
ABSTRACT 

YEOM, CHUN HO.  Statistical and Simulation Models of Freeway Work Zones. (Under the 
direction of Dr. Nagui Rouphail and Dr. William Rasdorf). 

Freeways have only three percent of the total lane mileage in the U.S., but account for 

33 percent of annual vehicle miles of travel according to the FHWA.  As such, freeways are 

the backbone of the U.S. transportation infrastructure, contributing significantly to the 

nation’s economy through enabling the work commute, freight connectivity, the tourism 

industry, etc.  At the same time, much of the national interstate system was built in the 1960s 

and 70s, resulting in significant and ongoing needs for maintenance, repairs, and other 

construction activities.  As such, freeway work zones are responsible for 24 percent of 

congestion and delay.  To predict or analyze the congestion and delay resulting from these 

work zones, their capacity needs to be estimated accurately, as it represents a maximum 

capability of flow for each freeway.  For this reason, agencies and researchers have tried for a 

long time to estimate and model the freeway work zone capacity, as well as understand and 

predict the impacts from freeway construction activities. 

However, current available work zone capacity models were developed from limited 

local data, and have not been calibrated to a comprehensive national work zone performance 

data set.  Additionally, most previous studies focused on capacity estimation only, and thus 

often fail to give guidance for estimating work zone free-flow speed (FFS), even if the FFS is 

a critical operating characteristic of a work zone.  

This research provides both capacity and FFS models that were developed and 

validated using three sources: field, sensor, and literature archives.  A total of 102 work zone 

sites from 12 States provided nationwide field and literature archives data for the 



development of the capacity model.  The FFS model was developed using data collected 

from three sensor databases covering 14 work zones in several states. 

The developed capacity model is intended to be incorporated into the next release of 

the HCM and provides important insights on the relative effects of work zone configuration 

and other variables on the expected capacity of freeway work zones.  The research also 

presents guidance for estimating the difference between pre-breakdown capacity and queue 

discharge rate at work zones, and evaluates and validates different speed-flow models for 

work zone application through sensor data. 

The research further provides a methodology for calibrating freeway work zone 

capacity in a microsimulation environment, and provides guidance for replicating field-

observed work zone capacity through simulation.  Guided by an in-depth literature review, 

key car following and lane changing parameters are proposed for the VISSIM simulation 

tool, as a result of the calibration effort and extensive sensitivity tests. 

Finally, the study provides methodologies for modeling freeway work zones in 

proximity of interchanges in a microscopic simulation environment.  Using calibrated 

modeling parameters, the research presents simulation results regarding the capacity 

available for mainline flow under various operating conditions.  The result of the study 

indicates that the presence of a work zone with a lane closure considerably decreases the 

proportion of mainline flow. 

As a result of the research, comprehensive and reliable freeway work zone lane 

closure capacity and FFS models are provided.  They will assist other researchers as well as 

transportation engineers who seek to find and use freeway work zone capacity and free-flow 

speed in the multiple lane closure scenarios for their research, operation, maintenance, or 



analysis.  In addition, extensive microsimulation guidance regarding work zones in proximity 

to interchanges will provide an opportunity for agencies and researchers to further apply and 

analyze work zone operational performance for their own purposes. 
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1. INTRODUCTION 

Freeways comprise only three percent of the total lane mileage in the U.S., but account for 33 

percent of annual vehicle miles of travel according to the FHWA (2013).  As such, freeways 

are the backbone of the U.S. transportation infrastructure, contributing significantly to the 

nation’s economy through enabling the work commute, freight connectivity, tourism 

industry, etc. Among various road types, freeways are ranked as the highest functional class 

since they are expected to provide consistent and reliable service.  The expectation of 

“consistent and reliable service” is often associated with the highest speed or the shortest 

travel time from the user’s perspective, or the highest capacity from the perspective of a 

transportation agency.  In either case, freeways function as major transportation facilities in 

providing statewide and nationwide seamless movement of traffic.   

At the same time, much of the national interstate system was built in the 1960s and 70s, 

resulting in significant and ongoing needs for maintenance, repairs, and other construction 

activities.  All roads need be maintained to keep their functionality at a proper level 

throughout their life cycle.  The associated maintenance efforts sometimes represent minor 

work, but could also rise to the level of major work continuing for several months with 

significant negative impacts to the traveling public.  The FHWA estimates that freeway work 

zones are responsible for approximately 24 percent of all congestion and delay nationally 

(FHWA 2014b).  That is one of the reasons why the FHWA mandates that each state follow 

work zone analysis and monitoring activities as set forth in the work zone Safety and 

Mobility Rule, which requires agencies to assess and manage work zone impacts 

systematically for all federal-aid freeway projects (FHWA 2004).  The FHWA promotes the 
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same policy for non-federal-aid projects as well.  The Moving Ahead for Progress in the 21st 

century (MAP-21) also requires States to prioritize repair of freeways on the National 

Highway System (FHWA 2015).  In a separate FHWA effort, the third round of the Every 

Day Counts (EDC-3) initiative includes a ‘smarter work zones’ program to manage queues 

and speeds efficiently with the help of technological applications (FHWA 2014a).  All these 

regulations and efforts indicate that road agencies must manage freeways efficiently and 

reliably to minimize congestion and delays due to the presence of work zones.  To predict or 

analyze the congestion and delay resulting from these work zones, capacity must be 

estimated accurately, as it represents a maximum service flow capability for each freeway.  

For this reason, agencies and researchers have tried for a long time to estimate and model the 

freeway work zone capacity, as well as understand and predict the impacts from various 

freeway construction activities. 

Each work zone has its own unique configuration as depicted in Figure 1.1.  The work zone 

on the left has a 3 to 2 (total lanes to open lanes) lane configuration, concrete barrier, small 

lateral clearance, and is located in an urban area.  On the other hand, the work zone feature 

on the right has a 2 to 1 lane configuration, soft barrier, wide shoulder, and is located in a 

rural area.  These two work zones are intuitively expected to have different levels of 

congestion and delay; not only because the work zone condition itself is different, but also 

because drivers may behave differently in the two situations. Unfortunately, current work 

zone capacity methods in the U.S. Highway Capacity Manual are not sensitive to these 

different characteristics (Transportaion Research Board 2010).  
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Figure 1.1 Freeway work zones (left: I-5, CA, right: I-40, AR) 
 
 
 
It is thus essential for operating agencies to have a methodology to estimate the capacity 

value of different work zone configurations, which allows analysts to estimate congestion, 

queueing, or delay resulting from the construction activities.   

Accordingly, over the years, there have been numerous studies to estimate freeway work 

zone capacity.  Since drivers in work zones are generally more likely to keep greater time 

and space headways between vehicles than under non-work zone conditions, the expected 

capacity is lower than in the non-work zone condition.  The current HCM also provides work 

zone capacity models by work zone type, either short-term or long-term (Transportaion 

Research Board 2010).  The short-term work zone capacity model is based on a single study 

conducted in Texas in 1970s and is shown in Equation 1-1. 

Ca = {[(1,600 + I) × fHV] × N} – R                                         (1-1) 

where, 

Ca = adjusted mainline capacity (veh/h), 

I = adjustment factor for work intensity (±160 pc/h/ln), 
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fHV = heavy vehicle adjustment factor, 

N = number of open lanes, and 

R = manual adjustment for on-ramp vehicle (veh/h). 

While the model provides suggested ranges for the variables, there is no additional guidance 

on how the work intensity impacts capacity.  As such, it is hard to predict exact capacity 

values for various work zones.  For a long term freeway work zone capacity, the HCM 

provides tabulated values (Exhibit 10-14) of average capacity for several lane configurations 

as presented in Figure 1.2. 

 

 

Figure 1.2 HCM capacity of long-term work zones (veh/h/ln) 
 
 
 
Interestingly the capacity values in Figure 1.2 vary by only 150 veh/h/ln between the 

maximum and minimum values.  More importantly, the long-term work zone guidance is 

only sensitive to the lane closure configuration, but ignores other factors such as lane width, 

barrier type, area type, lighting effects, or the work intensity.  
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Currently, other available work zone capacity models have similar limitations in the source 

of data used to develop the models (Al-Kaisy and Hall 2003a; Al-kaisy et al. 2000; Bham 

and Khazraee 2011; Dixon 1995; Dixon et al. 1996; Dudek and Richards 1978; Hicks et al. 

2009a; b; Jiang 1999a; b; Kim et al. 2001; Maze et al. 2000; Notbohm et al. 2009; Ramezani 

et al. 2011; Venugopal and Tarko 2001).  First, most studies developed models based on 

local data only; at most, data was collected statewide.  Second, the studies collected data only 

from the field.   

To overcome these limitations, this research first developed statistical capacity models using 

data collected nationwide to produce more reliable and representative results in estimating 

freeway work zone capacity under various lane closure scenarios.  Next, extensive datasets 

including literature database archives (shown in Appendix A and B), sensors databases, and 

field data collection were combined to develop and validate comprehensive freeway work 

zone capacity models. 

In addition, while most studies have focused on estimating capacity, research on free-flow 

speed (FFS) at work zones is lacking.  Drivers are expected to react differently in different 

work zones depending on various conditions such as lane width, lateral clearance, pavement 

or geographical condition, and so on, which impacts the work zone capacity.  Furthermore, 

drivers are also likely to reduce their free-flow speed due to either regulatory enforcement 

(lower speed limit) or physical conditions, which include narrow lane width or lateral 

clearance as is shown in the analysis results of sensor data in Appendix D.  In work zones, 

the FFS can also be a proxy measure for safety, because many safety related considerations 

depend on the different FFS conditions.  Especially, whenever necessary merges or diverges 
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are expected from the on- or off-ramps, it is important to reliably predict FFS in order to 

provide safe operations in the work zone. 

Finally, with many freeway systems and freeway work zones becoming increasingly 

complex, microsimulation offers an increasingly popular analysis option, which allows more 

customized representation of the work zone than a deterministic or macroscopic method.  

Considering the reduced per-lane capacity, special parameter calibration methods for work 

zones in microsimulation environments are needed to assure that the frictional impacts of a 

work zone are captured and considered appropriately.  Having guidance for the use of a 

microsimulation program for work zones, based on and consistent with field study results, is 

very valuable to analyze work zones, and thus to develop appropriate operating and 

managing strategies for the work zone, especially in the vicinity of on- and off-ramps at 

interchanges. 

 

1.1 Research Objective and Key Tasks 

The primary research objective of this effort is to develop predictive methodologies at the 

macroscopic and microscopic levels to assess freeway work zone operational performance.  

To meet the objective, several key tasks were formulated: 

·  To provide a clear and unambiguous definition of freeway work zone capacity and its 

estimation; 

·  To propose a freeway work zone free-flow speed model; 

·  To provide guidance on how to calibrate specific work zone parameters in a 

microsimulation environment; and, 
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·  To provide an extensive simulation analysis of work zones in the proximity of 

freeway interchanges. 

Figure 1.3 illustrates some of key tasks planned to be executed throughout the research. The 

figure depicts a speed vs. flow rate relationship for a non-work zone case (in blue).  To 

properly describe the work zone characteristics, the framework estimates a reduced free-flow 

speed, reduced queue discharge rate, a relationship between queue discharge rate, and pre-

breakdown flow, and a speed-flow relationship to connect these various points on the graph. 

This relationship is shown in the figure in red.  

 

 

Figure 1.3 Speed-flow diagram for key tasks 
 

 
All tasks are executed based on data collected from literature archives, three sensor 

databases, and several field studies.  Table 1.1 presents some of the key tasks with 
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corresponding data sources presented in order of priority for developing and validating 

models.  Data sources printed in bold letter means they were the primary sources of data for 

developing and validating models in the study. 

 

Table 1.1 Study objectives and priority of data sources 

Key Tasks Priority of Data Sources 

Models 

Capacity model 
1. Field data 
2. Literature  
3. Sensor data 

Free-flow speed model 
1. Sensor data 
2. Field data 
3. Literature  

Validation Exercises 

�  (Capacity reduction rate) 1. Literature  
2. Sensor data 

Speed-flow curve 
1. Sensor data 
2. Literature  
3. Field data 

 
 
 
1.2 Research Scope 

Most data used in this research were gathered under NCHRP 3-107 study, Work Zone 

Capacity Methods for the Highway Capacity Manual (Hajbabaie et al. 2015; Yeom et al. 

2015).  Literature archives data from 90 work zone sites and field data from 12 work zone 

sites were obtained for the research.  For the sensor analysis, data was obtained through the 

Regional Integrated Transportation Information System (RITIS) operated by the University 

of Maryland CATT Lab, the Performance Measurement System (PeMS) operated by 
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California Department of Transportation, and the Traffic.com database (California 

Department of Transportation 2014; CATT Lab 2014; Traffic.com 2014). 

The mainline freeway work zone capacity and free-flow speed models were developed and 

validated using analytical regression methods.  On the other hand, the influences from the 

special work zone configurations were explored using a microscopic simulation program, 

VISSIM (PTV AG 2013). 

The results and recommendations of this research will be valid for many areas.  However it 

should be noted that both public agencies and researchers should clarify and understand their 

own unique characteristics of freeway work zones when considering estimating capacity.  

Barring considerable changes in vehicles and traffic operations, the framework of this 

research should be applicable for many years. 

 

1.3 Research Needs and Contributions 

The research will provide a comprehensive understanding of freeway work zone capacity to 

researchers or agencies who are interested in analyzing freeway work zone traffic behavior.  

The main theme of this research, estimating freeway work zone capacity under various lane 

closure scenario, is not new; however, this research is unique from other studies in several 

ways:  

·  Previous studies used a single source of data mostly from the field; however, in this 

study, multiple extensive datasets including literature database archives, sensors 

database, and national scale field data collection are used to develop and validate 

comprehensive freeway work zone capacity models. 
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·  Most previous studies focused on locally collected data, this research develops models 

using data collected nationwide to produce more reliable and representative results in 

estimating freeway work zone capacity under the various lane closure scenarios. 

·  There is little comprehensive research on freeway work zone capacity in proximity of 

interchange areas.  This research explores applicable methods to estimate freeway work 

zone capacity in the ramp influence area. 

·  This research tries to develop a freeway work zone lane closure capacity model not 

only at the macroscopic but also at a microscopic level, and provides specific modeling 

guidance at that modeling resolution. 

Table 1.2 summarizes the difference between previous studies and the research proposed 

comparing data source, study site, subject freeway, and study methodology. 

 

Table 1.2 Comparison with previous studies 
Comparisons Previous Studies Research Proposed 

Data Source - Site specific data (mostly field data) - Field data collection 
- Sensors database 
- Literature archives 

Study Site - Local (statewide) - Nationwide 
o Field: 12 work zone sites 
o Sensor: 14 work zone sites 
o Literature: 90 work zone dataset 

Subject Freeway - Mainline 
- Limited ramp influence study 

- Mainline 
- On-ramp merging area 
- Off-ramp diverging area 
- Weave area 

Study 
Methodology 

- Mostly regression 
- Limited simulation based study 

- Both regression and a microscopic 
simulation program 
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Results from this research apply directly to existing work zone analysis guidance (and its 

limitations) by FHWA. Figure 1.4 shows how to apply the research outcomes to the lane 

closure analysis process provided in the Traffic Analysis Toolbox-Volume IX from FHWA 

(FHWA 2009).  In the chart, newly developed processes are shown with dotted lines to 

supplement research gaps in the whole process.  For instance, a microsimulation program 

analysis for the proximity of interchanges will provide a capacity of work zone more reliably.  

Similarly, the FFS model will also provide an opportunity for agencies to review the safety 

condition of work zones under the new process.  More than anything, the work zone capacity 

will be estimated using the new proposed model enhancing accuracy and reliability of the 

overall analysis. 
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Figure 1.4 Research contribution to lane closure analysis process 
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1.4 Organization of the Thesis 

The thesis is presented in seven chapters.  Chapter 2 proposes a freeway work zone capacity 

model developed using nationwide data.  The main source of data was literature archives and 

field data collected from 102 freeway work zone sites in 12 states.  The chapter also provides 

a clear and unambiguous definition of freeway work zone capacity and its estimation.  

Chapter 3 proposes a freeway work zone free-flow speed model developed using data 

collected from three sensor databases.  The chapter also demonstrates how to synthesize 

various freeway work zone traffic operational characteristics using proposed and adopted 

models.  Chapter 4 provides microsimulation guidance on how to calibrate specific 

parameters under the proposed capacity model for basic freeway segments not impacted by 

ramps.  Chapter 5 presents the results of an extensive microsimulation experiment of work 

zones in the proximity of interchanges such as on-ramp merges, off-ramp diverges, or 

weaves.  Chapter 6 provides overall conclusions and recommendations.  References used in 

this research are provided in Chapter 7. 
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2. INNOVATIVE WORK ZONE CAPACITY MODELS FROM NATIONWID E 

FIELD AND ARCHIVAL SOURCES 

2.1 Introduction 

The capacity of a freeway segment and freeway bottleneck is critical in assessing and 

predicting the operational performance of a freeway facility. From prior research, it is 

evident that work zones have a significant impact on the capacity of a freeway segment.  As 

such, work zones often act as key bottlenecks on freeways, and it is vital for agencies to be 

able to predict freeway capacity in the presence of a work zone accurately.   

The 2010 Highway Capacity Manual (HCM) provides work zone capacity models separated 

by work zone types, defined as either short-term or long-term (Transportaion Research Board 

2010).  The short-term work zone capacity model is based on a study conducted in Texas in 

the 1970s which does not provide numerical guidelines on many of the variables associated 

with work zone operations.  For long term work zone capacity, the HCM provides a table 

with average capacity values under several lane configurations, as well as results of 

individual studies by state.  However, the range of the freeway work zone capacity is limited 

to only 150 (veh/hr/ln) across 6 different work zone configurations, and the model offers no 

sensitivity to key variables such as work intensity, barrier type, or day vs. nighttime 

operations. Most recent studies on work zone capacity have focused more on limited, 

localized field data. To date, no national dataset for US work zones has been available to 

develop a generalized nationwide estimation of work zone capacity. 

In an effort to develop capacity models under the auspices of NCHRP 3-107 project, the 

authors combined two nationwide databases for work zone capacity estimation: (1) a 
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database of archived work zone capacity estimates from the literature and (2) a nationwide 

study of work zone capacity from field data at thirteen sites in six states.  This chapter 

presents the detailed modeling process and results for estimating freeway work zone capacity 

based on both data sources. 

This chapter further distinguishes the work zone Queue Discharge Rate (QDR) from the 

work zone Pre-Breakdown Capacity (PBC) the latter being the one traditionally used in the 

HCM.  Oftentimes, the average QDR was consistently lower than the PBC after breakdown 

occurred.  The QDR definition of freeway work zones was consistent with the method of data 

collection employed, which typically measures QDR from a queue at an active work zone 

bottleneck.  The paper proposes a conversion from QDR to PBC after analyzing various 

sources in the literature archives data. 

In summary, the primary objective was to develop a predictive model for work zone QDR 

based on nationwide data. The model created is sensitive to the work zone lane closure 

configuration, barrier type, area type, lateral distance, and day or night condition.  As a 

secondary objective, the authors sought to formalize a relationship between QDR and PBC 

on freeway work zones. While the PBC is traditionally associated with an HCM analysis, the 

QDR was the metric factor that was consistent with the method of field data collection at 

most freeway work zone studies. 

In the remainder of this paper, a review of relevant literature is presented followed by the 

methodology, model development, results, and a validation of the model developed for a 

freeway work zone capacity prediction. We conclude with findings and recommendations for 

further research.   
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2.2 Literature Review 

Freeway capacity has been studied for several decades and various models for predicting 

work zone capacity have been proposed over time.  In these sections, the researchers have 

focused on capacity estimation methods and various approaches for analyzing and 

understanding freeway work zone capacity. 

The 2010 HCM defined capacity as the “maximum sustainable hourly flow rate”, which is 

differentiated from the maximum flow rate that might vary on a daily basis (Transportaion 

Research Board 2010).  However, the manual does not provide a clear measureable definition 

for what the maximum sustainable term represents.  Furthermore, the manual does not clarify 

how to estimate freeway work zone capacity which is essential for having a consistent 

measurement and analysis methodology. 

The review of literature indicates that there is a wide range of definitions for work zone 

capacity.  Capacity was usually separated by QDR or PBC; however, some studies adopted a 

single capacity concept not accepting two capacity phenomenon.  Depending on each 

definition for the capacity, the exactly same data will produce different capacity values and 

the difference is not negligible. Table 2.1 summarizes previous studies with different 

definitions for freeway work zone capacity.  
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Table 2.1  Various capacity estimation in the literature 
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(Kim et al. 2001)  - �  - �  �  �  �  �  �  �  �  - - - - - - - 
(Al-kaisy et al. 2000)  - �  - �  - �  �  - - �  - �  �  �  - - - - 

(Al-Kaisy and Hall 2003b) - �  - �  - �  �  - - �  - �  �  �  - - - - 
(Sarasua et al. 2004) - - �  �  - - �  - - �  - - - - - - - - 
(Racha et al. 2008) - - �  �  - - �  - - �  - - - - - - - - 

(Sarasua et al. 2006)  - - �  �  - - �  - - �  - - - - - - - - 
(Sarasua et al. 2003) - - �  �  - - �  - - �  - - - - - - - - 

(Ramezani et al. 2011)  - �  - - - - �  - - - - - - - - - - �  
(Hicks et al. 2009a) - �  - �  �  - - - - - - �  - �  - - - - 
(Hicks et al. 2009b) - �  - �  �  - - - - - - �  - �  - - - - 

(Benekohal et al. 2003) - - �  - - - �  �  - �  - - - - - �  �  �  
(Benekohal et al. 2004) - - �  - - - �  �  - �  - - - - - �  �  �  

(Dudek and Richards 1978) - �  - - �  - - - - - - - - - - - - - 
(Dixon et al. 1996) �  �  - - �  - - - - �  - - - - �  - - - 

(Dixon 1995) �  �  - - �  - - - - �  - - - - �  - - - 
(Maze et al. 2000)  �  - - �  �  - �  - - - - - - - - �  - - 

(Jiang 1999b)  �  - - �  �  �  �  - - �  - - - - - �  - - 
(Jiang 1999a) �  - - �  �  �  �  - - �  - - - - - �  - - 

(Bham and Khazraee 2011) �  �  - - �  �  - - �  - - - - - - - �  - 
(Venugopal and Tarko 2001)  �  - �  - - - - - - - - - - - - - - 

(Notbohm et al. 2009) �  �  - - �  �  �  - �  - - �  - - - �  �  - 
 
 
 
In Table 2.1, some studies collected traffic volume and speed data simultaneously and others 

collected only traffic volume data to estimate capacity, depending on the methodology 

adopted.  Using the data collected, the capacity estimation then was separated into either two 

or single capacity. While not adopted in the current HCM, the “two capacity phenomenon,” 
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that distinguished PBC and QDR, was well represented throughout the literature.  

Specifically, an average of 5% to 7% decrease of QDR compared to PBC under non-work 

zone condition was reported in a previous meta-analysis of various sources (Hu et al. 2012).  

When volume and speed data were collected together, some studies used existing speed-flow 

models to calculate a single capacity value (Benekohal et al. 2003, 2004; Racha et al. 2008; 

Sarasua et al. 2004, 2003, 2006).  There were also studies investigating both ‘pre-breakdown’ 

and ‘queue discharge rate’ to find capacity in their study (Bham and Khazraee 2011; Dixon 

1995; Dixon et al. 1996; Notbohm et al. 2009). 

A wide range of metrics such as the mean, maximum, or 95th percentile values were used in 

the literature for QDR.  Additionally, the time interval in aggregating raw traffic data was 

another concern in defining capacity for freeway work zones.  Based on a detailed review of 

the literature, the authors used the following definition for the capacity of freeway work 

zones:  

Freeway work zone capacity, for the purpose of data collection and model 

development, is defined as the average sustainable queue discharge rate measured 

over a 5-minute or 15-minute sampling interval. 

 

2.3 Methodology 

The authors developed a freeway work zone capacity prediction model based on data 

collected in literature archives and field data nationwide.  Using the data obtained, the 

authors fit regression models, both additive and multiplicative types, to choose the best one 

based on statistical analyses.  The data collection was presented followed by a capacity 
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conversion analysis for literature archives, independent variable analysis, and model 

development process explanation.   

 

2.3.1 Data Collection 

Two databases were gathered for freeway work zone capacity estimation, one from the 

literature and the other from field data collection.  A thorough review of previous studies on 

freeway work zone capacity estimation models (Al-Kaisy and Hall 2003b; Al-kaisy et al. 

2000; Benekohal et al. 2003, 2004; Bham and Khazraee 2011; Chitturi and Benekohal 2005; 

Dixon 1995; Dixon et al. 1996; Hicks et al. 2009a; b; Jiang 1999a; b; Maze et al. 2000; 

Notbohm et al. 2009; Racha et al. 2008; Ramezani et al. 2011; Sarasua et al. 2004, 2003, 

2006) was conducted.  A total of 90 valid data points were identified, each reporting a work 

zone capacity and a set of independent variables expected to influence it (appendix A and B).  

Hereafter, this data set is called literature data. To collect the independent variables, the final 

project reports of the literature sources were studied as it was expected to provide more 

detailed information on work zone configurations and its characteristics, as presented in 

Table 2.2. 
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Table 2.2 Literature data in the development of freeway WZ capacity model 
Literature Data 

Source Capacity 
definition 

Lane closure 
configuration 1 Barrier type 

The number of 
valid capacity 

data 

(Al-Kaisy and Hall 2003b; Al-
kaisy et al. 2000)  Average QDR 4 to 2, 3 to 2, 2 to 2 Concrete 5 

(Ramezani et al. 2011)  Average QDR 2 to 1 n/a 6 
(Hicks et al. 2009a; b)  Average QDR 3 to 1 PE drum 14 

(Bham and Khazraee 2011)  Average QDR 2 to 1 PE drum 2 

(Notbohm et al. 2009)  Pre-
breakdown 3 to 2, 2 to 1 PE drum 4 

(Jiang 1999a; b)  Pre-
breakdown 2 to 1 n/a 12 

(Bham and Khazraee 2011)  Pre-
breakdown 2 to 1 PE drum 4 

(Chitturi and Benekohal 2005; 
Racha et al. 2008; Sarasua et al. 

2004, 2003, 2006)  

Maximum 
QDR 3 to 2, 3 to 1, 2 to 1 Cones 11 

(Benekohal et al. 2003, 2004; 
Chitturi and Benekohal 2005)  

Maximum 
QDR 2 to 1 Cones/concre

te 11 

(Notbohm et al. 2009)  Maximum 
QDR 3 to 2, 2 to 1 PE drum 6 

(Maze et al. 2000)  Maximum 
QDR 2 to 1 PE drum 4 

(Bham and Khazraee 2011)  Maximum 
QDR 2 to 1 PE drum 2 

(Dixon 1995; Dixon et al. 1996) The 95th 
percentile 2 to 1 Cones 9 

1 The lane closure configuration is expressed as the number of open lanes to the number of closed lanes. 

 

In addition, a nationwide data collection activity was conducted and video data was collected 

in twelve different work zone configurations across six different states (Virginia, California, 

Maryland, Nevada, Arkansas, and Arizona).  Data collection equipment was installed on the 

side of the freeway work zone with no interference with travel lanes and the shoulders. Video 

data was then processed to QDR observations as shown in Table 2.3. 



 

21 

Table 2.3 Field data in the development of freeway WZ capacity model 
Field data 

State Freeway 

Variables 
Average 

QDR 
(pc/h/ln) 

Lane closure 
configuration 1 HV (%) Barrier 

type Area type 
Speed 
limit 
(mph) 

Weather 
condition 

WZ 
length 
(mile) 

VA I-95 
South 3 to 1 11.4 Cones/ 

Concrete Urban 50 Clear 1.6 1,376 

VA I-95 
North 3 to 1 9.0 Cones Urban 50 Clear 1.6 1,104 

VA I-95 3 to 1 11.4 Cones Urban 50 Clear 1.6 1,215 
VA I-95 3 to 2 12.9 Cones Urban 50 Cloudy 2.5 1,556 
VA I-95 3 to 2 10.6 Cones Urban 50 Cloudy 2.5 1,810 
CA I-5 3 to 2 5.2 Concrete Urban 55 Clear 1.5 1,535 2 

NC I-40 3 to 2 3.3 Cones/ 
Concrete Urban 55 Clear 2.8 2,008 

MD I-895 2 to 2 
(Lane shift) 1.2 Concrete Urban n/a Clear 0.5 1,470 3 

NV I-15 4 to 2 8.8 PE drum Urban 60 Clear 0.2 1,788 
NV I-80 3 2 to 1 39.4 PE drum Rural n/a Clear 1.5 497 4 
AR I-40 2 to 1 44.0 PE drum Rural n/a Clear 2.5 1,095 3 
AR I-10 4 to 3 8.0 Cones Urban 55 Clear 1.9 1,810 

1 The lane closure configuration is expressed as the number of total lanes to the number of open lanes. 
2 Extremely small lateral clearance observed 
3 Rolling terrain (All other sites are level terrain.) 
4 Low flow rate due to a lack of sufficient demand 

 

In Table 2.3, the original 12 field datasets were expanded using the first ten 5-min 

observation available for each site, and they created a total of 81 observations.  For three of 

the work zone sites, no sustained queuing was observed, and consequently, saturation 

headway data was collected and converted to estimate QDR.  After including the converted 

QDRs the field dataset included 100 observations for capacity estimation model. 

In addition to the video-based studies, sensor data was collected at various work zones across 

the country.  However, most of the sensor sites did not provide a sufficient sample of 
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capacity observations since lane closures were planned during off-peak hours (mostly late 

night) with low demand levels.  

In the literature dataset, various studies collected data for different sets of independent 

variables. As such, the assembled data set had a considerable amount of cells with no data 

available.  Several options to deal with this missing data were considered, as listed below 

(Hair 2009): 

�  Hot or cold deck imputation: to replace only missing data with other representative 

data, 

�  Case substitution: to replace a whole case with another data set, 

�  Mean substitution: to replace missing data with group mean values, 

�  Regression imputation: to replace missing data using a regression method with other 

variables in the data set, and 

�  MCMC (Markov Chain Monte Carlo) method: a default method in SAS creating 

pseudorandom draws through Markov chains (Yuan 2010). 

Every method in handling missing data has advantages and disadvantages.  For example, the 

mean substitution method is the most widely used method, having an advantage of replacing 

missing data easily, but this method is likely to understate variance causing bias in the 

analysis.  For regression and MCMC methods, computational assistance is critical in the 

large number of variables and missing data.  Having one of the most powered statistical 

programs available—SAS9.3, the authors tried to replace missing data using the MCMC 

method for the study.  Later in developing freeway work zone capacity models with the 

MCMC method, the authors used multiple imputation (MI) technique that is regarded as a 
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superior method to a single imputation.  The MI method analyzes missing datasets after 

combining several plausible single imputation results to consider the true value of missing 

data (Schwartz and Zeig-owens 2012). 

 

2.3.2 Capacity Conversion Analysis for Literature Archives 

The studies that were used to assemble the literature dataset had different units (vehicle per 

hour and passenger car per hour) and definition for capacity. Average QDR, PBC, maximum 

QDR, and 95th percentile QDR were used as the capacity.  Table 2.4 summarizes these 

differences and identifies average conversion factors to unify the units and definitions. 
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Table 2.4 Capacity unit and estimation method conversion 

Category 
Original unit/method 

(number of dataset) 
Data analysis and conversion 

Converted 

unit/method 

Vehicle 

unit 

·  Vehicle 

·  Passenger car 

·  Average HV = 18.4 (%) 1 

·  PCE = 1.5 

Passenger 

car 

Capacity 

estimation 

method 

·  Average QDR (27) 
·  Used directly (No conversion) 

·  Avg. QDR: 1,489 (pc/h/ln) 

Average 

QDR 

·  PBC (20) 

·  PBC: Avg.1719 (pc/h/ln) 

·  Avg. QDR: 1,489 (pc/h/ln) 

·  Capacity reduction factor (� )= 0.1338 

·  Maximum QDR 

(34) 

·  Max QDR: Avg.1,925 (pc/h/ln) 

·  Avg. QDR: 1,489 (pc/h/ln) 

·  Max QDR conversion factor (� )= 0.2265 

·  The 95th percentile 

QDR (9) 

·  Used directly (No conversion) 

·  The 95th percentile QDR: Avg. 1,544 

(pc/h/ln) 

·  Statistically ‘No significant difference’ with 

average QDR (The 95% confidence level) 

1 Used when there is no information about the HV in the literature.  

 

As presented in Table 2.4, all 90 observations were converted to QDR, expressed in 

passenger cars per hour per lane.  Especially seen by comparison between average QDR and 

PBC, the authors identified an average of 13.4% capacity reduction, due to breakdown found 

in freeway work zones, based on literature data. The value was twice as much as reported for 

freeways without work zones (Hu et al. 2012). 
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2.3.3 Independent Variables 

In both field and literature data, lane configuration seemed to show the most significant 

impact on capacity.  The lane closure configuration is usually expressed as the total number 

of lanes to the number of open lanes. For instance, a 3 to 1 lane configuration means that the 

total number of lanes in normal condition was three and it was reduced to only one open lane 

during work zone conditions.  The open ratio (i.e., the ratio of the number of open lanes to 

the total number of lanes) and closed ratio (i.e., 1 – open ratio) were tested in model 

development. These variables proved to be effective in showing the influences of different 

lane configurations on capacity; however, they could not distinguish a ‘4 to 2’ and ‘2 to 1’ 

lane configurations (both have an open and closed ratio of 0.5).  Observations from field and 

literature data both suggested that the capacity of a 2 to 1 lane closure is significantly less 

than a 4 to 2, due to a fewer number of open lanes.  To account for this effect, the authors 

introduced a new variable called Lane Closure Severity Index (LCSI) as follows: 

LCSI = 
�

�������	
�����
�������������������
                                                  (2-1) 

LCSI gives a different value for lane closure configuration, with a higher index 

corresponding to a more severe lane closure scenario as shown in Table 2.5. 
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Table 2.5 LCSI (Lane Closure Severity Index) example 
Number of 

Total Lane(s) 
Number of 

Open Lane(s) Open Ratio Closed Ratio LCSI Number of 
Collected Data 

3 3 1.00 0.00 0.33 - 
2 2 1.00 0.00 0.50 2 
4 3 0.75 0.25 0.44 1 
3 2 0.67 0.33 0.75 14 
4 2 0.50 0.50 1.00 2 
2 1 0.50 0.50 2.00 63 
3 1 0.33 0.67 3.00 17 
4 1 0.25 0.75 4.00 - 

 
 
 
Using the LCSI in the capacity prediction models, a negative coefficient is expected as the 

LCSI values increased and as the condition of lane configuration becomes worse.  Also, lane 

configurations having the same ‘open ratio’ or ‘closed ratio’ can now be distinguished 

depending on the number of open lane(s).  

Other candidate independent variables are listed below: 

�  Barrier type (Br) = 0: concrete, 1: cone/PE drum 

�  Area (A) = 0: urban, 1: rural 

�  Lane width (Lw) = lane width – 12 (ft) 

�  Lateral distance (La) = lateral distance – 12 (minimum -11.9, maximum 0) (ft) 

�  Lane closure side (LC) = 0: right lane closed, 1: left lane closed 

�  Work intensity (Wi) = 0: low or medium, 1: high 

�  Police (P) = 0: no police presence, 1: police presence 

�  Heavy vehicle (Hv) = heavy vehicle percentage (%) 

�  Day or night (DN) = 0: day, 1: night 
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�  Speed limit (S)      = posted work zone speed limit (mph) 

�  WZ length (l) = work zone length (mile) 

�  Ramp presence (R) = 0: no on-ramp presence, 1: on-ramp presence 

All of the independent variables presented above were intended to present a base capacity 

and to then deduct capacity values whenever there was an unfavorable condition.  For 

instance, in the ‘day or night (DN)’ variable, the day condition had ‘0’ whereas the night 

condition had ‘1’, so the coefficient estimate was expected to be a negative value.  This 

factor will result in a model where the intercept term can be interpreted as the base work 

zone capacity, with various adjustments reducing the capacity further.  

In the case of lane width (Lw) and lateral distance (La) variables, a base condition is defined 

as 12-feet (lane width or lateral clearance).  This instance results in a ‘0’ coefficient of the 

variable, thus having no impact on capacity value for a “standard” configuration.  But as the 

lane width and lateral distance decreased, the variables also decreased and resulted in 

negative values.  Consequently, the coefficient of the estimates were expected to have 

positive values.   

In the case of the ‘barrier (Br)’ variable, the team decided to focus on the predominant barrier 

that separated the work zone and travel lane(s).  The type of barrier on the work zone side 

opposite to the construction activity was not found to be significant.  For the ‘work intensity 

(Wi)’ variable, the team used a binary type, either ‘0’ or ‘1’, to minimize subjectivity in the 

data collection.  Most of the variables were available in both field data and literature 

archives. 
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2.3.4 Model Development 

Three different scenarios were explored for fitting regression models based on using 

literature or field data:  

�  Scenario I  : Uses literature data to fit models and field data to validate them,  

�  Scenario II : Uses field data to fit models and literature data to validate them, and  

�  Scenario III: Uses 75% of combined field and literature data to fit models and the 

remaining for validation. 

