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In order to determine the expected completion time of the highway pavement 

projects, the Department of Transportation (DOT) needs to be able to estimate the 

durations of individual activities required for the projects.  The estimation for the 

activities on the critical path is even more important when calculating total project 

duration, and the asphalt pavement operation is one of those activities in the highway 

construction schedule.   

The objectives of this research were to develop, evaluate, and verify an alternative 

method to estimate construction productivity of the asphalt pavement operation.  The 

researcher measured various productivity parameters from four pavement research 

projects.  Each project fell into a different category when classified by geographic feature 

and the pavement structure.  The researcher identified various interference factors and 

categorized them by their types such as weather, management, and work content.  The 

factors were further categorized by their causes and association with each sub-task.  The 
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likely magnitude of each sub-task was quantified by the number of loads affected by each 

factor.  Then the alternative time durations of each sub-task from each project were 

estimated using the Timed Petri-net (TPN) simulation model developed.  Finally, the 

durations were entered to an existing pavement process model and productivity of 

pavement operations was estimated.  The results showed that the accuracy of the 

productivity estimation was improved in all four research projects from different category.   

The estimation method developed was verified through two other pavement 

projects.  For the weather and management interference, the researcher used the same 

magnitude estimated from one of the research projects that belongs to the same project 

category.  However, for the work content interference, the actual magnitude was 

calculated because this information is available before production begins.  The accuracy 

of productivity prediction was 27% and 31% respectively from the actual productivity.  

The researcher also applied statistical distribution to a sub-task duration and daily shift 

effect, and the accuracy was significantly improved to 1% and 9% respectively of the 

actual productivity.  By using the alternative method proposed by this research, DOT can 

estimate construction productivity for the pavement operation more accurately.



 

 1

CHAPTER 1 
INTRODUCTION 

1.1 Research Background 

Construction operations utilize various resources and technology and convert them 

into the physical components that make up a project.  In order to estimate the project 

duration, management allocates the required resources and schedules the required 

individual operations before production begins.  Once production begins, management 

monitors the performance to ensure that it conforms to the original schedule.   

The duration of each operation is determined based on the quantity and 

construction productivity of the operation.  The construction productivity is usually 

derived from historical data taken from past projects or published reference materials.  

However, construction operations involve sophisticated resource interactions and are 

performed in the field where different weather and site conditions may influence 

production.  Therefore, construction productivity may vary from project to project or 

from workday to workday. 

Construction productivity is commonly measured as the ratio between work hours 

of input and construction goods or services of output.  For example, Thomas and Sanvido 

(2000) measured the labor productivity of concrete formwork and placement operations 

on a daily basis.  They monitored the fluctuation of daily productivity for all workdays 

and identified factors that negatively affected the daily productivity.  

One of the primary advantages of using this measurement is that it provides 

management with an accurate feedback for the performance during and after the 
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operation.  The daily amounts of input and output are derived along with the factors that 

affect the production of the operation of interest.  Then, the productivity fluctuation on 

each workday can be easily verified.  Management also can quantify each factor that 

causes variation in the construction productivity.   

However, the construction productivity measured by this method is difficult to 

apply to some projects due to the uniqueness of each construction project.  Variables—

geographical features, weather conditions, size of projects, size of the crew, and number 

of crews employed for the operation—are likely to be different from one project to 

another.  Thus, the productivity rate also varies from project to project and from workday 

to workday even though the same types of operations are monitored.   

Simulation of construction processes is another proven method of estimating 

construction productivity.  It has been widely used to analyze the uncertain and dynamic 

nature of the construction operations.  According to Halpin and Riggs (1992), a 

simulation model in general is a representation of a real-world situation and provides a 

framework with which a given situation can be analyzed.  With the help of computer 

technology, simulation has expedited the modeling, analysis, and optimization of 

construction operations.  A common method of estimating productivity by using 

simulation is to build a model for an operation, conduct a simulation experiment by the 

iteration of random numbers, and estimate an average measure of performance.   

The primary advantage of using a simulation model for construction productivity is 

that it can apply various resource utilizations such as work hours of the crew, size of the 

crew, and number of crews.  Besides, most simulation models can assign uncertain nature 

of work task durations in their system.  Depending on the time durations associated with 
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each work task, the transition of simulation flow is delayed to represent work task 

duration, and the transition can also be assigned by stochastic time estimate.  Therefore, 

management can utilize various statistical distributions to estimate the work task duration.  

By utilizing the uncertainty of time durations, the construction productivity may be 

predicted before actual production begins so that management can calculate the duration 

of the operation by using productivity rates.  As a result, the construction productivity of 

an operation can be generally used on other projects by changing the resource utilizations 

and work task durations accordingly.    

However, in order to estimate the productivity more accurately using simulation 

models, users should find the statistical distribution of each work task to be used through 

measurements of actual time durations.  This task requires huge management efforts, and 

is not always feasible.  Also, due to the nature of computer simulation, most existing 

simulation tools have difficulty responding to delays and interruptions once the 

simulation begins.  Huang and Halpin (1995) discussed that steady-state environment has 

been assumed in most simulation research even though it is seldom achieved in real-

world practice.  Therefore, it is recognized that construction productivity can be more 

accurately estimated by integrating the advantages of the two productivity estimation 

methods introduced.  

1.2 Research Objective  

The objectives of this research were to develop, evaluate, and verify an alternative 

method to estimate construction productivity of asphalt pavement operation.  Existing 

simulation methods have the ability of applying various resource utilizations and the 

uncertainty in work task durations.  However, the simulation results for productivity 
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estimation become more reliable only when the effects of various interference factors in 

the process of production are applied to the simulation.   

In order to determe project durations for the highway pavement projects, the 

Department of Transportation (DOT) needs to be able to estimate the durations of 

individual activities required for the projects.  The estimation for the activities on the 

critical path is even more important when calculating total project duration and the 

asphalt pavement operation is one of those activities in the highway construction 

schedule.  By using the alternative method proposed by this research, DOT can estimate 

construction productivity for the pavement operation more accurately, leading to more 

accurate prediction of project duration.   

1.3 Chapter Organization 

The overall process employed to develop the alternative method is described in 

Chapter 3, titled Research Methodology, and the details are discussed from Chapter 4 to 

Chapter 6.     

Production data are collected from four highway research projects for the purpose 

of analyzing productivity for the pavement operations from different types of project.  

The production data are used to calculate various productivity parameters and identify 

factors that affect a pavement crew’s efficiency.  The loss of efficiency by each factor is 

quantified and evaluated by using the productivity analysis method presented in Chapter 

4.   

In order to validate and further analyze the results of the productivity study in 

Chapter 4, the researcher performed statistical analyses involving mean productivity 

comparisons and effects of interference factors.  The primary purpose of mean 

comparison is to identify and rank interference factors by their adverse effects on 
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productivity.  The researcher tested the effects of weather and prerequisite work on the 

crews’ performances represented by probability of interference occurrence and 

productivity variation.  The process and results of the analyses are presented in Chapter 5. 

In Chapter 6, the method developed to estimate the productivity of pavement 

operations with various interference factors is discussed.  The types of interference are 

further categorized and quantified by their causes and by their association with each sub-

task of the operation.  Then a simulation tool was developed to capture the interference 

quantified and estimate alternative time durations of the sub-tasks.  The results of the 

productivity estimation were evaluated through four research projects investigated, 

presented in Chapter 6.   

In Chapter 7, the ability of the developed methodology was verified by applying 

the method to the new projects, in order to predict the productivity and construction 

duration of their pavement operations.  For the verification purpose, the uncertainty in the 

task durations and daily shift effect were also applied to the simulation model.  

1.4 Research Scope 

The scope of this research mainly includes the following: 

• To collect production data for the pavement operations from various types of 
highway research projects.  

• To analyze the productivity of the operations based on the production data 
collected. 

• To identify and categorize the interference factors caused by various disruptions in 
the process of the operations.  

• To identify and rank interference factors based on their effects on the productivity 
rates of the projects investigated. 

• To quantify the effects of interference factors on each sub-task for different types 
of projects. 
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• To develop a simulation model to estimate alternative time duration for each sub-
task using the quantified effects on the tasks. 

• To simulate construction process of pavement operation by applying the effects of 
interference factors and estimate productivity more accurately.  

• To evaluate the results by comparing the results of productivity estimation with 
other productivity parameters.  

• To verify the developed method to new projects to predict their productivity and 
construction durations. 

The methodology for accomplishing the scope of this research is described in 

Chapter 3 in more detail. 
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CHAPTER 2 
LITERATURE REVIEW DISCUSSION 

This chapter discusses theories and issues in the areas of construction productivity 

and process simulation models.  Overall, construction productivity issues involve the 

methodology to evaluate construction crews’ performance by measuring their 

productivity with valid methods.  The process simulation models serve as a tool to 

validate the results of productivity measurements under various circumstances.          

2.1 Production and Productivity Variability  

High uncertainty and variability are part of the unique nature of the construction 

industry.  This is especially true in terms of controlling the production and productivity of 

operations.  Ballard and Howell (1997) reported that construction planning is the 

production of budgets, schedules, and specifications to be followed.  Once production 

begins, project management “controls” performance to ensure that it conforms to the 

budget, schedule, and specifications.  However, in manufacturing, management 

“controls” the physical production process at a more detailed level.  This process consists 

of material and information flow (Horman and Kenley 1998; Ballard and Howell 1998).  

In other words, the manufacturing industry has applied the concept of “production 

variability control” in order to improve the efficiency of the production line.   

In construction, the processes of design and construction are interrelated and 

performed by multiple contractors.  Construction site conditions are more unpredictable 

than those of a factory production line, so the concept of uncertainty and variability in 

production is defined more conservatively in manufacturing than in construction (Hopp 
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and Spearman 2000).  Table 2-1 presents the class of variability defined in 

manufacturing.  The coefficient of variation (c) is defined as the standard deviation (s) 

divided by the mean (µ ) of the sample.  According to the definition of variability class in 

Table 2-1, variability in construction production is likely to fall into the range of 

“moderate” or “high” because the production process of construction is more 

sophisticated. 

Table 2-1. Classes of variability  
Variability Class Coefficient of Variation (c) 
Low (LV) c < 0.75 
Moderate (MV) 0.75 ≤  c < 1.33 
High (HV) c ≥  1.33 

 
2.1.1 Work Flow Variability vs. Productivity Variability 

Howell and Ballard (1994) defined workflow variability as the quantity difference 

between “planned to be completed” and “actually completed” in a given time period 

(usually a week).  Thomas (2002), however, measured the variability of work flow 

productivity (the ratio of input to output) on a daily basis and argued that the variability 

of workflow productivity is also an important indicator of performance because of the 

conceptual similarities between “work flow variability” and “work flow productivity 

variability” 

Gulezian and Samelian (2003) distinguished the source of variation in daily 

productivity by natural variation and variation due to an assignable cause.  Natural 

variation is either a variation that cannot be explained or that is caused by chance or 

common cause.  For example, a crew can perform at the different productivity level even 

though they perform a repetitive work and no external interference factors affected their 

work.  Assignable causes of variation are ones that are not attributable to chance, and 
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they usually are subject to the control of the contractor(s), the owner, or inclement 

weather conditions that affect the performance of the contractor.  

Damrianant and Wakefield (2000) stated that “interference in construction process 

is considered composing of two components, delay and interruption.  Delay is the state 

that slows the rate of an activity execution, and lengthens the normal activity duration 

while interruption is the temporary or permanent stopping of execution”.  Even though 

both delay and interruption affect construction productivity, they were modeled 

differently due to their different effects on the execution of activity.  On the other hand, 

the term “Disruption” typically refers to a loss of productivity caused by a change in a 

contractor’s working conditions, resources, or methods (Finke 1998).   

In this research, “interference” was used as a general term to refer to the factors that 

affected productivity of pavement operation studied.         

2.1.2 Productivity Measurement  

Alfeld (1988) defined performance as a ratio of “Accomplishment” to “Method”.  

Accomplishment represents finished work of value while method is the cost spent to 

accomplish the value.  Performance is improved by reducing the cost of the methods 

required to accomplish a given work.  He also recognized the difference between 

performance and productivity by stating that “productivity measures only one 

performance dimension” (Alfeld 1988, pp.19).  Productivity is defined as a ratio of output 

to input with output corresponding to accomplishment, and input to methods in 

performance; however, output usually measures a single work accomplished relative to a 

single input (e.g. labor man-hours).  It is concluded that good productivity can lead to 

high performance, but it is not the only contribution to job site performance.   
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Drewin (1982) provided the general procedure of productivity measurement for the 

purpose of productivity improvement.  The procedure involved five steps in general: 

activity selection, activity recording, data analysis, new method development, and new 

method installation.  Among them, activity recording requires to use such methods as 

activity sampling and field rating to collect data. 

2.1.2.1 Activity sampling 

Activity sampling is performed for the purpose of determining the proportion of 

working time for a crew of interest.  It requires the observation of all crew members 

employed for the activity and rating their work time by predetermined category of their 

working status.  The simplest rating category is “working” and “not working”.  By 

randomly sampling the crew member’s working status several times per day (e.g. 4 times 

per day), management can calculate the efficiency of them.  Balance chart has been 

commonly used to record the work status.  An activity of interest is observed and 

recorded in the form of a balance chart with its sub-tasks and their corresponding time 

duration to analyze the process.  Once the new process of the activity has been 

established, the new balance chart is compared to the existing one in order to measure the 

improvement.  It has been shown that productivity improves by utilizing this method at 

the activity level and making the process more efficient (Oglesby et al. 1989).  

2.1.2.2 Field rating 

A general process of field rating is to observe a crew for a short period of time (e.g. 

several minutes) and to note the ratio of inefficient hours to total time observed.  If the 

inefficient hours exceed 50 percent of the time, the time period is noted “inefficient”.  

Otherwise, the time period is noted “working”.  Management can calculate the field 
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rating of the crew by multiplying the sum of workers to the times noted as “working” 

divided by the total observation time (Alfeld 1988).   

2.1.3 Methods of Estimating Productivity Loss 

2.1.3.1 Measured mile  

Measured mile has been prevalently used to estimate the loss of productivity in 

construction claims (Schwarzkopf 1995; Jones 2001).  The objective of using measured 

mile method is to identify unimpacted period by disruption for a construction activity by 

using the linear relation between cumulative input (hours) and output (percent complete).  

The productivity of unimpacted period is then projected to entire project including 

impacted period to estimate the amount of productivity loss by the hours (Zink 1986).  

This method is more reliable for the activities that have distinct unimpacted and impacted 

periods in their process.  Figure 2-1 shows the simplified method of measured mile 

(Schwarzkopf 1995; Jones 2001).    

 
Figure 2-1. Simplified method of measured mile 

2.1.3.2 Control charts      

Control chats were originally used to control the quality of a manufacturing 

production by applying a statistical method.  Figure 2-2 shows the basic structure of 
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control charts when the chart is used to analyze the variation of daily productivity rates 

(Schwarzkopf 1995; Jones 2001).   

 
Figure 2-2. Basic structure of control charts 

The basic structure of control chart has three horizontal lines, namely center line 

(CL), upper control limit (UCL), and lower control limit (LCL), as seen in Figure 2-2.  

CL corresponds to the mean value of the daily productivity rates.  UCL and LCL 

typically correspond to three times of the standard deviation of the set from the CL to 

both upper and lower directions.  The productivity rates of workdays 42, 44, and 45 are 

outside of the UCL, and they are truncated in the first step.  This process is repeated until 

all productivity rates stay within the range of UCL and LCL, and when it occurs, the CL 

is determined as the baseline productivity.  

2.1.4 Labor-intensive vs. Equipment-intensive 

The primary difference between labor-intensive and equipment-intensive activities 

is that in equipment-intensive activities, particular pieces of equipment play a major role 

in the production that brings revenue to the contractor.  In contrast, labor provides these 

major contributions to production in labor-intensive activities.  For example, an asphalt 

paver and rollers are the major contributors to the production of roadway pavement 



13 

 

operations with the help of laborers, while laborers fabricate reinforcing steel with the 

help of fabricating equipment or tools.   

Most published research has applied productivity measurement techniques to labor-

intensive operations (Thomas et al. 1999; Thomas and Sanvido 2000; Thomas 2000).  

Thomas et al. (2003a) quantified ineffective control of workflow, which led to a labor 

inefficiency of 51% in their case studies and demonstrated that effective workflow 

management improves labor productivity.   

Highway construction projects are classified as linear and repetitive construction 

operations due to their geometric layout.  Crews repeat the same task in all sections 

(Vorster et al. 1992; Hassanein and Moselhi 2004).  However, the daily productivity at 

the crew level tends to have some degree of variability even though the crew size and 

their work hours are consistent (Thomas et al. 2003b; Choi and Minchin, In press).   

Vorster and De La Garza (1990) emphasized that maintaining crew work continuity 

is important for highway construction because the equipment used is typically heavy and 

expensive.  Pavement operations are one of the critical activities in the highway 

construction schedule (Lee 2000, Hassanein and Moselhi 2004).   

2.2 Definitions 

The following terminologies and concepts, related to highway paving and 

productivity, are used.  

2.2.1 Unit Completed Method (UCM) 

The principle methods for measuring quantity installed for a particular activity are 

unit completed, percent complete, level of effort, incremental milestones, and start/finish 

percentages (Thomas and Zavrski 1999).  Among those, UCM determines output by 

simply measuring the units completed.  This method can be used where the activity scope 
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is well defined and where output can be determined easily.  Its advantage is that it 

measures quantity the most accurately and objectively by not assigning any different 

level of credit for the sub-tasks of the activity.  It is, then, best for measuring asphalt 

pavement activity because the completed quantity of the pavement activity is easily 

measured by truck loads, and although three major sub-tasks are involved (hauling, 

placing, compacting), no sub-task is left unfinished at the end of the day. 

2.2.2 Baseline Productivity (BP) 

Baseline productivity is theoretically the best productivity that a crew can achieve 

for the activity of interest.  Gulezian and Samelian (2003) stated three conditions to 

determine baseline productivity as listed.  

1. Individual productivity value rather than cumulative output should be used to 
establish a baseline. 

2. Baseline productivity should not necessarily be dependent on separately identified 
consecutive periods of unimpacted and impacted production.  

3. Variability in productivity should be considered.  

Thomas and Zavrski (1999) suggested that in order to measure baseline 

productivity, the baseline subset—the 10 percent of work days (minimum of five) with 

the largest output—be verified and that the productivity of each of these days be noted.  

The baseline productivity is defined as the median value of the subset.  

2.2.3 Cumulative Productivity (CP) 

Cumulative productivity is a compilation of the total quantity installed divided by 

total work hours spent at any given time during the paving, as shown in Equation [2-1].   

The reason for using cumulative productivity is to monitor work progress as a whole and 

to predict the final productivity rate upon completion of the activity (Thomas and Zavrski 

1999).  The values of cumulative productivity are different from those of the mean 
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productivity because the mean value averages all daily productivity rates as shown in 

Equation [2-2]. 
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∑
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Where, CH = crew hours, DQ= daily quantity, and n = total work days. 
 
2.2.4 Project Management Index (PMI) 

PMI represents the amount of disruption caused by management factors.  It is 

measured by the difference between cumulative productivity and baseline productivity 

divided by baseline productivity as shown in Equation [2-3].  Because cumulative 

productivity contains disruptions stemming from both management and design factors 

and baseline productivity is only associated with the design effects, the PMI represents 

the effects of management.  A higher value means a higher number of disruptions caused 

by management (Thomas and Zavrski 1999).  

[2-3]                PMI =
BP

CPBP −  

2.2.5 Conversion Factors (CF) 

Conversion factors (CF) can be utilized when the crew worked on various work 

items on a single work day, and those items require different level of effort.  The level of 

effort is calculated by the unit rate, which translates to the work hours required to finish a 

unit of the item in question.  The conversion factor is the unit rate for the item in question 
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divided by that for the standard item as shown in Equation [2-4] (Thomas and Zavrski 

1999).   

[2-4]              Conversion Factor = 
 itemstandardfor therateUnit 

question in  item for the rateUnit  

  
2.3 Computer Simulation 

According to Halpin and Riggs (1992), a model in general is a representation of a 

real-world situation and usually provides a framework with which a given situation can 

be analyzed.  In construction, mathematical models and discrete models are widely used 

for modeling a given problem.  Mathematical models usually address problems of 

planning and scheduling.  Network models for scheduling and cash flow models for cost 

control are examples of mathematical models.  Discrete models are utilized when 

mathematical modeling is not possible.  Discrete models view a model as a set of events 

and transitions (Hajjar and AbouRizk 2000).  Entities in discrete models represent the 

active elements of the model and they travel throughout the event network and trigger 

transformations.  Construction operation processes are usually modeled by discrete 

models.  

2.3.1 General Aspects of Computer Simulation  

Shi (1999) stated that computer simulation is the process of designing a 

mathematical-logic model of a real system and experimenting with the model on a 

computer.  Computer simulation has been utilized in construction for the past three 

decades because it expedites the modeling, analysis, and optimization of a construction 

operation with the help of computer technology.   

Construction modeling requires representing a process using modeling elements, 

and a simulation enables portrayal of the changing state of construction process over 
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time.  Since Halpin (1977) developed CYCLONE (CYCLic Operation Network), a 

general-purpose system for simulating construction operations, numerous features were 

built into the various implementations of CYCLONE in order to improve simulation 

capability.  Among the general-purpose simulation languages are CYCLONE (Halpin 

1977), RESQUE (Chang 1986), COOPS (Liu 1991), CIPROS (Odeh 1992), STEPS 

(McCahill and Bernold 1993), DISCO (Huang and Halpin 1995), and STROBOSCOPE 

(Martinez 1996).  Sawhney et al. (1998) discussed the enhancement of CYCLONE to 

allow the development of individual models for all processes that constitute a project and 

link them to simulate at the project level.   

The latest research endeavors to simplify methods of simulation for users.  Shi and 

AbouRizk (1997) developed resource-based modeling (RBM), in which operating 

processes of active resources are defined as atomic models.  Shi (1999) developed the 

activity-based construction (ABC) simulation with one single “activity” element.  Hajjar 

and AbouRizk (2000) stated that “effective transfer of computer simulation knowledge to 

the construction industry is best done through specialization and customization of the 

modeling, known as special purpose simulation (SPS).”  Lu (2003) developed SDESA 

(Simplified Discrete-Event Simulation Approach) to extract the construction features 

from existing events and, by using SDESA he extracted productivity rates of construction 

activities.  

Huang and Halpin (1995) stated that “construction operations usually involve 

complex resource interactions and are performed in the field and influenced by 

uncontrollable exogenous factors such as inclement weather conditions and equipment 

breakdowns”.  Therefore, the steady-state environment of simulation systems, which is 
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usually assumed in the models, is not realistic.  The transient-effect of productivity needs 

to be simulated (Tavakoli 1983, Bernold 1989, Huang and Halpin 1995).   

2.3.2 Process Simulation Models 

2.3.2.1 General purpose models  

Martinez and Ioannou (1999) defined general-purpose simulation languages as 

tools that target a very broad domain and can be used to model almost any type of 

operation.  On the other hand, special-purpose simulations (SPS) are tools that target a 

narrow domain (e. g. pipe installation).  They also discussed that modeling paradigm 

(strategy) and flexibility characterize models developed.  The main paradigms used today 

for modeling construction process are process interaction (PI) and activity scanning (AS).  

Most of the manufacturing operations are modeled by PI strategies because they are 

written from the point of view of entities that flow through a system.  Typically, those 

entities “arrive, undergo some processing where they capture and release scarce 

resources, then exit.” (Martinez and Ioannou 1999)  By contrast, AS models focused on 

identifying various activities and the conditions under which they take place; therefore, 

AS models are adept at modeling such systems that various activities are interdependent 

according to highly dynamic rules.  Martinez and Ioannou (1999) concluded that in 

construction, AS is a more natural and effective strategy than PI.   

2.3.2.2 CYCLONE 

CYCLONE (Halpin 1977) is the most widely used general-purpose simulation tool 

in the construction domain.  It uses AS where activity cycling diagram (ACD) is the 

simulation model.  It has been used to model many construction operations including 

concrete batch plants, tunneling, and asphalt paving.  In order to represent a work state 
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and entity flow, CYCLONE uses a graphical modeling format as basic elements.  Table 

2-2 shows the basic modeling elements. 

Table 2-2. Basic modeling elements of CYCLONE 
Modeling Element Name of Element Description 

 

NORMAL 

The normal work task modeling 
element, which is unconstrained in its 
starting logic and indicates active 
processing of resource entities. 

 

COMBI 

The constrained work task modeling 
element, which is logically constrained 
in its starting logic, otherwise similar to 
the normal work task modeling 
element. 

 
Q NODE 

The idle state of a resource entity 
symbolically representing a queuing up 
or waiting for use of passive state of 
resources. 

 ARROW The resource entity directional flow 
modeling element. 

           
COUNTER 

The number of times a simulation unit 
passes the point is counted so that the 
system can be stopped at a certain time 
and production can be measured. 

 
As explained in Table 2-2, the arrival of a resource entity in a NORMAL network 

commences the work task because there is no queue built up before a NORMAL work 

task.  As shown in Figure 2-3, the work task can be processed when either resource entity 

A or B arrives.  

In contrast, all required resources should arrive before a COMBI work task is 

initialized.  In Figure 2-4, the “loading truck with dirt using a loader” work task can start 

only when the three resources (truck, dirt, and loader) have arrived. 

Work Task 
Lable

Resource entity A

Resource entity B

Resource entity exit

 
Figure 2-3. Example of NORMAL entity 
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Load truck 
with dirt using 

loader

Truck

Loader

Dirt

Loaded truck available

Front end loader available

 

Figure 2-4. Example of COMBI element 

The idle or passive state of a resource is modeled by a QUE node.  The QUE node 

acts as a storage location for resources and releases the resources to the following 

COMBI node whenever the logic of the COMBI node is satisfied.  The ARROW 

modeling element has no time parameters affecting resource entity flow, since it serves 

purely as a mean of indicating resource directional flow logic among various nodes of 

NORMAL, COMBI, and QUEUE (Halpin and Riggs 1992).   

The COUNTER element is used to control the number of simulation cycles before 

the simulation stops.  A modeler can assign the number of cycles to the COUNTER, and 

once the number of units has reached the elements, the simulation experiment is 

terminated.  COUNTER is also used to measure production.  For example, if a multiplier, 

which goes through COUNTER, is a truck with the capacity of 15 yd 3 , the multiplier 

increases by 15 yd 3  each time a truck entity passes the COUNTER element.   

2.3.2.3 Petri-Nets  

Since C. A. Petri introduced his networks in 1962, Petri-Nets (PNs) have advanced 

in both theory and application as a general purpose simulation tool.  PNs, as a general 

purpose modeling tool, have been widely applied in the areas of manufacturing, computer 

software and hardware, and queuing systems to model their system.  Wakefield and Sears 

(1997, pp. 107) stated that PNs function superior compared queuing theory or discrete 

event simulation when simulate the systems with concurrency, where “several state 
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changes happen simultaneously and where event-driven characteristics are present”.  The 

basic mathematical definition of PNs is shown with a four tuple (Peterson 1981).  

PN = <P, T, IN, OUT> 

Where,  
P= {p 1 , p 2 , p 3 ,…., p n } for the set of n places 
T= {t 1 , t 2 , t 3 ,…., t m } for the set of m transitions 
IN = {P X T}→  N is an input function that defines directed arcs from places to   
     transitions 
OUT = {T X P}→  N is an output function of directed arcs from transitions to places 
 

Figure 2-5 illustrates the general structures of PNs that are commonly used to 

model construction process (Damrianant and Wakefield 2000; Wakefield and Sears 1997, 

pp. 107).   

 
Figure 2-5. General structures of PNs for construction process modeling 

“Sequential execution (a)” models precedence dependencies in construction 

activities; for example, the transition t2 can fires the token only after t1 fires the token 

entered in p1.  “Conflict (b)” models resource sharing among multiple activities.  For 
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example, if a crane is shared by three activities modeled t1, t2, and t3 in the figure, the 

token travels either one of three transitions based on the priority or probability assigned 

to each transition.  Even though all transitions are enabled, firing of token to any 

transition disables the other two transitions.  “Concurrency (c)” is used to model multiple 

activities performed in parallel.  “Synchronization (d)” models an activity that requires 

multiple types of resources.  Transition t1 can fire the token only when the token arrives 

in previous places.  “Merging (e)” is used to model several materials that are needed for 

an activity; for example, the constituent materials of hot mixed asphalt arrive at the 

asphalt plant for a mixing activity.  “Confusion (f)” models when conflict and 

concurrency occur simultaneously.  The general structures of PNs are thoroughly 

explained from the literatures such as Peterson (1981) and Resig (1985).  Among the 

typical structures introduced, the “Conflict” function is particularly important in this 

research because the researcher assigned probability with the relevant transitions to 

model various types of interference and estimate alternative time duration.  The detailed 

method of using these functions is described in Chapter 6. 

Timed Petri-Nets (TPN) is another advanced modeling technique, and it is very 

useful to model construction activity, associated with time duration.  When all input 

conditions are met, the firing of the token will be delayed during the assigned time before 

it is deposited to the output place.   

2.3.2.4 Process model for construction process 

The construction process can be modeled as an input and output system as shown 

in Figure 2-6 (Blanchard and Fabrychy 1981).  Input has seven categories: material, tools, 

equipment, labor, management, time, and condition.  Bernold (1989) stated that the 

efficient use of the input factors is related to the effectiveness of a model and that the user 
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of the model should be able to input probabilistic elements to reflect real-world 

situations.  Bernold (1989) also stated that the production rates of complex systems 

cannot simply be decided because the relationship between input and output variables is 

usually unknown; therefore, simulation models are very useful to handle the probabilistic 

nature of the real world.      

 
Figure 2-6. Input and output system 

The objective of process models is to provide the users with a decision process 

relating to the operation.  Halpin and Riggs (1992) mentioned that the process models 

must focus on the decision variables pertinent to the construction operation itself and that 

the decision variables should be available to the users for manipulation in the 

management of the construction operation.   

Sawhney and AbouRizk (1996) found that construction processes are modeled at 

either a process level or a project level.  In the process level method, the CYCLONE 

model can be linked to each process.  By using external linkage of the CPM network, the 

model has a capability to represent process interdependencies.  The limitation of this 

method is that resource allocation is done individually for each activity and the modeling 

of the process independency is limited by CPM.  Sawhney and AbouRizk (1996) 

proposed the project-level simulation by performing the following four steps: “(1) 
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identify all the processes that are to be modeled; (2) identify and define the resources 

required for the processes identified in step (1); (3) develop process models using the 

CYCLONE method; (4) perform simultaneous simulation by using the resource pool.   

The project-level simulation enhanced the capability of the process-level model by 

establishing process interdependencies and common resources at the project level.  Figure 

2-7 shows the example of an earthwork process model with multiple successors.  In 

Figure 2-7, the availability of resources such as backhoes and trucks are checked and 

allocated (AR) to the activity (COMBI).  Then, they are freed by the element of FR.  The 

earthwork process is a predecessor of both the “piling process” of pier-1 and the 

“excavation process” in pier-2.   

 
Figure 2-7. Example of earthwork process model 

2.4 Simplified Modeling Efforts 

2.4.1 Framework 

Computer simulation requires a relatively large investment of time and money, and 

this hinders effective application of simulation; therefore, simulation researchers have 

attempted different ways to simplify the modeling process.  Hajjar and AbouRizk (2000) 

emphasized that the development of a framework that includes the reuse of common code 

and common design, can help in overcoming these obstacles.  Once the domain of the 
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application is determined, the common features (frozen spots) and variables (hot spots) 

are identified.  “Frozen spots are framework components that the developers have no 

control over while hot spots are areas that they can customize for specific requirement.” 

(Hajjar and AbouRizk 2000)  Figure 2-8 illustrates the general system architecture of the 

framework.   

 
Figure 2-8. General system architecture of SPS tools 

In Figure 2-8, “modeling elements” are the building blocks of the model, which 

distinguish a given model from another.  A “simulation engine” is a processor and it 

continues its simulation until all events have been processed or until simulation time 

reaches a maximum specified by the user.  A “random number generator” and an 

“external database” supply input values.  Random number generators produce common 

transformations such as beta; exponentially; normally; triangularly; and uniformly- 

distributed values.  “Statistical collection and analysis” involves the collection of 

observed values during simulation execution.  The benefit of applying the framework 

approach is reducing the development effort of construction simulation tools.   
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2.4.2 Resource-based Modeling (RBM) 

RBM, developed by Shi and AbouRizk (1997), uses resources as the basic building 

blocks in order to build construction simulation models.  They mentioned that “even 

though each construction process is unique, the operation processes of its component 

resources are somewhat generic”.  The major feature of RBM is that it provides flexible 

atomic models as compared to the fixed models that have to use a fixed library.  An 

atomic model is defined “a basic and unique description of a particular process”.  A 

model library consists of a collection of the atomic models (Shi and AbouRizk 1997).  

