝑛𝑎𝑙

𝐿
 0.1613 0.01809 <.0001 

Injury  -1.0996 0.08922 <.0001 

Overdispersion, 𝜶𝟎 0.6954 0.07822  

Number of Observations 549 
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Figure 1.6-37 Expressway 4th model AADT CURE plot 

. 

Figure 1.6-38 Expressway 4th model length CURE plot 
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Figure 1.6-39 Expressway 4th model duration CURE plot 

1.6.3 Rural Two-Lane Highway Models 

This section shows three different models that were fitted to the rural two-lane work 

zone sample. 

1.6.3.1 Rural Two-Lane 1st Work Zone Model 

This model was made by considering a constant overdispersion. The functional form 

was similar to expressway model 9. Table 1.6-13 summarizes the estimated parameters of 

rural two-lane 1st model with the following functional form: 

𝑁𝐶 = e𝛽0𝐴𝐴𝐷𝑇𝛽1𝐿𝛽2𝐷𝛽3𝑒𝛽4∗
𝑆𝑖𝑔𝑛𝑎𝑙

𝐿 𝑒𝛽5𝐼𝑛𝑗𝑢𝑟𝑦 

Each variable added was statistically beneficial to the model (using the ℵ2 test) and 

all explanatory variables were statistically significant at 1% level. From this crash 
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prediction model, crash modification factors can be derived for all explanatory variables. 

A 1% increase in AADT, length, and duration leads to the number of crashes increasing by 

0.86%, 0.84% and 0.93%, respectively. The frequency of injury crashes is 52.49% of PDO 

crashes as calculated by e(-0.6445) = 0.5249. The overdispersion was 2.5065 which was not 

satisfactory. However, the reason for the poor overdispersion was the nature of data. The 

few crashes occurring on low volume routes means that there is high uncertainty prediction 

of such crashes.  

Table 1.6-13 Rural two-lane 1st model parameters for fatal-injury or 

PDO crashes  

Explanatory Variable Parameter Estimates Standard Error p-value 

Constant -12.0750 0.3141 <.0001 

AADT 0.8588 0.03807 <.0001 

L 0.8426 0.03680 <.0001 

D 0.9368 0.04565 <.0001 
𝑆𝑖𝑔𝑛𝑎𝑙

𝐿
 0.5324 0.07441 <.0001 

Injury  -0.6445 0.07515 <.0001 

Overdispersion, 𝜶𝟎 2.5065 0.2006  

Number of Observations 6,095 

 

Figure 1.6-40 shows the rural two-lane 1st model AADT CURE plot and it went 

beyond the band limits. Different solutions were devised and tested to improve the fit. The 

best solution was to make different models to predict fatal-injury and PDO crashes. Using 

length and duration modified overdispersion term did not improve the models and led to 

overfitting.  
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Figure 1.6-40 Rural two-lane 1st model AADT CURE plot 

 

1.6.3.2 Rural Two-Lane 2nd Work Zone Model (PDO) 

This model was made by considering a constant overdispersion term. The functional 

form was similar to rural two-lane 1st model but without the “Injury” variable. Table 1.6-14 

summarizes the estimated parameters of rural two-lane 2nd model with the following 

functional form:  

𝑁𝑃𝐷𝑂 = e𝛽0𝐴𝐴𝐷𝑇𝛽1𝐿𝛽2𝐷𝛽3𝑒𝛽4∗
𝑆𝑖𝑔𝑛𝑎𝑙

𝐿  

Each variable added was statistically beneficial to the model (using the ℵ2 test) and 

all explanatory variables were statistically significant at 1% level. From this crash 

prediction model, crash modification factors can be derived for all explanatory variables. 

A 1% increase in AADT, length, and duration leads to the number of PDO crashes 
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increasing by 0.93%, 0.79% and 0.93%, respectively. The overdispersion was 2.7476 

which was not satisfactory. As mentioned above, the poor overdispersion results from the 

nature of data; there were not enough crashes on low volume roads, and the uncertainty of 

crash occurrence was high. Figure 1.6-41 shows the rural two-lane 2nd model AADT 

CURE plot, and it improved in comparison to rural two-lane 1st model. 

Table 1.6-14 Rural two-lane 2nd model parameters for PDO crashes  

Explanatory Variable Parameter Estimates Standard Error p-value 

Constant -12.4313 0.4188 <.0001 

AADT 0.9259 0.05018 <.0001 

L 0.7909 0.04635 <.0001 

D 0.9322 0.06088 <.0001 
𝑆𝑖𝑔𝑛𝑎𝑙

𝐿
 0.5748 0.1033 <.0001 

Overdispersion, 𝜶𝟎 2.7476 0.2644  

Number of Observations 6,095 

 

 
Figure 1.6-41 Rural two-lane 2nd model AADT CURE plot 
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1.6.3.3 Rural Two-Lane 3rd Work Zone Model (Fatal and Injury) 

This model was made by considering a constant overdispersion. The functional form 

was similar to rural two-lane 2nd model. Table 1.6-15 summarizes the estimated parameters 

of rural two-lane 3rd model with following functional form: 

𝑁𝑃𝐷𝑂 = e𝛽0𝐴𝐴𝐷𝑇𝛽1𝐿𝛽2𝐷𝛽3𝑒𝛽4∗
𝑆𝑖𝑔𝑛𝑎𝑙

𝐿  

Each variable added was statistically beneficial to the model (using the ℵ2 test) and 

all explanatory variables were statistically significant at 1% level. From this crash 

prediction model, crash modification factors can be derived for all explanatory variables. 

A 1% increase in AADT, length, and duration leads to the number of fatal-injury crashes 

increasing by 0.75%, 0.94% and 0.95%, respectively. The overdispersion was 2.0039 

which was not satisfactory. Again, the high overdispersion was due to the infrequent 

occurrence of crashes on low volume roads. Figure 1.6-42 shows the rural two-lane 3rd 

model AADT CURE plot and it was slightly improved in comparison to rural two-lane 1st 

model. 

Table 1.6-15 Rural two-lane 3rd model parameters for fatal-injury crashes  

Explanatory Variable Parameter Estimates Standard Error p-value 

Constant -12.1802 0.4714 <.0001 

AADT 0.7481 0.05830 <.0001 

L 0.9382 0.06118 <.0001 

D 0.9483 0.06845 <.0001 
𝑆𝑖𝑔𝑛𝑎𝑙

𝐿
 0.4976 0.1139 <.0001 

Overdispersion, 𝜶𝟎 2.0039 0.2963  

Number of Observations 6,095 

 



123 

 
Figure 1.6-42 Rural two-lane 3rd model AADT CURE plot 

 

1.6.4 Urban Multi-lane Highway Work Zone Model 

This model was made by considering a constant overdispersion. The functional form 

is as follows. Table 1.6-16 summarizes the estimated parameters of the model with 

following functional form: 

𝑁𝑇𝑜𝑡𝑎𝑙 = 𝑒𝛽0𝐴𝐴𝐷𝑇𝛽1𝐿𝛽2𝐷𝛽3 

Each variable added was statistically beneficial to the model (using the ℵ2 test) and 

all explanatory variables were statistically significant at 1% level. From this crash 

prediction model, crash modification factors can be derived for all explanatory variables. 

A 1% increase in AADT, length, and duration leads to the number of crashes increasing by 

0.79%, 0.76% and 0.90%, respectively. This model predicts the total number of crashes. 
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From the collected data, 68.77% of them were PDO crashes and the rest were fatal and 

injury crashes. The overdispersion was 1.5988 which was not satisfactory. However, the 

reason for the poor overdispersion was the nature of data. The low number of crashes and 

the small sample size, increases the uncertainty of the predictions.  

Table 1.6-16 Urban multi-lane highway model parameters for total number of 

crashes  

Explanatory Variable Parameter Estimates Standard Error p-value 

Constant -9.7757 1.9870 <.0001 

AADT 0.7892 0.2170 <.0003 

L 0.7648 0.0917 <.0001 

D 0.8981 0.1209 <.0001 

Overdispersion, 𝜶𝟎 1.5988 0.2729  

PDO / Fatal-injury percent 68.77%   /   31.23% 

Number of Observations 251 

 

Figure 1.6-43 and Figure 1.6-44 show the urban multi-lane highway model AADT 

and length CURE plots respectively. These plots support the model’s performance. 

 

Figure 1.6-43 Urban multi-lane highway AADT CURE plot 
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Figure 1.6-44 Urban multi-lane highway length CURE plot 
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1.6.5 Arterial Work Zone Model with Length-Modified Overdispersion 

This model was made by considering a length modified overdispersion. The 

functional form is as following. Table 1.6-17 summarizes the estimated parameters of 

arterial model with following functional form: 

𝑁𝑇𝑜𝑡𝑎𝑙 = 𝑒𝛽0𝐴𝐴𝐷𝑇𝛽1𝐿𝛽2𝐷𝛽3𝑒𝛽4∗Urban 

Each variable added was statistically beneficial to the model (using the ℵ2 test) and 

all explanatory variables were statistically significant at 1% level. From this crash 

prediction model, crash modification factors can be derived for all explanatory variables. 

A 1% increase in AADT, length, and duration leads to the number of crashes increasing by 

0.91%, 0.62% and 0.91%, respectively. Since e(0.749) = 2.1149, urban arterials have 2.1149 

times the frequency of crashes in comparison to rural roads. This model predicts the total 

number of crashes. From the collected data, 73.24% of them were PDO crashes and the 

rest were fatal and injury crashes. The overdispersion was 
2.8745

𝐿
 which was not satisfactory. 

The reason for the poor overdispersion was the nature of data. The low number of crashes 

in the sample increases the uncertainty of the predictions.  

Table 1.6-17 Arterial model parameters for total number of crashes  

Explanatory Variable Parameter Estimates Standard Error p-value 

Constant -11.5029 0.3931 <.0001 

AADT 0.9088 0.0434 <.0001 

L 0.6190 0.0325 <.0001 

D 0.9103 0.0395 <.0001 

Urban 0.7490 0.0812  

Overdispersion, 𝜶𝟎 2.8745 0.1654  

PDO / Fatal-injury percent 73.24%   /   26.76% 

Number of Observations 3,138 
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Figure 1.6-45 and Figure 1.6-46 show the arterial model AADT and length CURE 

plots respectively. These two plots go beyond the boundaries and in some range of AADT 

show the over-prediction or underestimation problem. However, due to the low average 

number of crashes (1.49 crashes per WZ from Table 1.4-21) improving the model was not 

possible. Therefore, the sample includes all the available Missouri data between years 2011 

and 2016. 

 
Figure 1.6-45 Arterial AADT CURE plot 
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Figure 1.6-46 Arterial length CURE plot 
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1.6.6 Ramp Work Zone Model 

This model was made by considering a constant overdispersion. The functional form 

is as following. Table 1.6-18 summarizes the estimated parameters of the ramp model with 

following functional form:  

𝑁𝑇𝑜𝑡𝑎𝑙 = 𝑒𝛽0𝐴𝐴𝐷𝑇𝛽1𝐷𝛽2 

Work zone AADT and duration were statistically significant at 1% level. The length 

of ramps ranged from 0.11 to 0.82 miles with the average of 0.28 and standard deviation 

of 0.15. Due to low diversity in the data, work zone length was not statistically significant 

for addition to the model. About 86% of the work zones in the sample of 372 ramps were 

in urban areas. The data did not show noteworthy difference between urban and rural work 

zones on ramps.  

From this ramp crash prediction model, crash modification factors can be derived for 

all explanatory variables. A 1% increase in AADT, and duration leads to the number of 

crashes increasing by 1.66% and 1.19%, respectively. From the collected data, 68.12% of 

them were PDO crashes and the rest were fatal and injury crashes. The overdispersion was 

1.4733 which was not satisfactory. The reason for the poor overdispersion was the nature 

of data. Due to the low number of crashes (0.37 crash per WZ), and the small sample size, 

the uncertainty of the predictions increases. 
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Table 1.6-18 Ramp model parameters for total number of crashes  

Explanatory Variable Parameter Estimates Standard Error p-value 

Constant -20.9478 2.0636 <.0001 

AADT 1.6561 0.1895 <.0001 

D 1.1940 0.1880 <.0001 

Overdispersion, 𝜶𝟎 1.4733 0.5728  

PDO / Fatal-injury percent 68.12%   /   31.88% 

Number of Observations 372 

 

Figure 1.6-47 shows the ramp model AADT CURE plot. The AADT CURE shows 

the over-prediction problem for the range of low AADTs (decreasing trend). However, due 

to the low average number of crashes, and small sample size, improving the model was not 

possible. Therefore, the sample includes all the available Missouri data between years 2011 

and 2016. 

 
Figure 1.6-47 Ramp AADT CURE plot 
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1.6.7 Signalized Intersection (4-Leg) Work Zone Model  

Table 1.6-19 summarizes the estimated parameters of the model for work zones on a 

signalized intersection (4-leg) with following functional form:  

𝑁𝑇𝑜𝑡𝑎𝑙 = 𝑒𝛽0𝐴𝐴𝐷𝑇𝑀𝑎𝑗𝑜𝑟
𝛽1 𝐴𝐴𝐷𝑇𝑀𝑖𝑛𝑜𝑟

𝛽2 𝐷𝛽3 

Major leg AADT, minor leg AADT and duration were statistically significant at 10%, 

5% and 1% level, respectively. From this crash prediction model, crash modification 

factors can be derived for all explanatory variables. A 1% increase in 𝐴𝐷𝑇𝑀𝑎𝑗𝑜𝑟 , 

𝐴𝐴𝐷𝑇𝑀𝑎𝑗𝑜𝑟, and duration leads to the number of crashes increasing by 0.42%, 0.32%, and 

0.98% respectively. From the collected data, 80.08% of them were PDO crashes and the 

rest were fatal and injury crashes. The average crash rate of work zones on signalized 

intersections is too low (0.09 crash per WZ). One possible explanation for such a small 

crash rate is that two of the approaches may be closed in the presence of a work zone. 

The model overdispersion was 11.5 which is not acceptable at all. It shows the very 

low accuracy of the model. The reason for this poor overdispersion was the very low crash 

rate. 

 

Table 1.6-19 Signalized intersection (4-leg) model parameters for total 

number of crashes  

Explanatory Variable Parameter Estimates Standard Error p-value 

Constant -12.5905 2.0603 <.0001 

𝐴𝐴𝐷𝑇𝑀𝑎𝑗𝑜𝑟 0.4297 0.2365 0.0694 

𝐴𝐴𝐷𝑇𝑀𝑖𝑛𝑜𝑟 0.3293 0.1544 0.0331 

D 0.9805 0.1196 <.0001 

Overdispersion, 𝜶𝟎 11.5069 1.8422  

PDO / Fatal-injury percent 80.08%   /   19.92% 

Number of Observations 2,484 
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Figure 1.6-48 and Figure 1.6-49 show the intersection major and minor leg AADT 

CURE plots, respectively. The AADT CURE plots show the over-prediction problem for 

most range of AADTs (decreasing trend). Most of the work zones in the database have zero 

number of crashes. For these work zones on signalized intersections, the model predicts 

very small number of crashes, but not zero. This explains the overprediction problem in 

CURE plots. 

 

Figure 1.6-48 Signalized intersection (4-Leg) major leg AADT CURE plot 
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Figure 1.6-49 Signalized intersection (4-Leg) minor leg AADT CURE plot 

 

 

1.6.8 Unsignalized Intersection (4-Leg) Work Zone Model  

The functional form is as follows. Table 1.6-20 and Table 1.6-13 summarizes the 

estimated parameters of the model for work zone on an unsignalized intersection (4-leg) 

with following functional form:  

𝑁𝑇𝑜𝑡𝑎𝑙 = 𝑒𝛽0𝐴𝐴𝐷𝑇𝑀𝑎𝑗𝑜𝑟
𝛽1 𝐴𝐴𝐷𝑇𝑀𝑖𝑛𝑜𝑟

𝛽2 𝐷𝛽3 

Major leg AADT, minor leg AADT and duration were statistically significant at 10%, 

20% and 1% level, respectively. From this crash prediction model, crash modification 

factors can be derived for all explanatory variables. A 1% increase in 𝐴𝐷𝑇𝑀𝑎𝑗𝑜𝑟 , 

𝐴𝐴𝐷𝑇𝑀𝑎𝑗𝑜𝑟, and duration leads to the number of crashes increasing by 0.44%, 0.29%, and 
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1.16% respectively. From the collected data, 70.67% of them were PDO crashes and the 

rest were fatal and injury crashes. The average crash rate of work zones on signalized 

intersections is too low (0.009 crash per WZ). Most of the time in presence of a work zone, 

two of the approaches are closed. That is a possible explanation for such a small crash rate. 

The model overdispersion was 16.1 which is not desirable. It shows the very low 

accuracy of the model. The reason for this poor overdispersion was the very low crash rate. 

Table 1.6-20 Unsignalized intersection (4-leg) model parameters for total 

number of crashes  

Explanatory Variable Parameter Estimates Standard Error p-value 

Constant -14.2582 1.348 <.0001 

𝐴𝐴𝐷𝑇𝑀𝑎𝑗𝑜𝑟 0.4397 0.2430 0.0704 

𝐴𝐴𝐷𝑇𝑀𝑖𝑛𝑜𝑟 0.2861 0.2128 0.1788 

D 1.1635 0.1714 <.0001 

Overdispersion, 𝜶𝟎 16.0845 5.4854  

PDO / Fatal-injury percent 70.67%   /   29.92% 

Number of Observations 8,060 

 

Figure 1.6-50 and Figure 1.6-51 show the intersection major and minor leg AADT 

CURE plots, respectively. The AADT CURE plots show the over-prediction problem for 

most range of AADTs (decreasing trend). Most of the work zones in the database have zero 

number of crashes. For these work zones on unsignalized intersections, the model predicts 

very small number of crashes, but not zero. This explains the overprediction problem in 

CURE plots. 
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Figure 1.6-50 Unsignalized intersection (4-leg) major leg AADT CURE plot 

 
Figure 1.6-51 Unsignalized intersection (4-leg) minor leg AADT CURE plot 
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1.7 MODEL VALIDATION, DISCUSSION, AND SUMMARY 

All the SWZs on freeway, expressway and rural two lane roads in the samples were 

collected between years 2009 and 2014. The SWZs of Missouri in 2015 were collected, to 

validate the models. The data for rest of the facility types (multi-lane highway, arterial, 

ramp, signalized and unsignalized intersections) were collected from 2011 to 2016. The 

data for these five facility type did not include many crashes, and the models accuracy 

(overdispersion) were not satisfactory. So, setting aside a part of data (20%) for validation 

decreases the models accuracy more. As there are many SWZs with zero number of 

crashes, computing the Mean Absolute Percentage Error (MAPE) was not possible. As 

another goodness of fit measure, the Root Mean Squared Error (RMSE) was used. The 

overall length and duration of samples were between 0.1 and 30 miles; 10 and 300 days. 

Range of the model and validation samples were chosen in a way to be compatible with 

the designed algorithm in the section 1.8.1. The RMSE for models range between 0.29 and 

4.11. The validation RMSEs range between 0.49 and 4.25. All the validations RMSE are 

similar to the related model RMSE. It shows the models goodness of fit and means that 

none of the models were over-fitted.  