Using the Markov Chain Monte Carlo method and default missing data approach in SAS, 

Statistical Analysis Software package (SAS Institute Inc. 2014), the literature database 

resulted in a rich dataset of 90 valid data points for Scenario I, so it was validated against the 

field data.  

Field data was collected at 12 work zones with different configurations resulting in only 12 

data points if an aggregated regression approach is used.  Furthermore, three of the sites 

operated in undersaturated flow conditions.  For these sites, the capacity was estimated based 

on saturation headways of tightly-spaced platoons.  However, this “headway data” may offer 

a different capacity than the QDR observed at the other sites.  Due to the low number of 

consistent capacity observations in the site-aggregated data set, a lower 5-minute aggregation 

level was used. This approach provided several observations per site yielding a total sample 

size of 81 observations for Scenario II.  Adding disaggregated headway data increased the 

sample size to 100.  

For Scenario III, the literature and field datasets were combined.  Three different variations 

of approach III were employed, that were distinguished by whether or not the headway data 
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was used and whether or not the multiple observations per site were allowed to enter the 

model, or using only the site aggregated field data.  

To fit statistical models, the following steps were taken.  A correlation analysis was 

performed to ensure no linear relationship existed between independent variables.  Then, 

adjusted R-square and Akaike Information Criterion (AIC) ranking methods were used to 

provide information on which independent variables to be included in the model. 

Furthermore, forward selection, backward elimination, and stepwise selection approaches 

were examined to provide more information for variable selection. Based on these results, 

engineering judgment, and validation results, freeway work zone capacity was fitted.  

Lastly, the authors decided on the type of the model, either additive or multiplicative.  One of 

the advantages of the multiplicative model was that the model form was consistent with the 

saturation flow model (and corresponding work zone adjustments) for urban streets in the 

HCM.  However, a clear advantage of the additive model was that the model parameters 

were more readily interpreted, as simple deductions in capacity for the various variables.  A 

detailed capacity model development process was provided in appendix C. 

 

2.4 Results 

From the three different modeling scenarios, various regression models were developed to 

predict freeway work zone capacity.  Scenario II (fitting model using field data), models 

without and with headway data, II-1 and II-2 respectively, were further explored.  For 

Scenario  III (combined data), models without and with headway data and with multiple 

observations per field site, III-1 and III-2 respectively were also explored, as well as,  an 
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approach without headway data and only using one aggregated data point per site (III-3).  

Overall, 26 different models were analyzed.   

Summary and highlights of the preferred model for each of the scenarios are shown in Table 

2.6.  As presented in the table, almost all model scenarios predict freeway work zone 

capacity with reasonable adjusted R-square and Root Mean Square (RMS) error values; he 

only exception was scenario II-1. The lack of variety in lane configurations in field data 

contributed to a bad fit for this scenario. 
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Table 2.6 Freeway work zone model summary 

Scenario 
Model development 

approach 

Data used (sample size) Number 
of models 

Selected 
model 

Base 
capacity 
(pc/h/ln) 

Selected model variables 
1 

Adjusted R-
square 

RMS error 
(pc/h/ln) Model development Model validation 

I 

Rich dataset from 
literature archives 

for a comprehensive 
regression modeling 

Literature (90) 
Field-multiple per 

site (81) 
1 Model 1 2,301 

LCSI 2 (-222,<0.001) 
barrier (-339, <0.001) 
area (-157, <0.001) 

0.5941 272.3 

II-1 
Using multiple data 

per site 
Field-multiple per 

site (81) 
Literature (90) n/a n/a n/a n/a n/a n/a 

II-2 
Using multiple data 
per site + Including 
headway capacity 

Field-multiple per 
site + headway 
capacity (100) 

Literature (90) 8 Model 4 2,179 

LCSI 2 (-230, <0.001) 
barrier (-226, 0.001) 
area (-123, 0.018) 

on_ramp (-215, 0.001) 

0.6708 96.3 

III-1 
Using mixed dataset 
(Field: multiple data 

per site) 

75% of Literature 
(90) and Field (81) 

[Literature: 67, 
Field: 61] 

25% of Literature 
(90) and Field (81) 

[Literature: 23, 
Field: 20] 

8 Model 6 2,086 

LCSI 2 (-170, <0.001) 
barrier (-148, 0.002) 
area (-172, <0.001) 

lateral_122 (12, <0.001) 
day_night (-45, 0.394) 

0.6421 123.8 

III-2 

Using mixed dataset 
(Field: multiple data 
per site + Including 
headway capacity) 

75% of Literature 
(90) and Field 

(100) 
[Literature: 67, 

Field: 76] 

25% of Literature 
(90) and Field 

(100) 
[Literature: 23, 

Field: 24] 

1 Model 1 2,067 

LCSI 2 (-168, <0.001) 
barrier (-127, 0.003) 
area (-178, <0.001) 

lateral_122 (14, <0.001) 
day_night (-42, 0.403) 

0.6341 119.9 

III-3 
Using mixed dataset 

(Field: ONE data 
per site) 

75% of Literature 
(90) and Field-one 

per site (9) 
[Literature: 67, 

Field: 7] 

25% of Literature 
(90) and Field (9) 
[Literature: 23, 

Field: 2] 

8 Model 6 2,093 

LCSI 2 (-154, <0.001) 
barrier (-194, 0.024) 
area (-179, <0.001) 

lateral_12 2 (9, 0.065) 
day_night (-59, 0.280) 

0.5835 109.4 

1 (  ): Parameter estimate in additive model for binary variables, p-value in the statistical test 
2: The actual parameter of ‘LCSI’ and ‘lateral_12’ depend on the value of those variables. 
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2.4.1 Recommended Model 

After fitting several models, the authors proposed to use the model III-3 approach as the 

recommended capacity model.  The approach used 75% of combined literature and 

disaggregated field data to fit the models and used the remaining 25% to validate.  

The scenario III-3 model was preferred because it was based on a large data set, in which 

each work zone site contributed one observation.  The model had consistent variables with 

other models and showed reasonable RMS error and R-Squared values.  Aggregation of the 

observation at site level was expected to yield the least bias compared to other aggregation 

levels, and it upheld the assumption of independence from different observations. 

The proposed model retuned an adjusted R-square of 0.5835 and RMS error of 109.4.  The 

model predicted queue discharge value based on lane closure severity index, barrier type, 

area type, lateral distance, and day or night condition as follows: 

Average QDR = 2,093 – 154×fLCSI – 194×fbarrier – 179×farea + 9×f lateral_12 – 59×fday_night  (2-2) 

where, 

Average QDR  = average queue discharge flow rate (pc/h/ln), 

fLCSI   = 
�

�������������������	
�
 , 

fbarrie   = 0: concrete, 1: cone or PE drum, 

farea   = 0: urban, 1: rural, 

flateral_12  = lateral distance – 12 (minimum -11.9, maximum 0) (ft), and 

fday_night    = 0: day, 1: night. 
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As an example calculation, the capacity in a 3 to 1 lane closure configuration with a cone 

barrier, in an urban area, with 6-ft of lateral distance, and with a night time condition was 

estimated using the model proposed as follows: 

Capacity = 2,093 – 154× (
�

�������
) – 194×1 – 179×0 + 9× (6–12) – 59×1 = 1,324 (pc/h/ln) 

 

2.4.2 Capacity Model Validation 

The proposed model was validated against the remaining 25% of the combined dataset (field 

plus literature) that was not used in the fitting process.  The validation results according to 

type of lane closure configuration are shown in Table 2.7. 

 

Table 2.7 Capacity model validation (scenario III-3) 

No Total 
lane 

Open 
lane LCSI Barrier 

type Area Day or 
night 

Lateral
-12 (ft) 

25% data 
(pc/h/ln) 
[sample 

size] 

HCM 20101 
(pc/h/ln) 

Model 
prediction 
(pc/h/ln) 

1 4 3 0.44 cones urban day 1 1,810 [1] 1,579 1,777 

2 4 2 1 concrete urban day 14 1,989 [1] 1,526 2,065 
3 3 2 0.75 concrete urban day 18 2,295 [1] 1,526 2,139 
4 0.75 cones urban day 0 1,970 [1] 1,526 1,784 
5 0.75 cones rural night 4 1,726 [1] 1,526 1,581 
6 2 1 2 concrete urban day 3 1,818 [1] 1,474 1,812 
7 2 concrete rural day 3 1,579 [1] 1,474 1,633 
8 2 cones urban day -7 1,411 [3] 1,474 1,528 
9 2 cones urban night -9 1,477 [2] 1,474 1,451 
10 2 cones rural day -4 1,374 [7] 1,474 1,376 
11 2 cones rural night -8 1,488 [2] 1,474 1,281 
12 3 1 3 cones urban night -4 1,247 [3] 1,526 1,342 
13 3 cones rural night -6 1,145 [1] 1,526 1,145 

1 Heavy vehicle adjustment using fHV = 0.95  
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As shown in Table 2.7, the proposed model predicts the average QDR with good accuracy 

compared to the HCM2010 model (Lookup table of work zone capacities in Chapter 10).  

The RMS errors for validation were 109.4 and 335.3 for the proposed and HCM model, 

respectively. 

Figure 2.1 shows a model validation plot for both the existing HCM2010 long-term work 

zone capacity table, and the proposed model.  The x-axis represents observed average QDR 

data and the y-axis represents model predictions.  The 1 to 1 ratio line (dashed) is also shown 

as a reference.  The figure shows that the HCM model is not sensitive to work zone 

configurations and prevailing conditions as expected, whereas the proposed model estimated 

different queue discharge value based on the independent variables.  

 

 

Figure 2.1 Capacity model validation (scenario III-3 and HCM2010) 
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The good validation results are also evident in Figure 2.2.  Following the field conditions 

presented (Table 2.7), the proposed capacity model predicted freeway work zone capacity 

reasonably close to field data compared to the HCM model. 

 

 

Figure 2.2 Capacity model validation for different conditions (scenario III-3) 
 
 
 
2.5 Findings and Conclusions 

This study developed new work zone capacity models based on data collected at thirteen sites 

in six U.S. states and from 90 cited sites extracted from the literature. The key findings from 

the study are: 

�  The freeway work zone lane configuration is one of the most important factors in 

predicting different work zone capacities. A Lane-Closure Severity Index (LCSI) 

introduced in this research provided good predictive power across the various tested 

models.  
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�  Independent variables such as barrier type, area type, lateral distance, and day or 

night condition also proved to be key predictors in the development of freeway work 

zone capacity. 

�  The proposed model produced a very good fit to the data in the regression analysis 

when using the combined data from the field and literature archives. 

�  The proposed freeway work zone model has been successfully validated using field 

data that were not used for model calibration purposes.  

�  An average 13.38% in capacity reduction was observed between the mean pre-

breakdown capacity and the average QDR in the extensive literature archives 

analysis. 

�  The existing HCM2010 freeway work zone models categorized into long- and short-

term did not produce suitable capacity predictions when compared to the field data 

collected in the study. 

�  The proposed model is recommended for use for planning and operational analysis 

when managing freeway work zones with various lane closure configurations.  

Future research should focus on developing a freeway work zone capacity model in the 

vicinity of on- and off-ramps.  Microscopic simulation may be used in developing and 

validating work zone capacity models under more geometrically-complex work zone 

configurations. The current research further assumed a fixed pre-breakdown capacity for 

work zones that is reduced to a fixed QDR after breakdown. This definition is consistent with 

the definition of capacity in the HCM, and is therefore appropriate for this context. However, 
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recent research increasingly points to the stochastic nature of freeway capacity, and future 

research should more carefully explore this phenomenon. 

Finally, the work zone capacity model presented here is only one aspect of the models 

needed to predict the operational performance of freeway work zones. Such models need to 

be supplemented with free-flow-speed prediction models suitable for work zone conditions, 

and both capacity and free-flow speed models may be integrated in a work-zone specific 

speed-flow relationship. Efforts to accomplish these latter two objectives have been 

documented in a companion paper to this work (Hajbabaie et al. 2015). 
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3. EMPIRICAL MODELS FOR FREEWAY WORK ZONE FREE-FLOW SP EED 

PREDICTION AND EXTENSIONS 

3.1 Introduction 

Freeway facilities with uninterrupted flow are expected to provide seamless movement of 

traffic resulting in reliable and safe travel conditions with a high level of service.  In a time of 

aging transportation infrastructure, repair and pavement rehabilitation work on freeways is 

becoming increasingly frequent, causing congestion on the affected facilities.  While some 

construction activities can be limited to nighttime or off-peak hours, other activities require 

lane closures and intense work activity even during peak periods. 

As such, agencies need tools and predictive models to estimate the impacts of various work 

zone configurations on freeway traffic operations to better evaluate and weigh the impacts of 

different construction staging schemes.  These can only be achieved through a clear 

understanding of freeway work zone traffic behavior characteristics that includes free-flow 

speed, capacity, and speed-flow relationships. 

Although it is not uncommon to encounter studies about freeway work zone capacity and 

speed-flow relationships, there are a limited number of studies dealing with capacity 

reduction comparing pre-breakdown capacity and queue discharge flow rate capacity.  

However, predicting free-flow speed has not been as commonly studied, nor has the 

combination of all the above related concepts been integrated into one approach to better 

understand freeway work zone traffic behavior.  
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Figure 3.1  Freeway work zone prediction models 
 
 
 
As illustrated in Figure 3.1, the authors developed a freeway work zone free-flow speed 

model that accounts for parameters such as lane configuration, barrier type, and speed limit.  

The capacity reduction factor (� ) model accounts for the difference between pre-breakdown 

and queue discharge flow rate.  The freeway work zone capacity model was discussed in 

detail in a companion paper (Yeom et al. 2015a), and the freeway work zone speed-flow 

relationship form was borrowed from NCHRP 3-115 (Aghdashi et al. 2015).   

 

3.2 Research Objectives 

This paper examines the behavior of freeway work zone traffic in terms of free-flow speed, 

capacity reduction, capacity, and speed-flow relationship.  A freeway work zone free-flow 

speed model was developed using a nationwide sensor database, and other models were 
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described in the companion paper.  All these models were combined together to provide a 

clear understanding of freeway work zone traffic behavior to agencies and/or practitioners.   

 

3.3 Literature Review 

Very limited information was available in the literature on predicting the impact of freeway 

work zone configuration on free-flow speed.  HCM2010 (Transportaion Research Board 2010) 

provides a non-work zone FFS model (Equation 11-1) as: 

FFS = 75.4 – fLW – fLC – 3.22 TRD 0.84                                                 (3-1) 

where, 

 FFS = free-flow speed of basic freeway segment (mph), 

   fLW = adjustment for lane width (mph), 

       fLC = adjustment for right-side lateral distance (mph), and 

 TRD = total ramp density (ramps/mile). 

Benekohal et al. (2004) partially modified the HCM 2000 FFS model using data collected at 

eleven sites in Illinois as they developed a work intensity speed reduction model using data 

from a survey of freeway drivers in rest areas.  They reported a 7.25 mph FFS reduction in 

short-term work zones (i.e., with temporary barriers such as cones or PE drums) and a 3.27 

mph FFS reduction in long term work zones (i.e., with concrete barriers).  This study 

followed the HCM guidelines to estimate FFS speed reduction due to lane width and lateral 

distance. 

Hajbabaie et al. (2011) studied the effects of various speed reduction treatments on both free-

flow and average speed at freeway work zones.  They collected data from three sites in 
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Illinois with two lanes open upstream of and in the work zone, a 65 mph speed limit 

upstream of the work zone dropping to 55 mph in the work zone, and work activity on the 

left hand side of the travel lanes.  They found that police presence reduced the FFS of 

passenger cars and heavy vehicles by averages of 7.3 mph and 3.2 mph, respectively. 

Chitturi and Benekohal (2005) compared speed reduction on freeways due to decreased lane 

width and lateral distance at eleven rural freeway work zones (all 2 to 1 lane configurations) 

in Illinois.  The authors determined that a narrower lane width and reduced lateral distance at 

the site had a higher impact on FFS in the work zone than for a non-work zone freeway.  

They did not provide any specific model explaining freeway work zone FFS, nor did they 

indicate the extent of the impact. However, they recommended further nationwide research in 

order to develop freeway work zone FFS models with various factors. 

Porter and Mason (2008) observed the 85th percentile speed of passenger vehicles and trucks 

in freeway work zones.  They collected data from 17 work zones located in Pennsylvania and 

Texas.  After extensive statistical analysis determined relationships between speed and 

several variables, including work zone type (lane closure or median crossover), downstream 

distance, posted speed limit, vertical alignment, width of pavement, and barrier type.  They 

concluded that work zone posted speed limit and work zone type had the greatest effect on 

the speed.  They also identified an 8 km/h decrease in speed for both passenger vehicles and 

trucks when there were lane closures compared to median crossovers.  However, they did not 

consider multiple lane closure cases. 

Hajbabaie et al. (2011) studied the effects of various speed reduction treatments on both free-

flow and average speed at freeway work zones.  They collected data from three sites in 
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Illinois with two lanes open upstream of and in the work zone, a 65 mph speed limit 

upstream of the work zone dropping to 55 mph in the work zone, and work activity on the 

left hand side of the travel lanes.  They found that police presence reduced the FFS of 

passenger cars and heavy vehicles by averages of 7.3 mph and 3.2 mph, respectively. 

A queue discharge rate with an average of 5% to 7% decrease was suggested for an HCM 

analysis, compared to a pre-breakdown flow rate in another study (Hu et al. 2012).  They 

found the average capacity drop from ten previous studies under the non-work zone freeway 

bottleneck condition. 

Oh and Yeo (2012) estimated a capacity drop due to on-ramp bottlenecks on freeways.  They 

compared pre-breakdown capacity to queue discharge rate with 5-minute interval data 

collected from the California Highway Performance Measurement System (PeMS) database 

system.  In their study, they found a negative correlation between capacity drop and number 

of lanes.  The capacity drops obtained were 16.3%, 13.7%, 11.6%, and 8.9% for 2, 3, 4, and 

5 lane freeways, respectively.  In addition, they claimed that an off-ramp had a mitigation 

effect to the capacity drop. 

Yeom et al. (2015a) found a capacity reduction factor (� ) of 13.38% through 90 observations 

of nationwide archival sources under various freeway work zone conditions.  They converted 

the flow rate unit into passenger car per hour per lane by using a consistent passenger car 

equivalent (PCE) value of 1.5.  The 13.38% capacity reduction factor was also applied in this 

paper since the study was the only source of information currently available for freeway 

work zone capacity reduction on a nationwide basis. 
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Freeway work zone capacity has been examined in many studies (Al-Kaisy and Hall 2003; 

Bham and Khazraee 2011; Chatterjee et al. 2009; Dixon et al. 1996; Edara et al. 2012; 

Elefteriadou and Lertworawanich 2002; Jiang 1999a; Kim et al. 2001; Maze et al. 2000; 

Notbohm et al. 2009; Ramezani et al. 2011; Sarasua et al. 2006, 2004; Venugopal and Tarko 

2001; Yeom et al. 2015a).  Similarly, this paper utilizes a freeway work zone capacity model 

proposed in a companion paper (Yeom et al. 2015a), since the capacity model was developed 

most recently and validated successfully throughout nationwide work zone data.  The 

capacity model developed estimates a freeway work zone queue discharge flow rate and 

converts it into a pre-breakdown value using the capacity reduction factor obtained from 

nationwide literature archives. 

Aghdashi et al. (2015) developed a new expression for a speed-flow curve model in the 

National Cooperative Highway Research Program (NCHRP) 03-115 project as shown below: 

FFSadj = FFS × SAF                                                                                                          (3-2) 
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where, 

       ���B�    = segment speed (mph), 

            �B    = segment flow rate (pc/h/ln), 

       FFSadj  = adjusted segment free-flow speed (mph), 
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         �7�    = speed adjustment factor, 

        Cadj     = adjusted segment capacity [C×CAF] (pc/h/ln), 

        67�    = capacity adjustment factor, 

        BPadj   = adjusted breakpoint (pc/h/ln), and 

       EFFS  = Min (70, FFS) = effective free-flow speed (mph). 

Conceptually, the new set of equations (3-2 through 3-5) overcomes the consistency 

limitations, maintains the concept of the breakpoint, and still allows for calibration of free 

conditions to a specific FFS and capacity.  As such, the new equation is applicable to basic 

freeway segments (where it precisely replicates the HCM2010 relationship), while allowing 

for the evaluation of non-recurring congestion effects, including work zones. 

Various other speed-flow forms exist, including work by Ibrahim and Hall (1994), Hou et al. 

(2012), Aerde and Rakha (1995), and other researchers at Northwestern University (May 

1990).  All of these models can be field-calibrated to local data when available but do not 

offer direct calibration parameters to incorporate the modeled work zone FFS and capacity.  

Therefore, this paper focuses on exploring the applicability of equations (3-2) through (3-5) 

to describe the speed-flow relationship and develop a predictive FFS model for freeway work 

zones.  

 

3.4 Methodology 

This section explains how the team collected, compared, and analyzed freeway work zone 

traffic data and focuses on the free-flow speed model and the capacity reduction factor (� ).  

In the case of free-flow speed analysis, the model was developed using a regression model 
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from speed and flow data collected in three sensor databases.  Variables were obtained from 

various sources such as a project website, direct contacts with road agencies, and satellite 

images of the work zone.  Using the data collected, an extensive statistical analysis was 

performed to identify the variables that have the greatest explanatory power on free-flow 

speed.  It is noteworthy to mention that the research team considered both additive and 

multiplicative FFS model types.  The additive approach was ultimately selected since it was 

more intuitive in assessing the impacts of variables on freeway work zone FFS and produced 

results identical to the multiplicative approach.  For the capacity reduction factor, the paper 

presents the difference between pre-breakdown capacity and queue discharge flow rate and 

shows how the difference can be estimated using actual sensor data collected in the field.   

After developing the FFS model and the capacity reduction factor, the authors applied sensor 

data to speed-flow models combined with a freeway work zone capacity model to verify the 

combined model applicability. 

 

3.4.1 Data Collection 

The FFS model development and capacity reduction analysis were based on data collected 

from three sensors databases: Regional Integrated Transportation Information System 

(RITIS), operated by the University of Maryland (CATT Lab 2014); Caltrans Performance 

Measurement System (PeMS), operated by California Department of Transportation 

(California Department of Transportation 2014) and the Traffic.com database in North 

Carolina (Traffic.com 2014).  Supplemental field data collected in Richmond, VA (I-95) and 

Los Angeles, CA (I-5) was used for validation purposes (Yeom et al. 2015a).  
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Two efficient methods to collect FFS are handheld radar (or laser) data collection or roadside 

or in-pavement sensors.  For freeway work zones, the use of handheld devices can be 

challenging because it requires access to the work zone, which can be associated with 

elevated risks and can influence traffic operations.  Collecting freeway speed and flow data 

from a sensor database is most efficient, provided that a sensor is located within the work 

zone and remains well calibrated.  Roadside sensors can be sensitive to calibration errors 

caused by reduced lane widths or lane shifts in the work zone, but once the exact work zone 

is identified and its configuration is known, sensors can provide large amounts of data.  For 

each sensor database, the steps presented in Figure 3.2 were taken to identify and collect 

traffic data. 

 

 

Figure 3.2  Sensor data collection process 
 
 
 
In step 1, candidate work zone sites were screened to include long-term work zones with lane 

closures.  Since the sensor data ought to reflect work zone conditions, it was important to 

identify the detailed lane closure plans to obtain sufficient and appropriate data to analyze 

speeds and flows.  In step 2, the location and operational status of sensors were identified.  

The authors were interested in sensors located just downstream of the work zone to ensure 
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that the data was representative of conditions at the bottleneck (as opposed to a point further 

downstream).   In step 3, a large amount of traffic data was downloaded, during both work 

zone and non-work zone periods.  In addition to speed and flow data, site-specific 

information, such as area type (rural or urban), barrier type, and number and location of 

nearby ramps, was collected.   

The additional information was gathered through various approaches such as satellite and 

street view images, direct inquiries to the work zone site agencies, and the project website of 

the work zone, as presented in Table 3.1.  Information was collected from a total of 14 

freeway work sites.  The sites also provided a total of 24,633 datasets (either 5- or 15-minute 

speed and flow rate data) to be analyzed in the following section. 
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Table 3.1  Sensor data collection: site attributes 

Site Code wz 
_sl1 

nwz 
_sl2 

total 
lanes 

open 
lanes area3 barrier4 day_ 

night5 
left_ 

closed6 
ramp
_up7 

ramp 
_down8 length9 lane 

width10 

R-01-MD 50 50 2 1 0 1 1 0 2 2 0.3 n/a 
R-02-MD 50 50 2 1 0 0 1 1 2 2 0.3 n/a 
R-03-MD 50 50 2 2 0 0 0 0 2 3 2 11 
R-04-MD 50 50 2 2 0 0 1 0 2 3 2 11 
R-05-FL 70 70 2 1 1 1 1 0 0 1 13 n/a 
R-06-FL 70 70 2 1 1 1 1 1 0 1 13 n/a 
R-07-FL 45 55 3 2 0 0 1 1 4 5 2.56 11.5 
R-08-TX 50 60 4 2 0 1 1 0 7 4 0.85 n/a 
R-09-TX 50 60 4 3 0 1 1 0 7 4 0.85 n/a 
R-10-TX 50 60 4 3 0 1 1 1 7 4 0.85 n/a 
P-01-CA 60 70 4 2 0 0 1 1 6 7 4 n/a 
P-02-CA 55 65 3 2 0 0 1 0 6 6 9 n/a 
T-01-NC 55 65 2 2 0 0 0 0 4 5 3 12 
T-02-NC 55 65 2 2 0 0 1 0 4 5 3 12 

1 Posted work zone speed limit (mph) 
2 Posted non-work zone speed limit (mph) 
3 Presented as 0: urban and 1: rural 
4 Presented as 0: concrete and 1: soft (cone or PE drum) barrier 
5 Presented as 0: day and 1: night time data collection 
6 Presented as 0: right lane closure and 1: left lane closure 
7 Number of ramps upstream of the site within 3-miles 
8 Number of ramps downstream of the site within 3-miles 
9 Work zone length (mile) 
10 Work zone lane width (ft) 

 

3.4.2 Data Analysis 

 

Figure 3.3  Free-flow speed estimation process 
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Shown in Figure 3.3, the free-flow speed data analysis started with 15-minute traffic data 

collection.  A large amount of data for 14 freeway worksites was collected and then flow 

rates lower than 500 vphpl were selected.  The analysts selected 500 vphpl as the basis for a 

FFS threshold since all the data collection sites showed consistent speed without any 

decrease at that level.  After that, the data falling outside of the ±2 standard deviation (SD) 

was excluded when calculating free-flow speed since they were regarded as outliers under 

unusual conditions.  Finally, average free-flow speed was estimated by averaging speed 

observations from the previous step.  The diagram of estimating freeway FFS is illustrated in 

Figure 3.4. 

 

 

Figure 3.4  Free-flow speed estimation for non-work zone and work zone 
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Figure 3.4 shows an example of the free flow speed estimation boundary conditions applied 

to 15-minute speed and flow rate data from a sensor site in Maryland.  In this case, the free 

flow speeds were estimated as 56.8 mph and 47.9 mph for non-work zone and work zone 

conditions, respectively.  The sample sizes were 1,792 and 324, respectively.  Additional 

speed-flow data were provided in appendix D. 

Following to the steps presented in the data collection and analysis methodology, FFS was 

estimated for non-work zone and work zone freeways from the sensor database as shown in 

Figure 3.5. 
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Location 
code Route Status Statistical data Sample 

size 

Average 
difference 

(mph) 
p-value 

R-01-
MD I-895 nwz 

wz 
1,792 
324 -8.9 <0.0001 

R-02-
MD I-895 nwz 

wz 
1,792 
381 -6.7 <0.0001 

R-03-
MD I-895 nwz 

wz 
79 
89 0.1 0.82 

R-04-
MD I-895 nwz 

wz 
994 
888 1.3 <0.0001 

R-05-FL I-4 nwz 
wz 

1,035 
30 -5.0 <0.0001 

R-06-FL I-4 nwz 
wz 

1,035 
181 -6.8 <0.0001 

R-07-FL I-95 nwz 
wz 

834 
547 -5.7 <0.0001 

R-08-
TX I-635 nwz 

wz 
4,101 

25 -6.7 <0.0001 

R-09-
TX I-635 nwz 

wz 
4,101 

65 -1.3 <0.0001 

R-10-
TX I-635 nwz 

wz 
4,101 

49 -1.2 <0.0001 

P-01-
CA I-805 nwz 

wz 
730 
92 -10.6 <0.0001 

P-02-
CA I-5 nwz 

wz 
634 
38 -8.2 <0.0001 

T-01-
NC I-40 nwz 

wz 
831 
93 -5.5 <0.0001 

T-02-
NC I-40 nwz 

wz 
831 
733 -4.2 <0.0001 

Figure 3.5  Free-flow speed estimation results 
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The first two columns of Figure 3.5 refer to the data collection location and route 

identification.  In addition, the minimum, 1st quartile, median, 3rd quartile, and maximum 

FFS values with outliers are shown in the form of a box plot, separated by work zone 

presence.  Sample size, speed difference between work zone and non-work zone conditions, 

and p-values are presented for each site as well.  The presence of a work zone significantly 

changed FFS (p-values <0.0001) at all sites except for one in Maryland (R-03-MD).  In 

addition, the R-04-MD site shows a counterintuitive result, as the FFS during work zone 

presence is higher than the non-work zone condition.  This is presumably because the data 

for both R-03-MD and R-04-MD came from the same site having a work zone with a lane 

shift (two lanes open) and no lane closure.  Throughout various analyses for freeway work 

zone FFS, the authors recognized that lane configuration is one of the critical factors that 

determines FFS on freeway work zone sites.  All other sites had at least one lane closed and 

showed FFS differences ranging from 1.2 mph to 8.9 mph. 

The capacity reduction factor (� ) is estimated by comparing pre-breakdown capacity and 

queue discharge flow rate (as illustrated in Fig. 6, an example from I-5 Southbound located 

in San Diego, CA). 
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Figure 3.6  Speed-flow rate diagram for capacity identification 
 
 
 
In Figure 3.6, the pre-breakdown condition is presented when both the 5-minute aggregated 

speed and the flow rate data have high values or before they experience a sudden drop, which 

is usually expressed as a breakdown of the flow.  The breakdown event can be defined, for 

example, from the time of having a certain percent of FFS (a% in Figure 3.6) to the time of 

having the lowest speed.  Once the breakdown happens, it is followed by a queuing condition 

having both low speed and low flow rate.  After a certain amount of time, the flow has a 

queue discharge condition of increasing speed and flow rate.  The flow rate at that condition 

is a queue discharge flow rate that is mostly observable downstream of a freeway work zone.   

There are a limited number of studies about the capacity reduction factor (� ).  This study 

adopts � =13.38% from previous work that obtained the factor from nationwide freeway work 

zone literature archives (Yeom et al. 2015a). 
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3.4.3 FFS Prediction Model 

Based on the extensive literature review and authors’ experience on freeway work zone 

traffic analyses, the following independent variables were selected to test the impact of 

different work zone configurations on free flow speed: 

�  Speed Ratio (Sr): the ratio of non-work zone speed limit to work zone speed limit, 

�  Posted Speed Limit (S in mph),  

�  Lane Closure Severity Index (LCSI): the inverse of the open lane ratio (total/open) 

multiplied by the invers of the number of open lanes, 

�  Area Type (A): 0 for urban, 1 for rural, 

�  Barrier Type (Br): 0 for concrete 1 for cone or PE drum, 

�  Daytime or Nigh (DN): 0 for day, 1 for night, 

�  Lane Closure location (LC): 0 for right hand side lane closure, 1 for left hand side lane 

closure, 

�  Work Zone Length (l in mile), and  

�  Total Ramp Density (TRD in ramps/mile): the total number of on- and off-ramps per 

mile within 3-mile upstream and 3-mile downstream of data collection location. 

The speed ratio is estimated by dividing the non-work zone speed limit by work zone speed 

limit.  Speed limit in the work zone may be similar to that upstream of the work zone or up to 

10 mph lower.  Therefore, the speed ratio is expected to explain the difference of FFS for 

various speed limit conditions under the non-work zone and work zone conditions. 

The lane closure severity index (LCSI) explains the severity of lane closure for traffic in the 

freeway work zone site (Yeom et al. 2015a).  For instance, a “4 to 3” (total to open lanes) 
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lane configuration has a LCSI of 
�

���C���
� :D<< .  On the other hand, a “4 to 1” lane 

configuration, which is presumably more severe, has an LCSI of 
�

���C���
� <D:: .  

Furthermore, using the LCSI makes it possible to explain the difference between “4 to 2” and 

“2 to 1” lane closure configurations.  Both configurations close half of the available lanes, 

but arguably, a “2 to 1” configuration is more severe than a “4 to 2”, as only a single lane 

remains open.  Applying the LCSI, the “4 to 2” and “2 to 1” lane closure configurations 

return 1.00 and 2.00 of LCSI, respectively, so that the “2 to 1” represents a more severe 

condition from the lane closure perspective than the “4 to 2” lane configuration.  This area 

type follows the concept presented in the HCM (Transportaion Research Board 2010).  The 

urban area represents “an area typified by high densities of development or concentrations of 

population,” and the rural area represents “an area with widely scattered development and a 

low density of housing and employment.” 

Barrier type is also expected to explain different work zone conditions.  While some work 

zones have a permanent concrete barrier providing a clearer and more secure separation 

between the work area and travel lanes, others have soft barriers that do not provide as clear 

of a separation.  In the model developed, the authors strove to provide more intuitive 

variables so that practitioners can easily apply the FFS model proposed in a later section.  

Specifically, the HCM2010 had only a short-term vs. long-term distinction, which was 

widely criticized for not distinguishing the effect of barrier type.  Thus, in this research the 

authors focused on barrier design, rather than the vaguer long-term vs. short-term distinction 

(e.g. how long is long?).  In general, the analysts agreed that a concrete type barrier is more 
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likely to correspond to a long-term work zone and a soft barrier to a short-term work zone.   

However, the authors believed that the use of barrier types is more intuitive to practitioners in 

applying and estimating a FFS.  The total ramp density (TRD) follows the concept presented 

in the HCM (Transportaion Research Board 2010), stated as the total number of on- and off-

ramps per mile within 3-miles upstream and 3-miles downstream of the data collection 

location. 

 

3.4.4 FFS Model Development 

Before proceeding with developing the FFS model, a Pearson correlation matrix was created 

to examine collinearity between different independent variables (Ott and Longnecker 2010; 

Stockwell 2008) as shown in Table 3.2.  Nine variables are included in the table representing 

the dependent variable and eight independent variables.   

 

Table 3.2  Correlation coefficients across explanatory variables 
Variables wz_FFS Sr S LCSI A Br DN LC l TRD 

wz_FFS 1.00          
Sr -0.14 1.00         
S 0.491 -0.34 1.00        

LCSI -0.11 -0.64 0.51 1.00       
A 0.401 -0.47 0.882 0.62 1.00      
Br -0.24 -0.09 0.28 0.39 0.47 1.00     
DN -0.36 0.08 0.10 0.34 0.17 0.35 1.00    
LC -0.05 0.06 0.07 0.25 0.12 -0.04 0.30 1.00   
l 0.421 -0.27 0.892 0.42 0.872 0.18 0.13 0.04 1.00  

TRD -0.28 0.902 -0.44 -0.69 -0.68 -0.22 0.05 0.02 -0.41 1.00 
1 Relatively high correlation for the dependent variable 
2 High correlation for the independent variables 
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In Table 3.2, the posted speed limit (S) has a relatively high correlation with both area type 

(A) and work zone length (l).  Area type also has a high correlation with work zone length, 

while speed limit ratio (Sr) has a high correlation with the total ramp density (TRD).   

Five approaches were used to select independent variables for the proposed model including 

two ranking methods and three sequential methods.  Both adjusted R-square and Akaike 

Information Criterion (AIC) methods were examined as the ranking methods (Ott and 

Longnecker 2010).  The adjusted R-square method delivers a penalty for each parameter used 

as a coefficient in the model, while the AIC method “measures the difference between a 

given model and the true underlying model” (Beal 2005). 

Forward selection, backward elimination, and stepwise selection were run to identify the 

variables in the sequential approach.  P-values of 0.05 and 0.1 were used for forward 

selection and backward elimination, respectively, which were also default values in SAS 9.3.  

For the stepwise selection method, variables were added one by one until they satisfied a 

certain p-value of calculated F statistics.  The variable with the most significant F statistics 

was added to the model first, and then the second most significant variable was added.  At 

this time, the existing variables also needed to satisfy a certain p-value to stay in the model.  