 
Figure 2-9. Atomic model (loading) example 

In RBM, a separate model library should be designed for each type of construction 

process with corresponding resources.  Figure 2-9 shows an example of the atomic model 

for a loading operation and Figure 2-10 shows an example of an atomic model library 

that contains the loading atomic model.  An atomic model can interact with other atomic 

models through communication ports (e.g. LKI: input and LKO: output).  

 
Figure 2-10. Atomic model library example 
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2.4.3 Activity-based Modeling (ABM) 

Because a construction process can be defined a collection of activities and an 

activity consumes both time and resources, activity and resources constitute the two 

fundamental components of a construction operation (Shi 1999).  Shi (1999) found that 

various modeling elements in existing simulation systems are all activity-related.  Also, 

activity can be started when such conditions as logical dependencies and resource 

requirements are met.  Therefore, an activity is in its “active” state when it meets all 

conditions (NORMAL or COMBI in CYCLONE); otherwise, it is in an idle state 

(QUEUE in CYCLONE).   

Figure 2-11 shows the example of the “Bar” model written in CYCLONE and 

Figure 2-12 shows the simplified “Bar” model written in ABC.  The queue elements in 

CYCLONE are included in relevant activities as attributes, which means that resources 

can wait at activities instead of queue nodes.  Shi (1999) divided the simulation entity 

into a resource entity and a processing entity.  The resource entity can be at an activity or 

resource pool.  A resource at an activity is only available to that activity; however, a 

resource at a resource pool is available to all activities.  Shi (1999) concluded that “it is 

practical to use one single element (i.e. activity) to model a construction process without 

sacrificing functionality”.   



28 

 

 
Figure 2-11. Bar example in CYCLONE 

 
Figure 2-12. Bar example in ABC  

2.4.4 Simplified Discrete Event Simulation Approach (SDESA) 

Lu (2003) discussed the importance of discrete-event simulation.  The event in the 

context of a discrete-event is defined as an instance of time at which a significant state 

change occurs in the system (Pidd, 1988).  SDESA focuses on “extracting the 

constructive features from the existing event/activity based a generic simulation method; 

therefore, the algorithm and the model structure of simulation are streamlined such that 

simulating construction systems is made as easy as applying the critical path method 

(CPM).” (Lu 2003) 
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2.5 Transient-Effect (Non-steady) Model 

Bernold (1989) discussed that computer simulation primarily concerns steady-state 

performance, while construction processes are usually interrupted by disruption events 

(e.g. equipment breakdown, delays, and weather conditions.)  He also categorized the 

factors related to productivity transients as shown in Table 2-3. 

A productivity curve should reflect the transient effect as illustrated in Figure 2-13.  

In Figure 2-13, the productivity is defined as the rate of production based on cumulative 

units produced for the total time elapsed since the start of the process (Huang and Halpin 

1995).   

Table 2-3. Factors related to productivity transients 
Category Type Examples 
Unbalanced system Resource allocation Not enough trucks to keep 

loader busy 
Resource unavailability Material 

Tools 
Equipment 
Labor 
Management 

Insufficient inventories 
Left in shop 
Breakdown 
Coffee break 
Missing plans 

Changing conditions Environmental 
Site  
Work place 
Experience 

Weather 
Soil conditions 
Move to another floor 
Learning curve 

 
The operation usually requires “warm-up” before it reaches steady-state as 

illustrated between t0 and t1.  Usually, mobilization or start-up causes this effect.  The 

other circumstance for the productivity transients is the operation delay in between time 

interval t2 and t3.  Huang and Halpin (1995) found that operation delays included 

inclement weather conditions, an equipment breakdown, and a management delay; 

therefore, operation delays can occur regardless of whether the operation reaches steady-

state or not. 
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Figure 2-13. Example of transient effect of productivity 

In order to capture the function of productivity transients in the simulation, Bernold 

(1989) developed a systematic framework based on the enhancement of the CYCLONE 

model.  This framework handles two causes of disruption events: In-progress inventories 

between tasks and equipment breakdowns. 

As shown in Figure 2-14, the second task cannot start until the queue holds in-

progress inventory.  If the maximum capacity of the queue is limited, this storage 

limitation combined with an interruption of a chained work task will force the operation 

to stop.  This is called the “repercussion effect”.  One good example of this chain of work 

is a pallet of bricks on a scaffold.  A laborer supplies a mason with bricks on a pallet on a 

scaffold.  The scaffold is designed to hold only a certain amount of pallets before it 

collapses due to a structural failure.    

 
Figure 2-14. In-progress inventories between tasks 

For simulating an equipment breakdown, the simulator randomly chooses a 

breakdown within the given time frame by putting one unit into a work task called “repair 

of equipment”, as shown in Figure 2-15.             
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Figure 2-15. Work task for repair-of-equipment 

Huang (1995) pointed out the impact of shift effects at the end of each working day 

by modeling the typical ending states of construction operations on a daily basis.  He 

defined “shift effects” as the effect that a certain work schedule has on what work can be 

started.  He developed a simulation mechanism that is capable of stopping simulation at 

the end of each working day and resuming it the next day.  This mechanism consists of 

four rules: 10-minute-mark, 0-minute-mark, back trace, and start-from-scratch.   

In the 10-minute-mark rule, all the work tasks that are still in progress and can be 

finished in 10 minutes after the end of the day can be carried to completion.  Otherwise, 

these tasks are not started.  The 0-minute-mark rule is more restrictive than the 10-

minute-mark rule since tasks cannot be started unless they can be finished by the end of 

each working day.  The back trace rule imposes even more restrictive stopping criteria 

than 0-minute-mark.  It traces back through the sequence of work tasks and controls the 

feasibility of the start of the work task.  For example, if a batch of concrete cannot be 

finished before the end of working day, it should not be spread, it should not be poured, 

and it should not be mixed or transported.  The start-from-scratch rule would stop a work 
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item in mid-task.  This rule assumes that work tasks that are left unfinished at the end of 

work day are resumed the next day, with resources never having been delivered.   

Figure 2-16 shows the result of simulating an asphalt-paving operation using each 

stoppage rule.  Even though the 0-minute-mark rule is more restrictive than the 10-

minute-mark rule and the back trace rule is more restrictive than the start-from-scratch 

rule, the result shows that the 0-minute-mark rule and the start-from-scratch rule are more 

optimistic than the 10-minute-mark rule and the back trace rule.  Huang (1995) explained 

that the model formation combined with having multiple flow entities in the operation 

causes this result.   

 
Figure 2-16. The result of simulation by stopping rules 

Huang and Halpin (1995) developed a program called DISCO (Dynamic Interface 

for Simulation of Construction Operation) based on the CYCLONE schematic model.  

DISCO allows breaks or interruptions by stopping the simulation clock so that the 

transient states of resources can be determined.  Thus, with the capability of interrupting 

the simulation run, DISCO captures the productivity transient effects on time and 

productivity calculation by using any of the four stopping rules.  
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2.6 Summary of Literature Discussion 

It is recognized that the simulation model should have a capability of reflecting a 

real-life situation because the lack of reality limits the use of the simulation model.  The 

construction process has a dynamic nature of interaction with resources and techniques in 

order to convert them to physical components (Halpin and Riggs 1992).  Also, the 

processes are interrelated in the activity nexus.  Huang and Halpin (1995) described that 

the steady-state performance, which is commonly assumed in the construction simulation, 

is rarely achieved in real life construction practice.  However, most simulation models 

were developed based on limited production data from construction projects.  Thus, the 

productivity variability caused by various disruption events is neglected in the models.  In 

the next section, the theories related to production and productivity issues are discussed.   

Various simulation models and their features are introduced in this chapter.  As 

explained, the primary objective of simulation is to model real-life situations and analyze 

operation processes.  In order to accomplish this objective, the simulation model should 

respond to the transient-effects of productivity because the steady-state situation that is 

assumed in most models is impractical.  Huang and Halpin (1995) analyzed the transient-

effects of resources and work tasks in a process by interrupting the simulation run and 

stopping the simulation time clock.  However, their simulation did not apply the 

transient-effects resulting from delays such as equipment breakdown and inclement 

weather conditions.  It is recognized that those delays are difficult to quantify due to the 

limited production data from the construction projects.  Thus, the quantitative analyses 

for the management delays are major parts of this research and it is described in Chapters 

4 and 5.      
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CHAPTER 3 
RESEARCH METHODOLOGY 

In this chapter, the researcher described the overall processes of the research 

methodology.  The researcher selected highway pavement construction operations in 

order to analyze an equipment intensive operation, develop an alternative method to 

estimate productivity based on the results of analyses, and apply the method.  

3.1 Overview of Experimental Methodology 

Figure 3-1 shows the overall process of the experiment for this research.  The 

researcher selected four highway construction projects and collected production data 

from their pavement operations.  This data collection process included numerous 

interviews, weekly project visits, and project documents acquisitions.  The general 

construction process of the pavement operations was also surveyed before and during the 

data collection process.   

From the production data collected, daily productivity rates were calculated by 

taking the ratio between output (quantity installed) and input (efforts spent) factors.  The 

two factors should be pre-defined in any productivity study because they can vary by the 

purpose of the study.  Collecting reasonably accurate data for input and output factors 

provides the framework for measuring the productivity of an activity of interest, so the 

units of the factors should be readily measurable.  From the daily productivity calculated, 

productivity parameters such as baseline, mean, and cumulative are calculated. 
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Chapter 4: Data Collection Process

Chapter 4: Productivity Analysis

Chapter 5: Statistical Analysis

Chapter 6: Development of Productivty Estimation Method

Chapter 7: Verification of Productivity Estimation Method

Construction Process
Three subtasks
Crew composition
Work characteristic

Projects
Four case study projects
Data collection protocol
Project input and output

Conversion Factor

Measure output by unit rate
Various pavement courses

Daily Productivity
Efficiency of performance
Identifying & Quantify disruption
events

Correlation Analysis 1

Rainfall vs weather inferference
Outliers truncated

Interference Categorization
Categorization by three groups
inefficient hours calculation
PMI

Mean Comparion
Data transformation
Among project productivity
Among interference
Among management causes

Productivity Parameters
Baseline
Mean
Cumulative

Correlation Analysis 2
Weather vs Prob. Of Management inferference
Weather vs Productivity variation
Prerequisite vs. Prob. Of management interference
Prerequisite vs. Productivity variation

Process Simulation 1
Discrete event simulation
Initial time duration survey
Optimistic productivty

Alternative Time Duration
Interference Categorization
Association with subtasks
Timed Petri-Net simulation

Process Simulation 2
Alternative time duration
Capture inteferences
More realistic results

 
Figure 3-1. Overall process of the research 

Daily productivity is also useful in monitoring the efficiency of the construction 

performance by identifying disruption events that adversely affect the activity and 

quantifying the adverse effects more accurately (Thomas and Zavrski 1999; Choi and 

Minchin, In press).  When collecting production data, the factors that contribute to costly, 

inefficient work hours were identified and grouped in order to quantify the loss of 

productivity caused by each factor.  The researcher categorized those interference factors 

into three major groups: management, work content, and weather interference.  Then the 

causes of each interference factor were described in more detail.  The results of the 

productivity analyses are presented with four case studies in Chapter 4. 

From the result of productivity analyses, statistical analyses were performed in 

order to validate and further analyze the results.  The analyses consisted of two parts: 
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mean productivity comparisons and correlations among interference factors.  For the 

purpose of mean comparisons, productivity values obtained from four case study projects 

(population) were grouped by the project from which the values were collected and by 

interference (or no interference) with which the daily productivity values were associated.  

The result of mean productivity comparison by their association with interference shows 

which factor is most detrimental to productivity.  The mean of daily productivity 

associated with poor management was also compared to find which factor contributed to 

reduce productivity the most within management interference.  Correlation tests were 

then performed between causes of effects.  The correlation tests include the effects of: 

• rainfall in various project locations on the probability of weather interference 
occurrence, 

• weather interference on the probability of management interference occurrence, 

• weather interference on the productivity variation, 

• defects of prerequisite work on the probability of management interference 
occurrence, and 

• defects of prerequisite work on the productivity variation. 

The results of statistical analyses are presented in Chapter 5. 

Finally, the researcher discussed the method developed to estimate the productivity 

of the pavement operation with various combinations of interference.  The results of the 

productivity estimation were validated through four case study projects investigated, as 

presented in Chapter 6.  Finally, the productivity estimation method was verified by 

applying the method to different projects.  The productivity and project durations were 

predicted.  The research verification was shown in Chapter 7. 
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3.2 Construction Process for Asphalt Paving  

The asphalt pavement operation for HMA base and pavement courses involves 

three sub-tasks: delivering HMA material, laying the material down, and compacting it.  

Once the subgrade is ready, material delivery vehicles (usually dump trucks) deliver 

HMA material from a designated asphalt plant to the site.  No material storage on the site 

is required because the materials are dumped directly into the asphalt paver.  When the 

vehicle approaches to paver, it should not move back into the paver because it can push 

the paver back and cause ridges or bumps in the mat.  Thus, the paver should move 

forward to until its roller bars make firm contact with the truck’s rear wheel (FDOT 

2002d).  Jiang (2003) discussed that management needs to balance the utilization of the 

different types of equipment used to achieve maximum production.  If the delivery 

capacity of the dump trucks exceeds that of the asphalt paver, then the dump trucks 

queue, and wait until the paver is ready.  On the other hand, if the material delivery rate is 

slower than the paving rate, then the asphalt paver is sitting idle.  This is not cost-

effective for the contractor because the cost of the asphalt paver is more than the cost of 

the dump trucks.   

The asphalt paver places the material on top of the subgrade for the base 

construction or on the base layer for structural course construction.  At least two skilled 

operators are needed for operating one paver, with one controlling the paver itself and the 

other controlling a screed.  Sometimes, a motor grader substitutes for the asphalt paver 

when placing the first lift of the HMA base when a “leveling” course is required.   

Then “break-down” rollers and a finish-roller follow the paver, compacting the lift 

of material placed.  Rolling should begin as soon as the mat will carry the roller with 

displacing the mix.  Breakdown rolling is usually done with a steel wheel roller.  The 
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required number of rollers and passes varies depending upon the compacting method and 

density requirement.  When a roller gets onto newly laid mix adjacent to an existing 

pavement, it should be driven onto the old pavement.  The final rolling is usually done 

with a tandem static roller.  If a vibratory roller is used, the vibrations are turned off, and 

the roller makes a static pass to insure a smooth surface (FDOT 2002d). 

The paving operation is sequential in that the rollers should compact all HMA 

material placed and, at the end of the workday, no work should be left unfinished.  The 

paving crew consists of a foreman, equipment operators (skilled or semi-skilled), laborers 

(common or trainee), and sometimes a superintendent. 

3.3 Data Collection for Productivity Measurement  

Over 15 months were spent to gather data on pavement construction production 

from four highway construction projects in Florida: SR-20 (Palatka, Putnam County), 

SR-20 (Hawthorne, Alachua County), I-10 (Pensacola, Escambia County), and SR-102 

(Jacksonville, Duval County), as shown in Table 3-1.  

Table 3-1. Case study projects and project category 
Pavement Structure (HMA Usage) 

Project Category Pavement Only  
(APUB) 

Base and Pavement 
(FDAP) 

Rural SR-20 (Alachua) SR-20 (Putnam) Geographic Feature Urban SR-102 (Duval) I-10 (Escambia) 
 

As highway construction projects are classified, all four projects studied fall into 

the “added-capacity” category of projects because the project scopes include adding new 

lanes (Daniels et al. 1999).  The projects were further categorized by geographical feature 

and the pavement structure for HMA usage.  Each of the projects studied falls into a 

different geographic/material category, as shown in Table 3-1.  The SR-20 (Alachua) and 

SR-102 projects used aggregate base (limerock base); therefore, only the pavement 
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course, consisting of a structural course and a friction course was monitored.  The SR-20 

(Putnam) and I-10 projects had a full-depth pavement structure, and HMA material was 

placed in the base course as well as a pavement course, but each course had a different 

HMA mix design (FDOT 2004).  More detailed project statistics are shown in Table 4-1. 

In order to expedite data gathering, project inspectors were given a production 

measurement form, as seen Appendix A.  The form contained space for information more 

relevant to the research than the FDOT Daily Diaries or Asphalt Reports routinely filled 

out by project inspectors and was completed daily with the proper information by project 

personnel. When completed, this form contains such information as date of operation, lift 

constructed, daily quantity, work crew and hours, equipment number and hours, and 

details of any incident that might affect productivity.  Daily diaries and asphalt reports 

also supplemented the information from the production measurement form, when 

appropriate.  The sample forms of daily diaries and asphalt reports were also presented in 

Appendix A. 

The detailed incidents (interference) were categorized into three major groups of 

factors (management, work content, and weather), as described in Chapter 2.  The data 

gathered all pertained only to the work item of interest and consisted of production of 

truck loads (output) and crew hours (input), and information regarding any event or 

occurrence that could have affected productivity.      

3.3.1 Productivity Output and Conversion Factor 

The output of the production was readily measured by the actual number of truck 

loads per day.  Paving contractors are supposed to supply the inspector with a ticket for 

each truck load, which determines how much the contractor delivered, placed, and 

compacted on the site each working day.  The number of truck loads was also used as a 
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flow unit in the process simulation model, which will be described in Chapter 6.  Halpin 

and Riggs (1992) stated that identifying the flow unit is the first step of the modeling a 

process because it determines the degree of modeling detail.  In simulation models, 

depending on the type of process and the approach of the modeling effort, the flow units 

can be equipment, labor, or material.  In any case, the units are discrete quantities 

relevant to the productivity measurement of the process.  

The daily quantity of truck loads was converted by using conversion factor (CF) 

since the paving crew worked various pavement courses during a single work day, that is, 

base, structural, and friction courses for SR-20 (Putnam) and I-10 projects and structural 

and friction courses for SR-20 (Alachua) and SR-102 projects.  The definition of CF is 

described in Section 2.2.5 of Chapter 2.   

As an indication of productivity, RS Means Manual (2004) provides the production 

rates of various pavement courses when a standard crew worked 8 hours per day, shown 

in Table 3-2.  The quantity measured by the surface area completed on each work day 

decreases as the thickness of the course increases.  When the quantity is measured by the 

volume, however, the thicker the course, the larger the quantity of daily output.  The 

volume is converted to the weight (tons) by multiplying the average density of the asphalt 

material by the volume.  Then, the weight of the daily output is converted to the truck 

loads by dividing it by 17 MT/load.  The number of loads is then reversed to calculate the 

unit rate (hr/load).  The unit rate indicates the level of effort as the thickness of the course 

changes.  A 100-mm-thick base course was determined as a standard item, and 

conversion factors for other work items were calculated by the ratio, shown in Equation 

[2-4]. 
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Table 3-2. Production rates and conversion factor 

Course Thickness 
(mm) 

Area 
(m 2 ) 

Volume 
(m 3 ) 

Tonnage 
(MT) Load hr/load CF 

100 3800 380.00 885.40 52 0.15 1.00 
150 3094 464.10 1081.35 64 0.13 0.82 
200 2508 501.60 1168.73 69 0.12 0.76 Base 

250 2128 532.00 1239.56 73 0.11 0.71 
40 6459 258.36 601.98 35 0.23 1.47 
50 5305 265.25 618.03 36 0.22 1.43 
75 4101 307.58 716.65 42 0.19 1.24 
100 3461 346.10 806.41 47 0.17 1.10 

Structural 

130 2850 370.50 863.27 51 0.16 1.03 
25 8842 221.05 515.05 30 0.26 1.72 
40 6459 258.36 601.98 35 0.23 1.47 
50 5305 265.25 618.03 36 0.22 1.43 
65 4582 297.83 693.94 41 0.20 1.28 

Friction 

75 4097 307.28 715.95 42 0.19 1.24 
 
3.3.2 Productivity Input 

As an input value, only crew hours that the pavement crew spent on site were 

counted.  Thomas and Zavrski (1999) mentioned that as a general rule, a crew only 

performs a single category of work, and crew hours are not divided into more detail than 

the category of work; therefore, the daily crew hours that the paving crew spent is the 

relevant number.  As mentioned, the pavement operation involves three sub-tasks, 

namely delivering asphalt material to the site, spreading the material, and compacting it.  

Each sub-task is performed mainly by specific equipment.  There was only one crew for 

the operation most of time, and their hours included equipment operation hours.  Even 

though the crew composition (crew size) slightly varies through working days within a 

project, the variance is usually only one worker and does not have a significant effect on 

the production rate, unlike labor-intensive activities.  
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3.4 Productivity Parameters 

The researcher focused on validating the effect of work flow management in 

equipment-intensive tasks by conducting case studies.  Each case study project was 

analyzed in order to measure productivity parameters such as daily, mean, cumulative, 

and baseline productivity and PMI, as defined in Chapter 2. 

Table 3-3 shows an example of the productivity calculation method.  Column (C) 

identifies the pavement layer installed; for example, the friction course requires only one 

lift of pavement layer, whereas the structural course requires two lifts.  By using 1.72 and 

1.03 as conversion factors for the friction and structural courses, the actual number of 

truck loads finished by the end of each work day (D) is converted and recorded in column 

(E).  By dividing the number of converted loads by crew hours spent (G), daily 

productivity (F) is calculated.  Upon the completion of data collection, baseline 

productivity is calculated by using the method described in Section 2.2.2.  Mean and 

cumulative productivity rates are also calculated by using Equations [2-1] and [2-2]. 

Table 3-3. Example of productivity calculation 
Work 
day 
(A) 

Date 
 
(B)  

Lift 
 
(C) 

No. of 
Loads 
(D) 

C. 
Loads
(E) 

Daily 
Productivity
(F) 

CH
 
(G)

CH by 
baseline
(H) 

Wasted 
 
(I) 

Category 
 
(J) 

Cause 
 
(K) 

1 5/22/03 1/1 12.00 13.39 1.67 8 2.40 5.60 Work  
content 

turning  
lane 

3 8/14/03 1/2 27.00 27.81 3.97 7 4.99 2.01 Weather Rain  
 

Each work day contains information about whether any particular type of 

interference occurred, whether it affected the performance of the pavement crew, and 

how long it delayed the execution of work.  Category (column J) and more detailed cause 

(column K) identify the types of interference that occurred.  By projecting baseline 

productivity on those days when any interference occurred, crew hours that would have 

spent were calculated and recorded in column (H).  Wasted hours (column J) is the crew 
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hour difference between actual crew hours spent (column (G) and crew hours by baseline 

(column H).  It is important to note that the researcher categorized interference by three 

main types- weather, management, and work content.  

3.4.1 Weather Interference 

Any unfavorable weather conditions, such as rainfall and very low temperatures, 

that affect the performance of the pavement crew is monitored.  HMA cannot simply be 

laid in the rain, and FDOT (FDOT 2004) specifies the temperature requirement for 

various thicknesses of layer placed as shown below.  El-Rayes and Moselhi (2001) 

asserted that heavy rainfall is a significant factor in the delay of highway construction 

because it leads to saturated and unworkable soil conditions. 

Temperature: Spread the mixture only when the air temperature in the shade and 
away from artificial heat is at least 40ºF [4ºC] for layers greater than 1 inch (100 
lb/yd2) [25 mm (55 kg/m2)] in thickness and at least 45ºF [7ºC] for layers 1 inch 
(100 lb/yd2) [25 mm (55 kg/m2)] or less in thickness (this includes leveling courses). 
The minimum temperature requirement for leveling courses with a spread rate of 50 
lb/yd2 [25 kg/m2] or less is 50ºF [10ºC]. 

3.4.2 Management Interference 

Management interference can be broken down into problems with prerequisite 

work (including re-work caused by defects of prerequisite work), out-of-sequence work, 

work conflict, work area, material shortage, and equipment breakdown.  “Prerequisite 

work” means that some deficiency from prerequisite work has a negative effect on the 

performance of the pavement crew.  “Out-of-sequence work” means that the crew has to 

wait or slow down because the prerequisite work has slowed down or stopped.  If the 

crew spends time correcting previous work (re-work), they get no credit for the quantity 

involved in the rework regardless of the causes (Thomas and Zavrski 1999).  “Work 
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area” means that the crew could not obtain enough work space to efficiently perform their 

work or they had to make an unplanned move to another location.   

3.4.3 Work Content Interference  

Work content is a rating of the complexity of the work to be performed; for 

example, turning lanes, intersections, ramp, and the area around manhole and curbs tend 

to require more work hours than the main roadway.  It is necessary to do handwork in 

those areas listed because the paver cannot reach.  For example, a paver will place mix as 

close to a manhole as possible.  The area around the manhole must then be filled in by 

hand.  Fresh mix is shoveled into the area and carefully placed.  The rollers then compact 

the mix as close as they can to the manhole.  The area not compacted by the rollers must 

be hand tamped.  Handwork is also necessary on crossovers and turnouts.  The paver will 

cover as much of the area as possible, but the curved shape of crossovers and turnouts 

makes it almost impossible for the paver to cover the total area of each.  As a result, the 

crew sometimes must stop and resume the work multiple times in those areas if they have 

a small amount of work to perform in each area.   

The described areas have the entirely different work processes from those of 

mainline areas.  If the crew hours spent only on those areas were measured on each work 

day, the daily production output could be measured by assigning higher conversion 

factors to those work areas than mainline areas, based on their unit rates as explained in 

Section 2.2.5 titled Conversion Factors.  However, this type of information can only be 

measured through field observation.  Therefore, the paving items on those areas were 

defined as a type of interference, as suggested by other productivity research (Thomas 

and Zavrski 1999).   
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3.5 Methods for Statistical Analyses and Productivity Estimation 

The methods employed for statistical analyses and the development of productivity 

estimation are described in Chapter 5 and Chapter 6 in greater detail.  The two chapters 

stand alone in terms of their structures.    

3.6 Summary of Methodology 

The research methodology discussed in this chapter includes the development of a 

methodology to estimate construction productivity for the highway construction 

operations.  The method development requires an extensive data collection process from 

the highway research projects.  The researcher conducted an extensive data collection 

process with the help of construction project personnel, designers, and contractors 

gathering data from various sources including interviews, project visits, and project 

documents.   

The input and output data collected from the projects are used to estimate how 

many crew hours can be spent inefficiently.  The researcher identified and quantified 

disruption events that cause the inefficient work hours.  The loss of work hours then are 

applied to the TPN simulation model developed to calculated alternative time durations.  

The durations were entered to existing simulation models to estimate construction 

productivity.  The model estimates the construction productivity for the pavement 

operation.  Then, the researcher discussed about the application of the model.  The 

application provides a framework to the highway practitioners to estimate the 

productivity rates of asphalt pavement operation.
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CHAPTER 4 
PROCESS PRODUCTIVITY ANALYSES 

4.1 Introduction  

The objective productivity analyses presented in this chapter is to measure the 

productivity rate of highway pavement operations, to identify factors that adversely affect 

performance, and to quantify the loss of productivity caused by each factor.  Traditionally, 

productivity for equipment-intensive work has been defined by charts and tables provided 

by manufacturers in equipment handbooks with no regard for factors other than those 

acknowledged by the handbook.  Even though highway pavement operations are 

considered highly equipment-intensive and repetitive (Harris and Ioannou 1998), the 

productivity of the operations contains significant variability, some of which cannot be 

accounted for simply by using the methods provided by the equipment manufacturers.  

The measurement of performance helps to identify the causes for uncertainty in the work 

flow of equipment-intensive tasks.  Again, the primary difference between the two types 

of tasks is that in the equipment-intensive tasks, particular pieces of equipment play the 

largest role in the production with laborers providing support.  In labor-intensive tasks, 

the reverse is true.   

The research hypothesis of productivity analyses is that controlling uncertainty and 

variability is a significant factor in the effective management of production for 

equipment-intensive operations.  In order to prove the hypothesis, the researcher studied 

highway pavement operations, which are repetitive throughout the work process.  

Pavement operations are a critical part of the highway construction schedule, and sub-
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tasks are related by finish-to-start dependency (Hassanein and Moselhi 2004).  This 

analyses found variability in the equipment-intensive area of asphalt pavement 

construction and identified the primary causes of the variability, which should lead to an 

improvement of the reliability of work flow in highway pavement operations.  This 

chapter also focuses on validating the effect of work flow management in equipment-

intensive tasks by conducting case studies for highway pavement operations.  

4.2 Productivity Analyses for Pavement Operation 

Table 4-1 shows the statistics for each project.  The data covers a total of 253 work 

days, 2,398 crew hours, and 6509.22 trucks loads for all projects.  As seen, all four 

projects had a large quantity of asphalt pavement.  Total paved areas for the four projects 

varied from 176,157.55 m 2  to 448,732.88 m 2 , based on the number of work days 

collected.  Total work days and crew hours spent were also varied from project to project.      

Table 4-1. Project statistics 

Project Data SR-20 
(Alachua) 

SR-102 
(Duval) 

SR-20 
(Putnam) 

I-10 
(Escambia)

Date from 5/22/2003 5/13/2003 9/12/2003 3/30/2003 
Date to 4/06/2004 3/25/2004 5/11/2004 4/09/2004 
Total Work Days 42 50 64 97 
Total Crew Hours (CH) 389.00 445.00 646.00 918.00 
Total C. Truck Loads (C.loads) 851.85 1365.15 1409.28 2882.94 
Total Area Paved (m 2 ) 176,157.55 245,430.63 242,351.56 448,732.88 
Mean Productivity (C.loads/hr) 2.166 2.995 2.165 3.120 
Standard Deviation 1.533 1.849 1.280 1.723 
Cumulative Productivity 2.190 3.068 2.182 3.140 
Baseline Productivity 5.574 6.440 5.05 5.89 
PMI 0.6071 0.5236 0.5679 0.4669 
Inefficient CH 177.37 186.55 205.32 288.51 
Inefficient CH (%) 45.6 41.9 31.8 31.4 

 
In addition to cumulative productivity, the mean productivity and standard 

deviation of the daily productivity rates were calculated for each project.  As described, 
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the mean productivity values are different from those of cumulative productivity.  Note 

that the number of truck loads is converted to the equivalent numbers by using 

conversion factor when the crew worked various courses.  

4.3 Project 1, SR-20 (Alachua) 

4.3.1 Project Description 

This project involved converting an existing two-lane road into a four-lane divided 

highway.  During the entire project, the paving crew consisted of one charge hand (either 

superintendent or foreman), sometimes two, two skilled operators (one paver operator 

and one that controlled the screed elevation), up to four semi-skilled operators (roller 

operators), and up to four laborers.   
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Figure 4-1. Daily productivity plot for SR-20 (Hawthorne)  

Since this project used limerock material for its base course, production data for 

installing only structural and friction courses were collected from May 22, 2003, to April 

6, 2004, for 42 work days, as shown in Table 4-1.  A structural course averaging 80 mm 
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(3.2 inches) thick and a friction course averaging 20 mm (0.8 inches) thick were placed 

on top of the base course.   

Figure 4-1 shows the daily productivity rate of the project.  The baseline 

productivity is marked by the dotted line, and the workdays on baseline subsets are 

marked as enlarged points.  The figure implies that there was some variability in the daily 

productivity during the entire project with low productivity rates on days 15 and 20.   

Table 4-2. Disruptions occurred in project SR-20 (Alachua) 
Work  
Day Date  lift C. Loads C.Load/ 

hr CH CH by 
baseline Wasted Category Cause 

1 5/22/03 1/1 13.39 1.67 8 2.40 5.60 Work content turning lane 
3 8/14/03 1/2 27.81 3.97 7 4.99 2.01 Weather Rain :stopped 
6 9/19/03 1/2 23.69 2.79 8.5 4.25 4.25 Work content  turning lane 
7 10/20/03 1/1 20.60 3.43 6 3.70 2.30 Management lack of finish 

grading LR 
9 10/22/03 2/2 38.11 3.46 11 6.84 4.16 Management Prerequisite work 

Management Equipment  
breakdown 

11 10/24/03 1/1 14.42 1.44 10 2.59 7.41 

Work content turning lane 
12 10/31/03 2/2 13.39 1.34 10 2.40 7.60 Work Content  Shoulders in 

various area 
13 11/3/03 1/1 18.54 1.85 10 3.33 6.67 Work Content  Turn lane 

Work Congestion 14 11/5/03 1/1 9.27 1.03 9 2.31 6.69 Management 
Prerequisite work 

15 11/6/03 1/1 1.03 0.34 3 0.18 2.82 Work Content  Ramp 
17 12/11/03 1/1 6.18 0.62 10 1.54 8.46 Management Prerequisite work 

Management Prerequisite work 18 12/12/03 1/2 5.15 0.52 10 1.28 8.72 
Work Content Ramp 

20 12/17/03 2/2 2.06 0.26 8 0.37 7.63 Work Content  Ramp 
23 12/30/03 1/2 13.39 1.34 10 2.40 7.60 Work Content  Turning lane 
24 12/31/03 1/2 8.24 1.18 7 1.48 5.52 Weather Rain 
27 1/20/04 1/2 7.21 0.72 10 1.29 8.71 Work Content  Turning lane 

Management Plant breakdown 28 1/21/04 1/2 9.27 0.93 10 1.66 8.34 
Weather lower 40 

31 1/26/04 2/2 25.75 2.58 10 6.41 3.59 Work Content  Crossover 
34 1/29/04 1/1 20.64 1.88 11 3.71 7.29 Work Content  Turning lane 
35 1/30/04 1/2 19.57 1.96 10 3.51 6.49 Work Content  Turning lane 
36 2/18/04 1/2 22.66 2.27 10 4.07 5.93 Management Rework 
37 3/19/04 1/2 5.15 0.52 10 0.92 9.08 Work Content  Turning lane 
39 3/23/04 1/2 4.12 0.82 5 0.74 4.26 Work Content  Turning lane 
40 3/30/04 1/2 21.63 2.16 10 3.88 6.12 Management Prerequisite work 
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Table 4-2 shows the workdays when various disruptions interrupted the pavement 

crew during operations.  The disruption factors and their causes are also indicated.  The 

inefficient crew hours are the difference between the actual crew hours the paving crew 

spent and the crew hours the crew would have spent if they worked at the baseline 

productivity.   