 Table 1.7-2 and Table 1.7-3 summarize the descriptive statistics of various samples 

used in this study. The range of variables for each facility type are important as the models 

are usable in these ranges.  In Table 1.7-2 urban multi-lane highway and rural two lane 

road have the highest and lowest crash frequency (per mile per year), respectively. Table 

1.7-3 shows that signalized and unsignalized sample’s crash frequency is very low. The 

main explanation is that, at the work zones on intersections most of the time two approaches 
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are closed to traffic. The rural two lane and expressway work zones have the most and the 

least severity of the crashes, respectively. 

Table 1.7-1 Model 15 parameters for fatal-injury crashes  

Model Suggested for WZs 
Model 

RMSE 

Validation 

Set RMSE 

FW 1 Longer than 6 miles 2.66 2.96 

FW 2 Shorter than 6 miles 1.88 2.69 

FW 3 Longer than 6 miles 2.64 2.96 

FW 4 Shorter than 6 miles 1.88 2.64 

FW 5 Longer than 6 miles 2.65 2.96 

FW 6 Shorter than 6 miles 1.89 2.65 

FW 7 All 2.57 2.91 

FW 8 All 2.93 2.88 

Exp 1 All 2.12 2.42 

Exp 2 Rural 0.97 0.90 

Exp 3 Urban, more than 6 miles 4.11 4.25 

Exp 4 Urban, less than 6 miles 2.56 2.89 

RTL 1 All 0.59 1.42 

RTL 2 PDO 2.06 1.46 

RTL 3 Injury and fatal crashes 0.29 0.49 

 

 



 

 

1
3
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 Table 1.7-2 Freeway (FW), expressway (Exp), rural two lane (RTL), urban multi-lane highway (UMLH), arterial 

(Art), ramp (Rmp) modeling sample descriptive statistics 

Sample Size 

Crash 

Rate 
𝑐𝑟𝑎𝑠ℎ

𝑊𝑍
 

Crash Freq. 

(/mi/year) 
𝐶𝑟𝑎𝑠ℎ 𝑅𝑎𝑡𝑒

𝐴𝑣𝑔.  𝐷 × 𝐴𝑣𝑔.  𝐿
 

% of Fatal and 

Injury 

Range of Data 

AADT, Veh/Day Length, mi Duration, Days 

FW 1,546 5.95 9.78 24.2 % (757 , 128,756) (0.1 , 29.9) (10 , 290) 

Exp 1,189 2.56 4.41 19.4 % (713 , 34,744) (0.1 , 29.6) (10 , 298) 

RTL 6,095 0.27 0.544 33.9 % (779 , 10,325) (0.1 , 29.9) (10 , 300) 

UMLH 251 2.02 11.48 31.2 % (1,164 , 18,071) (0.1 , 9.3) (10 , 277) 

Art 3,138 1.49 5.85 27.8 % (94 , 29,383) (0.1 , 10) (10 , 300) 

Rmp 372 0.37 10.6 31.9 % (112 , 64,755) (0.1 , 0.8) (10 , 280) 

 

 

 

Table 1.7-3 Signalized 4-leg intersection (4SG) and unsignalized 4-leg intersections (4ST) modeling sample descriptive 

statistics 

Sample Size 

Crash 

Rate 
𝑐𝑟𝑎𝑠ℎ

𝑊𝑍
 

Crash Freq. (/year) 
𝐶𝑟𝑎𝑠ℎ 𝑅𝑎𝑡𝑒

𝐴𝑣𝑔.  𝐷 
 

% of Fatal and 

Injury 

Range of Data 

𝐴𝐴𝐷𝑇𝑀𝑎𝑗𝑜𝑟, 

Veh/Day 

𝐴𝐴𝐷𝑇𝑀𝑖𝑛𝑜𝑟, 

Veh/Day 
Duration, Days 

4SG 2,488 0.095 0.792 19.9 (1,213 , 36,561) (15 , 13,878) (10 , 300) 

4ST 8,060 0.0093 0.098 29.3 (66 , 46,198) (11 , 12,976) (10 , 284) 
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Overdispersion of a good model should be a number close to zero (less than 1). In the 

highway safety literature, safety performance functions have overdispersions such as 0.1, 

0.2, 0.3 etc. Table 1.7-4 shows the overdispersion of roadway work zones models. The 

rural two lane (RTL), urban multi-lane highway (UMLH), arterial (Art), ramp (Rmp) 

models have overdispersion larger than 1. What does it mean? Are these models beneficial? 

There is a noteworthy difference between work zone safety and general safety 

studies. In the general safety studies, i.e. making an SPF for freeway segments, the 

researcher is free to collect data from many locations and for multiple years. As a result, 

the derived database includes plenty of crashes. Conversely, a work zone study’s data is 

restricted by both population size and the data collection duration as the work zones are 

occasional events on roadway system with a defined duration. The nature of these 

restrictions, leads to having many zeros and many low number of crashes in the database. 

As a result the work zone SPFs generally have lower accuracy in comparison to general 

SPFs. To conclude, all the facility types (except freeway work zones) studied in this 

research are the first in the safety literature. 
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Table 1.7-4 Models overdispersion and Crash modification factors 

(CMF) derived from various models. 

Model 
Dependent 

Variable 
Ovdsp 

CMF 𝑈𝑟𝑏𝑎𝑛 𝐶𝑟𝑎𝑠ℎ

𝑅𝑢𝑟𝑎𝑙 𝐶𝑟𝑎𝑠ℎ
 

AADT Length Duration 

FW 1 𝑁𝐶 0.35 0.88 0.60 1.00 1.47 

FW 2 𝑁𝐶 0.36 0.95 0.45 1.03 1.69 

FW 3 𝑁𝐶 0.89/L 0.89 0.65 1.00 1.42 

FW 4 𝑁𝐶 0.49/L 0.98 0.46 1.04 1.51 

FW 5 𝑁𝐶 34.4/LD 0.86 0.64 1.00 1.46 

FW 6 𝑁𝐶 20.6/LD 0.97 0.47 1.02 1.54 

FW 7 𝑁𝐶 0.30 0.96 0.77 1.01 1.27 

FW 8 𝑁𝐶 45.1/LD 0.89 0.83 1.01 1.16 

Exp 1 𝑁𝐶 0.72 0.83 0.60 1.00 1.93 

Exp 2 𝑁𝐶 0.41 0.66 0.66 1.09  

Exp 3 𝑁𝐶 0.83 0.89 0.59 0.96  

Exp 4 𝑁𝐶 0.70 1.15 0.38 1.05  

RTL 1 𝑁𝐶 2.51 0.86 0.84 0.94  

RTL 2 𝑁𝑃𝐷𝑂 2.75 0.93 0.79 0.93  

RTL 3 𝑁𝐼𝑛𝑗 2.00 0.75 0.94 0.95  

UMLH 𝑁𝑇𝑜𝑡𝑎𝑙 1.60 0.79 0.76 0.90  

Art 𝑁𝑇𝑜𝑡𝑎𝑙 2.87 0.91 0.62 0.91 2.11 

Rmp 𝑁𝑇𝑜𝑡𝑎𝑙 1.47 1.66  1.19  
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1.8 SOFTWARE APPLICATIONS AND EXAMPLES 

This section explains the theoretical basis of the software, gives a tutorial on it and 

shows the applications through few different examples. Section 1.8.1 focuses on the 

theoretical basis of the software.  

1.8.1 Safety Tool Software Theoretical basis 

Practitioners may face some challenges in applying the statistical models described 

in Chapter1.6. One challenge involves the amount of time and computational effort 

required to generate the crash predictions. Another challenge involves how to compare 

different alternatives using a quantitative cost approach. A user-friendly spreadsheet tool 

was developed in this study to address these challenges and facilitate implementation of 

the developed models. 

The software collects the input data from the practitioners in a user-friendly Graphical 

User Interface (GUI). Based on the facility type the user chooses among freeway, 

expressway and rural two-lane highway, the software chooses the proper and the most 

accurate model to calculate the results. Freeway models are the first 8 models, expressways 

include models 9 to 12 and the last three models are for rural two-lane highways.  

For freeway work zones with length greater than 6 miles, the software uses freeway 

models 1, 3, 5 and 7, and for shorter work zones the software used models 2, 4, 6 and 8. 

For rural expressway work zones it uses expressway model 2, while for urban expressways 

it chooses among expressway models 3 and 4 based on the length. Expressway 1st model 
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is not used by the software. For rural two-lane work zones models 2 and 3 are used. The 

rest of facility types only had one model each. 

In each category, the software tool compares the overdispersion term of the models 

–based on the input data– and selects the smallest; the smaller overdispersion, the more 

accurate. It estimates the work zone crash count and its standard error based on crash 

severity. The standard error in a negative binomial model for work zone plan ‘𝑦𝑖’ is 𝑆𝐸[𝑦𝑖] 

SE[𝑦𝑖] = √E[𝑦𝑖]{1 + αE[𝑦𝑖]} 

where E[𝑦𝑖] is the estimated crash count and 𝛼 is model overdispersion term. The 

standard errors of rural two-lane highway work zones models are relatively large and the 

reason is because its models’ overdispersion is larger than first 13 models.’ The main cause 

of lower accuracy of the rural two-lane highway models is the small crash count of these 

facilities. 

This software uses the HSM 2010 crash costs that are based on a study used the data 

from 2001. To account for the inflation, the discount rate from governmental sources was 

collected to transform the HSM values to present. HSM suggests $7,400 and $158,200 for 

PDO and fatal/injury crashes respectively. The discount rates used in the software are in 

Table 1.8-1. Discount rates were considered constant for each five year period. The 

discount rate after 2010 was constantly 0.75%. This part of study was published in 2015, 

so for the years after 2015 software considers the same discount rate (0.75%) and computes 

the crash costs to that year automatically. If a user wants to use other crash cost values, he 

can input his own costs and the year of reference study, and software converts the crash 

costs of that study to current year (i.e. 2019). 
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Table 1.8-1 Discount rates used in the 

software 

Year Yearly Discount Rate 

Before 1994 3.32% 

1995-1999 3.04% 

2000-2004 2.43% 

2005-2009 3.75% 

After 2010 0.75% 

 

1.8.2 Software Tutorial 

This section provides a short tutorial on the software. This software is written in 

visual basic in Microsoft Excel for Windows environment. By double clicking the software 

shortcut the main page of the software (Figure 1.8-1) opens. 

 

Figure 1.8-1 Software main page 
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By clicking on ‘Tutorial’, the user can see the necessary information about how to 

use the software. After that, user can start analyzing the alternatives by clicking on ‘Start 

Here’. This button opens the analyze window as shown in Figure 1.8-2.  

  

Figure 1.8-2  Software ‘Input and Analyze’ window 

The user can name the work zone plan alternative in the first box. By choosing the 

facility type, the variables that are required remain on the window (See, Figure 1.8-3 to 

Figure 1.8-10). 
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Figure 1.8-3 Freeway work zone required variables 

  

Figure 1.8-4 Expressway work zone required variables 
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Figure 1.8-5 Rural Two-Lane work zone required variables 

 

Figure 1.8-6 Urban multi-lane highway work zone required variables 
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Figure 1.8-7 Arterial work zone required variables 

 

Figure 1.8-8 Ramp work zone required variables 
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Figure 1.8-9 Work zones on signalized intersection (4-leg) required variables 

 

Figure 1.8-10 Work zones on unsignalized intersection (4-leg) required variables 
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After entering the required work zone information, user can select HSM 2010 for 

estimating work zone alternative crash cost or also enter any other reference for crash cost 

(Figure 1.8-11). 

 
Figure 1.8-11 Software Crash Cost 

Then, user should click ‘Analyze’ button and the results will be shown like Figure 

1.8-12. 
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Figure 1.8-12 Software Results 

The software shows the results including the used model number, crash count, 

standard error and the equivalent cost of crashes for the year that user uses the software. 

By clicking the ‘Save and Continue to Next Alternative’, the software copies the results in 

the spreadsheet and opens the ‘Input and Analyze’ window for the next alternative plan. 

This process can be repeated for all alternative plans, and for the last alternative user needs 

to click on ‘Finish and See the Results’. The results and input data will be shown in 

‘Compare Alternatives’ worksheet of the workbook (Figure 1.8-13). The input variables 

will also be shown for user to check if the data entered are correct. 
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Figure 1.8-13 Sample Output of the Software 

1.8.3 Sample Applications 

This section shows a sample applications for using the safety tool described in this 

study include work zone safety screening, work zone phasing alternative evaluation, and 

work zone scheduling comparison. 

1.8.3.1 Scheduling Example 

A state transportation agency is considering a major shoulder rehabilitation of a 5-

mile corridor of a major three lane rural freeway. The freeway AADT is 45,000 vehicles 
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per day; the segment has 2 on-ramps and 3 off-ramps. The agency has short-listed two 

alternatives based on preliminary analysis of traffic and safety data. First alternative is to 

complete the rehabilitation of the entire 5-mile corridor in 100 days with 1 closed lane. The 

second alternative takes 140 days with no closed lane. Figure 1.8-14 shows that the second 

alternative has 3.50 and 1.13 more PDO and fatal-injury crashes respectively. All in all, 

alternative 1 estimated crash cost is (1,775,839 − 1,387,029) $ 388,810 less than 

alternative 2. 

 

Figure 1.8-14 Work Zone Scheduling Example, Software output 
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1.8.3.2 Work Zone Screening 

An agency wants to participate in a bid for rehabilitating a 4 mile section of an urban 

expressway road with three signalized intersections. Their schedule is to finish the work in 

60 days. The expressway AADT is 35,000 vehicles per day in one direction. What is the 

number of crashes by severity that this agency should expect?  

Results are as Figure 1.8-15, having 15.45 PDO crashes and 5.14 fatal and injury 

crashes.  Using HSM (2010) values and governmental declared discount rates, the value of 

these crashes in 2015 is $1,761,955. 

 
Figure 1.8-15 Work Zone Screening Example, Software Output 
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1.9 STATIONARY WORK ZONE CONCLUSION 

The arrival of the Highway Safety Manual (HSM) was hailed nationally as a great 

advance in safety, since it provided quantitative methods for analyzing highway safety. 

Thus the HSM complemented other national transportation standards such as the Highway 

Capacity Manual, the AASHTO Green Book (Geometric Design Manual), and the Manual 

of Uniform Traffic Control Devices. The HSM provides crash modification factors (CMFs) 

related to freeway work zones. Specifically, it provides one crash modification function for 

work zone duration and another for work zone length. 

As the data used for producing these functions were from high-impact freeway work 

zones in California, there was a need to calibrate these functions for the Midwest. The 

calibration factor found for the model was 3.83 which is non-ideal since it is significantly 

larger than 1 (Sun et al., 2014). It shows the need for making new freeway work zone 

models instead of calibrating the HSM model. In addition, there is no safety performance 

function for other facility types in HSM or in rest of the literature. In this study, models 

were developed to predict freeway work zone crashes based on data from the Midwest. In 

addition to freeway work zone models, new models were also developed for expressway 

and rural two-lane, urban multi-lane highways, arterials, ramps, signalized intersections, 

and unsignalized intersections. 

Twenty different models were made for work zones in the eight mentioned facilities. 

Practitioners may face some challenges in applying the statistical models described in this 

thesis. One challenge involves the amount of time and computational effort required to 

generate the crash predictions. Another challenge involves how to compare different 
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alternatives using a quantitative cost approach. A user-friendly spreadsheet tool was 

developed in this study to address these challenges and facilitate implementation of the 

developed models. The software is in an easy-to-use spreadsheet format with a user 

friendly graphical interface. 

This study also conducted two online surveys of contractors and Department of 

Transportation (DOT) representatives about the work zone safety importance, related 

issues, and possible improvements. The respondents were 7 contractors and 29 DOT 

representatives.  

This study documented the surveys, data, methodology, results and software tutorial 

of the study. Obtaining useful and appropriate data for work zone safety modeling is a great 

challenge. This is because the majority of work zones have very short durations with no 

crashes. In addition, multiple sources of data need to be combined in order to produce the 

variables needed for modeling. One source is the work zone database that contains 

information on work zone characteristics such as duration, length, urban/rural, and 

location. Another source is the crash database that provides information on crashes such as 

crash location, date/time, and severity. A third source is the traffic data for the vehicles that 

travel through the work zones. The last database was information of intersections in the 

road network. 

A large population of work zones in Missouri was analyzed to derive 20 work zone 

crash prediction models for 8 various facility types. In work zone databases, the footprint 

of a work zone is recorded as the beginning and end of the work area. To account for the 

work zone signage areas, including the advance warning areas, this study used MUTCD 
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recommended temporary traffic control plans’ thresholds for various facility types. To this 

end, the road functional type, speed limit, lane width and area designation (urban-rural) 

were also collected. In contrast, the model used by the HSM (same for most studies in the 

literature) classified all crashes within 0.5 mile (0.8 km) of the beginning and 0.5 mile (0.8 

km) after the end of the work zone as work zone crashes. The crashes that that occurred on 

the intersection approached with the distance less than 250 ft to the intersection were 

considered is intersection related crashes. By checking different distributions of Poisson, 

Negative Binomial, Zero Inflated Poisson and Zero Inflated Negative Binomial, the 

Negative Binomial model was found to perform the best.  

Using the Missouri data, eight freeway work zone models were developed; the 

average AADT, length and duration CMFs from these models were 0.9225, 0.6088, and 

1.0138, respectively. Expressway average AADT, length and duration CMFs were 0.8825, 

0.5575, and 1.0250, respectively. The CMFs for rural two lanes highway PDO crashes, the 

AADT, length and duration CMFs were 0.9259, 0.7909, and 0.9322, respectively; while 

the CMFs for injury crashes were 0.7481, 0.9382, and 0.9483, respectively. Urban multi-

lane highway work zone CMFs from its model, for AADT, length and duration were 

0.7892, 0.7648, and 0.8981. Arterial CMFs with the same order were 0.9088, 0.6190, and 

0.9103. Ramp model did not include the work zone length. The ramp AADT and duration 

CMFs were 1.656, and 1.1940 respectively. It is noteworthy that the ramp AADT CMF 

was the only AADT CMF larger than 1.  

Among the roadway segment work zone models, the overdispersion of the freeway 

and expressway were small (less than 1) and almost satisfactory. However, the 
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overdispersion for models for other facility types were larger than 1. Rural two lane PDO 

and Injury models overdispersion were 2.75 and 2.00. The overdispersion of models for 

multi-lane highway, arterial, and ramp work zone were 1.60, 2.87, and 1.47, respectively. 

This shows a problem for these models accuracy. The work zone study data is restricted by 

population size, and number of observed crashes which heavily affect the models accuracy. 

The author is aware of the problem, however, all the models (except freeway) were the first 

models in the literature and the best possible with available data. For more detail read 

Section 1.7. 

The collected data for 4-leg signalized and unsignalized intersections strangely had 

very low crash counts and crash frequencies. A possible explanation is that most of the 

times in work zones at intersections, one or two approaches are closed and traffic diversion 

takes place. Therefore, the results from these models were not reliable at all. All the models 

were implemented in a user friendly spreadsheet based tool for the use of practitioners. 

The research presented in this chapter can be expanded in several ways. First, 

Empirical Bayes or even full Bayes can be utilized to address regression-to-the-mean 

problem. This can be a significant undertaking as each work zone site would need to be 

calibrated and modeled using HSM Safety Performance Functions. Second, data from other 

states could be used to account for geographical and driver differences within other states. 