Consequently, the method provided two different p-value thresholds, one for variable 

selection and the other for elimination.  P-values of 0.2 and 0.1 for selection and elimination 

threshold were used, respectively. 

Table 3.3 presents the independent variables selected by each method (two for ranking and 

three for sequential).  Using these, the team first selected five variables (speed ratio (Sr), 

speed limit (S), LCSI, barrier type (Br), and the total ramp density (TRD)) as key variables, 
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because they were identified consistently across all assessment methods.  Three other 

variables (area type (A), lane closure side (LC), and day or night condition (DN)) were 

tentatively selected for further consideration.  The length variable (l) was not selected in the 

FFS model development, because it is highly correlated with speed limit (S) and area type (A) 

and therefore does not provide a good independent assessment of the effect of work zone 

length.  Furthermore, using work zone length may introduce bias to the results of this 

research, as all speeds are measured at a point location by sensors, rather than being 

estimated from the travel time over a segment. 

 

Table 3.3  Variables selection results for free-flow speed model development 
Assessment method Variables selected 

Ranking 
 

Adjusted R-square Sr, S, LCSI, A, Br, DN, LC, l, TRD 

AIC Sr, S, LCSI, A, Br, LC, l, TRD 

Sequential 
 
 

Forward selection Sr, S, LCSI, Br, l, TRD 

Backward elimination Sr, S, LCSI, A, Br, LC, l, TRD 

Stepwise selection Sr, S, LCSI, A, Br, LC, l, TRD 

 
 
 
Eight different variable combinations were tested as listed below, based on the five key and 

three tentative independent variables: 

�  Combination 1: Sr, S, LCSI, Br, TRD 

�  Combination 2: Sr, S, LCSI, Br, TRD, A 

�  Combination 3: Sr, S, LCSI, Br, TRD, A, LC 

�  Combination 4: Sr, S, LCSI, Br, TRD, A, DN 

�  Combination 5: Sr, S, LCSI, Br, TRD, A, LC, DN 
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�  Combination 6: Sr, S, LCSI, Br, TRD, LC 

�  Combination 7: Sr, S, LCSI, Br, TRD, LC, DN 

�  Combination 8: Sr, S, LCSI, Br, TRD, DN 

Combinations 1, 2, 3, 7, and 8 have p-values less than 0.05 for all their coefficients.  

Accordingly, these combinations were kept for further analysis. Combinations 4, 5, and 6 had 

at least one variable with a p-value exceeding 0.05 and thus were eliminated.  In the next 

step, combinations 2 and 3 are also dropped from further consideration as they use area type, 

which is highly correlated with work zone speed limit, a key variable in FFS model 

development.  For the remaining combinations, 1, 7, and 8, the regression analysis results are 

presented in Table 3.4. 
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Table 3.4  Results of regression analysis for free-flow speed model development 

 
 
 
In Table 3.4, combination 1 had the lowest adjusted R-square value and the lowest number of 

variables in the model, while combination 7 showed the highest adjusted R-square value with 

the additional variables—lane closure side and day or night condition.  Lastly, combination 8 

had an intermediate adjusted R-square value with only one additional variable, day or night 

condition, compared to combination 1.  Since it was expected that the freeway work zone 

FFS during daytime should be higher than at nighttime, the research team finally selected 

combination 8 as the proposed model as shown below.  However, it should be mentioned that 

the other two models are also appropriate for use. 

Freeway WZ FFS =9.95+33.49×Sr+0.53×S–5.60×LCSI–3.84×Br–1.71×DN–8.72×TRD  (3-6) 

Combination Variable Estimate Standard 
error t-statistics p-value Adjusted 

R-square 
1 Intercept 10.21 4.38 2.33 0.02 0.6866 
 Sr 32.73 4.47 7.32 <0.0001  
 S 0.53 0.03 18.58 <0.0001  
 LCSI -6.21 0.43 -14.58 <0.0001  
 Br -4.11 0.40 -10.17 <0.0001  
 TRD -9.09 0.69 -13.23 <0.0001  
7 Intercept 12.07 4.43 2.72 0.01 0.6959 
 Sr 31.55 4.51 7.00 <0.0001  
 S 0.53 0.03 18.63 <0.0001  
 LCSI -5.92 0.50 -11.96 <0.0001  
 Br -3.60 0.43 -8.45 <0.0001  
 TRD -8.64 0.69 -12.51 <0.0001  
 LC 0.86 0.41 2.10 0.04  
 DN -1.96 0.61 -3.21 0.00  
8 Intercept 9.95 4.34 2.29 0.02 0.6929 
 Sr 33.49 4.44 7.55 <0.0001  
 S 0.53 0.03 18.50 <0.0001  
 LCSI -5.60 0.47 -11.84 <0.0001  
 Br -3.84 0.41 -9.34 <0.0001  
 TRD -8.72 0.69 -12.58 <0.0001  
 DN -1.71 0.60 -2.84 0.00  
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To illustrate, consider a 2-to-1 lane closure configuration with posted non-work zone and 

work zone speed limits of 65 mph and 55 mph, respectively.  The work zones used a cone 

(soft) barrier in place during daytime and had a total of 6 nearby ramps.  The FFS for this 

scenario was estimated as: 

Freeway WZ FFS = 9.95+33.49×(65/55)+0.53×55–5.60×2–3.84×1–1.71×0–8.72×(6/6) 

                             = 54.9 (mph). 

 

3.5 FFS Model Validation 

The capacity model was successfully validated in the companion paper (Yeom et al. 2015a), 

showing superior predictability to the current HCM models.  In this paper, the proposed 

freeway work zone FFS model is independently validated with field data collected at three 

additional work zones (2 in Richmond, VA and 1 in Los Angeles, CA) and the results are 

presented.  These sites possess very different operational conditions, with two having a very 

low FFS (two Richmond locations) and the other having a moderate to high FFS (LA 

location).  The validation results are shown in Table 3.5. 
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Table 3.5  Free-flow speed model validation results 

Site I-95 southbound 
(Richmond, VA) 

I-95 northbound 
(Richmond, VA) I-5 (Los Angeles) 

Sample FFS (mph) 
- Average: 35.0 
- SD: 4.5 
- Sample size: 163 

- Average: 39.1 
- SD: 3.8 
- Sample size: 324 

- Average: 54.5 
- SD: 4.4 
- Sample size: 68 

Sr 1.1 1.1 1.2 
S (mph) 50 50 55 

LCSI 3 3 0.75 
Br cone cone Concrete 
DN night night Day 
TRD 2.17 2.00 2.50 

Model prediction 
FFS (mph) 31.9 (-8.6%) 33.4 (-14.6%) 53.9 (-1.1%) 

 
 
 
The FFS at each site was collected using radar speed detectors.  Both Richmond sites had a 3 

to 1 lane closure, while the Los Angeles site had a 3 to 2 lane closure.  For these three sites, 

the proposed model predicted FFS quite successfully, considering that the field data used for 

validation was not used in the model development.  The comparison with field data shows a 

1.1% difference, while the Richmond sites showed 8.6% and 14.6% differences, respectively.   

 

3.6 Synthesis of Freeway Work Zone Models 

Using the various freeway work zone traffic prediction models introduced and developed in 

the previous sections (free-flow speed, capacity reduction factor (� ), and capacity), the final 

step is to use those predictions to generate a speed-flow model.  For this approach, the 

authors used traffic sensor data collected on I-895 in Maryland and on I-4 in Florida as 

shown in Figure 3.7 and Figure 3.8, respectively. 



 

63 

 

Figure 3.7  Synthesis of freeway work zone traffic prediction models (MD) 
 
 
 

 

Figure 3.8  Synthesis of freeway work zone traffic prediction models (FL) 
 

NCHRP 3-115 model 

NCHRP 3-115 model 



 

64 

In Figure 3.7 and Figure 3.8, each point represents 15-minute average speed and flow rate 

collected in a freeway work zone with a lane closure condition.  It is usual for DOTs to close 

lanes during nighttime, so most of the data appears in relatively high speed areas and at a low 

flow rate.  Once the traffic data was collected, the analysts applied four different freeway 

work zone traffic models, which are presented in the figures.  The speed-curve models 

developed in the NCHRP 3-115 projects were also depicted showing how speed and flow 

rate relationships were predicted by the model. 

In the case of the FFS prediction, both locations showed reasonable results.  However, this 

was anticipated by the authors since the same sensor data was utilized in developing the FFS 

model.  On the other hand, the application of the capacity model and capacity reduction 

factor could be a challenge since these models use totally different data.  After seeing the 

data, it was evident that the capacity prediction model and capacity reduction factor can 

predict freeway work zone traffic reasonably, although it was not clear in the Florida case.  In 

addition, both speed-flow models also predicted traffic behavior in the work zone rationally.  

Additional synthesis results of freeway work zone models were provided in appendix E. 

 

3.7 Findings and Conclusions 

This paper presented a synthesis of freeway work zone traffic prediction models that includes 

free-flow speed, capacity reduction factor, capacity, and speed-flow curve.  In the course of 

freeway work zone traffic behavior analyses, the authors developed a free-flow speed model 

and applied capacity reduction factor, capacity, and speed-flow curve models using field data 

collected sensor databases nationwide.  Findings and conclusions are presented as follows: 
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�  A freeway work zone FFS prediction model was developed using variables such 

as speed limit ratio between non-work zone and work zone conditions, posted work 

zone speed limit, lane closure severity index, barrier type, day or night condition, and 

total ramp density in the vicinity. 

�  In the FFS model, the lane closure severity index is a key variable that affects free-

flow speed prediction. 

�  Work zone presence significantly reduced FFS on freeways compared to normal 

conditions.   

�  It was shown that sensor data is a very efficient and practical means for capturing 

freeway FFS both under non-work zone and work zone conditions. 

�  The proposed FFS model was validated using data that was not used in the 

model calibration process, and the model predicted both relatively high and low FFS 

reasonably. 

In closing, the authors hope that operating agencies and traffic engineers would find the 

model presented in this paper to be valuable, simple to use, and would enhance their ability 

to confidently predict  traffic behaviors on freeway work zone sites. 

 

3.8 Recommendations 

One important recommendation would be to upgrade the proposed model to account for the 

effect of nearby on- and off-ramp traffic, since thus far only the number of ramps in the 

vicinity has been considered.  In actuality, there might be an effect on FFS due to the 

presence of significant merging and diverging maneuvers in the vicinity of the work zone. 
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In addition, using a microsimulation program like VISSIM can be beneficial in analyzing and 

testing various field conditions under the freeway work zone.  Finally, it should be noted that 

the stochastic nature of traffic data in analyzing and applying models should be considered in 

future work. 
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4. SIMULATION GUIDANCE FOR FREEWAY LANE CLOSRUE CAPACI TY 

CALIBRATION 

4.1 Introduction 

Freeway work zone capacity has been the subject of many studies for many years, since 

delays and queues are directly related to the capacity of the work zone.  It is expected and 

well-established in the literature that the work zone per lane capacity is lower than when 

there is no work zone, because of reduced operating speed, reduced lane width and shoulder 

clearance, or different driving behavior passing through the work zone, resulting in a 

capacity-reducing frictional effect.  While the capacity impact from a loss of lanes due to a 

work zone lane closure is readily estimated, these additional capacity-reducing frictional 

effects are harder to pinpoint. With many freeway systems and freeway work zones, being 

increasingly complex, microsimulation offers a frequent analysis option, which allows more 

customized representation of the work zone than a deterministic, macroscopic method. 

Considering the reduced per-lane capacity, special calibration parameters methods for work 

zones in microsimulation environments are needed to assure that the frictional impacts of a 

work zone are captured and considered appropriately.   

A new freeway work zone capacity model has been proposed as a result of a National 

Cooperative Highway Research Program (NCHRP) 3-107 project.  The model was used to 

guide the calibration process in this paper, and relies on a rich dataset of 102 freeway work 

zones in 12 U.S. states.  The model was developed under consideration of a two-regime 

capacity framework, with the two components being (1) a queue discharge rate (QDR) and 

(2) a pre-breakdown capacity (PBC) (Yeom et al. 2015a).  The QDR corresponds to the flow 
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condition immediately downstream of the bottleneck, which is usually the lane closure point.  

On the other hand, PBC occurs just upstream of the bottleneck and can be difficult to 

measure in a work zone.  In this paper, capacity refers to the observed QDR downstream of 

the freeway work zone lane closure point.  The NCHRP 3-107 model shows that capacity is a 

function of work zone lane configuration and is represented by a variable called the lane 

closure severity index (LCSI).  Therefore, the microsimulation program should generate a 

different set of parameters depending on the LCSI values.  That model and its parameters are 

described in more detail below.  

VISSIM is a microscopic and stochastic simulation program that implements the psycho-

physical car-following models developed by Wiedemann in 1974 and later expanded into the 

Wiedemann 99 model (PTV America 2014).  VISSIM also incorporates other behavioral 

algorithms, such as a desired speed distribution and lane changing logic, that are important to 

replicate operations within and near a work zone.  VISSIM was selected in this study due to 

its widespread use in the transportation profession, its flexibility in calibrating traffic stream 

parameters, its flexible link-connector structure (that can replicate a wide variety of work 

zone configurations), and it was also used because of the authors’ extensive hands-on 

experience and detailed familiarity with the model. 

 

4.2 Objective and Scope 

There are two key objectives to this research effort: 1) to develop a method to calibrate 

freeway work zone capacity in VISSIM and 2) to provide specific guidance on capacity 

estimation using car following and lane changing parameters in VISSIM.   
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To meet the first objective, the authors developed several work zone lane closure scenarios 

with simulated speed-flow-density detectors placed upstream and downstream of the lane 

closure point to be used for verification and validation.  The simulated capacity values are 

directly compared with the queue discharge rates estimated from the predictive models 

developed in NCHRP 03-107 using field data collected at 102 freeway work zone sites in the 

U.S.  To meet the second objective, the authors reviewed the literature to explore which 

parameters should be adjusted in VISSIM to replicate freeway work zone conditions.  The 

authors then made the adjustments to a select parameter set and conducted sensitivity 

analysis on a variety of factors.  The goal of this exercise was to provide reliable and 

practical guidance on estimating freeway work zone capacity in microsimulation. 

The VISSIM calibration guidance recommendations presented herein are limited to the 

following freeway work zone lane closure configurations (written as “total” to “open” lanes 

without and with the work zone): 4 to 3, 3 to 2, 4 to 2, 2 to 1, 3 to 1, and 4 to 1.  The six work 

zone lane configurations presented are believed to cover most of the observed work zone 

variations.  In addition, only left-side lane closure scenarios were simulated, since the authors 

did not observe meaningful differences between left and right-side lane closures based on 

field data (Yeom et al. 2015a). 

 

4.3 Literature Review 

In VISSIM, there are ten car following parameters that can be adjusted based on the 

Wiedemann 99 model as follows (PTV America 2014): 

�  cc0: standstill distance between two vehicles [default: 4.92 ft], 



 

70 

�  cc1: desired headway time between lead and trailing vehicles [default: 0.9 s], 

�  cc2: additional distance over desired safety distance [default: 13.12 ft], 

�  cc3: time in seconds to start of the deceleration process [default: -8.0 s], 

�  cc4: negative speed variations during the following process [default: -0.35 ft/s], 

�  cc5: positive speed variations during the following process [default: 0.35 ft/s], 

�  cc6: influence of distance on speed oscillation [default: 11.44], 

�  cc7: oscillation during acceleration [default: 0.82 ft/s2], 

�  cc8: desired acceleration from standstill [default: 11.48 ft/s2], and 

�  cc9: desired acceleration at 50 mph [default: 4.92 ft/s2]. 

In addition to the car following parameters, an analyst is able to adjust lane changing 

parameters in VISSIM for the subject lane changing and trailing vehicles, separately, as 

shown below: 

�  Maximum deceleration for a necessary lane change (ft/s2) [default: -13.12 (own), -

9.84 (trailing) (ft/s2)], 

�  -1 ft/s2 per distance for a necessary lane change (ft) [default: 200 (for both own and 

trailing) ft], 

�  Safety distance reduction factor [default: 0.6], 

�  Maximum deceleration for cooperative braking (ft/s2) [default: -9.84 ft/s2], and 

�  Cooperative lane change (binary selection). 

Many of the parameters presented above are explored in this paper for the development of 

parameter value recommendations on freeway work zones with lane closures. 
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Chatterjee et al. explored the use of VISSIM for analyzing freeway work zones and 

recommended parameter values for practitioners (Chatterjee et al. 2009).  They provided two 

lookup tables for 2 to 1 (total to open-lanes) and 3 to 2 work zone lane configurations, 

separately.  In Chatterjee’s tables, VISSIM car-following parameters such as cc1, cc2, and 

SRF (Safety Distance Reduction Factor) can be obtained once the fraction of traffic in the 

right lane, heavy vehicle percentage, data collection point, and estimated capacity are all 

quantified.  Chatterjee used input demands of 3,000 and 5,000 vph for each work zone lane 

configuration, respectively.  However, the study was limited to just two work zone lane 

configurations.  In addition, the fact that they assumed the same speed distribution for the 

two work zone configurations brings the results of the study into question.  This is because 

different lane configurations should yield different vehicle speed distributions to produce 

realistic outcomes in the simulation, as evident in the literature (Hajbabaie et al. 2015).  

Kan et al. calibrated the VISSIM car following parameters, cc0 and cc1, for a 2 to 1 lane 

configuration freeway work zone with a speed limit of 45 mph to replicate “time dependent 

capacity, speed, and queue length” (Kan et al. 2014).  They calibrated input demand volumes 

for a simulation program similar to the pattern of data collected from an I-39 work zone, 

varying a total of 9 time intervals during 48 minutes.  Finally, they compared the flow rate 

and speed data that was estimated in the microsimulation program and collected in the field 

over the 48 minutes.  They concluded that lower values of cc1 should be coupled with higher 

cc0, or vice versa, to successfully replicate field conditions.  The specific parameters that 

they proposed to replicate the 2 to 1 work zone capacity under the specific time dependent 
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volume condition would not be transferable to other work zones since every work zone 

would have different volume conditions. 

Table 4.1 shows VISSIM parameters, and other input variables used in the literature to 

explore the calibration of a tool for freeway work zones, and it also includes studied work 

zone configuration information.  As seen in the table, cc0, cc1, and cc2 are the most 

frequently-used parameters used for calibrating freeway capacity in VISSIM.  In addition, 

most of the cited studies calibrated parameters under a non-work zone condition except for 

two, and those two studies were very limited in testing variations of work zone lane 

configurations.  It should be emphasized again that the work zone lane configuration was 

proven to be one of the critical factors for the level of capacity available at a work zone as is 

evident from Equation (4-1) (Yeom et al. 2015a). 
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Table 4.1  VISSIM parameters tested in the literature 
Parameters\Study (Chatterjee 

et al. 
2009) 

(Kan et 
al. 2014) 

(Lownes 
and 
Macheme
hl 2006) 

(Woody 
2006) 

(Gomes 
et al. 
2004) 

(Chitturi 
and 
Benekoha
l 2008) 

cc0 - �  �  �  �  �  

cc1 �  �  �  �  �  �  

cc2 �  - �  �  - - 

cc3 - - �  �  - - 

cc4 - - �  �  �  - 

cc5 - - �  �  �  - 

cc6 - - �  �  - - 

cc7 - - �  �  - - 

cc8 - - �  �  - - 

cc9 - - �  �  - - 

Lane change distance - - �  �  - - 

Safety reduction factor �  - - - - - 

Truck % �  - - - - - 

Various input volumes - �  - - - - 

Various lane configurations �  - - - - - 

Work zone lane configuration 2 to 1, 
3 to 2 

2 to 1 None None None None 

 
 
 
Considering the objective of the VISSIM experiment reported herein, it is critical to be 

consistent in predicting and estimating average queue discharge flow rate with the capacity 

model developed in the NCHRP 3-107 project, as explained below (Yeom et al. 2015a): 

Average QDR = 2,093 – 154×fLCSI – 194×fbarrier – 179×farea + 9×f lateral_12 – 59×fday_night  (4-1) 

where, 

Average QDR = average queue discharge flow rate (pc/h/ln), 

fLCSI                    = 
�

E�
��� ����������������F������	
�
 , 
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Open ratio     = 
E�
����������������

E�
�������	�	�������
 , 

fbarrie               = 0: concrete, 1: soft (cone or PE drum), 

farea                = 0: urban, 1: rural, 

flateral_12          = lateral clearance – 12 (minimum -11.9, maximum 0) (ft), and 

fday_night            = 0: day, 1: night. 

 

In Equation (4-1), LCSI increases as the lane closure condition becomes more severe.  By 

applying various lane configurations with the remaining parameters, such as barrier type, 

area type, etc., the QDR can be predicted as presented in Table 4.2.  The minimum QDR was 

obtained under the condition of soft barrier, rural area, 0.1 ft of lateral clearance, and night 

time operation, while the maximum QDR was obtained under the condition of concrete 

barrier, urban area, 12 ft of lateral clearance, and day time for each lane configuration.  For a 

2 to 1 lane configuration example Equation (4-1) is presented as follows: 

Minimum QDR = 2093-154×2-194×1-179×1+9×(0.1-12)-59×1 = 1246 (pc/h/ln) 

Maximum QDR = 2093-154×2-194×0-179×0+9×(12-12)-59×0 = 1785 (pc/h/ln) 

In the end, the authors hoped to provide guidance on replicating the freeway work zone QDR 

values for these situations in Table 4.2 using VISSIM. 
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Table 4.2  QDR prediction in NCHRP 3-107 model by LCSI 
(Unit: pc/h/ln) 

Lane configuration 
(total to open) 

fLCSI Minimum QDR 
prediction 

Average QDR Maximum QDR 
prediction 

4 to 3 0.44 1486 1756 2025 

3 to 2 0.75 1438 1708 1978 

4 to 2 1 1400 1670 1939 

2 to 1 2 1246 1516 1785 

3 to 1 3 1092 1362 1631 

4 to 1 4 938 1208 1477 

 
 
 
4.4 Methodology 

This section explains the methodology for the development of the VISSIM parameter value 

recommendations, and demonstrates how to calibrate freeway work zone capacity for various 

lane configurations.  The methodology starts with the basic coding in VISSIM, and then 

applies a lane use verification logic and basic parameter calibration methods, which are 

explained below. 

4.4.1 Basic Coding 

This section describes the basic VISSIM coding and geometry setup.  Figure 4.1 presents an 

example of a 2 to 1 freeway work zone lane configuration for the basic coding in VISSIM. 
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Figure 4.1  Basic VISSIM coding for a 2 to 1 lane configuration 
 
 
 
As seen in Figure 4.1, the length of the 2-lane non-work zone segment was set as 1.5 miles to 

provide sufficient distance to simulate congested conditions with queuing and delay.  The 2-

lane non-work zone segment is connected to the 1-lane segment by a connector 200 ft in 

length.  The authors installed two data collection points, one located about 1,000 ft upstream 

of the lane closure point and the second about 100 ft downstream of the lane closure.  These 

locations were intended to help verify lane use balance and to measure the queue discharge 

flow rate.  The authors also examined a different placement of the downstream detector, but 

the resulting queue discharge flow rate was virtually identical when moved.  In the 

calibration effort, the driving behavior parameters in VISSIM were applied to the non-work 

zone link upstream of the lane drop and the 1-lane link in the work zone beyond the lane 

drop.  The lane change distance setting was applied to the 200 ft connector between these 

two links.  Two different free-flow speeds were applied to the non-work zone and work zone 

portions of links, respectively.  The non-work zone speed distribution of vehicles was 

obtained from field sensors in the NCHRP 3-107 project.  A normal distribution of desired 

speed was applied using speed data presented Table 4.3.  
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Table 4.3  Desired speed in work zone 
Lane configuration 

(total to open) 
fLCSI Mean (mph) Standard 

deviation (mph) 
Minimum (mph) Maximum (mph) 

4 to 3 0.44 58.4 5.4 48.2 68.1 
3 to 2 0.75 56.1 1.9 52.3 59.8 
4 to 2 1 53.8 4.4 46.8 60.8 
2 to 1 2 47.9 3.1 43.1 53.9 
3 to 1 3 46.9 3.1 39.9 53.9 
4 to 1 4 41.9 2.9 34.9 48.9 

 
 
 
Within the work zone the authors also used speed data obtained from the sensor database 

when a specific lane closure type was identified from the data.  In the case of the 4 to 3 lane 

configuration, the average and standard deviation of the desired speed in the work zone were 

58.4 and 5.4 mph, respectively.  The reduced speed area was modeled to assure that vehicles 

decelerate in advance of the lane drop point, as those features have a “look ahead” function.  

The desired speed decision was then used to change the desired speed throughout the work 

zone.  

The demand volume was set as 2,000 passenger cars per hour per lane (pc/h/ln) at the 

upstream entry point to the network, since the experiment focused on congested conditions, 

and since the work zone capacity is expected to be less than 2,000 pc/h/ln for the tested 

scenarios.  The heavy vehicle percentage was set to zero, since the work zone is inconclusive 

about the effect of trucks in work zones (Yeom et al. 2015a).  The analysts also experimented 

with ten different random seed numbers in VISSIM and compared the outcomes from those 

experiments.  Through test he authors found that the difference in the resulting queue 

discharge flow rate downstream of the lane closure point (across ten different random seeds) 
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was less than one percent.  This outcome was expected as model stochasticity (e.g. randomly 

generated arrival headways) plays a minor role under heavily congested conditions. 

The VISSIM model was coded to allow 300 seconds of warm-up time with 3,600 seconds of 

data collection time.  The analysts used hourly queue discharge results after confirming that 

the difference between a 15 minute and hourly aggregation intervals was less than 3%. 

 

4.4.2 Experiment Design 

The authors designed VISSM experiments based on literature study results and previous 

NCHRP project.  As such, the VISSIM experiments were designed focused on work zone 

lane configurations and a cc1 car-following parameter.  Table 4.4 presents overall experiment 

design with the number of case planned to execute. 

 

Table 4.4  VISSIM experiment design 
Category Lane 

configuration 
Basic parameter selection  Additional parameter selection 
cc0 cc1 cc2 cc4 

/5 
cc8 SRF Lane 

change 
distance 

cc1 cc2 Lane 
change 
distance 

Necessary 
lane change 
-1 ft/s2 per 
distance 

Maximum 
deceleration 
for 
cooperative 
lane braking 

Number 
of 
scenario 

6 9 9 9 9 9 4 9 9 9 3 2 2 

 
 
 
For the basic parameter selection in Table 4.4, a total of 2,646 experiments were planned 

since one of cc0, cc1, cc2, cc4/5, cc8, and SRF (safety reduction factor) would be tested 

while the rest of them hold in default value.  For the additional parameter selection, a total of 
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5,832 tests were planned for 6 lane configurations.  Thus, following to the design of the 

experiment, a total of 8,478 scenarios are planned to estimate work zone capacity for each 

condition.  More detailed description of a parameter boundary and selection is followed in 

the subsections. 

 

4.4.3 Lane Use Balance Verification 

It was a fundamental goal of the microsimulation experiment to replicate traffic stream 

characteristics as close as possible to real world conditions.  Since the entire experiment was 

focused on work zones with lane closures, it was critical for traffic to exhibit realistic 

behavior when lane changing and merging in the lane closure area.  Unfortunately several 

scenarios were observed in which traffic did not behave realistically.  One common behavior 

that was observed occurred when vehicles got “stuck” in the closed lane(s) with almost free 

flowing conditions observed in the open lane(s) as depicted top two freeways in Figure 4.2.  

This phenomenon points to an unrealistic lane use imbalance upstream of the lane closure 

point in some scenarios, presumably due to the need for unrealistically large gaps for drivers 

that try to change lanes or due to headways that were too short in the open lane(s).  

Consequently, a verification process was developed to eliminate those unbalanced lane use 

scenarios by analyzing the lane use ratios from the detectors installed at the 1000-ft upstream 

of lane closure point. 
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Figure 4.2 Unrealistic (top two) and realistic (bottom two) traffic merging behavior in 
VISSIM 

 
 
 
Since neither field data nor evidence from the literature was available to ascertain the range 

of lane use that was appropriate at the upstream of a work zone with lane closures the team 

had to develop its own reasonable thresholds.  Thus, traffic behavior similar to a zipper 

merge was assumed under ideal and most favorable conditions at the lane closure point.  This 

assumption was expected to result in an even lane use distribution at the upstream of the 

work zone.  Based on this assumption, the authors created lane use balance verification 

thresholds, as presented in Table 4.5.  Depending on the number of lanes upstream of the 

lane closure, the acceptable lane use ratio ranged between 70% and 130% of the expected 

even lane distribution, where lane-use ratio is defined as each lane to total volume.  For 3- 

and 4-lane configurations, the team regarded it as acceptable if at least one lane had a lane 

use ratio within the verification thresholds.  Because it was relatively rare to observe all 4 
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lanes having a lane use ratio acceptable to the thresholds, the team tried to avoid overly 

restrictive conditions.  Instead, it was determined that the smallest lane use ratio should be 

greater than the unconditional minimum in the 3- and 4-lane configurations. 

 

Table 4.5  Acceptable lane balance verification thresholds 
Number of lanes 
upstream 
segment 

Minimum Expected even 
ratio 

Maximum Unconditional 
minimum 

2 0.35 0.50 0.65 n/a 

3 0.23 0.33 0.43 0.15 

4 0.18 0.25 0.33 0.05 

 
 
 
In the following parameter selection process, the authors identified appropriate VISSIM 

parameters using lane use balance verification thresholds for each lane configurations that are 

presented above. 

 

4.4.4 Basic Parameter Selection and Calibration 

Based on the literature survey, the authors hypothesized that the VISSIM parameters, cc0, 

cc1, and cc2, would impact the capacity estimation results most significantly, and many 

studies have focused on these parameters exclusively for non-work zone conditions.  

Furthermore, the authors could not identify studies that examined multiple work zone lane 

configurations.  As a result, virtually all plausible parameters were calibrated and tested in 

this research to identify those that affect work zone capacity. 
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Another hypothesis was that several of the key parameters like cc1 or cc2 representing safe 

distance and time headway between vehicles should be at least equal to or larger than the 

default values in VISSIM because they are subject to work zone conditions. 

For our study, the initial levels of the parameter values were allowed to vary from the 

VISSIM default value to seven times the default value as shown in Table 4.6.  The authors 

decided to keep the following values fixed at their default throughout initial experiment: cc3, 

cc6, cc7, cc9, cooperative lane change=yes, and all other lane changing parameters.   

 

Table 4.6  Listing of selected VISSIM parameters and levels 
Parameters 100% 1 

default 
120% 140% 160% 180% 200% 300% 500% 700% 

cc0 4.92 5.90 6.89 7.87 8.86 9.84 14.76 24.60 34.44 

cc1 0.90 1.08 1.26 1.44 1.62 1.80 2.70 4.50 6.30 

cc2 13.12 15.74 18.37 20.99 23.62 26.24 39.36 65.60 91.84 

cc4/5 ±0.35 ±0.42 ±0.49 ±0.56 ±0.63 ±0.70 ±1.05 ±1.75 ±2.45 

cc8 11.48 13.78 16.07 18.37 20.66 22.96 34.44 57.40 80.36 

SRF (safety 
reduction 
factor) 

0.60 0.72 0.84 0.96 n/a n/a n/a n/a n/a 

lane change 
distance 

656.2 787.4 918.7 1049.9 1181.2 1312.4 1968.6 3281.0 4593.4 

1 VISSIM default value 

 

Using the various levels of parameters presented in Table 4.6, VISSIM experiments were 

conducted to estimate queue discharge flow rates downstream of the lane closure point.  

When testing car-following parameters, cc0 through cc8, and SRF, one of them were 

adjusted while the rest of them were fixed in VISSM default. In the case of lane change 
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distance, all plausible combinations were tested.  With the combination of six lane closure 

scenarios, forty nine levels of calibration parameters including SRF, and nine levels of lane 

change distance, a total of 2,646 combinations arose in the simulation experiment.  Table 4.7 

presents one of many experiment results for the combination of cc1 and lane change distance 

for a 2 to 1 lane configuration. 

 

Table 4.7  QDR estimation results for 2 to 1 lane configuration (cc1, lane change 
distance) 

(Unit: pc/h/ln) 
cc1 \ lane 
change 
distance 

 656 1  787  919 1050 1181 1312 1969 3281 4593 

0.90 1 2446 2457 2445 2451 2450 2445 2442 2439 2449 

1.08 2271 2245 2270 2266 2258 2244 2253 2256 2257 

1.26 2071 2071 2050 2057 2057 2060 2057 2064 2062 

1.44 1844 1851 1855 1843 1851 1852 1843 1849 1865 

1.62 1676 1679 1690 1686 1691 1685 1686 1700 1708 

1.8 1553 1556 1560 1560 1561 1565 1563 1567 1574 

2.7 1181 1180 1182 1180 1182 1182 1181 1182 1182 

4.5 795 795 794 795 794 796 795 794 795 

6.3 622 622 622 622 622 621 647 622 620 

1 VISSIM Default value;  
Shaded values meet the NCHRP 03-107 capacity prediction range; bold values meet the lane balance test 
criterion. 
 
 

Table 4.7 depicts the queue discharge rate estimated just downstream below the lane closure 

point.  Each combination from a different level of cc1 and lane change distance predicts a 

distinctive value of queue discharge flow rate ranging from 620 to 2,457 (pc/h/ln).  The 

feasible 2 to 1 lane configuration QDRs that fall within the NCHRP model prediction for 
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QDR (see Table 4.2) are shown in the shaded area.  The results further show that while the 

cc1 has a large effect on the resulting QDR, the effect of changing the lane change distance 

(for a fixed cc1) is marginal. 

The authors then examined all 81 combinations of cc1 and lane change distance for a lane 

use balance verification.  The realistic threshold of lane use balance at the upstream of work 

zone was previously determined to be between 35% and 65% for a 2 to 1 lane configuration.  

The QDRs that passed the lane use balance verification are shown in bold print in the table.  

The cc1 values that range from 3 to 7 times the VISSIM default value mostly produced 

realistic QDRs in the lane use balance.  The results were consistent with expectations, since a 

higher cc1 value was previously hypothesized as more appropriate than the default value to 

replicate (reduced capacity) work zone conditions.  However, considering the proper QDR 

ranges consistent with the NCHRP model prediction (in Table 4.2), additional parameter 

calibrations were needed.   

The same method described above was applied to the remaining car following parameters to 

identify the impact of each of them on lane use balance.  The result of the examination is 

presented in Table 4.8. 
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Table 4.8  Percentage of calibrated to default parameter values meeting lane use 
balance constraints 

LCSI cc0 cc1 cc2 cc4/5 cc8 SRF 

0.44 100~300 % 300~700 % 100~700 % 100~500 % 100~700 % 100~700 % 

0.75 n/a 300~700 % 300~700 % n/a n/a n/a 

1.00 n/a 500~700 % 500~700 % n/a n/a n/a 

2.00 n/a 300~700 % 500~700 % n/a n/a n/a 

3.00 n/a 300~700 % 500~700 % n/a n/a n/a 

4.00 n/a 500~700 % 500~700 % n/a n/a n/a 

 
 
 
As seen in Table 4.8, only cc1 and cc2 appear to be verified in terms of lane use balance 

across all lane configurations.  Particularly, 3 to 7 times of calibrated default values produced 

lane use verified queue discharge flow rates for almost all lane configurations in the 

experiment.  This result is explored further with additional lane change parameters in the 

following section. 

 

4.4.5 Additional Parameter Selection and Calibration 

Having the results from the basic parameter calibration, the lane change parameters were 

examined to replicate freeway work zone capacity more accurately.  To do so two additional 

lane change parameters were tested with the car following parameters identified in the 

previous section.  The results are shown in Table 4.9. 
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Table 4.9  Additional lane change parameters tested 
Parameters Car following Lane change 

cc1 (s) cc2 (ft) Lane change 
distance (ft) 

Necessary lane 
change 
-1 ft/s2 per 
distance (ft) 1 

Maximum 
deceleration for 
cooperative lane 
braking (ft/s2) 

Levels 
Tested 

0.90 2 
1.08 
1.26 
1.44 
1.62 
1.80 
2.70 
4.50 
6.30 

13.12 2 
15.74 
18.37 
20.99 
23.62 
26.24 
39.36 
65.60 
91.84 

656.2 2 
1312.4 
3281.0 

100 
200 2 

-20 
-9.84 2 

1 For both subject and trailing vehicles 
2 Default value in VISSIM 

 

As presented in Table 4.9, the previously identified critical car following parameters, cc1 and 

cc2, were tested for the same levels as before, from 1 to 7 times the default value.  In the case 

of the lane change distance, only values from 2 to 5 times the default value were examined in 

the experiment.  Additionally, the authors explored lane change parameters, testing different 

levels of the necessary lane change distance and the maximum deceleration for cooperative 

lane braking as shown in the table.  These combinations of parameters resulted in a total of 

5,832 QDR results to be generated for six lane configurations. 