If the baseline productivity were projected to those workdays listed in Table 4-1, 

then the crew hour would have been 177.37 less than the total crew hour spent (389 

hours).  Thus, the inefficient crew hours by disruptions were 45.6 percent of total crew 

hours.   

4.3.2 Work Flow Management 

Poor work flow management resulted in 64.82 inefficient crew hours.  This value 

was calculated by adding inefficient crew hours caused by management factors as shown 

in Table 3.  This translates into 36.5 percent of the total inefficient crew hours (177.37 

hours) on the project.  The PMI of this project is 0.6071, which is the highest value 

among the four projects studied.  This indicates that the project has a relatively high level 

of inefficiency caused by management factors.  

A notable observation from Days 7, 9, 14, 15, 17, and 18 is that when the paving 

crew placed the first lift of structural course, the crew had to place overage material due 

to the finishing grade for the limerock base not being at the proper elevation.      

Having to adjust the lift thickness during the operation resulted in a loss of 

productivity.  On Day 14, the crew had a work conflict with the base crew when the base 

crew placed the subgrade and base material adjacent to the paving area.  By not having 

enough work space, the crew worked at inefficient productivity.  On Day 20, the paving 

crew faced a variable depth of embankment and installed HMA base in lieu of subgrade 



51 

 

where no limerock could be used in order to level the embankment.  This unplanned 

activity resulted in low productivity for that day.  On Days 27 and 37, the crew worked at 

various locations; thus, they lost productivity as they moved their equipment from one 

location to another.   

4.3.3 Work Content 

Work content caused 96.69 inefficient crew hours when adding inefficient crew 

hours caused by work content factors as shown in Table 4-2.  This translates into 54.5 

percent of the total inefficient crew hours on the project.  On Days 23, 34, and 39, the 

crew worked on turning lanes, and on Day 35, they worked on a ramp area.  Because of 

the complexity and limited amount of work to perform, relatively low productivity was 

measured on those days. 

4.3.4 Weather 

Unfavorable weather conditions caused 15.86 inefficient crew hours when adding 

inefficient crew hours caused by weather factors as shown in Table 4-2.  This translates 

into 8.9 percent of the total inefficient crew hours on the project.  Rain on Day 3 and cold 

weather on Days 24 and 28 disrupted the performance of the crew. 

4.4 Project 2, SR-102 (Duval) 

4.4.1 Project Description 

This project mainly involved constructing a new four-lane access road to the 

Jacksonville Airport.  The total length of the roadway was 2683.62 meters (10,734 lane 

meters).  The scope of work by the paving contractor also included resurfacing the 

existing road for 356 meters (1,424 lane meters).  Limerock material was installed as a 

base course.  HMA material was then placed with a 130-mm-thick (5 1/8 inches) 

structural course and 19-mm-thick (3/4 of an inch) friction course.  Typical paving crew 
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composition for this project was one charge hand (either superintendent or foreman), 

sometimes two, two skilled operators (one paver operator and one that controlled the 

screed elevation), two semi-skilled operators (roller operators), and five laborers.  

Because this project used a limerock material for its base course, production data for 

installing only structural and friction courses were collected from May 13, 2003, to 

March 25, 2004, for 50 work days, as shown in Table 4-3.  Project statistics are also 

listed in Table 4-1.  Table 4-3 showed the workdays when disruptions occurred during 

operations.   

Figure 4-2 shows the daily productivity rate of the project.  It implies that there 

were some variations and non productive work days in the workflow, especially from 

Day 30 to 39.  The total crew hours would have been 186.55 less than the total crew 

hours spent (445 hours) if the crew had performed the paving operation at the baseline 

productivity rate on those days when disruptions occurred.  In all, the inefficient crew 

hours amounted to 41.9 percent of total crew hours.   
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Figure 4-2. Daily productivity plot for SR-102  
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Table 4-3. Disruptions occurred in project SR-102 

Work 
day Date  lift C.  

Loads 
C.Load 
/hr CH CH by 

baseline Wasted Category Cause 

1 5/13/03 1/3 15.45 3.09 5 2.28 2.72 Management Prerequisite  
work 

2 5/14/03 1/3 52.53 5.25 10 7.74 2.26 Management Prerequisite  
work 

2 5/14/03 1/3 52.53 5.25 10 7.74 2.26 Management Material  
rejected 

2 5/14/03 1/3 52.53 5.25 10 7.74 2.26 Work content turning lane 
4 5/20/03 3/3 28.84 2.88 10 4.25 5.75 Work content turning lane 
5 5/21/03 2/2 19.57 2.45 8 2.88 5.12 Work content turning lane 
6 6/6/03 NA 2.06 0.52 4 0.30 3.70 Management Prerequisite  

work 
7 6/9/03 NA 5.15 0.52 10 0.76 9.24 Management Prerequisite  

(Rework) 
8 6/12/03 1/3 29.87 3.73 8 4.40 3.60 Weather Rain 

Management Problem at plant  
Management Material failure  

14 9/20/03 1/3 14.42 2.40 6 2.12 3.88 

Work content turning lane 
15 11/12/03 1/3 12.36 1.55 8 1.82 6.18 Work content turning lane 
16 11/13/03 2/3 17.51 2.19 8 2.58 5.42 Management Problem at plant  
18 11/15/03 1/3 45.32 4.53 10 6.68 3.32 Work content tapered area &  

turn lane 
19 11/22/03 2/3 49.44 4.94 10 7.28 2.72 Management Material delay 
20 11/25/03 2/3 28.84 2.88 10 4.25 5.75 Work content turning lane 
21 11/26/03 1/3 56.65 5.67 10 8.35 1.65 Work content crossover 
22 12/2/03 1/3 15.45 2.21 7 2.28 4.72 Work content turning lane 
        Weather temperature 
23 12/3/03 3/3 20.60 4.12 5 3.03 1.97 Weather rain 
24 12/4/03 3/3 23.69 3.95 6 3.49 2.51 Weather rain 
27 12/10/03 1/2 3.09 1.03 3 0.46 2.54 Weather rain 
       0.00 Work content turning lane 
30 1/16/04 1/3 25.75 3.22 8 3.79 4.21 Work content turning lane 
32 1/21/04 1/3 14.42 1.44 10 2.12 7.88 Management Rework 
33 1/22/04 3/3 46.35 4.21 11 6.83 4.17 Management Rework 
34 1/23/04 2/2 35.02 3.50 10 5.16 4.84 Management Rework 
35 1/26/04 1/1 2.06 0.34 6 0.30 5.70 Management Equipment 

breakdown 
36 1/27/04 1/1 15.45 1.55 10 2.28 7.72 Management Rework 
39 1/30/04 1/1 1.03 0.10 10 0.15 9.85 Management Rework 
40 2/3/04 1/1 6.18 0.77 8 0.91 7.09 Management Previous work 
42 3/2/04 2/3 7.21 0.72 10 1.06 8.94 Management Previous work 
43 3/3/04 1/1 10.30 1.03 10 1.52 8.48 Management Previous work 
44 3/4/04 2/2 8.24 0.82 10 1.21 8.79 Management Previous work 
46 3/9/04 3/3 7.21 0.72 10 1.06 8.94 Management Rework 
48 3/19/04 1/1 41.28 3.75 11 3.64 7.36 Management Problem at plant 
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4.4.2 Work Flow Management 

A combination of poor work flow management and mechanical problems resulted 

in 125.82 inefficient crew hours on this project, which translates into 67.4 percent of the 

total inefficient crew hours on the project.  There were also some deficient reactions to 

the mechanical problems.  On Days 1 and 2, “pumping” from the limerock base 

(prerequisite work) occurred, and the crew had to stabilize it prior to paving.  On Day 6, 

due to the wet condition of the limerock material, the scheduled paving operation was 

suspended.  On Day 7, the constructed width of the roadway was less than the planned 

width; therefore, additional material was required in order to maintain proper width.  On 

Days 14, 16, and 48, a portion of asphalt material delivered could not be placed because 

it was out of the allowable temperature range, and the contractor stopped paving at his 

discretion due to problems at the plant.  FDOT requires for the project inspectors to 

periodically check the temperature of the mix to be sure that it is within 6.7 Co (20 Fo ) of 

the approved job mix formula.  For example, if a load of mix is 300 Fo  at the plant, the 

temperature should not be less than 280 Fo  at the job site (FDOT 2002).  

On Day 33, the crew had to mill the deficient pavement section. On Days 34, 36, 

and 46, because previously placed HMA material did not meet the density requirement, 

the crew had to perform re-work.  Obviously, this rework severely impacted the 

productivity rate.  Also, the asphalt paver had a mechanical problem on Day 35, and the 

crew had to stop working until it is fixed.  The paver is required to be checked and the 

screed properly adjusted and crowned before spreading the hot mix (FDOT 2002).  On 

Days 40, 42, 43, and 44, the crew milled the existing asphalt structure on the resurfacing 

area before paving.  The PMI of this project is 0.5236.  This indicates that this project had 



55 

 

more disruptions caused by management factors than the I-10 project that used HMA 

base.   

4.4.3 Work Content 

Work content caused 45.33 inefficient crew hours, which translates into 24.3 

percent of the total inefficient crew hours on the project.  On days 2, 4, 5, 15, 22, 27 and 

30, the crew worked on turning lanes, miscellaneous asphalt placement, and intersection 

areas that require more crew hours per m 2  of production than the mainline area.   

4.4.4 Weather 

Severe weather conditions resulted in 15.34 inefficient crew hours, which translates 

into 8.2 percent of the total inefficient crew hours on the project.  The cause of disruption 

by weather conditions was rainfall on days 23, 24, and 27. 

4.5 SR-20 (Palatka, Putnam County) 

4.5.1 Project Description 

This project involved adding two lanes to an existing two-lane roadway.  The 

paving crew of this project consisted of one charge hand (superintendent or foreman), 

two skilled operators (one paver operator and one that controlled the screed elevation), 

three semi-skilled operators (roller operators), and up to five laborers.  As shown in Table 

2, pertinent data were collected from September 12, 2003, to May 11, 2004, for 64 

working days.  Base Option Group 1 (100 mm, 4 inches) and Base Option Group 15 (170 

mm, 9 inches) were required for the shoulder area and mainline base course, respectively.  

Each lift of the base course was either 50 mm thick (2 inches) or 75 mm thick (3 inches) 

because FDOT limits the maximum thickness per lift to 75 mm (3 inches) (FDOT 2002).  

On top of the base course, 75 mm (3 inches) of structural course and 37 mm (1.5 inches) 

of friction course were installed.  A total of 646 crew hours were spent to install HMA on 
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an area of 242,351.56 m 2 .   Other project statistics are shown in Table 4-1.  Table 4-4 

shows the workdays when disruptions occurred during operations.   

Table 4-4. Disruptions occurred in project SR-20 (Putnam) 

Work 
day Date  lift C. 

Loads 
C. 
Load/hr CH CH by 

baseline Wasted Category Cause 

3 9/15/03 1/3 34.04 3.09 11 6.75 4.25 Management  Rework 
5 10/2/03 1/3 6.66 0.56 12 1.32 10.68 Management  Prerequisite work 
5 10/2/03 1/3 6.66 0.56 12 1.81 10.19 Work content Turning lane 
6 10/3/03 1/3 18.50 1.95 9.5 3.67 5.83 Management  Prerequisite work 
8 10/16/03 1/3 26.64 2.54 10.5 5.28 5.22 Management  Material delivery 
9 10/27/03 1/3 19.98 2.22 9 3.96 5.04 Weather Rain 
10 10/28/03 1/3 8.14 0.90 9 1.61 7.39 Management  Prerequisite work 
11 10/29/03 1/3 11.10 1.23 9 2.20 6.80 Weather Rain 
12 10/30/03 1/3 12.58 1.40 9 2.49 6.51 Work content  Turning lane 
15 12/2/03 1/3 8.88 0.89 10 1.76 8.24 Management  Material delivery 
16 12/18/03 1/3 23.68 2.63 9 4.69 4.31 Management  Material delivery 
17 12/19/03 1/3 17.76 1.97 9 3.52 5.48 Management  Out of Sequence 
20 1/7/04 1/3 30.34 3.37 9 6.01 2.99 Weather Temperature 
22 1/16/04 1/3 8.88 0.99 9 1.76 7.24 Work content  Turning lane 
24 1/20/04 1/3 8.14 0.74 11 1.61 9.39 Weather Temperature 
25 1/21/04 1/3 19.24 1.75 11 3.81 7.19 Management  Work Conflict 
26 1/22/04 1/3 19.98 1.82 11 3.96 7.04 Work content  Turning lane 
28 1/26/04 1/3 14.80 1.41 10.5 2.93 7.57 Management  Equipment  

breakdown 
30 1/29/00 1/3 1.48 0.11 13 0.29 12.71 Management  Work Conflict 
34 2/13/04 1/3 17.76 1.78 10 3.52 6.48 Work content  Turning lane 
35 2/19/04 1/3 7.40 0.82 9 1.47 7.53 Work content  Intersection 
37 2/26/04 1/3 11.84 1.18 10 2.35 7.65 Work content  Turning lane 
45 4/3/04 1/3 8.88 0.89 10 1.76 8.24 Management  Plant breakdown 
47 4/6/04 1/3 11.10 1.01 11 2.20 8.80 Management Prerequisite work 
52 4/14/04 4/4 16.28 1.36 12 3.23 8.77 Work content  Driveway 
54 4/17/04 2/4 8.14 0.90 9 1.61 7.39 Management  Out of Sequence 
55 4/19/04 3/4 17.76 1.48 12 3.52 8.48 Management  Plant breakdown 
62 5/5/04 1/3 15.54 1.41 11 3.08 7.92 Management  Prerequisite work 
 

Figure 4-3 shows the daily productivity rate of the project and implies that there 

were some variations in the workflow with the lowest productivity on Day 30.  If the 

baseline productivity were projected to those days when disruptions occurred, then the 

crew hours would have been 205.32 less than the total crew hours spent (646 hours).  

Thus, the inefficient crew hours were 31.8 percent of the total crew hours on the project.   
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Figure 4-3. Daily productivity plot for SR-20 (Putnam)  

4.5.2 Work Flow Management 

 Poor workflow management resulted in a total of 119.69 inefficient crew hours, 

which translates into 58.3 percent of the total inefficient crew hours on the project.  On 

Day 3, HMA material placed in the mainline was thicker than planned, and excessive 

material was placed outside of the planned width.  The contractor had to re-do the work 

in order to correct it.  FDOT specifies the plan thickness (compacted thickness), and the 

contractor is responsible for obtaining the compacted thickness shown in the plans. 

On Days 5, 6, and 47, the subgrade (prerequisite work) was not ready, and thus it 

had to be either stabilized by more compacting or at least checked.  On Days 10, the 

paving crew cleaned up the surface of a previous lift where another HMA layer would be 

placed.  This work was not profit-generating work and was attributed to poor 

management.  On Days 25 and 30, the paving contractor had a conflict with the inspector 

of the project.  The contractor was advised that he should use a plate tamp around 

manholes where the roller was inaccessible, but failed to do so.  This resulted in a 

workday with lower quality and productivity than was necessary.  The factors that 
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contribute to diminished crew performance are interrelated, and this type of poor 

management can also be attributed to work content (work complexity).  On Day 52, the 

contractor had to remove and replace driveways before paving (out of sequence work).  

The PMI for this project is 0.5679, lower than the other two projects of SR-102 and I-10, 

located on urban areas.  

4.5.3 Work Content 

Work content caused a total of 61.42 inefficient crew hours, which translates into 

29.9 percent of the total inefficient hours on the project.  On Days 12, 22, and 26, the 

contractor worked on turning lanes and intersections, not ideal production work.  On 

Days 34, 35, and 37, the paving crew had to lay a base wedge down, and the complexity 

of the work led to low productivity.  It is not known whether or not poor management 

contributed to this situation.   

4.5.4 Weather 

Poor weather conditions caused a total of 24.21 inefficient crew hours, which 

translates into 11.8 percent of the total inefficient hours on the project.  Typically, the 

contractor chose not to work if rain was expected, but on Days 9 and 11, he decided to 

proceed and the rain diminished the quality of work.  On Days 20 and 24, with the 

temperature below 4 C°  (40 F° ), the contractor could not lay the HMA base, as specified 

in the FDOT Flexible Pavement Design manual (FDOT 2002).  

4.6 I-10 (Pensacola, Escambia County) 

4.6.1 Project Description 

This project involved adding lanes to and resurfacing an urban section of Interstates 

10 and 110.  Base Option Group 11 (180 mm, 7 inches) and Base Option Group 4 (100 

mm, 4 inches) were used for adding lanes on the mainline and shoulder base, 
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respectively; then, the pavement structure (structural and friction courses) was installed.  

For resurfacing, the top 50 mm (2 inches) of existing pavement structure was milled and 

repaved.  In order to install the required 180-mm-thick base course (7 inches), three lifts 

were used because FDOT limits the maximum thickness per lift to 75 mm (3 inches), as 

described (FDOT 2002).  Each lift of the base course was either 50 mm (2 inches) or 75 

mm (3 inches) thick, but the thickness varied depending upon the area.  On top of the 

base course, 75 mm (3 inches) of structural course and 37 mm (1.5 inches) of friction 

course were laid.  A total of 918 crew hours were spent to install pavement structure in a 

total area of 242,351.56 m 2 .  

0.00

1.00

2.00

3.00

4.00

5.00

6.00

7.00

8.00

9.00

10.00

1 6 11 16 21 26 31 36 41 46 51 56 61 66 71 76 81 86 91 96

Work days

C.
 lo

ad
/C

H

 
Figure 4-4. Daily productivity plot for I-10 

The project statistics are shown in Table 4-1. If the baseline productivity were 

projected to those days when disruptions occurred, then the crew hours would have been 

288.51 less than the total crew hours spent (918 hours).  Thus, the inefficient crew hours 

were 31.4 percent of total crew hours.  Table 4-5 shows the workdays when disruptions 

occurred during the process. 
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Table 4-5. Disruptions occurred in project I-10 
Work 
day Date  lift C. Load C. Load 

/hr CH CH by 
baseline Wasted Category Cause 

4 4/7/2003 1/3 3.90 0.98 4.00 0.66 3.34 Management Prerequisite work 
6 4/26/2003 1/2 16.38 2.34 7.00 2.78 4.22 Management  Material delivery 
7 4/28/2003 1/2 39.42 3.94 10.00 6.69 3.31 Management Congestion 
9 4/30/2003 2/2 35.54 2.96 12.00 6.03 5.97 Work content Work zone 
10 5/1/2003 1/1 47.13 3.93 12.00 8.00 4.00 Work content Work zone 
15 5/12/2003 3/3 29.64 2.96 10.00 5.03 4.97 Management material failure 
16 5/13/2003 1/1 4.12 0.82 5.00 0.70 4.30 Management Material delivery 
17 5/20/2003 1/1 30.90 3.09 10.00 5.25 4.75 Work content Turning lane 
18 5/21/2003 1/2 15.00 3.00 5.00 2.55 2.45 Work content Shoulder area 
19 5/22/2003 1/2 20.12 2.52 8.00 3.42 4.58 Work content Shoulder area 
24 6/4/2003 1/1 7.21 0.80 9.00 1.22 7.78 Management Prerequisite work 
26 6/23/2003 1/1 18.54 1.85 10.00 3.15 6.85 Work content Intersection 
27 7/14/2003 1/1 30.90 3.86 8.00 5.25 2.75 Management  material failure 
29 7/16/2003 1/1 18.54 2.32 8.00 3.15 4.85 Weather Rain 
33 7/22/2003 1/1 25.75 3.22 8.00 4.37 3.63 Weather Rain 
42 8/27/2003 1/3 42.12 3.83 11.00 7.15 3.85 Management Equipment  

breakdown 
43 9/2/2003 1/3 24.96 2.50 10.00 4.24 5.76 Work content Intersection 
45 9/5/2003 3/3 24.96 2.50 10.00 4.24 5.76 Management  Prerequisite work 
48 9/11/2003 1/2 30.00 3.00 10.00 5.09 4.91 Management Material delivery 
49 9/19/2003 1/3 19.50 1.95 10.00 3.31 6.69 Management  Prerequisite work 
51 9/29/2003 4/4 17.16 1.63 10.50 2.91 7.59 Management Prerequisite work 
52 9/30/2003 2/3 24.96 2.27 11.00 4.24 6.76 Work content Ramp 
54 10/6/2003 1/2 14.00 1.12 12.50 2.38 10.12 Management Material delivery 
55 10/9/2003 2/2 27.81 2.78 10.00 4.72 5.28 Work content Ramp 
56 10/14/2003 4/4 10.92 1.37 8.00 1.85 6.15 Management  Prerequisite work 
57 10/16/2003 4/4 30.42 3.04 10.00 5.16 4.84 Management  Prerequisite work 
58 10/17/2003 4/4 21.84 1.99 11.00 3.71 7.29 Management Material delivery 
62 10/22/2003 3/3 8.58 0.78 11.00 1.46 9.54 Weather Rain 
63 10/23/2003 1/2 20.60 1.72 12.00 3.50 8.50 Management  Prerequisite work 
64 11/10/2003 1/3 31.20 2.60 12.00 5.30 6.70 Work content Ramp 
67 12/18/2004 1/3 10.92 0.99 11.00 1.85 9.15 Management  Prerequisite work 
68 12/19/2004 1/3 45.24 4.11 11.00 7.68 3.32 Management Equipment  

breakdown 
69 1/8/2004 3/3 14.82 1.85 8.00 2.52 5.48 Work content Turning lane 
72 1/20/2004 1/2 14.00 1.27 11.00 2.38 8.62 Management  Congestion 
74 1/22/2004 2/2 6.18 0.62 10.00 1.05 8.95 Management Prerequisite 
76 1/28/2004 1/2 14.00 1.40 10.00 2.38 7.62 Weather  Rain 
77 2/3/2004 1/1 18.54 2.32 8.00 3.15 4.85 Work content Turning lane 
79 2/5/2004 1/2 18.00 1.64 11.00 3.06 7.94 Work content Turning lane 
80 2/9/2004 1/2 24.00 2.18 11.00 4.07 6.93 Management  Prerequisite work 
81 2/26/2004 2/2 27.81 2.53 11.00 4.72 6.28 Management  Prerequisite work 
82 2/27/2004 1/2 26.78 2.98 9.00 4.55 4.45 Management  Prerequisite work 
85 3/1/2004 1/2 6.00 0.60 10.00 1.02 8.98 Management Rework 
86 3/4/2004 1/1 10.30 2.06 5.00 1.75 3.25 Weather  Rain 
88 3/8/2004 1/2 5.15 0.52 10.00 0.87 9.13 Management Material delivery 
91 3/29/2004 2/2 19.53 3.91 5.00 3.32 1.68 Work content Median 
92 3/31/2004 2/2 23.58 2.14 11.00 4.00 7.00 Management Rework 
95 4/6/2004 1/3 13.26 1.21 11.00 2.25 8.75 Management Material delivery 
96 4/8/2004 2/3 2.34 0.26 9.00 0.40 8.60 Work content Ramp 
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4.6.2 Work Flow Management 

Poor work flow management caused 177.92 inefficient crew hours on the project, 

which translates into 61.7 percent of the total inefficient hours on the project.  On Days 4, 

45 and 49, the area planned for paving experienced “pumping”, and a subgrade failure 

delayed the paving.   

On Days 6, 16, 48, 54, and 58, the material delivery trucks were late, delaying the 

paving.  Again, coordinating the capacity of asphalt plant with the speed of paver is 

important factor for the effective production of pavement, and the number of trucks 

should be determined to optimize the coordination.  On Days 42 and 68, the paver was 

broken, and the crewmembers remained idle until the paver was fixed.  On Days 51, 56, 

and 57, the crew had to level the subgrade in the area where the base course was to be 

placed.  Because the pre-paved area did not meet the density requirement, re-work was 

performed on Day 85.  The PMI of this project is 0.4669, the lowest value among the four 

projects studied.  This result indicates that this project was the best-managed of the 

projects analyzed. 

4.6.3 Work Content 

Work content caused 81.69 inefficient crew hours, which translates into 28.3 

percent of the total inefficient hours on the project.  On Days 9 and 10, access to the work 

zone was restricted by traffic, making work more difficult.  On Days 18 and 19, the crew 

worked inside the shoulder, and on Day 43, an intersection was paved.  On Day 26, the 

crew worked on the resurfacing area, where they had to wait for the top pavement layer 

to be milled before paving.  It is not known whether poor management contributed to this 

situation.  On Days 52, 55, and 64, the crew worked on a ramp, which requires much 

handwork, lowering productivity. 
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4.6.4 Weather 

Poor weather conditions caused a total of 28.9 inefficient crew hours on the project, 

which translates into 10.0 percent of the total inefficient hours on the project.  Rainfall on 

Days 29, 33, 62, and 86 caused delays on the project. 

4.7 Summary of Production Analyses and Conclusion 

The pavement operation, one of the most equipment-intensive of all construction 

activities, has significant productivity variability due to disruption events in the workflow 

caused by such factors as poor management, work content, and severe weather 

conditions.  The loss of crew hours caused by poor management ranged from 40% to 

62% of the total inefficient crew hours on the four projects.  One of the primary factors 

that contributed to poor management was out-of-sequence work and deficiencies in 

prerequisite work.  Project SR-20 (Alachua) and Project SR-102 repeatedly required 

rework in order to correct the deficiencies of the limerock base when the crew placed the 

first lift of the structural course.  Compensating for this prerequisite activity diminished 

the paving crews’ productivity.  It has been confirmed that the quantitative and 

qualitative uncertainty in production output caused adverse effects, extending them to 

succeeding activities in the activity nexus.  The PMI values of the two projects were 

higher than the other two projects that used HMA base.  In addition, equipment 

breakdown and material shortages were occasionally observed during the process of 

paving.   

The loss of crew hours caused by work content was from 21% to 48% of the total 

inefficient crew hours on the four projects.  Even if the loss by work content is inevitable, 

the impact of work content can be mitigated with minimum impact on the project by 

planning ahead for the most frequent causes and improving predictability of workflow.  
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Efficiency losses due to work content in this research mostly related to use of hand work 

while working in areas such as ramps, turning lanes, intersections, and crossovers; 

however, management and work content are sometimes interrelated, i.e., the deficiencies 

of previous work not only diminish the productivity of later work but also make the work 

more complicated.   

The effect of severe weather conditions was not very significant, ranging from 6% 

to 17% of the total inefficient crew hours of the four projects.  Even though severe 

weather prolonged the projects, the delay was not observed in this research because the 

contractors usually chose not to work when the weather was expected to be unfavorable 

and productivity was only measured on days when the contractors worked.   

Finally, the measurement of performance on a daily basis can provide information 

about the primary causes of productivity variability in paving operations.  This 

information, in the hands of competent managers, can lead to more effective and more 

reliable work flow and better quality control during the operation.  Statistical analyses 

were performed to validate the results and presented in Chapter 5.
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CHAPTER 5 
EFFECTS OF INTERFERFERENCE  

5.1 Introduction 

In Chapter 5, the researcher described statistical analyses that were performed to 

further analyze the results in Chapter 4.  The analyses consist of two major parts: mean 

productivity comparisons and correlations among factors.  For the purpose of mean 

comparisons, productivity values obtained from four case study projects (population) 

were grouped by the project from which the values were collected and by interference (or 

no interference) with which the values were associated (samples).  Mean values of each 

sample were compared and ranked among four projects and among interference factors. 

The correlation analyses among interference factors will follow in Section 5.5, titled 

Correlation Analyses. 

Before performing mean comparisons, two general requirements should be met1.   

• The population should be normally distributed. 

• The variances of each sample should be the same. 

 
The null hypothesis (H o ) for the normality test provided by the Minitab Software 

(Version 14) is that all data from the population are normally distributed.  As seen in 

Figure 5-1, when the probability of the population was plotted, H o was rejected at the 5% 

level (p-value less than 0.05).  It was concluded that the population was not normally 

distributed. 
                                                 
1 The samples were assumed to be independent (no correlation). 
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Figure 5-1. Probability plot of population before transformation 

As is shown in Figure 5-1, the data were distributed asymmetrically with a long tail 

of high values.  Such a distribution is said to be “skewed to the right,” and instead of the 

points plotting in a straight line, they fall along a smooth curve, which is convex upward 

(Hart 2002).  The Productivity rate, defined as the output quantity divided by input 

quantity of each working day, cannot be less than zero, and they can be higher values 

further from the mean values as seen in the figures from 4-1 to 4-4.  Such data are 

typically severely skewed to the right.  

The population, therefore, needs to be transformed to meet the first condition.  A 

transformation of the sample data is defined as a systematic process in which the 

measurements on the original scale are converted to a new scale (Ott 2001).  Possibilities 

for converting the original variable y are y 2 , y , log y, or some other transformed 

variables.  Most often, the conversion may be accomplished by choosing a particular 

power of the data, and the family of transformations may be expressed as transf(y) = yp, 

where y and transf(y) are the original and transformed data, respectively, and p is the 

power to which y is raised.  The more severely that y is skewed to the right, the lower the 

value of p is required to obtain a near-normal transformation.  A suitable transformation 
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is found by trial and error.  Because the population was skewed to the right somewhat 

severely, the original data (y) were converted by taking the square root (transf(y) and p = 

0.5).  After re-testing the normality with transformed data, the result shows that H o  

cannot be rejected at the 5% level with the p-value of 0.225, as shown in Figure 5-2.  The 

population was concluded to be normally distributed. 
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Figure 5-2. Probability plot of population after transformation 

Equal variance, the second condition for the mean comparison, was then tested. 

H o of the test was that all variances from each sample group were the same.  As shown in 

Figure 5-3, the p-value of Levene’s Test was 0.131, which is insignificant at the 5% level.  

H o cannot be rejected, and the variances from each project were conclusively the same at 

the 5% level.  This result from the equal variance test meets the second condition for the 

mean comparison.   
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Figure 5-3. Equal variance test among four projects 

5.2 Multiple Mean Comparisons with Transformed Productivity  

Once the two conditions were met, the mean values of transformed productivity 

among four projects were compared by using the F-test.  H o of the test was that all of the 

mean values were the same, and by rejecting H o , it was concluded that the means are not 

the same.  The box plot, mean and standard deviation, and the result of the F-test are 

shown in Figure 5-4, Table 5-1, and Table 5-2, respectively.    
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Figure 5-4. Box plot for mean comparison among projects 
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Table 5-1. Mean and standard deviation for four projects 

Sample Number  
of data Mean Standard  

deviation Rank 

I-10 (Escambia) 97 1.6980 0.4884 1 
SR-102 (Duval) 50 1.6316 0.5830 2 
SR-20 (Palatka) 64 1.4342 0.4342 3 
SR-20 (Alachua) 42 1.3768 0.5262 4 

 
Table 5-2. Result of F-test for mean comparison 

Source 
Degree of 
Freedom 
(DF) 

Sum of 
Square 
(SS) 

Mean 
Square 
(MS) 

F-value P-value 

Projects 3 5.014 1.671 6.63 0.001 
Error 249 62.787 0.252 - - 
Total 252 67.802 - - - 

 
Since all of the mean values of the four projects turned out to be different (p-value 

less than 0.05), as is shown in Table 5-2, pair-wise mean comparisons were performed.  

The least significant difference (LSD) test and Tukey’s test are generally used for this 

purpose.  The two tests are used only after the F-test has been shown to be significant.  

Although similar, Tukey’s test has a smaller error range and is more conservative than 

LSD.  Therefore, Tukey’s test concludes significant difference between sample means 

fewer than LSD does.       

5.2.1 Further Analysis by Tukey’s Test 

Once the mean values of the four projects were listed in order from the highest to 

the lowest, as seen in Table 5-1, 95% confidence intervals for the difference between the 

two means were generated for each project mean value.  For example, the I-10 project 

has the highest mean value among the four projects.  The 95% confidence interval for the 

mean difference between I-10 and the other projects ( 21 µµ − ) was calculated.  If the 

confidence interval contains zero, then the two mean values are not significantly different 

at the 5% level.  The output of pair-wise mean comparisons can be found in Appendix C.  
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As a result of Tukey’s test, the mean of the I-10 project is higher than the SR-20 

(Alachua) and SR-20 (Putnam) projects even though the means from the I-10 and SR-102 

projects were not significantly different.  