This chapter mainly focused on SWZ safety modeling. The next chapter analyzes 

both mobility and safety of MWZs. 
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2 CHAPTER 2: MOBILE WORK ZONE MOBILITY AND SAFETY 

ANALYSIS 

This chapter mainly focuses on the MWZ mobility and safety assessment. The 

chapter subsections are: introduction to the mobile work zone operations, literature review 

on assessing the mobility impact of moving bottlenecks and mobile work zones, data 

collection, development of speed estimation models, simulation analysis, results, and 

conclusions. 

2.1 INTRODUCTION TO MOBILE WORK ZONES 

State departments of transportation (DOTs) strive to improve the safety and mobility 

in work zones using several approaches, including better scheduling of work activity, better 

traffic management plans and innovative use of available technologies. Due to the funding 

shortfall in the recent years, the focus of many DOTs has shifted from new construction to 

maintaining existing infrastructure. Maintenance work involves both short-term stationary 

work zones and mobile work zones. Mobile work zones typically involve striping, 

sweeping, pothole filling, shoulder repair, and other quick maintenance activities. State 

DOTs generally use traffic impact analysis tools to schedule maintenance work. However, 

none of the existing tools are designed to appropriately model moving work zones 

(MWZs). This is because a MWZ creates a different type of bottleneck than a stationary 

work zone. The driver behavior at a moving bottleneck created by a moving work activity 

is not well understood and has not been investigated in prior research. This is in part due 

to the challenges with the collection of data at MWZs. 
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The central objective of this portion of dissertation was to develop practical data 

collection methods and a traffic impact analysis tool for MWZs. To achieve this objective, 

multiple data sources were fused to collect work zone and traffic data for MWZs in order 

to develop a prototype tool for the prediction of performance measures such as vehicle 

throughput, travel delays, and lane-changing behavior. Two approaches were used to 

develop the prediction tool. First, collected data was used to calibrate the VISSIM 

simulation tool for use in analyzing traffic impacts of MWZs. Second, a data-driven 

approach was used to estimate regression models of work zone performance measures as a 

function of various independent variables including MWZ characteristics, schedules, 

traffic and geometric characteristics, among others.  

  



 

160 

2.2 LITERATURE REVIEW 

A literature review was conducted to gain an understanding of the current state of the 

practice regarding mobile work zones. The various aspects of the literature review for 

mobile work zones included standards and best practices, operational impacts, and safety 

countermeasures. 

2.2.1 Mobile Work Zone Standards  

The Manual on Urban Traffic Control Devices (MUTCD) (FHWA 2009a) provides 

typical applications (TAs) for three types of mobile operations: mobile operations on a 

shoulder, mobile operations on a two-lane road, and mobile operations on a multi-lane 

road. The MUTCD TA for the multi-lane road configuration is shown in Figure 2.1. To 

help alert drivers to the presence of the mobile work zone, various measures such as shadow 

vehicles, arrow boards, and signs are utilized. Truck-Mounted Attenuators (TMAs) are 

sometimes mounted on construction vehicles to help mitigate the effects of a collision. 

Some of the MUTCD standards and recommendations for mobile work zones are 

summarized below: 

• If stationary signs are placed in advance of the work zone, the distance between the 

advance warning sign and work area should be less than 5 miles. 

• Flashing or strobe lights must be used on shadow and work vehicles. Shadow and 

work vehicles must not utilize hazard warning signals in lieu of strobe lights. 

• Caution mode must be implemented for arrow boards when arrow boards are used. 

• Vehicle-mounted signs must be visible to drivers traveling through the work zone. 

• TMAs may be used on the work vehicle or shadow vehicle. 
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• The shadow vehicle should slow down in areas where sight distance is limited. 

• For mobile work zones on a two-lane road, the work and shadow vehicles should 

occasionally pull to the side of the road to permit vehicles to pass. 

• For mobile work zones on a multi-lane highway, arrow boards must be used for lane 

closures. 
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Figure 2.2-1 MUTCD TA for mobile work zone on multi-lane highway (FHWA 

2009a) 
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Many states have supplemented the MUTCD with their own guidance and standards. 

For example, the Indiana Department of Transportation (INDOT) provides work zone 

guidelines and TAs for several different mobile work zone configurations, including 

mobile work zone on shoulders greater than 8 ft, mobile work zone on a two-lane, two-

way road, mobile work zone on a two-lane road using flaggers, mobile work zone on a 

two-lane divided road, and mobile work zone on a multi-lane divided road (INDOT 2013). 

The INDOT guidelines include tables with recommended roll-ahead distances between the 

shadow vehicle and work area for both stationary and mobile work zones based on vehicle 

speed.  

The work zone guidelines from the Michigan Department of Transportation (MDOT) 

provide TAs for the following types of mobile work zones: shoulder work (less than 10,000 

AADT and adequate sight distance), shoulder work (two-lane, two-way roadway), 

shoulder work (divided highway or freeway), work outside the shoulder, lane closure on 

multi-lane roadway (curbs and speed limit less than 45 mph), mobile operation on two-lane 

highway, mobile operation on multi-lane highway, operation on urban freeway, and 

moving lane closure on a two-lane highway (MDOT 2007). The MDOT guidelines include 

a table specifying which TA should be used based on location of work, traffic volume, and 

sight distance. MDOT defines mobile work zones based on the type of work including 12 

activities such as sweeping, litter pickup, vegetation control, and gravel shoulder 

maintenance. MDOT recommends the use of a TMA when a shadow vehicle is deployed 

and provides a table with roll-ahead distance and weight of the shadow vehicle based on 

posted speed in advance of the work zone.  
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The Engineering Policy Guide (EPG) from the Missouri Department of 

Transportation (MoDOT) includes the following TAs for mobile work zones: flagger 

control or moving operation (one-lane, two-way operation), mobile operation on two-lane 

highways with edgelines, mobile operation on two-lane highways without edgelines, and 

mobile operation on divided or multi-lane undivided highways. MoDOT recommends the 

use of a light bar and emergency alert lights on the shadow vehicle during striping and 

sweeping operations on multi-lane highways (MoDOT 2015). MoDOT also provides 

guidance for sign spacing based on the normal posted speed of the facility. 

The New York State Department of Transportation (NYSDOT) has also developed 

guidelines for work zone traffic control (NYSDOT 2015). The NYSDOT provides 13 TAs 

for mobile work zone operations as listed below: 

• Lane closure (two-lane highway) 

• Lane closure or encroachment (parkway, grass shoulder or no shoulder) 

• Right shoulder closure (two-lane highway, paved shoulder width less than 8 ft) 

• Right shoulder closure (freeway or expressway, paved shoulder width less than 8 ft) 

• Right shoulder closure (freeway or expressway, paved shoulder width equals or 

exceeds 8 ft) 

• Right lane closure (freeway or expressway, paved shoulder width less than 8 ft) 

• Right lane closure (freeway or expressway, paved shoulder width equals or exceeds 8 

ft) 

• Right two-lane closure (freeway or expressway, paved shoulder width less than 8 ft) 

• Right two-lane closure (freeway or expressway, paved shoulder width equals or 
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exceeds 8 ft) 

• Left shoulder closure (freeway or expressway, paved shoulder width less than 8 ft) 

• Left lane closure (freeway or expressway, paved shoulder width less than 8 ft) 

• Left two-lane closure (freeway or expressway, paved shoulder width less than 8 ft) 

• Left shoulder closure on ramp (freeway or expressway) 

The NYSDOT also provides a table for roll-ahead distances. The roll-ahead distances 

in the NYSDOT guidelines are based on shadow vehicle weight, prevailing speed, and the 

weight of the impacting vehicle.  

The maintenance work zone guidelines for the North Carolina Department of 

Transportation (NCDOT) differentiate between mobile operations and moving operations 

(NCDOT 2014). According to the NCDOT definition, a mobile operation includes work 

that intermittently moves or stops for less than 15 minutes. In a moving operation, the work 

proceeds at a speed of at least 3 mph. The NCDOT guidelines include TAs for various 

construction and maintenance activities such as mowing, spraying, shoulder sweeping, and 

pothole patching. 

The Washington State DOT (WSDOT) maintenance work zone guidelines emphasize 

the importance of crew coordination and consideration of site characteristics for mobile 

work zone operations (WSDOT 2014). WSDOT provides five TAs for typical mobile work 

zone operations, including left shoulder closure (freeway), left-lane operation (freeway), 

middle-lane operation (freeway), lane closure operation (two-lane highway), and shoulder 

closure operation (two-lane highway). WSDOT requires the use of TMAs on freeways and 
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recommends their use on two-lane highways. On freeways, WSDOT recommends a 2 ft 

minimum lateral clearance between the edge of travel lane and work vehicle. WSDOT 

requires that the shadow vehicle maintain between 500 ft and 1000 ft of sight distance to 

opposing traffic. Recommendations for specific values of roll ahead distances are not 

provided. Instead, WSDOT suggests that roll ahead distances should be determined based 

on the work zone and site specific characteristics. 

Additional insights regarding the practices of state DOTs for mobile lane closures 

can be found in a NCHRP study (NCHRP 2009) which included both a literature review 

and a survey of state DOTs and Canadian provinces. The results of the literature review 

indicated that many agencies follow their own procedures for mobile lane closures. In 

addition, providing information to motorists in advance of the work zone helps to prepare 

motorists and reduce risks. Some of the knowledge gaps identified from the literature 

review are listed below: 

• More clarification is needed regarding the difference between mobile lane closures 

and short-term operations. 

• There is a lack of data pertaining to mobile lane closures. 

• There is a need for more guidance regarding proper construction worker location 

within the mobile work zone and the required spacing between shadow vehicles and 

work vehicles. 

• Additional research regarding training for workers in mobile work zones is needed. 
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The survey included 74 questions regarding agencies’ practices, experiences, and 

technology needs related to mobile work zones. Responses were obtained from 28 United 

States participants and three Canadian provinces. A summary of some of the key findings 

from survey participants in the United States is provided below: 

• Approximately 85% of respondents do not believe that there are problems in their 

agency with misunderstandings of the definition of a mobile work zone. 

• Various types of temporary traffic control (TTC) procedures are used by the agencies. 

• More than half of the survey participants indicated that their agency requires the use 

of TMAs on shadow vehicles. 

• Most of the DOTs do not use mobile work zone intrusion alarms frequently. 

• Almost two thirds of the DOTs do not prohibit workers on foot in the mobile work 

zone or utilize equipment to limit workers’ exposure to vehicular traffic. 

• Most of the DOTs implement temporary signs before the mobile work zone to 

provide information to motorists. 

• More than half of the respondents indicated that their DOT uses flaggers for mobile 

work zones involving lane closures on two-lane highways. 

• Many DOTs are not able to link mobile work zones to crashes due to existing 

limitations in crash data. 

• Only 20% of the survey participants had knowledge of advances in research or 

technology to help improve the safety of mobile work zones. 

Because mobile work zones at night require special consideration, FHWA has 

developed guidelines for mobile work zones at night time (Bryden 2003). Although traffic 
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volumes are lower at night, there are other challenges such as lower sight distance, 

increased speeds, and changes in driver behavior. FHWA recommends that flaggers should 

not be used at night time due to the reduced visibility. Special night time TAs are provided 

for several different conditions for night striping and other mobile operations on two-lane 

and multi-lane highways. TAs are provided for both slow-dry and rapid-dry pavement 

marking applications. Slow-dry pavement markings require the use of cones to protect 

them from vehicular traffic. It is recommended that the distance between the shadow 

vehicle and work vehicle should be determined from the traffic conditions. 

2.2.2 Moving Bottlenecks 

Existing research regarding the operational impacts of MWZs is very limited and is 

focused on the investigation of moving bottlenecks using theoretical methods. For 

example, Gazis and Herman (1992) developed a model to explain the moving queue 

formation and development on a roadway with two lanes in one direction. They indicated 

that one of the important considerations was the rate at which vehicles escape the queue 

and provided recommendations for procedures that could be used to validate the model. 

Newell (1998) also studied moving bottlenecks for facilities with two lanes in one direction 

using a moving coordinate system to convert the problem to a stationary bottleneck. The 

developed theoretical model was applied to a case of trucks going up grades. Lattanzio et 

al. (2011) studied a model of moving bottlenecks using incremental time steps. 

Some studies utilized experimental methods or simulation to test the developed 

methods. A study of moving bottlenecks by Munoz and Daganzo (2004) involved both 

development of a theoretical model and experimental observations. The model was based 
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on two assumptions. The first assumption was that bottleneck speed and bottleneck passing 

rate are related. The second assumption involved the use of kinematic wave theory. The 

research study used detector datasets from a California freeway and experiments on a two-

lane and three-lane freeway to investigate the model. The study found that an increase in 

bottleneck speed led to an increase in the downstream capacity. Daganzo and Laval (2005) 

presented a numerical method to model kinematic waves produced by slow-moving 

vehicles. Their proposed model converges in flows, densities and speeds with no 

oscillations. Laval (2006) developed a methodology for estimating capacity of moving 

bottlenecks created by slow-moving vehicles. The model was tested using simulation for a 

situation with short uphill grades. Leclercq (2007) proposed an extension of ‘‘Lighthill, 

Whitham and Richards’’ (LWR) model to explain the fixed traffic flow close to fixed and 

moving bottlenecks with more accuracy. Leclercq model was coupled with noise emission 

laws for evaluating traffic operations strategies. Juran et al. (2009) developed a dynamic 

traffic assignment (DTA) model to assess the impacts of moving bottlenecks with respect 

to travel times and route paths. The DTA model used mesoscopic simulation to load the 

network. The model was tested experimentally on a metropolitan road network. The results 

of the test indicated that increased bottleneck speed led to lower delay.  

Kerner and Klenov (2010) used numerical methods to analyze congestion due to 

moving bottlenecks on multilane highways. They found out that if upstream flow rate is 

great enough, there is a critical speed for a moving bottleneck at which traffic breakdown 

occurs. The higher the flow rate, the larger the critical speed. On-off ramps have effect on 

the critical speed-flow relationship. Li et al. (2011) utilized VISSIM software to simulate 

traffic flow with different mix rates of slow-moving trucks. The simulation results 
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indicated that the increase of the traffic flow and the truck mix rate decreases the traffic 

speed and expressway capacity. Yuan et al. (2013) assessed the impacts of moving 

bottlenecks through the application of the full velocity model to a two-lane highway. A 

model to replicate lane changing was also developed in this research. Numerical simulation 

was used to evaluate the model with respect to its impacts on traffic flow. The results 

indicated that the moving bottleneck had greater impacts under higher traffic density, but 

an increase in the speed of the slow-moving vehicle helped to mitigate these impacts. 

Fadhloun et al. (2014) studied moving bottleneck effects on its abreast vehicles. They made 

a general model to estimate passing rate, using simulated data from INTEGRATION 

software. Fadhloun et al. concluded that passing rate varies in a quadratic function of the 

bottleneck speed. Delle Monache et al. (2016) introduced a coupled PDE-ODE (Partial-

Ordinary Differential Equation) system to describe the bottlenecks created with presence 

of several busses on a circular route of unit length. The busses move with the same speed. 

The results of the review of the moving bottleneck literature demonstrate the need for 

a comprehensive tool for evaluating mobile work zone impacts. Many of the existing 

studies are theoretical in nature, limited to certain lane configurations, and restrictive in the 

types of mobile work zone attributes considered. The existing moving bottleneck literature 

does provide preliminary indications for some of the attributes that affect mobile work zone 

capacity such as traffic density and speed of the shadow and work vehicles in the mobile 

work zone. However, an investigation of other factors such as mobile work zone activity 

type, lane configuration, and geometrics would help to develop a comprehensive tool for 

the assessment of mobile work zone impacts. 
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2.2.3 Studies of Countermeasures 

To help improve safety in mobile work zones, agencies have tried implementing a 

variety of countermeasures. Some previous research studies have evaluated the 

effectiveness of these safety countermeasures for mobile work zones. Brown et al. (2015) 

investigated two types of mobile work zone alarm systems: an alarm device and a 

directional audio system (DAS). The systems were tested in the following three operating 

modes: continuous, manual, and actuated. The study utilized field data to investigate sound 

levels and merging distances and speeds. The results from the sound level testing indicated 

that the sound levels were in conformance with national standards. All of the alarm setups 

except for the alarm actuated configuration led to an increase in the merging distance of 

vehicles. Vehicle speeds also decreased with the DAS continuous setup. There were 

occasional instances of undesirable driving behavior, but the link between this behavior 

and the mobile work zone alarm system was uncertain. 

Another possible countermeasure to help reduce vehicle speeds in mobile work zones 

involves the use of radar speed display signs. The effectiveness of this countermeasure was 

investigated by Gambatese and Jafarnejad (2015). The truck-mounted radar speed signs 

were evaluated in the field for several different types of mobile work zone operations, 

including relamping, sweeping, vactoring, and spraying. Temporary speed sensors were 

utilized to measure vehicle speeds. The results of the study indicated that the use of the 

radar speed signs helped to lower vehicles speeds through the work zone. The study 

recommended different types of messages for the sign depending on the speed limit. 
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A study by Ullman and Iragavarapu (2014) investigated the effectiveness of a truck-

mounted attenuator (TMA) in reducing crash severity and costs. In this study, 186 crashes 

from the New York State DOT work zone crash database were reviewed. Some of the 

crashes involved a work zone vehicle with a TMA while other crashes involved a work 

zone vehicle without a TMA. The study found that the crash cost was four times greater 

when the work zone vehicle did not have a TMA and that the use of the TMA resulted in a 

crash cost savings of approximately $200,000 per crash. 

The use of truck-mounted changeable message signs (TMCMSs) to help convey 

information to drivers in mobile work zones was investigated in another study (Ullman et 

al. 2011). This research consisted of a human factors survey in which drivers were shown 

different TMCMS messages and asked about their meaning. The study found that 

TMCMSs can be beneficial in providing information to drivers but that the effectiveness 

of the TMSMS messages depended on the content of the message. The researchers 

provided recommendations regarding message content for different types of mobile 

operations such as striping, sweeping, and workers out of the vehicle. 

Caltrans developed a device named the Balsi Beam to help protect workers in mobile 

work zones in response to a crash in which a Caltrans maintenance employee was injured 

when a vehicle crossed into a work zone at a steep angle and went past the shadow vehicle 

(Caltrans 2007). The system is attached to a semi-trailer and includes two telescoping 

beams (Figure 2.2). The system has been used for various types of work zones including 

bridge deck and rail repairs.   
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Figure 2.2-2 Caltrans Balsi Beam (Caltrans 2007) 
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2.3 DATA 

In this study four different databases were used: MWZ information from MoDOT 

electronic alerts (e-alerts), travel time from Regional Integrated Transportation Information 

System (RITIS), traffic flow from I-44 and I-64 St. Louis detectors, and videos of MWZs 

made by MoDOT on Missouri freeways and by the researchers during a previous study on 

mobile work zone alarms (Brown et al. 2015).  

2.3.1 MWZ Data 

MWZ data is not widely available and the available data is not accurate in terms of 

location and time. The Missouri Department of Transportation (MoDOT) traffic 

management center (TMC) in the St. Louis region Gateway Guide, provides e-alerts for 

various events including MWZs. These e-alerts include start date and time, end date and 

time, location by address and lane closure type (left, right, center). A group of MWZs on 

I-44 and I-64 freeways in the St. Louis area between July 2014 and July 2015 were queried 

through these MoDOT e-alerts. Among those MWZs, only 34 of them had all of the needed 

information such as start/end date and time, start location and lane closure. There was no 

information about the MWZs end location, MWZ speed and MWZ type of work.  