Using the levels of parameters presented in Table 4.9, VISSIM experiments were conducted 

to estimate queue discharge flow rates for the 2 to 1 lane configuration.  Each car following 

parameter was combined with all of the others as shown in Table 4.10 and in Figure 4.3.  The 

results of queue discharge flow rates were presented corresponding to the example of a 
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3281.0 ft of the lane change distance with 100 ft of the necessary lane change distance and -

20 ft/s2 of the maximum deceleration for cooperative lane braking.  

 

Table 4.10  QDR calibration for cc1 and cc2 in the 2 to 1 lane configuration 
(Unit: pc/h/ln) 

cc2(ft)\cc1(s) 0.90 1 1.08 1.26 1.44 1.62 1.80 2.70 4.50 6.30 

13.12 1 2373 2114 1978 1740 1662 1570 1181 794 622 

15.74 2367 2204 1797 1733 1660 1553 1176 792 621 

18.37 2298 2137 1767 1729 1632 1530 1169 791 619 

20.99 2214 2070 1738 1693 1604 1502 1154 789 617 

23.62 2185 2057 1763 1677 1580 1478 1143 787 617 

26.24 2045 1952 1702 1642 1555 1452 1127 786 613 

39.36 2062 1905 1751 1603 1507 1406 1059 768 606 

65.60 1783 1660 1556 1443 1338 1253 961 701 551 

91.84 1530 1456 1362 1277 1199 1126 882 663 537 
1 VISSIM default value 
Shaded values meet the NCHRP 03-107 capacity prediction range; bold values meet the lane balance test 
criterion 
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Figure 4.3  QDR surface for 2 to 1 lane configuration based on cc1 and cc2 variations 
 
 
 
In Table 4.10, the bold queue discharge flow rates imply that a successful lane use balance 

verification was achieved following the acceptable thresholds (in Table 3).  The hypothesis 

of cc1 and cc2 having higher values than the VISSIM default values was proven again, since 

there was no QDR verified with lane use balance having both cc1 and cc2 values that were 

smaller than the default values.  The shaded QDR values on the left cover the maximum 

QDR prediction (1785 pc/h/ln) from the NCHRP model, while the values on the right shaded 

area cover the minimum QDR prediction (1246 pc/h/ln) for the 2 to 1 lane configuration.  

Since the range of verified QDR values in the table covered the minimum and maximum 

range of QDR values, the authors are confident that the 2 to 1 lane configuration QDR could 

be replicated appropriately in VISSIM once cc1 and cc2 parameters are properly calibrated.   
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The trend of the queue discharge flow rate predictions is shown in Figure 4.3, followed by 

changes in cc1 and cc2.  As cc1 and cc2 increased, the queue discharge flow rates predicted 

decreased considerably, which was consistent with the hypothesis that was previously stated, 

since lower than usual queue discharge flow rates were expected in work zones and 

accordingly, higher cc1 and cc2 than default values were also expected in VISSIM.  

Due to the nature of a microsimulation program, there are a near infinite number of other 

combinations that can be explored and may satisfy a given verification threshold.  

Throughout various attempts in the VISSIM experiments, the authors concluded that the lane 

change parameters presented above appear to be sufficient for generating appropriate queue 

discharge flow rates across all lane configurations.  The results for the rest of the remaining 

lane configurations are presented in the following section. 

 

4.5 VISSIM Guidance on Freeway Work Zone Capacity Estimation 

This section provides VISSIM recommendations for freeway work zone QDR estimation for 

both generic and work zone configuration specific cases.  In the generic case both car 

following and lane changing parameters in VISSIM are provided for all work zone lane 

configurations based on the best fit from the analysis presented above.  In the work zone 

configuration specific case, a specific range of car-following parameters for cc1 and cc2 are 

presented comparing QDR values predicted in the NCHRP 03-107. 

Table 4.11 presents the generic recommendations.  All car following parameters (except cc1 

and cc2) are recommended at their default values.  Only cc1 and cc2 are to be adjusted 

depending for work zone configurations.  All lane changing parameters were also adjusted to 
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replicate freeway work zone conditions more realistically, expecting vehicles to change lanes 

much earlier and more cautiously than in a non-work zone condition. 

 

Table 4.11  Generic guidance for VISSIM capacity calibration 
Parameters VISSIM default Recommend WZ setting 

Car 
following 1 

cc0 (ft) 4.92 4.92 

 cc1 (s) 0.90 work zone configuration 
specific 

 cc2 (ft) 13.12 work zone configuration 
specific 

 cc3 (s) -8.00 -8.00 
 cc4 (ft/s) -0.35 -0.35 
 cc5 (ft/s) 0.35 0.35 
 cc6 11.44 11.44 
 cc7 (ft/s2) 0.82 0.82 
 cc8 (ft/s2) 11.48 11.48 
 cc9 (ft/s2) 4.92 4.92 
Lane 
changing 

Lane change distance 
(ft) 

656.20 3281.00 

 Necessary lane change 
-1 ft/s2 per distance (ft) 

200.00 100.00 

 Maximum deceleration 
for cooperative lane 
braking (ft/s2) 

-9.84 -20.00 

1 Default car following VISSIM values except specific setting for cc1 and cc2 

 

Work zone configuration specific guidance is presented in Table 4.12.  The guidance 

provides specific values of cc1 and cc2 to yield a minimum and maximum QDR in VISSIM 

close to the NCHRP model result.  The difference between the results from the NCHRP 

model and VISSIM ranged from -5.9 to 18.6 percent.  Additionally, it was observed that 

higher QDR had a lower cc1 value and vice versa for each lane configuration, which was 
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expected considering that, in general, driving behavior in a work zone is more cautious with 

longer safety distance and time headway. 

 

Table 4.12  Work zone configuration specific guidance and comparison with NCHRP 
model results 

Lane 
configuration 

LCSI NCHRP 3-107 QDR 
(pc/h/ln) 

cc11 (s) cc22 (ft) QDR in 
VISSIM 
(pc/h/ln) 

Difference 
(%)3 

4 to 3 0.44 Minimum 
Maximum 

1486 
2025 

1.80 
0.90 

39.36 
39.36 

1467 
2049 

 -1.3 
  1.2 

3 to 2 0.75 Minimum 
Maximum 

1438 
1978 

1.80 
1.08 

26.24 
26.24 

1525 
1949 

  6.1 
 -1.5 

4 to 2 1.00 Minimum 
Maximum 

1400 
1939 

1.80 
1.26 

26.24 
26.24 

1459 
1845 

  4.2 
 -4.8 

2 to 1 2.00 Minimum 
Maximum 

1246 
1785 

1.80 
1.26 

23.62 
23.62 

1478 
1763 

18.6 
 -1.2 

3 to 1 3.00 Minimum 
Maximum 

1092 
1631 

2.70 
1.44 

26.24 
26.24 

1195 
1551 

  9.4 
 -4.9 

4 to 1 4.00 Minimum 
Maximum 

  938 
1477 

2.70 
1.62 

39.36 
39.36 

  947 
1390 

  1.0 
 -5.9 

1 VISSIM default: 0.9 s 
2 VISSIM default: 13.12 ft 
3 Between VISSIM and 3-107 model 

 

As a final step in the capacity calibration in VISSIM, the authors developed a regression 

model to fine tune the cc1 parameter value while holding the cc2 parameter at an optimum 

level.  Figure 4.4 shows a 2 to 1 regression model to estimate cc1 values depending on 

average QDR while holding cc2 value (23.62 ft) constant as presented in Table 4.12. 
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Figure 4.4  Regression model development for cc1 estimation (2 to 1) 
 
 
 
The authors was able to obtain a regression model as shown below with an R-square value of 

0.9913 using the data shown in Figure 4.4: 

cc1 = -0.0023 × Avg QDR + 5.3146 (s)                                                    (4-2) 

For instance, when an analyst intends to estimate cc1 knowing the average QDR at a work 

zone should be 1,500 pc/h/ln, the cc1 can be obtained as cc1 = -0.0023 × 1,500 + 5.3146 = 

1.66 (s).  Following to a consistent method, the authors proposes cc1 estimation regression 

models for all lane configurations as shown in Table 4.13. 
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Table 4.13  Regression model results for cc1 estimation 
Lane 
configuration 

LCSI cc2 (ft) cc1 (s) estimation regression model R-square 

4 to 3 0.44 39.36 -0.0015 × Avg QDR + 3.9346 0.9950 

3 to 2 0.75 26.24 -0.0020 × Avg QDR + 5.0041 0.9807 

4 to 2 1.00 26.24 -0.0019 × Avg QDR + 4.7155 0.9245 

2 to 1 2.00 23.62 -0.0023 × Avg QDR + 5.3146 0.9913 

3 to 1 3.00 26.24 -0.0041 × Avg QDR + 7.7741 0.9937 

4 to 1 4.00 39.36 -0.0022 × Avg QDR + 4.7177 0.9694 

 
 
 
4.6 Conclusions and Recommendations 

The authors developed and presented a method to provide VISSIM guidance for freeway 

work zone QDR estimation consistent with the NCHRP 3-107 model predictions.  While 

developing the guidance, several key points were identified as listed below: 

·  Both generic and lane configuration specific VISSIM guidance to estimate freeway 

work zone QDR was provided based on lane use balance verification for multiple 

lane configurations. 

·  Among the various car following parameters in VISSIM, cc1 and cc2 were identified 

to be the key parameters that need adjustment for the purpose of work zone QDR 

replication. 

·  Having specifically adjusted lane changing parameters and varying cc1 and cc2 car 

following parameters will allow the analyst to replicate any work zone QDR in 

VISSIM consistent with the empirical model predictions.  Regression models were 

also proposed to estimate cc1 parameters while holding cc2 parameters constant. 
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·  The hypothesis that the need to use higher cc1 and cc2 rather than use the default 

values provided by VISSIM under a work zone condition was confirmed.  This 

hypothesis supports the fact that drivers tend to maintain longer distances and greater 

time headway when passing through freeway work zones. 

The authors are hopeful that agencies managing and operating freeway work zones can apply 

this microsimulation guidance to better predict operations within work zones.  Further 

calibration work is needed to address other issues with special work zone locations and 

configurations including on and off-ramps, crossovers, and tow-lane, two-way operations. 
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5. SIMULATION OF WORK ZONES IN PROXIMITY OF FREEWAY 

INTERCHANGES 

5.1 Introduction 

According to the FHWA, work zones are responsible for 24 % of the congestion and delay 

on freeways in the U.S. (FHWA 2014).  Considering the aging transportation infrastructure 

in the US, it is becoming inevitable to encounter freeway work zone sites in major 

metropolitan areas on facilities with high traffic loads, which result in potentially significant 

impacts on mobility for drivers.  To assess and predict these impacts, agencies need to have 

efficient and reliable tools to estimate work zone capacity and free-flow speed, as well as 

their effects on congestion and delay.  The National Cooperative Highway Research Program 

(NCHRP) 03-107 project proposed models for predicting freeway work zone capacity and 

free-flow speed in a Highway Capacity Manual context using nationwide data (Hajbabaie et 

al. 2015; Yeom et al. 2015a). 

The NCHRP project resulted in several key findings about work zone operations.  First, the 

average difference between pre-breakdown and average queue discharge rate capacity was 

found to be 13.4% (Yeom et al. 2015a).  In addition, under NCHRP 3-107, the authors 

developed guidance that allow analysts to replicate freeway work zone conditions in the 

VISSIM microsimulation tool (PTV AG 2013; Yeom et al. 2015b).  Using the guidance, 

users are able to adjust VISSIM car following and lane changing parameters that yield the 

appropriate mainline work zone capacity matching the field data.  The guidance, however, 

focused on basic freeway mainline segments without any consideration of the merge, 

diverge, and weave in the proximity of work zones. 
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In this paper, the authors expand VISSIM experiments to incorporate the effects of on-ramp 

merges, off-ramp diverges, and weaves.  Using calibrated models for basic segments from a 

prior effort, the analysts intend to examine interchange and ramp effects within a work zone 

on the estimated operations.  The resulting guidance will help agencies with planning and 

managing freeway work zone sites, and better estimate delay and queues under various work 

zone conditions.  A key principle in the proposed VISSIM experiments was to test how ramp 

demand affects the share of segment capacity available to mainline traffic, and thus look for 

strategies to control this demand (via ramp metering for example) to maintain a prescribed 

freeway capacity through the work zone. 

 

5.2 Objectives and Scope 

The objective of the study was to understand freeway work zone traffic behavior using a 

microscopic simulation program, VISSIM.  The study aimed to find how mainline 

throughput was affected due to vehicle movements at interchanges.  To do so, a maximum 

mainline throughput was estimated, while examining merge ratios by comparing ramp 

demand and flows.  This provided an opportunity to understand how a merge or weaving area 

might be planned and managed under work zone condition.  The merge ratio was estimated 

from ramp volume divided by downstream per lane volume.  A more detailed explanation is 

presented in the methodology. 

Three different work zone lane configurations (total to open lanes: 4 to 3, 3 to 2, and 2 to 1) 

were tested.  The 2 to 1 lane configuration with an on-ramp was examined in the greatest 
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detail.  Throughout the study, the car following and lane changing parameters of the VISSIM 

calibrated from the previous study were used herein for consistency (Yeom et al. 2015b). 

 

5.3 Literature Review 

Sun et al. (2013) explored the impact of a ramp capacity reduction effort for work zones.  

They analyzed seven work zones located on I-70 and US 63 near Columbia, MO.  All sites 

had a 2 to 1 lane closure condition and an on-ramp.  Sun et al. used VISSIM to estimate the 

effect of ramp metering in terms of total delay after calibrating and validating the simulation 

program using data collected in the field.  They showed that the total delay could be 

decreased by as much as 48 % by installing a temporary ramp meter during congested 

conditions.  Their analysis is useful in understanding the ramp metering effect in work zones, 

but it was limited to having a relatively constant portion of ramp volume (around 30 %) 

compared to total volume. 

In other work, four short term work zone locations on a freeway (I-410) in San Antonio, TX 

were analyzed to determine the effects of diversion for an on- and off-ramps under congested 

conditions by Ullman (1996).  The author examined a 3 to 1 upstream lane closure queueing 

conditions, comparing on- and off-ramp volumes, separately.  The analysis showed that there 

is a measurable relationship between upstream queueing distance and on-ramp volume 

reduction.  In the case of off-ramps, the relationship became much weaker than in the on-

ramp case.  For the purpose of theses comparisons, Ullman collected data both before and 

during the lane closure condition, and studied correlations between mainline and ramp 

volume levels. 
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Gomes et al. (2006) used a microscopic simulation program, VISSIM, to simulate a relatively 

complex 15-mile stretch of Interstate freeway including 20 on-ramps with metered control.  

They conducted a qualitative assessment of on-ramp traffic behavior by comparing queue 

lengths on the ramps.  The authors concluded that VISSIM was capable of realistically 

simulating complex freeway conditions. 

Chatterjee el al. (2009) identified VISSIM parameters which determined freeway work zone 

capacity and recommended applicable values to replicate the capacity for two types of work 

zone lane closure configurations, 2 to 1 and 3 to 2.  They proposed to adjust cc1 and cc2, the 

car following and safety distance parameters, in VISSIM.  Their work is useful for 

replicating freeway work zone conditions anticipating appropriate capacity values for the 

specific lane configuration.  However, they assumed a constant speed distribution for the two 

lane configurations.   

Beacher et al. (2005) discussed the results of simulation experiments of the late merge effect 

on freeway work zone lane closures.  They compared throughput variances that were 

estimated in the simulation under various lane configurations, free-flow speeds, heavy 

vehicle presence, and demand volumes.  They provided preliminary guidelines for the 

application of late merges at freeway work zones subject to lane closure conditions. 

Rouphail et al. (2015) studied flow allocation for mainline and ramp vehicle at downstream 

merge areas for the capacity condition.  They tested four different merge allocation models to 

select the one that best corresponds to real world data.  They also proposed an empirical 

model to predict merge ratios based on ramp demand and acceleration lane length. 
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Previous studies clearly indicated that there was a relationship between mainline and ramp 

traffic operational performance in freeway work zones.  Also, this relationship was replicated 

in a microsimulation environment.   

While some of the above research explored operations of freeway work zones in merge and 

diverge areas, there remains a knowledge gap in understanding maximum mainline 

throughput following to various work zone conditions such as different lane configurations in 

the proximity of interchanges.  The studies were also limited in looking at the effects of 

varying ramp demands, and lengths of acceleration or deceleration lanes. The literature 

review suggested that there is a need for research investigating the operational performance 

of mainline work zones in the vicinity of interchanges under congested condition.   

 

5.4 Methodology 

In this section the basic settings for the VISSIM experiments (and variations) are explored to 

analyze the effect of merge, diverge, and weaving segments under various traffic levels in a 

work zone.  All configurations were coded in VISSIM as shown in Figure 5.1.  The length of 

the upstream freeway zone was set to 1.5 miles to provide sufficient distance to simulate the 

congested conditions of queuing and delay on the freeway.  The two-lane freeway mainline is 

connected to the one-lane freeway work zone link that stretched for 0.5 mile.  This 

connection is represented in VISSIM by a 200 ft connector.  In the middle of the work zone, 

around 1,320 ft downstream of the lane closure point, acceleration and deceleration lanes are 

provided with varying lengths. 
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Three virtual detectors for data collection were placed in the simulation model: the first is 

located about 100 ft downstream of the lane closure. The second is about 100 ft downstream 

of the lane merge and diverge at the end of the acceleration and deceleration lanes to measure 

queue discharge flow rate ahead of and after the on-ramp merge or off-ramp diverge.  The 

last detector is located at the end of the on- or off-ramp to measure ramp volumes. 
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Figure 5.1  Interchange configuration for VISSIM basic coding 

 
 
 
Approach and regulatory speed limits were considered.  Vehicles were coded to enter the 

freeway with a free-flow speed distribution obtained from three empirical sensor databases 
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(RITIS, PeMS, and Traffic.com), as a function of the lane closure configuration (California 

Department of Transportation 2014; CATT Lab 2014; Traffic.com 2014).  For example, the 

average free-flow speed for a 2 to 1 lane configuration was obtained from a sensor database 

in Maryland (normal distribution with mean=56.8 mph, standard deviation=3.0 mph).  

Additionally, on- and off-ramp vehicle speed distribution were applied at the starting point of 

the acceleration/deceleration lane using a speed of 35 mph. 

Table 5.1 shows the proposed VISSIM calibration parameters used in this study, based on 

previous research for capacity calibration at freeway work zones (Yeom et al. 2015b). 

 

Table 5.1  VISSIM parameter setting for work zone configurations 
Parameters VISSIM Default Setting Special WZ 

Configurations Setting 
cc0 (ft) 4.92 4.92 
cc1 (s) 1 0.9 1.62 
cc2 (ft) 1 13.12 23.62 
cc3 (s) -8.00 -8.00 

cc4 (ft/s) -0.35 -0.35 
cc5 (ft/s) 0.35 0.35 

cc6 11.44 11.44 
cc7 (ft/s2) 0.82 0.82 
cc8 (ft/s2) 11.48 11.48 
cc9 (ft/s2) 4.92 4.92 

Safety Reduction Factor 0.6 0.6 
Lane Change Distance (ft) 1 656.2 3,281.0 

Necessary Lane Change 
-1 ft/s2 per distance (ft) 1, 2 

200 100 

Maximum Deceleration for Cooperative 
Lane Braking (ft/s2) 1 

-9.84 -20 

1 Specified parameters other than default value 
2 For both subject and trailing vehicles 
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Parameters are applied to both the upstream and work zone links.  The lane change distance 

is applied to all VISSIM connectors in Figure 5.1.   

 

5.4.1 On-ramp Merge Experimental Design 

In this study, 120 scenarios were generated by varying work zone lane closure configuration, 

the length of the acceleration lane, and the on-ramp volume, as presented in Table 5.2.  

Mainline demand input was fixed at 2,000 pc/h/ln, consistent with the mainline analysis, 

generating queue discharge flow just downstream of the lane closure point.  The objective 

was to determine how much of the work zone throughput is available for the freeway 

mainline traffic. 

 

Table 5.2  VISSIM experimental design for merge areas 
Work Zone Lane 
Configurations 

Acceleration Lane 
Length (ft) 

Mainline Demand 
Volume (pc/h/ln) 

On-ramp Demand 
Volume (pc/h/ln) 

2 to 1, 3 to 2, 4 to 3 100’ ~ 1,500’ in 200’ 
incremented 

2,000 0, 250, 500, 750, 
1,000 

 
 
 

5.4.2 2 to 1 Merge Ratio Experimental Design 

The 2 to 1 work zone with an on-ramp merge condition was examined in more detail by the 

merge ratios under both demand and service flow conditions.  The merge ratios, as defined 

by Rouphail et al. (2015), were adopted as: 
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Where, 

 NL           = Number of mainline lanes upstream or downstream of the merge point, 

 Rdemand     = Ramp demand flow rate (pc/h), 

 Mdemand    = Mainline demand flow rate (pc/h), 

 Rflow         = Ramp flow rate (pc/h), and 

 Mdown_flow = Mainline flow rate (pc/h). 

The authors also modeled a work zone located downstream of the on-ramp merge point, as 

well as a work zone with overlap of the on-ramp merge point as depicted in Figure 5.2. 

 

 

Figure 5.2  Alternative positioning of work zones with respect to ramp location 
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In Figure 5.2, the top diagram shows a work zone located downstream of the on-ramp merge 

point, while the bottom one shows the work zone overlapping with the on-ramp merge area.  

The differences in merge ratios will be compared and analyzed for each condition.  Thus, a 

merge ratio of 0.4 downstream of the merge area implies that 60 percent of the flow is 

allocated to mainline vehicles, per Equation (5-2). 

Two sets of scenarios were generated.  For the case where the work zone is downstream of 

the merge area, a total of 243 scenarios were generated.  Within the merge area, 81 scenarios 

were generated.  Both scenarios are described in Table 5.3. 

 

Table 5.3  VISSIM experiment design for merge ratio analysis 
Downstream of On-

ramp Merge Segment 
(ft) 1 

Acceleration Lane 
Length (ft) 

Mainline Demand 
Volume (pcph) 

On-ramp Demand Volume 
(pcphpl) 

0, 1000, 2640 300, 700, 1100 500, 1000, 4000 0 ~ 2000 in 250 increments 

1 Available only work zone located at downstream of merge area 

 

5.4.3 Off-ramp Diverge Experimental Design 

For the off-ramp diverge experiments, 120 scenarios were generated by varying the work 

zone lane closure configurations, length of the deceleration lane, and off-ramp input volume 

percentage, as presented in Table 5.4.  The latter percentages were calculated from the off-

ramp exit volume and the mainline total input volume for each lane configuration in 

VISSIM.  Thus, the actual number of vehicles destined to the off-ramp depends on the work 

zone configurations. 
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Table 5.4  VISSIM experiment scenarios for diverge areas 
Work Zone Lane 
Configurations 

Deceleration Lane 
Length (ft) 

Mainline Demand 
Volume (pcphpl) 

Off-ramp Demand 
Volume Percentage 

2 to 1, 3 to 2, 4 to 3 100~1,500 in 200 
increments 

2,000 0.0, 6.3, 12.5, 18.8, 
25.0 (%) 

 
 
 

5.4.4 Weave Experimental Design 

For the weave experiments, 144 scenarios were generated as presented in Table 5.5. 

 

Table 5.5  VISSIM experiment scenarios for weaving areas 
Work Zone Lane 
Configurations 

Auxiliary Lane 
Length (ft) 

Mainline Demand 
Volume (pc/h/ln) 

Weaving Volume (pc/h) 

2 to 1, 3 to 2, 4 to 3 100, 500, 1000, 1500, 
2000, 2500, 3000, 

3500 

2,000 0 ~ 2000 in 400 increments 

 
 
 
In Table 5.5, combining all the scenarios together, a total of 192 experiments are to be tested 

for the weaving VISSIM analysis.  The authors used the same level of weaving volume for 

both the mainline and ramp.  Thus, if the weaving volume is 400 pc/h, then both mainline 

and on-ramp have a total of 800 pc/h weaving volume in the system.  A ramp-to-ramp 

demand was not considered in the experiment since a very limited number of the demand 

was expected in the field. 

In the overall VISSIM experiments, a 300-second warm-up time, a 3,600 second simulation 

time, and a traffic stream with all passenger vehicles were used to estimate average flow rate 

(throughput) in units of pcphpl.  The authors conducted five simulations replication of each 
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scenario to account for the stochasticity of the process.  Thus, the total number of simulation 

runs totaled 3,540.   

 

5.5 VISSIM Experiment Results 

The results of the VISSIM experiments are presented and are separated as a function of the 

lane closure severity index (LCSI) variable defined in prior research (Yeom et al. 2015a).  

The LCSI can be estimated as follows: 

LCSI = �
W�	�����
������������

�E�
������������� 2                                                       (5-3) 

For instance, a 2 to 1 lane configuration has the LCSI value of 2, a 3 to 2 has 0.75, and a 4 to 

3 has 0.44, respectively.  Thus, the LCSI represents the lane closure severity condition for 

each lane configuration. 

 

5.5.1 On-ramp Merge Result 

Figure 5.3 presents the results of the VISSIM experiments divided by (a) the estimated actual 

number of throughput vehicles and (b) the proportion of mainline flow rate for various LCSI.  

These results were estimated upstream of the merge area where the freeway work zone lane 

closure just started.  Only the case of acceleration lane length, 700 ft, was presented in Figure 

5.3 after confirming that the variation of the acceleration lane length did not usually make a 

considerable difference in the experiment results.  Additional on-ramp merge analysis results 

are provided in appendix F. 
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Figure 5.3  On-ramp merge VISSIM experiment results at the upstream work zone 
 
 
 
In Figure 5.3, the authors identified key observations as follows: 

�  For the 0 pc/h on-ramp input volume case in the 2 to 1 lane configuration (LCSI = 

2.00), the results show a mainline volume around 1,580 pc/h/ln upstream of the lane 

merge area.  These results are consistent with a previously completed mainline 
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VISSIM analysis, since the condition of zero on-ramp vehicle volume should be 

identical with mainline only freeways without on-ramp merge areas (Yeom et al. 

2015b).  All the proportion values are 1.00 for the zero on-ramp demand condition, as 

there is no decrease expected for the mainline flow. 

�  There is a large volume reduction on average mainline throughput estimated upstream 

of the lane merge area depending on the level of on-ramp demand volume.  The 

higher the on-ramp volume, the lower mainline throughput flow rates are observed.  

For example, in the proportion results of the LCSI value of 2.00 the mainline 

proportion decreases from 1.0 down to 0.40 as the on-ramp demand increases up to 

1,000 pc/h.  Here it should be noted that the mainline throughout proportion 

decreased a lot due to the work zone lane closure.  Originally, in the demand volume 

condition the proportion of mainline should be 0.8 (4,000/5,000 pc/h) while the on-

ramp is 0.2 (1,000/5,000 pc/h).  However, under the lane closure condition, the 

mainline loses about half its capacity, and thus eventually its proportion decreases 

down to 0.4 in this scenario. 

�  The lane closure condition that can be presented by the LCSI (Lane Closure Severity 

Index) values also shows a great impact on the number of throughput available for the 

upstream system.  For example, under the 700 ft acceleration lane and 1,000 pc/h/ln 

on-ramp demand condition, the estimated upstream system throughput was 1,266, 

1,096, and 638 (pc/h/l) for the LCSI values of 0.44, 0.75, and 2.00, respectively.   

�  Only the 2 to 1 lane configuration shows a limited effect from the different level of 

acceleration lane length as shown in appendix F.  As the acceleration lane length 
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increases, the average throughput estimated upstream of the merge area decreases.  

This is due to difficulties of the on-ramp vehicles entering the mainline freeway with 

the short length of the acceleration lane.  As a result, the mainline upstream of the 

merge area shows a higher mainline vehicle throughput with a shorter acceleration 

lane length, but it will surely create longer ramp vehicle delays and queues.  

However, the rest of the lane configurations such as 3 to 2, and 4 to 3 did not show a 

clear effect from the acceleration lane length, which was presumably due to the fact 

that vehicles on the mainline were easily able to change lanes whenever conflicts with 

on-ramp vehicles were expected.  Thus, the effect of the level of acceleration lane 

length might be negligible in those cases of having more than two mainline lanes 

remaining in the work zone at the merge area. 

 

5.5.2 2 to 1 Merge Ratio Result 

The authors further experimented with different merge ratios for the 2 to 1 lane configuration 

for a freeway work zone with an on-ramp merge area.  As previously explained in the 

methodology, merge ratios based on both demand and estimated flow are presented in Figure 

5.4.  Merge ratios (y-axis) are related to on-ramp demand (x-axis) and mainline demand 

(each category).  It should also be noted that the distance between the end of acceleration 

lane and the work zone merge point (downstream of on-ramp merge segment in Figure 5.2) 

was set to 1,000 ft followed by the effect due to the variation of the distance thereafter. 
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Figure 5.4  Merge ratio VISSIM experiment results 
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In Figure 5.4 the first diagram (a) presents merge ratios calculated by demand volumes from 

mainline and on-ramp.  Thus, it is identical regardless of work zone location whether it’s 

located downstream or in the overlapping of merge area.  The next two diagrams (b) and (c) 

depict merge ratios estimated by flow, and they provide different results depending on the 

work zone location.  Eventually, the merge ratios by flow show the mainline flow allocation 

when there is on-ramp volume for various conditions.   

There are several key observations from the figure as follows: 

�  Merge ratios by demand and flow show a clear difference, especially at the high level 

of mainline demand.  In the 4,000 pc/h mainline demand condition the merge ratio by 

demand shows at most a value around 0.3 at the high on-ramp demand condition. But 

the merge ratio by flow has significantly higher values of up to 0.6 in the overlapping 

work zone case.  This is presumably due to the fact that there is a limitation on 

mainline flow when passing through a work zone having only one lane.  Even if the 

mainline demand was set to 4,000 pc/h, the actual number of vehicles that were able 

to pass the work zone should be much lower than that. 

�  Work zone location also shows a great effect on the merge ratio by flow, especially at 

the high level of mainline demand.  The work zone with overlapping merge area 

condition has higher merge ratios than the work zone located downstream of merge 

area.  This is due to the fact that the downstream work zone case has two lanes of 

mainline at the on-ramp merge point, while the overlapping work zone case has only 

one lane of mainline.  Therefore, the downstream work zone case is more 

advantageous for mainline traffic than the overlapping condition.  The magnitude of 
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that advantage varied due to several factors, but a 50 percent average increase in flow 

allocation was observed when both mainline and on-ramp flow were relatively high 

(more than 1,000 pcph).  However, when the level of mainline demand is low (like 

500 pc/h), there is no distinctive difference between the two cases.  This means that 

the level of 500 pc/h mainline volume can be accommodated smoothly even in the 

one lane mainline configuration. 

�  Merge ratios by peak flow were found to depend on the mainline demand and the 

work zone location.  For instance, when the mainline demand is low on the order of 

500 pc/h, a merge ratio of 0.7 is observed for both work zone location cases (b and c).  

On the other hand, when the mainline demand is relatively high (like 4,000 pc/h), the 

peak merge ratio varied considerably depending on the work zone location.  The peak 

merge ratio of 0.6 is observed for work zone overlapping merge areas, while 0.25 is 

observed if the work zone is located downstream of the merge area.  This is also due 

to the fact that the downstream work zone condition has two lanes of mainline at the 

merge point, providing beneficial allocation for the mainline compared to the work 

zone overlapping condition. 

�  On the contrary to the merge ratio by demand, stabilized levels of merge ratio by flow 

were observed for all levels of mainline demand.  Depending on the location of the 

work zone and mainline demand levels, the merge ratio was stabilized at a certain 

level and it meant a minimum mainline flow proportion even at the high on-ramp 

demand condition.  
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For the case of work a zone located downstream of merge area, it was possible to further 

examine the effect from the variation of the distance between the end of merge area and the 

work zone lane closure point where the merge ratios were estimated.  It was originally set to 

1,000 ft in the previous example, but the analysts tested 0 ft and 2,640 ft cases additionally to 

test for any effect from them. 

 

 

Figure 5.5  Merge ratios for various distance of downstream of on-ramp merge segment 
 
 
 
Figure 5.5 depicts merge ratios obtained when the mainline demand was set to 4,000 pc/h.  

When the on-ramp demand was 250 pc/h, there was no considerable effect from the variation 

of the distance.  However, when the on-ramp demand was set to either 750 or 1,250 pc/h, the 

merge ratio varied depending on the distance of the downstream of on-ramp merge segment.  

The merge ratios has decreased as the distance increased up to a certain point, and it meant 

that the mainline had an advantageous flow allocation when the distance increased especially 
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at the high flow rate condition on both mainline and on-ramp.  In other words, the longer the 

distance is from the on-ramp merge to work zone lane closure point, the higher the resulting 

flow allocation for the mainline flow (in  congested conditions).  This phenomenon is 

presumably due to the fact that mainline vehicles are able to change lanes after they pass the 

on-ramp merge point having less conflicts at the merge point on mainline.  Therefore, having 

additional length downstream of on-ramp merge segment appears to be beneficial for 

mainline vehicles, since they do not have to change lanes before or at the merge point having 

relatively severe conflicts on mainline.  There was no distinctive differences when the 

mainline demand was low, either 500 or 1,000 pc/h. 

 

5.5.3 Off-ramp Diverge Result 

Figure 5.6 presents the results of the VISSIM experiments divided by (a) the estimated actual 

number of throughput vehicles and (b) the proportion of mainline flow rate for various LCSI.  

They were estimated upstream of the diverge area where freeway work zone lane closure just 

started.  Only the case of deceleration lane length, 700 ft, is presented below, since other 

distances showed similar results consistent with the merge area findings presented above.  

Additional off-ramp diverge analysis results are provided in appendix G. 
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Figure 5.6  Off-ramp diverge VISSIM experiment results upstream work zone 
 
 
 
In Figure 5.6, the authors identified several key observations as follows: 

�  In the off-ramp diverge analysis results, as the off-ramp demand increases, the 

average mainline throughput decreases downstream of the diverge area.  This was 

expected since the downstream detector was installed on the mainline and therefore, 
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the average throughput at the mainline should be decreased with the increased 

number of off-ramp vehicles. 

�  There was no considerable variation observed for mainline throughput by different 

work zone lane configurations presented with different level of LCSI values.  The 

number of vehicles estimated downstream of the diverge area decreased slightly as a 

function of increasing LCSI values, but the proportion of work zone capacity 

available for mainline showed consistent results.  This result indicates that the lane 

configuration is irrelevant to the mainline throughput proportion when there are 

different levels of off-ramp diverge demand.  Apparently, it is not the lane 

configuration but rather the off-ramp demand that governs the mainline throughput 

proportion.  Accordingly, it is straightforward to predict mainline flow allocation as a 

function of the level of off-ramp demand.  The subtraction of the off-ramp demand 

percentage to mainline flow is likely to predict mainline flow allocation. 

�  The deceleration lane length also did not show any considerable impact on mainline 

throughput at the off-ramp diverge case throughout numerous work zone lane 

configurations.   

 

5.5.4 Weave Result 

Figure 5.7 presents the results of the VISSIM experiments divided by (a) the estimated actual 

number of throughput vehicles and (b) the proportion of mainline flow rate for various LCSI.  

They were estimated upstream of the weave area where freeway work zone lane closure just 
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started.  Only the case of auxiliary lane length, 1,000 ft, was presented in this figure.  The 

effect of the auxiliary lane length is followed thereafter.  Additional weave analysis results 

were provided in appendix H. 

 

 

Figure 5.7  Weave VISSIM experiment results upstream work zone 
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In Figure 5.7, the authors identified key observations as follows: 

�  The weaving volume has a great effect on the level of mainline throughput.  The 

effect increases as the value of LCSI increases.  This result indicates that severe lane 

closure condition brings unbeneficial condition for mainline flow to pass through 

weaving area.   

�  The result shows that a relatively high weaving volume does not make any difference 

at the severe lane closure condition like the LCSI value of 2.00.  This is probably due 

to the fact that the 2.00 LCSI work zone has only one lane open on mainline, while 

the 0.75 LCSI has two lanes on mainline, respectively.  Thus, the LCSI 0.75 

condition can be operated more efficiently accommodating 1,600 pc/h and 3,200 pc/h 

weaving volume differently.  However, in the case of the LCSI 2.00, the weaving 

volume of 1,600 pc/h already triggered the maximum allocation for the mainline flow 

under that condition of the lane configuration. 