5.2.2 Further Analysis by Least Significant Difference (LSD) Test 

Unlike the result of Tukey’s test, the result of the LSD test shows that projects SR-

102 and I-10 have better productivity than projects SR-20 (Alachua) and SR-20 (Putnam).  

Again, the result of the LSD test is less conservative than Tukey’s test, and the sample 

means between SR-102 (second highest) and SR-20 (Alachua, third highest) are 

concluded to be different.  It is very likely that the pavement crews for the two projects 

with higher productivity than the other two projects were encouraged to be more 

productive because those two projects were located in urban areas with AADT of more 

than 12,000 (FDOT 2002c).  The results of the LSD test can also be found in Appendix C.    

Next, the population was grouped by five major interference factors: multiple, 

management, work content, weather, and no interference.  The mean values of each 

sample group were compared in order to rank the factors by their magnitude of adverse 

effects on production rates.   

5.3 Productivity Comparison by Interference Factor 

The F-test again was performed to compare the mean values from five sample 

groups associated with the occurrence of interference.  If there were more than two 

incidents of interference on a single work day, then the productivity on that day was 

defined as “multiple.”  Since the population of all of the sample groups was normally 

distributed, only equal variance was tested for the mean comparison.  As shown in Figure 
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5-5, the test concluded that the variances of four sample groups are the same at the 5% 

level because the p-value of Levene’s test is 0.824 in favor of H o (equal variance).  
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Figure 5-5. Equal variance test among interference factors 

Figure 5-6, Table 5-3, and Table 5-4 show the output of the box plot, the mean and 

standard deviation, and the results of the F-test, respectively.  As shown in Figure 5-6 and 

Table 5-3, the productivity means are ranked in the order of multiple, management, work 

content, weather, and no interference from the lowest to the highest.  The result of the F-

test in Table 5-4 shows that the means associated with five interference factors are not the 

same at the 5% level (p-value less than 0.05).   
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Figure 5-6. Box plot for mean comparison among interference factors 
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Table 5-3. Mean and standard deviation for interference factors 

Sample Number  
of data Mean Standard  

deviation Rank 

Multiple Interference 9 1.2189 0.4954 1 
Management 65 1.2975 0.4456 2 
Work Content 42 1.3871 0.4196 3 
Weather 14 1.5093 0.4273 4 
No Interference 123 1.7826 0.4998 5 

 
Table 5-4. Result of F-test for comparison of interference factors 

Source DF SS MS F-value P-value 
Projects 4 12.909 3.227 14.62 0.001 
Error 248 54.740 0.221 - - 
Total 252 67.648 - - - 

 
Again, further analyses were performed because the result of the F-test in Table 5-4 

shows that all the means are not the same at the 5% level.  The result can be found in 

Appendix D.   

The productivity means were ranked by multiple, management, work content, 

weather, and no interference from the lowest to the highest based on their association 

with types of interference.  When multiple types of interference occurred, the mean 

productivity rate was the lowest.  For example, pavement crew experienced the most 

sever interference when they worked on turning lanes, ramps, driveways, and around 

manholes (work content), while other interference factor caused by management or 

weather occurred as well. 

The mean values of productivity associated with any type of interference are 

significantly lower than the one with no interference, as confirmed by the result of the 

LSD test.  The result of Tukey’s test, however, shows that there was no significant 

difference between the mean value of weather interference (second highest) and no 

interference (the highest).  Again, Tukey’s test is more conservative than the LSD test, 

and concludes the difference between two mean values fewer than the LSD test does. 
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Inclement weather was not a significant factor in productivity because contractors chose 

not to work when inclement weather was expected. 

Even though the differences are not significant at the 5% level, management, as a 

single factor, has not only the most frequent occurrence (Table 5-3) but also the most 

adverse effects on productivity.  Therefore, the mean comparison was expanded within 

management interference, as is described in the next section.  

5.4 Productivity Comparison for Management Interference 

Interference caused by the management factor was broken down into four sub-

categories: defects in prerequisite work, material-related interference (material delay or 

failure), equipment breakdown, and work congestion.  The mean values of four 

management sub-categories were then compared to rank productivity rates associated 

with each management interference sub-category.  The results of the comparison are 

shown in Table 5-5, Table 5-6, and Figure 5-7.     

Table 5-5. Mean values with management interference 
Level N Mean StDev Rank 
Work congestion  7 1.1629 0.502 1 
Prerequisite 42 1.2405 0.4425 2 
Equipment 11 1.3691 0.4689 3 
Material 15 1.4907 0.4722 4 

 
Table 5-6. Result of mean comparison for management interference 

Source DF SS MS F-Value P-Value 
Management 
interference 3 0.878 0.293 1.4 0.25 

Error 71 14.861 0.209   
Total 74 15.738       
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Figure 5-7. Box plot for the mean comparison with management interference 

As is shown in Table 5-5, a total of 75 working days had management-related 

interference.  The mean productivity rates were ranked as work congestion, prerequisite 

work, equipment, and material in order from the lowest to the highest even though the 

differences among them were not significant at the 10% level (p-value of 0.25).   

The mean value of the productivity rates associated with the defects from 

prerequisite work was the second lowest among the four sub-categories, and the 

prerequisite interference occurred on 42 working days out of total 75 working days when 

management interference occurred, as is shown in Table 5-5.  Therefore, the researcher 

focused on the prerequisite interference for the correlation analyses along with weather 

interference from the following section.      

5.5 Correlation Analyses 

The correlation analyses in this section consist of two parts.  The first part deals 

with the correlation between the amount of rainfall in project areas and the effects of it on 

project productivity.  The second part includes more in-depth correlation analyses 

between causes of weather and prerequisite work and their effects on the crews’ 

performances represented by probability of interference occurrence and productivity 

variation.        
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5.5.1 Effects by the Monthly Amount of Rainfall 

Even though the mean productivity associated with the weather interference factor 

was ranked the highest out of four interference sample groups, excluding the group of no 

interference, the researcher performed the correlation analyses between the cause 

variables (X: the monthly amounts of rainfall and the number of rain days in project 

locations) and the effect variables (Y: the number of work days that production was 

influenced by the rainfall and NLA).  Because the researcher collected productivity data 

that included inefficient work hours caused by rainfall, the likelihood of the effects of the 

rainfall were also quantified by multiplying the inefficient work hours by the baseline 

productivity of each project.  Thus, the order of magnitude was represented by the 

number of truck loads affected (NLA) by rainfall.  

The mean values of the monthly rainfall on the areas of Jacksonville (SR-102), 

Pensacola (I-10), and Gainesville (SR-20 Alachua and SR-20 Putnam) were obtained2.  

Each value is the average of the monthly rainfall for the 30 years from 1975 to 2005.  

Then the number of work days and the NLA by the rainfall were plotted on a monthly 

time series plot, seen in Figure 5-8.  The units of the second Y-axis—as seen on the right 

side of the chart—were number of days, hours, and loads, respectively.  NLA were 

divided by 10 to plot them on a similar scale.  Due to the geographical proximity among 

the three areas, the shapes of the three monthly rainfall plots are very similar, with a 

small spike in March and high amounts of rainfall between June and September.     

                                                 
2 Source: National Climate Data Center (NCDC) (http://lwf.ncdc.noaa.gov/oa/ncdc.html) 
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Figure 5-8. Monthly time series plot for rainfall and NLA  

The Pearson correlation test was then performed for the five factors.  The Pearson 

correlation measures the strength of the linear relationship between the X and Y variables 

on a probability plot.  The correlation between the two variables lies between 0 and 1, 

with higher values indicating a better fitting distribution.  The results of the test are 

shown in Table 5-7.  Again, the monthly amounts of rainfall in the three locations were 

very close, and this similarity was confirmed by the test results.  The Pearson correlation 

coefficient (r-value, appears on top) between the amounts of rainfall in the Jacksonville 

and Gainesville areas is 0.759, meaning that 75.9 % of variation in the amount of rainfall 

in one area can be explained by that of the other area.  The p-value is 0.004 (appears on 

bottom in parenthesis), and it confirms the significant correlation (significant at the 5% 

level).  The p-values for the amounts of rainfall for the three areas are 0.001, 0.004, and 

0.009, and they are all significant at the 5 % level.  In addition, the number of work days 

affected by rain and the NLA are highly correlated with the r-value of 0.917 and the p-

value of less than 0.001. 
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Table 5-7. Correlation test result between the amounts of rainfall and NLA 

  Gainesville Jacksonville Pensacola Work days 
affected 

0.759    Jacksonville (0.004)    
0.884 0.712   Pensacola (0.001) (0.009)   
-0.054 -0.109 -0.018  Work days 

affected (0.868) (0.737) (0.955)  
-0.059 -0.127 -0.085 0.917 NLA (/10) 

  (0.855) (0.695) (0.793) (0.001) 
 
5.5.2 Effects by the Monthly Number of Rain Days 

Next, the monthly number of rain days in the year 2003 was obtained on the areas 

of Jacksonville (SR-102), Pensacola (I-10), and Gainesville (SR-20 Alachua and SR-20 

Putnam)3.  The number of work days and NLA by the rainfall was also plotted on a 

monthly time series plot, seen in Figure 5-9.  As seen in Figure 5-8, the shapes of the 

three monthly number of rain days are very similar, with more than 15 days in March and 

June.  Note that the Pensacola area had 29 rain days in June, and the areas of Pensacola 

and Jacksonville had 23 rain days in July, 2003 

The results of the correlation test are shown in Table 5-8.  The monthly number of 

rain days in the three locations was close related.  The r-values between Gainesville-

Jacksonville, Gainesville-Pensacola, and Jacksonville-Pensacola were 0.712, 0.791, and 

0.792, respectively.  The p-values for the number of rain days for the three areas were all 

smaller than 0.01, and they are all significant at the 5 % level.  Again, the number of 

work days and the number of loads affected by rain were highly correlated.  

                                                 
3 Source: National Climate Data Center (NCDC) (http://lwf.ncdc.noaa.gov/oa/ncdc.html) 
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Figure 5-9. Monthly time series plot for the number of rain days and NLA  

Table 5-8. Correlation test result between the number of rain days and NLA 

 Gainesville Jacksonville Pensacola Work days 
affected 

0.712    Jacksonville (0.009)    
0.791 0.792   Pensacola (0.002) (0.002)   
-0.18 0.042 0.000  Work days 

affected (0.576) (0.897) (1.000)  
-0.253 -0.138 -0.035 0.917 NLA (/10) (0.428) (0.669) (0.915) (0.001) 

 
5.5.3 Effects of Rainfall without Outliers 

As seen in Tables 5-7 and 5-8, the amount of rainfall and the number of rain days 

in the three areas had little or no influence on either NLA or the number of work days 

that had weather interference.  The r-values were negative (boldfaced), meaning that the 

more rainfall or rain days the pavement crew had, the fewer work days and the smaller 

number of loads were affected by rainfall.  The correlations (r-values) were not 

significant with the p-values of over 0.428, the highest correlation, seen between the 

number of rain days and NLA by rain in Gainesville.   
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There were two reasons that explain this result.  First, total number of work days 

that had rain interference was only 14 days as seen in Table 5-3.  Due to the limited 

number of dataset, the result was not very reliable.  Second, the dataset included outliers 

that deviated considerably from the shape of rainfall.  As seen in Figures 5-8 and 5-9, the 

shape of number of work days and NLA obtained in September and December were very 

different from that of the rainfall.  

The researcher attempted to test the correlation after truncating the data for 

September and December by defining them as mild outliers.  The objective of this test is 

to show the possible correlation when exclusive volume of data is available.  Mild 

outliers are defined as the values that do not fall within the range of the inter-quartile 

range (IQR) multiplied by 1.5 from both lower and upper quartiles (Ott 2001).  For 

example, IQR of NLA was 2.53 calculated by the first quartile (0) subtracted from the 

third quartile (2.53).  When multiplying 1.5 by the upper quartile (2.53), it yields 3.795, 

which is the upper limit for mild outliers.  The NLA in December was 9.46, making it a 

mild outlier.  The result after removing those two outliers shows that the correlation 

increased, seen in Table 5-9. 

Table 5-9. Correlation of test result without outliers 

  Gainesville Jacksonville Pensacola Mean No. of 
Work days 

0.923     Jacksonville (0.001)     
0.873 0.828    Pensacola (0.001) (0.003)    
0.977 0.958 0.936   Mean (0.001) (0.001) (0.001)   
0.232 0.452 0.348 0.351  No. of  

Work days (0.520) (0.190) (0.325) (0.319)  
0.464 0.714 0.517 0.583 0.917 NLA (/10) (0.177) (0.020) (0.126) (0.077) (0.001) 

 



79 

 

Since the amounts of rainfall in the three areas were highly correlated, the mean 

value of the areas was added in Table 5-9.  The correlation coefficient between the 

number of work days and the amount of rainfall in the three areas was increased even 

though the p-values were not significant at the 10% level.  The coefficient between the 

mean value of the rainfall and the number of work days is 0.351 with the p-value of 

0.319.  The correlation between NLA and the rainfall increased more significantly.  The 

amounts of rainfall in Gainesville, Jacksonville, and Pensacola explain the 46.4%, 71.4%, 

and 51.7% of variability in NLA by rainfall.  The mean value of the rainfall explains the 

58.3% of variation in NLA, and the correlation between the mean rainfall and NLA is 

significant at the 10 % level with the p-value of 0.077.  

As explained, production data were collected only when the paving crew worked, 

and the crew usually chose not to work when inclement weather was expected.  Thus, 

only 14 work days were affected by rain.  This partly explains why the mean productivity 

rate when weather interference occurred was higher than when other types of interference 

occurred.  Even though the amount of rainfall or the number or rain days have little effect 

on NLA or the number of work days affected by rain, the correlation is expected to be 

more significant if the production data is collected on the calendar day scale instead of 

working day scale.     

5.6 Effects of Weather and Prerequisite Work  

The researcher performed more experiments to test the effects of interference 

factors related to weather and prerequisite work.  The experiments were performed with 

limited number of data collected because the whole purpose was to show possible effects 

of the two factors on performance.  The causes include inefficient hours by weather and 

prerequisite work interference.  The inefficient hours were categorized by their severity; 
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if the inefficient hours on a work day were less than 3 hours, then it was considered to be 

“Modest,” while over 3 hours were considered to be “Severe.”   

The effects are the probability of occurrence by management interference and daily 

productivity rates when a cause factor occurred, as shown in Table 5-10.  It is important 

to note that the probability of management interference occurrence, as a hypothetical rule, 

increases linearly over time until the next interference occurs.  For example, if the crew 

worked a certain number of truck loads until management interference occurred, then the 

probability was calculated by 1 divided by the number of truck loads until the 

interference occurred.  Then the probability was set back to zero until the next 

interference occurred.   

Table 5-10. Design of correlation test between causes and effects    

Design Causes  
(severe, modest) Effects  Correlation 

1 Inefficient hours  
by weather interference 

Probability of occurrence by  
management interference  
(1st, 2nd, 3rd, and 4th week) 

0.683 (0.007) 
Significant 

2 Inefficient hours  
by weather interference 

Production rate  
(Same day, 1st, 2nd, 3rd,  
and 4th week) 

-0.531 (0.042) 
Significant 

3 Inefficient hours by 
prerequisite work 

Probability of occurrence by  
other management interference  
(1st, 2nd, 3rd, 4th week) 

0.228 (0.363) 
Not significant 

4 Inefficient hours by 
prerequisite work 

Production rate  
(Same day, 1st, 2nd, 3rd,  
and 4th week) 

-0.391 (0.015) 
Significant  
at 20 % 

 
The effects of Design 1 and Design 3 are measured by the probability of 

management interference occurrence after weather interference (Design 1) or defects 

from prerequisite work (Design 3) occurred.  They consist of four levels—1st, 2nd, 3rd, and 

4th week—which are based on the time elapse after the cause factor occurred.  The effects 

of Design 2 and Design 4 are measured by productivity rates after weather (Design 2) or 
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prerequisite (Design 4) interference occurred.  The effects of Designs 2 and 4 have the 

same four levels as Designs 1 and 3 had, but in addition to the four levels, they include 

another level: the same day that the cause occurred.    

The Pearson correlations were also tested to measure how the causes of each design 

influenced their effects.  First, the researcher performed the test for Designs 1 and 3 on a 

daily basis.  However, little or no correlation could be found between the actual 

inefficient hours of the cause factor (X) and the probability of management interference 

occurrence of the effect factor (Y).  For example, after rain delay occurred, there was no 

interference recorded by any interference factor for the following two or three weeks 

because the pavement crews worked irregularly.  Therefore, the correlation tests for 

Designs 1 and 3 were performed between the inefficient hours of the cause factor and the 

probability of management interference occurrence of the effect factor for four weeks of 

the time period after the cause factor occurred, assuming ripple effects of interference. 

For Designs 2 and 4, however, the correlation between the actual inefficient hours 

by the cause factor (X) and the productivity rate on the same day when the interference 

occurred (Y) was tested.  The result of experiment for each design is described from 

Sections 5.6.2 to 5.6.5.    

5.6.1 Initial Design  

The model with crossed and nested effects was considered as an initial model, as 

shown in Table 5-11.  Again, measurement responses are the probability of management 

interference occurrence for Design 1 and Design 3 while they are the productivity rates 

for Design and Design 4.  The severity of causes is categorized by either modest (less 

than or equal to 3 hours of inefficient hours) or severe (more than 3 hours).  
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Table 5-11. The model with crossed and nested effects 
Project 1 Project 2 Project 3 Project 4  Modest Severe Modest Severe Modest Severe Modest Severe 

Week 1 111µ  121µ  - - - - - - 

Week 2 - - - - - - - - 

Week 3 - - - - - - - - 

Week 4 - - - - - - - 444µ  

 
The model with crossed and nested effects is represented in Equation [5-1]. 

[5-1]   ijklijkikkijiijkl Ey ++++++= )()( βγαγγβαµ  
 
Where, 
A: Project, B: Severity, and C: Week 

iα : The effect of level i of A (i=1, 2, 3, 4)  

ijβ : The effect of level j of B (j=1.5, 4.5) nested within i th  level of A.  

kγ : The effect of level k of C (k=1, 2, 3, 4)   

ik)(αγ : Interaction between project and weeks 

ijk)(βγ : Interaction between severity and weeks 

ijklE : Error term 
 

The model tests the interaction effects, as well as the main effect (effects by 

individual factors).  For Design 1, as an example, those effects include the following. 

1. Whether each project has a different probability of management interference after 
weather interference occurred ( iα ). 

2. Whether the probabilities of management interference are different within a project 
depending on the severity of weather interference ( ijβ ). 

3. Whether the probabilities of management interference are different over four weeks 
of time after weather interference occurred ( kγ ).   

4. Whether each project has a different probability of management interference in 
each week for four weeks after weather interference occurred ( ik)(αγ ). 

5. The severity of weather interference influences the probability of management 
interference for four weeks of time period ijk)(βγ .  
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The same analyses can be performed for the other three designs.  Due to the lack 

and suitability of data collected, however, the initial design was changed to a 2-factor 

experiment model, seen in Equation [5-2].   

[5-2]   ijkijjiijk Ey ++++= )(αββαµ . 
Where, A: Project (4-level) and B: Severity (2-level) 
  

The researcher believes that the initial design is useful when proper data are 

available.  To test the 2-factor experiment model, the General Linear Method (GLM) 

procedure was applied because this procedure can be used when the dataset is unbalanced 

(different number of measurements in each category).  The format of the 2-factor 

experiment model is shown in Table 5-12.  

The measurements in each category includes the probability of management 

interference occurrence for four weeks of time combined for Design 1 and Design 3, 

while they include productivity rates for the same day when interference occurred and for 

four weeks for Design 2 and 4.  Each test result will be described in more detail. 

Table 5-12. Design for 2-factor experiment 
 Project 1 Project 2 Project 3 Project 4 

Modest 11µ  21µ  31µ  41µ  
Severity 21µ  22µ  32µ  42µ  

 
5.6.2 Effects of Weather on Probability of Management Interference Occurrence 

Design 1 in Table 5-10 shows the correlation between the severity of weather 

interference and the probability of management interference occurrence over a four-week 

time period after weather interference occurred.  In the SR-102 (Duval) project for 

example, the scheduled paving operation was suspended due to the wet condition of the 

limerock material.  The correlation between the two factors was calculated by using the 

Pearson correlation test again.  Even though the cause (inefficient hours) was categorized 
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by severity, the correlation test shown in Table 5-10 was performed quantitatively, using 

the actual number of inefficient hours.  The r-value was 0.683, and the correlation was 

significant at the 5% level.  This result shows that as the inefficient hours by weather 

interference increases, the probability of management interference occurrence tends to 

increase and that the inefficient hours explains the 68.3% of variability in occurrence of 

management interference.  

The result of the 2-factor experiment is shown in Tables 5-13 and 5-14, with the 

result of further analyses in Appendix E.  The result in Table 5-13 shows that the mean 

values in each category (total of 8) are not significantly different in favor of the null 

hypothesis of equal mean (p-value: 0.3614).  

Table 5-13. GLM test result for Design 1  
Source DF SS MS F-value P-value 
Model 7 0.00036053 0.0000515 1.36 0.3614 
Error 6 0.00022698 0.00003783 - - 
Corrected 
Total 13 0.00058751 - - - 

 
Table 5-14. 2-factor experiment result for Design 1 

Source DF Type III SS MS F-value P-value 
A 3 0.00005965 0.00001988 0.53 0.6807 
B 1 0.00008573 0.00008573 2.27 0.1829 
A*B 3 0.00006458 0.00002153 0.57 0.6556 

     
Table 5-14 shows that the main effects of factors A and B were not significant at 

the 10% level.  This result is conclusive because the interaction effect between two 

factors is insignificant.  In other words, the probability occurrence of management 

interference remains the same for the four projects after different severities of rain 

interference occurred.  This result can also be confirmed by further analyses, which is 

shown in Appendix D.  Only Project A has a different occurrence of interference by 
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management caused by different severity of the weather interference.  All four projects 

have a similar probability of occurrence when the severity is the same (that is, fixed). 

5.6.3 Effects of Weather Interference on Productivity 

Design 2 was targeted to test the effects of weather interference on productivity.  

The Pearson’s correlation test in Table 5-10 showed that the inefficient hours caused by 

weather interference had a significant effect on the productivity variation at the 5% level 

(r-value: -0.531, p-value: 0.042).  The negative r-value shows that as the inefficient hours 

increase, the productivity decreases.  The result of the 2-factor experiment is shown in 

Table 5-15. 

Table 5-15. 2-factor experiment result for Design 2 
Source DF Type III SS MS F-value P-value 
A 3 2.8652725 0.95509083 6.02 0.0011 
B 1 1.03970097 1.03970097 6.55 0.0128 
A*B 3 0.08874573 0.02958191 0.19 0.9052 

   
Based on the result, the interaction effect between factors A and B is insignificant, 

meaning that the productivity difference among four projects was not affected by 

different levels of inefficient hours by weather.  The main effect of factor A was 

significant, so productivity rates after weather interference occurred were significantly 

different from project to project.  Since factor A is significant at the fixed level of B, as 

shown in Appendix E, it also can be concluded that even though a similar severity of 

weather interference occurred, the effect of the interference on productivity varied from 

project to project among the four projects investigated.  This result is conclusive because 

no significant interaction effect between factors A and B were observed.   
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The main effect of factor B was not significant at the 10% level, meaning that the 

severity of weather interference does not have a significant effect on the variability of 

productivity.  This result was also conclusive.   

5.6.4 Effects of Prerequisite Work on Management Interference Occurrence 

As an engineering assumption, the defects of prerequisite work have adverse effects 

on the probability of other management interference occurrences.  Details of possible 

defects from prerequisite work were discussed in Chapter 4, and one of the most frequent 

findings during pavement operation was of defects on the pavement layer constructed 

previously.  Examples are pumping from the limerock base before the crew had 

constructed the first lift of the structural course and the low (or high) profile of the layer 

not conforming to the specification.  In the SR-102 project, the constructed width of the 

roadway was less than the planned width; therefore, additional material was required in 

order to maintain proper width.  Also, the crew had to mill the deficient pavement section 

because previously placed HMA material did not meet the density requirement. 

Thus, the objective of Design 3 was to test the hypothesis that as the defects in the 

prerequisite work increase, the probability of management interference occurrence 

increases.  The order of magnitude for prerequisite work was measured by the hours that 

the pavement crew had to spend to fix the problem, and those hours were specifically 

recorded in the production data collected.  The results of the Pearson correlation test, 

shown in Table 5-10, show that the correlation between the cause (defects of prerequisite 

work) and the effect factor (probability of management interference occurrence) is not 

significant at the 10% level with the r-value of 0.228 and the p-value of 0.363.  The result 

of the 2-factor experiment is shown in Table 5-16.  
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Table 5-16. 2-factor experiment result for Design 3 
Source DF Type III SS MS F-value P-value 
A 3 0.02409862 0.00803287 3.86 0.0382 
B 1 0.01487384 0.01487384 7.14 0.0203 
A*B 1 0.01320319 0.01320319 6.34 0.0270 

 
The main effects of factors A and B were significant at the 5 % level; however, the 

interaction between factors A and B (A*B) was also significant at the 5% level with the 

p-value of 0.0270.  The existence of the interaction effect can obscure the effect of factor 

A or B.  In other words, the change in the mean response under one factor will depend on 

the level of the other factor.  However, since the main effects of A and B were all 

significant at the 5% level in this experiment, it is conclusive that the probability of other 

management interference occurrences caused by defects in the prerequisite work is 

significantly different among the four projects.  In addition, the severity of defects has a 

significant effect on the occurrence of management interference because the mean of the 

probability of occurrence under modest (crew spent less than 3 hours to fix it) severity of 

defects is not the same as that of the probability of occurrence under severe (crew spent 

over 3 hours) severity.     

5.6.5 Effects of Prerequisite Work on Productivity  

Design 4 involves testing the effects of prerequisite work on the variability of 

productivity.  Again, in cases of defects from prerequisite work, the pavement crew had 

to correct the problems before starting to construct a new layer of pavement.  When they 

had to work on something unplanned, or when they had to work to fix problematic end 

results, the productivity suffered, as was discussed in Chapter 4.  For example, when the 

paving crew placed the first lift of structural course in the SR-20 (Alachua) project, the 

crew had to place overage material due to the finishing grade for the base not being at the 
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proper elevation.  Having to adjust the lift thickness during the operation resulted in a 

loss of productivity.   

The result of the Pearson correlation test in Table 5-10 shows that the hours they 

spent fixing the problem has no significant correlation to the daily productivity rates at 

the 10% level.  However, the correlation was still very high with the r-value of -0.391 

and p-value of 0.015 (significant at the 20% level).  The r-value can be translated into 

meaning that the work hours they spent fixing defects of prerequisite work explains the 

39.1% of variation of the same day productivity.    

The results for Design 4 in Table 5-17 show that the interaction effect between 

factors A and B is not significant.  The main effect of factor A is significant (conclusive), 

meaning that productivity rates after prerequisite work interference occurred were 

significantly different from project to project.  The main effect of factor B is also 

significant (conclusive).  It means that the mean productivity rates were different 

according to the severity of the interference and that the severity of prerequisite work 

interference was a significant factor in the variability of productivity after prerequisite 

work occurred.   

Table 5-17. 2-factor experiment result for Design 4 
Source DF Type III SS MS F-value P-value 
A 3 1.82900173 0.60966724 2.55 0.0585 
B 1 4.71704834 4.71704834 19.77 <.0001 
A*B 3 0.4682427 0.1560809 0.65 0.5819 

 
5.7 Summary  

Statistical analyses discussed in this chapter showed the following results. 

• Two pavement projects located in urban areas had higher productivity, compared to 
the other two projects in rural areas.   
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• The productivity associated with any interference is significantly lower than one 
with no interference. 

• The productivity means are ranked as multiple, management, work content, 
weather, and no interference in order from the lowest to the highest when they are 
compared by their association with types of interference. 

• The mean productivity value when weather interference occurred was the highest 
among others because the crew usually chose not to work when inclement weather 
was expected.  Thus, only 14 work days were affected by rain.   

• The mean value of management interference was the lowest as a single interference 
factor, and poor management was the most frequent interference among others (65 
out of 253 work days). 

• Within management interference, the mean productivity rates are ranked as work 
congestion, prerequisite work, equipment, and material in order from the lowest to 
the highest even though the differences among them were not significant at the 
10% level. 

• The mean value of defects from prerequisite work has the most frequent occurrence 
among other types of management interference (41 out of 65 work days). 

• The amount of rainfall in project areas has little or no influence on either number of 
work days or NLA influenced by rainfall; however, the correlation increased 
significantly after truncating mild outliers. 

• As the inefficient hours by weather interference increases, the probability of 
management interference occurrence tends to increase as well. 

• The inefficient hours caused by weather interference have significant effects on the 
productivity variation, and as the inefficient hours increase, the productivity 
decreases.  

• The correlation between the defects of prerequisite work and the probability of 
management interference occurrence is not significant.  

• The correlation between the hours the paving crew spent fixing the defects and the 
variability of daily productivity rates was significant at the 20% level.   
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CHAPTER 6 
ALTERNATIVE METHOD FOR PRODUCTIVITY ESTIMATION 

6.1 Introduction 

Computer simulation methods were developed in the early 1960s and have been 

commonly used as analytical tools of management science.  One of the most essential 

objectives of employing simulation methods is finding the optimal solution for a 

production system.  To accomplish the objective, the simulation methods are used as a 

vehicle for experimentation, often by trial and error in order to demonstrate the likely 

effect of various factors in the system.  In this chapter, the method developed to estimate 

the productivity of pavement operations with various types of interference is discussed.  

The results of the productivity estimation were validated through four case study projects 

investigated.  

6.2 Simulation Method for Productivity Estimation 

Productivity estimation using discrete event simulation involves three steps in 

general.  First, a model of the production system of interest is built; either flow charts or a 

set of instructions that displays the logic of the production process can be employed.  

Second, computer programs are written that “embody the model to imitate the system’s 

behavior when subject to a variety of operating policies such as resource allocation and 

utilization” (Pidd 1988).  Last, the simulation is repeatedly implemented with the various 

factors in order to observe the effects of various combinations of the factors.   
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6.2.1 Simulation of Pavement Production Process 

The main objective of this chapter is to develop a methodology to quantify various 

interference factors and their causes and apply them to the productivity estimation.  Thus, 

the existing simulation tools were employed to model the process of the pavement 

operation instead of writing another computer program to represent the same process.  

Figure 6-1 illustrates the simulation model written in CYCLONE for representing the 

general process of the asphalt paving operation (Halpin and Rigg 1992).   

 
Figure 6-1. General process of asphalt pavement  

MicroCYCLONE and DISCO support the form of input file as shown in Figure 6-2.  

The input file is the means by which the user translates a graphical model into a problem-

oriented language (POL), which can be understood by MicroCYCLONE.   The input file 

consisted of general information, network input, duration input, and resource input.  

General information, as shown in the first line of the file, contains the name of the 

network and program parameters such as the length of simulation run and the number of 

cycles.  The network input segment is used to enter the actual process network. Each 
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statement of this segment specifies a network element, its attributes, and its logical 

relationship to other elements in the network.   

 
Figure 6-2. Example of MicroCYLONE input file 

Duration input segment defines the duration type of each task represented in either 

COMBI or NORMAL elements and the parameters of the distribution.  The time 

durations should be assigned by either a deterministic method or a statistical distribution.  

The deterministic method assigns a fixed value for each work task, as shown in Table 6-1.  

This method is used when the duration of the task is subject to small variations.  A 

broadly defined work task that is subject to large variation should be broken down into a 

set of sub-tasks that can be evaluated according to the deterministic method.  The sub-

tasks of the asphalt pavement operation are good candidates for this method because they 

are equipment-intensive with short time variation.   
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Using statistical distributions for sub-task durations requires tremendous 

investigation of time and money.  In order to use the distribution for the paving operation 

for example, each cycle time duration of each sub-task should be measured.  The 

measurement requires field observations with at least four people at the same time with a 

stop watch—one in the plant, one beside the paver, one beside breakdown roller, and one 

beside the finishing roller.  This method was not feasible for this research.   

The researcher, therefore, surveyed actual work task durations from four projects 

investigated with the help of project personnel.  Each project inspector from each project 

provided the median value for those time durations as accurate as possible.  The survey 

form was presented in Appendix A, and the result of the survey is shown in Table 6-2 and 

6-3.    