The start locations of the 34 MWZs are in Figure 3.1, and a summary of the 34 MWZs 

is shown in Table 2.3-1. The durations of the MWZs ranged from 1 minute to 62 days. The 

durations of some of the MWZs were too long to be correct. These work zones were 

dropped for further analysis (MWZs with IDs of 13, 15, 16 and 28). So, the remaining 

sample included 30 MWZs. 
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Figure 2.3-1 MWZ Start Locations from E-alerts (Google Maps 2017) 
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Table 2.3-1 Summary of 34 MWZs information from e-alerts 

ID Route Direction Lane Closure Start Date 
Start 

Time 

Duration 

(Hour) 

1 44 EB RIGHT LANE 7/3/2014 7:32 0.02 

2 44 EB 
2 LEFT 

LANES 
8/4/2014 22:52 1.63 

3 44 WB 
2 LEFT 

LANES 
8/5/2014 0:38 2.17 

4 44 WB RIGHT LANE 9/9/2014 1:09 3.22 

5 44 EB RIGHT LANE 2/14/2015 8:32 0.80 

6 44 WB LEFT LANE 4/8/2015 9:35 0.50 

7 44 EB RIGHT LANE 4/8/2015 10:19 0.45 

8 44 EB LEFT LANE 4/8/2015 10:47 0.28 

9 44 EB LEFT LANE 4/8/2015 12:15 1.18 

10 44 EB LEFT LANE 4/8/2015 13:52 0.48 

11 44 EB RIGHT LANE 4/21/2015 14:08 0.68 

12 44 WB LEFT LANE 6/9/2015 10:25 0.25 

13 44 WB LEFT LANE 4/21/2015 13:01 1174.07 

14 44 WB LEFT LANE 6/9/2015 11:05 0.08 

15 44 WB LEFT LANE 4/8/2015 9:01 1491.55 

16 44 WB LEFT LANE 4/21/2015 12:47 1174.15 

17 44 WB LEFT LANE 6/29/2015 1:14 0.18 

18 44 WB 
CENTER 

LANES 
6/29/2015 1:25 0.32 

19 44 WB RIGHT LANE 6/29/2015 1:44 1.75 

20 44 WB LEFT LANE 6/29/2015 1:08 0.98 

21 44 EB LEFT LANE 6/9/2015 12:55 0.05 

22 44 EB LEFT LANE 6/9/2015 11:49 0.07 

23 64 WB LEFT LANE 6/12/2014 21:46 2.60 

24 64 WB RIGHT LANE 7/14/2014 6:56 7.28 

25 64 EB LEFT LANE 12/10/2014 21:14 7.52 

26 64 EB RIGHT LANE 1/17/2015 9:12 3.47 

27 64 EB RIGHT LANE 4/08/2015 13:32 0.10 

28 64 WB RIGHT LANE 4/21/2015 10:57 167.93 

29 64 EB RIGHT LANE 4/28/2015 10:53 0.52 

30 64 EB RIGHT LANE 4/28/2015 12:47 1.73 

31 64 EB LEFT LANE 6/09/2015 13:25 0.08 

32 64 EB LEFT LANE 6/19/2015 5:20 1.18 

33 64 EB 
PREPARE TO 

STOP 
6/19/2015 6:31 0.62 

34 64 WB LEFT LANE 7/28/2015 9:33 2.60 
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2.3.2 RITIS Travel Time & Traffic Flow Detector Data 

MoDOT has an agreement with RITIS to receive travel time data for the state 

roadways. The RITIS database is based on probe vehicle travel time. In this database, 

routes are divided into segments with different lengths. Queried data from the RITIS 

database includes travel time and speed for segments and information on TMC segments 

identifiers. The TMC segments include road, direction, intersection, start and end 

latitude/longitude, segment length, and road functional type. A map of the RITIS detectors 

is shown below in Figure 3.2. 

 

Figure 2.3-2 Map of RITIS detector locations (Google Maps 2017) 
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The RITIS speed and travel times are recorded in 30-second intervals and have a 

Confidence Factor (CF) between zero and one as shown in Table 2.3-2. The RITIS data 

used in this study were high confidence data based on real time data. 

 

Table 2.3-2 RITIS Confidence Factors 

0.7 < 𝐶𝐹 ≤ 1 High confidence, based on real time data 

0.5 < 𝐶𝐹 ≤ 0.7 
Medium confidence, based on combination of historic and real 

time data 

0 < 𝐶𝐹 ≤ 0.5 Lower confidence, based primarily on reference speed 

 

The other database used consisted of MoDOT traffic flow detectors which are point 

detectors. The data collected by these detectors consists of vehicles’ spot speed and 

volume. A map of these detector locations is shown in Figure 3.3. 
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Figure 2.3-3 Map of MoDOT traffic flow detectors (Google Maps 2017) 

The RITIS and detector databases needed to be matched with the MWZ location and 

time. Figure 3.4 shows the MWZ start locations, detector locations, and RITIS segments. 

These work zones are mobile in nature, and the current database developed from the 

MoDOT e-alerts does not provide information regarding the MWZ’s end location or its 

speed. 
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Figure 2.3-4 Map of MWZ start locations, detector locations, and RITIS segments 

(Google Maps 2017) 

To overcome the challenge of the uncertainty of the exact location of work zone, five 

RITIS segments were chosen to be analyzed for each of the 30 work zones: the segment 

that included the start location of the MWZ, two segments upstream of the MWZ, and two 



 

181 

segments downstream of the MWZ. For the traffic flow detectors, the closest detector to 

the start location, a detector upstream and a detector downstream were chosen for each 

MWZ.  

The RITIS database includes travel time on segments in thirty-second intervals by 

lane. The RITIS data was aggregated for every minute across all lanes. The RITIS segments 

have various lengths. For consistency, the travel times were divided by segment length 

which gives average probe vehicle travel time per mile.  

The detector database has the speed and number of vehicles that passed the detector 

location every minute. The detector data was recorded for each lane. It is possible to 

multiply the number of vehicles in all lanes by 60 to estimate the hourly traffic flow. To 

increase the reliability, the data was aggregated into five-minute intervals and then 

multiplied by 12 to calculate the hourly volume. As the segments have varying number of 

lanes, the volume was divided by the number of lanes to calculate volume per lane for 

consistency.  

For 14 MWZs with durations greater than 20 minutes, speed-flow diagrams from 

detectors and speed heat maps from RITIS were plotted as shown in Figures 3.5 to 3.18. 

Each figure contains three speed-flow diagrams for the work zone segment, 1st upstream 

segment, and 1st downstream segment. These plots show the speed versus flow during the 

MWZ presence and for the week before at the same time and location, as a reference point. 

The point detector data were used for plotting three subplots. The heat maps in Figures 3.5 

to 3.18 show the average probe vehicle speed for the work zone segment, two segments 

upstream and two segments downstream. The heat map time axis limits show the start and 
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end time of each MWZ. Some MWZs with duration more than 20 minutes were not plotted, 

as point detector or RITIS data was not available for them. 

In Figures 3.5 to 3.18, the darker the color, the lower the speed. The speed color scale 

is on the right-hand side of each plot. Based on the color scale, congestion and speed 

reduction occurred on MWZs 9 on I-44 and 23, 24, 25, 29, 30, 33, 34 on I-64. There was 

no considerable speed reduction on the remaining 6 MWZs, as almost all the plot area is 

yellow or white.  
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Figure 2.3-5 Speed-flow diagram and speed heat map for I-44 work zone ID 6 



 

 

1
8
4
 

 

 

 

Figure 2.3-6 Speed-flow diagram and speed heat map for I-44 work zone ID 7 

  



 

 

1
8
5
 

 

 

 

Figure 2.3-7 Speed-flow diagram and speed heat map for I-44 work zone ID 9 
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Figure 2.3-8 Speed-flow diagram and speed heat map for I-44 work zone ID 18 
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Figure 2.3-9 Speed-flow diagram and speed heat map for I-44 work zone ID 19 
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Figure 2.3-10 Speed-flow diagram and speed heat map for I-44 work zone ID 20 
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Figure 2.3-11 Speed-flow diagram and speed heat map for I-64 work zone ID 23 
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Figure 2.3-12 Speed-flow diagram and speed heat map for I-64 work zone ID 24 
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Figure 2.3-13 Speed-flow diagram and speed heat map for I-64 work zone ID 25 
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Figure 2.3-14 Speed-flow diagram and speed heat map for I-64 work zone ID 29 
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Figure 2.3-15 Speed-flow diagram and speed heat map for I-64 work zone ID 30 
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Figure 2.3-16 Speed-flow diagram and speed heat map for I-64 work zone ID 32 
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Figure 2.3-17 Speed-flow diagram and speed heat map for I-64 work zone ID 33 
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Figure 2.3-18 Speed-flow diagram and speed heat map for I-64 work zone ID 34 
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All the detector data for the work zone locations, 1st upstream location, and 1st 

downstream location were aggregated and plotted as shown in Figure 3.19. As can be seen 

in the speed flow diagrams, the work zone (red dots) data is skewed towards lower speeds, 

in comparison to the historical data. The same trend can be seen in the histograms. The 

work zone speed histograms for the WZ segment, 1st upstream and 1st downstream are 

skewed toward the left with the work zone presence as compared to the historical data. The 

speeds for 1st upstream segment, WZ segment and 1st downstream segment in the presence 

of the work zone are 8.3, 3.5 and 1.9 MPH less than historical data, respectively. 

MASS library in R was used to do a Mann–Whitney–Wilcoxon (MWW) test. The 

MWW test was performed on the data extracted from the point detector database. For the 

MWW test the null hypothesis is: 

it is equally likely that a randomly selected value from MWZ sample will be less than 

or greater than a randomly selected value from the historical sample. 

While, the alternative hypothesis here is: 

it is more likely that a randomly selected value from MWZ sample will be less than 

a randomly selected value from the historical sample. 

The p-values of MWW tests for 1st upstream, WZ segment and 1st downstream speed 

are 2.2 * 10-16, 9.8 * 10-8, and 2.3 * 10-5, respectively. So, for all three locations the null 

hypothesis is highly rejected, indicating that the work zone speed is significantly less than 

historical data for 1st upstream, WZ segment and 1st downstream. 
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Figure 2.3-19 Speed-flow plots and speed histograms for all work zones 
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To realistically analyze and simulate (in VISSIM) the previously mentioned MWZ 

characteristics, the speed Cumulative Distribution Probability (CDP) without MWZ 

presence is needed. To this purpose, the detector data were used. The start locations for the 

30 work zones on I-64 and I-44 were determined. The closest point detectors to each of 

these locations were found by comparing locations. Each detector was linked to its relevant 

MWZ. For each MWZ, the detector data was collected for the week before the MWZ 

presence. For example, consider a MWZ that was on I-64 between 7:32 a.m. and 10:50 

a.m. on 6/28/2015; the detector data was collected between 7:32 a.m. and 10:50 a.m. on 

6/21/2015. This data provides speed information about the mentioned locations without 

any work zone presence. The data were used to develop a speed distribution under normal 

conditions without work zone presence. The following Figure 3.20 shows the speed CDP. 

This diagram will be used as an input (“Desired Speed Distribution”) for simulation in 

VISSIM software. 

 

Figure 2.3-20 Cumulative distribution of historic speed without work zone presence 
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2.3.3 MWZ Video Data  

To evaluate the driving behavior behind MWZs (MWZs) videos were collected from 

the back of slow-moving trucks. The videos were obtained from two sources: 11 videos 

recorded by MoDOT in MWZs in the Kansas City area in November, 2016 and videos 

recorded by the researchers in the Kansas City area in November, 2013 as part of a prior 

research project to evaluate mobile work zone alarms for MoDOT (Brown et al. 2015). 

Table 2.3-3 summarizes the locations and the dates of the MWZ videos. The total duration 

of the video footage that was used for analysis was 3 hours and 27 minutes. Figure 3.21 

shows a screenshot of one of videos recorded by MoDOT in November, 2016. 

Table 2.3-3 Summary of locations and dates for MWZ videos 

Date Route Location Description 

11/19/2013 I-435 NW Cookingham Dr. to Shoal Creek Pkwy. Control test 

11/9/2016 I-435 I-70 to I-49 Striping 

11/14/2016 I-435 I-49 to Kansas State Line Striping 

11/15/2016 I-435 NE Cookingham Dr. (MO 291) to I-29 Striping 

11/16/2016 I-435 I-29 to Kansas State Line Striping 

11/17/2016 MO 350 I-470 to I-435 Striping 
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Figure 2.3-21 Sample screenshot from MWZ videos 

Vehicles that are behind a slow-moving truck tend to change lanes to avoid the speed 

reduction. The purpose of the video data processing was to collect the following 

information: 

• the distance to the back of truck at which the following vehicles merged to the 

adjacent lane, 

• the gaps available to each lane changing vehicle in the adjacent lane, 

• vehicle speed at overtaking moment, 

• slow-moving truck speed, 

• traffic volume of vehicles that overtake the truck, 

• heavy vehicles percentage. 

To collect this information from the videos, photogrammetry was used. 
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2.3.3.1 Video Photogrammetry 

The goal of the video photogrammetry in this study was to measure the distances and 

time stamps of various events mentioned in the previous section. To estimate the distance 

using photogrammetry, the spacing between the centerline striping was used as a reference. 

MoDOT applies a standard of 40 ft distance between the beginning of one stripe to the 

beginning the next one (1 skip = 40 ft). It can be seen in Figure 3.21 above that the skips 

farther than 5 or 6 can hardly be identified.  

For each video, a simple modeling process was used to find the relationship between 

the distances on the image and real distances. Figure 3.22 shows the calibration plot for 

one of the videos. 

 

Figure 2.3-22 Sample MWZ video calibration plot 

The calibrated equation and a background image were used to construct a ladder-

shaped drawing in AutoCAD for each video (Figure 3.23).  
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Figure 2.3-23 Sample background image for MWZ videos 

Then the ladder-shaped image was overlaid on each video by using Adobe Premiere 

Pro. Figure 3.24 shows a screenshot of one of the final videos with the background image. 

In the overlaid video the skips are easier to identify.  

 

 

Figure 2.3-24 Sample screenshot of background image overlaid on MWZ video 

The distance between the merging vehicle and the back of MWZ was extracted from 

video at the time of merge. Merge distances at 25 skips or closer were recorded by counting 

the skips. Time of merging and descriptive information for the merging vehicle (e.g. gray 
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crossover, red truck etc.) were also recorded. To increase the accuracy of the timestamps, 

a video player that can move the video forward and backward frame by frame with a 

resolution of 30 frames/sec was used. 

The gaps available to each lane changing vehicle were collected by recording the 

timestamp of vehicles that pass the truck in the adjacent lane. Also, the overtaking speed 

was calculated by measuring the time and distance traveled by the lane changing vehicle. 

The end time was first collected when the merging vehicle was close to the MWZ. The 

video was then reversed until the vehicle had travelled back 10 skips, at which point the 

time was again recorded. The speed was calculated using this distance and the elapsed time. 

The slow-moving truck speed was also collected using the same method but with 20 skips. 

As the slow-moving truck speed was around 10 mph, it was assumed that all of the 

traffic would overtake the truck. So, the volume could be found by counting the number of 

vehicles that overtake the truck. The other noteworthy parameter is the number of lanes. 

The videos were divided into uniform segments with the same number of lanes. By having 

the number of lanes, the number of overtaking vehicles, and the duration of each video 

segment, hourly traffic flow for the segment could be estimated. The heavy vehicles 

percentage was also collected by counting the total number of heavy vehicles and cars. 
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2.3.3.2 Video Data Descriptive Statistics 

This section explains the descriptive statistics for the data that was collected. 

2.3.3.2.1 Lane Change Distance 

The distance from the back of truck to the location where the following vehicles 

merged into the adjacent lane is almost normally distributed as shown in Figure 3.25. The 

median, mean and standard deviation of the lane change distance were 400, 432 and 173.8 

ft, respectively. 

 

Figure 2.3-25 Distribution plot for lane change distance from the back of the truck 
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2.3.3.2.2 Gaps Available to Lane Changing Vehicle 

The gaps available to each lane changing vehicle are distributed as shown below in 

Figure 3.26. The figure includes the gaps under 20 seconds. From the figure, it can be seen 

that the rejected gap distribution is skewed towards zero in comparison to the accepted 

gaps. The peaks of the distributions for the rejected and accepted gaps are 2 and 5 seconds, 

respectively. 

 

Figure 2.3-26 Accepted and rejected gap distributions 
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2.3.3.2.3 Overtaking Speed  

Vehicle speeds at the overtaking moment were collected with the methodology 

described previously. Figures 3.27 and 3.28 show the overtaking speed distribution 

and its cumulative distribution probability plot respectively.  

Table 2.3-4 shows the cumulative distribution probability. 

 

 

Figure 2.3-27 Distribution of overtaking speeds 
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Figure 2.3-28 Cumulative distribution of overtaking speeds 

 

Table 2.3-4 Cumulative distribution 

of overtaking speeds 

Speed 

(mph) 

Cumulative 

percentage 

<20 1.2 

20-30 2.4 

30-40 7.1 

40-50 19.1 

50-60 52.9 

60-70 90.6 

70-80 98.8 

>80 100.0 

 

 

2.3.3.2.4 MWZ Speed 

The speed of the slow-moving trucks was distributed between 4.57 and 19.06 mph. 

The median, mean and standard deviation of slow-moving truck speed were 10.37, 10.59 

and 2.6 respectively. The following Figure 3.29 shows the histogram for the moving truck 

speed collected from videos. The average speed was used as an input for the MWZ in 

simulation as the MWZ speed. 
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Figure 2.3-29 Distribution of slow-moving truck speed  

 

2.3.3.2.5 Traffic Volume 

The average traffic volume of vehicles that overtake the truck among all videos was 

357 vehicles per hour per lane with a standard deviation of 79.9. The weighted average 

number of lanes among all videos was 2.9 lanes. In the simulation, the input volume of 350 

vehicles per hour per lane was used on a 3 lane freeway segment. 

2.3.3.2.6 Percentage of heavy vehicles 

The percentage of heavy vehicles from the videos was 16.2. This value was used as an 

input for the simulation. 
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2.4 MWZ SPEED MODELS 

MWZs are slow-moving trucks that usually generate congestion and lead to a 

reduction in the segment average speed. As seen in the previous chapter, the work zone 

speed is significantly lower than historical speed. This section focuses on modeling the 

freeway segment speed in the presence of a MWZ. The databases used for modeling MWZ 

speed were the RITIS Travel Time and Traffic Flow Detector Databases. Rahmani et. al 

(2015) used license plate recognition technology to study arterial travel time reliability. 

The RITIS database includes travel time on segments every thirty seconds for each 

lane. It can be challenging to model speeds with a resolution of 30 seconds, as there are 

many fluctuations in data. To decrease the fluctuation, the RITIS data was aggregated for 

every 5 minutes across all lanes. The detector database has the number of vehicles that 

passed the point in every minute. This database was aggregated in five minute intervals, 

then multiplied by 12 for hourly volume.  

The dependent variable was Work Zone Speed (WZSp), and the independent 

predictors used for modeling were Speed Limit (SpL), Historical Speed (HiSp), Number 

of Lanes (NoL), Segment Traffic Volume (Vol), Duration (Dur), MWZ position (LR, 

left=0, right=1) and time indicator (DN, Day=1, Night=0). Table 2.4-1 describes the 

predictors, their units and database that data extracted from. 
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Table 2.4-1 Predictors for work zone speed model 

 

As mentioned in the previous chapter, there is no detector on many of the RITIS 

segments. Thus, the inclusive database, containing volume, only had 71 data records. The 

second database that was used contained more records because it included the records with 

missing traffic volume information. This database included 446 data records. 