In case of the freeway work zone having a weave condition, the authors analyzed VISSIM 

data estimated at the work zone lane closure point, which was located at the upstream of 

weave area.  Figure 5.8 depicts the proportion of the work zone throughput utilized by 

mainline flow depending on weaving volume and auxiliary lane length conditions in the 4 to 

3 scenario.   
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Figure 5.8  Available mainline throughput at the weave condition (LCSI=0.44) 
 
 
 
In Figure 5.8, as the weaving volume increases up to 2,000 pc/h, the capacity allocation to 

mainline flow decreases.  This is intuitive, because mainline flow should be affected in 

passing through the weave area with the increased number of vehicles.  Another distinctive 

observation was that the auxiliary lane length showed a great effect on the mainline up to a 

certain level, but then the effect levels off.  As the auxiliary lane length increases, the 

mainline allowable proportion also increases, which indicates that the mainline flow benefits 

in proceeding through the work zone with a longer auxiliary lane length in the weaving area.  

This is presumably due to the fact that vehicles can change lanes more easily with the longer 

auxiliary lane lengths, and thus the mainline also has a better condition under the longer 

auxiliary lane.  The effect of the longer auxiliary lane is different depending on volume 

ratios, and the higher volume ratio case needs the longer auxiliary lane to reach the maximum 
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level of the proportion of work zone capacity for mainline flow.  The rest of lane 

configurations also showed similar pattern, and they are available in appendix H. 

 

5.6 Conclusions and Recommendations 

Having previously calibrated VISSIM parameters for freeway work zone mainline 

conditions, the authors have experimented with several special work zone conditions (merge, 

diverge, and weave), to find the proportion of maximum throughput for the mainline flow.  In 

addition, a 2 to 1 work zone with an on-ramp merging condition was explored further to 

predict merge ratio at the downstream of the merge area. 

The authors conclude several key points as follows: 

·  The presence of a work zone with a lane closure had a considerable effect on the 

proportion of mainline throughput in the on-ramp merge condition.  In the example of 

the LCSI 2.0 scenario, the mainline proportion decreased down to a half, from 0.8 to 

0.4, under the condition of 4,000 pc/h mainline demand and 1,000 pc/h on-ramp 

demand.  Therefore, agencies should be aware of this effect when planning and 

analyzing work zones with a mainline lane closure and on-ramp condition.  A 

considerable mainline throughput decrease should be expected and thereby prepared 

following to each work zone condition to maintain expected level of operation 

performance. 

·  Acceleration and deceleration length did not show a distinctive effect on the variation 

of the mainline proportion.  Only the 2 to 1 lane configuration in the merge condition 
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shows a limited effect from the different acceleration lane length.  In other words, 

agencies are recommended to exercise caution in deciding the acceleration and 

deceleration lane lengths when the LCSI value is expected to be higher than 2.00.  In 

these conditions, agencies are recommended to avoid very short (like less than 100 ft) 

acceleration and deceleration lane lengths whenever possible. 

·  In the analysis of the 2 to 1 merge ratio, the location of the work zone (whether 

downstream or overlapping merge area) yields considerably different results for 

elevated high mainline demand conditions exceeding 1,000 pc/h.  Mainline traffic 

appears to benefit when the work zone is located downstream of the merge area in 

terms of the proportion of the total flow, since the merge area has two lanes on 

mainline versus one lane when the work zone overlaps merge area.  As such, agencies 

should have different operational plans depending on the location of the work zone.  

Additionally, the study showed that a certain level of stabilized merge ratio by flow 

depending on work zone location and mainline demand volume.  Specific merge ratio 

values presented in this study would be benefit in planning and analyzing expected 

the mainline proportion of vehicles under the specific work zone condition. 

·  Under the high demand conditions for both mainline and on-ramp, the merge ratio 

decreased 28 % when the downstream of on-ramp merge segment distance increased 

from 0 to 1,000 ft.  However, the merge ratio did not change significantly when the 

distance increased up to 2,640 ft.  Thus, there appears to be a minimum separation 

distance between the merge area and a downstream work zone that is helpful for 



 

123 

maintaining high throughput of mainline traffic.  In the 2 to 1 merge scenario, it was 

recommended as 1,000 ft, but it might be different for each lane configuration. 

·  LCSI did not show a substantial effect on the mainline proportion in the off-ramp 

diverge case.  It was straightforward to estimate the mainline proportion by 

subtracting off-ramp demand percentage to mainline flow in the VISSIM experiment.  

Therefore, agencies are expected to predict the downstream mainline throughput level 

once they estimate off-ramp volumes.   

·  In the weave area condition experiment, the weaving volume, LCSI, and auxiliary 

lane length all showed a great effect on the mainline flow proportion.  In the LCSI of 

0.44 scenario the mainline proportion increased 11 % per 500 ft additional auxiliary 

lane length until it reached a maximum point on average of all tested weaving 

volumes.  The most appropriate auxiliary lane length for the maximum mainline 

throughput was also identified as from 500 ft for 400 pc/h weaving volume to 2,000 ft 

for 2,000 pc/h weaving volume in the LCSI of 0.44 condition. 

This paper provides a range of experimental results, as well as modeling methodologies for 

the VISSIM microscopic simulation program using calibrated parameters for freeway work 

zone with merge, diverge and weave conditions.  Agencies and transportation engineers are 

recommended to consider the methodology presented in this paper when they plan or manage 

freeway work zone in proximity of freeway interchanges considering the proportion of 

mainline flow.  For instance, whenever agencies need to meter ramp traffic volume or control 

work times, they would be able to predict congestion or delay following to expected mainline 

throughput presented in this research. 
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6. CONCLUSIONS AND RECOMMENDATIONS 

This research provided predictive methodologies at the macroscopic and microscopic levels 

to assess freeway work zone operational performance.  This research distinguishes itself from 

prior efforts, in that it was the first freeway work zone operational performance study that has 

used nationwide data from three different sources: field video data, sensor data, and literature 

archives.  After an extensive data collection and statistical model development effort, both 

freeway work zone capacity and free-flow speed models were proposed, along with other 

valuable insights and observations such as the relationship between queue discharge and pre-

breakdown flow, and the calibration and validation of a speed-flow traffic stream model to 

describe work zone operations across the full range of volume levels.  Additionally, both 

generic and lane configuration specific microsimulation program guidance was developed for 

agencies and researchers who are interested in evaluating their specific work zone conditions 

using micro simulation.  A summary of outcomes in each of these key areas is presented in 

the following sections.  

 

6.1 Freeway Work Zone Capacity Model 

In the process of the literature synthesis and analysis efforts of archival data in the literature 

to estimate freeway work zone capacity, the research found an average 13.4 % capacity drop 

from the pre-breakdown flow rate to the queue discharge flow rate capacity at freeway work 

zones.  While this two-capacity phenomenon is well recognized in the literature, no such 

guidance was available for work zones.  Current guidance in the Highway Capacity Manual 



 

125 

identifies an average of around 5 to 7 % of capacity reduction for non-work zone conditions. 

The findings from this work showed that the capacity drop decrease for work zones is almost 

twice the current HCM non-work zone default. 

From the combined work zone capacity dataset, the research developed and recommended a 

freeway work zone capacity prediction model based on lane closure severity index, barrier 

type, area type, lateral distance, and day or night condition.  Among the variables, the lane 

configuration severity had the most significant effect on queue discharge flow rate followed 

by the barrier type and area type.  Using the model proposed, agencies and transportation 

engineers can practically and reliably predict the average queue discharge rate for a freeway 

work zone.  In the capacity model, the lane configuration proved to be one of the greatest 

factors affecting the work zone capacity level.  The research then created a new variable 

(lane closure severity index), which could be used to explain every possible work zone lane 

configuration.  

In addition, the proposed model distinguishes barrier type (hard vs. soft) as opposed to the 

duration of work zones (long vs. short) found in the HCM.  Because the long- or short-term 

work zone distinction was hard to objectively separate in each case, the model adopted 

barrier type rather than work zone duration.  In general, a concrete type barrier was more 

likely to correspond to a long-term work zone, and conversely, a soft barrier to a short term 

work zone. In general, the proposed model is more intuitively appealing than the current 

HCM model, and suggests lower capacities for work zones with soft barriers than hard 

barriers.  
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Further, a distinction of area type between urban and rural work zones was introduced, 

consistent with definitions provided in the HCM (Transportation Research Board 2010).  An 

urban area represents “high densities of development or concentrations of population, 

drawing people from several areas within a region” and the rural area represented “widely 

scattered development and a low density of housing and employment.”  The area type 

variable yielded lower capacities for rural work zones. 

Finally, heavy vehicle presence was analyzed in the development of the capacity model, but 

their effect was found to be generally weak and not statistically significant.  After additional 

examination of headways between passenger and heavy vehicles, the research concluded that 

a passenger car equivalent value of 1.5 provided in the HCM was appropriate to use in work 

zones in level terrain. 

 

6.2 Freeway Work Zone Free-Flow Speed Model 

The research recommends a freeway work zone free-flow speed prediction model based on 

speed limit ratio under non-work zone to work zone conditions, work zone speed limit, lane 

closure severity index, barrier type, day or night condition, and total ramp density.  The LCSI 

again played a major role in the FFS model, similar to the capacity model.  Accordingly, 

work zone lane configuration should be systematically and carefully planned and executed 

for proper level of capacity and FFS for freeway work zones. 

Compared to the capacity model, the area type was examined but not included in the final 

FFS model.  Presumably, it is correlated with the speed limit factors.  Urban areas generally 
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had a lower speed limit than rural areas in the data, and thus only one type of variable was 

selected through statistical analyses. 

The FFS model is statistically significant, as it represents an additional anchor point in 

estimating a speed-flow models.  Such a model predicts work zone operating speeds between 

FFS (at very low flow rates) and volume and speed at capacity. This research evaluated 

several previously-developed speed flow models, and after calibration and validation of the 

models specific to several work zones, recommended a model form that is suitable for 

describing the speed-flow relationship for the majority of the studied work zones.  

 

6.3 Microscopic Simulation Guidance and Simulation of Work Zones in the Proximity 

of Interchanges 

The research also recommends guidance for evaluating work zones in a microscopic 

simulation environment. The author selected the VISSIM tool, but general trends and 

findings are expected to be applicable to other simulation tools (although the recommended 

parameter values are specific to VISSIM).  The simulation guidance analysis is provided for 

generic and lane configuration specific cases. 

In the generic guidance, all default car following parameters except cc1 and cc2 were 

recommended along with some specific lane changing parameters.  These values were 

recommended for use across all experimented lane configurations.  In the lane configuration 

specific guidance, specific values of cc1 and regression models for cc2 were recommended to 

replicate capacity in the simulation program under the capacity boundaries consistent with 
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the capacity model described in 6.1.  Cc1 and cc2 are key car following parameters in 

VISSIM that describe the average following headway (in seconds) and the oscillation about 

this desired headway (in feet), respectively.  As the work zone capacity is lower than the non-

work zone condition, the headways in the work zone condition are greater.  Therefore, the 

author increased the values of cc1 and cc2 to match the work zone capacity. 

Throughout the research, it was concluded that cc1 and cc2 were the key parameters that 

needed adjustment for the purpose of work zone capacity replication.  Because cc1 represents 

time headway between lead and trailing vehicles, it affects the capacity of work zones 

directly.  Also, since cc2 regulates a longitudinal oscillation distance of following vehicles, 

the increase of cc2 value yields to a decrease of capacity on freeways. 

The research also provided analysis results from an extensive simulation sensitivity analysis 

of work zones in proximity to freeway interchanges.  Experiments were conducted for on-

ramp merge, off-ramp diverge, and weaving section under multiple lane configurations to 

assess the maximum mainline throughput changes under congested conditions.  As a result of 

the experiments, the research concluded that ramp volume had a considerable effect on the 

mainline throughput in all cases.  Furthermore, the lane configuration showed an effect only 

for merge and weave cases, but not for diverges. 

In addition, the auxiliary lane length had a great effect on mainline throughput while the 

acceleration and deceleration lane length showed only a very limited effect.  All of these 

results can be used in analyzing and planning freeway work zones in proximity of 

interchanges.  For instance, whenever agencies need to meter ramp traffic or control work 
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activity schedules, they would be able to predict congestion or delay based on the expected 

mainline throughput estimated in this research. 

However, it should be noted that the study did not provide any empirical validation for the 

simulation of work zones in proximity of interchanges.  As such, local calibration in applying 

the simulation result is highly recommended.  Additional future research areas follow in the 

next subsection.  Additionally, all simulation experiments were conducted based on the left 

lane closure conditions, and thus findings in this research should be limited to those cases. 

 

6.4 Future Research 

This research addressed several research gaps in developing freeway work zone capacity and 

free-flow speed models from nationwide data, as well as microsimulation program guidance 

to characterize work zone performance.  Further studies should focus on the following 

aspects of work zone research: 

·  Field validation for simulation of work zones in proximity of interchanges is 

recommended to provide empirical calibration of the simulation scenarios in this 

research.  The current simulation yielded sensible results, but it would be desirable 

for results to be were compared to and validated by field data. 

·  Several candidate variables that were not selected in the final capacity and free-flow 

speed model might be necessary to re-examine if additional data are available, or 

could be the specific target of future work.  Those include heavy vehicle effect, work 

intensity, police presence, work zone length, signage, and lane marking.  Some of 
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those variables were analyzed in this research, but only a limited amount of data were 

available to justify inclusion in the models.   

·  Effects of intelligent transportation systems (ITS) technologies such as queue warning 

systems or variable speed limits for works zones should be analyzed as to their effect 

on capacity and FFS.  These strategies are an important part of FHWA’s new “smart 

work zones” initiative, but are not well understood at this point.  Based on this 

research, the author expects that both capacity and FFS at work zones will be 

sensitive to ITS presence. 

·  Other work zone configurations like crossovers or two-way two-lane work zones 

should be explored for their effect on capacity and FFS.  The author expects 

additional effects from such special work zone conditions, but those effects were not 

modeled in this research. In particular, future research should explore cases where a 

work zone lane drop is followed by a lane shift or crossover within the work zone to 

explore relative capacities and potential queue interaction effects. 

·  Simulation calibration for low volume condition is also recommended as a future 

study, specifically pertaining to merge, diverge, and weaving segments.  This 

research focused on capacity conditions, but application of simulation to the non-

congested flow range would be also valuable in understanding the operational 

performance of work zones. Such simulation effort should be validated by empirical 

data to the extent possible. 

·  The average pre-breakdown capacity to queue discharge rate conversion factor in 

freeway work zones was found to be 13.4% from strictly the literature archive study.  
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However, there is no clear model explaining the level of the capacity conversion in 

freeway work zones, thus developing models, clarifying the capacity conversion, 

would also be very useful. 
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A. Literature Archives Data (Original Data Collected) 

Avg. QDR 
(pcphpl) 

Speed 
Limit(mph)  

WZ Duration Lane Configuration Lane Closure HV 
(%)  

Area Ramp Area Lane 
Width (ft)  

Lateral 
Distance(ft) 

Work Intensity  
Day Night Light  Police 

Long Long(PE) Short # of total Lane open Lane closed Left  Right Crossover Urban Rural  On Ramp Off Ramp High Medium 
2295  Y   3 2 1             Y    
2129  Y   3 2 1             Y    
2252  Y     0             Y    
1989  Y   4 2 2             Y    
1985  Y   4 2 2             Y    
1282 45.0    2 1 1           Y      
1661 45.0    2 1 1            Y     
1885 45.0    2 1 1                 
1827 45.0    2 1 1                Y 
1772 55.0    2 1 1                 
1862 55.0    2 1 1                 
1331 62.1  Y  3 1 2  Y  23.7 Y  Y Y      Y Y  
1513 62.1  Y  3 1 2 Y   33.1 Y  Y Y      Y Y  
1322 62.1  Y  3 1 2  Y  14.4 Y  Y Y      Y Y  
1287 62.1  Y  3 1 2  Y  27.0 Y  Y Y      Y Y  
1209 62.1  Y  3 1 2 Y   11.8 Y  Y Y     Y    
1244 62.1  Y  3 1 2 Y   15.4 Y  Y Y      Y Y  
1234 62.1  Y  3 1 2 Y   8.8  Y Y Y      Y   
1145 62.1  Y  3 1 2 Y   1.9  Y Y Y 12.3     Y   
878 62.1  Y  3 1 2 Y   2.4  Y Y Y 12.3     Y Y Y 
1065 62.1  Y  3 1 2 Y   3.7  Y Y Y 12.3     Y Y Y 
920 62.1  Y  3 1 2 Y   2.9  Y Y Y 12.3     Y Y Y 
1260 62.1  Y  2 1 1 Y   17.8 Y  Y Y      Y Y  
1428 62.1  Y  2 1 1 Y   16.1 Y  Y Y      Y Y  
1014 62.1  Y  3 1 2 Y   4.0 Y  Y Y 12.3     Y Y  
1240 50.0  Y  2 1 1 Y   27.7   Y Y 10.0 10.0   Y    
1165 50.0  Y  2 1 1 Y   25.2   Y Y 10.0 10.0   Y    
1982   Y  3 2 1 Y   15.7 Y   Y 12.0 12.0   Y    
1945   Y  3 2 1 Y   15.7 Y   Y 12.0 12.0   Y    
1803   Y  2 1 1  Y  16.8 Y  Y Y 12.0 4.0   Y    
1727   Y  2 1 1  Y  16.8 Y  Y Y 12.0 4.0   Y    
1478 55.0    2 1 1  Y  25.0        Y     
1457 55.0    2 1 1  Y  12.0        Y     
1101 55.0    2 1 1  Y  11.0        Y     
1875 55.0    2 1 1   Y 39.0             
1399 55.0    2 1 1   Y 22.0             
1464 55.0    2 1 1   Y 10.0             
1371 55.0    2 1 1   Y 6.0             
1401 55.0    2 1 1   Y 28.0             
1392 55.0    2 1 1   Y 7.0             
1439 55.0    2 1 1   Y 21.0             
1328 55.0    2 1 1 Y   32.0       Y      
1335 55.0    2 1 1 Y   31.0       Y      
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Avg. QDR 
(pcphpl) 

Speed 
Limit(mph)  

WZ Duration Lane Configuration Lane Closure HV 
(%)  

Area Ramp Area Lane 
Width (ft)  

Lateral 
Distance(ft) 

Work Intensity  
Day Night Light  Police 

Long Long(PE) Short # of total Lane open Lane closed Left  Right Crossover Urban Rural  On Ramp Off Ramp High Medium 
1345 50.0  Y     Y   27.7   Y Y 10.0 10.0   Y    
1406 50.0  Y     Y   25.2   Y Y 10.0 10.0   Y    
1335 50.0  Y  2 1 1 Y   27.7   Y Y 10.0 10.0   Y    
1271 50.0  Y  2 1 1 Y   25.2   Y Y 10.0 10.0   Y    
1412    Y 2 1 1 Y   12.8     12.0     Y   
1438    Y 2 1 1 Y   17.4     12.0     Y   
1464    Y 3 2 1 Y   11.3     12.0    Y    
1683    Y 3 2 1 Y   27.3     12.0     Y   
1770    Y 3 1 2 Y   26.3     12.0     Y   
1734    Y 3 2 1 Y   26.6     12.0  Y   Y   
1697    Y 2 1 1  Y  17.2     12.0  Y   Y   
1549    Y 2 1 1  Y  30.3     12.0  Y   Y   
1246    Y 2 1 1  Y  14.0     12.0     Y   
1036    Y 3 1 2  Y  9.6     12.0     Y   
1218    Y 2 1 1 Y   30.7     12.0     Y   
1618    Y 2 1 1 Y   28.4         Y    
1557    Y 2 1 1 Y   37.2         Y    
1608    Y 2 1 1  Y  31.3         Y    
1829  Y   2 1 1  Y  29.4         Y    
1552  Y   2 1 1  Y  34.7         Y    
1924  Y   2 1 1  Y  38.2         Y    
1579  Y   2 1 1 Y   6.1         Y    
1515  Y   2 1 1 Y   42.6         Y    
1818  Y   2 1 1  Y  16.9         Y    
1721  Y   2 1 1  Y  18.9         Y    
1662  Y   2 1 1 Y   14.5         Y    
1504   Y  3 2 1 Y   15.7 Y   Y 12.0 12.0   Y    
1710   Y  3 2 1 Y   15.7 Y   Y 12.0 12.0   Y    
1643   Y  3 2 1 Y   15.7 Y   Y 12.0 12.0   Y    
1308   Y  2 1 1  Y  16.8 Y  Y Y 12.0 4.0   Y    
1476   Y  2 1 1  Y  16.8 Y  Y Y 12.0 4.0   Y    
1400   Y  2 1 1  Y  16.8 Y  Y Y 12.0 4.0   Y    
1193   Y  2 1 1  Y    Y       Y    
1193   Y  2 1 1  Y    Y       Y    
1299   Y  2 1 1  Y    Y       Y    
1355   Y  2 1 1  Y    Y       Y    
1099 50.0  Y  2 1 1 Y   27.7   Y Y 10.0 10.0   Y    
996 50.0  Y  2 1 1 Y   25.2   Y Y 10.0 10.0   Y    
1416 65.0   Y 2 1 1  Y  26.9  Y Y   2.0 Y  Y    
1221 65.0   Y 2 1 1 Y   26.2  Y    2.0 Y  Y    
1375 65.0   Y 2 1 1  Y  24.6  Y    2.0 Y  Y    
1406 65.0   Y 2 1 1  Y  18.8  Y    2.0 Y  Y    
1693 55.0   Y 2 1 1 Y   11.8 Y  Y   8.0  Y  Y   
1907 55.0   Y 2 1 1 Y   7.2 Y  Y   8.0   Y    
1595 55.0   Y 2 1 1  Y  4.5 Y   Y  8.0  Y  Y   
1682 55.0   Y 2 1 1 Y   21.4 Y     8.0 Y   Y   
1599 55.0   Y 2 1 1 Y   19.3 Y     2.0 Y   Y   
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B. Literature Archives Data (Imputed Data from SAS9.3) 

No avg_qdr LCSI barrier area lane_width_12 lateral_12 left_closed work_intensity hv day_night length 

1 1989 1.00 0 0 -1.6 14.4 1 0 16.8 0 0.6 

2 1985 1.00 0 0 -1.6 13.8 1 0 22.8 0 0.6 

3 2295 0.75 0 0 -1.9 17.9 0 0 34.4 0 1.4 

4 2129 0.75 0 0 -1.9 17.1 1 0 30.1 0 0.7 

5 1970 0.75 1 0 0.0 0.0 1 0 15.7 0 0.2 

6 1933 0.75 1 0 0.0 0.0 1 0 15.7 0 0.2 

7 1750 0.75 1 0 0.0 0.3 1 0 11.3 0 0.2 

8 1726 0.75 1 1 0.0 3.6 1 0 27.3 1 3.4 

9 1710 0.75 1 0 0.0 0.0 1 0 15.7 0 0.2 

10 1643 0.75 1 0 0.0 0.0 1 0 15.7 0 0.2 

11 1624 0.75 1 1 0.0 0.7 1 1 26.6 1 4.1 

12 1504 0.75 1 0 0.0 0.0 1 0 15.7 0 0.2 

13 1703 3.00 1 1 0.0 -5.1 1 0 26.3 1 2.6 

14 1513 3.00 1 0 0.4 -3.1 1 0 33.1 1 0.6 

15 1331 3.00 1 0 0.5 -2.0 0 1 23.7 1 0.9 

16 1322 3.00 1 0 0.5 -1.2 0 0 14.4 1 1.7 

17 1287 3.00 1 0 0.7 -2.5 0 0 27.0 1 0.9 

18 1244 3.00 1 0 -0.1 -0.7 1 0 15.4 1 1.8 

19 1234 3.00 1 1 -0.2 -5.7 1 1 8.8 1 3.6 

20 1209 3.00 1 0 -0.9 -4.6 1 0 11.8 0 1.8 

21 1145 3.00 1 1 0.0 -6.1 1 0 1.9 1 3.6 

22 1065 3.00 1 1 0.0 -7.0 1 1 3.7 1 2.5 

23 1035 3.00 1 1 0.0 -3.0 0 0 9.6 1 4.0 

24 1014 3.00 1 0 0.0 -1.2 1 0 4.0 1 1.4 

25 920 3.00 1 1 0.0 -7.0 1 1 2.9 1 2.5 

26 878 3.00 1 1 0.0 -7.0 1 1 2.4 1 2.5 

27 2252 0.50 0 0 -1.5 10.5 0 1 47.3 0 -0.2 
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No avg_qdr LCSI barrier area lane_width_12 lateral_12 left_closed work_intensity hv day_night length 

28 1924 2.00 0 1 -3.2 10.7 0 0 38.2 0 5.1 

29 1907 2.00 1 0 -1.3 -4.0 1 0 7.2 0 2.7 

30 1885 2.00 1 1 -1.4 1.0 1 0 10.8 0 0.7 

31 1864 2.00 1 0 0.9 -5.7 0 0 39.0 1 -0.4 

32 1862 2.00 1 0 0.1 -6.7 0 0 32.4 0 0.2 

33 1829 2.00 0 1 -3.1 9.0 0 0 29.4 0 4.7 

34 1827 2.00 0 1 -1.9 0.9 0 0 18.8 0 6.9 

35 1818 2.00 0 0 -1.5 3.2 0 0 16.9 0 0.3 

36 1792 2.00 1 0 0.0 -8.0 0 0 16.8 0 0.2 

37 1772 2.00 1 0 -0.4 -5.3 0 0 24.6 0 1.2 

38 1721 2.00 0 1 -3.3 11.7 0 0 18.9 0 4.5 

39 1716 2.00 1 0 0.0 -8.0 0 0 16.8 0 0.2 

40 1693 2.00 1 0 0.3 -4.0 1 0 11.8 1 0.1 

41 1682 2.00 1 0 0.1 -4.0 1 1 21.4 1 -0.2 

42 1662 2.00 0 1 -3.2 8.4 1 0 14.5 0 3.5 

43 1661 2.00 1 1 -2.5 2.4 1 0 36.5 0 5.3 

44 1618 2.00 1 1 -1.8 -5.8 1 1 28.4 0 3.9 

45 1608 2.00 1 0 -0.4 -3.7 0 0 31.3 0 -0.2 

46 1601 2.00 1 1 0.0 -7.5 0 1 17.2 1 4.0 

47 1599 2.00 1 0 1.4 -10.0 1 1 19.3 1 -4.1 

48 1595 2.00 1 0 0.7 -4.0 0 0 4.5 1 0.1 

49 1579 2.00 0 1 -2.8 3.2 1 1 6.1 0 4.2 

50 1557 2.00 1 1 -2.4 -0.5 1 0 37.2 0 4.9 

51 1552 2.00 0 1 -3.4 10.5 0 0 34.7 0 6.6 

52 1545 2.00 1 1 0.0 -7.6 0 1 30.3 1 4.0 

53 1515 2.00 0 1 -4.1 14.0 1 0 42.6 0 5.6 

54 1476 2.00 1 0 0.0 -8.0 0 0 16.8 0 0.2 

55 1469 2.00 1 0 0.4 -5.1 0 0 25.0 1 0.5 

56 1455 2.00 1 0 0.7 -6.8 0 0 10.0 1 -0.7 

57 1449 2.00 1 0 0.2 -5.5 0 0 12.0 0 0.6 
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No avg_qdr LCSI barrier area lane_width_12 lateral_12 left_closed work_intensity hv day_night length 

58 1430 2.00 1 1 -0.1 -7.8 0 0 21.0 1 4.0 

59 1428 2.00 1 0 1.3 -14.6 1 1 16.1 1 0.8 

60 1416 2.00 1 1 -0.9 -10.0 0 1 26.9 0 4.0 

61 1411 2.00 1 1 0.0 -4.1 1 0 12.8 1 0.2 

62 1406 2.00 1 1 -0.9 -10.0 0 1 18.8 0 4.0 

63 1400 2.00 1 0 0.0 -8.0 0 0 16.8 0 0.2 

64 1397 2.00 1 1 -2.0 -2.0 1 0 25.2 0 4.0 

65 1393 2.00 1 1 0.4 -9.6 0 0 28.0 1 2.8 

66 1390 2.00 1 0 1.0 -7.1 0 0 22.0 1 -1.1 

67 1383 2.00 1 1 -0.4 -9.7 0 0 7.0 0 4.0 

68 1375 2.00 1 1 -0.9 -10.0 0 1 24.6 0 4.0 

69 1362 2.00 1 0 0.3 -6.6 0 0 6.0 0 0.1 

70 1355 2.00 1 1 -1.3 -6.1 0 0 21.2 0 5.3 

71 1337 2.00 1 1 -2.0 -2.0 1 0 27.7 0 4.0 

72 1337 2.00 1 1 0.0 -4.2 1 0 17.4 1 0.2 

73 1327 2.00 1 0 0.7 -7.5 1 1 31.0 1 -2.1 

74 1327 2.00 1 1 -2.0 -2.0 1 0 27.7 0 4.0 

75 1320 2.00 1 0 0.3 -7.2 1 1 32.0 1 -1.5 

76 1308 2.00 1 0 0.0 -8.0 0 0 16.8 0 0.2 

77 1299 2.00 1 1 -1.2 -7.8 0 0 27.5 0 5.4 

78 1282 2.00 1 1 -2.4 -1.9 1 1 31.1 0 4.9 

79 1263 2.00 1 1 -2.0 -2.0 1 0 25.2 0 4.0 

80 1260 2.00 1 0 1.2 -14.5 1 1 17.8 1 0.8 

81 1240 2.00 1 1 -2.0 -2.0 1 0 27.7 0 4.0 

82 1221 2.00 1 1 -1.3 -10.0 1 1 26.2 0 4.0 

83 1193 2.00 1 1 -1.3 -5.4 0 0 22.3 0 4.4 

84 1193 2.00 1 1 -1.2 -6.9 0 0 20.2 0 4.9 

85 1165 2.00 1 1 -2.0 -2.0 1 0 25.2 0 4.0 

86 1160 2.00 1 1 0.0 -5.5 0 0 14.0 1 4.0 

87 1160 2.00 1 1 0.0 -9.1 1 0 30.7 1 4.0 
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No avg_qdr LCSI barrier area lane_width_12 lateral_12 left_closed work_intensity hv day_night length 

88 1099 2.00 1 1 -2.0 -2.0 1 0 27.7 0 4.0 

89 1094 2.00 1 0 0.5 -6.2 0 0 11.0 1 -0.2 

90 996 2.00 1 1 -2.0 -2.0 1 0 25.2 0 4.0 
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C. Freeway Work Zone Capacity Model Development 

1. Modeling Approach 
Using each dataset obtained for the project, the research team developed six different 
scenarios and validate freeway work zone capacity models as shown in Table 1. 
 

Table 1. Model Development and Validation Scenarios 

Scenario Model Development* Model Validation* 

I Literature (90) Field  (81) 

II Field (81) Literature (90) 

II-2 Field (100) Literature (90) 

III-1 75% of Literature (68) and 
disaggregated Field (61) 

25% of Literature (22) and 
disaggregated Field (20) 

III-2 75% of Literature (68) and 
disaggregated Field with headways (75) 25% of Literature (22) and Field (25) 

III-3 75% of Literature (68) and aggregated 
Field (7) 25% of Literature (22) and Field (2) 

* (  ): sample size available in developing and validating models 
 
The table distinguishes literature and field-based data sets. For the literature data, a total of 
90 data sets were available, which were used in scenario I, and then validated against field 
data.  
For the field data, the research team collected data at 13 work zones with different 
configurations which would result in only 13 data points if an aggregated regression 
approach were used. Furthermore, three of the sites were characterized by maximum flow 
conditions in the video observations that were below capacity. For these sites, the research 
team estimated capacity based on saturation headways of tightly-spaced platoons. However, 
these “headway data” may offer a different capacity than the queue discharge rates observed 
at the other sites.  Due to the low number of consistent capacity observations in the site-
aggregated data set, the team decided to use disaggregated data points by applying five-
minute queue discharge observations in the modeling. This resulted in a significantly larger 
number of data points with 81 observations for modeling approach II. If disaggregated 
headway data from the three below-capacity sites are used, the sample size increases to 100 
observations from the field data.  Model II is then validated against the literature data.  
For modeling approach III, the literature and field datasets are combined. In the modeling 
approach, 75% of the data are used for model development, and 25% reserved for validation. 
Three different variations of approach III were employed; they are distinguished by (1) 
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whether or not the team used the headway data and (2) whether the team allowed multiple 
observations per (field) site to enter the model or used only the site aggregated field data. 
The research team developed and validated models for all scenarios shown in Table 1 to find 
the most reliable freeway work zone capacity model.  The process of the developing and 
validating models for each scenario is presented in the following subsections. 
 
2. Model Results 
This section presents results for the five modeling approaches described above. Each section 
presents a discussion of the data and potential missing data, a correlational analysis, model 
development details, and finally validation results.  
 
2.1 Scenario I Model Development (Literature Model) 
The research team had collected capacity data including numerous variables from literature 
archives.  A total of 90 datasets were finally collected and converted into the average queue 
discharge rate concept as previously reported in the quarterly progress report.  The number of 
datasets obtained in the literature archives is a tempting amount of quantity for the research 
team as it is likely to bring more confidence for the models that would be developed using a 
regression method.  However, the team also observed a lot of missing data in the literature 
archives as each previous research was performed under different conditions.  So, it would be 
a challenge for the research team to derive valid capacity models from the literature archives 
with missing data arbitrarily. 
 
2.1.1 Literature Archives Data Collection 
The team initially found 128 datasets in the literature archives and it was reduced to 90 
datasets, eliminating some of them showing no clear capacity definition and estimation 
method in the literature.  All of the 90 datasets were confirmed how their capacity values 
were defined, pre-breakdown or queue discharge rate, and estimated, maximum or average, 
for the study.  As previously reported, all of the capacity values in the literature archives 
were converted into the concept of average queue discharge flow rate.  The field data 
collection also follows the same concept to be consistent with the models to be developed 
using the literature archives.  It should be also noted that the research team has enhanced the 
literature archives since the initial data set was reported in the previous QPR as some of 
information were confirmed through additional examination of the literature. The final 
literature archives are attached in the appendix A. 
As the literature archives were based on numerous studies with different purposes and 
available resources, the team observed a lot of missing data because each study utilized 
different variables more or less.  The following section explains how the team analyzed the 
missing data including correlation and interaction of variables in developing a freeway work 
zone capacity model from literature archives. 
 
2.1.2 Missing Data Analysis 
The first thing to do in the missing data analysis is to observe missing data in the literature 
archives.  In that observation, the research team expected to estimate missing data for each 
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variable and case.  Table 2 shows independent variables missing data with its percentage for 
a total of 90 cases.   
 

Table 2. Independent Variables Missing Data 
Independent Variables Number of Missing Data Percent (%) 

LCSI 0 0 
barrier type 6 7 

area 7 8 
lane_width – 12 56 62 

lateral – 12 63 70 

left_closed 11 12 

work_intensity 44 49 

police 75 83 

hv 14 16 
day_night 18 20 

speed_limit 41 46 

length 43 48 

 
In Table 2, the lane configuration variable, ‘LCSI’, does not have missing data but the 
variable of ‘police’ shows 75 missing data out of 90 cases, evaluating to 83 percent of 
missing data.  In the cases of ‘lane_width – 12’ and ‘lateral – 12’ variables, they also show 
relatively high number of missing data as 56 and 63, respectively.  It is apparently anticipated 
that some high percentage of missing data variables are likely to impact freeway work zone 
capacity modeling process if they were included as independent variables in the model.  
Consequently, the variable of ‘police’ is eliminated in the analyses of hereafter to have 
reliable and sound results of analyses. 
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Table 3. Result of Missing Data Set 

Number of Missing Data Number of Data Set / 
Accumulation 

Percent (%) / 
Accumulation (%) 

0 0 / 0 0 / 0 
1 8 / 8 9 / 9 

2 9 / 17 10 / 19 

3 31 / 48 34 / 53 
4 4 / 52 4 / 58 
5 12 / 64 13 / 71 

6 11 / 75 12 / 83 

7 7 / 82 8 / 91 

8 4 / 86 4 / 96 

9 4 / 90 4 / 100 
10 or more 0 / 90 0 / 100 

Total 90 / 90 100 / 100 

 
Table 3 presents a number of missing data in the cases of the literature archives.  For 
example, there is no case in the literature archives without any missing data, and there is 8 
cases having one missing data in the total of 90 cases and it corresponds to a 9 percent point 
of total data set.  The most common case is having 3 missing data as 31 observations out of 
90 cases do.  Accumulation data are also presented in the table. 
After the observation of missing data, there could be two methods of processing missing data 
in general: 1) using only valid data or 2) defining replacement values for missing data.  In the 
case of the using only valid data, it will reduce the number of valid data set too small to 
analyze.  Since every case has at least one missing data as shown in Table 3, it is also 
impossible to analyze data with only valid data set.  Moreover, because missing data are 
observed randomly in the cases, even a small number of missing data results in massive 
reduction of sample size when only trying to use valid data. 
As a result of available data consideration, the team used the second method, defining 
replacement values for missing data, with the help from a statistical program, SAS 9.3.  In 
replacing missing values, there could be several ways as listed below: 

�  Hot or cold deck imputation: to replace only missing data with other representative data 
�  Case substitution: to replace a whole case with other data set 
�  Mean substitution: to replace missing data with group mean values 
�  Regression imputation: to replace missing data using a regression method with other 

variables in the data set 
�  MCMC (Markov Chain Monte Carlo) method: a default method in SAS creating 

pseudorandom draws through Markov chains. 
 