Table 6-1. Deterministic method for work task time duration  
Node No. Work Task Duration (min) 
2 Load at plant 5 
3 Travel to job 10 
5 Reposition for new pass 22 
6 Return 9 
9 Dump to spreader 2 
10 Spread 12 
15 Compact asphalt section 35 
18 Finish section 20 

 
Table 6-2. Results of survey for time duration 

Node  
No. Unit SR-20 

(Alachua) SR-102 SR-20 
(Putnam) I-10  Median 

2 min 5 5 5 6 5 
5 min 25 15 30 20 23 
9 min 12 8 8 10 9 
10 min 10 8 10 12 10 
11 load 20 20 20 20 20 
13 load 2 2 2 2 2 
15 min 10 10 12 5 10 
18 min 10 10 8 5 9 
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Time durations for nodes 3 and 6 in Figure 6-1 involve hauling times by the 

delivery vehicles; the time varied based on the hauling distance between the designated 

asphalt plant and the site and traffic volume of each project.  The maximum hauling times 

of all four projects were set to 45 minutes, FDOT’s maximum hauling time.  In addition 

to the hauling times, the researcher also surveyed the average number of trucks used in 

each project, shown in Table 6-3.  The triangular distribution (minimum, mode, and 

maximum hauling times) was used for nodes 3 and 6 because the minimum, mean, and 

maximum time durations were available.   

Table 6-3. Hauling times and number of trucks  

Projects 
Hauling  
Distance  
(mile) 

Hauling 
Time  
(min) 

Min, 
Mode, Max 
(min) 

No. of 
Trucks 
used 

SR-20 
(Alachua) 15-17 45 40,45,45 8 

SR-102 12.2 18 15,18,45 8 
SR-20 
(Putnam) 18 40 35,40,45 10 

I-10 5 25 20,25,45 6 
 

Finally, the resource input determines the number of units of each resource type to 

be used in the network.  Each resource type includes equipment, labor, or materials, and 

the resources utilized at each task are entered at corresponding QUE nodes, as discussed 

in Chapter 2.  To initialize the simulation, the QUE node that will be the starting point for 

the simulation needs to be defined at the first line of the resource input segment.  For 

example, 8 trucks, 1 spreader, 1 breakdown roller, and 1 finish roller were used in the 

input file shown in Figure 6-2. 

6.2.1 Result of Simulation using Initial Time Duration 

The time duration of each sub-task is assumed to have small variation if little or no 

interference occurs during the production process.  Based on this assumption, the 
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pavement operation process was simulated using MicroCYCLONE for the four case 

study projects.  The researcher entered the initial time durations shown in Table 6-2 to the 

corresponding nodes of sub-tasks.  The actual number of delivery trucks employed was 

also entered to node 7 in each project.  Therefore, the deterministic method of time 

duration was used for all subtasks except the hauling sub-tasks, which were modeled by 

triangular distribution in nodes 3 and 6.   

Then, the process models for each project were simulated for 600 minutes in 

simulation time to estimate the daily productivity assuming 10-hour work days.  Due to 

the steady-state environment of the model, this simulation result shows the productivity 

rates when no interference and daily shift effect occur.  In other words, the simulation 

result include the daily shift effect because the simulation was stopped after 10 

simulation hours to model just one work day.  Shift effects—defined as the effect that a 

certain work schedule has on what work can be started—reduces productivity by some 

degree.  Previous research suggested that, to estimate the daily shift effects for an 8-hour 

working day, the simulation run be stopped every 480 minutes in simulation time.  The 

resources remaining in the simulation network at the end of a work day (every 480 

minutes of simulation time) should be then reassigned to their initial nodes.  This 

approach simulates the “start-from-scratch” rule, by disregarding all the tasks left 

unfinished on the previous working day.  The result of this approach showed that the 

productivity of asphalt pavement operation was reduced up to 17% (Huang and Halpin 

1995).  The daily shift effect using this rule is applied to the new projects, and the results 

are evaluated in Chapter 7.  The simulation results are shown in Figures 6-3, 6-4, 6-5, and 

6-6.  
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The productivity rates in Figures from 6-3 to 6-6 were calculated as shown in 

Equation [6-5].  The number of units produced was multiplied by 5 because in the 

process model, each flow unit (truck load) was accumulated by 5 at the COUNTER node 

(node 20 in Figure 6-1, and row 20 in Figure 6-2).  Thus, each unit produced included 5 

truck loads.  The simulation time was then divided by 60 in order to convert it to an 

hourly rate. 

[6-5]  System Productivity = 
60/

5
TimeSimulationTotal

xproducedUnits  

 
Figure 6-3. Initial simulation result of SR-20 (Alachua) 

 
Figure 6-4. Initial simulation result of SR-102 (Duval) 
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Figure 6-5. Initial simulation result of SR-20 (Putnam) 

 
Figure 6-6. Initial simulation result of I-10 

The simulation results calculated were 5.48, 7.47, 6.45, 6.00 loads per hour for the 

SR-20 (Alachua), SR-102, SR-20 (Putnam), and I-10 projects, respectively.   Since the 

productivity results obtained by the simulation models indicate ideal productivity when 

no interference or daily shift-effect occurred, the results were compared to the actual 

daily productivity results of the days when no interference was recorded.  The 

comparisons of each project are presented from Figures 6-7 to 6-10.  The horizontal lines 

show the simulation results, baseline productivity (dotted line), the third quartile, median, 

and the first quartile of actual productivity from top to bottom.  Table 6-4 shows the 

actual values for each project.   

The fluctuation of actual productivity is also shown for each project.  As discussed 

in Chapter 2, the natural variation can be the source of variation in daily productivity.  

Natural variation is either a variation that cannot be explained or that is caused by chance 

or common cause.  For example, a crew can perform at a different productivity level even 
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though they perform a repetitive work task and no external interference factors affected 

their work.   
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Figure 6-7. Productivity comparison for no interference in SR-20 (Alachua) 
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Figure 6-8. Productivity comparison for no interference in SR-102 (Duval) 
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Figure 6-9. Productivity comparison for no interference in SR20 (Putnam) 
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Figure 6-10. Productivity comparison for no interference in I-10 

Table 6-4. Comparison of simulation results  

Project Min. 1st 
Qua. Median 3rd 

Qua. Max. IQR Upper 
limit Base. Sim. 

Results
SR-20 
(Alachua) 2.84 1.82 2.53 3.96 5.57 2.15 7.18 5.57 5.48 

SR-102 3.88 2.50 3.35 5.24 6.66 2.75 9.36 6.44 7.47 
SR-20 
(Putnam) 2.65 1.72 2.72 3.31 6.15 1.60 5.70 5.05 6.45 

I-10 2.73 1.18 2.53 3.66 10.82 2.49 7.40 5.89 6.00 
Unit: loads per hour 

For all four projects, the simulation results were higher (optimistic) than the values 

of the third quartile of the actual productivity rates.  As explained in Chapter 5, IQR is 

calculated by the difference between the values of 3rd and 1st Quartile.  The value of 

upper limit was calculated by multiplying 1.5 to IQR and adding the calculated value to 

the 3rd Quartile value.  Only the simulated result of the SR-20 (Putnam) project is outside 

of the upper limit.  This is because the project has the smallest variation of actual 

productivity rates among the four projects; IQR of the project was 1.60.  Figure 6-9 also 

shows the result.     

The simulated productivity of the SR-102 project was outside of the range of actual 

rates because the time durations obtained from the SR-102 project were shorter than the 

ones from other projects.  For example, the durations for spreader reposition (node 5) and 
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spreading (node 10) took 15 and 8 minutes even though the median values of those tasks 

for the four projects were 23 and 10 minutes, as seen in Table 6-2.  The SR-102 project 

also had the shortest haul time from the plant to the site among four projects, as seen in 

Table 6-3.   

There are two main reasons that the estimated results by simulation were more 

optimistic than the actual ones even though no interference was recorded on those days.  

Firstly, the natural variation can be the source of variation in daily productivity.  As 

explained, natural variation is either a variation that cannot be explained or that is caused 

by chance or common cause.  A crew can perform at a different productivity level even 

though they perform a repetitive work task and no external interference factors affected 

their work.  Research showed that regardless of the causes of variation, it causes a longer 

cycle time of each task and reduce the efficiency of performance (Ballard and Howell 

1997; Horman and Kenley 1998).   

Secondly, the surveyed time durations were more optimistic than the actual 

duration; even though the data were as close to the median time duration as possible, they 

do not include all auxiliary times actually spent for each sub-task.  For example, when the 

researcher made site visits, it was observed that the paver was waiting for the material 

delivered for less than 20 minutes.  Since it was not a major delay as far as the inspectors 

were concerned, that incident was not provided to the researcher.  Therefore, the 

additional time associated with each sub-task should be included in its time duration in 

order to make the deterministic method more reliable.  Especially when any type of 

interference influences the performance of a sub-task and delayed it, the additional time 

should be included in the duration of each task.   
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6.2.2 Quantification of Interference for Alternative Time Duration 

As was discussed in Chapter 4, the researcher (1) collected production data from 

four pavement projects, (2) calculated daily production rates by using number of truck 

loads converted by conversion factors as the output and crew hours as the input, (3) 

calculated mean, cumulative, and baseline productivity for each project, (4) categorized 

types of interference by three major factors of management, weather, and work content, 

with the description of causes for the interference, and (5) calculated inefficient hours by 

projecting baseline productivity on those days when interference occurred.   

6.2.2.1 Further categorization of interference 

The interference factors are further analyzed in this chapter to quantify the order of 

magnitude to which each factor affects each sub-task of operation.  Table 6-5 shows the 

three sub-tasks, the major categories of types of interference possibly associated with 

each sub-task (C- Upper case), and the possible causes (c- Lower case).  

Loading sub-task, for example, can be affected by weather or management 

interference (C1 or C2) because work content (C3) was defined as the work areas in 

which the crew had to spend more time than in mainline areas such as turning lanes, 

driveways, and ramps.  Working on those areas has little or no effect on loading material 

into the paver.  Also, material delay (c24), material failure (c25), and work congestion 

(c27) occur only on the site, and they can not affect on loading task.  For example, if 

there was a material delay or failure on the site, those types of interference affected 

spreading and compacting tasks.    

Because loading is the predecessor of the other two tasks, the interference that 

occurred before the paving operation began affected only the loading task most of the 

time unless the interference influenced the productivity of the other two succeeding tasks.  
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For example, if the rain (C1-c11) interrupted the production before the crew began 

working (crew had to stop working), and it also delayed the production of spreading 

(crew had to slow down), the rain interference affected the spreading and compacting 

tasks.  

Table 6-5. Categories and causes of interference on sub-tasks 
Sub-task Category (C) Cause  (c) 

Weather C1 Rainfall c11
    Temperature c12
Management   C2 Prerequisite work  

(before production begins) c21

   Equipment (breakdown) c26

Loading  
  

    Material failure (plant problem) c25
Weather C1 Rainfall c11
    Temperature c12
Management  C2 Prerequisite work c21
   Out-of-sequence c22
   Operator/ Labor c23
   Material delay c24
   Material failure c25
   Equipment (breakdown) c26
   Work Congestion c27
   Accident c28
    etc. c29

Spreading 
  

Work Content  C3 Piecemeal work  
(Turning lane, driveway, etc.) c31

Weather C1 Rainfall c11
Management  C2 Prerequisite work (Rework) c21
   Out-of-sequence c22
   Operator/ Labor c23
   Material failure c25
   Equipment (breakdown) c26
   Work Congestion c27
   Accident c28
    etc. c29

Compacting 
  

Work Content  C3 Piecemeal work c31
 
6.2.2.2. The order of magnitude for interference 

The method of quantifying types of interference is shown in Table 6-6 and Table  
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6-7.  Columns (A) and (B) in Table 6-5 show the dates when interference occurred.  

Columns (C) and (D) record the output and input amount for the production of the day.  

Column (E) was the calculated value, meaning that when baseline productivity would 

have been achieved on that day, the crew could have spent 0.87 hours less than 6 hours, 

shown in column (D).  Column (F), additional time per load (ATPL) was calculated by 

wasted time (E) divided by output of the day (C).  Column (G) represents total number of 

loads affected (TNLA) across three sub-tasks and is calculated by adding columns (2), (6), 

and (10) from Table 6-7.   

The order of magnitude for each type of interference was measured by either hours 

affected or number of loads affected (NLA).  The researcher recorded actual hours 

affected by each interference in columns (1), (5), and (9) in Table 6-7 when the actual 

hours were provided by the project inspectors.  Then baseline productivity of the 

corresponding project (loads/hr.) was multiplied by hours affected in order to calculate 

NLA in columns (2), (6), and (10) of Table 6-7.   

The actual NLA were provided when certain types of interference occurred.  For 

example, when material was rejected by the inspector on the job sites, or when the crew 

worked on the areas defined as work content, the actual NLA were provided by the 

inspectors.      

Table 6-6. Method of quantifying ATPL on work day  
Work day 
(A) 

Date 
(B) 

C. Loads 
(C) 

Crew hour 
(D) 

Wasted 
(E) 

ATPL 
(F) 

TNLA 
(G) 

Category 
(H) 

Cause 
(I) 

A B/BB/BB 20.60 6 0.87 0.0042 40 C2 c21 
- - - - - - - - - 
- - - - - - - - - 
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Table 6-7. Method of quantifying NLA and AT on sub-tasks 
Loading Spreading Compacting  
Hours 
affected 
(1) 

 
NLA 
(2) 

AT 
(3) 

Cause 
(4) 

Hours 
affected 
(5) 

NLA 
(6) 

AT 
(7) 

Cause 
(8) 

Hours 
affected 
(9) 

NLA 
(10) 

AT 
(11) 

Cause 
(12) 

- - - - - - - - - - - - 
- - - - - - - - - - - - 
- - - - - - - - - - - - 

 
The additional times (AT) associated with each sub-task, shown in columns (3), (7), 

and (11), were calculated by prorating ATPL by the proportion of NLA from TNLA.   

The calculations are summarized by Equations [6-1] to [6-4]. 

[6-1]  ATPL= 
LoadsC

hoursWasted
.

      

[6-2]  TNLA= NLA (Loading) + NLA (Spreading) + NLA (Compacting) 

[6-3]  NLA= Hours affected x baseline productivity 

[6-4]                AT isubtask  = ATPL x 
TNLA

NLA isubtask  

After recording the forms shown in Table 6-6 and Table 6-7 for each project, NLA 

in columns (2), (6), and (10) in Table 6-7 were categorized by each sub-task and by the 

interference cause.  By doing so, the effects of interference were quantified by NLA on 

each sub-task.   

In short, the magnitude of inteference was either calculated or actual number of 

load affected (NLA).  For example, when the crew had to stop working for three hours by 

an interruption factor, NLA was calculated by multiplying three hours to the baseline 

productivity of the project.  When the actual NLA was provided, for instance, number of 

loads that had material failure or number of loads worked on work content areas, the 

actual NLA was used.  
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6.2.2.3 Example result of interference quantification  

The researcher obtained the result shown in Table 6-8 by categorizing types of 

interference by their association with the sub-task and quantifying them by NLA.  Table 

6-8 shows only the loading task from one of the case study projects.  NLA for each 

category (B) and cause (E) was calculated.  Total number of loads completed for the 

project was 1,365, and the probability of each category and cause was also calculated by 

the proportion of NLA.  For example, NLA by C1 (weather) was 77.41, and it took 5.7% 

of the total number of loads affected.  Out of 77.41 NLA by C1, c11 (rain) affected 58.09 

loads (75%), and c12 (temperature) affected 19.32 loads (25%).  Times in column (F) 

were calculated by taking the mean value of AT in column (3) from Table 6-7.  

Table 6-8. Loading example for quantifying interference 

Category 
(A)  

NLA 
(B) 

Probability 
(C) 

Cause 
(D)  

NLA 
(E) 

Probability 
(F) 

Time 
(hr) 
(F) 

Time 
(min.) 
(G) 

C1 77.41 0.057 c11 58.09 0.75 0.19 11.34 
   c12 19.32 0.25 0.22 12.97 
C2 469.97 0.344 c21 395.91 0.84 1.44 86.29 
   c26 74.06 0.16 0.22 13.30 
C3 0.00 0.000 c31 0.00 0.00 0.00   0.00 

 
6.2.3 Development of Interference Model by Timed Petri-Net (TPN) 

General aspects of Petri-Net were discussed in Chapter 2.  As discussed, Timed 

Petri-Net (TPN) has been widely used because it has the capability of delaying firing 

tokens in transition to represent task duration.  A transition can delay firing by either 

deterministic or statistical distribution, as CYCLONE does.  Besides, TPN provides a 

function of probabilistic arc.  Probabilistic arcs utilize the function of probabilistic 

occurrence of events to model uncertainty in the activity nexus.  For example, the 

equipment breakdown that occurred 2% of the time in an activity can be modeled by the 
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arc by assigning the probability.  These functions of TPN incorporate risk and uncertainty 

factors in work task duration and project scheduling.  

Based on the results of categorization and quantification of types of interference, 

the researcher developed an interference simulation model by using TPN.  The model, 

shown in Figure 6-11, includes three layers to represent category, cause, and AT, 

respectively.   

 
Figure 6-11. Conceptual model of TPN for alternative time duration 

A flow unit of the simulation model is a token in the “start” place, representing 

each truck load of a sub-task.  T1 delays the firing of the token for the initial time 

duration of each sub-task obtained from the survey shown in Table 6-2.  Three places 

(C1, C2, and C3) in the first layer (first dotted line from the left) represent three 

categories of interference, followed by each cause in the second layer (second dotted line 

from the left).  AT for each interference cause is included in the transitions within the 

dotted box.  The model uses probabilistic arcs between places and transitions in the first 

and second layers to represent probabilistic distribution of interference occurrence by 
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using “conflict” function of TPN models.  Again, “Conflict” function means that when a 

token travels from an input place to multiple output transitions, firing of the token to any 

transition disables the other two transitions even though all transitions are enabled.  By 

assigning probabilities calculated in Table 6-9 to each transition, the token travels 

through three transitions according to the probability to model three categories of 

interference.  This confliction function is also used to model each cause of interference. 

By building and implementing the model for each sub-task, alternative time durations can 

be calculated by adding additional time of each interference cause to the initial time 

duration.      

6.2.4 Result of TPN for Alternative Time Duration  

The researcher used Visual Simnet (version 1.37) to build and implement the 

interference model for each sub-task from four pavement projects.  Figure 6-12 shows the 

screenshot of modeling interference for loading the sub-task.  The token initially assigned 

in the first place (P13) travels through the net according to the given rules of delay (work 

task duration) and probabilistic arc.  Unlike the initial model shown in Figure 6-11, 

Figure 6-12 has four categories of interference because it includes “No category of 

interference (NC)” on top.   

 
Figure 6-12. Example of TPN model for sub-task interference 
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The firing of the token is delayed from the first transition (T1) for initial time 

duration of the task given in Table 6-2.  Once the token passes T1, it travels through 

either one of C1, C2, C3, or NC (no interference).  The number of passes among four 

categories depends on the probabilistic distribution in the arcs, assigned by the 

calculation from the previous step (Table 6-9).  For example, the total number of loads 

completed was 1,365.  The total number of loads should match the number of events 

shown at the bottom of Figure 6-12 multiplied by 12 (number of events for one cycle of 

the model).  Total number of loads is the same as total number of cycles that the 

simulation has to be run.  Out of 1,365 loads (cycles), the token will theoretically travel 

77.41 times through C1, 469.97 times through C2, zero through C3, and the rest of the 

time (817.62) through NC, as shown in Table 6-9.     

In the second layer, each category of interference is broken down by its cause, 

based on the probability distribution.  The token travels by the same distribution rule.  No 

time delay was entered into the transitions of first and second layers because they only 

work as a function of probabilistic distribution.  Once the token reaches the third layer for 

AT (T10 though T14 and T20), the transitions delay the firing of the token for a given 

duration.  The token comes back to P13, where it began traveling, and this is considered 

to be one cycle.  Again, the token travels 1,365 cycles—equivalent to the total number of 

truck loads completed—and the number of truck loads determines the simulation time, 

shown in the bottom of Figure 6-12.                   

The simulation model needs to be built and implemented for each sub-task, and as 

the result, the alternative time duration of each sub-task is calculated.  The alternative 
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time duration is basically the initial time duration of a sub-task added by additional time 

duration caused by each interference factor.  

6.2.5 Validation of Alternative Time Duration from TPN 

The summary result of the simulation model in Figure 6-12 is presented in Table 6-

10, and the full version of the result can be found in Appendix H.  The simulation result 

shows that the total time elapsed to run 1,365 cycles was 40,140 (min).  Column (A) in 

Table 6-10 shows the categories and causes in the model, and column (B) shows total 

number of times that the token passed each category and cause.  Column (C) shows the 

average number of passes per unit time.  For example, the token passed C1 (Weather 

interference) 77 times for the time period of 40,140.  Seventy-seven divided by 40,140 

yields 0.00192.  Service distance in column (D) is the average time duration per pass.  

The service distance in t17 yields the alternative time duration for the sub-task because 

the token must pass through t17 after passing the category and cause in each cycle.  Thus, 

the service sum of t17 is the same as the total number of cycles, as shown in column (B) 

in Table 6-9     

Table 6-9. Result summary for TPN simulation 
Transition 
Name 
(A) 

Service 
Sum 
(B) 

Service/ 
Time 
(C) 

Service 
Distance 
(D) 

C1 77 0.00192 520 
C2 478 0.0119 83.6 
C3 2 5.85E-05 402 
c11 57 0.00142 697 
c12 20 0.000499 1765 
c21 403 0.01 98.9 
c26 75 0.00186 524 
t17 1365 0.034 29.4 
NI 808 0.0201 49.6 

Note: Total time: 40,140 and Event: 16,380 
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Table 6-11 and Table 6-12 present the results of the simulation with the 

quantification data.  Columns (A), (B), and (C) come from the actual data as presented in 

Table 6-9, and columns (D) and (E) show the result of TPN simulation.  Also, the 

simulation result shows (Appendix H) that the token passed through the transition NI 808 

times, and the probability of no interference was 0.591.  The results from the simulation 

model in columns (D) and (E) are very close to those assigned from the results of 

quantification in columns (B) and (C).  Therefore, the result of this simulation is 

concluded to be valid.  Based on the validity of the simulation model developed, 29.4 

minutes per cycle is used as the alternative time duration for the sub-task when the 

paving crew experienced the given amount of interference.   

The researcher also built and implemented TPN models for the other two sub-tasks 

to calculate the alternative time duration of each sub-task.  Then, the process was 

repeated for all the projects investigated.  

Table 6-10. Validation of TPN model for interference categories 
Category 
 
(A)  

NLA 
 
(B) 

Probability 
 
(C) 

NLA passed  
through categories 
(D) 

Probability in 
Simulation 
(E) 

C1 77.41 0.057 77 0.056 
C2 469.97 0.344 478 0.350 
C3 0.00 0.000 0.00 0.000 

 
Table 6-11. Validation of TPN model for interference causes 

Cause 
 
(A)  

NLA 
 
(B) 

Probability 
 
(C) 

NLA passed  
through causes 
(D) 

Probability in  
Simulation 
(E) 

c11 58.09 0.750 57 0.740 
c12 19.32 0.250 20 0.260 
c21 395.91 0.840 403 0.843 
c26 74.06 0.160 75 15.69 
c31 0.00 0.000 0.00   0.00 
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6.3 Simulation of Pavement Process with Alternative Time Duration 

Once alternative time durations were calculated as the results of TPN simulations, 

the durations were applied to the pavement process model as discussed in Section 6.2.1.  

Again, DISCO (Huang 1995) and MicroCYCLONE (Halpin and Riggs 1992) were used 

as a simulation tool because DISCO uses MicroCYCLONE to generate its input files.  

The result of the pavement process simulation by using alternative time durations for 

each sub-task is the productivity rate of each case study project.   

Once the productivity rates were obtained from each project, the results were 

analyzed for further validation.  The research hypothesis for validation was that if the 

productivity results, which incorporate interference by using alternative time durations, 

fall in the range between baseline and cumulative productivity rates, then the results are 

valid.  As discussed in Chapter 4, baseline productivity is theoretically the best 

productivity that the pavement crew can achieve when little or no management 

interference occurs.  Cumulative productivity, on the other hand, is the productivity that 

the crew performed with all occurrences of interference included.  Even though the 

productivity obtained from the process simulation captured all interference categorized 

and quantified from the production data collected, it may not be the same as the 

cumulative productivity.  The results of process simulation and their validations will 

follow in the next section by reporting results from four pavement project case studies.     

 6.4 Case Study 1: SR-20 (Alachua) 

The results of interference quantified from the SR-20 (Alachua) project are 

summarized in Tables 6-12 to 14 for each sub-task.  The original production data that 

contain interference factors are also shown in Appendix F.  The production data followed 

the methods described; for example, the method for calculating AT for each cause of 
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interference was described with the examples in Table 6-6 and Table 6-7 and Equations 

[6-1] to [6-4].  As the product of this method, the probabilities of each category and cause 

and AT were calculated.  

Table 6-12. Probability and NLA of interference for loading (Case Study 1) 

Category NLA % Cause NLA % 
Time 
(hr) 

Time 
(min.) 

C1 52.92 0.066 c11 38.99 0.74 0.36 21.67 
   c12 13.93 0.26 0.89 53.44 
C2 177.81 0.223 c21 105.27 0.59 0.59 35.28 
   c26 52.45 0.29 0.65 39.25 
   c27 20.09 0.11 0.19 11.41 
C3 0.00 0.000 c31 0 0.00 0.00 0.00 
NI 566.54 0.711      

 
Table 6-13. Probability and NLA of interference for spreading (Case Study 1) 

Category NLA % Cause NLA % 
Time 
(hr) 

Time 
(min.) 

C1 8.36 0.010 c11 8.36 1.00 0.02 1.18 
C2 79.02 0.099 c21 79.02 1.00 0.15 8.89 
C3 109.00 0.137 c31 109.00 1.00 0.47 27.97 
NI 600.89 0.754      

 
Table 6-14. Probability and NLA of interference for compacting (case Study 1) 

Category NLA % Cause NLA % 
Time 
(hr) 

Time 
(min) 

C1 0.00 0.000 c11 0.00 0.00 0.00 0.00 
C2 68.16 0.085 c21 68.16 1.00 0.10 6.14 
C3 109.00 0.137 c31 97.00 1.00 0.48 28.63 
NI 620.10 0.778      

 
The results of the probabilities and AT were plugged into the TPN model 

developed for each sub-task in order to estimate the alternative time duration.  The TPN 

models for loading, spreading, and compacting sub-tasks of the SR-20 (Hawthorne) 

project are shown Figure 6-13, Figure 6-14, and Figure 6-15, respectively.  The TPN 

model in Figure 6-12 incorporates the results shown in Table 6-12 to estimate the 

alternative time for loading.  The initial time duration for loading, which can be found in 

Table 6-2 as the result of a survey, is entered into the transition of t1, and all interference 
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categories and causes are modeled by their probabilities and AT.  Note that the total 

number of events is 9,576, which simulates the total number of 798 cycles (9,576/12).  

Total number of cycles in the TPN model is equivalent to the total number of loads 

completed.   

 
Figure 6-13. TPN model for loading (Case Study 1) 

 
Figure 6-14. TPN model for spreading (Case Study 1) 
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Figure 6-15. TPN model for compacting (Case Study 1) 

The alternative time durations for loading, spreading, and compacting were 11.4, 

15.1, and 15 minutes, as shown in Appendix G.  Compared to the initial time durations (5, 

10, and 10 minutes) for each sub-task, seen in Table 6-2, the alternative time durations 

were increased by 2.28, 1.51, and 1.5 times, respectively.  Once the alternative time 

durations for each sub-task were obtained from the results of TPN simulation, the 

durations were entered into the DISCO/MicroCYLONE simulation model in order to 

estimate the productivity of pavement operations when the given amount of interference 

occurred in the process.  The simulation results are shown in Figure 6-16 and Figure 6-

17.  The detailed productivity result is shown in Appendix H, and it is calculated to be 

5.31 loads per hour by Equation [6-5].   

The productivity obtained by simulating in DISCO can be calculated by the same 

equation as in MicroCYCLONE.  Total number of loads (shown in the COUNTER node 

in Figure 6-17) was multiplied by 5 and then divided by the simulation time converted to 

an hourly rate.  It returned the same result of productivity (5.31 loads per hr.) as the one 

estimated by MicroCYCLONE.  
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Figure 6-16. Productivity simulation result from MicroCYLCONE (Case Study 1) 

 
Figure 6-17. Productivity simulation result from DISCO (Case Study 1) 

Again, alternative time durations for loading, spreading, and compacting sub-tasks 

were entered into COMBI node 2, NORMAL node 10, and COMBI nodes 15 and 16, 

seen in Figure 6-17.  The number of material delivery trucks utilized in this project was 

entered in the QUE node 7 and is shown in Table 6-3.  The hauling times of the trucks 

were entered in NORMAL nodes 3 (deliver material) and 6 (return).  The researcher also 

obtained the average number of truck loads that the spreader repositioned to make a new 

pass parallel to the just-completed pass and the average number of truck loads that the 
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spreader section released to the roller.  They were entered into function nodes 11 and 12, 

respectively.   

Finally, the productivity estimated by the simulation was compared to the 

productivity parameters such as cumulative and baseline productivity in order to validate 

the result.  The simulation result has two values: the value when the initial time durations 

were used and the value when alternative time durations were substituted for the initial 

ones.  Intuitively, the productivity result that included initial time durations is assumed to 

be more optimistic because it was run without any regard for interference.   

Daily productivity in Figure 4-1 from Chapter 4 shows the fluctuation of 

productivity.  The cumulative productivity, when calculated by Equation [2-1], was 2.91 

loads per hour.  The baseline productivity was 5.57 loads per hour.  Figure 6-18 shows 

the productivity plot for those parameters.  Cumulative productivity was calculated for 

every working day as the time elapsed, and it showed that there was some degree of a 

learning curve at the beginning of the production.  As shown in Figure 6-18, the 

simulation results with initial time durations were very optimistic, even higher than the 

baseline productivity; the productivity results with alternative time durations, however, 

fall between baseline and cumulative productivity.  Based on the research hypothesis, the 

productivity result simulated with alternative time durations is concluded to be valid, and 

the method of categorizing and quantifying types of interference was effective when the 

method was used for the purpose of simulation. 
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Figure 6-18. Productivity analysis for SR-20 (Alachua) 

6.5 Case Study 2: SR-102 (Duval) 

The results of interference quantified from the SR-102 (Duval) project are 

summarized in Tables 6-15 to 6-17 for each sub-task.  The original production data that 

contain interference factors are also shown in Appendix F.   

The results of the probabilities and AT were plugged into the TPN model 

developed for each sub-task in order to estimate alternative time duration.  The TPN 

models for loading, spreading, and compacting sub-tasks of the SR-20 (Hawthorne) 

project are shown Figure 6-19, Figure 6-20, and Figure 6-21, respectively.  The total 

number of events was 16,380, which simulates the total number of 1,365 truck loads 

completed.  
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Table 6-15. Probability and NLA of interference for loading (Case Study 2) 

Category NLA % Cause NLA % 
Time 
(hr) 

Time 
(min.)

C1 77.41 0.057 c11 58.09 0.75 0.19 11.34 
   c12 19.32 0.25 0.22 12.97 
C2 469.97 0.344 c21 395.91 0.84 1.44 86.29 
   c26 74.06 0.16 0.22 13.30 
C3 0.00 0.000 c31 0 0.00 0.00 0.00 
NI 817.62 0.599           

 
Table 6-16. Probability and NLA of interference for spreading (Case Study 2) 

Category NLA % Cause NLA % 
Time 
(hr) 

Time 
(min.) 

C1 0.00 0.000 c11 0.00 0.00 0.00 0.00 
   c12 0.00 0.00 0.00 0.00 
C2 42.76 0.031 c24 10.00 0.23 0.05 3.30 
   c25 7.00 0.16 0.01 0.72 
   c26 25.76 0.60 2.77 165.92
C3 84.00 0.062 c31 84.00 1.00 0.08 4.59 
NI 1238.24 0.907           

 
Table 6-17. Probability and NLA of interference for compacting (Case Study 2) 

Category NLA % Cause NLA % 
Time 
(hr) 

Time 
(min.)

C1 0.00 0.000 c11 0.00 0.00 0.00 0.00 
   c12 0.00 0.00 0.00 0.00 
C2 0.00 0.000 c11 0.00 0.00 0.00 0.00 
C3 84.00 0.062 c31 84.00 1.00 0.09 5.42 
NI 1281.00 0.938           

 

 
Figure 6-19. TPN model for loading (Case Study 1) 
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Figure 6-20. TPN model for spreading (Case Study 1) 

 
Figure 6-21. TPN model for compacting (Case Study 1) 

The alternative time durations for loading, spreading, and compacting were 29.4, 

13.6, and 10.3 minutes, as shown in Appendix G.  Compared to the initial time durations 

(5, 8, and 10 minutes) for each sub-task, seen in Table 6-2, the alternative time durations 

were increased by 5.88, 1.7, and 1.3 times, respectively.   

The simulation results by MicroCYCLONE and DISCO are shown in Figure 6-22 

and Figure 6-23.  The detailed productivity results are shown in Appendix H.  The 

productivity rates from both simulation models were calculated to be 5.08 loads per hour.  

The productivity obtained by simulating in DISCO can be calculated by the same 

equation as in MicroCYCLONE.  Total number of loads (shown in the COUNTER node 

in Figure 6-23) was multiplied by 5 and then divided by the simulation time converted to 



120 

 

an hourly rate.  It returned the same result of productivity (5.08 loads per hour) as the one 

estimated by MicroCYCLONE.  