2.4.1 Linear Regression Model  

A simple linear regression model with the predictors mentioned in Table 2.4-1 was 

developed. The sample used in this section was the sample including the volume with 71 

records. Table 2.4-2 displays descriptive statistics of this database.  

Table 2.4-2 Descriptive statistics for variables in work zone 

speed linear regression model 

 Dataset without Volumes (446 Observations) 

Predictor Minimum Maximum Mean Std Dev 

WZSp (mph) 22.5 76.2 58.0 8.42 

SpL (mph) 55 65 61.3 2.38 

HiSp (mph) 29.8 68.7 60.2 5.53 

NoL 2 5 3.28 0.93 

Dur (Hr) 0.08 2.17 1.21 0.78 

LR 0 1 0.20  

DN 0 1 0.41  

Observations 446 

Predictors Description Source Database 

SpL Speed limit (mph) RITIS 

HiSp Historical speed, week before the MWZ (mph) RITIS 

NoL Number of Lanes RITIS 

Vol Road hourly traffic volume (Vehicles/Hr) MoDOT Detector 

Dur MWZ duration (Hr) MoDOT e-alerts 

LR Lane closure indicator: 0 if left lane is closed, 1 otherwise  MoDOT e-alerts 

DN 0 for nighttime MWZs between 12 and 6 a.m, 1 otherwise MoDOT e-alerts 
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As shown in Table 2.4-2, the average speed of the segments in the presence of the 

work zones ranged between 22.5 and 76.2 mph, with the mean of 58.0 mph. There were 

three speed limits of 55, 60 and 65 on the road segments in the database. The average speed 

of the segments during the week before of the work zone presence, ranged between 29.8 

and 68.7 mph, with the average of 60.2 mph. As expected the minimum, maximum and 

mean of the segment speed in presence of MWZ is less than the historic data. The road 

segments had 2, 3, 4 or 5 lanes with the average of 3.28 lanes. The average duration of the 

work zones was 1.21 hours. About 80% of the work zones were located on the left lane, 

and 60% of the work zones took place during nighttime. The correlations between WZSp 

and other variables are as follows: 

Table 2.4-3 Correlation between WZSp and other variables 

 SpL HiSp NoL Dur LR DN 

WZSp 0.301 0.337 0.253 0.406 0.480 0.440 

 

Various models were made and tested with the aforementioned predictors. The best 

model did not include the MWZ duration as a predictor. The final linear regression model 

was: 

𝑊𝑍𝑆𝑝 = −8.008 + 0.886 × 𝑆𝑝𝐿 + 0.174 × 𝐻𝑖𝑆𝑝 + 1.290 × 𝑁𝑜𝐿 − 7.961 × 𝐿𝑅 − 4.281 × 𝐷𝑁 

All the coefficients were statistically significant at 1% level, with 𝑅2 of 0.368 that is 

not satisfactory. The multi-collinearity was also checked for the model. All the variance 

inflation factors (VIF) are less than 3 (maximum of 2.2 for speed limit). The next section 
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explains the multi-gene genetic programming (MGGP) as a new modeling approach. Two 

models were made by using MGGP and compared to the linear regression model above. 

2.4.2 Multi-gene Genetic Programming Model 

Symbolic regression is a regression analysis method that searches the space between 

various mathematical expressions with a dataset, considering both accuracy and simplicity 

of the mathematical model. Multi-gene genetic programming (MGGP) is a symbolic 

regression approach that combines genetic programming and ordinary regression. This 

highly nonlinear modeling approach chooses the best model including all or some of the 

predictors. This study deals with the prediction of freeway speed in presence of MWZ 

(WZSp) using this robust technique. Two new models are proposed which relate WZSp to 

the mentioned predictors. Based on the preliminary analysis, the MGGP method was found 

to be very effective for predicting the work zone speed. The prediction coefficients of 

determination were 0.854 and 0.971 for the training and testing data, respectively. 

However, more in depth study needs to be done on predicting the work zone speed values 

in other time intervals and using other potential predictor variables. 

2.4.2.1 Overview of MGGP Methods 

2.4.2.1.1 Genetic Programming  

An effective alternative to traditional prediction methods are soft computing methods 

in which the knowledge in experimental data is learned and extracted (Alavi and Gandomi 

2011). Artificial neural networks (ANNs), fuzzy logic (FL), adaptive neuro fuzzy inference 

system (ANFIS) (Nasiri and Aghamohammadi 2017), and support vector machine (SVM) 

are some examples of soft computing methods. These methodologies have been widely 



 

214 

used in transportation engineering. As a major disadvantage, ANNs, FL, ANFIS, and SVM 

are not capable of providing practical predicting equations (Alavi and Gandomi 2011). In 

contrast, genetic programming (GP) proposed by Koza (1992) is a soft computing method 

without the mentioned limitation. GP generates computer programs based on Darwinian 

evolution theory. GP creates simplified prediction equations with no prior equation form 

assumption (Alavi and Gandomi 2011).  

A new subset of GP is MGGP (Searson 2009, Searson et al. 2010). While classical 

GP generates the optimal solution as a single program, the MGGP provides several genes 

that are each a computer program (Searson et al. 2010, Gandomi and Alavi 2012). There 

have been fairly new applications for MGGP in engineering field (Gandomi and Alavi 

2012, Muduli and Das 2013a, Muduli and Das 2013b, Desai and Shaikh, 2012). This study 

proposes the MGGP technique to develop a prediction model for freeway speed in the 

presence of MWZs.  

2.4.2.1.2 Multi-Gene Genetic Programming 

The genetic operators of genetic algorithm (GA) and GP are similar. The GA optimal 

solution is a string of numbers while the GP output is a computer program with a tree-like 

form (Koza 1992). The main goal of GP is to connect the dependent variable to independent 

variables with an equation. The process is started by generating a population of computer 

programs (equations). Each program includes randomly chosen functions and terminals. A 

typical tree-like program evolved by GP is illustrated in Figure 4.1.  
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Figure 2.4-1 Tree representation of a GP model. 

 

As a new subset of GP, MGGP evolves a number of genes or tree-like programs 

(Searson 2009, Searson et al. 2010). Then the weights for genes are computed. The final 

model is a linear combination of genes with the weights as coefficients. Figure 4.2 

illustrates a typical program evolved by MGGP.  

The inputs of the model are x1, x2 and x3 and the operators used for the evolution 

process are +,, Log, - and √. Despite the nonlinear terms, the model is a linear 

combination of tree-like equations with coefficients of c0, c1 and c2 (Searson 2009, Searson 

et al. 2010, Gandomi and Alavi 2012). To calculate the linear coefficients an ordinary least 

squares method is performed on the training data. Using partial least squares is also 

possible (Searson 2009, Searson et al. 2010, Gandomi and Alavi 2012). The MGGP 

parameters that need a noteworthy control are the number of genes and tree depth. 

Restricting the tree depth generally results in more compact models (Searson 2009, Searson 

et al. 2010, Gandomi and Alavi 2012). 

           y = e (M + N) × 2 
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2 M 

 
N 

    exp 
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Figure 2.4-2 A typical program evolved by MGGP. 

The MGGP generates a population of randomly generated GP genes. In the next step, 

it performs tree crossover and recombination operators (Searson 2009, Searson et al. 2010, 

Gandomi and Alavi 2012). As an example, assume two parent MGGP programs contain 

three genes (G1 G2 G3) and two genes (G4 G5). The genes subjected to crossover are 

illustrated by [] herein: (G1 [G2 G3]) and (G4 [G5]). After crossover operation, the 

mentioned genes swap to create new MGGP programs like (G1 G5) and (G4 G2 G3). 

2.4.2.2 MGGP-Based Formulation of MWZ Speed 

In order to develop the MGGP-based model, a comprehensive database containing 

freeway average speed in presence of MWZ (WZSp) values and potential predictor 

variables was developed. The goal was to formulate the WZSp (mph) in terms of the 

aforementioned predictors: 

WZSp (mph) = 𝑓(𝑆𝑝𝐿, 𝐻𝑖𝑆𝑝, 𝑁𝑜𝐿, 𝑉𝑜𝑙, 𝐷𝑢𝑟, 𝐿𝑅, 𝐷𝑁) 

This data was divided into two sub-divisions of training and testing subsets; 80% 

training and 20% of test data. The MGGP algorithm was run on the training data and 

checked on the testing data. The optimal model was selected considering its simplicity as 

well as its performance on the training data. Correlation coefficient (R), root mean squared 

y = c0 + c1((1+x1)Log(x2)) + c2(x2-√x3) 

  

 + 

 1  x1 

Log 

 x3 

 - 

 X2  √ 

 x3 
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error (RMSE) and mean percent error (MAE) were used to assess the performance of the 

models: 

𝑅 = √
(∑ (ℎ𝑖 − ℎ̅𝑖)(𝑡𝑖 − 𝑡�̅�)

𝑛
𝑖=1 )

2

∑ (ℎ𝑖 − ℎ̅𝑖)
2

∑ (𝑡𝑖 − 𝑡�̅�)2𝑛
𝑖=1

𝑛
𝑖=1

 

𝑅𝑀𝑆𝐸 = √
∑ (ℎ𝑖 − 𝑡𝑖)2𝑛

𝑖=1

𝑛
 

𝑀𝐴𝐸 =
1

𝑛
∑|ℎ𝑖 − 𝑡𝑖|

𝑛

𝑖=1

 

where 

hi : Measured WZSp, 

ti: Predicted WZSp, 

ℎ�̅�: Average of the measured WZSp, 

𝑡�̅�: Average of the predicted WZSp. 

The MGGP algorithm was run multiple times with various parameters to find the 

optimal solution. The process was based on an extensive study and suggested values 

in the literature, shown in  

 

Table 2.4-4 (Gandomi and Alavi 2012, Muduli and Das 2013a, Muduli and Das 

2013b, Desai and Shaikh 2012). This wide range of parameters was tested to ensure that 

the best model was derived. The MGGP algorithm was coded in MATLAB GPTIPS 

toolbox (Searson 2009).  
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Table 2.4-4 Parameters considered for the implementation of the MGGP algorithm. 

Parameter Settings 

Population size 200, 400, 800, 1200, 1500, 2000, 3000 

Generations  200, 400, 800, 1000 

Maximum number of genes  4, 5, 6, 10, 12 

Maximum tree depth 4, 5, 6, 10, 12 

Tournament size  4, 10, 25 

Crossover events 0.85 

Mutation events 0.1 

Function set +, -, ×, /, ^2, ^3, log, sqrt, exp 

 

2.4.2.3 MGGP Models 

2.4.2.3.1 First Model, Volume-Included  

This section used the volume-included database that had 71 rows of information. 

Eighty percent of this data was used as training and the rest as testing data. So, 57 

observations were used as training data and the remaining 14 observations were used for 

testing the developed model. Table 2.4-5 shows the description of the training and testing 

dataset.  
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Table 2.4-5 Descriptive statistics for training and test datasets for model with 

volume 

 

As shown in Table 2.4-5, for the training data the average speed on the segments in 

the presence of the work zones ranged between 22.5 and 66.8 mph, with the mean of 51.47 

mph. There were two speed limits of 60 and 65 on the road segments in the database. The 

average speed on the segments during the week prior to the work zone presence ranged 

between 51.6 and 67.2 mph, with the average of 60.86 mph. As expected, the minimum, 

maximum and mean of the segment speed in presence of the MWZs is less than the historic 

data. The road segments had 2, 3 or 4 lanes with the average of 2.5 lanes. The database 

included segments with the volumes between 144 and 4,256 vehicles per hour with an 

average of 1,293 vehicles per hour. The average duration of the work zones was 1.71 hours. 

About 79% of the work zones were located on the left lane and there were 71% nighttime 

work zones. There were some differences between testing data and training data. The 

differences between these datasets can lead to worse performance of the final model on the 

testing dataset. So, there is no need to focus on the differences between training and testing 

data. 

 Training Dataset (57 Observations) Test Dataset (14 Observations) 

Predictor Min. Max. Mean Std. Dev. Min. Max. Mean Std. Dev. 

WZSp (mph) 22.5 66.8 51.47 15.50 23 64 51.47 13.67 

SpL (mph) 60 65 63.57 2.34 60 65 62.28 2.51 

HiSp (mph) 51.6 67.2 60.86 4.91 52.1 67.2 60.75 3.89 

NoL 2 4 2.50 0.85 2 4 2.95 0.93 

Vol (Veh/Hr) 144 4,256 1,293 1,242 216 4,272 1,417 1,060 

Dur (Hr) 0.45 2.17 1.71 0.75 0.45 2.17 1.28 0.82 

LR 0 1 0.21  0 1 0.28  

DN 0 1 0.29  0 1 0.54  
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The MGGP was used to predict the WZSp by using the predictors mentioned in Table 

2.4-1. The MGGP excluded the Day/Night (DN) as a predictor in its best model. The final 

model using the volume-included dataset is as follows: 

𝑊𝑍𝑆𝑝(𝑚𝑝ℎ) = 0.004𝑉𝑜𝑙 + 2.63𝐷𝑢𝑟 − 26𝐿𝑅 + 106
𝐿𝑅

𝑉𝑜𝑙
𝑁𝑜𝐿

− 59.3

𝑉𝑜𝑙
𝑁𝑜𝐿

𝐻𝑖𝑆𝑝2
+ 56.6 

The aforementioned model was determined after controlling millions of linear and 

nonlinear preliminary models generated by the MGGP algorithm. The MGGP algorithm 

decided not to use DN as a predictor. Figure 4.3 shows the predicted versus measured 

WZSp using the MGGP model. As seen in Fig. 4.3, the model performs well for both the 

training and testing data. The model had the R2 84.6 of and 0.881 on the training and testing 

dataset, respectively. Compared with the R2 of 0.368 for the linear regression model, this 

model showed such a much better performance. Figure 4.3 indicates the model 

performance by comparing the segment speed in presence of work zone versus the model 

prediction. Figure 4.3 demonstrates the model prediction power. 
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Figure 2.4-3 Predicted versus measured WZSp using the MGGP model with volume 

2.4.2.3.2 Second Model, Volume-Excluded  

A MGGP model to predict the WZSp was also developed using the volume-excluded 

database. This database included 446 rows of data. Eighty percent of this data was used as 

training data and the remaining twenty percent were used as testing data. So, 357 

observations were used as training data and 89 observations were used to test the developed 

model. Table 2.4-6 shows the description of the training and testing datasets. This model 

could be used when the planned MWZ segment volume is not known. As the volume has 

a great relation with the speed, the volume-excluded model is not expected to show a great 

performance. 
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Table 2.4-6 Descriptive statistics for training and test datasets for model without 

volume 

 Training Dataset (357 Observations) Test Dataset (89 Observations) 

Predictor Min. Max. Mean 
Std. 

Dev. 
Min. Max. Mean 

Std. 

Dev. 

WZSp 

(mph) 
23.3 76.2 57.90 8.75 22.5 73.4 58.39 6.96 

SpL (mph) 55 65 61.58 2.36 55 65 61.69 2.49 

HiSp (mph) 29.8 68.7 60.49 5.19 29.9 67.8 59.15 6.68 

NoL 2 5 3.27 0.93 2 5 3.31 0.92 

LR 0 1 0.19  0 1 0.21  

DN 0 1 0.40  0 1 0.46  

 

As shown in Table 2.4-6 above, for the training data the speed on the segments in the 

presence of the work zones ranged between 23.3 and 76.2 mph, with the mean of 57.90 

mph. There were three speed limits of 55, 60 and 65 on the road segments in the database. 

The speed on the segments during the week before the work zone presence ranged between 

29.8 and 68.7 mph, with the average of 60.49 mph. As expected, the minimum and mean 

of the segment speed in presence of the MWZs is less than the historic data. The maximum 

speed in the MWZ presence is greater than the maximum speed during the week before the 

MWZ, which could be an occasional event. The road segments had 2 to 5 lanes with the 

average of 3.27 lanes. About 79% of the work zones were located on the left lane and there 

were 60% nighttime work zones. There were differences between testing data and training 

data. The differences between these datasets can lead to worse performance of the final 

model on the testing dataset. So, there is no need to focus on the differences between 

training and testing data. 

The MGGP was used to predict the WZSp by using the predictors mentioned in Table 

2.4-1. The MGGP excluded the duration as a predictor in its best model. The final model 

using the volume-included dataset is as follows: 



 

223 

𝑊𝑍𝑆𝑝(𝑚𝑝ℎ) = (𝑆𝑝𝐿 − 𝐻𝑖𝑆𝑝)(0.393𝑁𝑜𝐿 − 0.577) + 12.344√|𝑆𝑝𝐿 × 𝐿𝑅 − 𝐻𝑖𝑆𝑝|

+ 0.038 𝑆𝑝𝐿 × 𝐻𝑖𝑆𝑝 × 𝐿𝑅 − 81.905𝐿𝑅 − 2.076𝐷𝑁 − 35.648 

The MGGP algorithm decided not to use the MWZ duration as a predictor. Figure 

4.3. shows the predicted versus measured WZSp using the MGGP model. As seen in Figure 

4.3, the model has a good performance both on the training and testing data. The model 

had the R2 of 0.90 and 0.602 on the training and testing dataset, respectively. Comparing 

to the linear regression model with the R2 of 0.368, this model showed a better performance. 

This model performance is weaker than the former model. Since the traffic volume has a 

great relationship with the segment speed, it is expected to see a lower R2. However, its R2 

is larger than the linear regression model R2 (0.368). 

Figure 4.4 indicates the model performance by comparing the segment speed in the 

presence of work zone versus the model prediction. The figure shows that the model 

performs well. 
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Figure 2.4-4 Predicted versus measured WZSp using the MGGP model without 

volume 
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2.5 SIMULATION 

This chapter describes the use of simulation as a tool to measure the traffic and safety 

impacts of a MWZ. The simulation model used in this research was VISSIM (7.00-13). 

VISSIM is a microscopic, stochastic, time step based and behavior based simulation 

software. VISSIM was developed by “PTV Planung Transport Verkehr AG” in Karlsruhe, 

Germany. VISSIM uses the psychophysical driver behavior model developed by 

Wiedemann (1991).  

The information extracted from video data was used as VISSIM input. The weighted 

average number of lanes among all videos is 2.9 lanes. An 18 mile segment of a three lane 

urban freeway was used as the test network. The slow-moving truck speed was 10.6 mph 

with a truck percentage of 16.2 and volume of 350 vehicles per hour per lane. The speed 

distribution from detector data (Figure 2.3-20) was used as the VISSIM desired speed 

distribution.  

The simulation duration was 4 hours with 1400 seconds of warm-up. After warm-up, 

the simulation was continued for 1 hour without the presence of slow-moving trucks. Then, 

two slow-moving trucks separated by a distance of 250 ft entered the right lane and 

remained in the network for an hour. A distance of 250 ft was used because 250 ft is the 

usual distance between the working truck and Truck Mounted Attenuator (TMA). The 

slow-moving trucks entered the link at a distance of 1000 ft from the beginning of the link 

(Figure 5.1). The slow-moving trucks exited the network at time 8600 seconds. After that, 

the simulation was continued to observe the queue dissipation and the network without the 

presence of the MWZ. The summary of simulation steps is shown in Table 2.5-1. The slow-
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moving trucks were introduced onto and removed from the network, using VISSIM 

Component Object Model (COM) in Visual Basic for Applications (VBA). VISSIM COM 

gives access to data and functions contained in the software. 