Every method in handling missing data has advantages and disadvantages.  For example, the 
mean substitution method is the most widely used method, having an advantage of easiness 
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of replacing missing data, but this method is likely to understate variance causing bias in the 
analysis.  For regression and MCMC methods, computational assistance is critical in the 
large number of variables and missing data.  Having one of the most powered statistical 
program available, SAS9.3, the research team tried to replace missing data using the MCMC 
method for the study.  The data set replaced missing data using the MCMC method in 
SAS9.3 as presented in Appendix B. 
Later in developing freeway work zone capacity models with the MCMC method, the team 
used multiple imputation (MI) technique that is regarded as a superior method to a single 
imputation.  The MI method analyzes missing datasets after combining several plausible 
single imputation result to consider true value of missing data. 
 
2.1.3 Correlation Analysis 
When there is a high relationship between independent variables, it is a condition of having 
the problem of collinearity.  One of the most well-known methods to examine the collinearity 
is to investigate a Pearson correlation matrix.  It can be obtained from the equation below: 
 

XY5Z� �
[\]�^5 _�

` Y` Z
 

where, 
XY5Z = correlation coefficient, 

    [\]�^5 _�  = covariance between the two variables, 
      ̀ Y = standard deviation of variable x, and 
   ̀ Z = standard deviation of variable y. 
 
The results of the correlation calculation shows a degree of relationship between two 
variables analyzed ranging from -1 to 1.  The value of -1 represents a perfect negative 
relationship between the two variables whereas the value of 1 shows a perfect positive 
relationship.  The value of zero characterizes that there is no correlation between the two 
variables analyzed. 
Table 4 shows the results of correlation analysis for original data having 11 dependent and 
independent variables defined in previous section.  It should be noted that the variable of 
‘police’ was not analyzed as it has too many missing data (83 percent) as explained 
previously.  Figure 1 depicts a scatter plot matrix generated from SAS9.3 program for 
correlation analysis of the variables.   
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Table 4. Results of Correlation Analysis (Original data set with missing data) 

 
- n/a: estimation of correlation is not feasible due to missing data 
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Figure 1. Scatter Plot Matrix for Correlation Analy sis (Original data set with missing 

data) 
As seen in Table 4 and Figure 1, some correlation results show that the absolute value of 
more than 0.9, which is usually a threshold of a serious correlation problem.  The correlation 
results between ‘lateral_distance_12 and work_intensity’ and ‘lane_width_12 and length’ 
show correlations with the absolute values of more than 0.9.  The results presented here are 
further analyzed and presented in developing freeway work zone capacity models in the 
following section. 
Table 5 shows the results of correlation analysis for imputed data having 11 dependent and 
independent variables defined in the previous section.  The variable of ‘police’ was not 
analyzed with the same reason explained previously.  Figure 2 depicts a scatter plot matrix 
generated from SAS9.3 program for correlation analysis of the variables.   
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Table 5. Results of Correlation Analysis (Imputed data from SAS9.3) 

 
 

 
Figure 2. Scatter Plot Matrix for Correlation Analy sis (Imputed data from SAS9.3) 

 



 

156 

In Table 5 and Figure 2, all correlation results show that the absolute value of less than 0.9, 
which is usually a threshold of a serious correlation problem.  However, the correlation 
results between ‘length and area’ and ‘lateral_12 and barrier’ show relatively high relations 
with the values of close to 0.9.  The results presented here are further analyzed and presented 
in developing freeway work zone capacity models in the following section. 
 
2.1.4 Independent Variables Analysis 
Table 6 is presented to show the results of variables analysis.  As seen in the table, three main 
categories were separated by data availability, relation to capacity, and correlation issue.   
In the data availability, depending on the percentage of missing data for each variable, 5 
different criteria were used as shown below: 

�  Very high: no missing data 
�  High: missing data less than 20 (%) 
�  Medium: missing data from 20 to 40 (%) 
�  Low: missing data from 40 to 60 (%) 
�  Very low: missing data more than 60 (%) 

 
For the relation to average QDR, the team presented the relationship first whether variables 
shows intuitive or counterintuitive relation with average QDR, and then the degree of relation 
was also presented separated by high, medium, or low.  For instance, the team observed high 
intuitive relation between average QDR and barrier variable as shown in the figure. 
Finally, the correlation issue represents the results of the correlation analysis performed using 
an original data set.  Any correlation results showing more than 0.9 were assessed as having 
correlation issue.  If any variable has a correlation issue, its counterpart is also presented in 
the table. 
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Table 6. Results of Independent Variables Analysis 

Variable Unit 
Analytical Assessment 

Further 
Analysis Data 

Availability Relation to Average QDR Correlation Issue 2 

LCSI n/a Very high Intuitive-high No Yes 

barrier n/a High Intuitive-high No Yes 

area n/a High Intuitive-high No Yes 

lane_width – 12 ft Very low Original: Intuitive-high 
Imputed: Counter intuitive Yes-speed_limit Yes 

lateral – 12 ft Very low Original: Partially intuitive 
Imputed: Intuitive-high Yes- work_intensity Yes 

left_closed n/a High Not distinctive No Yes 

work_intensity n/a Low Counter intuitive-low Yes- lateral – 12 Yes 

police n/a Very low Intuitive-high No No 

hv % High Intuitive-low 1 No Yes 

day_night n/a Medium Intuitive-medium No Yes 
speed_limit mph Low Counter intuitive-medium Yes- lane_width – 12 No 

length mile Low Not distinctive No Yes 
1 Average QDR with the converted unit of ‘vphpl’ 
2 Based on an original data set 
 
Throughout the analytical assessment, the research team narrowed the number of 
independent variables down to 10 because SAS9.3 was able to analyze a maximum of 10 
variables at the same time providing the results of all plausible combinations of variables.  
Hence, as shown in the table, two variables, police and speed_limit, were selected as having 
the least effect on average QDR in literature archives and they are not further analyzed 
hereafter. 
 
2.1.5 Statistical Assessment 
In this statistical assessment, the team analyzed a total of 10 independent variables presented 
in a previous section (Table 6) using two different statistical methods: ranking method and 
sequential method.  For a ranking method, two different results of analyses were obtained 
using SAS9.3 program such as adjusted R-square and Akaike Information Criterion (AIC) 
statistic.  For a sequential method, three approaches such as forward selection, backward 
elimination, and stepwise selection are analyzed to examine variables.  Each of the analyses 
results is presented in the following subsections.  It should be also noted that all the analyses 
were performed based on data imputed using a SAS9.3 program as explained previously. 
 
Ranking Method (Adjusted R-square) 
In a regression analysis, as the number of parameters estimated in the model increase, an R-
square value increases all the time.  So, the adjusted R-square method delivers a penalty for 
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each parameter used as a coefficient in the model.  The adjusted R-square is obtained from 
the equation printed below: 
 

7abcdefa�H3 � 9 # �
� g # 9 �

� g # h # 9 �
��9 # H 3�  

Where, 
 n = number of sample size, 
 k = number of parameters estimated in the model, and 
           R2 = coefficient of determination. 
 
In the adjusted R-square ranking method, the higher adjusted R-square value is, the better 
model is.  Using SAS9.3 program, the team obtained all the adjusted R-square values for all 
combination of a total of 10 independent variables.  Table 7 shows the results of adjusted R-
square analysis separated by the number of variables used for creating combinations.   
 

Table 7. Results of Adjusted R-square Analysis 
Number of 
Variables Count Minimum Average Median 95th 

percentile Maximum 

All 1023 -0.0010 0.4718 0.4967 0.6025 0.6236 
10 1 0.6087 0.6087 0.6087 0.6087 0.6087 
9 10 0.5780 0.6001 0.6004 0.6135 0.6135 
8 45 0.4744 0.5856 0.5913 0.6168 0.6181 
7 120 0.3445 0.5634 0.5841 0.6060 0.6216 
6 210 0.3053 0.5320 0.5459 0.6033 0.6236 
5 252 0.1634 0.4896 0.4959 0.5937 0.6071 
4 210 0.0894 0.4330 0.4460 0.5825 0.6088 
3 120 0.0357 0.3580 0.3940 0.5360 0.5941 
2 45 0.0108 0.2604 0.2967 0.4349 0.5300 
1 10 -0.0010 0.1389 0.1000 0.3607 0.3949 

 
As seen in Table 7, a total of 1,023 combinations from 10 variables (210 -1 = 1,023) were 
created and tested to estimate adjusted R-square values.  The adjusted R-square value ranges 
from -0.0010 to 0.6236 and the maximum value is 0.6236 from using the 6 variables.  For 
each number of variable case, having the maximum adjusted R-square combination is 
presented in Table 8.  As seen in the table, the 6 variables combination shows the highest 
adjusted R-square value as 0.6236, which has independent variables such as LCSI, barrier, 
lane_width_12, latral_12, hv, and day_night.  
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Table 8. Combination of Variables Having the Highest Adjusted R-square 
Number of 
Variables 

Adjusted 
R-square 

R-
square Combination of Variables 

10 0.6087 0.6526 LCSI barrier area lane_width_12 lateral_12 left_closed 
work_intensity hv day_night length 

9 0.6135 0.6526 LCSI barrier area lane_width_12 lateral_12 left_closed hv 
day_night length 

8 0.6181 0.6525 LCSI barrier lane_width_12 lateral_12 left_closed hv 
day_night length 

7 0.6216 0.6514 LCSI barrier lane_width_12 lateral_12 hv day_night length 
6 0.6236 0.6490 LCSI barrier lane_width_12 lateral_12 hv day_night 
5 0.6071 0.6292 LCSI barrier area left_closed hv 
4 0.6088 0.6263 LCSI barrier area hv 
3 0.5941 0.6078 LCSI barrier area 
2 0.5300 0.5406 LCSI barrier 
1 0.3949 0.4017 LCSI 

 
Ranking Method (AIC) 
One of well-known methods in model selection is Akaike Information Criterion (AIC).  The 
AIC method ‘measures the difference between a given model and the “true” underlying 
model’.  The AIC value can be obtained from the equation as shown below: 
 

7i6 � g j kg� $�
��A

g
�. ; �@�h ; 9�  

Where, 
 n = number of sample size, 
        SSE = error sum of square, and 
            k = number of parameters estimated in the model. 
 
In the AIC ranking method, the first term represents a goodness of fit and the second term 
means a penalty for additional parameters.  So, in case of the AIC analysis, the smallest AIC 
means the best model with selected variables.  Using a SAS9.3 program, the team obtained 
all the AIC values for all combination of a total of 10 independent variables.  Table 9 
presents the results of AIC analysis separated by the number of variables used for creating 
combinations.   
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Table 9. Results of AIC Analysis 

Number of 
Variables Count Minimum Average Median 5th 

percentile Maximum 

All 1023 943.5 970.7 968.5 949.0 1026.8 

10 1 950.6 950.6 950.6 950.6 950.6 

9 10 948.6 921.6 951.6 948.6 956.5 

8 45 946.6 953.8 952.7 946.9 975.4 

7 120 944.9 957.3 953.4 948.5 994.3 

6 210 943.5 962.3 960.4 948.2 998.7 

5 252 946.4 968.8 968.9 949.5 1014.5 

4 210 945.1 977.0 976.4 951.0 1021.2 

3 120 947.5 987.0 983.6 959.5 1025.4 

2 45 959.7 998.8 996.0 976.3 1026.7 

1 10 981.5 1012.0 1017.2 986.3 1026.8 

 
As seen in Table 9, a total of 1,023 combinations from 10 variables (210 -1 = 1,023) were 
created and tested to estimate AIC values, and the minimum value is 943.5 from using the 6 
variables.  The AIC value ranges from 943.5 to 1026.8.  For each number of variable case, 
having the minimum AIC combination is presented in Table 10.  As seen in the table, the 6 
variables combination shows the lowest AIC value of 943.5, which has independent variables 
such as LCSI, barrier, lane_width_12, lateral_12, hv, and day_night.  A further statistical 
analysis for each coefficient variable is followed in the next section. 
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Table 10. Combination of Variables Having the Lowest AIC 
Number of 
Variables AIC Combination of Variables 

10 956.6 LCSI barrier area lane_width_12 lateral_12 left_closed work_intensity hv 
day_night length 

9 948.6 LCSI barrier area lane_width_12 lateral_12 left_closed hv day_night length 

8 946.6 LCSI barrier lane_width_12 lateral_12 left_closed hv day_night length 

7 944.9 LCSI barrier lane_width_12 lateral_12 hv day_night length 

6 943.5 LCSI barrier lane_width_12 lateral_12 hv day_night 

5 946.4 LCSI barrier area left_closed hv 

4 945.1 LCSI barrier area hv 

3 947.5 LCSI barrier area 

2 959.7 LCSI barrier 

1 981.5 LCSI 

 
Sequential Method (Forward Selection) 
The forward selection sequential method of selecting independent variables starts with no 
variables in the model.  The method adds a variable one by one once the variable satisfies a 
certain p-value of calculated F statistics.  If there are more than 2 variables showing 
significant F statistics, then the most significant variable is added first, and then the selection 
continues to find the next variable with a significant F statistics.  The default p-value in 
SAS9.3 is 0.05 and the team uses the same value.   
Table 11 presents the result of forward selection method in analyzing a total of 10 variables 
selected previously.  Starting from no variable, each step adds one variable having the most 
significant F statistics until there is no more variables with a p-value less than 0.05 as a 
threshold. 

Table 11. Result of Forward Selection Method 

Step Variable 
Selected R-square Standard 

Error F Value Pr > F 

1 LSCI 0.4017 39.68 59.08 < 0.0001 

2 LSCI 0.5406 36.48 
61.72 

47.65 
26.31 

< 0.0001 
< 0.0001 

3 
LSCI 

barrier 
area 

0.6078 
34.78 
57.68 
40.96 

40.79 
34.74 
14.72 

< 0.0001 
< 0.0001 
0.0002 
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As seen in Table 11, SAS9.3 provides the result of a final variable selection in step 3 as 
having open_ratio, barrier, and area. 
 
Sequential Method (Backward Elimination) 
The backward elimination sequential method selecting independent variables starts with all 
candidate variables in the model.  The method deletes a variable one by one once the variable 
does not satisfy p-value of calculated F statistics.  If there are more than 2 variables showing 
insignificant F statistics, then the least significant variable is deleted first, and then the 
elimination process continues to find the next variable that does not have significant F 
statistics.  The default p-value in SAS9.3 is 0.1 and the team uses the same value as a 
threshold.   
Table 12 presents the result of backward elimination method in analyzing a total of 10 
variables selected previously.  Starting from all variables included, each step eliminates one 
variable having the least significant F statistics until there is no more variables with a p-value 
more than 0.1. 
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Table 12. Result of Backward Elimination Method 

Step Variable 
Selected 

R-
square Standard Error F Value Pr > F 

0 

LCSI 
barrier 
area 

lane_width_12 
lateral_12 
left_closed 

work_intensity 
hv 

day_night 
length 

0.6526 

50.3 
122.3 
91.0 
69.3 
7.7 
52.3 
55.5 
2.5 
98.4 
20.6 

 

7.27 
5.51 
0.02 
2.47 
3.32 
0.27 
0.02 
5.24 
2.88 
0.42 

 

0.0086 
0.0215 
0.8852 
0.1197 
0.0722 
0.6071 
0.8999 
0.0247 
0.0935 
0.5174 

 

1 

LCSI 
barrier 
area 

lane_width_12 
lateral_12 
left_closed 

work_intensity 
hv 

day_night 
length 

0.6526 

49.8 
113.3 
90.2 
68.8 
6.9 
50.0 

- 
2.5 
96.9 
20.4 

 

7.51 
6.67 
0.02 
2.50 
3.86 
0.25 

- 
5.51 
2.91 
0.44 

 

0.0076 
0.0116 
0.8904 
0.1179 
0.0528 
0.6157 

- 
0.0214 
0.0917 
0.5114 

 

2 

LCSI 
barrier 
area 

lane_width_12 
lateral_12 
left_closed 

hv 
day_night 

length 

0.6525 
 
 

46.5 
111.4 

- 
60.0 
6.3 
49.7 
2.4 
82.6 
16.9 

 

8.31 
7.01 

- 
3.56 
4.96 
0.26 
5.97 
4.36 
0.79 

 

0.0051 
0.0097 

- 
0.0626 
0.0288 
0.6132 
0.0167 
0.0400 
0.3776 

 

3 

LCSI 
barrier 

lane_width_12 
lateral_12 
left_closed 

hv 
day_night 

length 

0.6514 

44.11 
96.70 
51.04 
6.25 

- 
2.26 
72.55 
15.51 

 

8.27 
11.13 
6.41 
4.88 

- 
7.74 
7.00 
0.57 

 

0.0051 
0.0013 
0.0133 
0.0299 

- 
0.0067 
0.0098 
0.4543 

 

4 

LCSI 
barrier 

lane_width_12 
lateral_12 

hv 
day_night 

length 

0.6490 

43.80 
95.50 
33.13 
5.76 
2.24 
65.51 

- 
 

7.98 
12.14 
22.85 
7.32 
8.33 
10.79 

- 
 

0.0059 
0.0008 
<.0001 
0.0083 
0.0050 
0.0015 

- 
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As seen in Table 12, SAS9.3 provides the result of a final variable selection in step 4 as 
having LCSI, barrier, area, lane_width_12, lateral_12, hv, and day_night, which is an 
identical outcome compared to the ranking method selection.  For each step, a variable 
showing the least significant F statistics (the largest p-value) is eliminated if it has more than 
0.1 p-value.  
 
Sequential Method (Stepwise) 
The stepwise regression sequential method selecting independent variables starts with no 
variables in the model, same as a forward selection method.  The method adds a variable one 
by one once the variable satisfies a certain p-value of calculated F statistics.  A variable 
having the most significant F statistics is added in the model first, and then the next 
significant variable is examined in the method.  At this time, the existed variables should also 
satisfy a certain p-value to stay in the model.  Consequently, the method needs to be provided 
two different p-value thresholds, one is for a selection and the other is for a stay.  The team 
used p-values of 0.2 and 0.1 for a selection and stay threshold, respectively, and the results of 
the analysis is presented in Table 13. 
 

Table 13. Result of Stepwise Regression Method 

Step Variable 
Selected R-square Standard 

Error F Value Pr > F 

1 LCSI 0.4017 39.68 59.08 < 0.0001 

2 LCSI 
barrier 0.5406 36.48 

61.72 
47.65 
26.31 

< 0.0001 
< 0.0001 

3 
LCSI 

barrier 
area 

0.6078 
34.78 
57.68 
40.96 

40.79 
34.74 
14.72 

< 0.0001 
< 0.0001 
0.0002 

4 

LCSI 
barrier 
area 
hv 

0.6263 

35.21 
57.47 
40.79 
2.15 

33.71 
30.98 
17.62 
4.23 

< 0.0001 
< 0.0001 
< 0.0001 
0.0428 

 
As seen in Table 13, SAS9.3 provides the result of a final variable selection in step 4 as 
having LCSI, barrier, area, and hv, which has identical results with a forward selection.   
 
2.1.6 Result of Variables Selection 
As a result of the statistical assessment, Table 14 is presented to see the best fit variables 
selection for each method examined previously.  One observation in the results is that 2 
major variables, LCSI and barrier, are common regardless of assessment method in the 
analyses.  
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Table 14. Results of Variables Selection 

Assessment Method Variables Selected Case 
No 

Ranking 

Adjusted R-
square 

LCSI, barrier, lane_width_12, lateral_12, hv, 
day_night 1 

AIC LCSI, barrier, lane_width_12, lateral_12, hv, 
day_night 1 

Sequential 

Forward 
Selection LCSI, barrier, area, hv 2 

Backward 
Elimination 

LCSI, barrier, lane_width_12, lateral_12, hv, 
day_night 1 

Stepwise LCSI, barrier, area, hv 2 

 
Using variables selected in Table 14, the team had further statistical analyses using SAS9.3 
to estimate variables before developing freeway work zone capacity model from literature 
archives.  There are 2 cases of variables combination and the results of the statistical test is 
presented in Table 15. 
 

Table 15. Results of Variables Analyses 
Case 1 Case 2 

 
As seen in Table 15, it is observed that the variable of hv shows a positive value estimate, 
which is not intuitive as it means that average QDR increases as the percentage of heavy 
vehicles increases.  The team understands that the heavy vehicle effects on average queue 
discharge rate is already included in the values of the average QDR when they were 
converted into the unit of passenger car.   
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As a result of variable analyses including missing data consideration, the research team plans 
to develop a freeway work zone capacity model using the 3 variables, LCSI, barrier, and 
area, as presented in the following section. 
 
2.1.7 Model Development 
Having 3 independent variables selected previously, LCSI, barrier, and area, the research 
team developed freeway work zone capacity models using SAS9.3 statistical program in the 
type of both additive and multiplicative as shown below.  Each type of model also shows an 
example calculation for its application. 
 
Additive Type 
SAS9.3 program was used to develop an additive type of model and the results of the 
program is presented in Figure 3 and Figure 4. 
 

 
Figure 3. SAS9.3 Results (Additive Type Model-Scenario I) 
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Figure 4. SAS9.3 Results Diagram (Additive Type Model-Scenario I) 

From the results presented above, an additive type capacity model is shown below: 
 

Average QDR = 2,301 – 222×fLCSI – 339×fbarrier – 157×farea 
where, 
    Average QDR = average queue discharge flow rate (pcphpl), 
             fLCSI        = 

�

�������������������	
�
 , 

             fbarrie      = 0: concrete, 1: cone or PE drum, and 
             farea        = 0: urban, 1: rural. 
 
Ex) 3 to 1 lane configuration, cone barrier, urban area 
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       Average QDR = 2,301 – 222 × (1/((1/3)*1)) – 339 × 1 – 157 × 0  
                               = 1,295 (pcphpl) 
 
Multiplicative Type 
SAS9.3 program was used to develop an additive type of model and the results of the 
program is presented in Figure 5 and Figure 6. 
 

 
Figure 5. SAS9.3 Results (Multiplicative Type Model-Scenario I) 
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Figure 6. SAS9.3 Results Diagram (Multiplicative Type Model-Scenario I) 

 
From the results presented above, a multiplicative type capacity model is shown below: 
 

Average QDR = 2,109 ×�l m6�i
#:D@9n9× fbarrier × farea 

where, 
    Average QDR = average queue discharge flow rate (pcphpl), 
             fLCSI        = 

�

�������������������	
�
 , 

             fbarrie       = 1: concrete, 0.8072: cone or PE drum, and 
             farea         = 1: urban, 0.9070: rural. 
 



 

170 

Ex) 3 to 1 lane configuration, cone barrier, urban area 
Average QDR = 2,109 × o*pD3�q�  × 0.8072 × 1 
                         = 1,343 (pcphpl) 
 
2.1.8 Model Validation 
An additive type freeway work zone capacity model developed from literature archives was 
validated using field data collected by the research team as presented in Table 16.   
 

Table 16. Capacity Model Validation (Multiplicative Type Model-Scenario I) 

Total Lane Open Lane Barrier Area Field Data 
(pcphpl) 

HCM 2010 ** 
(pcphpl) 

Additive 
Model Prediction 

(pcphpl) 
4 3 cone urban 1810 1579 1863 

3 2 concrete urban 1535* 1526 2135 
cone urban 1718 1526 1795 

2 2 concrete urban 1922 n/a 2190 
2 1 cone rural 1339 1474 1360 
3 1 cone urban 1232 1526 1295 

 * Extremely small lateral distance for both sides 
** Heavy vehicle adjustment using fHV = 0.95  
 
As seen in Table 16, the scenario I model predicts average QDR close to field data except 3 
to 2 (concrete and urban) and 2 to 2 cases.  In case of the 3 to 2 lane configuration, the field 
data was collected in Los Angeles, and the team recognized that the site had extremely small 
lateral distance on both sides of lane closure.  In case of the 2 to 2 lane configuration, the 
developed model seems to over-predict a capacity value compared to field data collected.   
Figure 7 is depicted to show model predictions from both HCM2010 and newly developed 
models.  The x-axis represents field average QDR data and y-axis represents model 
predictions.  The one to one ratio line (dashed) is also shown to present a perfect prediction.  
One thing noticed in the figure is that the HCM model does not vary showing very limited 
changes, whereas the scenario I model varies a lot showing generally over estimate capacity.  
This is also well presented in Figure 8, which shows comparable condition of capacity data 
from field data, HCM model, and scenario I model. 
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Figure 7. Capacity Model Validation Diagram 1 (Additive Type Scenario I Model) 

 

 
Figure 8. Capacity Model Validation Diagram 2 (Additive Type Scenario I Model) 

 
2.2 Scenario II-1 Model Development (Field Data Model) 
The research team collected capacity data in the field separated by detailed study and video-
only study.  A total of 13 average datasets were finally collected with various variables that 
are likely to affect freeway work zone capacity.  However, the number of datasets is not 
enough to develop a regression model if only average data are utilized.  As such, the team 
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expanded the field dataset using the first 10 valid average queue discharge data for each site, 
which was estimated by a 5-minute aggregation.  The remaining subsections explain the 
process of data collection and model development from field data collected. 
 
2.2.1 Field Data Collection and Expansion 
The team has tried to collect field data considered to have a wide range of field conditions to 
make a freeway work zone capacity model that can be representative throughout various 
circumstances.  Table 17 presents field data collection and expansion showing a total of 81 
datasets expanded using the first 10 valid 5-minute average QDR datasets for each site.  It is 
worthwhile to note that several sites do not show queue discharging condition having low 
volume condition throughout the video data collection.  Especially, all the 2 to 1 lane 
configuration sites do not have queue discharging condition, which is likely to affect in 
developing freeway work zone capacity models using only field data with queuing condition.   
 

Table 17. Field Data Collection and Expansion 

Study 
Type No Freeway Site Lane 

Configuration 

Average 
QDR 

(pcphpl) 

Field Data 
Expansion 

Detailed 

1 I-95 (SB) Richmond, VA 3 to 1 1376 10 
2 I-95 (NB) Richmond, VA 3 to 1 1104 10 
3 I-5 Los Angeles, CA 3 to 2 1535* 10 
4 I-40/440 Raleigh, NC 2 to 2 2008 10 

Video-
only 

5 I-95 (SB) Richmond, VA 3 to 1 1215 10 
6 I-895 Baltimore, MD 2 to 2 1470** n/a 
7 I-15 Las Vegas, NV 3 to 2 1788 10 
8 I-80 Elko, NV 2 to 1 378** n/a 
9 I-40 Forest City, AR 2 to 1 1095** n/a 
10 I-40/440 Raleigh, NC 3 to 2 under reduction - 
11 I-95 Woodbridge, VA 3 to 2 1556 10 
12 I-95 Woodbridge, VA 3 to 2 1810 9 
13 I-10 Tucson, AZ 4 to 3 1810 2 

* Extremely small lateral distance for both sides 
** Low volume condition  
 
2.2.2 Variables Analysis 
Having the same statistical assessment explained in the previous section, the team found 
several substantial variables as presented in Table 18.   
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Table 18. Results of Variables Selection 

Assessment Method Variables Selected Case 
No 

Ranking 

Adjusted R-
square 

LCSI, day_night, left_closed, lateral_12, hv, 
work_intensity, on_ramp, length 1 

AIC LCSI, day_night, left_closed, lateral_12, hv, 
work_intensity, on_ramp, length 1 

Sequential 

Forward 
Selection LCSI, day_night, left_closed, hv, on_ramp, length 2 

Backward 
Elimination 

LCSI, day_night, left_closed, barrier, lateral_12, hv, 
on_ramp, length 3 

Stepwise LCSI, day_night, left_closed, hv, on_ramp, length 2 

 
Using variables selected in Table 18, the team further analyzed the data using SAS9.3 to 
estimate variables before developing a freeway work zone capacity model from expanded 
field data.  There are 3 cases of variable combinations and the results of the statistical test is 
presented in Table 19. 
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Table 19. Results of Variables Analyses 
Case 1 Case 2 

  
Case 3 

 
 
As seen in Table 19, all three cases do not show appropriate coefficient estimates in many 
variables.  For example, the case 1 and 3 show a positive coefficient estimate for LCSI and 
case 2 has a positive coefficient estimate for day_night variable, which both seem 
counterintuitive.  This result was expected by the research team since the expanded field data 
did not have any 2 to 1 lane configurations at all, which should affect model development 
considerably.   
As a result of variables analyses including statistical assessment, the research team concluded 
not to develop capacity models using only the expanded field data.  Instead, the team plan to 
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develop freeway work zone capacity models using headway converted capacity data in 
addition to the expanded field data.   
 
2.3 Scenario II-2 Model Development (Field Data with Headway Data) 
To overcome a challenge of having field data without the 2 to 1 lane configuration, the team 
tried to use headway data to convert them into average queue discharge rate data.  If the 
conversion is valid, the team could fully utilize field data collected in various lane 
configurations including the 2 to 1 case.  The following subsections explain how the team 
converted headway data into average queue discharge rate data and developed capacity 
models using the data collected and converted. 
 
2.3.1 Headway Data Collection and Conversion 
The team followed the 5-step presented below to collect and convert headway data into 
average queue discharge flow rate: 

·  Step 1: determine a threshold of platooning condition from queue discharging sites 
·  Step 2: collect headway data from low volume sites 
·  Step 3: estimate pre-breakdown capacity (vphpl) 
·  Step 4: calculate average queue discharge rate (vphpl) 
·  Step 5: adjust heavy vehicle factor (pcphpl) 

 
In step 1, the team examined headway data from several sites having queue discharge 
condition.  After the observation of thousands of headways, it was reasonably concluded that 
the 95th percentile of headway was about 5-seconds, which became a threshold for a 
platooning condition in the low volume sites. 
In step 2, the team collected headway data form the low volume sites considering the 
platooning threshold, 5-seconds.  Headway data with more than 10 platooning vehicles were 
collected to find pre-breakdown capacity in the following step. 
In step 3, the average platooning headway data collected in step 2 was converted into pre-
breakdown capacity; 3,600 / average headway = pre-breakdown capacity (vphpl). 
In step 4, the pre-breakdown capacity was converted into average queue discharge rate using 
capacity reduction factor (� =0.1338) that was found by the research team in the analysis of 
literature archives. 
In step 5, the average queue discharge rate was converted into passenger car unit using the 
heavy vehicle percentage collected in the field. 
As a result of the conversion process, the team was able to obtain 19 more dataset having 2 to 
1 lane configuration as presented in Table 20.  In addition to the previous expanded field 
dataset, a total of 100 field dataset is used to develop freeway work zone capacity model in 
the following subsection. 
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Table 20. Average QDR Conversion Results 

Site Number of 
Headway 

Avg Headway 
(sec) 

Pre-
breakdown 
Capacity 
(vphpl) 

Avg QDR 
(vphpl) 

Avg QDR 
(pcphpl) 

Elko, NV 

18 3.2 1141 988 1183 
15 2.7 1350 1169 1400 
18 2.5 1437 1245 1490 
16 2.7 1321 1144 1370 
11 2.7 1316 1140 1364 
11 2.9 1226 1062 1271 
13 2.7 1330 1152 1378 
13 3.2 1109 961 1150 
13 3.0 1203 1042 1247 
10 2.4 1481 1283 1536 

Forest City, 
AR 

14 2.7 1340 1161 1419 
14 2.3 1570 1360 1662 
14 2.8 1273 1102 1347 

Baltimore, 
MD 

31 1.6 2193 1900 1911 
20 1.9 1855 1607 1616 
22 1.7 2069 1792 1803 
30 2.0 1801 1560 1570 
15 1.8 1986 1720 1730 
14 1.8 2030 1758 1769 

 
2.3.2 Correlation Analysis 
Table 21 shows the results of correlation analysis for field data having 11 dependent and 
independent variables defined in the previous section.  Figure 9 depicts a scatter plot matrix 
generated from SAS9.3 program for correlation analysis of the variables.   
 

Table 21. Results of Correlation Analysis (Scenario II-2) 
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Figure 9. Scatter Plot Matrix for Correlation Analy sis (Scenario II-2) 

 
As seen in Table 21 and Figure 9, some correlation results show that the absolute value of 
more than 0.9, which is usually a threshold of a serious correlation problem.  The correlation 
results between ‘lateral_distance_12 and work_intensity’ and ‘lane_width_12 and length’ 
show correlations with the absolute values of more than 0.9.  The results presented here are 
further analyzed and presented in developing freeway work zone capacity models in the 
following section. 
 
2.3.3 Variables Analysis 
As a result of the statistical assessment for variables, Table 22 is presented to see the best fit 
variables selection for each statistical selection method examined previously.  
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Table 22. Results of Variables Selection 

Assessment Method Variables Selected Case 
No 

Ranking 

Adjusted R-
square 

LCSI, day_night, left_closed, lateral_12, hv, 
work_intensity, on_ramp, length, area 1 

AIC LCSI, day_night, left_closed, lateral_12, hv, 
work_intensity, on_ramp, length, area 1 

Sequential 

Forward 
Selection 

LCSI, left_closed, barrier, lateral_12, hv, 
work_intensity, on_ramp, length 2 

Backward 
Elimination 

LCSI, day_night, left_closed, lateral_12, hv, 
work_intensity, on_ramp, length, area 1 

Stepwise LCSI, left_closed, barrier, lateral_12, hv, 
work_intensity, on_ramp, length 1 

 
Using variables selected in Table 22, the team further analyzed the data using SAS9.3 to 
estimate variables before developing the freeway work zone capacity model from literature 
archives.  There are 2 cases of variables combination and the results of the statistical test is 
presented in Table 23. 
 

Table 23. Results of Variables Analyses (Scenario II-2) 
Case 1 Case 2 

  
 
As seen in Table 23, it is observed that both cases having many variables at the same time do 
not show all intuitive coefficient estimates.  For example, in case 1, the LCSI should have a 
negative sign and in case 2, the work_intensity should also have a negative sign, but they 
both have positive signs. 
As a result of the variables analyses including statistical assessment, the research team  
developed capacity models with 3 fundamental variables (LCSI, area, barrier) and 3 
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tentative variables (lateral_12, hv, on_ramp).  The model development process is followed in 
the next subsection.  
 
2.3.4 Model Analysis and Selection 
Having 3 fundamental and 3 tentative independent variables selected previously, the team 
was able to develop a total of 8 combination of models as shown in Table 24.   
 

Table 24. Candidate Models (Scenario II-2) 

Candidate 
Model Independent Variables Statistical Assessment 

1 LCSI, barrier, area Intuitive, Not all significant p-
value 

2 LCSI, barrier, area, lateral_12 Intuitive, High base capacity 

3 LCSI, barrier, area, hv Unintuitive 

4 LCSI, barrier, area, on_ramp Intuitive, all significant p-value 

5 LCSI, barrier, area, lateral_12, hv Unintuitive 

6 LCSI, barrier, area, lateral_12, on_ramp Intuitive, High base capacity 

7 LCSI, barrier, area, hv, on_ramp Intuitive, Not all significant p-
value 

8 LCSI, barrier, area, lateral_12, hv, on_ramp Unintuitive 

 
As shown in Table 24, all 8 candidate models were examined in additive type for the ease of 
examination using SAS9.3 statistical program, and the results of the statistical assessment are 
presented in the last column.   
After the close examination of statistical outcomes from each model such as coefficient 
estimates, p-value, and adjusted R-square values, the team pick the model 4 as a 
representative model for the scenario II-2.  Detailed model development process using 4 
independent variables selected, LCSI, barrier, area, and on_ramp, is presented in the 
following subsection. 
 
2.3.5 Model Development 
Having 4 independent variables selected previously, LCSI, barrier, area, and on_ramp, the 
research team developed freeway work zone capacity models using SAS9.3 statistical 
program in the type of both additive and multiplicative as shown below.  Each type of model 
also shows an example calculation for its application. 
 
Additive Type 
SAS9.3 program was used to develop an additive type of model and the results of the 
program is presented in Figure 10 and Figure 11. 
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Figure 10. SAS9.3 Results (Additive Type Model-Scenario II-2) 
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Figure 11. SAS9.3 Results Diagram (Additive Type Model-Scenario II-2) 

 
From the results presented above, an additive type capacity model is shown below: 
 

Average QDR = 2,179 – 230×fLCSI – 226×fbarrier – 123×farea – 215×fon_ramp 
where, 
    Average QDR = average queue discharge flow rate (pcphpl), 
             fLCSI        = 

�

�������������������	
�
 , 

             fbarrie      = 0: concrete, 1: cone or PE drum, 
             farea        = 0: urban, 1: rural, and 
        fon_ramp        = 0: no on-ramp presence, 1: on-ramp presence. 
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Ex) 3 to 1 lane configuration, cone barrier, urban area, on-ramp presence 
       Average QDR = 2,179 – 230 × (1/((1/3)*1)) – 226 × 1 – 123 × 0 – 215 × 1 
                               = 1,050 (pcphpl) 
 
Multiplicative Type 
SAS9.3 program was used to develop an additive type of model and the results of the 
program is presented in Figure 12 and Figure 13. 
 