 
Figure 6-22. Productivity simulation result from MicroCYLCONE (Case Study 2) 

 
Figure 6-23. Productivity simulation result from DISCO (Case Study 2) 

The productivity obtained from both the simulation with initial time durations and 

with alternative time durations were compared with cumulative and baseline productivity.  

The baseline productivity was 6.59 loads per hour.  Figure 6-24 shows the productivity 

plot for those parameters.  The simulation results with initial time durations were very 

optimistic, whereas the productivity results with alternative time durations fall between 

the baseline productivity and cumulative productivity, as happened in Case Study 1.  The 
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simulation result with alternative time durations is concluded to be valid again in Case 

Study 2.  
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Figure 6-24. Productivity analysis for SR-102 

6.6 Case Study 3: SR-20 (Putnam) 

The results of interference for each sub-task quantified from the SR-20 (Putnam) 

project are summarized in Tables 6-18 to 6-20.  The original production data for those 

days when interference occurred are also shown in Appendix F.   

Table 6-18. Probability and NLA of interference for loading (Case Study 3) 

Category NLA % Cause NLA % 
Time 
(hr) 

Time 
(min.) 

C1 61.55 0.05 c11 21.19 0.34 0.59 35.61 
   c12 40.36 0.66 0.86 51.53 
C2 396.40 0.29 c21 199.06 0.50 0.97 57.96 
   c22 40.26 0.10 0.90 54.05 
   c26 56.71 0.14 1.02 61.16 
   c27 100.37 0.25 6.26 375.68 
C3 0.00 0.00 c31 0.00 0.00 0.00 0.00 
NI 908.04 0.66      
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Table 6-19. Probability and NLA of interference for spreading (Case Study 3) 

Category NLA % Cause NLA % 
Time 
(hr) 

Time 
(min.) 

C1 0.00 0.00 c11 0.00 1.00 0.00 0.00 
C2 127.82 0.09 c24 89.64 0.70 0.37 22.35 
   c26 38.18 0.30 0.41 24.60 
C3 76.00 0.06 c31 76.00 1.00 0.30 17.81 
NI 1162.18 0.85      

 
Table 6-20. Probability and NLA of interference for compacting (Case Study 3) 

Category NLA % Cause NLA % 
Time 
(hr) 

Time 
(min.) 

C1 0.00 0.00 c11 0.00 1.00 0.00 0.00 
C2 73.07 0.05 c24 49.26 0.67 0.18 10.84 
   c26 23.81 0.33 0.22 13.12 
C3 76.00 0.06 c31 76.00 1.00 0.26 15.87 
NI 1216.93 0.89      

 
The results of probabilities and AT were plugged into the TPN model developed 

for each sub-task, and alternative time durations of each were estimated.  The TPN 

models for loading, spreading, and compacting sub-tasks of the SR-20 (Putnam) project 

are shown Figure 6-25, Figure 6-26, and Figure 6-27, respectively.  The total number of 

events was 16,392, which simulates the total number of 1,409 truck loads completed.   

 
Figure 6-25. TPN model for loading (Case Study 3) 
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Figure 6-26. TPN model for spreading (Case Study 3) 

 
Figure 6-27. TPN model for compacting (Case Study 3) 

The alternative time durations for loading, spreading, and compacting were 40.5, 

13.1, and 15.2 minutes, as shown in Appendix G.  Compared to the initial time durations 

(5, 10, and 12 minutes) for each sub-task, seen in Table 6-2, the alternative time durations 

were increased by 8.1, 1.31, and 1.27 times, respectively.   

The simulation results by MicroCYCLONE and DISCO are shown in Figure 6-28 

and Figure 6-29.  The detailed productivity results are shown in Appendix H.   The 

productivity rates from both simulation models were calculated to be 3.68 loads per hour.   
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Figure 6-28. Productivity simulation result from MicroCYLCONE (Case Study 3) 

 
Figure 6-29. Productivity simulation result from DISCO (Case Study 3) 

The productivity obtained by the simulation with the initial time duration was 7.65 

loads per hour, which is higher than the baseline productivity of the project (5.05).  The 

productivity with alternative time durations was plotted, as seen in Figure 6-30, to 

compare it with other productivity parameters.  Figure 6-30 shows that the simulation 

results with initial time durations were very optimistic, whereas the productivity results 

with alternative time durations fall between baseline and cumulative productivity, as in 

Case Studies 1 and 2.  The simulation result with alternative time durations is concluded 

to be valid. 
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Figure 6-30. Productivity analysis for SR-20 (Putnam) 

6.7 Case Study 4: I-10 (Escambia) 

The results of interference for each sub-task quantified from the I-10 project are 

summarized in Tables 6-21 to 6-23.  The original production data for those days when 

interference occurred are also shown in Appendix F.   

Table 6-21. Probability and NLA of interference for loading (Case Study 4) 

Category NLA Prob. Cause NLA Prob. Time 
(hr) 

Time 
(min.)

C1 72.46 0.03 c11 72.46 1.00 0.48 28.50 
C2 586.74 0.20 c21 539.61 0.92 0.55 32.88 
   c26 47.13 0.08 0.08 4.94 
C3 0.00 0.00 c31 0 0.00 0.00 0.00 
NI 2222.80 0.77      

 
The results of probabilities and AT for each sub-task were used by the TPN model, 

and alternative time durations of each were estimated.  The TPN models for loading, 

spreading, and compacting sub-tasks of the I-10 project are shown Figure 6-31, Figure 6-
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32, and Figure 6-33, respectively.  The total number of events was 34,584, which 

simulates the total number of 2,882 truck loads completed.   

Table 6-22. Probability and NLA of interference for spreading (Case Study 4) 

Category NLA Prob. Cause NLA Prob. Time 
(hr) 

Time 
(min.)

C1 0.00 0.00 c11 0.00 1.00 0.00 0.00 
C2 191.06 0.07 c21 30.00 0.16 0.29 17.60 
   c24 102.88 0.54 0.35 21.23 
   c25 21.00 0.11 0.06 3.85 
   c27 37.17 0.19 0.17 10.50 
C3 204.00 0.07 c31 204.00 1.00 0.23 13.82 
NI 2486.94 0.863      

 
Table 6-23. Probability and NLA of interference for compacting (Case Study 4) 

Category NLA Prob. Cause NLA Prob. Time 
(hr) 

Time 
(min.)

C1 0.00 0.00 c11 0.00 1.00 0.00 0.00 
C2 191.06 0.07 c21 30.00 0.16 0.29 17.60 
   c24 102.88 0.54 0.35 21.23 
   c25 21.00 0.11 0.06 3.85 
   c27 37.17 0.19 0.17 10.50 
C3 204 0.07 c31 204.00 1.00 0.23 13.82 
NI 2486.94 0.86      

 

 
Figure 6-31. TPN model for loading (Case Study 4) 
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Figure 6-32. TPN model for spreading (Case Study 4) 

 
Figure 6-33. TPN model for compacting (Case Study 4) 

The alternative time durations for loading, spreading, and compacting were 13, 

16.6, and 9.63 minutes, as shown in Appendix G.  Compared to the initial time durations 

(6, 12, and 5 minutes) for each sub-task, shown in Table 6-2, the alternative time 

durations were increased by 2.17, 1.38, and 1.93 times, respectively.  The simulation 

results by MicroCYCLONE and DISCO are shown in Figure 6-34 and Figure 6-35.  The 

detailed productivity results are shown in Appendix H.  The productivity rates from both 

simulation models are calculated to be 5.41 loads per hour.   
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Figure 6-34. Productivity simulation results from MicroCYLCONE (Case Study 4) 

 
Figure 6-35. Productivity simulation results from DISCO (Case Study 4) 

The productivity obtained by the simulation with the initial time duration was 6.49 

loads per hour, which is higher than the baseline productivity of the project (5.89).  The 

productivity with alternative time durations was plotted in Figure 6-36 to compare it to 

other productivity parameters.  As shown in Figure 6-36, the simulation results with 

initial time durations were very optimistic, whereas the productivity results with 

alternative time durations fall between baseline and cumulative productivity, as was true 

in previous case studies.  The simulation result with alternative time durations is 

concluded to be valid. 
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Figure 6-36. Productivity analysis for I-10 

6.8 Result Summary  

Figure 6-37 shows the overall productivity estimation results for the four case study 

projects.  The productivity estimated by using alternate time durations all fall in the range 

between baseline and cumulative productivity.  Therefore, the method developed to 

categorize and quantify interference is valid when it is used to estimate construction 

productivity by computer simulation.   
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Figure 6-37. Overall productivity estimation results from the four case studies 

In Chapter 5, the mean productivity rates of the four projects were ranked I-10, SR-

102, SR-20 (Alachua), and SR-20 (Palatka), in order from the highest to the lowest; 

however, when the simulation method was applied, the productivity of the SR-20 

(Alachua) project was higher than that of the SR-102 project.  In addition, the amount of 

productivity reduction from when initial time durations were used to when alternative 

time durations were used varies based on the frequency of occurrence and the likely 

magnitude of interference, recorded in the production measurement form.   

The initial time durations were the median values that the inspectors provided, and 

they are subject to some variation.  Even though the data collected were as accurate as 

possible, not all of the interference factors were recorded and provided to the researcher, 

and this affected the productivity differences between the simulation result using 

alternative time durations and cumulative productivity.   

As explained, the impact of shift effects at the end of each working day was not 

considered in the simulation models when estimating the productivity rates.  Shift 

effects—defined as the effect that a certain work schedule has on what work can be 
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started—reduces productivity by some degree.  For example, to estimate the daily shift 

effects for 8-hour working day, the simulation run was stopped in every 480 minutes in 

simulation time.  The resources remained in the simulation network at the end of work 

day (every 480 simulation time) were reassigned in their initial nodes.  This approach 

simulates the “start-from-scratch” rule, by disregarding all the tasks left unfinished on the 

previous working day.  The result of this approach showed that the productivity of 

asphalt pavement operation was reduced up to 17% (Huang and Halpin 1995).   
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CHAPTER 7 
VERIFICATION AND PRODUCTIVITY PREDICTION 

7.1 Project Description 

The researcher selected the SR-26 project to verify the ability of the model to 

predict the productivity of a pavement operation using the developed methodology.  The 

researcher then used the productivity result to estimate the project duration.  The SR-26 

project involved adding two lanes to an existing two-lane road through rural Alachua 

County into the city of Newberry.  The total project length was 8,097 meters (5.03 miles).  

The low bidder for the project chose to use both the APUB method with 100 mm (Base 

Option Group 1) and 260 mm (Base Option Group 9) limerock base in the rural part of 

the project and the FDAP method with 200 mm (Base Option Group13) HMA base for 

the urban section, making it an extremely valuable project for applying the productivity 

estimation method developed.  The researcher separated the project according to which of 

the two pavement types was used, as if there were two separate projects.  

Base Option Group 1 was used for shoulder base only.  Also, 75-mm Type-SP 

structural course and 20-mm FC-5 friction course were used on top of the base course.  

Figures 7-1 and 7-2 show the typical sections of the two pavement methods used on the 

project.  General information regarding the pavement methods, including the actual unit 

price bid by the contractor, is shown in Table 7-1.     
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Figure 7-1. Typical section for the APUB method (SR-26) 

 
Figure 7-2. Typical section for the FDAP method (SR-26) 

Table 7-1. SR-26 General information for pavement structure 
Item Description Thickness Plan Qty Unit Unit Price 
Base Option 1 (Limerock) 100 mm 28,286.00  m2 $3.90 
Base Option 9 (Limerock) 260 mm 69,424.00  m2 $7.20 
Base Option 13 (HMA) 200 mm 45,418.00  m2 $18.60 
Structural Course 
(Super-pave Asphalt Conc.) 75 mm 30,080.50 MT $40.95 

Friction Course (FC-5) 20 mm 5,552.80 MT $67.86 
 

7.2 Production Data Collected 

The pavement production information obtained during the data collection period 

was shown in Table 7-2.  In the sections where the APUB method was used (SR-26 

APUB Project), the crew installed 27,981.69 MT of the structural course on top of 

limerock base constructed, and in the sections where the FDAP method was used (SR-26 

FDAP Project), 25,001.18 MT for the base course and 2,609.14 MT for the structural 

course were installed during the data collection period.   
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The total number of truck loads was calculated by dividing the total tonnage of 

asphalt material by the 17 MT-capacity per truck.  The number of truck loads was then 

converted by using the conversion factors as seen in Table 3-2 in Section 3.3.1 titled 

Productivity Output and Conversion Factor.  The SR-26 APUB and FDAP projects used 

260 mm limerock base (Base Option 9) and 200 mm HMA base (Base Option Group 13), 

respectively, for their base material, but both projects used 75 mm structural courses.  

The conversion factors for the structural course and HMA base were 1.24 and 0.76, 

respectively, as seen in Table 3-2.  

Table 7-2. Production data for SR-26 
Data APUB  FDAP  
Total Quantity (MT) Structural: 27981.69 Base: 25001.18 
  Structural:2609.14 
Number of Truck loads  1645.98 1624.14 
C. Truck loads 2041.02 1308.01 
Crew hours (CH) 372.83 440.91 
Productivity  
(C. Truck loads/CH) 5.47 2.97 

 
Table 7-3. Work areas associated with work content (APUB) 

Length 
(m) 

Width 
(m) 

Thick. 
(m) 

Volume 
(m 3 ) MT No. of 

loads Note 

164.00 3.65 0.075 44.90 104.61 6.15 Turning lane 
235.00 3.65 0.075 64.33 149.89 8.82 Turning lane 
12.00 3.65 0.075 3.29 7.65 0.45 Turning lane 
65.00 3.65 0.075 17.79 41.46 2.44 Cross-over 
54.00 3.65 0.075 14.78 34.44 2.03 Center turning lane 
112.00 3.65 0.075 30.66 71.44 4.20 Center turning lane 
807.00 3.65 0.075 220.92 514.73 30.28 Turning lane 
33.00 3.65 0.075 9.03 21.05 1.24 3rd, Turnout (Rt) 
187.00 3.65 0.075 51.19 119.28 7.02 3rd, Turnout (Rt) 
Total number of loads  62.62  

 
The CH spent for each method was also obtained from the project.  The pavement 

crew usually installed the same category of pavement course on a single work day (e.g. 

base course on the SR-26 FDAP project or structural course on the SR-26 APUB project).  
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If the crew constructed the structural courses on both APUB and FDAP projects on a 

single work day, the daily crew hours were prorated based on the quantity completed.  By 

dividing the converted truck loads by CH spent, the cumulative productivity of each 

method was calculated. 

Table 7-4. Work areas associated with work content (FDAP) 
Length 
(m) 

Width 
(m) 

Thick. 
(m) 

Volume 
(m 3 ) MT No. of 

loads Note 

4.00 3.65 0.075 1.09 2.55 0.15 Turn Lane 
29.00 3.65 0.075 7.94 18.50 1.09 Turn Lane 
35.00 3.65 0.075 9.58 22.32 1.31 3rd, Turnout (Rt) 
34.00 3.65 0.075 9.31 21.69 1.28 3rd, Turnout (Rt) 
332.00 3.65 0.075 90.89 211.76 12.46 Turn Lane 
30.00 3.65 0.075 8.21 19.14 1.13 Crossover 
39.00 3.65 0.075 10.68 24.88 1.46 Crossover 
153.00 3.65 0.075 41.88 97.59 5.74 Turn Lane 
42.00 3.65 0.075 11.50 26.79 1.58 Turn out 
27.00 3.65 0.075 7.39 17.22 1.01 Turn out 
29.00 3.65 0.075 7.94 18.50 1.09 Turn out 

41.00 3.65 0.075 11.22 26.15 1.54 Intersection  
CR-235 

15.00 3.65 0.075 4.11 9.57 0.56 Intersection  
CR-235 

35.00 3.65 0.075 9.58 22.32 1.31 Turn out 
5.00 3.65 0.075 1.37 3.19 0.19 Turnout 
131.00 3.65 0.075 35.86 83.56 4.92 Turn Lane 
Total number of loads  36.81  

 
The researcher obtained the actual quantity of work areas that were associated with 

work content from each project.  As discussed, those areas include turning lanes, 

intersections, and crossover pavements.  This type of information is readily obtained from 

the project documents such as plans and drawings (e.g. typical section) before actual 

production begins so the actual quantity can be used in the TPN model to estimate the 

alternative time duration for each sub-task.  Tables 7-3 and 7-4 show the quantity 

calculated from each project during the data collection process.  For the verification 

purpose, the researcher used same width (3.65 meter) and thickness (0.075 meter) for all 
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lifts constructed.  The volume of each lift was converted to MT by multiplying the 

average density of asphalt material (2.33 MT per m 3 ) to the volume.  The tonnage of the 

material then was converted to the number of truck loads by dividing the tonnage by the 

average MT per each truck load (17 MT per load). 

7.3 Estimation of Alternative Time Duration for SR-26 

The researcher followed the procedure developed in order to estimate the 

alternative time durations of each sub-task for the SR-26 APUB and FDAP projects.  The 

project inspector measured the median time duration of each sub-task and made them 

available to the researcher.  The same survey form used for the four case study projects 

was used (Appendix A).  Table 7-5 shows the result of initial time durations for the 

project. 

Table 7-5. Initial time duration for SR-26 
Node No. Work Task Unit Duration  
2 Load at plant min 4 
3 Travel to job min 6 
5 Reposition for new pass load 20 
6 Return min 10 
9 Dump to spreader load 8 
10 Spread min 10 
15 Compact asphalt section min 8 
18 Finish section min 8 

 
Since the SR-26 project was located in a rural area of Alachua County, the SR-26 

APUB project was assumed to have the same probability and magnitude of C1 (weather) 

and C2 (management) interference as the SR-20 (Alachua) project had.  For the C2 (work 

content) interference, the actual number of truck loads required in the SR-26 APUB 

project was used.  In other words, the same magnitudes of the C1 and C2 types of 

interference were assumed for the projects that fall into the same category, as seen in 

Table 3-1; however, for the C3 type of interference, actual number of loads can be used 
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for each project to predict the productivity of the pavement operation when using the 

methodology developed.   

Therefore, the same TPN models developed to simulate interference for each sub-

task of the SR-20 (Alachua) project were used for the SR-26 APUB project with its own 

initial time durations and probability of C2 interference.  The TPN models of loading, 

spreading, and compacting sub-tasks were seen in Figure 6-13, 6-14, and 6-15, 

respectively.   

For the loading task as seen in Table 6-12, the probabilities of C1 and C2 

interference for the SR-20 (Alachua) project were 6.6 % and 22.3 % of the total number 

of loads.  The proportions were estimated by the ratio between the NLA by each 

interference type and total number of loads.  No C3 interference was associated with the 

loading task since loading the asphalt material to the delivery trucks at the plant has 

nothing to do with those work areas.  Also, the probability of the interference causes were 

also found in Table 6-12, such as c11 (rain), c12 (low temperature), c21 (prerequisite 

work), and c26 (equipment breakdown).  The probability of each category and cause and 

the addition times corresponding to each cause were used to simulate for the loading task 

of the SR-26 project, except that the initial time duration of the SR-26 APUB project was 

used.  The total number of simulation events for the SR-26 APUB project was 24,492 to 

simulate 2,041 truck loads (24,492/12).  It was described that one cycle consisted of 12 

events in the TPN model developed. 

For estimating the alternative time durations for the spreading and compacting 

tasks, the probability of C3 interference were calculated by dividing 62.62 (actual number 

of loads) by 2,041 (total number of loads), yielding 3.06 %.  The probability of C3 
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interference occurred in the spreading and compacting tasks of the SR-20 (Alachua) 

project was 0.137.  This number was replaced by 0.0306.  Also, the probabilities of NI 

(No interference) increased by the difference of 0.137 and 0.0306 (0.107).  For the SR-26 

APUB project, the probabilities of NI became 0.861 (86.1%) for spreading and 0.885 

(88.5%) for compacting.  After replacing the probability of C3 interference for spreading 

and compacting subtasks, the TPN models were simulated to estimate the alternative time 

durations.  The alternative time durations for loading, spreading, and compacting sub-

tasks were estimated to be 19.1, 12.5, and 11.0 minutes, respectively, and the results of 

TPN simulation are provided in Appendix G.  

Similarly, the C1 and C2 types of interference that occurred in the SR-26 FDAP 

project was assumed to be the same as those of the SR-20 (Putnam) project because those 

two projects had the same pavement methods (FDAP) and the geographical proximity.  

The TPN models developed for the SR-20 (Putnam) project were also used for the SR-26 

(Alachua) project to estimate the alternative time durations for its sub-tasks.  The TPN 

models were seen in Figure 6-25, 6-26, and 6-27 for loading, spreading, and compacting 

subtasks, respectively.  In the models for the spreading and compacting tasks, the 

probability for C3 was recalculated by dividing 36.81 (actual number of loads for C3) by 

1,396, yielding 0.03.  Since the probability of C3 for the spreading and compacting tasks 

in the project SR-20 (Palatka) was 0.06 (see Tables 6-19 and 6-20), the probability was 

replaced by 0.03.  Then the probabilities for NI of spreading and compacting were 

replaced by 0.88 and 0.92 (increased by 0.03) instead of 0.85 and 0.89, as seen in Tables 

6-19 and 6-20.  The total number of simulation events for the SR-26 FDAP project was 

16,752 to simulate 1,396 converted truck loads (16,752/12).  The alternative time 
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durations for loading, spreading, and compacting of the project were 38.1, 12.6, and 10.6 

minutes, respectively, as shown in Appendix G.  

7.4 Productivity Estimation for SR-26 

The project-specific time durations, resources utilized, and the alternative time 

durations for the three sub-tasks were then entered in the DISCO/ MicroCYCLONE 

simulation model to predict the productivity of the pavement operation for both SR-26 

APUB and FDAP projects.  Figures 7-3 and 7-4 show the results of the simulation of the 

SR-26 APUB project.  The productivity rate calculated by Equation [6-5] was 6.98 loads 

per hour.  The same procedure was followed to predict the productivity for the SR-26 

FDAP project.  Figure 7-5 and 7-6 showed the results of the simulation, yielding 3.90 

loads per hour.   

 
Figure 7-3. Result of MicroCYCLONE simulation for the SR-26 APUB project  

 
Figure 7-4. Result of DISCO simulation for the SR-26 APUB project 
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Figure 7-5. Result of MicroCYCLONE simulation for the SR-26 FDAP project 

 
Figure 7-6. Result of DISCO simulation for the SR-26 FDAP project 

As seen in Table 7-2, the actual productivity rates for the SR-26 APUB and FDAP 

projects were 5.47 and 2.97 loads per hour, so the result of productivity predictions 

obtained by using the developed methodology were 27% and 31% higher than the actual 

rates.  The summary result for productivity prediction is shown in Table 7-6.  This result 

confirmed that, as seen in the four case study projects, the productivity estimation method 

developed yielded more optimistic productivity results than the actual cumulative 

productivity.  This result was consistent when the method was applied to predict the 

productivity of the pavement operation for both the SR-26 APUB an FDAP projects.   

Two main reasons that lead to this result were discussed in Chapter 6.  First, the 

researcher used the deterministic method (median value) for modeling work task 
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durations; however, the durations are likely to vary from cycle to cycle in reality.  Even 

though the additional times caused by interference factors were included in the time 

durations to estimate the actual time durations as accurate as possible, the time durations 

were still subject to vary.  Second, daily work shift effect was not applied in the 

simulation method even though it could influence the actual productivity.  Therefore, the 

researcher applied (1) a statistical distribution for work task duration and (2) the daily 

shift effect to the simulation model.     

Table 7-6. Production prediction results for the SR-26 projects 
Productivity   
(C. Loads/CH) APUB  FDAP  

Actual value  5.47 2.97 
Predicted value 7.75 3.92 
% error in 
predicted value 28.5 % 31.3% 

 
7.5 Modeling Uncertainty in Time Duration and Daily Shift Effect 

In Chapter 4, it was shown that the pavement operation, one of the most 

equipment-intensive of all construction activities, had significant productivity variability 

primary due to disruption events in the workflow caused by such factors as poor 

management, work content, and severe weather conditions.  In Chapter 6, the 

productivity rates that were not associated with any type of interference also had some 

degree of variation due to the natural causes.  However, the productivity variances from 

each project were conclusively the same at the 5% level as shown in Chapter 5.    

The task of spreading asphalt material on the site each work day serves as a major 

function of daily productivity measurement because the material spread on the site should 

be compacted and finished at the end of each work day.  Therefore, it is assumed that the 

work time duration of the spreading task follows the same distribution as that of daily 
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productivity rates.  The researcher tested the productivity results from four case study 

projects to find a probability distribution.   

As shown in Chapter 5, the productivity rates from the four projects were not 

normally distributed as seen in Figure 5-1.  The rates were transformed to compare their 

mean values.  Figure 7-7 shows the frequency histogram for the productivity rates, and it 

confirms the abnormality of the data.  Since the data were skewed to right with a long tail 

(see Figure 5-1), the distribution of the data was similar to lognormal distribution as 

shown in Figure 7-8.  By definition, a distribution of random variable X is lognormal if 

its natural logarithm, Y= log (X) is normal.  As shown in Figure 7-9, however, the 

distribution of natural logarithm of productivity rates was not normal at the 5% level (p-

value less than 0.05). The researcher tested the distribution fit of productivity rates with 

other types of distributions such as logistic, gamma, beta, weibull, and exponential, but 

the distribution of the data was similar to lognormal distribution the most with the 

location value of 1.0 and the scale value of 0.6.   

The effect of the location parameter is to translate the graph to the right or left on 

the horizontal axis.  For example, relative to the standard normal distribution, 10 units of 

a location parameter shift the graph 10 units to the right on the horizontal axis.  The effect 

of a scale parameter greater than one is to stretch the graph.  The greater the magnitude, 

the greater the stretching.  The productivity rates of the SR-26 APUB and FDAP projects 

were then estimated, assuming that the duration of their spreading tasks have  lognormal 

distribution. 
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Figure 7-7. Frequency histogram of productivity for the normal distribution 
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Figure 7-8. Frequency histogram of productivity for the lognormal distribution 
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Figure 7-9. Probability plot of productivity for the normal distribution 

7.5.1 Improved Result using the Simulation Method 

Figure 7-10 shows the alternative time duration entered to the spreading task for the 

SR-26 APUB project in its simulation model.  The lognormal distribution of the duration 

was entered with the parameters of its location and scale.  As shown in Figures 7-11 and 
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7-12, the simulation was run only for 600 minutes in simulation time to apply the daily 

work shift effect.  As a result, the productivity was calculated to be 5.97 loads per.   

Similarly, the alternative time duration of the task for the SR-26 FDAP project was 

entered with the lognormal distribution.  The results of the simulation are estimated to be 

2.99 loads per hour, as shown in Figures 7-13 and 7-14.  The results of the simulation are 

summarized in Table 7-7 to compare them with the actual productivity rates.   

 
Figure 7-10. Lognormal distribution for spreading task 

 
Figure 7-11. Improved result of productivity by MicroCYCLONE (SR-26, APUB) 

 
Figure 7-12. Improved result of productivity by DISCO (SR-26, APUB) 
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Figure 7-13. Improved result of productivity by MicroCYCLONE (SR-26, FDAP) 

 
Figure 7-14. Improved result of productivity by DISCO (SR-26, FDAP) 

The productivity estimation was improved when applying: (1) alternative time 

durations for the three sub-tasks to model the interference factors (Predicted value 1 in 

Table 7-7) and (2) statistical distribution to model uncertainty in the time duration and 

daily shift effects (Predicted value 2).  When the alternative time durations were used, the 

estimated productivity rates were within 29 % (APUB) and 31% (FDAP) range from the 

actual values.  The predicted values for the SR-26 APUB and FDAP projects were within 

10% and 1% error range from the actual productivity rates.   

Table 7-7. Production prediction results for the SR-26 projects after improvement 
Productivity (Loads / hour) APUB  FDAP  
Actual value  5.47 2.97 
Predicted value 1 
(Actual hours, Deterministic distribution) 6.98 (27 %) 3.90 (31%) 

Predicted value 2 
(10 hours, Lognormal distribution) 5.97 (9.0%) 2.99 (0.67%) 
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7.5.1 Limitation of using Statistical Distribution 

The researcher planned to simulate the process as many times as the actual number 

of truck loads for both projects, as seen in Table 7-2.  For example, by simulating 10 

simulation hours for each work day, the simulation for the SR-26 APUB project requires 

38 iterations to simulate actual 372.83 crew hours.  Theoretically, the productivity result 

for each simulation should be different, since the time duration of spreading sub-task 

follows the lognormal distribution.  However, the result were the same in the simulation 

because the time duration of only three sub-tasks (including hauling and returning sub-

tasks) used the statistical distribution while all other sub-tasks used the deterministic 

method. 

7.6 Estimation of Construction Duration 

The construction duration for the SR-26 APUB project consisted of the duration of 

structural and friction course construction.  As shown in Table 7-2, the crew finished 

27,981.69 MT of structural course on top of the limerock base constructed.   

The result of productivity prediction for the construction of the structural course of 

the project was 5.97 loads per hour.  As seen in Table 7-2, the number of truck loads 

required was derived by dividing 27,981.69 MT by the average tonnage per each truck 

load (17 MT per loads), and it yielded 1645.98 truck loads.  Then, 1645.98 truck loads 

were converted to 2041.02 converted truck loads by using the conversion factor of 1.24 

as before. 

 By dividing the converted truck loads by the predicted productivity, the CH 

required were calculated as 341.87 (2041.02 / 5.97).  This CH is less than actual CH 

measured (372.83), as presented in Table 7-2 because the productivity predicted (5.73 
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loads /hr) was higher than the actual productivity (5.47 loads/hr).  The CH were then 

converted to 35 ten-hour work days.    

Similarly, the result of productivity prediction for the SR-26 FDAP project was 

2.99 loads per hour.  As seen in Table 7-2, the number of truck loads required was 

derived by dividing 27,610.32 MT (25001.18+ 2609.14) by the average tonnage per each 

truck load (17 MT per loads), and it yielded 1624.13 truck loads.  Then, 1624.13 truck 

loads were converted to 1308.01 converted truck loads by using the conversion factors- 

1.24 for the structural course and 0.76 for the base course as before. 

 By dividing the converted truck loads by the predicted productivity, the CH 

required were calculated as 437.46 (1308.01 / 3.99).  This CH also is less than actual CH 

measured (440.91), as presented in Table 7-2 because the productivity predicted (2.99 

loads /hr) was higher than the actual productivity (2.97 loads/hr).  The CH were then 

converted to 44 ten-hour work days.  As seen, by using the developed methodology, the 

productivity of the pavement operation can be predicted more accurately.  The predicted 

productivity will serve as a reliable tool for the practitioners to estimate construction 

duration (work days) of pavement operation.  Figure 7-15 shows the result of prediction 

for the SR-26 projects as a summary.     
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Figure 7-15. Summary of prediction results 
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CHAPTER 8 
SUMMARY  

8.1 Conclusion 

8.1.1 Productivity Analyses for Pavement Construction Operation 

The objective of productivity analyses presented in Chapter 4 was to measure the 

productivity rate of highway pavement operations, one of the most equipment-intensive 

of all construction activities.  By measuring calculating daily productivity, the researcher 

also identified factors that adversely affected performance and quantified the loss of 

productivity caused by each factor.  The result of analyses showed that the pavement 

operation had significant productivity variability due to disruption events in the workflow 

caused by such factors as poor management, work content, and severe weather 

conditions.   

The loss of crew hours caused by poor management ranged from 40% to 62% of 

the total inefficient crew hours on the four projects.  One of the primary factors that 

contributed to poor management was out-of-sequence work and deficiencies in 

prerequisite work.  It has been confirmed that the quantitative and qualitative uncertainty 

in production output caused adverse effects, extending them to succeeding activities in 

the activity nexus.  The PMI values of the two projects were higher than the other two 

projects that used HMA base.  In addition, equipment breakdown and material shortages 

were occasionally observed during the process of paving.   

The loss of crew hours caused by work content was from 21% to 48% of the total 

inefficient crew hours on the four projects.  Even if the loss by work content is inevitable, 
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the impact of work content can be mitigated with minimum impact on the project by 

planning ahead for the most frequent causes and improving predictability of workflow.  

Efficiency losses due to work content in this research mostly related to use of hand work 

while working in areas such as ramps, turning lanes, intersections, and crossovers; 

however, management and work content are sometimes interrelated, i.e., the deficiencies 

of previous work not only diminish the productivity of later work but also make the work 

more complicated.   

The effect of severe weather conditions was not very significant, ranging from 6% 

to 17% of the total inefficient crew hours of the four projects.  Even though severe 

weather prolonged the projects, the delay was not observed in this research because the 

contractors usually chose not to work when the weather was expected to be unfavorable 

and productivity was only measured on days when the contractors worked.   

The measurement of performance on a daily basis can provide information about 

the primary causes of productivity variability in paving operations.  This information, in 

the hands of competent managers, can lead to more effective and more reliable work flow 

and better quality control during the operation.  Other productivity parameters such as 

cumulative, mean, and baseline productivity served as the source of statistical analyses 

and productivity estimation by using process simulation models.   