 

Figure 2.5-1 Slow-moving truck in VISSIM network 
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Table 2.5-1 Simulation time periods 

Simulation Second Explanation 

0-1400 Warm-up 

1400-5000 Non-MWZ condition 

5000 Moving WZ enters the beginning of the first segment 

5000-8600 Moving WZ presence 

8600 Moving WZ exits the road 

8600-12200 Queue dissipates 

12200-15800 Non-MWZ condition 

 

The next section describes the calibration of the VISSIM network by using the lane 

change distance distribution derived from the video data. 

2.5.1 Calibration Methodology 

This section explains the parameters that were changed to calibrate VISSIM to 

simulate the effects of a MWZ. Two categories of VISSIM driving behavior parameters 

related to car following (Figure 5.2) and lane changing (Figure 5.3) were tested and 

changed to calibrate the software. The calibration measure used was the lane change 

distance to the MWZ from video data. Since the maximum visible distance in the videos 

was 1000 ft, the lane changes that occurred within 1000 ft of the slow-moving trucks were 

collected in the VISSIM simulation. The goal of the calibration was to make the VISSIM 

output as similar as possible to the data from videos. 
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Figure 2.5-2 VISSIM car following parameters 
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Figure 2.5-3 VISSIM lane changing parameters 

To collect the lane changes that occurred within 1000 ft of the slow-moving trucks 

three different types of information were collected from the VISSIM outputs: 

• The lane changes that occurred behind the truck from its lane to the adjacent lane 

• Truck location at lane change time stamp  

• Lane Change Distance (LCD) (calculated by subtracting the lane changing vehicle 

location and the truck location at the time stamp) 

The next section discusses all the VISSIM parameters that were tested for calibration. 

Not all of them were included in the optimal simulation. The focus was on the car following 
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and lane change behavior parameters to affect the drivers’ behavior in the presence of a 

MWZ.  

2.5.1.1 Driving Behavior - Car Following Parameters 

2.5.1.1.1 Look Ahead Distance (Minimum, Maximum and Number of Observed 
Vehicles) 

Look ahead distance is the minimum and maximum distance that a driver can see 

forward for reacting to the other vehicles in front of it or in the lanes beside it. In addition 

to look ahead distance, vehicles consider the number of preceding observed vehicles in the 

link. The number of observed vehicles affects how well a driver predicts its preceding 

vehicles movements and reacts accordingly (PTV Group 2013). The VISSIM default 

values of minimum look ahead distance, maximum look ahead distance and number of 

observed vehicles are 0 ft, 820 ft and 2 vehicles, respectively. 

2.5.1.1.2 Smooth Closeup behavior 

By checking this option, vehicles slow down more uniformly as they approach a 

stationary obstacle. At the maximum look ahead distance from a stationary obstacle, a 

following vehicle can plan to stop (PTV Group, 2013). By selecting this option, the 

following vehicles continue their normal driving behavior until a preceding vehicle’s speed 

drops to less than 1 mph. This parameter helps to simulate the driving behavior more 

realistically upstream of a stop and go traffic flow. This option is not chosen in the VISSIM 

default parameters. 



 

231 

2.5.1.1.3 Look Back distance 

This option defines the minimum and maximum distance that a driver can see 

backward in order to react to the vehicles behind it (PTV Group, 2013). The minimum 

look-back distance affects lateral vehicle behavior. The VISSIM default values of 

minimum look back distance and maximum look back distance are 0 ft and 150 ft, 

respectively. Various values for these options were tested, and no positive effect on the 

distribution of lane change distance to the back of truck was shown.  

2.5.1.2 Driving Behavior - Lane Change Parameters 

2.5.1.2.1 Safety distance reduction factor  

Safety distance reduction factor (SRF) is the reduction multiplier that affects the 

distance of the lane changing car to the preceding vehicle in the new lane. The default value 

is 0.6 which reduces the safety distance by 40% during a lane change. Different values for 

this parameter were tested and showed a significant positive effect. 

2.5.1.2.2 Other parameters 

The other parameters in the lane changing behavior were free lane selection, 

maximum deceleration for cooperative braking, cooperative lane change and its 

parameters, minimum headway, and advanced merging. These parameters were changed 

and tested but did not show a significant positive effect for VISSIM calibration. 
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2.5.2 Parameter Calibration Process 

2.5.2.1 Selection of Parameter Combinations 

The calibration measure is the distribution of lane change distance (LCD) to the truck 

that was collected from videos. The goal is to make the VISSIM LCD as similar as possible 

to the LCD observed in the videos. As mentioned in previous section, various parameters 

were changed and tested to calibrate VISSIM. Table 2.5-2 shows all the parameters that 

were tested. The values were chosen based on an extensive study and suggested values in 

the literature.  

Table 2.5-2 Parameters considered for the VISSIM calibration. 

Parameter Settings 

Maximum look ahead distance 400, 600, 820, 1000, 1350, 1700, 2000, 3000 

Minimum look ahead distance 0, 300, 350, 390, 425, 500, 700  

Safety Distance Reduction Factor 0.3, 0.4, 0.5, 0.6, 0.7, 0.8 

Number of observed vehicles 2, 5, 7, 10 

Maximum look back distance 150, 300 

Smooth closeup behavior Checked, unchecked 

Cooperative lane change Checked, unchecked 

Max speed difference 8, 10.8, 12, 20 

Max collision time 2, 6, 8, 10 

 

There are 45,696 possible combinations using the values in Table 2.5-2. Running 

VISSIM for all these combinations would be very time consuming. As a solution, each of 

these 38 parameters was tested separately. The LCD of each was compared to the LCD 

from the videos. The parameter values that showed a slight positive effect toward 
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calibration were chosen to be combined. By this method, there were 85 combinations of 

multiple parameters that were tested in this study. So, 123 (=38 single parameter 

changes+85 combinations of multiple parameters) different parameter combinations were 

tested to find the optimal set of parameters for calibration. Each set of parameters was run 

with five different random seeds. 
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2.5.2.2 Selection of Calibrated Parameter Values 

As mentioned in the previous sections, the calibration measure used was the LCD 

from the video data. The maximum visible distance in the videos was 1000 ft. So, in 

VISSIM simulation, the LCDs less than 1000 ft were collected. The goal of the calibration 

was to make the VISSIM output as similar as possible to the data from videos.  

A MWZ with speed of 10.6 mph that remains in the network for an hour, travels 10.6 

miles. The network length was chosen as 11.1 miles (10.6+0.5). The simulation warm-up 

was 1400 seconds. After warm-up the MWZ entered the network and remained in the 

network for an hour. The ‘Vehicle Records’ from the VISSIM output was used to do the 

further analysis. The Kolmogorov–Smirnov (KS) statistical test was used to compare the 

VISSIM LCDs with the video data. The KS test hypotheses are as follows: 

• 𝐻0: Two samples come from the same distribution; 

• 𝐻𝐴: Two samples come from different distributions. 

Table 2.5-3 shows the comparison results between for the calibration candidates of 

VISSIM. The p-value for the default VISSIM parameters was 0.042 which means at 5% 

confidence level the null hypothesis was rejected. For the remaining parameter 

combinations, the p-values were more than 0.05. Thus, there was no evidence for rejecting 

the null for the calibrated parameters. 
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Table 2.5-3 Comparison results for VISSIM parameters 

Parameters Distance P-Value 

Baseline with default VISSIM parameters 0.1290 0.042 

Smooth Closeup Checked 0.1190 0.085 

Smooth Closeup Checked, SRF=0.7 0.1069 0.151 

Smooth Closeup Checked, SRF=0.7, Min Look Ahead 

Distance 350 ft 

0.0927 0.284 

Smooth Closeup Checked, SRF=0.7, Min Look Ahead 

Distance 500 ft 

0.0970 0.235 

Smooth Closeup Checked, SRF=0.7, Min Look Ahead 

Distance 390 ft, Observed Vehicles 2 

0.0998 0.203 

Smooth Closeup Checked, SRF=0.7, Min Look Ahead 

Distance 390 ft, Observed Vehicles 5 

0.0932 0.268 

 

As it can be seen the KS distance is minimum for the parameters shown in the 4th row 

of the table. These parameters are the recommended parameters and are summarized 

below:   

• Smooth Closeup Checked 

• SRF=0.7 

• Min Look Ahead Distance 500 ft 

Figure 5.4 shows the LCD histograms for the baseline (using VISSIM default 

parameters) and calibrated parameters in comparison to the LCDs from the video data. 

From Figure 5.4, it can be seen that the calibrated parameters provide results that are more 

consistent with the videos as compared to the VISSIM default parameters. 
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Figure 2.5-4 Lane Change Distance, (light green: VISSIM, red: video, and dark 

green: the overlay). 
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2.5.3 Results 

This section focuses on the results of the calibrated VISSIM simulation with regard 

to mobility and safety. For the MWZ mobility analysis, the VISSIM main results (Result 

Attributes) and Direct Output were used. To analyze the direct outputs, R programming 

was used. To assess the MWZ safety, the Surrogate Safety Assessment Model (SSAM) 

Software was used. As described previously, the simulations were run on a 3-lane freeway 

with the various lengths and durations 

2.5.3.1 MWZ Mobility Effects 

The MWZs are slow-moving trucks that decrease the speed of one specific lane. 

Other vehicles traveling at normal speed behind the MWZ need to change lanes in order to 

avoid a delay. Thus, the road segment capacity decreases. The following subsections 

discuss the mobility effects of a MWZ with different durations of 15 minutes, 30 minutes, 

45 minutes, 1 hour and 2 hours. 

2.5.3.1.1 MWZ Duration, 15 Minutes 

In this section, a MWZ entered the designed network and remained in it for 15 

minutes. A MWZ with speed of 10.6 mph that remains in the network for 15 

minutes travels 2.65 miles. The network length was chosen as 3.15 miles (=2.65+0.5) 

of a 3-lane freeway. The simulation warm-up was 1400 seconds. After warm-up, the 

simulation was run in the regular condition for 15 minutes without the presence of a 

MWZ. Then the MWZ entered the network at the beginning of the second period 

and remained in the network for 15 minutes. Then, the simulation continued for 
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another 15 minutes to see the queue dissipation.  

 

 

 

Table 2.5-4 and Table 2.5-5 describe the mobility effect of the MWZ presence in the 

aforementioned network. In these tables 1st, 2nd and 3rd refer to the simulation periods 

mentioned above. 

Since the 1st 15 minutes was the regular network condition without MWZ presence, 

it was chosen as a comparison baseline. It can be seen in  

 

 

 

Table 2.5-4 and Table 2.5-5 that for the volumes less than 1000 Veh/Hr/Ln, the 2nd 

period did not show considerable increase in Travel Time (TT). By increasing the volume 

to 1000, 1400 and 1800 Veh/Hr/Ln, TT of the 2nd period (MWZ presence) increased by 

3.1%, 3.8% and 6.7% respectively, in comparison to the 1st period. The TT of the 3rd period 

with volume of 1800 Veh/Hr/Ln increased by 6.4%. The 3rd period was the queue 

dissipation period without the MWZ presence. The same trend of the TT can also be seen 

for the speed reduction.  

For the volumes less than 1000 Veh/Hr/Ln, the Average and Total Delay did not show 

considerable increase in the 2nd and 3rd period. In the MWZ presence, the Total Delay 

increased by 2.2, 1.7 and 6 hours for the volumes of 1000, 1400 and 1800 Veh/Hr/Ln, 

respectively. Interestingly for the volume of 1800, without MWZ presence in the 3rd period 

there was still increase in the delay due to the congestion in the queue dissipation period. 
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In the MWZ presence for the volumes of 1400 and 1800 Veh/Hr/Ln, the number of 

Total Stops in the network increased considerably ( 

 

 

 

Table 2.5-4). It can be seen in Table 2.5-5 that the volume downstream of MWZ 

decreased for the input volumes of 1400 and 1800 Veh/Hr/Ln. The decrease for the input 

volume of 5400 Veh/Ln (=1800*3) was almost 800 which was considerable. In the 3rd 

period the congested vehicles behind the MWZ discharged, thus leading to an increase in 

the downstream volume.  
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Table 2.5-4 VISSIM Mobility performance measures for MWZ duration of 15 minutes 

Vol/Ln 
Travel Time (S) Speed (mph) Total Delay (Hr) Avg Delay (S) Total Stops Stops per Vehicle 

1st 2nd 3rd 1st 2nd 3rd 1st 2nd 3rd 1st 2nd 3rd 1st 2nd 3rd 1st 2nd 3rd 

350 193 197 191 58.8 55.7 58.7 0.2 0.3 0.1 2 3 2 0 0 0 0 0 0 

700 199 200 203 56.6 55.6 55.5 1.1 1.0 1.8 6 6 10 0 0 0 0 0 0 

1000 207 214 214 54.2 51.8 53.1 3.1 5.3 4.0 13 20 16 0 0 0 0 0 0 

1400 237 246 228 47.2 45.5 50.2 14.0 15.7 9.5 38 43 25 0 81 5 0 0.06 0 

1800 290 310 309 39.0 36.0 38.4 37.1 43.1 39.5 77 89 74 1 905 237 0 0.52 0.12 

 

Table 2.5-5 VISSIM TT Increase, Total Delay Increase, and Downstream 

Volume for MWZ duration of 15 minutes 

Vol/Ln 
TT  

Increase (%) 

Total Delay 

Increase (Hr) 

Downstream  

Volume (Veh/Hr) 

 2nd  3rd  2nd  3rd  1st 2nd 3rd 

350 1.9 -0.9 0.1 -0.1 1044 1044 1092 

700 0.8 1.9 -0.1 0.7 2132 1968 2288 

1000 3.1 3.0 2.2 0.9 2812 3152 2944 

1400 3.8 -3.8 1.7 -4.5 4180 4008 4428 

1800 6.7 6.4 6.0 2.4 5388 4672 6040 
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Based on the authors’ experience, the queue length computed in VISSIM, highly 

depends on the node location and the sections that it cuts the road. Different nodes were 

put on the network to find the queue length and the results differed with each other. A 

solution was devised in this study in which the trajectories of the vehicles were drawn. A 

code in R programming language was written to get the VISSIM vehicle records as input 

and draw these trajectories. Considering the large number of vehicles, only 20% of the 

trajectories were randomly chosen and drawn. Figures 5.5 to 5.9 show the trajectory of the 

slow-moving truck (MWZ) and other vehicles in the network for the volumes of 350, 700, 

1000, 1400 and 1800 Veh/Hr/Ln, respectively.  

In Figures 5.5 to 5.9, each vehicle trajectory is a line with specific slope. The steeper 

the slope, the higher the speed. A color coding was utilized to assist with the lane 

recognition. The truck (MWZ) was in the right lane and its trajectory is black. For a vehicle 

in the first lane (right lane), the trajectory is red. The 2nd and 3rd lane colors were chosen as 

blue and pink, respectively. By this color coding, when a vehicle changes its lane, the 

trajectory color changes. Inside the green ovals in Figure 5.7, some trajectories’ color was 

changed from red to blue. This means that the vehicles behind the MWZ changed their lane 

from the far-right lane to the 2nd lane. The vehicles behind the MWZ had to reduce their 

speed; inside the ovals the slope of some trajectories decreased under the black line.  

As mentioned, the change in the trajectories’ slope is an indication of speed reduction. 

At each timestamp, the first point that the speed reduction occurs could be considered as 

the end of the queue. Connecting these points gives a representative of the end of the queue 

at all moments. After the MWZ exits the network, the queue length starts to decrease. The 
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vehicles in front of the queue start to speed up one after another. The location and time 

when a vehicle speeds up is the point at which the trajectory slope increases. Connecting 

these lines gives a representative of the front vehicle of the queue. In Figure 5.8, these lines 

were drawn as green lines. The area inside the green and black lines is the shockwave area 

because of the MWZ presence. In this area, congestion occurs that leads to many stop and 

go conditions. As seen in Figures 5.5 to 5.7, there is no visible shockwave area in the 

network for the volumes less than 1400 Veh/Hr/Ln. 

While the MWZ is in the network, the queue length increases. After the MWZ leaves 

the network, the queue length starts to decrease. Therefore, the maximum queue length 

occurs at the moment that MWZ leaves the network. There was no queue for the volumes 

less than 1400 Veh/Hr/Ln as indicated in Figures 5.5 to 5.7. In Figures 5.8 and 5.9, the 

vertical black arrows show the maximum queue length due to the 15 minutes of MWZ 

presence. The maximum queue lengths for the volumes of 1400 and 1800 Veh/Hr/Ln were 

0.4 and 1.5 miles, respectively. The end of queue dissipation is the time that all the vehicles 

in the shockwave area speed up again. In Figures 5.8 and 5.9, the queue dissipation time 

could be found by the length of the horizontal black arrow. So, the queue dissipation time 

for the presence of a 15-minute MWZ were about 40 and 200 seconds, respectively for the 

input volumes of 1400 and 1800 Veh/Hr/Ln. 

The shockwave area would be a complete triangle, if all the vehicles except the truck, 

traveled with an equal speed. The speeds of the vehicles in a real network are not equal. As 

previously mentioned, the real speed CDF was collected and used which is more realistic. 

So, there were some vehicles with lower speed than the average speed in the network. But 
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their speed is not as low as the MWZ. In Figure 5.9, the area between locations (0.5 mi, 

1.5 mi) and times (3200 and 3300) contains fewer trajectories. The reason is a slow-moving 

vehicle in the network in the far-right lane. This is why the shockwave area is not a 

complete triangle. 

 



 

 

2
4
4
 

 

 

 

Figure 2.5-5 Plot of VISSIM vehicle trajectories (MWZ Duration = 15 minutes, Volume = 350 Veh/Hr/Ln) 



 

 

2
4
5
 

 

 

 

Figure 2.5-6 Plot of VISSIM vehicle trajectories (MWZ Duration = 15 minutes, Volume = 700 Veh/Hr/Ln) 
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Figure 2.5-7 Plot of VISSIM vehicle trajectories (MWZ Duration = 15 minutes, Volume = 1000 Veh/Hr/Ln) 
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Figure 2.5-8 Plot of VISSIM vehicle trajectories (MWZ Duration = 15 minutes, Volume = 1400 Veh/Hr/Ln) 
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Figure 2.5-9 Plot of VISSIM vehicle trajectories (MWZ Duration = 15 minutes, Volume = 1800 Veh/Hr/Ln) 
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2.5.3.1.2 MWZ Duration, 30 Minutes 

In this section a MWZ entered the designed network and remained in it for 30 

minutes. A MWZ with speed of 10.6 mph that remains in the network for 30 

minutes, travels 5.3 miles. The network length was chosen as 5.8 miles (=5.3+0.5) of 

a 3-lane freeway. The simulation warm-up was 1400 seconds. After warm-up, the 

simulation was run in the regular condition for 30 minutes without the presence of a 

MWZ. Then the MWZ entered the network at the beginning of the second period 

and remained in the network for 30 minutes. Then, the simulation continued for 

another 30 minutes to see the queue dissipation.  

 

 

 

Table 2.5-6 and Table 2.5-7 describe the mobility effects of the MWZ presence in the 

aforementioned network. In these tables 1st, 2nd and 3rd refer to the simulation periods 

mentioned above. 