 
Figure 12. SAS9.3 Results (Multiplicative Type Model-Scenario II-2) 
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Figure 13. SAS9.3 Results Diagram (Multiplicative Type Model-Scenario II-2) 

 
From the results presented above, a multiplicative type capacity model is shown below: 
 

Average QDR = 1,837 ×�l m6�i
#:D@@r>× fbarrier × farea× fon_ramp 

where, 
    Average QDR = average queue discharge flow rate (pcphpl), 
             fLCSI        = 

�

�������������������	
�
 , 

             fbarrie       = 1: concrete, 0.8835: cone or PE drum, 
             farea         = 1: urban, 0.9848: rural, and 
        fon_ramp           = 1: urban, 0.9034: rural. 
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Ex) 3 to 1 lane configuration, cone barrier, urban area, on-ramp presence 
Average QDR = 1,837 × o*pD33st  × 0.8835 × 1 × 0.9034 
                         = 1,140 (pcphpl) 
 
2.3.6 Model Validation 
An additive type of freeway work zone capacity model developed from field data including 
the headway capacity data was validated using literature archives data collected by the 
research team as presented in Table 25.  
 

Table 25. Capacity Model Validation (Additive Type Model-Scenario II-2) 

Total Lane Open Lane Barrier Area On-ramp 

Literature 
Archives 
(pcphpl) 

[sample size] 

HCM 2010 * 
(pcphpl) 

Additive 
Model Prediction 

(pcphpl) 

4 3 concrete urban no 1987 [2] 1579 1950 
3 2 concrete urban no 2212 [2] 1526 2007 

cone urban no 1752 [6] 1526 1781 
cone rural no 1675 [2] 1526 1657 

2 2 concrete urban no 2252 [1] n/a 2065 
2 1 concrete urban no 1818 [1] 1474 1720 

concrete rural no 1701 [8] 1474 1597 
cone urban no 1535 [24] 1474 1494 
cone rural no 1357 [30] 1474 1371 

3 1 cone urban no 1274 [7] 1526 1264 
cone rural no 1140 [7] 1526 1141 

* Heavy vehicle adjustment using fHV = 0.95  
 
As seen in Table 25, the scenario II-2 model predicts average QDR closer to literature 
archives data as  compared to the HCM model.  The root mean square (RMS) errors are 96.3 
and 340.0 for the scenario II-2 and HCM model, respectively. 
Figure 14 depicts model predictions from both HCM2010 and newly developed models.  The 
x-axis represents literature archives average QDR data and y-axis represents model 
predictions.  The one to one ratio line (dashed) is also shown to present a perfect prediction.  
One thing noticed in the figure is that the HCM model does not vary sufficiently showing 
very limited changes, whereas the scenario II-2 model varies adequately following to 
literature archives capacity.  This is also well presented in Figure 15, which shows 
comparable condition of capacity data from literature archives data, HCM model, and 
scenario II-2 model. 
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Figure 14. Capacity Model Validation Diagram 1 (Additive Type Scenario II-2 Model) 

 

 
Figure 15. Capacity Model Validation Diagram 2 (Additive Type Scenario II-2 Model) 

 
2.4 Scenario III-1 Model Development (75 % of Combined Data) 
The next approach in developing freeway work zone capacity model is to use mixed data 
from literature archives and expanded field data.  A total of 90 dataset from literature 
archives and 81 dataset from expanded field dataset are combined together, and then 75 
percent of randomly selected data is used for a development of capacity model and the 
remaining 25 percent of data is used for a validation purpose.   
 
2.4.1 Mixed Data Collection 
The team combined all data from the literature archives and expanded field dataset resulting 
in a total number of capacity datasets of 171.  Among them about 75 percent (128 dataset) of 
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randomly selected dataset was used for a development of capacity model, and the rest of 25 
percent (43 dataset) was used for a validation.  
 
2.4.2 Correlation Analysis 
Table 26 shows the results of correlation analysis for field data having 12 dependent and 
independent variables defined in previous section.  Figure 16 depicts a scatter plot matrix 
generated from SAS9.3 program for correlation analysis of the variables.   
 

Table 26. Results of Correlation Analysis (Scenario III) 
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Figure 16. Scatter Plot Matrix for Correlation Analysis (Scenario III) 

 
As seen in Table 26 and Figure 16, none of correlation results show that the absolute value of 
more than 0.9, which is usually a threshold of a serious correlation problem.  The results 
presented here are further analyzed and presented in developing freeway work zone capacity 
models in the following section. 
 
2.4.3 Variables Analysis 
As a result of the statistical assessment for variables, Table 27 is presented to see the best fit 
variables selection for each statistical selection method examined previously.  
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Table 27. Results of Variables Selection 
Assessment Method Variables Selected Case No 

Ranking 
Adjusted R-square LCSI, barrier, area, lane_width_12, lateral_12, 

left_closed, hv, day_night, speed_limit, length 1 

AIC LCSI, barrier, area, lane_width_12, lateral_12, 
left_closed, hv, day_night, speed_limit, length 1 

Sequential 

Forward Selection LCSI, barrier, area, lateral_12 2 

Backward 
Elimination 

LCSI, barrier, area, lane_width_12, lateral_12, 
left_closed, hv, day_night, speed_limit, length 1 

Stepwise LCSI, barrier, area, lateral_12 2 

 
Using variables selected in Table 27, the team further analyzed the data using SAS9.3 to 
estimate variables before developing a freeway work zone capacity model from literature 
archives.  There are 2 cases of variables combination and the results of the statistical test is 
presented in Table 28. 
 

Table 28. Results of Variables Analyses (Scenario III) 
Case 1 Case 2 

 

 

 
As a result of variable analyses including statistical assessment, the research team developed 
capacity models with 3 fundamental variables (LCSI, area, barrier) and 3 tentative variables 
(lateral_12, hv, day_night).  The model development process is followed in the next 
subsection.  
 
2.4.4 Model Analysis and Selection 



 

189 

Having 3 fundamental and 3 tentative independent variables selected previously, the team 
was able to develop a total of 8 combination of models as shown in Table 29.   
 

Table 29. Candidate Models (Scenario III) 

Candidate 
Model Independent Variables Statistical Assessment 

1 LCSI, barrier, area Intuitive, all significant p-value 

2 LCSI, barrier, area, lateral_12 Intuitive, all significant p-value 

3 LCSI, barrier, area, hv Unintuitive 

4 LCSI, barrier, area, day_night Intuitive, all significant p-value 

5 LCSI, barrier, area, lateral_12, hv Unintuitive 

6 LCSI, barrier, area, lateral_12, day_night Intuitive, mostly significant p-
value 

7 LCSI, barrier, area, hv, day_night Unintuitive 

8 LCSI, barrier, area, lateral_12, hv, day_night Unintuitive 

 
As shown in Table 29, all 8 candidate models were examined in additive type for the ease of 
examination using SAS9.3 statistical program, and the results of the statistical assessment are 
presented in the last column.   
After the close examination of statistical outcomes from each model such as coefficient 
estimates, p-value, and adjusted R-square values, the team picked the model 6 as a 
representative model for the scenario III.  The detailed model development process using the 
5 independent variables selected, LCSI, barrier, area, lateral_12, and day_night, is presented 
in the following subsection. 
 
2.4.5 Model Development 
Having 5 independent variables selected previously, LCSI, barrier, area, lateral_12, and 
day_night, the research team developed freeway work zone capacity models using SAS9.3 
statistical program in the type of both additive and multiplicative as shown below.  Each type 
of model also shows an example calculation for its application. 
 
Additive Type 
SAS9.3 program was used to develop an additive type of model and the results of the 
program is presented in Figure 17 and Figure 18. 
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Figure 17. SAS9.3 Results (Additive Type Model-Scenario III) 
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Figure 18. SAS9.3 Results Diagram (Additive Type Model-Scenario III) 

 
From the results presented above, an additive type capacity model is shown below: 
 

Average QDR = 2,086 – 170×fLCSI – 148×fbarrier – 172×farea + 12×flateral_12 – 45×fday_night 
where, 
    Average QDR = average queue discharge flow rate (pcphpl), 
             fLCSI           = 

�

�������������������	
�
 , 

             fbarrie      = 0: concrete, 1: cone or PE drum, 
             farea        = 0: urban, 1: rural, 
             flateral_12  = lateral distance – 12 (ft), 
        fday_night          = 0: day, 1: night. 
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Ex) 3 to 1 lane configuration, cone barrier, urban area, lateral distance 6-ft, night 
       Average QDR = 2,086 – 170 × (1/((1/3)*1)) – 148 × 1 – 172 × 0 + 12 × (-6) – 45 × 1 
                               = 1,309 (pcphpl) 
 
Multiplicative Type 
SAS9.3 program was used to develop an additive type of model and the results of the 
program is presented in Figure 19 and Figure 20. 
 

 
Figure 19. SAS9.3 Results (Multiplicative Type Model-Scenario III) 
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Figure 20. SAS9.3 Results Diagram (Multiplicative Type Model-Scenario III) 

 
From the results presented above, a multiplicative type capacity model is shown below: 
 

Average QDR = 1,992 ×�l m6�i
#:D9<>9× fbarrier × farea ×�l kuevukV9@

:D:<wo× fday_night 
where, 
    Average QDR = average queue discharge flow rate (pcphpl), 
             fLCSI        = 

�

�������������������	
�
 , 

             fbarrie       = 1: concrete, 0.8641: cone or PE drum, 
             farea         = 1: urban, 0.8965: rural, 
       flateral_12         = (lateral distance / 12) (ft), and 
        fday_night             = 1: day, 0.9374: night. 



 

194 

 
Ex) 3 to 1 lane configuration, cone barrier, urban area, lateral distance 6-ft, night 
Average QDR = 1,992 × o*pD�Ct�  × 0.8641 × 1 × �

q

�3
� *pDpCx�  × 0.9374 

                         = 1,329 (pcphpl) 
 
2.4.6 Model Validation 
An additive type freeway work zone capacity model developed from the 75 percent of mixed 
data was validated using the rest of 25 percent data as presented in Table 30.  
 

Table 30. Capacity Model Validation (Additive Type Model-Scenario III) 

Total 
Lane 

Open 
Lane Barrier Area Day_ 

night 
Lateral/12 

(ft) 

25 % Data 
(pcphpl) 

[sample size] 

HCM 2010 * 
(pcphpl) 

Additive 
Model 

Prediction 
(pcphpl) 

4 2 concrete urban day 1.0 1989 [1] 1526 2087 
3 2 concrete urban day 1.0 2295 [1] 1526 2178 

concrete rural day 0.0 1474 [3] 1526 1641 
cone urban day 1.0 1970 [1] 1526 1810 
cone rural day 0.5 1740 [7] 1526 1565 
cone rural night 1.0 1726 [1] 1526 1642 

2 2 concrete urban day 0.3 1900 [3] n/a 1891 
2 1 concrete urban day 1.0 1818 [1] 1474 1782 

concrete rural day 1.0 1579 [1] 1474 1610 
cone urban day 0.4 1411 [3] 1474 1512 
cone urban night 0.2 1477 [2] 1474 1443 
cone rural day 0.6 1374 [7] 1474 1376 
cone rural night 0.4 1488 [2] 1474 1282 

3 1 concrete rural night 0.3 1044 [1] 1526 1248 
cone urban night 0.8 1264 [2] 1526 1358 
cone rural night 0.3 1256 [7] 1526 1100 

* Heavy vehicle adjustment using fHV = 0.95  
 
As seen in Table 30, the scenario III model better predicts average QDR close to the rest of 
25 percent data as  compared to the HCM model.  The root mean square (RMS) errors are 
123.8 and 327.4 for the scenario III-1 and HCM model, respectively. 
Figure 21 depicts model predictions from both HCM2010 and newly developed models.  The 
x-axis represents the 25 percent of remaining average QDR data and y-axis represents model 
predictions.  The one to one ratio line (dashed) is also shown to present a perfect prediction.  
One thing noticed in the figure is that the HCM model does not vary sufficiently showing 
very limited changes, whereas the scenario III-1 model varies adequately following to the 
validation purpose data.  This is also well presented in Figure 22, which shows comparable 
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condition of capacity data from the 25 percent remaining data, HCM model, and scenario III-
1 model. 

 
Figure 21. Capacity Model Validation Diagram 1 (Additive Type Scenario III-1 Model) 
 

 
Figure 22. Capacity Model Validation Diagram 2 (Additive Type Scenario III-1 Model) 
 
2.5 Scenario III-2 Model Development (75 % of Combined Data with Headways) 
The last approach in developing freeway work zone capacity model is also to use mixed data 
from literature archives and expanded field data.  In this approach, the research team added 
headway capacity data in the scenario III dataset.  As such, a total of 90 dataset from 
literature archives and 100 dataset from expanded field dataset are combined together, and 
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then 75 percent of randomly selected data is used for a development of capacity model and 
the rest of 25 percent of data is used for a validation purpose.   
 
2.5.1 Mixed Data Collection 
The team added 19 more dataset from field data obtained using the headway capacity method 
explained in the scenario II-2.  Among the 19 dataset added, around 75 percent (15 dataset) 
was used for a model development and 25 percent (4 dataset) was used for a validation 
purpose.  As such, the total number of capacity dataset was 190.   
 
2.5.2 Correlation Analysis 
Table 31 shows the results of correlation analysis for field data having 12 dependent and 
independent variables as defined a in previous section.  Figure 23 depicts a scatter plot matrix 
generated from SAS9.3 program for correlation analysis of the variables.   
 

Table 31. Results of Correlation Analysis (Scenario III-2) 
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Figure 23. Scatter Plot Matrix for Correlation Analysis (Scenario III-2) 

 
As seen in Table 31 and Figure 23, none of correlation results show that the absolute value of 
more than 0.9, which is usually a threshold of a serious correlation problem.  The results 
presented here are further analyzed and presented in developing freeway work zone capacity 
models in the following section. 
 
2.5.3 Variables Analysis 
As a result of the statistical assessment for variables, Table 32 is presented to see the best fit 
variables selection for each statistical selection method examined previously.  
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Table 32. Results of Variables Selection 
Assessment Method Variables Selected Case No 

Ranking 
Adjusted R-square LCSI, barrier, area, lane_width_12, lateral_12, 

left_closed,  hv, day_night, length 1 

AIC LCSI, barrier, area, lane_width_12, lateral_12, 
left_closed,  hv, day_night, length 1 

Sequential 

Forward Selection LCSI, barrier, area, lateral_12 2 

Backward 
Elimination LCSI, barrier, area, lateral_12 2 

Stepwise LCSI, barrier, area, lateral_12 2 

 
Using variables selected in Table 32, the team had further analyzed the data using SAS9.3 to 
estimate variables before developing the freeway work zone capacity model from literature 
archives.  There are 2 cases of variables combination and the results of the statistical test is 
presented in Table 33. 
 

Table 33. Results of Variables Analyses (Scenario III-2) 
Case 1 Case 2 

 

 

 
As a result of variables analyses including statistical assessment, the research team developed 
capacity models with the same variables selected in the scenario III, LCSI, area, barrier, 
lateral_12, and, day_night.  The model development process is followed in the next 
subsection.  
 
2.5.4 Model Development 
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Having 5 independent variables selected previously, LCSI, barrier, area, lateral_12, and 
day_night, the research team developed the freeway work zone capacity models using 
SAS9.3 statistical program in the type of both additive and multiplicative as shown below.  
Each type of model also shows an example calculation for its application. 
 
Additive Type 
SAS9.3 program was used to develop an additive type of model and the results of the 
program is presented in Figure 24 and Figure 25. 
 

 
Figure 24. SAS9.3 Results (Additive Type Model-Scenario III-2) 
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Figure 25. SAS9.3 Results Diagram (Additive Type Model-Scenario III-2) 

 
From the results presented above, an additive type capacity model is shown below: 
 

Average QDR = 2,067 – 168×fLCSI – 127×fbarrier – 178×farea + 14×flateral_12 – 42×fday_night 
where, 
    Average QDR = average queue discharge flow rate (pcphpl), 
             fLCSI           = 

�

�������������������	
�
 , 

             fbarrie      = 0: concrete, 1: cone or PE drum, 
             farea        = 0: urban, 1: rural, 
             flateral_12  = lateral distance – 12 (ft), 
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        fday_night          = 0: day, 1: night. 
 
Ex) 3 to 1 lane configuration, cone barrier, urban area, lateral distance 6-ft, night 
       Average QDR = 2,067 – 168 × (1/((1/3)*1)) – 127 × 1 – 178 × 0 + 14 × (-6) – 42 × 1 
                               = 1,313 (pcphpl) 
 
Multiplicative Type 
SAS9.3 program was used to develop an additive type of model and the results of the 
program is presented in Figure 26 and Figure 27. 
 

 
Figure 26. SAS9.3 Results (Multiplicative Type Model-Scenario III-2) 
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Figure 27. SAS9.3 Results Diagram (Multiplicative Type Model-Scenario III-2) 

 
From the results presented above, a multiplicative type capacity model is shown below: 
 

Average QDR = 1,965 ×�l m6�i
#:D9on>× fbarrier × farea ×�l kuevukV9@

:D:>9=× fday_night 
where, 
    Average QDR = average queue discharge flow rate (pcphpl), 
             fLCSI        = 

�

�������������������	
�
 , 

             fbarrie       = 1: concrete, 0.8749: cone or PE drum, 
             farea         = 1: urban, 0.8927: rural, 
       flateral_12         = (lateral distance / 12) (ft), and 
        fday_night             = 1: day, 0.9343: night. 
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Ex) 3 to 1 lane configuration, cone barrier, urban area, lateral distance 6-ft, night 
Average QDR = 1,992 × o*pD��qt  × 0.8749 × 1 × �

q

�3
� *pDpt�y  × 0.9343 

                         = 1,334 (pcphpl) 
 
2.5.5 Model Validation 
An additive type freeway work zone capacity model developed from the 75 percent of mixed 
data including headway capacity data was validated using the rest of 25 percent data as 
presented in Table 34.  
 

Table 34. Capacity Model Validation (Additive Type Model-Scenario III-2) 

Total 
Lane 

Open 
Lane Barrier Area Day_ 

night 
Lateral/12 

(ft) 

25 % Data 
(pcphpl) 

[sample size] 

HCM 2010 * 
(pcphpl) 

Multiplicative 
Model 

Prediction 
(pcphpl) 

4 2 concrete urban day 1.0 1989 [1] 1526 2088 

3 
  
  
  
  

2 
 
 
 
 

concrete urban day 1.0 2295 [1] 1526 2185 
concrete rural day 0.0 1474 [3] 1526 1601 

cone urban day 1.0 1970 [1] 1526 1814 
cone rural day 0.5 1740 [7] 1526 1554 
cone rural night 1.0 1726 [1] 1526 1648 

2 2 concrete urban day 0.2 1858 [4] n/a 1861 
2 
  
  
  
  
 
  

1 
 
 
 
 
 
 

concrete urban day 1.0 1818 [1] 1474 1771 
concrete rural day 1.0 1579 [1] 1474 1593 

cone urban day 0.4 1411 [3] 1474 1509 
cone urban night 0.2 1477 [2] 1474 1440 
cone rural day 0.6 1377 [10] 1474 1371 

cone rural night 0.4 1488 [2] 1474 1275 

3 
  
 

1 
  
 

concrete rural night 0.3 1044 [1] 1526 1221 
cone urban night 0.8 1264 [2] 1526 1367 
cone rural night 0.3 1256 [7] 1526 1094 

* Heavy vehicle adjustment using fHV = 0.95  
 
As seen in Table 34, the scenario III-2 model better predicts average QDR close to the rest of 
25 percent data as compared to the HCM model.  The root mean square (RMS) errors are 
119.9 and 327.4 for the scenario III-2 and HCM model, respectively. 
Figure 28 depicts model predictions from both HCM2010 and the newly developed models.  
The x-axis represents the 25 percent of remaining average QDR data and y-axis represents 
model predictions.  The one to one ratio line (dashed) is also shown to present a perfect 
prediction.  One thing noticed in the figure is that the HCM model does not vary sufficiently 
showing very limited changes, whereas the scenario III-2 model varies adequately following 
to the validation purpose data.  This is also well presented in Figure 29, which shows 
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comparable condition of capacity data from the 25 percent remaining data, HCM model, and 
scenario III-2 model. 
 

 
Figure 28. Capacity Model Validation Diagram 1 (Additive Type Scenario III-2 Model) 
 

 
Figure 29. Capacity Model Validation Diagram 2 (Additive Type Scenario III-2 Model) 
 
2.6 Scenario III-3 Model Development (75 % of Mixed Data-one per site) 
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The last approach in developing freeway work zone capacity model is to use mixed data from 
literature archives and average field data.  In this approach, the research team used one 
dataset per site for field data without expanding.  As such, a total of 90 dataset from literature 
archives and 9 valid dataset from field are combined together, and then 75 percent of 
randomly selected data is used for a development of capacity model and the rest of 25 
percent of data is used for a validation purpose.   
 
2.6.1 Mixed Data Collection 
The team used a total of 99 dataset from literature archives and field data collection.  Among 
the 99 dataset added, around 75 percent (74 dataset) was used for a model development and 
25 percent (25 dataset) was used for a validation purpose.   
 
2.6.2 Correlation Analysis 
Table 35 shows the results of correlation analysis for field data having 12 dependent and 
independent variables defined in previous section.  Figure 30 depicts a scatter plot matrix 
generated from SAS9.3 program for correlation analysis of the variables.   
 

Table 35. Results of Correlation Analysis (Scenario III-3) 
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Figure 30. Scatter Plot Matrix for Correlation Analysis (Scenario III-3) 

 
As seen in Table 35 and Figure 30, none of correlation results show that the absolute value of 
more than 0.9, which is usually a threshold of a serious correlation problem.  The results 
presented here are further analyzed and presented in developing freeway work zone capacity 
models in the following section. 
 
2.6.3 Variables Analysis 
As a result of the statistical assessment for variables, Table 36 is presented to see the best fit 
variables selection for each statistical selection method examined previously.  
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Table 36. Results of Variables Selection 
Assessment Method Variables Selected Case No 

Ranking 

Adjusted R-
square 

barrier, area, lane_width_12, lateral_12, 
left_closed, hv, day_night, speed_limit, length 1 

AIC LCSI, barrier, lane_width_12, lateral_12, hv, 
day_night, speed_limit 2 

Sequential 

Forward 
Selection 

LCSI, barrier, area, hv 3 

Backward 
Elimination 

barrier, lane_width_12, lateral_12, hv, 
day_night, speed_limit 4 

Stepwise LCSI, barrier, area, hv 3 

 
Using variables selected in Table 36, the team further analyzed the data using SAS9.3 to 
estimate variables before developing the freeway work zone capacity model from literature 
archives.  There are 4 cases of variables combination and the results of the statistical test is 
presented in Table 37. 
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Table 37. Results of Variables Analyses (Scenario III-3) 
Case 1 Case 2 

  
Case 3 Case 4 

  

 
As a result of variables analyses including statistical assessment, the research team concludes 
that developing capacity models with the same variables selected in the scenario III, LCSI, 
area, barrier, lateral_12, and, day_night.  The model development process is followed in the 
next subsection.  
 
2.6.4 Model Development 
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Having 5 independent variables selected previously, LCSI, barrier, area, lateral_12, and 
day_night, the research team developed freeway work zone capacity models using SAS9.3 
statistical program in the type of both additive and multiplicative as shown below.  Each type 
of model also shows an example calculation for its application. 
 
Additive Type 
SAS9.3 program was used to develop an additive type of model and the results of the 
program is presented in Figure 31 and Figure 32. 
 

 
Figure 31. SAS9.3 Results (Additive Type Model-Scenario III-3) 
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Figure 32. SAS9.3 Results Diagram (Additive Type Model-Scenario III-3) 

 
From the results presented above, an additive type capacity model is shown below: 
 

Average QDR = 2,093 – 154×fLCSI – 194×fbarrier – 179×farea + 9×f lateral_12 – 59×fday_night 
where, 
    Average QDR = average queue discharge flow rate (pcphpl), 
             fLCSI           = 

�

�������������������	
�
 , 

             fbarrie      = 0: concrete, 1: cone or PE drum, 
             farea        = 0: urban, 1: rural, 
             flateral_12  = lateral distance – 12 (ft), 
        fday_night          = 0: day, 1: night. 
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Ex) 3 to 1 lane configuration, cone barrier, urban area, lateral distance 6-ft, night 
       Average QDR = 2,093 – 154 × (1/((1/3)*1)) – 194 × 1 – 179 × 0 + 9 × (-6) – 59 × 1 
                               = 1,324 (pcphpl) 
 
Multiplicative Type 
SAS9.3 program was used to develop an additive type of model and the results of the 
program is presented in Figure 33 and Figure 34. 
 

 
Figure 33. SAS9.3 Results (Multiplicative Type Model-Scenario III-3) 
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Figure 34. SAS9.3 Results Diagram (Multiplicative Type Model-Scenario III-3) 

 
From the results presented above, a multiplicative type capacity model is shown below: 
 

Average QDR = 2,013 ×�l m6�i
#:D9o@o× fbarrier × farea ×�l kuevukV9@

:D:o:w × fday_night 
where, 
    Average QDR = average queue discharge flow rate (pcphpl), 
             fLCSI        = 

�

�������������������	
�
 , 

             fbarrie       = 1: concrete, 0.8502: cone or PE drum, 
             farea         = 1: urban, 0.8836: rural, 
       flateral_12         = (lateral distance / 12) (ft), and 
        fday_night             = 1: day, 0.9363: night. 
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Ex) 3 to 1 lane configuration, cone barrier, urban area, lateral distance 6-ft, night 
Average QDR = 2,013 × o*pD��3�  × 0.8502 × 1 × �

q

�3
� pDp�px × 0.9363 

                         = 1,356 (pcphpl) 
 
2.6.5 Model Validation 
An additive type freeway work zone capacity model developed from the 75 percent of mixed 
data was validated using the rest of 25 percent data as presented in Table 38.  
 

Table 38. Capacity Model Validation (Additive Type Scenario III-3 Model) 

Total 
Lane 

Open 
Lane 

Barrier Area Day_ 
night 

Lateral/12 
(ft) 

25 % Data 
(pcphpl) 
[sample 

size] 

HCM 2010 
* 

(pcphpl) 

Multiplicative 
Model 

Prediction 
(pcphpl) 

4 3 cone urban day 0.5 1810 [1] 1579 1777 

4 2 concrete urban day 14 1989 [1] 1526 2065 
3 2 concrete urban day 18 2295 [1] 1526 2139 

cone urban day 0 1970 [1] 1526 1784 
cone rural night 4 1726 [1] 1526 1581 

2 1 concrete urban day 3 1818 [1] 1474 1812 
concrete rural day 3 1579 [1] 1474 1633 

cone urban day -7 1411 [3] 1474 1528 
cone urban night -9 1477 [2] 1474 1451 
cone rural day -4 1374 [7] 1474 1376 
cone rural night -8 1488 [2] 1474 1281 

3 1 cone urban night -4 1247 [3] 1526 1342 
cone rural night -6 1145 [1] 1526 1145 

* Heavy vehicle adjustment using fHV = 0.95  
 
As seen in Table 38, the scenario III-3 model better predicts average QDR close to the rest of 
25 percent data as compared to the HCM model.  The root mean square (RMS) errors are 
109.4 and 335.3 for the scenario III-3 and HCM model, respectively. 
Figure 35 depicts model predictions from both HCM2010 and newly developed models.  The 
x-axis represents the 25 percent of remaining average QDR data and y-axis represents model 
predictions.  The one to one ratio line (dashed) is also shown to present a perfect prediction.  
One thing noticed in the figure is that the HCM model does not vary sufficiently showing 
very limited changes, whereas the scenario III-3 model varies adequately following to the 
validation purpose data.  This is also well presented in Figure 36, which shows comparable 
condition of capacity data from the 25 percent remaining data, HCM model, and scenario III-
3 model. 
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Figure 35. Capacity Model Validation Diagram 1 (Additive Type Scenario III-3 Model) 
 

 
Figure 36. Capacity Model Validation Diagram 2 (Additive Type Scenario III-3 Model) 
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D. Sensor Data Analysis Results 

Sensor Site Code R-01-MD 

 
Sensor Data Non-Work Zone Work Zone 

Database RITIS 

State Maryland 

Sensor Location North on I-895 @ 0.43 Mile North of Harbor Tunnel Toll 
Booth 

Lane Configuration 2-lane open 2 to 1 

Lane Closure Side - Right 

Total 15-min Counts 3,789 485 

Max Flow Rate (vph) 1,810 1,580 

Average Speed within 500 vph (mph) 56.61 47.98 

SD within 500 vph (mph) 3.00 3.06 

Total Valid 15-min Counts for FFS 1,792 324 

Free Flow Speed * 56.75 47.89 

* Significant difference at the 95th percentile confidence level 
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Sensor Site Code R-02-MD 

 

Sensor Data Non-Work Zone Work Zone 

Database RITIS 

State Maryland 

Sensor Location North on I-895 @ 0.43 Mile North of Harbor Tunnel Toll 
Booth 

Lane Configuration 2-lane open 2 to 1 

Lane Closure Side - Left 

Total 15-min Counts 3,789 731 

Max Flow Rate (vph) 1,810 1,508 

Average Speed within 500 vph (mph) 56.61 50.50 

SD within 500 vph (mph) 3.00 3.31 

Total Valid 15-min Counts for FFS 1,792 382 

Free Flow Speed * 56.75 50.09 

* Significant difference at the 95th percentile confidence level 
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Sensor Site Code R-03-MD 

 

Sensor Data Non-Work Zone Work Zone 

Database RITIS 

State Maryland 

Sensor Location North on I-895 @ 0.55 Mile North of SR-2 (Potee St.) 

Lane Configuration 2-lane open 2-lane shift 

Lane Closure Side - - 

Total 15-min Counts 5,657 5,388 

Max Flow Rate (vph) 1,606 1,568 

Average Speed within 500 vph (mph) 56.73 57.54 

SD within 500 vph (mph) 3.58 3.02 

Total Valid 15-min Counts for FFS 2,201 2,091 

Free Flow Speed * 56.99 57.88 

* Significant difference at the 95th percentile confidence level 
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Sensor Site Code R-04-FL 

 

Sensor Data Non-Work Zone Work Zone 

Database RITIS 

State Florida 

Sensor Location East on I-4 @ 126.3 Mile East of FL 44 

Lane Configuration 2-lane open 2 to 1 

Lane Closure Side - Right 

Total 15-min Counts 2,576 42 

Max Flow Rate (vph) 1,550 1,252 

Average Speed within 500 vph (mph) 65.73 60.67 

SD within 500 vph (mph) 5.83 4.82 

Total Valid 15-min Counts for FFS 1,035 30 

Free Flow Speed * 66.02 61.02 

* Significant difference at the 95th percentile confidence level 



 

219 

Sensor Site Code R-05-FL 

 

Sensor Data Non-Work Zone Work Zone 

Database RITIS 

State Florida 

Sensor Location East on I-4 @ 126.3 Mile East of FL 44 

Lane Configuration 2-lane open 2 to 1 

Lane Closure Side - Left 

Total 15-min Counts 2,576 264 

Max Flow Rate (vph) 1,550 996 

Average Speed within 500 vph (mph) 65.73 58.83 

SD within 500 vph (mph) 5.83 6.74 

Total Valid 15-min Counts for FFS 1,035 181 

Free Flow Speed * 66.02 59.24 

* Significant difference at the 95th percentile confidence level 
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Sensor Site Code R-06-FL 

 

Sensor Data Non-Work Zone Work Zone 

Database RITIS 

State Florida 

Sensor Location I-95 Northbound @ Palm Ave 

Lane Configuration 3-lane open 3 To 2 

Lane Closure Side - Left 

Total 15-min Counts 2,507 863 

Max Flow Rate (vph) 1,744 1,380 

Average Speed within 500 vph (mph) 61.51 56.05 

SD within 500 vph (mph) 2.20 1.90 

Total Valid 15-min Counts for FFS 834 547 

Free Flow Speed * 61.65 55.98 

* Significant difference at the 95th percentile confidence level 
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Sensor Site Code R-08-TX 

 

Sensor Data Non-Work Zone Work Zone 

Database RITIS 

State Texas 

Sensor Location Eastbound I-635 @ Greenville Ave 

Lane Configuration 4-lane open 4 to 2 

Lane Closure Side - Right 

Total 15-min Counts 15,627 52 

Max Flow Rate (vph) 1723 1278 

Average Speed within 500 vph (mph) 54.15 47.79 

SD within 500 vph (mph) 2.62 1.78 

Total Valid 15-min Counts for FFS 4,101 25 

Free Flow Speed * 54.43 47.75 

* Significant difference at the 95th percentile confidence level 
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Sensor Site Code R-09-TX 

 

Sensor Data Non-Work Zone Work Zone 

Database RITIS 

State Texas 

Sensor Location Eastbound I-635 @ Greenville Ave 

Lane Configuration 4-lane open 4 to 3 

Lane Closure Side - Right 

Total 15-min Counts 15,627 106 

Max Flow Rate (vph) 1,723 836 

Average Speed within 500 vph (mph) 54.15 52.15 

SD within 500 vph (mph) 2.62 5.97 

Total Valid 15-min Counts for FFS 4,101 65 

Free Flow Speed * 54.43 53.14 

* Significant difference at the 95th percentile confidence level 
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Sensor Site Code R-10-TX 

 

Sensor Data Non-Work Zone Work Zone 

Database RITIS 

State Texas 

Sensor Location Eastbound I-635 @ Greenville Ave 

Lane Configuration 4-lane open 4 to 3 

Lane Closure Side - Left 

Total 15-min Counts 15,627 66 

Max Flow Rate (vph) 1,723 1,332 

Average Speed within 500 vph (mph) 54.15 52.62 

SD within 500 vph (mph) 2.62 4.72 

Total Valid 15-min Counts for FFS 4,101 49 

Free Flow Speed * 54.43 53.25 

* Significant difference at the 95th percentile confidence level 
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Sensor Site Code R-11-NC 

 

Sensor Data Non-Work Zone Work Zone 

Database RITIS 

State North Carolina 

Sensor Location I-40 @ 0.62 Mile North of Avent Ferry Rd (293.4) 

Lane Configuration 3-lane open 3 to 2 

Lane Closure Side - Right 

Total 15-min Counts 1,964 44 

Max Flow Rate (vph) 1,416 536 

Average Speed within 500 vph (mph) 65.33 65.78 

SD within 500 vph (mph) 2.38 3.96 

Total Valid 15-min Counts for FFS 712 39 

Free Flow Speed * 65.47 66.58 

* Significant difference at the 95th percentile confidence level 
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Sensor Site Code R-11-NC (NWZ time sync) 

 

Sensor Data Non-Work Zone Work Zone 

Database RITIS 

State North Carolina 

Sensor Location I-40 @ 0.62 Mile North of Avent Ferry Rd (293.4) 

Lane Configuration 3-lane open 3 to 2 

Lane Closure Side - Right 

Total 15-min Counts 416 44 

Max Flow Rate (vph) 565 536 

Average Speed within 500 vph (mph) 65.99 65.78 

SD within 500 vph (mph) 2.15 3.96 

Total Valid 15-min Counts for FFS 389 39 

Free Flow Speed 66.21 66.58 

* Significant difference at the 95th percentile confidence level 



 

226 

Sensor Site Code R-12-NC 

 

Sensor Data Non-Work Zone Work Zone 

Database RITIS 

State North Carolina 

Sensor Location I-40 @ 0.05 Mile West of Lake Dam Rd (294.6) 

Lane Configuration 3-lane open 3 to 2 

Lane Closure Side - Right 

Total 15-min Counts 1,965 44 

Max Flow Rate (vph) 2,188 698 

Average Speed within 500 vph (mph) 61.88 59.39 

SD within 500 vph (mph) 1.71 1.84 

Total Valid 15-min Counts for FFS 645 35 

Free Flow Speed * 61.88 59.39 

* Significant difference at the 95th percentile confidence level 
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Sensor Site Code R-13-NC 

 

Sensor Data Non-Work Zone Work Zone 

Database RITIS 

State North Carolina 

Sensor Location I-40 @ 0.6 Mile East of Trailwood Dr Overpass 
(NB)(296.1) 

Lane Configuration 3-lane open 3 to 2 

Lane Closure Side - Right 

Total 15-min Counts 1,968 40 

Max Flow Rate (vph) 1,697 898 

Average Speed within 500 vph (mph) 68.59 72.96 

SD within 500 vph (mph) 1.94 1.86 

Total Valid 15-min Counts for FFS 759 33 

Free Flow Speed * 68.59 72.96 

* Significant difference at the 95th percentile confidence level 
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Sensor Site Code R-13-NC (NWZ time sync) 

 

Sensor Data Non-Work Zone Work Zone 

Database RITIS 

State North Carolina 

Sensor Location I-40 @ 0.6 Mile East of Trailwood Dr Overpass 
(NB)(296.1) 

Lane Configuration 3-lane open 3 to 2 

Lane Closure Side - Right 

Total 15-min Counts 412 40 

Max Flow Rate (vph) 939 898 

Average Speed within 500 vph (mph) 69.07 72.96 

SD within 500 vph (mph) 1.65 1.86 

Total Valid 15-min Counts for FFS 385 33 

Free Flow Speed * 69.07 72.96 

* Significant difference at the 95th percentile confidence level 
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Sensor Site Code R-14-NC 

 

Sensor Data Non-Work Zone Work Zone 

Database RITIS 

State North Carolina 

Sensor Location I-40 @ 0.72 Mile North of US-70 (297.3) 

Lane Configuration 3-lane open 3 to 2 

Lane Closure Side - Right 

Total 15-min Counts 2344 20 

Max Flow Rate (vph) 1,865 774 

Average Speed within 500 vph (mph) 67.00 70.72 

SD within 500 vph (mph) 3.25 1.55 

Total Valid 15-min Counts for FFS 831 13 

Free Flow Speed * 67.26 70.71 

* Significant difference at the 95th percentile confidence level 
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Sensor Site Code R-14-NC (NWZ time sync) 

 

Sensor Data Non-Work Zone Work Zone 

Database RITIS 

State North Carolina 

Sensor Location I-40 @ 0.72 Mile North of US-70 (297.3) 

Lane Configuration 3-lane open 3 to 2 

Lane Closure Side - Right 

Total 15-min Counts 464 20 

Max Flow Rate (vph) 561 774 

Average Speed within 500 vph (mph) 67.14 70.72 

SD within 500 vph (mph) 3.13 1.55 

Total Valid 15-min Counts for FFS 443 13 

Free Flow Speed * 67.38 70.71 

* Significant difference at the 95th percentile confidence level 
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Sensor Site Code P-15-CA 

 

Sensor Data Non-Work Zone Work Zone 

Database PeMS 

State California 

Sensor Location I805-N CA PM=24.534 (24.39) District 11, San Diego 
County 

Lane Configuration 4-lane open 4 to 2 

Lane Closure Side - Left 

Total 15-min Counts 2432 163 

Max Flow Rate (vph) 2,550 1,326 

Average Speed within 500 vph (mph) 69.01 58.60 

SD within 500 vph (mph) 3.46 5.39 

Total Valid 15-min Counts for FFS 730 92 

Free Flow Speed * 69.46 58.84 

* Significant difference at the 95th percentile confidence level 
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Sensor Site Code P-16-CA 

 

Sensor Data Non-Work Zone Work Zone 

Database PeMS 

State California 

Sensor Location I5-N CA PM=1.56 (118.19) District 7, Los Angeles 
County 

Lane Configuration 3-lane open 3 to 2 

Lane Closure Side - Right 

Total 15-min Counts 2,432 56 

Max Flow Rate (vph) 1587 840 

Average Speed within 500 vph (mph) 56.61 48.72 

SD within 500 vph (mph) 7.90 6.72 

Total Valid 15-min Counts for FFS 634 38 

Free Flow Speed * 56.94 48.72 

* Significant difference at the 95th percentile confidence level 
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E. Freeway Work Zone Speed-Flow Model Analysis Results 

For the speed-flow model development, two candidate models were initially selected and 
applied to the data collected in the project. The first model was presented in the Strategic 
Highway Research Program (SHRP 2) Project L08 as a modification to the existing speed-
flow relationship in the 2010 Highway Capacity Manual. The L08 model was developed to 
evaluate impacts of non-recurring congestion on freeways, which includes work zones, 
incidents, and weather impacts.  The L08 model built on an existing HCM2010 model 
(equation 25-1), which focused on calibrating only capacity through the capacity adjustment 
factor (CAF), and added a free-flow speed adjustment factor (SAF).  The new equation thus 
acknowledges that work zone impacts (as well as weather and possibly incidents) reduce the 
facility FFS, in addition to affecting the available capacity.  
One concern with the speed-flow equation proposed in SHRP2 08 is that it can result in some 
inconsistencies compared to the basic segment method.  It represents a fundamentally 
different equation form than the speed-flow equations for basic freeway segments in Chapter 
11 of the HCM2010. It further does not retain the concept of the “breakpoint” in the speed-
flow model; a threshold value below which the original FFS is maintained, even at elevated 
flow rates. To overcome these limitations, a new expression for a speed-flow curve model in 
the National Cooperative Highway Research Program (NCHRP) 03-115 project was 
developed.  The NCHRP 03-115 model represents a unified equation that replicates the 
HCM2010 equations for basic freeway segments, while also allowing for the explicit 
consideration of capacity and speed adjustment factors (CAF and SAF).  
Both aforementioned model forms are compatible with the HCM2010, which is highly 
desirable for this research as it strives to incorporate the work zone models into the Highway 
Capacity Model. Thus, while various other speed-flow model forms are available in the 
literature, they were not initially considered in this effort (and ultimately were not needed, as 
the chosen models gave satisfactory results). At the 2014 midyear meeting of the Highway 
Capacity and Quality of Service Committee, the freeway subcommittee further voted to 
adopt the speed-flow model proposed by NCHRP 03-115 as the new model form for the next 
HCM update. That model therefore emerged as the clear preferred option for work zone 
consideration.  
To test both model forms, the team applied the newly developed FFS and capacity prediction 
models to both speed-flow models using sensor data collected by the research team.  A 
statistical analysis, in addition to a visual presentation for the traffic flow from the sensor 
data collected, was also conducted to compare model fit. 
 