8.1.2 Causes-and-Effects of Interference on Productivity 

The researcher performed quantitative analyses by using production data collected 

and productivity parameters calculated.  The analyses consisted of a series of mean 

comparisons and correlations tests.  The analyses yielded the results as following:    

Two pavement projects located in urban areas had higher productivity, compared to 

the other two projects in rural areas.  It is assumed that the pavement crews for the two 
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projects with higher productivity than the other two projects were encouraged to be more 

productive due to the high AADT and RUC.    

The productivity means are ranked as multiple, management, work content, 

weather, and no interference in order from the lowest to the highest when they are 

compared by their association with types of interference.  The productivity associated 

with any interference is significantly lower than one with no interference.  The mean 

productivity value when weather interference occurred was the highest among others 

because the crew usually chose not to work when inclement weather was expected.   

The mean value of management interference was the lowest as a single interference 

factor, and poor management was the most frequent interference among others (65 out of 

253 work days).  Within management interference, the mean productivity rates are ranked 

as work congestion, prerequisite work, equipment, and material in order from the lowest 

to the highest even though the differences among them were not significant at the 10% 

level.  Also, the mean value of defects from prerequisite work has the most frequent 

occurrence among other types of management interference (41 out of 65 work days). 

The amount of rainfall and the number of rain days in project areas has little or no 

influence on either number of work days or NLA influenced by rainfall partly because the 

dataset analyzed included only 14 work days associated with weather interference.  

However, the correlation increased significantly after truncating mild outliers in the 

dataset. 

As the inefficient hours by weather interference increases, the probability of 

management interference occurrence tends to increase as well.  The inefficient hours also 
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have significant effects on the productivity variation, and as the inefficient hours increase, 

the productivity decreases.  

The correlation between the defects of prerequisite work and the probability of 

management interference occurrence is not significant; however, the correlation between 

the hours the paving crew spent fixing the defects and the daily productivity rates was 

significant at the 20% level.    

8.1.3 Method of Productivity Estimation Developed 

The researcher developed, implemented, and evaluated the method of productivity 

estimation by applying quantified interference factors to process simulation model.  In 

quantitative analyses, the mean productivity rates of the four case study projects were 

ranked I-10, SR-102, SR-20 (Alachua), and SR-20 (Palatka), in order from the highest to 

the lowest; however, when the simulation method was applied, the productivity of the 

SR-20 (Alachua) project was higher than that of the SR-102 project.  In addition, the 

amount of productivity reduction from when initial time durations were used to when 

alternative time durations were used varies based on the frequency of occurrence and the 

likely magnitude of interference, recorded in the production measurement form.  

The initial time durations were the median values that the inspectors provided.  To 

test the reliability of the initial time durations, the durations were entered in the 

simulation model, and the model was simulated for 10-simulation hours.  The simulation 

results were then compared to actual daily productivity rates that had no interference 

recorded.  For all four projects, the simulation results were higher (optimistic) than the 

values of the third quartile of the actual productivity rates.  The survey data for time 

durations provided by the project inspectors were more optimistic than the actual duration.  

Even though the data were as close to the median time duration as possible, they do not 
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include auxiliary times.  Even though the data collected were as accurate as possible, not 

all of the interference factors were recorded and provided to the researcher, and this 

affected the productivity differences between the simulation result using alternative time 

durations and cumulative productivity.   

The researcher quantified interference factors using the developed method and 

estimated the alternative time durations for each subtask.  When the alternative time 

durations were used, the productivity all fell in the range between baseline and 

cumulative productivity for four case study projects.  The method developed was applied 

to new projects to evaluate the accuracy for productivity estimation.  In addition to using 

the deterministic method for modeling time durations and modeling daily shift effect, the 

researcher applied a statistical distribution to model the duration of the major sub-task in 

the process.  As a result, the result of productivity estimation improved significantly.  The 

productivity rates estimated were used to predict the number of work days required.  

8.2 Future Work and Research Limitation  

8.2.1 Statistical Analyses  

The researcher attempted to test both main and interaction effects between the 

severity of interference factors and their effects by using the model with crossed and 

nested effects.  Testing of the model requires more exclusive volume of data related to 

the interference factors occurred in the process of production, and the data can only be 

collected through on-site observations.  Even though the data collection process by 

observation takes more time and money, testing the method will provide very useful 

information for the effects of individual factors and interactions among interference 

factors.  
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More accurate prediction model can be developed if the on-site observation is 

conducted.  Developing a prediction model requires an accurate measurement for each 

cycle of each sub-task.  The measurements include such data as the number of trucks, the 

volume of trucks per load, paver waiting time, truck load start time, truck load end time, 

the number of truck loads that the paver repositioned to make a new pass parallel to the 

just-completed pass, and the average number of truck loads that the spreader section 

released to the roller.  When those data are collected, the statistical distribution of time 

durations can be identified and applied to the simulation model in order to estimate 

productivity more accurately.  Besides, regression analysis can be used to determine the 

statistical relationship between a response (e.g. productivity rate) and predictors (e.g. 

cycle times).   

As explained, the data collection method using field observations requires 

tremendous investigation of time and money, and it was not feasible in this research. The 

researcher used the project documents to estimate average additional time for each cycle 

of each subtask.  Each subtask did not actually take the alternative time duration; 

however, if the task was delayed by an interference factor recorded in the project 

documents, the delayed time was included in the duration of each task. 

8.2.2 Integrated System for Modeling Interference 

In order to estimate construction productivity, the researcher used two simulation 

tools.  First, the interference model was developed by using a TPN modeling technique to 

calculate alternative time durations of each sub-task based on the frequency of occurrence 

and the likely magnitude of interference, recorded in the production measurement form.  

The alternative time durations were then entered in the asphalt pavement simulation 

model developed in DISCO/MicroCYCLONE environment.  PNs, as a general purpose 
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modeling tool, can also be used to model asphalt pavement operation with additional 

functions.  For example, Colored Petri-Nets (CPN), as an extended form of PNs, allow 

different colors (attributes) to be associated with tokens.  This function is used to 

distinguish different types of resources (e.g. material, equipment, information, etc.) to be 

modeled.  In pavement operations, the activity “spread” requires asphalt material to be 

delivered by trucks and an asphalt paver to spread the material.  Each resource can be 

represented by different color tokens to estimate resource utilization of each resource.      

Another research plan by using PNs involves modeling construction processes at 

the project level.  PNs also provide hierarchical features in its transitions, and a 

hierarchical transition is utilized to depict a group of work tasks that are linked to each 

other.  For example, a transition in a higher level model (e.g. site work) can be linked to 

the lower level model (e.g. excavating, loading, etc.).  Also, the interference model 

developed can be linked to each sub-task of pavement operation model by using this 

feature.   

8.2.3. Development of Project Productivity Factor 

 If more case studies were conducted, a set of project specific factors can be 

developed to predict productivity on new or future projects.  These factors would serve to 

calibrate the model to the unique features of the new project.  Since the researcher 

measured productivity-specific parameters from one case study project from each 

category, more case study projects will be required to develop project productivity factors.   

Future studies should consider these issues based on the work by this research. 
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APPENDIX A 
DATA COLLECTION FORMS 

Production Measurement Form 

Contact info:
Volkert Construction Services, Inc.
P. O. Box 11428
Pensacola, FL  32524
Office:  850.477.7485
Fax:  850.477.7517
Ed Blackmon, P.E.
Mobile:  850.723.3166

Today's Date: 10-May-03 1 of 3

Thickness: ~2.9" 1035.85
Width: 12 ft 1035.85

6729.33
Begin STA: 726+86 753+50

Remarks: P2021, 726+86-753+50 R1, 728+67-752+50 L1, I10, 285-711 (group 11 base)

Supt.:
Foreman:

Skilled:
Semi-Skilled:

Laborer:

Hours
8.0

8.0
0.0
8.0
8.0
8.0

Asphalt Summary Sheets

Project 222434-1-52-01, 21557
I10/I110 Interchange
Pensacola, Florida

Email:  eblackmon@volkert.com

LIFT CONSTRUCTED:

QUANTITIES

Quantity Delivered (Tons):
Quantity Completed (Tons):

Quantity Completed (SY):
End STA:

WORK CREW

No. Hours
1 8.0
1 8.0
4 8.0
4 8.0
1 8.0

EQUIPMENT

Type No.
Dual Axle Dump Truck 8
Tri Axle Dump Truck
Steel Wheel Roller Ingersoll Rand & Hypac C3500 2
Traffic Roller Ingersol Rand 0
Tack Truck 1
Blaw Knox PF172B Asphalt Paver 1
Pickup Truck 2

INCIDENTS THAT AFFECT PRODUCTION
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Survey Form 

 
 
Project Name: ________________      Project Inspector: _____________ 
 

 
1. Average number of trucks used for paving: ____trucks (e.g. 10) 
 
2. Average hauling time of HMA material from the plant to the site: _____(e.g. 20 

minutes.) 
 
3. Time for loading one truck with hot mix asphalt (HMA) from a plant (Do not 

include travel time): ______min (e.g. 8 min) 
 
 
4. Time for dumping one truck load of HMA into the spreader (paver) skip: 

_____min (e.g. 4 min) 
 
 
5. Average number of truck loads that the spreader is repositioned to make a new 

pass parallel to the just-completed pass:_____ loads (e.g. 15 loads) 
 
 

6. Time to reposition the spreader: ______ min (e.g. 1 min) 
 
 
7. Average number of truck loads that the spreader section is released to the 

roller:______ loads (e.g. 5 loads) 
 
 

8. Time for distributing one truck load of HMA via the spreader:______ min (1 min) 
 
 

9. Time for compacting one truck load of HMA with the breakdown roller (initial 
compacting): ______ min (e.g. 5 min) 

 
 
10. Time for compacting one truck load of HMA with the finish roller (final 

compacting) : _______ min (e.g. 1.5 min) 
 

 
 
Thank you so much!!! 
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Asphalt Report (Sample) 
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Daily Diary (Sample) 
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APPENDIX B 
FURTHER ANAYSES FOR PROJECT PRODUCTIVITY COMPARISON 

Tukey’s Test 
Projects = SR-20 Palatka subtracted from: 
Projects           Lower   Center   Upper 
SR-20 Hawthorne  -0.2860  -0.0300  0.2260 
SR-102           -0.0185   0.2248  0.4681 
I-10              0.0836   0.2912  0.4988 
Projects         ---------+---------+---------+---------+ 
SR-20 Hawthorne           (--------*--------) 
SR-102                             (-------*--------) 
I-10                                   (------*------) 
                 ---------+---------+---------+---------+ 
                       -0.30      0.00      0.30      0.60 
 
Projects = SR-20 Hawthorne subtracted from: 
Projects    Lower  Center   Upper  ---------+---------+---------+---------+ 
SR-102    -0.0150  0.2548  0.5246                    (--------*--------) 
I-10       0.0831  0.3212  0.5593                        (-------*-------) 
                                   ---------+---------+---------+---------+ 
                                         -0.30      0.00      0.30      0.60 
 
Projects = SR-102 subtracted from: 
Projects    Lower  Center   Upper  ---------+---------+---------+---------+ 
I-10      -0.1580  0.0664  0.2908                (------*-------) 
                                   ---------+---------+---------+---------+ 
                                         -0.30      0.00      0.30      0.60 
LSD Test 
Projects = SR-20 Palatka subtracted from: 
Projects           Lower   Center   Upper 
SR-20 Hawthorne  -0.2264  -0.0300  0.1664 
SR-102            0.0381   0.2248  0.4115 
I-10              0.1319   0.2912  0.4505 
Projects         -------+---------+---------+---------+-- 
SR-20 Hawthorne           (------*------) 
SR-102                             (-----*------) 
I-10                                  (-----*----) 
                 -------+---------+---------+---------+-- 
                     -0.30      0.00      0.30      0.60 
 
 
Projects = SR-20 Hawthorne subtracted from: 
Projects   Lower  Center   Upper  -------+---------+---------+---------+-- 
SR-102    0.0478  0.2548  0.4618                     (-----*------) 
I-10      0.1385  0.3212  0.5039                        (-----*-----) 
                                  -------+---------+---------+---------+-- 
                                      -0.30      0.00      0.30      0.60 
 
Projects = SR-102 subtracted from: 
Projects    Lower  Center   Upper  -------+---------+---------+---------+-- 
I-10      -0.1057  0.0664  0.2386               (-----*-----) 
                                   -------+---------+---------+---------+-- 
                                       -0.30      0.00      0.30      0.60 
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APPENDIX C 
FURTHER ANAYSES FOR INTERFERENCE COMPARISON 

Tukey’s Test 
Interference = Multiple subtracted from: 
 
Interference       Lower  Center   Upper 
Management       -0.3774  0.0786  0.5347 
Work Content     -0.3028  0.1683  0.6393 
Weather          -0.2575  0.2904  0.8383 
No interference   0.1209  0.5637  1.0065 
 
Interference     ----+---------+---------+---------+----- 
Management             (---------*--------) 
Work Content             (--------*---------) 
Weather                   (----------*----------) 
No interference                  (--------*--------) 
                 ----+---------+---------+---------+----- 
                  -0.50      0.00      0.50      1.00 
 
 
Interference = Management subtracted from: 
Interference       Lower  Center   Upper 
Work Content     -0.1643  0.0896  0.3435 
Weather          -0.1661  0.2117  0.5896 
No interference   0.2884  0.4851  0.6817 
 
Interference     ----+---------+---------+---------+----- 
Work Content                (----*----) 
Weather                     (------*-------) 
No interference                      (---*---) 
                 ----+---------+---------+---------+----- 
                  -0.50      0.00      0.50      1.00 
 
 
Interference = Work Content subtracted from: 
Interference       Lower  Center   Upper 
Weather          -0.2736  0.1221  0.5179 
No interference   0.1663  0.3955  0.6246 
 
Interference     ----+---------+---------+---------+----- 
Weather                   (------*-------) 
No interference                   (----*---) 
                 ----+---------+---------+---------+----- 
                  -0.50      0.00      0.50      1.00 
 
 
Interference = Weather subtracted from: 
Interference       Lower  Center   Upper 
No interference  -0.0884  0.2733  0.6350 
 
Interference     ----+---------+---------+---------+----- 
No interference              (------*-------) 
                 ----+---------+---------+---------+----- 
                  -0.50      0.00      0.50      1.00 
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FURTHER ANAYSES FOR INTERFERENCE COMPARISON (continued) 

 

LSD Test 
Interference = Multiple subtracted from: 
Interference       Lower  Center   Upper 
Management       -0.2505  0.0786  0.4078 
Work Content     -0.1716  0.1683  0.5081 
Weather          -0.1049  0.2904  0.6857 
No interference   0.2442  0.5637  0.8832 
 
Interference     ------+---------+---------+---------+--- 
Management                 (-------*-------) 
Work Content                 (-------*--------) 
Weather                       (---------*---------) 
No interference                        (-------*-------) 
                 ------+---------+---------+---------+--- 
                    -0.40      0.00      0.40      0.80 
 
 
 
Interference = Management subtracted from: 
Interference       Lower  Center   Upper 
Work Content     -0.0936  0.0896  0.2728 
Weather          -0.0609  0.2117  0.4844 
No interference   0.3432  0.4851  0.6270 
 
Interference     ------+---------+---------+---------+--- 
Work Content                   (---*----) 
Weather                        (------*------) 
No interference                           (--*---) 
                 ------+---------+---------+---------+--- 
                    -0.40      0.00      0.40      0.80 
 
 
Interference = Work Content subtracted from: 
Interference       Lower  Center   Upper 
Weather          -0.1634  0.1221  0.4077 
No interference   0.2301  0.3955  0.5608 
 
Interference     ------+---------+---------+---------+--- 
Weather                      (------*------) 
No interference                        (---*---) 
                 ------+---------+---------+---------+--- 
                    -0.40      0.00      0.40      0.80 
 
 
Interference = Weather subtracted from: 
Interference      Lower  Center   Upper 
No interference  0.0123  0.2733  0.5343 
 
Interference     ------+---------+---------+---------+--- 
No interference                  (------*-----) 
                 ------+---------+---------+---------+--- 
                    -0.40      0.00      0.40      0.80 



 

163 

APPENDIX D 
THE RESULT OF FURTHER ANAYSES FOR DESIGN 1 

A=1 
Source DF SS MS F-value P-value 
Model 1 5.40E-07 5.40E-07 Infty <.0001 
Error 1 0 0   
Corrected Total 2 5.40E-07       

 
A=2 

Source DF SS MS F-value P-value 
Model 1 1.04E-06 1.04E-06 0.93 0.5122 
Error 1 1.13E-06 1.13E-06   
Corrected Total 2 2.17E-06       

 
A=3 

Source DF SS MS F-value P-value 
Model 1 0.00011781 0.00011781 1.05 0.4133 
Error 2 0.00022449 0.00011224   
Corrected Total 3 0.0003423       

 
A=4 

Source DF SS MS F-value P-value 
Model 1 0.00004489 0.00004489 65.53 0.0149 
Error 2 0.00000137 0.00000068   
Corrected Total 3 0.00004626       

 
B=1 

Source DF SS MS F-value P-value 
Model 3 1.85E-06 6.16E-07 1.35 0.4059 
Error 3 1.37E-06 4.57E-07   
Corrected Total 6 3.22E-06       

 
B=2 

Source DF SS MS F-value P-value 
Model 3 0.00015955 0.00005318 0.71 0.6087 
Error 3 0.00022561 0.0000752   
Corrected Total 6 0.00038516       
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APPENDIX E 
THE RESULT OF FURTHER ANAYSES FOR DESIGN 2 

A=1 
Source DF SS MS F-value P-value 
Model 1 0.19560727 0.19560727 1.04 0.3245 
Error 14 2.62639273 0.18759948   
Corrected Total 15 2.822       

 
A=2 

Source DF SS MS F-value P-value 
Model 1 0.43973357 0.43973357 1.85 0.2041 
Error 10 2.38189143 0.23818914   
Corrected Total 11 2.821625       

 
A=3 

Source DF SS MS F-value P-value 
Model 1 0.10253689 0.10253689 1.04 0.32 
Error 22 2.17865895 0.09902995   
Corrected Total 23 2.28119583       

 
A=4 

Source DF SS MS F-value P-value 
Model 1 0.38524479 0.38524479 2.35 0.1412 
Error 20 3.28383248 0.16419162   
Corrected Total 21 3.66907727       

 
B=1 

Source DF SS MS F-value P-value 
Model 3 1.88649892 0.62883297 3.14 0.0389 
Error 32 6.41760108 0.20055003   
Corrected Total 35 8.3041       

 
B=2 

Source DF SS MS F-value P-value 
Model 3 1.24219655 0.41406552 3.47 0.0265 
Error 34 4.0531745 0.11921101   
Corrected Total 37 5.29537105       
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APPENDIX F 
INTERFERENCE QUANTIFICATION  

SR-20, Alachua (Case Study 1) 

Work  
day Date  C. 

Loads 
C. 
Load/hr 

Crew 
hour 

W/ 
baseline Wasted ATPL TNLA Category Cause 

7 10/20/03 20.60 3.43 6 3.70 2.30 0.112 40.00 Management lack of finish  
grading LR 

9 10/22/03 38.11 3.46 11 6.84 4.16 0.109 40.17 Management Prerequisite work 

11 10/24/03 14.42 1.44 10 2.59 7.41 0.514 35.63 Management Equipment  
breakdown 

14 11/5/03 9.27 1.03 9 2.31 6.69 0.722 76.24 Management Work Congestion 
14 11/5/03 9.27 1.03 9 2.31 6.69 0.722 76.24 Management Prerequisite work 
17 12/11/03 6.18 0.62 10 1.54 8.46 1.369 62.26 Management Prerequisite work 
18 12/12/03 5.15 0.52 10 1.28 8.72 1.693 32.09 Management Prerequisite work 
28 1/21/04 9.27 0.93 10 1.66 8.34 0.899 14.06 Management Plant breakdown 
36 2/18/04 22.66 2.27 10 4.07 5.93 0.262 17.51 Management Rework 
40 3/30/04 21.63 2.16 10 3.88 6.12 0.283 18.54 Management Prerequisite work 
3 8/14/03 27.81 3.97 7 4.99 2.01 0.072 30.64 Weather Rain :stopped 
24 12/31/03 8.24 1.18 7 1.48 5.52 0.670 16.71 Weather Rain 
28 1/21/04 9.27 0.93 10 1.66 8.34 0.899 14.06 Weather lower 40 
1 5/22/03 13.39 1.67 8 2.40 5.60 0.42 4.00 Work content turning lane 
11 10/24/03 14.42 1.44 10 3.59 6.41 0.445 35.63 Work content turning lane 
18 12/12/03 5.15 0.52 10 1.28 8.72 1.693 32.09 Work Content Ramp 
6 9/19/03 23.69 2.79 8.5 4.25 4.25 0.179 30.00 Work content  turning lane 

12 10/31/03 13.39 1.34 10 2.40 7.60 0.567 26.00 Work Content  Shoulders in  
various area 

13 11/3/03 18.54 1.85 10 3.33 6.67 0.360 6.00 Work Content  Turn lane 
15 11/6/03 1.03 0.34 3 0.18 2.82 2.733 2.00 Work Content  Ramp 
20 12/17/03 2.06 0.26 8 0.37 7.63 3.704 4.00 Work Content  Ramp 
23 12/30/03 13.39 1.34 10 2.40 7.60 0.567 26.00 Work Content  Turning lane 
27 1/20/04 7.21 0.72 10 1.29 8.71 1.207 14.00 Work Content  Turning lane 
31 1/26/04 25.75 2.58 10 6.41 3.59 0.139 20.00 Work Content  Crossover 
34 1/29/04 20.64 1.88 11 3.71 7.29 0.353 24.00 Work Content  Turning lane 
35 1/30/04 19.57 1.96 10 3.51 6.49 0.331 26.00 Work Content  Turning lane 
37 3/19/04 5.15 0.52 10 0.92 9.08 1.762 10.00 Work Content  Turning lane 
39 3/23/04 4.12 0.82 5 0.74 4.26 1.034 8.00 Work Content  Turning lane 
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SR-20, Alachua (Case Study 1) (continued) 

 
 Loading Spreading Compacting 

Work 
day Date  H-a NLA AT Cause H-a NLA AT Cause H-a NLA AT Cause 

7 10/20/03      20.00 0.06 c21  20.00 0.02 c21 
9 10/22/03     5.00 20.09 0.02 c21 5.00 20.09 0.02 c21 
11 10/24/03 7.41 41.31 0.60 c26         
14 11/5/03 6.69 20.09 0.19 c27         
14 11/5/03     6.99 38.93 0.37 c21 6.99 28.08 0.27 c21 
17 12/11/03 8.46 47.13 1.37 c21         
18 12/12/03 8.72 22.09 1.17 c21         
28 1/21/04 2.00 11.14 0.71 c26         
36 2/18/04 4.36 17.51 0.19 c21         
40 3/30/04 4.62 18.54 0.21 c21         
3 8/14/03 4.00 22.28 0.05 c11 1.50 8.36 0.02 c11     
24 12/31/03 3.00 16.71 0.67 c11         
28 1/21/04 2.50 13.93 0.89 c12         
1 5/22/03      2.00 0.21 c31  2.00 0.17 c31 
11 10/24/03      4.00 0.05 c31  4.00 0.05 c31 
18 12/12/03      5.00 0.26 c31  5.00 0.85 c31 
6 9/19/03      15.00 0.09 c31  15.00 0.05 c31 
12 10/31/03      13.00 0.28 c31  13.00 0.25 c31 
13 11/3/03      3.00 0.18 c31  3.00 0.15 c31 
15 11/6/03      1.00 1.37 c31  1.00 1.33 c31 
20 12/17/03      2.00 1.85 c31  2.00 1.82 c31 
23 12/30/03      13.00 0.28 c31  13.00 0.25 c31 
27 1/20/04      7.00 0.60 c31  7.00 0.57 c31 
31 1/26/04      10.00 0.07 c31  10.00 0.07 c31 
34 1/29/04      12.00 0.18 c31  12.00 0.14 c31 
35 1/30/04      13.00 0.17 c31  13.00 0.13 c31 
37 3/19/04      5.00 0.88 c31  5.00 0.85 c31 

39 3/23/04           4.00 0.52 c31   4.00 0.48 c31 
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SR-102 (Case Study 2) 

 

Work 
day Date  C. Loads C. 

Load/hr 
Crew 
hour 

W/ 
Baseline Wasted ATPL TNLA Category Cause 

1 5/13/03 15.45 3.09 5 2.28 2.72 0.176 17.54 Management Prerequisite work 
2 5/14/03 52.53 5.25 10 7.74 2.26 0.043 38.46 Management Prerequisite work 
2 5/14/03 52.53 5.25 10 7.74 2.26 0.043 38.46 Management Material rejected 
6 6/6/03 2.06 0.52 4 0.30 3.70 1.794 23.81 Management Prerequisite work 
7 6/9/03 5.15 0.52 10 0.76 9.24 1.794 25.76 Management Prerequisite (Rework) 
14 9/20/03 14.42 2.40 6 2.12 3.88 0.269 29.32 Management Problem at plant 
14 9/20/03 14.42 2.40 6 2.12 3.88 0.269 29.32 Management Material failure  
16 11/13/03 17.51 2.19 8 2.58 5.42 0.310 22.54 Management Problem at plant  
19 11/22/03 49.44 4.94 10 7.28 2.72 0.055 10.00 Management Material delay 
32 1/21/04 14.42 1.44 10 2.12 7.88 0.546 16.10 Management Rework 
33 1/22/04 46.35 4.21 11 6.83 4.17 0.090 19.32 Management Rework 
34 1/23/04 35.02 3.50 10 5.16 4.84 0.138 16.10 Management Rework 

35 1/26/04 2.06 0.34 6 0.30 5.70 2.765 25.76 Management Equipment 
 breakdown 

36 1/27/04 15.45 1.55 10 2.28 7.72 0.500 25.76 Management Rework 
39 1/30/04 1.03 0.10 10 0.15 9.85 9.561 9.66 Management Rework 
40 2/3/04 6.18 0.77 8 0.91 7.09 1.147 45.66 Management Previous work 
42 3/2/04 7.21 0.72 10 1.06 8.94 1.240 57.56 Management Previous work 
43 3/3/04 10.30 1.03 10 1.52 8.48 0.824 54.63 Management Previous work 
44 3/4/04 8.24 0.82 10 1.21 8.79 1.066 56.58 Management Previous work 
46 3/9/04 7.21 0.72 10 1.06 8.94 1.240 12.88 Management Rework 
48 3/19/04 41.28 3.75 11 3.64 7.36 0.178 32.20 Management Problem at plant 
8 6/12/03 29.87 3.73 8 4.40 3.60 0.121 12.88 Weather rain 
22 12/2/03 15.45 2.21 7 2.28 4.72 0.306 27.32 Weather temperature 
23 12/3/03 20.60 4.12 5 3.03 1.97 0.095 12.66 Weather rain 
24 12/4/03 23.69 3.95 6 3.49 2.51 0.106 16.16 Weather rain 
27 12/10/03 3.09 1.03 3 0.46 2.54 0.824 49.08 Weather rain 
2 5/14/03 52.53 5.25 10 7.74 2.26 0.043 38.46 Work content turning lane 
4 5/20/03 28.84 2.88 10 4.25 5.75 0.199 8.00 Work content turning lane 
5 5/21/03 19.57 2.45 8 2.88 5.12 0.261 4.00 Work content turning lane 
14 9/20/03 14.42 2.40 6 2.12 3.88 0.269 29.32 Work content turning lane 
15 11/12/03 12.36 1.55 8 1.82 6.18 0.500 8.00 Work content turning lane 

18 11/15/03 45.32 4.53 10 6.68 3.32 0.073 10.00 Work content tapered area &  
turn lane 

20 11/25/03 28.84 2.88 10 4.25 5.75 0.199 56.00 Work content turning lane 
21 11/26/03 56.65 5.67 10 8.35 1.65 0.029 20.00 Work content crossover 
22 12/2/03 15.45 2.21 7 2.28 4.72 0.306 27.32 Work content turning lane 
27 12/10/03 3.09 1.03 3 0.46 2.54 0.824 49.08 Work content turning lane 
30 1/16/04 25.75 3.22 8 3.79 4.21 0.163 18.00 Work content turning lane 
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SR-102 (Case Study 2) (continued) 

 
 Loading Spreading Compacting 

Work 
day Date  H-a NLA AT Cause H-a NLA AT Cause H-a NLA AT Cause 

1 5/13/03 2.7 17.54 0.176 c21         
2 5/14/03 2.3 14.56 0.016 c21         
2 5/14/03     N/A 5.00 0.006 c25     
6 6/6/03 3.7 23.81 1.794 c21         
7 6/9/03 4.0 25.76 1.794 c21         
14 9/20/03 3.0 19.32 0.177 c26         
14 9/20/03      2.00 0.018 c25     
16 11/13/03 3.5 22.54 0.310 c26         
19 11/22/03      10.00 0.055 c24     
32 1/21/04 2.5 16.10 0.546 c21         
33 1/22/04 3.0 19.32 0.090 c21         
34 1/23/04 2.5 16.10 0.138 c21         
35 1/26/04     4.0 25.76 2.765 c26     
36 1/27/04 4.0 25.76 0.500 c21         
39 1/30/04 1.5 9.66 9.561 c21         
40 2/3/04 7.1 45.66 1.147 c21         
42 3/2/04 8.9 57.56 1.240 c21         
43 3/3/04 8.5 54.63 0.824 c21         
44 3/4/04 8.8 56.58 1.066 c21         
46 3/9/04 2.0 12.88 1.240 c21         
48 3/19/04 5.0 32.20 0.178 c26         
8 6/12/03 2.0 12.88 0.279 c11         
22 12/2/03 3.0 19.32 0.216 c12         
23 12/3/03 2.0 12.66 0.095 c11         
24 12/4/03 2.5 16.16 0.106 c11         
27 12/10/03 2.5 16.39 0.275 c11         
2 5/14/03      12.00 0.013 c31  12.00 0.013 c31 
4 5/20/03      4.00 0.100 c31  4.00 0.100 c31 
5 5/21/03      2.00 0.131 c31  2.00 0.131 c31 
14 9/20/03      4.00 0.037 c31  4.00 0.037 c31 
15 11/12/03      4.00 0.250 c31  4.00 0.250 c31 
18 11/15/03      5.00 0.037 c31  5.00 0.037 c31 
20 11/25/03      28.00 0.100 c31  28.00 0.100 c31 
21 11/26/03      10.00 0.015 c31  10.00 0.015 c31 
22 12/2/03      4.00 0.045 c31  4.00 0.084 c31 
27 12/10/03      2.00 0.034 c31  2.00 0.147 c31 
30 1/16/04           9.00 0.082 c31   9.00 0.082 c31 
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SR-20, Putnam (Case Study 3) 

Work 
day Date  C. Loads C. Load 

/hr CH CH by 
baseline Wasted ATPL TNLA Category Cause 

47 4/6/04 11.10 1.01 11 2.20 8.80 0.793 29.34 Management Prerequisite work 
5 10/2/03 6.66 0.56 12 1.32 10.68 1.604 55.46 Management  Prerequisite work 
6 10/3/03 18.50 1.95 9.5 3.67 5.83 0.315 16.43 Management  Prerequisite work 
8 10/16/03 26.64 2.54 10.5 5.28 5.22 0.196 23.93 Management  Material delivery 
10 10/28/03 8.14 0.90 9 1.61 7.39 0.907 24.95 Management  Prerequisite work 
15 12/2/03 8.88 0.89 10 1.76 8.24 0.928 55.77 Management  Material delivery 
16 12/18/03 23.68 2.63 9 4.69 4.31 0.182 18.82 Management  Material delivery 
17 12/19/03 17.76 1.97 9 3.52 5.48 0.309 15.33 Management  Out of Sequence 
25 1/21/04 19.24 1.75 11 3.81 7.19 0.374 21.20 Management  Work Conflict 

28 1/26/04 14.80 1.41 10.5 2.93 7.57 0.511 47.61 Management  Equipment  
breakdown 