Since the 1st 30 minutes was the regular network condition without the MWZ 

presence, it was chosen as a comparison baseline. It can be seen in the  

 

 

 

Table 2.5-6 and Table 2.5-7 that for the volumes greater than or equal to 1400 

Veh/Hr/Ln, the 2nd period showed a considerable increase in Travel Time (TT). For the 

volumes of 1400 and 1800 Veh/Hr/Ln, the TT of the 2nd period increased by 7.1% and 

8.6%, respectively. The 3rd hour TT, for the volumes of 1400 and 1800 Veh/Hr/Ln, 

increased by 3.9% and 15.1%, respectively. Interestingly, with the volume of 1800 

Veh/Hr/Ln the TT of the 3rd period without the presence of MWZ, was more than the 2nd 

period. The 3rd period was the queue dissipation period, without the MWZ presence. The 

same trend of the TT, can be seen for the speed reduction.  
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For the volumes less than 1400 Veh/Hr/Ln the Average and Total Delay did not 

show considerable increase in the 2nd and 3rd period ( 

 

 

 

Table 2.5-6 and Table 2.5-7). For the volumes of 1400 and 1800 Veh/Hr/Ln in the 

2nd period, Total Delay increased by 19.1 and 52.7 hours. In the 3rd period, the increases 

were 7.8 and 49.4 hours, respectively. The increase in the 3rd period TT is due to the 

congestion in the queue dissipation time. 

In the MWZ presence for the volumes of 1400 and 1800 Veh/Hr/Ln, the number of 

Total Stops increased by 623 and 4006 respectively ( 

 

 

 

Table 2.5-6 and Table 2.5-7). In the 3rd period with volumes of 1400 and 1800 

Veh/Hr/Ln the number of total stops increased by 48 and 3153 respectively. It can 

be seen in  

 

 

 

Table 2.5-6 that the volume in the downstream of MWZ decreased for the input 

volumes of 1400 and 1800 Veh/Hr/Ln. The decrease for the input volume of 5400 Veh/Ln 

(=1800*3) was 862 which was considerable. The downstream increased in the 3rd period 

because the congested vehicles behind the MWZ discharged.  
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Table 2.5-6 VISSIM Mobility performance measures for MWZ duration of 30 minutes 

Vol/Ln 
Travel Time (S) Speed (mph) Total Delay (Hr) Avg Delay (S) Total Stops Stops per Vehicle 

1st 2nd 3rd 1st 2nd 3rd 1st 2nd 3rd 1st 2nd 3rd 1st 2nd 3rd 1st 2nd 3rd 

350 359 359 359 58.1 57.2 57.9 0.8 0.7 0.7 4 4 4 0 0 0 0 0 0 

700 369 375 374 56.5 55.0 55.8 4.1 6.3 5.3 12 18 15 0 0 0 0 0 0 

1000 389 397 387 53.4 52.6 53.6 14.8 16.3 13.4 29 32 27 0 0 0 0 0 0 

1400 436 467 453 47.8 44.2 46.3 48.3 67.4 56.1 67 92 73 0 623 48 0 0.24 0.02 

1800 524 569 603 40.0 34.1 35.8 125.5 178.2 174.9 133 191 164 8 4014 3161 0 1.61 1.08 

 

Table 2.5-7 VISSIM TT Increase, Total Delay Increase, and Downstream 

Volume for MWZ duration of 30 minutes 

Vol/Ln 
TT 

Increase (%) 

Total Delay 

Increase (Hr) 

Downstream  

Volume (Veh/Hr) 

 2nd  3rd  2nd  3rd  1st 2nd 3rd 

350 0.0 0.0 -0.1 -0.1 1020 1058 1018 

700 1.6 1.4 2.2 1.2 2040 2150 2106 

1000 2.1 -0.5 1.5 -1.4 3006 3016 2894 

1400 7.1 3.9 19.1 7.8 4220 4046 4494 

1800 8.6 15.1 52.7 49.4 5370 4508 6010 
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Figures 5.10 to 5.14 show the trajectories of the slow-moving truck (MWZ) and other 

vehicles in the network for the volumes of 350, 700, 1000, 1400 and 1800 Veh/Hr/Ln, 

respectively. General information about the trajectories and how to analyze them was 

presented in the previous section.  

In Figures 5.13 and 5.14, the area inside the green and black lines are the shockwave 

area because of the MWZ presence. In this area, congestion occurs that leads to many stop 

and go conditions. As can be seen in Figures 5.10 to 5.12, there is no visible shockwave 

area in the network for the volumes less than 1400 Veh/Hr/Ln. 

Therefore, there was no queue for the volumes less than 1400 Veh/Hr/Ln (Figures 

5.10 to 5.12). In Figures 5.13 and 5.14, the black arrow shows the maximum queue length 

due to the 30 minutes of MWZ presence. The maximum queue length for the volumes of 

1400 and 1800 Veh/Hr/Ln were 0.45 and 3.2 miles, respectively. The end of queue 

dissipation is the time that all the vehicles in the shockwave area speed up again. In Figures 

5.13 and 5.14, the queue dissipation times for the presence of a 30 minutes MWZ were 

about 75 and 800 seconds, respectively for the input volumes of 1400 and 1800 Veh/Hr/Ln. 

The shockwave area was a complete triangle in Figures 5.13 and 5.14. 
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Figure 2.5-10 Plot of VISSIM vehicle trajectories (MWZ Duration = 30 minutes, Volume = 350 Veh/Hr/Ln) 
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Figure 2.5-11 Plot of VISSIM vehicle trajectories (MWZ Duration = 30 minutes, Volume = 700 Veh/Hr/Ln) 
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Figure 2.5-12 Plot of VISSIM vehicle trajectories (MWZ Duration = 30 minutes, Volume = 1000 Veh/Hr/Ln) 

 



 

 

2
5
6
 

 

 

 

Figure 2.5-13 Plot of VISSIM vehicle trajectories (MWZ Duration = 30 minutes, Volume = 1400 Veh/Hr/Ln) 
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Figure 2.5-14 Plot of VISSIM vehicle trajectories (MWZ Duration = 30 minutes, Volume = 1800 Veh/Hr/Ln) 
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2.5.3.1.3 MWZ Duration, 45 Minutes 

In this section, a MWZ entered the designed network and remained in it for 45 

minutes. A MWZ with speed of 10.6 mph that remains in the network for 45 

minutes, travels 7.95 miles. The network length was chosen as 8.45 miles (=7.95+0.5) 

of a 3-lane freeway. The simulation warm-up was 1400 seconds. After warm-up, the 

simulation was run in the regular condition for 45 minutes without the presence of a 

MWZ. Then the MWZ entered the network at the beginning of the second period 

and remained in the network for 45 minutes. Finally, the simulation continued for 

another 45 minutes to see the queue dissipation.  

 

 

 

Table 2.5-8 and Table 2.5-9 describe the mobility effects of the MWZ presence in the 

aforementioned network. In these tables 1st, 2nd and 3rd refer to the simulation periods 

mentioned above. 

The 1st 45 minutes represented the regular network condition without MWZ 

presence and was therefore used as a comparison baseline. It can be seen in  

 

 

 

Table 2.5-8 and Table 2.5-9 that for the volumes less than 1400 Veh/Hr/Ln, the 2nd 

period did not show considerable increase in Travel Time (TT). For the volumes of 1400 

and 1800 Veh/Hr/Ln, the TT of the 2nd period increased by 5% and 17.7%, respectively. 

The 3rd hour TT, for the volumes of 1400 and 1800 Veh/Hr/Ln increased by 0.6% and 

32.5% respectively. Interestingly, with the volume of 1800 Veh/Hr/Ln the TT of the 3rd 

period without the presence of MWZ was more than the 2nd period. The 3rd period was the 

queue dissipation period without the MWZ presence. The same trend of the TT can also be 

seen for the speed reduction.  
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For the volumes less than 1400 Veh/Hr/Ln, the Average and Total Delay did not show 

considerable increase in the 2nd period (Table 2.5-9). For the volumes of 1400 and 1800 

Veh/Hr/Ln in the 2nd period, the Total Delay increased by 28.6 and 213.6 hours. In the 3rd 

period, the increases were 7.6 and 236.9 hours, respectively. The increase in the 3rd period 

TT is due to the congestion in the queue dissipation period. 

In the MWZ presence for the volumes of 1400 and 1800 Veh/Hr/Ln, the number of 

Total Stops increased by 459 and 15,907 respectively ( 

 

 

 

Table 2.5-8). In the 3rd period with volumes of 1400 and 1800 Veh/Hr/Ln the number 

of total stops increased by 13 and 13,673 respectively. It can be seen in Table 2.5-9 that 

the volume downstream of the MWZ decreased for the input volumes of 1400 and 1800 

Veh/Hr/Ln. The decrease for the input volume of 5400 Veh/Ln (=1800*3), was 841 which 

was considerable. In the 3rd period the congested vehicles behind the MWZ discharged thus 

leading to an increase in the downstream volume. 
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Table 2.5-8 VISSIM Mobility performance measures for MWZ duration of 45 minutes 

Vol/Ln 
Travel Time (S) Speed (mph) Total Delay (Hr) Avg Delay (S) Total Stops Stops per Vehicle 

1st 2nd 3rd 1st 2nd 3rd 1st 2nd 3rd 1st 2nd 3rd 1st 2nd 3rd 1st 2nd 3rd 

350 525 522 526 58.2 57.3 57.7 1.6 1.4 2.0 6 5 7 0 0 0 0 0 0 

700 539 547 541 56.2 55.3 56.1 10.6 12.2 9.7 20 23 19 0 0 0 0 0 0 

1000 571 568 597 53.2 53.2 51.0 33.4 31.1 47.8 44 41 63 0 0 0 0 0 0 

1400 641 673 645 47.4 45.0 47.0 109.6 138.2 117.2 98 124 102 0 459 13 0 0.11 0 

1800 751 884 995 40.5 31.7 32.5 264.8 478.4 501.7 177 318 309 177 16084 13850 0.03 2.97 2.37 

 

Table 2.5-9 VISSIM TT Increase, Total Delay Increase, and Downstream 

Volume for MWZ duration of 45 minutes 

Vol/Ln 
TT  

Increase (%) 

Total Delay 

Increase (Hr) 

Downstream  

Volume (Veh/Hr) 

 2nd  3rd  2nd  3rd  1st 2nd 3rd 

350 -0.6 0.2 -0.2 0.4 1088 980 1109 

700 1.5 0.4 1.6 -0.9 2080 2109 2033 

1000 -0.5 4.6 -2.3 14.4 2969 2956 2993 

1400 5.0 0.6 28.6 7.6 4327 4148 4499 

1800 17.7 32.5 213.6 236.9 5576 4735 6252 
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Figure 2.5-15 to Figure 2.5-19 show the trajectory of the slow-moving truck (MWZ) 

and other vehicles in the network for the volumes of 350, 700, 1000, 1400 and 1800 

Veh/Hr/Ln, respectively. General information about the trajectories, and how to analyze 

them was described previously.  

In the Figure 2.5-18 and Figure 2.5-19, the area inside the green and black lines 

represents the shockwave area due to the 45 minutes of a MWZ presence. In this area, 

congestion occurs that lead to many stop and go conditions. As can be seen in Figures 5.15 

to 5.17, there is no visible shockwave area in the network for the volumes less than 1400 

Veh/Hr/Ln. 

So, there was no queue for the volumes less than 1400 Veh/Hr/Ln as shown in Figures 

5.15 to 5.17. In Figures 5.18 and 5.19, the black arrow shows the maximum queue length 

due to the 45 minutes of MWZ presence. The maximum queue length for the volumes of 

1400 and 1800 Veh/Hr/Ln were 1.1 and 5.0 miles, respectively. The end of queue 

dissipation is the time that all the vehicles in the shockwave area speed up again. In Figures 

5.18 and 5.19, the queue dissipation times for the presence of a 45-minute MWZ were 

about 100 and 1200 seconds, respectively for the input volumes of 1400 and 1800 

Veh/Hr/Ln. The shockwave area was a complete triangle in Figures 5.18 and 5.19. 
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Figure 2.5-15 Plot of VISSIM vehicle trajectories (MWZ Duration = 45 minutes, Volume = 350 Veh/Hr/Ln) 
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Figure 2.5-16 Plot of VISSIM vehicle trajectories (MWZ Duration = 45 minutes, Volume = 700 Veh/Hr/Ln) 
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Figure 2.5-17 Plot of VISSIM vehicle trajectories (MWZ Duration = 45 minutes, Volume = 1000 Veh/Hr/Ln) 
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Figure 2.5-18 Plot of VISSIM vehicle trajectories (MWZ Duration = 45 minutes, Volume = 1400 Veh/Hr/Ln) 
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Figure 2.5-19 Plot of VISSIM vehicle trajectories (MWZ Duration = 45 minutes, Volume = 1800 Veh/Hr/Ln) 
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2.5.3.1.4 MWZ Duration, 1 Hour 

In this section, a MWZ entered the designed network and remained in it for an 

hour. A MWZ with speed of 10.6 mph that remains in the network for an hour 

travels 10.6 miles. The network length was chosen as 11.1 miles (=10.6+0.5) of a 3-

lane freeway. The simulation warm-up was 1400 seconds. After warm-up, the 

simulation was run in the regular condition for an hour without the presence of a 

MWZ. Then the MWZ entered the network at the beginning of the second hour and 

remained in the network for an hour. Finally, the simulation continued for another 

hour to see the queue dissipation.  

 

 

 

Table 2.5-10 and Table 2.5-11 describe the mobility effect of the MWZ presence in 

the aforementioned network. In these tables 1st, 2nd and 3rd refer to the simulation periods 

mentioned above. 

Since the 1st hour was the regular network condition without the MWZ presence, it 

was chosen as a comparison baseline. It can be seen in  

 

 

 

Table 2.5-10 and Table 2.5-11 that for the volumes less than 1400 Veh/Hr/Ln, the 2nd 

period did not show a considerable increase in Travel Time (TT). By increasing the volume 

to 1400 and 1800 Veh/Hr/Ln, the TT of the 2nd hour (MWZ presence) increased by 6.6% 

and 18.7% respectively, in comparison to the 1st hour. The TT of the 3rd hour with the 

volumes of 1400 and 1800 Veh/Hr/Ln, increased by 3.1 and 24.6%. The 3rd hour was the 

queue dissipation period without the MWZ presence. The same trend of the TT can be seen 

for the speed reduction.  

For the volumes less than 1400 Veh/Hr/Ln, the Average and Total Delay did not 
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show considerable increase in the 2nd and 3rd period ( 

 

 

 

Table 2.5-10 and Table 2.5-11). In the MWZ presence, the Total Delay increased by 

66.5 and 393.4 hours for the volumes of 1400 and 1800 Veh/Hr/Ln, respectively. 

Interestingly, without the MWZ presence in the 3rd hour, still there were increases in the 

delay due to the congestion in the queue dissipation period. 

In the MWZ presence for the volumes of 1400 and 1800 Veh/Hr/Ln, the number of 

Total Stops increased by 1697 and 36,058 respectively ( 

 

 

 

Table 2.5-10). In the 3rd period with the volume 1800 Veh/Hr/Ln, the number of total 

stops increased by 20,116. It can be seen in Table 2.5-11 that the volume in the downstream 

of MWZ decreased for the input volumes of 1400 and 1800 Veh/Hr/Ln. The decrease for 

the input volume of 5400 Veh/Ln (=1800*3) was 756 which was considerable. In the 3rd 

period the congested vehicles behind the MWZ discharged thus leading to an increase in 

the downstream volume. 
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Table 2.5-10 VISSIM Mobility performance measures for MWZ duration of 1 hour 

Vol/

Ln 

Travel Time (S) Speed (mph) Total Delay (Hr) Avg Delay (S) Total Stops Stops per Vehicle 

1st 2nd 3rd 1st 2nd 3rd 1st 2nd 3rd 1st 2nd 3rd 1st 2nd 3rd 1st 2nd 3rd 

350 688 688 694 58.1 57.4 57.6 2.8 3.1 3.0 8 9 9 0 0 0 0 0 0 

700 712 715 716 56.0 55.7 55.5 20.0 18.6 20.6 29 27 30 0 0 0 0 0 0 

1000 753 759 759 53.3 52.4 52.6 58.9 62.8 70.8 58 62 67 0 0 0 0 0 0 

1400 848 904 874 46.9 44.1 45.7 201.2 267.7 223.9 138 179 150 2 1699 95 0.00 0.32 0.02 

1800 1004 1183 1251 39.8 30.9 34.3 489.0 882.4 770.6 253 448 356 453 36511 20569 0.07 5.15 2.64 

 

Table 2.5-11 VISSIM TT Increase, Total Delay Increase, and Downstream 

Volume for MWZ duration of 1 hour 

Vol/Ln 
TT 

Increase (%) 

Total Delay 

Increase (Hr) 

Downstream 

Volume (Veh/Hr) 

 2nd  3rd  2nd  3rd  1st 2nd 3rd 

350 0.0 0.9 0.3 0.2 1059 1050 1060 

700 0.4 0.6 -1.4 0.6 2108 2086 2045 

1000 0.8 0.8 3.9 11.9 3092 3016 3146 

1400 6.6 3.1 66.5 22.7 4232 4154 4318 

1800 17.8 24.6 393.4 281.6 5397 4641 6412 
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Figures 5.20 to 5.24 show the trajectories of the slow-moving truck (MWZ) and other 

vehicles in the network for the volumes of 350, 700, 1000, 1400 and 1800 Veh/Hr/Ln, 

respectively. General information about the trajectories was described previously.  

In Figures 5.23 and 5.24, the area inside the green and black lines are the shockwave 

area because of the 2 hour of a MWZ presence. In this area, congestion occurs that lead to 

many stop and go conditions. As seen in Figures 5.20 to 5.22, there is no visible shockwave 

area in the network for the volumes less than 1400 Veh/Hr/Ln. 

So, there was no queue for the volumes less than 1400 Veh/Hr/Ln (Figures 5.20 to 

5.22). In Figures 5.23 and 5.24, the black arrow shows the maximum queue length due to 

the 2 hour of MWZ presence. The maximum queue lengths for the volumes of 1400 and 

1800 Veh/Hr/Ln were 1.2 and 6.5 miles, respectively. The end of queue dissipation is the 

time that all the vehicles in the shockwave area speed up again. In Figures 5.23 and 5.24, 

the queue dissipation times for the presence of an 1 hour MWZ were about 155 and 1350 

seconds, respectively for the input volumes of 1400 and 1800 Veh/Hr/Ln.  
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Figure 2.5-20 Plot of VISSIM vehicle trajectories (MWZ Duration = 1 hour, Volume = 350 Veh/Hr/Ln) 
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Figure 2.5-21 Plot of VISSIM vehicle trajectories (MWZ Duration = 1 hour, Volume = 700 Veh/Hr/Ln) 
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Figure 2.5-22 Plot of VISSIM vehicle trajectories (MWZ Duration = 1 hour, Volume = 1000 Veh/Hr/Ln) 
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Figure 2.5-23 Plot of VISSIM vehicle trajectories (MWZ Duration = 1 hour, Volume = 1400 Veh/Hr/Ln) 
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Figure 2.5-24 Plot of VISSIM vehicle trajectories (MWZ Duration = 1 hour, Volume = 1800 Veh/Hr/Ln) 
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2.5.3.1.5 MWZ Duration, 2 Hours 

In this section a MWZ entered the designed network and remained in it for two 

hours. A MWZ with speed of 10.6 mph that remains in the network for two hours, 

travels 21.2 miles. The network length was chosen as 21.7 miles (=21.2+0.5) of a 3-

lane freeway. The simulation warm-up was 2600 seconds. After warm-up, the 

simulation was run in the regular condition for an hour without the presence of a 

MWZ. Then the MWZ entered the network at the beginning of the second hour and 

remained in the network for two hours. Finally, the simulation continued for 

another hour to see the queue dissipation.  