1. SHRP2 L08 Model 
The first model was presented in the Strategic Highway Research Program (SHRP 2) Project 
L08 while providing “methods for incorporating factors that affect demand and capacity into 
an integrated HCM reliability analysis.”  In that paper, the speed is calculated as follows: 
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             S = segment speed (mph), 
        FFS = segment free flow speed (mph), 
        SAF = speed adjustment factor, 
            C = original segment capacity (pcphpl), 
       CAF = capacity adjustment factor, and 
           Vp = segment flow rate (pcphpl). 
 
The equation modifies a prior speed-flow relationship in the 2010 Highway Capacity Manual 
to evaluate impacts of non-recurring congestion on freeways, which includes work zones, 
incidents, and weather impacts.  But while the former model (HCM2010 equation 25-1) 
focused on calibrating only capacity through the capacity adjustment factor (CAF), the 
revised model takes into consideration the speed adjustment factor (SAF).  The new equation 
thus acknowledges that work zone impacts (as well as weather and potentially incidents) 
reduce the facility FFS, in addition to limiting the available capacity.  
The above-referenced equation represented a supplement to the basic segment speed-flow 
models in the HCM2010, which can be used to calibrate the freeway for non-recurring 
congestion effects.  However, a switch to that equation can result in some inconsistencies 
compared to the basic segment method.  It further does not retain the concept of the 
“breakpoint” in the speed-flow model; a threshold value below which the original FFS is 
maintained, even at elevated flow rates.  
 
2. NCHRP 03-115 Model 
To overcome these limitations, Aghdashi et al. developed a new expression for a speed-flow 
curve model in the National Cooperative Highway Research Program (NCHRP) 03-115 
project as shown below: 
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where, 
       S(Vp) = segment speed (mph), 
            Vp = segment flow rate (pcphpl), 
      FFSadj = adjusted segment free flow speed [FFS×SAF] (mph), 
         SAF = speed adjustment factor, 
          Cadj = adjusted segment capacity [C×CAF] (pcphpl), 
        CAF = capacity adjustment factor, and 
       BPadj = adjusted breakpoint (pcphpl). 
 
Conceptually, the new set of equations overcome the consistency limitations of equation (1) 
and maintain the concept of the breakpoint, but still allow for calibration of free conditions to 
a specific FFS and capacity.  As such, the new equation is applicable to basic freeway 
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segments (where it precisely replicates the HCM2010 relationship), while allowing for 
evaluation of non-recurring congestion effects, including work zones.  
 
3. Freeway Work Zone Speed-Flow Model Application Results 
The research team applied speed-flow models presented in the previous section to evaluate 
how well the FFS prediction method works when describing the overall speed-flow 
relationship of the work zone. For this purpose, the team used the speed flow models shown 
in equations (1), (2), and (3) above, and calibrated the models with the FFS prediction 
equation developed in this paper. For the freeway work zone capacity model, the team used 
the model proposed in the previous section: 
 

Average QDR = 2,093 – 154×fLCSI – 194×fbarrier – 179×farea + 9×f lateral_12 – 59×fday_night 
 
where, 

Average QDR = average queue discharge flow rate (pcphpl), 
fLCSI             = 

�

�������������������	
�
 , 

fbarrie       = 0: concrete, 1: cone or PE drum, 
farea         = 0: urban, 1: rural, 
flateral_12  = lateral distance – 12 (ft), and 
fday_night    = 0: day, 1: night. 

 
It should be noted that the capacity value presented above means an average queue discharge 
flow rate which is 13.38 percent lower than pre-breakdown capacity.  The results of the 
speed-flow model application combined with the freeway work zone FFS and capacity 
models developed are shown in Table 1. 
 

Table 1. Speed-Flow Model Application Results 
Route/Site 
(WZ lane 

configuration) 

Model Predictions 
Speed-Flow 

Model 

Statistical Analysis 
FFS 

(mph) 
Capacity1 

(pcphpl) 
SS 

Total 
SS 

Model 
SS 

Error 
Pseudo 

R2 
RMS 
Error 

I-895/MD 
(2 to 1) 47.2 1,675 

NCHRP 3-1152 16,555 3,275 17,717 -0.07 3.82 

SHRP2 L08 16,555 9,529 20,273 -0.22 4.08 

I-4/FL 
(2 to 1) 62.1 1,531 

NCHRP 3-115 13,969 3,010 16,325 -0.17 7.30 

SHRP2 L082 13,969 1,695 15,321 -0.10 7.08 

I-635/TX 
(4 to 3) 52.5 1,983 

NCHRP 3-115 6,296 73 6,369 -0.01 6.09 

SHRP2 L082 6,296 42 6,189 0.02 6.00 

I-805/CA 
(4 to 2) 54.5 2,109 

NCHRP 3-1152 4,118 2,096 6,214 -0.51 6.17 

SHRP2 L08 4,118 3,303 7,205 -0.75 6.65 
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I-40/NC 
(2 to 2) 60.9 2,167 

NCHRP 3-1152 17,723 639 19,005 -0.07 5.88 

SHRP2 L08 17,723 1,677 20,623 -0.16 6.12 
1 Pre-breakdown capacity 
2 Presents better fit in the statistical analysis 

 
In Table 1, the first three columns provide route/site information with work zone lane 
configuration and proposed model predictions for freeway work zone FFS and capacity.  The 
right part of the table presents the results of the statistical analysis using equations (1), (2), 
and (3), separated by a project name.   
In the statistical analysis, the team estimated the sum of squares of total, model, and error 
separately, and then calculated pseudo-R2 value to assess non-linear type of model 
predictions by the equation below: 
 

Pseudo-R2 = 1 – (SS error / SS total) 
 

Finally, the root mean square (RMS) errors are also presented to demonstrate the quality of 
fit of models in the final column.  Examining the results of the statistical analyses, it shows 
somewhat mixed results as three sites (MD, CA, and NC) show better fit using the NCHRP 
3-115 equation while two sites (FL and TX) show better fit from the SHRP2 equation.   
Figure 1 through Figure 5 present speed-flow curves from the five sensor data shown in 
Table 1 for a visual presentation of the models applied in the project.  Starting from the 
model FFS obtained from the proposed FFS model, the speed-flow curve ends in a pre-
breakdown capacity that is obtained from the average queue discharge rate calculated from 
the capacity model proposed previously.  As seen in the figures, the NCHRP model hold its 
capacity up to a certain value whereas the SHRP2 model loses its capacity right after the 
starting point of the curve. 
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Figure 1. Speed-Flow Curve Validation (I-895, MD) 

 

 
Figure 2. Speed-Flow Curve Validation (I-4, FL) 
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Figure 3. Speed-Flow Curve Validation (I-635, TX) 

 

 
Figure 4. Speed-Flow Curve Validation (I-805, CA) 
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Figure 5. Speed-Flow Curve Validation (I-40, NC) 
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F. VISSIM Analysis Results for On-ramp Merging Areas 

VISSIM Results - 2 to 1 Lane Configuration 

Upstream of the Merging Area Downstream of the Merging Area 

(pcphpl)\(ft) 100 300 500 700 900 1100 1300 1500 (pcphpl)\(ft) 100 300 500 700 900 1100 1300 1500 

0 1575 1598 1574 1574 1578 1573 1573 1578 0 1575 1599 1574 1574 1578 1573 1573 1578 

250 1572 1410 1362 1353 1350 1355 1362 1380 250 1589 1603 1603 1605 1607 1610 1618 1633 

500 1571 1133 1071 1065 1094 1086 1118 1154 500 1584 1591 1587 1585 1589 1591 1607 1641 

750 1485 979 812 831 823 913 834 856 750 1583 1585 1576 1574 1571 1580 1580 1600 

1000 1569 773 710 638 648 623 632 625 1000 1585 1581 1580 1577 1575 1580 1580 1594 
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Proportion of Work Zone Capacity Available for Mainline Flow - 2 to 1 Lane Configuration 

Upstream of the Merging Area Downstream of the Merging Area 

(pcphpl)\(ft) 100 300 500 700 900 1100 1300 1500 (pcphpl)\(ft) 100 300 500 700 900 1100 1300 1500 

0 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 

250 1.00 0.86 0.86 0.86 0.86 0.86 0.86 0.86 250 1.00 1.01 1.01 1.02 1.02 1.02 1.03 1.03 

500 1.00 0.70 0.70 0.70 0.70 0.70 0.70 0.70 500 1.00 1.00 1.01 1.01 1.01 1.02 1.02 1.02 

750 1.00 0.53 0.53 0.53 0.53 0.53 0.53 0.53 750 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 

1000 1.00 0.49 0.45 0.40 0.40 0.40 0.40 0.40 1000 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
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VISSIM Results - 2 to 2 Lane Configuration 

Upstream of the Merging Area Downstream of the Merging Area 

(pcphpl)\(ft) 100 300 500 700 900 1100 1300 1500 (pcphpl)\(ft) 100 300 500 700 900 1100 1300 1500 

0 1665 1665 1665 1665 1665 1665 1665 1665 0 1665 1665 1665 1665 1665 1665 1665 1665 

250 1657 1538 1538 1538 1538 1538 1538 1538 250 1668 1666 1664 1662 1660 1657 1655 1653 

500 1657 1401 1401 1401 1401 1401 1401 1401 500 1668 1638 1642 1645 1649 1652 1656 1660 

750 1657 1255 1255 1255 1255 1255 1255 1255 750 1668 1610 1614 1618 1622 1627 1631 1635 

1000 1657 1118 1118 1118 1118 1118 1118 1118 1000 1668 1593 1595 1597 1598 1600 1601 1603 
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Proportion of Work Zone Capacity Available for Mainline Flow - 2 to 2 Lane Configuration 

Upstream of the Merging Area Downstream of the Merging Area 

(pcphpl)\(ft) 100 300 500 700 900 1100 1300 1500 (pcphpl)\(ft) 100 300 500 700 900 1100 1300 1500 

0 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 

250 1.00 0.92 0.92 0.92 0.92 0.92 0.92 0.92 250 1.00 1.00 1.00 1.00 1.00 1.00 0.99 0.99 

500 1.00 0.84 0.84 0.84 0.84 0.84 0.84 0.84 500 1.00 0.98 0.99 0.99 0.99 0.99 0.99 1.00 

750 1.00 0.75 0.75 0.75 0.75 0.75 0.75 0.75 750 1.00 0.97 0.97 0.97 0.97 0.98 0.98 0.98 

1000 1.00 0.67 0.67 0.67 0.67 0.67 0.67 0.67 1000 1.00 0.96 0.96 0.96 0.96 0.96 0.96 0.96 

 



 

244 

VISSIM Results - 3 to 2 Lane Configuration 

Upstream of the Merging Area Downstream of the Merging Area 

(pcphpl)\(ft) 100 300 500 700 900 1100 1300 1500 (pcphpl)\(ft) 100 300 500 700 900 1100 1300 1500 

0 1619 1617 1616 1618 1614 1620 1614 1613 0 1619 1617 1616 1617 1615 1620 1615 1615 

250 1621 1564 1577 1579 1579 1592 1598 1603 250 1626 1682 1696 1700 1707 1717 1725 1731 

500 1593 1429 1391 1390 1406 1404 1419 1425 500 1614 1643 1648 1651 1653 1656 1665 1669 

750 1612 1385 1236 1248 1248 1266 1261 1277 750 1616 1620 1617 1620 1623 1634 1636 1653 

1000 1618 1133 1109 1096 1099 1113 1116 1109 1000 1620 1593 1599 1599 1599 1606 1605 1610 
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Proportion of Work Zone Capacity Available for Mainline Flow - 3 to 2 Lane Configuration 

Upstream of the Merging Area Downstream of the Merging Area 

(pcphpl)\(ft) 100 300 500 700 900 1100 1300 1500 (pcphpl)\(ft) 100 300 500 700 900 1100 1300 1500 

0 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 

250 1.00 0.95 0.95 0.95 0.95 0.95 0.95 0.95 250 1.00 1.04 1.05 1.05 1.05 1.05 1.06 1.06 

500 1.00 0.87 0.87 0.87 0.87 0.87 0.86 0.86 500 1.00 1.02 1.02 1.03 1.03 1.03 1.04 1.04 

750 1.00 0.78 0.78 0.78 0.78 0.78 0.78 0.78 750 1.00 1.00 1.00 1.01 1.01 1.01 1.02 1.02 

1000 1.00 0.70 0.70 0.70 0.70 0.70 0.70 0.70 1000 1.00 0.98 0.98 0.98 0.99 0.99 0.99 1.00 
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VISSIM Results - 4 to 3 Lane Configuration 

Upstream of the Merging Area Downstream of the Merging Area 

(pcphpl)\(ft) 100 300 500 700 900 1100 1300 1500 (pcphpl)\(ft) 100 300 500 700 900 1100 1300 1500 

0 1615 1600 1619 1624 1614 1617 1617 1622 0 1615 1601 1618 1624 1616 1617 1618 1622 

250 1617 1571 1584 1585 1580 1574 1568 1563 250 1620 1652 1665 1666 1665 1658 1654 1648 

500 1612 1481 1473 1477 1489 1487 1497 1500 500 1620 1639 1643 1650 1651 1655 1660 1662 

750 1612 1364 1365 1378 1380 1392 1389 1399 750 1621 1616 1620 1626 1628 1637 1640 1649 

1000 1615 1308 1272 1266 1272 1289 1285 1287 1000 1618 1602 1602 1602 1605 1616 1613 1621 
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Proportion of Work Zone Capacity Available for Mainline Flow - 4 to 3 Lane Configuration 

Upstream of the Merging Area Downstream of the Merging Area 

(pcphpl)\(ft) 100 300 500 700 900 1100 1300 1500 (pcphpl)\(ft) 100 300 500 700 900 1100 1300 1500 

0 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 

250 1.00 0.97 0.97 0.98 0.98 0.98 0.98 0.98 250 1.00 1.02 1.03 1.03 1.03 1.03 1.03 1.03 

500 1.00 0.91 0.91 0.91 0.92 0.92 0.92 0.92 500 1.00 1.01 1.01 1.02 1.02 1.02 1.02 1.02 

750 1.00 0.85 0.85 0.85 0.86 0.86 0.86 0.86 750 1.00 1.00 1.00 1.01 1.01 1.01 1.01 1.01 

1000 1.00 0.79 0.79 0.79 0.79 0.80 0.80 0.80 1000 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
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G. VISSIM Analysis Results for Off-ramp Diverging Areas 

VISSIM Results - 2 to 1 Lane Configuration 

Upstream of the Diverging Area Downstream of the Diverging Area 

(Percentage)\(ft) 100 300 500 700 900 1100 1300 1500 (Percentage)\(ft) 100 300 500 700 900 1100 1300 1500 

0.0% 1575 1598 1574 1574 1578 1573 1573 1578 0.0% 1575 1599 1574 1574 1578 1573 1573 1578 

6.3% 1573 1594 1572 1575 1573 1578 1579 1575 6.3% 1477 1493 1473 1479 1472 1479 1475 1469 

12.5% 1570 1601 1574 1574 1577 1573 1575 1576 12.5% 1378 1404 1385 1383 1382 1377 1374 1377 

18.8% 1534 1601 1577 1576 1572 1571 1572 1574 18.8% 1242 1293 1275 1264 1273 1282 1284 1285 

25.0% 1495 1601 1568 1575 1571 1572 1575 1575 25.0% 1133 1203 1176 1195 1197 1193 1200 1200 
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Proportion of Work Zone Capacity Available for Mainline Flow - 2 to 1 Lane Configuration 

Upstream of the Diverging Area Downstream of the Diverging Area 

(Percentage)\(ft) 100 300 500 700 900 1100 1300 1500 (Percentage)\(ft) 100 300 500 700 900 1100 1300 1500 

0.0% 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.0% 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 

6.3% 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 6.3% 0.94 0.94 0.94 0.94 0.94 0.94 0.94 0.93 

12.5% 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 12.5% 0.87 0.88 0.88 0.88 0.88 0.88 0.87 0.87 

18.8% 0.97 1.00 1.00 1.00 1.00 1.00 1.00 1.00 18.8% 0.79 0.82 0.82 0.82 0.82 0.81 0.81 0.81 

25.0% 0.95 1.00 1.00 1.00 1.00 1.00 1.00 1.00 25.0% 0.72 0.76 0.76 0.75 0.75 0.75 0.75 0.75 
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VISSIM Results - 2 to 2 Lane Configuration 

Upstream of the Diverging Area Downstream of the Diverging Area 

(Percentage)\(ft) 100 300 500 700 900 1100 1300 1500 (Percentage)\(ft) 100 300 500 700 900 1100 1300 1500 

0.0% 1665 1665 1665 1665 1665 1665 1665 1665 0.0% 1666 1666 1666 1666 1666 1666 1666 1666 

6.3% 1649 1665 1665 1665 1665 1665 1665 1665 6.3% 1545 1562 1562 1562 1562 1562 1562 1562 

12.5% 1600 1665 1665 1665 1665 1665 1665 1665 12.5% 1397 1456 1456 1456 1456 1456 1456 1456 

18.8% 1559 1665 1665 1665 1665 1665 1665 1665 18.8% 1270 1357 1357 1357 1357 1357 1357 1357 

25.0% 1521 1665 1665 1665 1665 1665 1665 1665 25.0% 1135 1250 1250 1250 1250 1250 1250 1250 
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Proportion of Work Zone Capacity Available for Mainline Flow - 2 to 2 Lane Configuration 

Upstream of the Diverging Area Downstream of the Diverging Area 

(Percentage)\(ft) 100 300 500 700 900 1100 1300 1500 (Percentage)\(ft) 100 300 500 700 900 1100 1300 1500 

0.0% 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.0% 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 

6.3% 0.99 1.00 1.00 1.00 1.00 1.00 1.00 1.00 6.3% 0.93 0.94 0.94 0.94 0.94 0.94 0.94 0.94 

12.5% 0.96 1.00 1.00 1.00 1.00 1.00 1.00 1.00 12.5% 0.84 0.87 0.87 0.87 0.87 0.87 0.87 0.87 

18.8% 0.94 1.00 1.00 1.00 1.00 1.00 1.00 1.00 18.8% 0.76 0.81 0.81 0.81 0.81 0.81 0.81 0.81 

25.0% 0.91 1.00 1.00 1.00 1.00 1.00 1.00 1.00 25.0% 0.68 0.75 0.75 0.75 0.75 0.75 0.75 0.75 
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VISSIM Results - 3 to 2 Lane Configuration 

Upstream of the Diverging Area Downstream of the Diverging Area 

(Percentage)\(ft) 100 300 500 700 900 1100 1300 1500 (Percentage)\(ft) 100 300 500 700 900 1100 1300 1500 

0.0% 1619 1617 1616 1618 1614 1620 1614 1613 0.0% 1619 1617 1616 1617 1615 1620 1615 1615 

6.3% 1609 1613 1610 1616 1617 1618 1614 1611 6.3% 1507 1510 1508 1513 1516 1519 1516 1514 

12.5% 1590 1606 1607 1607 1607 1615 1604 1603 12.5% 1388 1404 1405 1405 1403 1412 1399 1401 

18.8% 1548 1607 1612 1599 1608 1605 1600 1590 18.8% 1259 1309 1316 1308 1314 1305 1300 1291 

25.0% 1493 1600 1603 1603 1596 1596 1590 1580 25.0% 1115 1202 1203 1199 1198 1203 1195 1190 
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Proportion of Work Zone Capacity Available for Mainline Flow - 3 to 2 Lane Configuration 

Upstream of the Diverging Area Downstream of the Diverging Area 

(Percentage)\(ft) 100 300 500 700 900 1100 1300 1500 (Percentage)\(ft) 100 300 500 700 900 1100 1300 1500 

0.0% 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.0% 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 

6.3% 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 6.3% 0.93 0.94 0.94 0.94 0.94 0.94 0.94 0.94 

12.5% 0.98 0.99 0.99 0.99 0.99 0.99 0.99 0.99 12.5% 0.86 0.87 0.87 0.87 0.87 0.87 0.87 0.87 

18.8% 0.96 0.99 0.99 0.99 0.99 0.99 0.99 0.99 18.8% 0.78 0.81 0.81 0.81 0.81 0.81 0.81 0.81 

25.0% 0.92 0.99 0.99 0.99 0.99 0.99 0.99 0.99 25.0% 0.69 0.74 0.74 0.74 0.74 0.74 0.74 0.74 
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VISSIM Results - 4 to 3 Lane Configuration 

Upstream of the Diverging Area Downstream of the Diverging Area 

(Percentage)\(ft) 100 300 500 700 900 1100 1300 1500 (Percentage)\(ft) 100 300 500 700 900 1100 1300 1500 

0.0% 1615 1600 1619 1624 1614 1617 1617 1622 0.0% 1615 1601 1618 1624 1616 1617 1618 1622 

6.3% 1609 1596 1609 1623 1614 1614 1615 1608 6.3% 1505 1493 1504 1520 1513 1516 1516 1508 

12.5% 1583 1596 1607 1618 1607 1608 1602 1594 12.5% 1383 1396 1406 1413 1405 1404 1398 1394 

18.8% 1512 1595 1603 1606 1601 1593 1587 1569 18.8% 1228 1298 1309 1310 1305 1293 1287 1269 

25.0% 1382 1577 1587 1596 1586 1580 1569 1546 25.0% 1034 1185 1192 1197 1191 1188 1177 1161 
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Proportion of Work Zone Capacity Available for Mainline Flow - 4 to 3 Lane Configuration 

Upstream of the Diverging Area Downstream of the Diverging Area 

(Percentage)\(ft) 100 300 500 700 900 1100 1300 1500 (Percentage)\(ft) 100 300 500 700 900 1100 1300 1500 

0.0% 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.0% 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 

6.3% 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 6.3% 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 

12.5% 0.98 0.99 0.99 0.99 0.99 0.99 0.99 0.99 12.5% 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 

18.8% 0.94 0.99 0.99 0.99 0.99 0.99 0.99 0.99 18.8% 0.99 1.00 1.00 0.99 0.99 0.99 0.99 0.99 

25.0% 0.86 0.98 0.98 0.98 0.98 0.98 0.98 0.98 25.0% 0.98 0.99 0.99 0.99 0.99 0.99 0.99 0.99 
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H. VISSIM Analysis Results for Weaving Areas 

VISSIM Results - 2 to 1 Lane Configuration 

Upstream of the Weaving Area Downstream of the Weaving Area 
(Volume 
ratio)\(ft) 100 300 500 700 900 1100 1300 1500 (Volume 

ratio)\(ft) 100 300 500 700 900 1100 1300 1500 

0.00 1575 1576 1574 1577 1575 1575 1578 1573 0.00 1575 1576 1574 1576 1574 1574 1579 1573 

0.20 1114 1333 1366 1387 1403 1393 1355 1457 0.20 1395 1588 1600 1634 1649 1629 1601 1602 

0.40 810 997 1019 1044 1139 1137 1125 1152 0.40 1269 1536 1567 1593 1620 1634 1606 1599 

0.60 779 918 942 934 1070 956 1001 1074 0.60 1046 1409 1542 1593 1601 1611 1586 1622 

0.80 805 948 1008 1091 1323 1151 1228 1254 0.80 725 1183 1342 1591 1638 1662 1629 1653 

1.00 515 860 1044 1285 1444 1335 1460 1470 1.00 438 807 1051 1407 1310 1475 1447 1453 
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Proportion of Work Zone Capacity Available for Mainline Flow - 2 to 1 Lane Configuration 

Upstream of the Weaving Area Downstream of the Weaving Area 
(Volume 
ratio)\(ft) 100 300 500 700 900 1100 1300 1500 (Volume 

ratio)\(ft) 100 300 500 700 900 1100 1300 1500 

0.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 

0.20 0.71 0.85 0.86 0.87 0.88 0.89 0.90 0.90 0.20 0.89 1.01 1.02 1.02 1.02 1.02 1.02 1.02 

0.40 0.51 0.64 0.66 0.67 0.69 0.71 0.73 0.74 0.40 0.81 0.98 0.99 1.02 1.02 1.02 1.02 1.02 

0.60 0.49 0.58 0.60 0.61 0.63 0.64 0.65 0.67 0.60 0.66 0.90 0.96 1.02 1.02 1.02 1.02 1.02 

0.80 0.51 0.63 0.66 0.69 0.73 0.76 0.79 0.82 0.80 0.46 0.67 0.85 1.02 1.02 1.02 1.02 1.02 

1.00 0.33 0.47 0.66 0.84 0.86 0.89 0.91 0.94 1.00 0.30 0.47 0.68 0.87 0.89 0.90 0.92 0.93 
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VISSIM Results - 2 to 2 Lane Configuration 

Upstream of the Weaving Area Downstream of the Weaving Area 
(Volume 
ratio)\(ft) 100 300 500 700 900 1100 1300 1500 (Volume 

ratio)\(ft) 100 300 500 700 900 1100 1300 1500 

0.00 1665 1665 1665 1665 1665 1665 1665 1665 0.00 1665 1665 1665 1665 1665 1665 1665 1665 

0.20 1317 1608 1608 1608 1608 1608 1608 1608 0.20 1375 1621 1621 1621 1621 1621 1621 1621 

0.40 985 1455 1576 1576 1576 1576 1576 1576 0.40 974 1480 1582 1582 1582 1582 1582 1582 

0.60 665 961 1208 1398 1398 1398 1398 1398 0.60 539 866 1166 1389 1389 1389 1389 1389 

0.80 483 647 822 997 1150 1150 1150 1150 0.80 282 444 647 850 879 924 969 1014 

1.00 683 902 1149 1396 1503 1551 1600 1648 1.00 227 435 602 619 636 653 670 687 
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Proportion of Work Zone Capacity Available for Mainline Flow - 2 to 2 Lane Configuration 

Upstream of the Weaving Area Downstream of the Weaving Area 
(Volume 
ratio)\(ft) 100 300 500 700 900 1100 1300 1500 (Volume 

ratio)\(ft) 100 300 500 700 900 1100 1300 1500 

0.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 

0.20 0.79 0.97 0.97 0.97 0.97 0.97 0.97 0.97 0.20 0.83 0.97 0.97 0.97 0.97 0.97 0.97 0.97 

0.40 0.59 0.87 0.95 0.95 0.95 0.95 0.95 0.95 0.40 0.58 0.89 0.95 0.95 0.95 0.95 0.95 0.95 

0.60 0.40 0.58 0.73 0.84 0.84 0.84 0.84 0.84 0.60 0.32 0.52 0.70 0.83 0.83 0.83 0.83 0.83 

0.80 0.29 0.39 0.49 0.60 0.69 0.69 0.69 0.69 0.80 0.17 0.27 0.39 0.51 0.53 0.55 0.58 0.61 

1.00 0.41 0.54 0.69 0.84 0.90 0.93 0.96 0.99 1.00 0.14 0.26 0.36 0.37 0.38 0.39 0.40 0.41 
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VISSIM Results - 3 to 2 Lane Configuration 

Upstream of the Weaving Area Downstream of the Weaving Area 
(Volume 
ratio)\(ft) 100 300 500 700 900 1100 1300 1500 (Volume 

ratio)\(ft) 100 300 500 700 900 1100 1300 1500 

0.00 1617 1616 1613 1612 1613 1620 1616 1617 0.00 1616 1616 1614 1612 1613 1621 1617 1618 

0.13 1338 1566 1583 1562 1553 1518 1507 1590 0.13 1441 1649 1659 1647 1640 1605 1596 1650 

0.27 1130 1410 1448 1464 1493 1465 1441 1500 0.27 1250 1590 1636 1654 1657 1636 1616 1660 

0.40 958 1199 1308 1396 1408 1376 1358 1375 0.40 942 1386 1590 1636 1643 1624 1616 1619 

0.53 767 1088 1268 1355 1457 1338 1378 1399 0.53 672 1127 1412 1578 1594 1579 1566 1569 

0.67 603 851 1105 1306 1403 1345 1409 1429 0.67 452 766 1065 1339 1322 1393 1401 1386 
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Proportion of Work Zone Capacity Available for Mainline Flow - 3 to 2 Lane Configuration 

Upstream of the Weaving Area Downstream of the Weaving Area 
(Volume 
ratio)\(ft) 100 300 500 700 900 1100 1300 1500 (Volume 

ratio)\(ft) 100 300 500 700 900 1100 1300 1500 

0.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 

0.13 0.83 0.96 0.96 0.96 0.96 0.96 0.97 0.97 0.13 0.89 1.01 1.01 1.01 1.01 1.01 1.01 1.01 

0.27 0.70 0.90 0.90 0.90 0.90 0.91 0.91 0.91 0.27 0.77 1.01 1.01 1.01 1.01 1.01 1.01 1.01 

0.40 0.59 0.70 0.79 0.86 0.86 0.86 0.86 0.86 0.40 0.58 0.86 1.01 1.01 1.01 1.01 1.01 1.01 

0.53 0.47 0.62 0.75 0.86 0.86 0.86 0.86 0.86 0.53 0.42 0.63 0.83 0.98 0.98 0.98 0.98 0.98 

0.67 0.37 0.52 0.65 0.78 0.86 0.86 0.86 0.86 0.67 0.28 0.45 0.65 0.83 0.84 0.85 0.86 0.87 
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VISSIM Results - 4 to 3 Lane Configuration 

Upstream of the Weaving Area Downstream of the Weaving Area 
(Volume 
ratio)\(ft) 100 300 500 700 900 1100 1300 1500 (Volume 

ratio)\(ft) 100 300 500 700 900 1100 1300 1500 

0.00 1616 1615 1617 1616 1614 1620 1617 1612 0.00 1616 1615 1616 1616 1615 1621 1619 1613 

0.10 1422 1593 1606 1591 1587 1561 1553 1612 0.10 1482 1642 1647 1640 1637 1612 1604 1652 

0.20 1248 1487 1532 1542 1559 1520 1506 1548 0.20 1294 1587 1633 1647 1646 1614 1603 1633 

0.30 1021 1300 1408 1489 1494 1453 1432 1454 0.30 964 1396 1570 1620 1624 1592 1578 1586 

0.40 827 1113 1325 1420 1487 1375 1405 1422 0.40 717 1087 1385 1547 1564 1510 1517 1511 

0.50 653 861 1115 1326 1394 1341 1387 1407 0.50 510 754 1028 1312 1327 1349 1374 1366 
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Proportion of Work Zone Capacity Available for Mainline Flow - 4 to 3 Lane Configuration 

Upstream of the Weaving Area Downstream of the Weaving Area 
(Volume 
ratio)\(ft) 100 300 500 700 900 1100 1300 1500 (Volume 

ratio)\(ft) 100 300 500 700 900 1100 1300 1500 

0.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 

0.10 0.87 0.97 0.97 0.97 0.97 0.97 0.97 0.97 0.10 0.92 1.00 1.00 1.00 1.00 1.00 1.00 1.00 

0.20 0.76 0.86 0.94 0.94 0.94 0.94 0.94 0.94 0.20 0.80 1.00 1.00 1.00 1.00 1.00 1.00 1.00 

0.30 0.65 0.75 0.88 0.91 0.91 0.91 0.91 0.91 0.30 0.60 0.86 1.00 1.00 1.00 1.00 1.00 1.00 

0.40 0.55 0.64 0.77 0.88 0.88 0.88 0.88 0.88 0.40 0.44 0.63 0.81 0.95 0.95 0.95 0.95 0.95 

0.50 0.44 0.53 0.66 0.78 0.85 0.85 0.85 0.85 0.50 0.32 0.46 0.64 0.81 0.82 0.83 0.84 0.85 

 