30 1/29/00 1.48 0.11 13 0.29 12.71 8.586 46.32 Management  Work Conflict 
45 4/3/04 8.88 0.89 10 1.76 8.24 0.928 27.89 Management  Plant breakdown 
55 4/19/04 17.76 1.48 12 3.52 8.48 0.477 11.03 Management  Plant breakdown 
62 5/5/04 15.54 1.41 11 3.08 7.92 0.510 9.19 Management  Prerequisite work 
3 9/15/03 34.04 3.09 11 6.75 4.25 0.125 6.40 Management  Rework 
54 4/17/04 8.14 0.90 9 1.61 7.39 0.907 9.19 Management  Out of Sequence 
9 10/27/03 19.98 2.22 9 3.96 5.04 0.252 4.41 Weather Rain 
11 10/29/03 11.10 1.23 9 2.20 6.80 0.613 11.03 Weather Rain 
20 1/7/04 30.34 3.37 9 6.01 2.99 0.098 9.19 Weather Temperature 
24 1/20/04 8.14 0.74 11 1.61 9.39 1.153 20.22 Weather Temperature 
5 10/2/03 6.66 0.56 12 1.81 10.19 1.530 55.46 Work content Turning lane 
12 10/30/03 12.58 1.40 9 2.49 6.51 0.517 16.00 Work content  Turning lane 
22 1/16/04 8.88 0.99 9 1.76 7.24 0.815 12.00 Work content  Turning lane 
26 1/22/04 19.98 1.82 11 3.96 7.04 0.352 24.00 Work content  Turning lane 
34 2/13/04 17.76 1.78 10 3.52 6.48 0.365 30.00 Work content  Turning lane 
35 2/19/04 7.40 0.82 9 1.47 7.53 1.018 20.00 Work content  Intersection 
37 2/26/04 11.84 1.18 10 2.35 7.65 0.646 12.00 Work content  Turning lane 
52 4/14/04 16.28 1.36 12 3.23 8.77 0.539 20.00 Work content  Driveway 
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SR-20, Putnam (Case Study 3) (continued) 

 Loading Spreading Compacting 

Work 
day Date  H-a NLA AT Cause H-a NLA AT Cause H-a NLA AT Cause 

47 4/6/04 8.80 44.40 1.20 c21                 
5 10/2/03 10.68 53.89 1.56 c21                 
6 10/3/03 5.83 29.43 0.56 c21                 
8 10/16/03     5.22 26.34 0.22 c24 3.25 11.97 0.06 c24 
10 10/28/03 7.39 37.27 1.36 c21                 
15 12/2/03     8.24 41.57 0.69 c24 7.58 27.89 0.43 c24 
16 12/18/03         4.31 21.73 0.21 c24 2.56 9.41 0.05 c24 
17 12/19/03 5.48 27.65 0.56 c22                 
25 1/21/04 7.19 36.26 0.64 c27                 
28 1/26/04         7.57 38.18 0.41 c26 6.47 23.81 0.22 c26 
30 1/29/00 12.71 64.11 11.88 c27                 
45 4/3/04 8.24 41.57 1.38 c26         
55 4/19/04 3.00 15.14 0.66 c26                 
62 5/5/04 2.50 12.61 0.70 c21                 
3 9/15/03 4.25 21.46 0.42 c21                 
54 4/17/04 2.50 12.61 1.25 c22         
9 10/27/03 1.20 6.05 0.35 c11                 
11 10/29/03 3.00 15.14 0.84 c11                 
20 1/7/04 2.50 12.61 0.14 c12                 
24 1/20/04 5.50 27.75 1.58 c12                 
5 10/2/03      9.00 0.25 c31  9.00 0.25 c31 
12 10/30/03           8.00 0.26 c31   8.00 0.22 c31 
22 1/16/04      6.00 0.41 c31  6.00 0.37 c31 
26 1/22/04           12.00 0.18 c31   12.00 0.14 c31 
34 2/13/04      15.00 0.18 c31  15.00 0.15 c31 
35 2/19/04           10.00 0.51 c31   10.00 0.47 c31 
37 2/26/04           6.00 0.32 c31   6.00 0.29 c31 

52 4/14/04           10.00 0.27 c31   10.00 0.83   
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I-10 (Case Study 4)  

Work 
day Date  C. Load C. load 

/hr 
Crew 
hours 

w/ 
baseline Wasted ATPL TNLA Category Cause 

4 4/7/2003 3.90 0.98 4.00 0.66 3.34 0.86 19.66 Management Prerequisite work 
7 4/28/2003 39.42 3.94 10.00 6.69 3.31 0.08 39.00 Management Congestion 
15 5/12/2003 29.64 2.96 10.00 5.03 4.97 0.17 18.00 Management material failure 
16 5/13/2003 4.12 0.82 5.00 0.70 4.30 1.04 41.24 Management Material delivery 
24 6/4/2003 7.21 0.80 9.00 1.22 7.78 1.08 40.00 Management Prerequisite work 

42 8/27/2003 42.12 3.83 11.00 7.15 3.85 0.09 17.67 Management Equipment  
breakdown 

48 9/11/2003 30.00 3.00 10.00 5.09 4.91 0.16 28.28 Management Material delivery 
51 9/29/2003 17.16 1.63 10.50 2.91 7.59 0.44 44.69 Management Prerequisite work 
54 10/6/2003 14.00 1.12 12.50 2.38 10.12 0.72 14.00 Management Material delivery 
58 10/17/2003 21.84 1.99 11.00 3.71 7.29 0.33 47.13 Management Material delivery 

68 12/19/2004 45.24 4.11 11.00 7.68 3.32 0.07 29.45 Management Equipment  
breakdown 

74 1/22/2004 6.18 0.62 10.00 1.05 8.95 1.45 52.73 Management Prerequisite 
85 3/1/2004 6.00 0.60 10.00 1.02 8.98 1.50 52.91 Management Rework 
88 3/8/2004 5.15 0.52 10.00 0.87 9.13 1.77 10.00 Management Material delivery 
92 3/31/2004 23.58 2.14 11.00 4.00 7.00 0.30 23.56 Management Rework 
95 4/6/2004 13.26 1.21 11.00 2.25 8.75 0.66 18.00 Management Material delivery 
6 4/26/2003 16.38 2.34 7.00 2.78 4.22 0.26 47.13 Management  Material delivery 
27 7/14/2003 30.90 3.86 8.00 5.25 2.75 0.09 24.00 Management  material failure 
45 9/5/2003 24.96 2.50 10.00 4.24 5.76 0.23 33.95 Management  Prerequisite work 
49 9/19/2003 19.50 1.95 10.00 3.31 6.69 0.34 39.41 Management  Prerequisite work 
56 10/14/2003 10.92 1.37 8.00 1.85 6.15 0.56 36.21 Management  Prerequisite work 
57 10/16/2003 30.42 3.04 10.00 5.16 4.84 0.16 28.49 Management  Prerequisite work 
63 10/23/2003 20.60 1.72 12.00 3.50 8.50 0.41 50.09 Management  Prerequisite work 
67 12/18/2004 10.92 0.99 11.00 1.85 9.15 0.84 53.88 Management  Prerequisite work 
72 1/20/2004 14.00 1.27 11.00 2.38 8.62 0.62 35.35 Management  Congestion 
80 2/9/2004 24.00 2.18 11.00 4.07 6.93 0.29 60.80 Management  Prerequisite work 
81 2/26/2004 27.81 2.53 11.00 4.72 6.28 0.23 36.99 Management  Prerequisite work 
82 2/27/2004 26.78 2.98 9.00 4.55 4.45 0.17 26.24 Management  Prerequisite work 
29 7/16/2003 18.54 2.32 8.00 3.15 4.85 0.26 13.55 Weather Rain 
33 7/22/2003 25.75 3.22 8.00 4.37 3.63 0.14 11.78 Weather Rain 
62 10/22/2003 8.58 0.78 11.00 1.46 9.54 1.11 17.67 Weather Rain 
76 1/28/2004 14.00 1.40 10.00 2.38 7.62 0.54 17.67 Weather  Rain 
86 3/4/2004 10.30 2.06 5.00 1.75 3.25 0.32 11.78 Weather  Rain 
9 4/30/2003 35.54 2.96 12.00 6.03 5.97 0.17 22.00 Work content Turning lane 
10 5/1/2003 47.13 3.93 12.00 8.00 4.00 0.08 10.00 Work content Turning lane 
17 5/20/2003 30.90 3.09 10.00 5.25 4.75 0.15 16.00 Work content Turning lane 
18 5/21/2003 15.00 3.00 5.00 2.55 2.45 0.16 20.00 Work content Turning lane 
19 5/22/2003 20.12 2.52 8.00 3.42 4.58 0.23 12.00 Work content Turning lane 
26 6/23/2003 18.54 1.85 10.00 3.15 6.85 0.37 30.00 Work content Turning lane 
43 9/2/2003 24.96 2.50 10.00 4.24 5.76 0.23 20.00 Work content Turning lane 
52 9/30/2003 24.96 2.27 11.00 4.24 6.76 0.27 46.00 Work content Ramp 
55 10/9/2003 27.81 2.78 10.00 4.72 5.28 0.19 26.00 Work content Ramp 
64 11/10/2003 31.20 2.60 12.00 5.30 6.70 0.21 70.00 Work content Ramp 
69 1/8/2004 14.82 1.85 8.00 2.52 5.48 0.37 20.00 Work content Turning lane 
77 2/3/2004 18.54 2.32 8.00 3.15 4.85 0.26 20.00 Work content Turning lane 
79 2/5/2004 18.00 1.64 11.00 3.06 7.94 0.44 26.00 Work content Turning lane 
91 3/29/2004 19.53 3.91 5.00 3.32 1.68 0.09 38.00 Work content Median 
96 4/8/2004 2.34 0.26 9.00 0.40 8.60 3.68 32.00 Work content Ramp 
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I-10 (Case Study 4) (continued)  
 

 Loading Spreading Compacting 
Work 
day Date  H-a NLA AT Cause H-a NLA AT Cause H-a NLA AT Cause 

4 4/7/2003 3.3 19.66 0.86 c21         
7 4/28/2003     3.3 19.50 0.04 c27 3.3 19.50 0.04 c27 
15 5/12/2003      9.00 0.08 c25  9.00 0.08 c25 
16 5/13/2003     3.5 20.62 0.52 c24 3.5 20.62 0.52 c24 
24 6/4/2003      20.00 0.54 c21  20.00 0.54 c21 
42 8/27/2003 3.0 17.67 0.09 c26         
48 9/11/2003     2.4 14.14 0.08 c24 2.4 14.14 0.08 c24 
51 9/29/2003 7.6 44.69 0.44 c21         
54 10/6/2003      7.00 0.36 c24  7.00 0.36 c24 
58 10/17/2003     4.0 23.56 0.17 c24 4.0 23.56 0.17 c24 
68 12/19/2004 5.0 29.45 0.07 c26         
74 1/22/2004 9.0 52.73 1.45 c21         
85 3/1/2004 9.0 52.91 1.50 c21         
88 3/8/2004      5.00 0.89 c24  5.00 0.89 c24 
92 3/31/2004 4.0 23.56 0.30 c21         
95 4/6/2004      9.00 0.33 c24  9.00 0.33 c24 
6 4/26/2003     4.0 23.56 0.13 c24 4.0 23.56 0.13 c24 
27 7/14/2003      12.00 0.04 c25  12.00 0.04 c25 
45 9/5/2003 5.8 33.95 0.23 c21         
49 9/19/2003 6.7 39.41 0.34 c21         
56 10/14/2003 6.1 36.21 0.56 c21         
57 10/16/2003 4.8 28.49 0.16 c21         
63 10/23/2003 8.5 50.09 0.41 c21         
67 12/18/2004 9.1 53.88 0.84 c21         
72 1/20/2004     3.0 17.67 0.31 c27 3.0 17.67 0.31 c27 
80 2/9/2004 6.9 40.80 0.19 c21  10.00 0.05 c21  10.00 0.05 c31 
81 2/26/2004 6.3 36.99 0.23 c21         
82 2/27/2004 4.5 26.24 0.17 c21         
29 7/16/2003 2.3 13.55 0.26 c11         
33 7/22/2003 2.0 11.78 0.14 c11         
62 10/22/2003 3.0 17.67 1.11 c11         
76 1/28/2004 3.0 17.67 0.54 c11         
86 3/4/2004 2.0 11.78 0.32 c11         
9 4/30/2003      11.00 0.08 c31  11.00 0.08 c31 
10 5/1/2003      5.00 0.04 c31  5.00 0.04 c31 
17 5/20/2003      8.00 0.08 c31  8.00 0.08 c31 
18 5/21/2003      10.00 0.08 c31  10.00 0.08 c31 
19 5/22/2003      6.00 0.11 c31  6.00 0.11 c31 
26 6/23/2003      15.00 0.18 c31  15.00 0.18 c31 
43 9/2/2003      10.00 0.12 c31  10.00 0.12 c31 
52 9/30/2003      23.00 0.14 c31  23.00 0.14 c31 
55 10/9/2003      13.00 0.09 c31  13.00 0.09 c31 
64 11/10/2003      35.00 0.11 c31  35.00 0.11 c31 
69 1/8/2004      10.00 0.19 c31  10.00 0.19 c31 
77 2/3/2004      10.00 0.13 c31  10.00 0.13 c31 
79 2/5/2004      13.00 0.22 c31  13.00 0.22 c31 
91 3/29/2004      19.00 0.04 c31  19.00 0.04 c31 
96 4/8/2004           16.00 1.84 c31   16.00 1.84 c31 
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APPENDIX G 
RESULT OF TPN SIMULATION 

SR-20, Alachua (Case Study 1): Loading 
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SR-20, Alachua (Case Study 1): Spreading 
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SR-20, Alachua (Case Study 1): Compacting 
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SR-102 (Case Study 2): Loading 
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SR-102 (Case Study 2): Spreading 
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SR-102 (Case Study 2): Compacting 
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SR-20, Putnam (Case Study 3): Loading 
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SR-20, Putnam (Case Study 3): Spreading 
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SR-20, Putnam (Case Study 3): Compacting 
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I-10 (Case Study 4): Loading 
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I-10 (Case Study 4): Spreading 
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I-10 (Case Study 4): Compacting 
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SR-26, Alachua (APUB): Loading 
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SR-26, Alachua (APUB): Spreading 
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SR-26, Alachua (APUB): Compacting 
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SR-26, Alachua (FDAP): Loading 
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SR-26, Alachua (FDAP): Spreading 
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SR-26, Alachua (FDAP): Compacting 
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APPENDIX H 
RESULTS OF PRODUCTIVITY ESTIMATION 

SR-20 (Alachua, Case Study 1) 
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SR-102 (Duval, Case Study 2) 
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SR-20 (Putnam, Case Study 3) 
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I-10 (Escambia, Case Study 4) 

 

 
 



 

195 

 
LIST OF REFERENCES 

Alfeld, L. E. (1988). Construction productivity, McGraw-Hill, New York.  

Ballard, G., and Howell, G. (1997). “Implementing lean construction: stabilizing work 
flow.” Lean Construction; Proc., 2nd Annu. Meeting of Int. Group for Lean 
Constr., A.A. Balkema, Publishers, Rotterdam, The Netherlands. 

Ballard, G., and Howell, G. (1998). “Shielding production: Essential step in production 
control.” J. Constr. Engrg. and Mgmt., 124(1), 11-17. 

Bernold, L. E.(1989). “Simulation of nonsteady construction processes.” J. Constr. 
Engrg. and Mgmt., 115(2), 163–178. 

Blanchard, B. S., and Fabrycky, W. J. (1981). Systems engineering and analysis, 
Prentice-Hall, Inc., New Jersey. 

Chang, D. Y. (1986). “RESQUE: A resource based simulation system for construction 
process planning.” PhD dissertation, University of Michigan, Ann Arbor, Mich. 

Choi, J., and Minchin, R. E. (In press). “Work flow management and productivity control 
for asphalt pavement operations.” Can. J. Civ. Eng..  

Choi, J., Minchin, R. E., and Herbsman, Z. J. (In press). “A decision making model for 
base material options.” Transp. Res. Rec,.   

Damrianant, J., and Wakefield, R. R. (2000), “An alternative approach for modeling of 
interference in discrete-event systems.” J. Civ. Eng. & Envt. Sys., 17 (3), 213-235.  

Daniels, G., Ellis, D. R., & Stockton, W. R. (1999). Techniques for manually estimating 
road user costs associated with construction projects, Texas Transportation 
Institute, Texas A&M University, College Station. 

Drewin, F. J. (1982). Construction productivity. Elsevier, New York. 

El-Rayes, K., and Moselhi, O. (2001). “Impact of rainfall on the productivity of highway 
construction.” J. Constr. Engrg. and Mgmt., 127(2), 125-131. 

Finke, M. R. (1998). “A better way to estimate and mitigate disruption.” J. Constr. 
Engrg. and Mgmt., 124(6), 490-497. 



196 

 

Florida Department of Transportation. (2002a). “Flexible pavement design manual.” 
FDOT website, <http://www.dot.state.fl.us/PavementManagement/pcs/ 
2002%20Flexible%20Pavement%20Manual.pdf> (Jan. 10, 2003). 

Florida Department of Transportation. (2002b). “Statewide CCEI salary rate.” FDOT 
website, <http://www.dot.state.fl.us/construction/wage.htm> (Sep. 20, 2003). 

Florida Department of Transportation. (2002c). “Annual average daily traffic reports.” 
FDOT website, <http://www11.myflorida.com/planning/statistics/ 
trafficdata/AADT>  (Jun 15, 2003). 

Florida Department of Transportation. (2002d). “Manual of uniform minimum standards 
for design, construction and maintenance for streets and highways.” FDOT 
website,<http://www11.myflorida.com/rddesign/Florida%20Greenbook/Flor 
ida%20Greenbook%202002.htm> (March 16, 2003). 

Florida Department of Transportation. (2004). “Standard specifications for road and 
bridge construction.” FDOT website, <http://www.dot.state.fl.us/specification 
soffice/2004BK/D200.doc.pdf> (Oct. 12, 2003). 

Goodrum, P. M., and Hass, C. T. (2002). “Partial factor productivity and equipment 
technology change at activity level in U.S. construction industry.” J. Constr. Engrg. 
and Mgmt., 128(6), 463-472. 

Griffiths, D., Gulati, C., and Ollis, J. (2003). “Statistical control for road pavements.” 
Aust. N. Z. Stat. 45(2), 129-140 

Gulezian, R., and Samelian, F. (2003). “Baseline determination in construction labor 
productivity-loss claim.” J. Constr. Engrg. and Mgmt., 19(4), 160-165 

Hajjar, D., and AbouRizk, S. (2000). “Application framework for development of 
simulation tools.” J. Comput. Civ. Eng., 14(3), 160–167. 

Hajjar, D., and AbouRizk, S. M., (2002). “Unified modeling methodology for 
construction simulation.” J. Constr. Engrg. and Mgmt., 128(2), 174-185 

Halpin, D. W. (1977). “CYCLONE—Methods for modeling job site processes.” J. 
Constr. Div., ASCE, 103(3), 489–499. 

Halpin, D. W., and Riggs, L. S. (1992). Planning and analysis of construction operations. 
John Wiley and Sons, New York. 

Harris, R. B., and Ioannou, P. G. (1998). “Scheduling projects with repeating activities.” 
J. Constr. Engrg. and Mgmt., 124(4), 269-278. 

Hassanein, A., and Moselhi, O. (2004). “Planning and scheduling highway construction.” 
J. Constr. Engrg. and Mgmt., 130(5), 638-646. 



197 

 

Hart, M. and Hart, R. (2002). Statistical process control for health care, Pacific Grove, 
California. 

Hopp, W., and Spearman, M. (2000). Factory physics: foundations of manufacturing 
management. 2nd Ed., Irwin McGraw-Hill, Boston 

Horman, M. J., and Kenley, R. (1998). “Process dynamics; Identifying a strategy for the 
deployment of buffers in building projects.” Int. J. Logistics; Research and 
Applications. 1(3), 221-237. 

Howell, G., and Ballard, G. (1994). “Implementing lean construction: Reducing inflow 
variation.” Proc., 2nd Annual Meeting of the Int. Group fro Lean Construction, 
A.A. Balkema, Rotterdam, The Netherlands. 

Huang, R. Y., and Halpin, D. W. (1995). “Graphical-based method for transient 
evaluation of construction operations.” J. Constr. Engrg. and Mgmt., 121(2), 222-
229. 

Huang, Y. H (1992). Pavement analysis and design. 2nd Ed., Englewood Cliffs, New 
Jersey. 

Jiang, Y. (2003). “The effect of traffic flow rates at freeway work zone on asphalt 
pavement construction productivity.” Transportation Quarterly, 57(3), 83-102. 

Jones, R. M. (2001). “Lost productivity: Claims for the cumulative impact of multiple 
change orders.” Public Contract Law J., 31(1), 1-46. 

Lee, E. B. (2000). “Constructability and productivity analysis for long life pavement 
rehabilitation strategies (LLPRS).” PhD thesis, Univ. of California, Berkeley, Calif. 

Liu, L. Y. (1991). “COOPS: Construction object-oriented simulation system.” PhD 
dissertation, Univ. of Michigan, Ann Arbor, Mich. 

Lu, M. (2003). “Simplified discrete-event simulation approach for construction 
simulation.” J. Constr. Engrg. and Mgmt., 129(5), 537–546. 

Martinez, J. C. (1996). “STROBOSCOPE: State and resource based simulation of 
construction processes.” PhD dissertation, University of Michigan, Ann Arbor, 
Mich. 

Martinez, J. C., and Ioannou, P. G. (1999), “General purpose systems for effective 
construction simulation.” J. Constr. Engrg. and Mgmt.,125(4), 265-276. 

McCahill, D. F., and Bernold, L. E. (1993). “Resource-oriented modeling and simulation 
in construction.” J. Constr. Engrg. and Mgmt., ASCE, 119(3), 590–606. 



198 

 

Minchin, R.E, Herbsman, Z., and Choi, J. (2003). An economic evaluation based on total 
cost of aggregate base vs. asphalt base in the FDOT road construction operation. 
Florida Department of Transportation. (BC354-72.) 

Odeh, A. M. (1992). “Construction integrated planning and simulation model.” PhD 
dissertation, University of Michigan, Ann Arbor, Mich. 

Oglesby, C. H., Parker H. W., and Howell. G. A. (1989). Productivity improvement in 
construction, Irwin/McGraw Hill, New York. 

Ott, L., and Longnecker, M. (2001). Statistical methods and data analysis, 5th Ed., 
Wadsworth Group, California. 

Peterson, J.L. (1981). Petri net theory and the modeling of systems, Prentice-Hall, New 
Jersey. 

Pidd, M. (1988). Computer simulation in management sciences, 2nd Ed., Wiley, New 
York. 

Resig, W. (1985). Petri nets: an introduction, EACTS monographs on theoretical 
computer science. Springer-Verlag KG, Berlin, Germany. 

Sawhney, A., AbouRizk, S. M., and Halpin, D. W. (1998). “Construction project 
simulation using CYCLONE.” Can. J. Civ. Eng., (25) 16-25. 

Sawhney, A., and AbouRizk, S. M. (1996). “Computerized tool for hierarchical 
simulation modeling.” J. Comput. Civ. Eng., 10(2), 115–124.  

Schwartzkopf, W. (1995). Calculating lost labor productivity in construction claims, 
Wiley, New York. 

Seed, S. B. (2004). Flexible pavement design- summary of the state of the art, 
Transportation Research Board, <http://gulliver.trb.org/publications/millennium 
/00040.pdf> (Jun. 2005). 

Shahin, M. Y. (2005). Pavement management for airports, roads, and parking lots, 2nd  
Ed., Plenum, New York. 

Shi, J. (1999). “Activity-based construction (ABC) modeling and simulation method.” J. 
Constr. Engrg. and Mgmt., 125(5), 354–360. 

Shi, J., and AbouRizk, S. M. (1997). “Resource-based modeling for construction 
simulation.” J. Constr. Engrg. and Mgmt., 123(1), 26–33.  

Smith, S. D. (1999). “Earthmoving productivity estimation using linear regression 
techniques.” J. Constr. Engrg. and Mgmt., 125(3), 133-140. 



199 

 

Tavakoli, A. (1983). “Productivity analysis of heavy construction operations.” PhD 
thesis, Georgia Ins. of Tech., Atlanta, Ga. 

Thomas, H. R. (2000). “Schedule acceleration, work flow, and labor productivity.” J. 
Constr. Engrg. and Mgmt., 126(4), 261–267. 

Thomas, H. R. and Zavrski I. (1999). “Construction baseline productivity: theory and 
practice.” J. Constr. Engrg. and Mgmt., 125(5), 295-303. 

Thomas, H. R., Riley, D. R., and Sanvido, V. E. (1999). “Loss of labor productivity due 
to delivery methods and weather.” J. Constr. Engrg. and Mgmt., 125(1), 39–46.  

Thomas, H. R., and Sanvido, V. E. (2000). “Role of the fabricator in labor productivity.” 
J. Constr. Engrg. and Mgmt., 126(5), 358–365. 

Thomas, H. R., Horman, M. J., de Souza, U. E. L., and Zavrski, I. (2002). “Reducing 
variability to improve performance as a lean construction principle.” J. Constr. 
Engrg. and Mgmt., 128(2), 261-267 

Thomas, H. R., Minchin, R. E., and Chen, D. (2003a). “Role of workforce management 
in bridge superstructure labor productivity.” J. Mgmt. In Engrg., 19(1), 9-16. 

Thomas, H. R., Horman, M. J., Minchin, R. E., and Chen, D. (2003b). “Improving labor 
flow reliability for better productivity as lean construction principle.” J. Constr. 
Engrg. and Mgmt., 129(3), 251-261. 

Vorster, M. C., and De La Garza, J. M. (1990). “Consequential equipment costs 
associated with lack of availability and downtime.” J. Constr. Engrg. and Mgmt., 
116(4), 656-669. 

Vorster, M. C., Beliveau, Y. J., and Bafna, T. (1992). “Linear scheduling and 
visualization.” Transp. Res. Rec. 1351, Transportation Research Board, 
Washington, D.C., 32-39. 

Wakefield, R. R., and Sears, G. A. (1997). “Petri nets for simulation and modeling of 
construction systems.” J. Constr. Engrg. and Mgmt., 123(2), 105-112. 

Zink, D. A. (1986). “The measured mile: Proving construction inefficiency costs.” Cost 
Eng., April, 19–21. 

 



 

200 

 
BIOGRAPHICAL SKETCH 

Jaehyun Choi was born on April 18, 1973 and raised in Seoul, Korea.  He 

graduated from Chungbuk National University in Korea in February 1999 with a 

Bachelors of Engineering degree from Architectural Engineering.  After graduation, he 

proceeded to the University of Florida in Gainesville, where he has been working towards 

his master’s and doctoral degree in the Construction Management program of Civil 

Engineering since January 2001.   

During his graduate study, he has been afforded the opportunities to get involved in 

two research projects granted by the National Science Foundation and the Florida 

Department of Transportation.  Other than his doctorate dissertation, he has published 

three refereed proceedings, and, at the time of graduation, two of his journal papers have 

been accepted for publication by prestigious journals in the area of Civil Engineering.  He 

has also been appointed as a teachers’ assistant for various classes at the undergraduate 

and graduate level.   

In recognition of his academic achievements and contributions to the university, he 

received an Outstanding International Student Award from the University of Florida in 

April 2006.  Upon receiving his doctoral degree, he will begin employment as a project 

controls specialist for the Jacobs Engineering Group, Inc. in Greenville, South Carolina.  

 


	ACKNOWLEDGMENTS
	TABLE OF CONTENTS
	LIST OF TABLES
	LIST OF FIGURES
	ABSTRACT
	INTRODUCTION
	1.1 Research Background
	1.2 Research Objective
	1.3 Chapter Organization
	1.4 Research Scope

	LITERATURE REVIEW DISCUSSION
	2.1 Production and Productivity Variability
	2.1.1 Work Flow Variability vs. Productivity Variability
	2.1.2 Productivity Measurement
	2.1.2.1 Activity sampling
	2.1.2.2 Field rating

	2.1.3 Methods of Estimating Productivity Loss
	2.1.3.1 Measured mile
	2.1.3.2 Control charts

	2.1.4 Labor-intensive vs. Equipment-intensive

	2.2 Definitions
	2.2.1 Unit Completed Method (UCM)
	2.2.2 Baseline Productivity (BP)
	2.2.3 Cumulative Productivity (CP)
	2.2.4 Project Management Index (PMI)
	2.2.5 Conversion Factors (CF)

	2.3 Computer Simulation
	2.3.1 General Aspects of Computer Simulation
	2.3.2 Process Simulation Models
	2.3.2.1 General purpose models
	2.3.2.2 CYCLONE
	2.3.2.3 Petri-Nets
	2.3.2.4 Process model for construction process


	2.4 Simplified Modeling Efforts
	2.4.1 Framework
	2.4.2 Resource-based Modeling (RBM)
	2.4.3 Activity-based Modeling (ABM)
	2.4.4 Simplified Discrete Event Simulation Approach (SDESA)

	2.5 Transient-Effect (Non-steady) Model
	2.6 Summary of Literature Discussion

	RESEARCH METHODOLOGY
	3.1 Overview of Experimental Methodology
	3.2 Construction Process for Asphalt Paving
	3.3 Data Collection for Productivity Measurement
	3.3.1 Productivity Output and Conversion Factor
	3.3.2 Productivity Input

	3.4 Productivity Parameters
	3.4.1 Weather Interference
	3.4.2 Management Interference
	3.4.3 Work Content Interference

	3.5 Methods for Statistical Analyses and Productivity Estima
	3.6 Summary of Methodology

	PROCESS PRODUCTIVITY ANALYSES
	4.1 Introduction
	4.2 Productivity Analyses for Pavement Operation
	4.3 Project 1, SR-20 (Alachua)
	4.3.1 Project Description
	4.3.2 Work Flow Management
	4.3.3 Work Content
	4.3.4 Weather

	4.4 Project 2, SR-102 (Duval)
	4.4.1 Project Description
	4.4.2 Work Flow Management
	4.4.3 Work Content
	4.4.4 Weather

	4.5 SR-20 (Palatka, Putnam County)
	4.5.1 Project Description
	4.5.2 Work Flow Management
	4.5.3 Work Content
	4.5.4 Weather

	4.6 I-10 (Pensacola, Escambia County)
	4.6.1 Project Description
	4.6.2 Work Flow Management
	4.6.3 Work Content
	4.6.4 Weather

	4.7 Summary of Production Analyses and Conclusion

	EFFECTS OF INTERFERFERENCE
	5.1 Introduction
	5.2 Multiple Mean Comparisons with Transformed Productivity
	5.2.1 Further Analysis by Tukey’s Test
	5.2.2 Further Analysis by Least Significant Difference (LSD)

	5.3 Productivity Comparison by Interference Factor
	5.4 Productivity Comparison for Management Interference
	5.5 Correlation Analyses
	5.5.1 Effects by the Monthly Amount of Rainfall
	5.5.2 Effects by the Monthly Number of Rain Days
	5.5.3 Effects of Rainfall without Outliers

	5.6 Effects of Weather and Prerequisite Work
	5.6.1 Initial Design
	5.6.2 Effects of Weather on Probability of Management Interf
	5.6.3 Effects of Weather Interference on Productivity
	5.6.4 Effects of Prerequisite Work on Management Interferenc
	5.6.5 Effects of Prerequisite Work on Productivity

	5.7 Summary

	ALTERNATIVE METHOD FOR PRODUCTIVITY ESTIMATION
	6.1 Introduction
	6.2 Simulation Method for Productivity Estimation
	6.2.1 Simulation of Pavement Production Process
	6.2.1 Result of Simulation using Initial Time Duration
	6.2.2 Quantification of Interference for Alternative Time Du
	6.2.2.1 Further categorization of interference
	6.2.2.2. The order of magnitude for interference
	6.2.2.3 Example result of interference quantification

	6.2.3 Development of Interference Model by Timed Petri-Net (
	6.2.4 Result of TPN for Alternative Time Duration
	6.2.5 Validation of Alternative Time Duration from TPN

	6.3 Simulation of Pavement Process with Alternative Time Dur
	6.4 Case Study 1: SR-20 (Alachua)
	6.5 Case Study 2: SR-102 (Duval)
	6.6 Case Study 3: SR-20 (Putnam)
	6.7 Case Study 4: I-10 (Escambia)
	6.8 Result Summary

	VERIFICATION AND PRODUCTIVITY PREDICTION
	7.1 Project Description
	7.2 Production Data Collected
	7.3 Estimation of Alternative Time Duration for SR-26
	7.4 Productivity Estimation for SR-26
	7.5 Modeling Uncertainty in Time Duration and Daily Shift Ef
	7.5.1 Improved Result using the Simulation Method
	7.5.1 Limitation of using Statistical Distribution

	7.6 Estimation of Construction Duration

	SUMMARY
	8.1 Conclusion
	8.1.1 Productivity Analyses for Pavement Construction Operat
	8.1.2 Causes-and-Effects of Interference on Productivity
	8.1.3 Method of Productivity Estimation Developed

	8.2 Future Work and Research Limitation
	8.2.1 Statistical Analyses
	8.2.2 Integrated System for Modeling Interference
	8.2.3. Development of Project Productivity Factor


	DATA COLLECTION FORMS
	FURTHER ANAYSES FOR PROJECT PRODUCTIVITY COMPARISON
	FURTHER ANAYSES FOR INTERFERENCE COMPARISON
	THE RESULT OF FURTHER ANAYSES FOR DESIGN 1
	THE RESULT OF FURTHER ANAYSES FOR DESIGN 2
	INTERFERENCE QUANTIFICATION
	RESULT OF TPN SIMULATION
	RESULTS OF PRODUCTIVITY ESTIMATION
	LIST OF REFERENCES
	BIOGRAPHICAL SKETCH