 

 

 

Table 2.5-12 and Table 2.5-13 describe the mobility effect of the MWZ presence in 

the aforementioned network. In these tables 1st, 2nd, 3rd and 4th refer to the simulation 

periods mentioned above. 

Since the 1st hour was the regular network condition without MWZ presence, it was 

chosen as a comparison baseline. It can be seen in  

 

 

 

Table 2.5-12 and Table 2.5-13 that for the volumes less than 1400 Veh/Hr/Ln, the 2nd 

and 3rd period did not show considerable increase in Travel Time (TT). By increasing the 

volume to 1400 and 1800 Veh/Hr/Ln, the TT of the 3rd hour (MWZ presence) increased by 

8.8% and 29.5% respectively, in comparison to the 1st hour. The TT of the 4th hour with 

the volumes of 1800 Veh/Hr/Ln, increased by 31.7%. The 4th hour was queue dissipation 

period, without the MWZ presence. The same trend of the TT, can be seen for the speed 

reduction.  

For the volumes less than 1400 Veh/Hr/Ln, the Average and Total Delay did not 
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show considerable increase in the 2nd and 3rd period ( 

 

 

 

Table 2.5-12 and Table 2.5-13). In the 3rd period with the MWZ presence, the Total 

Delay increased by 135 and 856 hours for the volumes of 1400 and 1800 Veh/Hr/Ln, 

respectively. Interestingly, without the MWZ presence in the 4th hour with 1800 

Veh/Hr/Ln, still there were increases in the delay due to the congestion in the queue 

dissipation period. 

In the 3rd hour with the MWZ presence for the volumes of 1400 and 1800 

Veh/Hr/Ln, the number of Total Stops increased by 6,083 and 95,386 respectively ( 

 

 

 

Table 2.5-12). In the 4th period with the volume 1800 Veh/Hr/Ln the number of total 

stops increased by 68,422. It can be seen in Table 2.5-13 that the volume downstream of 

MWZ decreased for the input volumes of 1400 and 1800 Veh/Hr/Ln. The decrease for the 

input volume of 5400 Veh/Ln (=1800*3) in the 3rd hour, was 1191 which was considerable. 

In the 4th period the congested vehicles behind the MWZ discharged thus leading to an 

increase in the downstream volume. 
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Table 2.5-12 VISSIM Mobility performance measures for MWZ duration of 2 hours 

Vol/Ln 
Travel Time (S) Total Delay (Hr) Avg Delay (S) Total Stops Stops per Vehicle 

1st 2nd 3rd 4th 1st 2nd 3rd 4th 1st 2nd 3rd 4th 1st 2nd 3rd 4th 1st 2nd 3rd 4th 

350 1342 1346 1346 1351 6 6 5 6 14 15 13 15 0 0 0 0 0 0 0 0 

700 1393 1398 1413 1405 39 40 44 44 48 49 53 52 0 0 0 0 0 0 0 0 

1000 1466 1490 1489 1481 116 130 138 127 97 108 113 110 0 3 8 0 0 0 0 0 

1400 1699 1730 1849 1669 432 510 567 408 250 290 324 232 44 3108 6127 314 0.01 0.49 0.97 0.05 

1800 1991 2065 2578 2622 1026 1245 1882 1819 438 528 786 659 1477 28587 96863 69899 0.18 3.36 11.24 7.03 

 

Table 2.5-13 VISSIM TT Increase, Total Delay Increase, and Downstream Volume for MWZ duration of 2 hours 

Vol/Ln 

TT Increase 

(%) 

Total Delay Increase (Hr) Speed (mph) Downstream Volume (Veh/Hr) 

2nd  3rd  4th  2nd  3rd  4th  1st 2nd 3rd 4th 1st 2nd 3rd 4th 

350 0.3 0.3 0.7 0 -1 0 58.1 57.8 57.6 57.6 1034 1088 1042 1064 

700 0.4 1.4 0.9 1 5 5 56.0 55.6 55.2 55.7 2125 2136 2104 2183 

1000 1.6 1.6 1.0 14 22 11 53.2 52.3 52.4 52.4 3021 3031 3176 2965 

1400 1.8 8.8 -1.8 78 135 -24 45.9 44.3 43.0 46.3 4244 4204 4119 4303 

1800 3.7 29.5 31.7 219 856 793 38.7 35.5 29.9 31.7 5340 5265 4149 6493 
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Figures 5.25 to 5.29 show the trajectories of the slow-moving truck (MWZ) and other 

vehicles in the network for the volumes of 350, 700, 1000, 1400 and 1800 Veh/Hr/Ln, 

respectively. General information about the trajectories was described previously.  

In Figures 5.28 and 5.29, the area inside the green and black lines are the shockwave 

area because of the 2 hours of MWZ presence. In this area, congestion occurs that lead to 

many stop and go conditions. As it can be seen in Figures 5.25 to 5.27, there is no visible 

shockwave area in the network for the volumes less than 1400 Veh/Hr/Ln. 

So, there was no queue for the volumes less than 1400 Veh/Hr/Ln (Figures 5.25 to 

5.27). In Figures 5.28 and 5.29, the black arrow shows the maximum queue length due to 

the 2 hour of MWZ presence. The maximum queue lengths for the volumes of 1400 and 

1800 Veh/Hr/Ln were 1.4 and 13 miles, respectively. The end of queue dissipation is the 

time that all the vehicles in the shockwave area speed up again. In Figures 5.28 and 5.29, 

the queue dissipation times for 2 hours of MWZ presence were about 250 and 2650 

seconds, respectively for the input volumes of 1400 and 1800 Veh/Hr/Ln.  
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Figure 2.5-25 Plot of VISSIM vehicle trajectories (MWZ Duration = 2 hours, Volume = 350 Veh/Hr/Ln) 
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Figure 2.5-26 Plot of VISSIM vehicle trajectories (MWZ Duration = 2 hours, Volume = 700 Veh/Hr/Ln) 
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Figure 2.5-27 Plot of VISSIM vehicle trajectories (MWZ Duration = 2 hours, Volume = 1000 Veh/Hr/Ln) 
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Figure 2.5-28 Plot of VISSIM vehicle trajectories (MWZ Duration = 2 hours, Volume = 1400 Veh/Hr/Ln 
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Figure 2.5-29 Plot of VISSIM vehicle trajectories (MWZ Duration = 2 hours, Volume = 1800 Veh/Hr/Ln 
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2.5.3.2 Safety Analysis 

The safety impact of moving work zones was assessed using the simulated 

trajectories and Surrogate Safety Assessment Model (SSAM). Table 2.5-14 below shows 

the total number of conflicts for the different activity durations. Two types of conflicts are 

included – rear end and lane change conflicts as there were no crossing movements on the 

simulated freeway work zone. Few conflicts were observed for volumes under 350 

veh/hr/ln. The work zone duration impact on conflicts increased as volumes reached 700 

veh/hr/ln. The results show a non-linear increase in the number of conflicts with the 

duration starting at 1000 veh/hr/ln volume (see Figure 5.30). The non-linear increase is 

magnified in the 1800 veh/hr/ln volume condition as shown in Figure 5.31. Further, the 

conflicts spiked beyond activity duration of 60 minutes for all volumes exceeding 1000 

veh/hr/ln. Thus, DOTs can minimize the safety impact of moving work activity by keeping 

the duration under 60 minutes and scheduling activity at times when volumes are under 

1000 veh/hr/ln.  

Table 2.5-14 Total number of conflicts for different activity durations 

  

Activity Duration (min) 

Traffic volume (veh/hr/ln) 

350 700 1000 1400 1800 

15 3 25 95 284 886 

30 5 78 237 651 3600 

45 14 145 480 1,542 10,204 

60 14 229 762 2,608 18,737 

120 32 516 1,848 6,080 74,584 
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Figure 2.5-30 Conflicts versus moving activity duration (Volume < 1800 veh/hr/ln) 



 

287 

 

 

 

 

 

 

Figure 2.5-31 Conflicts versus moving activity duration (Volume = 1800 veh/hr/ln) 
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2.6 MOBLIE WORK ZONE CONCLUSION 

This research sought to address gaps in existing knowledge regarding operational and 

safety impacts of MWZs. Existing traffic impact analysis tools are not applicable to MWZs, 

and previous research studies on moving bottlenecks are theoretical in nature and limited 

in scope. To meet the need for analysis tools for MWZs, this research used two approaches: 

development of regression models to predict work zone speeds and calibration of VISSIM 

for use with MWZs. 

To achieve this objective, data were obtained from several different sources, 

including MoDOT e-alerts, RITIS, point detectors, and videos collected from the back of 

a MWZ truck. Through data mining of MoDOT e-alerts, 30 MWZs in the St. Louis area 

were selected for further analysis. The data were fused to link the RITIS and point detector 

data to the MWZs. Analysis of speed-flow diagrams and heat maps showed that many of 

the MWZs experienced congestion and speed reduction. The video data were used to obtain 

performance measures regarding driver behavior for the VISSIM calibration.  

To help practitioners estimate MWZ speeds, three regression models were developed: 

a linear regression model, a MGGP model with traffic volumes included as an independent 

variable, and a MGGP model without traffic volumes. The MGGP models provided the 

best fit and are recommended for use by practitioners. The models are based on work zone 

operational and geometric characteristics such as speed limit, historical speed, number of 

lanes, traffic volumes, MWZ duration, type of lane closure, and presence of nighttime work 

zone.  
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For practitioners using VISSIM to evaluate traffic impacts, VISSIM parameters were 

calibrated for use with MWZs based on the data collected and analyzed in this research. 

An 18 mile segment of a three lane urban freeway was used as the test network. The 

simulation duration was 4 hours with 1400 seconds of warm-up. Two categories of 

VISSIM driving behavior parameters were tested and modified to calibrate the software: 

car following parameters and lane changing parameters. A summary of the recommended 

parameters calibrated in this research is provided below: 

• Smooth Closeup = Checked 

• SRF=0.7 

• Min Look Ahead Distance = 500 ft 

The calibrated parameters were applied in VISSIM to test networks with different 

durations and lengths to evaluate operational impacts. The results showed that the moving 

work zone led to increased delays, queuing, and stops. These impacts increased as the 

volume and moving work zone duration increased. The safety impact of moving work 

zones was assessed using the simulated trajectories and Surrogate Safety Assessment 

Model (SSAM). Both rear end and lane change conflicts were evaluated. The results of the 

safety analysis indicate that DOTs can minimize the safety impact of moving work activity 

by keeping the duration under 60 minutes and scheduling activity at times when volumes 

are under 1000 veh/hr/ln.  

The results from this study fill gaps in existing knowledge regarding MWZ impacts 

and provide practitioners with two alternate methods to estimate the operational impacts of 
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moving work zones. The MGGP models allow for the direct estimation of speeds in the 

MWZ based on geometric and operational characteristics of the work zone. Alternatively, 

practitioners who would like to use VISSIM to estimate MWZ operational impacts can use 

the recommended parameters for MWZs to more closely emulate MWZ behavior in the 

simulation. Either method will help improve the process of planning MWZs through 

greater understanding of the MWZ impacts. This chapter material was also published in 

Edara et. al (2017). 
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3 CONCLUSIONS 

A transportation network is supposed to provide the users with mobility while 

maintaining safety. Work zones usually affect both safety and mobility. In, 2014, about 10 

of overall congestion on freeways was due to the presence of work zones (FHWA, 2017a). 

Based on another FHWA (2017b) report, in 2015 every 5.4 minutes, a WZ related crash 

occurred in the US. Road maintenance include both Stationary Work Zones (SWZs) and 

Mobile Work Zones (MWZs). There are many available tools for modelling SWZ mobility 

and capacity drop. However, the available analytical and simulation traffic impact analysis 

tools are not designed to model MWZs appropriately. There are very limited quantitative 

research on both SWZ and MWZ safety. So, the SWZ safety and MWZ mobility and safety 

were the main focus of this dissertation.  

The first objective of this research was to develop models and tools for safety 

assessment of stationary work zones on various facility types. There were few studies in 

the literature, introducing SPFs for freeway work zones. But there was no available SPF 

for other facility types. This study also conducted two online surveys of contractors and 

Department of Transportation (DOT) representatives about the work zone safety 

importance, related issues, and possible improvements. The respondents were 7 contractors 

and 29 DOT representatives.  

This study used four various data source were collected and concatenated to do the 

analysis and make the mentioned SPFs: work zone, crash, traffic, and intersection 

databases. The crashes were concatenated to roadway work zones based on MUTCD plans. 

The crashes that occurred on intersection approaches with the distance less than 250 ft were 
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concatenated to intersections. From the Missouri databases 1,546 freeway, 1,189 

expressway, 6,095 rural two lane, 251 multi-lane highway, 3,138 arterial, 372 ramp, 2,488 

4-leg signalized intersection, and 8,060 4-leg unsignalized intersection work zones to 

develop 20 different work zone safety models. As mentioned, all the models except 

freeway SWZs are proposed for the first time in the literature.  

Using the mentioned samples, eight freeway work zone models were developed; the 

average AADT, length and duration CMFs from these models were 0.9225, 0.6088, and 

1.0138, respectively. Expressway average AADT, length and duration CMFs were 0.8825, 

0.5575, and 1.0250, respectively. The CMFs for rural two lanes highway PDO crashes, the 

AADT, length and duration CMFs were 0.9259, 0.7909, and 0.9322, respectively; while 

the CMFs for injury crashes were 0.7481, 0.9382, and 0.9483, respectively. Urban multi-

lane highway work zone CMFs from its model, for AADT, length and duration were 

0.7892, 0.7648, and 0.8981. Arterial CMFs with the same order were 0.9088, 0.6190, and 

0.9103. Ramp model did not include the work zone length. The ramp AADT and duration 

CMFs were 1.656, and 1.1940 respectively. It is noteworthy that the ramp AADT CMF 

was the only AADT CMF larger than 1.  

Among the roadway segment work zone models, the overdispersion of the freeway 

and expressway were small (less than 1) and almost satisfactory. However, the 

overdispersion for models for other facility types were larger than 1. Rural two lane PDO 

and Injury models overdispersion were 2.75 and 2.00. The overdispersion of models for 

multi-lane highway, arterial, and ramp work zone were 1.60, 2.87, and 1.47, respectively. 

This shows a problem for these models accuracy. The work zone study data is restricted by 
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population size, and number of observed crashes which heavily affect the models accuracy. 

The author is aware of the problem, however, all the models (except freeway) were the first 

models in the literature and the best possible with available data. For more detail read 

Section 1.7. 

The collected data for 4-leg signalized and unsignalized intersections strangely had 

very low crash counts and crash frequencies. A possible explanation is that most of the 

times in work zones at intersections, one or two approaches are closed and traffic diversion 

takes place. Therefore, the results from these models were not reliable at all. All the models 

were implemented in a user friendly spreadsheet based tool for the use of practitioners. 

The mentioned SWZ models are implemented in a user-friendly spreadsheet tool 

which automatically selects the most appropriate model based on user input. The tool 

predicts crashes by severity, and computes the crash costs. 

The SWZ research presented in this dissertation can be expanded in several ways. 

First, Empirical Bayes (Azizi and Sheikholeslami 2012) or even full Bayes can be utilized 

to address regression-to-the-mean problem. This can be a significant undertaking as each 

work zone site would need to be calibrated and modeled using HSM Safety Performance 

Functions. Second, data from other states could be used to account for geographical and 

driver differences within other states. 

The second objective of this dissertation was to address the gap in the literature on 

mobile work zone mobility and safety. This dissertation introduced a mobile work zone 

data collection framework, suggested an appropriate driving behavior calibration measure, 
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calibrated VISSIM software using collected video data, and provided mobility and safety 

trade off plots for the use of practitioners and DOTs. These objectives were accomplished 

through data fusion from multiple sources of MWZ, probe vehicle and traffic detector data. 

Existing traffic impact analysis tools are not applicable to MWZs, and previous 

research studies on moving bottlenecks are theoretical in nature and limited in scope. To 

meet the need for analysis tools for MWZs, this research used two approaches: 

development of regression models to predict work zone speeds and calibration of VISSIM 

for use with MWZs. 

To achieve this objective, data were obtained from several different sources, 

including MoDOT e-alerts, RITIS, point detectors, and videos collected from the back of 

a MWZ truck. Through data mining of MoDOT e-alerts, 30 MWZs in the St. Louis area 

were selected for further analysis. The data were fused to link the RITIS and point detector 

data to the MWZs. Analysis of speed-flow diagrams and heat maps showed that many of 

the MWZs experienced congestion and speed reduction. The aggregated data showed a 

speed drop of 8.3 MPH in comparison to data from week before as a baseline. The video 

data were used to obtain performance measures regarding driver behavior for the VISSIM 

calibration.  

To help practitioners estimate traffic speed in presence of a MWZ speeds, three 

regression models were developed: a linear regression model, a MGGP model with traffic 

volumes included as an independent variable, and a MGGP model without traffic volumes. 

The MGGP models provided the best fit and are recommended for use by practitioners. 

The models are based on work zone operational and geometric characteristics such as speed 
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limit, historical speed, number of lanes, traffic volumes, MWZ duration, type of lane 

closure, and presence of nighttime work zone.  

This is the first study that calibrated the simulation based on real driving behavior 

behind a MWZ. For practitioners using VISSIM to evaluate traffic impacts, VISSIM 

parameters were calibrated for use with MWZs based on the data collected and analyzed 

in this research. An 18 mile segment of a three lane urban freeway was used as the test 

network. The simulation duration was 4 hours with 1400 seconds of warm-up. Two 

categories of VISSIM driving behavior parameters were tested and modified to calibrate 

the software: car following parameters and lane changing parameters. The recommended 

parameters calibrated in this research is provided below: 

• Smooth Closeup = Checked 

• SRF=0.7 

• Min Look Ahead Distance = 500 ft 

The calibrated parameters were applied in VISSIM to test networks with different 

durations and lengths to evaluate operational impacts. The results showed that the moving 

work zone led to increased delays, queuing, and stops. These impacts increased as the 

volume and moving work zone duration increased.  

For MWZs, there is no crash data available to develop crash prediction models. Thus, 

this dissertation analyzed simulated trajectories and Surrogate Safety Assessment Model 
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(SSAM). Both rear end and lane change conflicts were evaluated. The results of the safety 

analysis indicate that DOTs can minimize the safety impact of moving work activity by 

keeping the duration under 60 minutes and scheduling activity at times when volumes are 

under 1000 veh/hr/ln.   

The results from this study fill gaps in existing knowledge regarding MWZ impacts 

and provide practitioners with two alternate methods to estimate the operational impacts of 

moving work zones. The speed prediction models allow for the direct estimation of speeds 

in the MWZ. Alternatively, practitioners who would like to use VISSIM to estimate MWZ 

operational impacts can use the recommended parameters for MWZs to more closely 

emulate MWZ behavior in the simulation. Either method will help improve the process of 

planning MWZs through greater understanding of the MWZ impacts. Also, the mobility 

and safety trade off plots could be used by practitioners and DOTs to compare different 

alternatives for implementing a mobile activity. A transportation agency can use these plots 

to determine, for example, if they should conduct a MWZ for a short duration when the 

volume is high or for a longer duration when the volume is lower. 
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