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The objective of this paper was to study and optimize the concrete paving operations taking place
in the reconstruction project of Interstate 74 using simulation. To achieve this objective, field data
were collected during construction, and were then used to determine adequate probabilistic density
functions for the activities duration and to validate a developed simulation model. Upon

validation, the developed model was used to study the impacts of resources on the flow of

operations and on the cost-effectiveness of the construction process. In general, application of
simulation methods to concrete paving operations was successful and its accuracy was acceptable
as compared to field measurements. Based on the results of a sensitivity analysis of the critical
resources, multiple factors were considered in the decision-making process to ensure that all

aspects of the operation are evaluated. This includes total operation time, productivity, costs of

the operation, average truck delay, and idle times for the paver and the spreader. For the
conditions pertinent to this construction site, 10 trucks, one paver and one spreader, and three
finishing and plastic-covering crews are recommended. Using this set of resources would result in
a prompt and effective execution of the operation. Practical implementation of the developed
model in similar construction operationsis discussed.
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Introduction

Continuously reinforced concrete pavement (CRCP) is arigid pavement structure that is
constructed with no preventative measures for transverse expansion or contraction joints. This
type of design is currently favored for use in high-priority routes due to its stability, durability,
and low maintenance requirements, thus reducing user delays caused by frequent maintenance
and rehabilitation activities (Kim et al. 2000). Despite these advantages, adequate construction
practices are critical to ensure proper instalation of CRCP and the swift completion of the
operations. Effective and quick construction operations offer many advantages to the public and
to the state agencies including reduction of traffic delays and safe operating conditions at the site
for the road users and workers.

Analysis and design of construction operations related to the placement of CRCP is usually
conducted by the contractor intuitively. Inthis process, appropriate crew sizes and equipment,
operating logic, and the most suitable construction methods are selected based on experience.
Although this process does not guarantee that the concrete is placed in the most effective and
cost-efficient way, it has served well in the past. However, due to the unique work needs and
varying environment in each construction project, the influences of job management factors are
often complex. In addition, with the expanding variety of construction techniques and the
increasing need to optimize utilized equipments and personnel, the process of selection and
planning could be challenging.



To design and analyze the construction operations of CRCP placement, computer simulation can
be used. Application of simulation to these operations has many advantages including estimation
of possible delays, productivity determination and improvement, resource management and
optimization, system stochastic response to unforeseen conditions, and ability to respond to
random and dynamic features in the operation of the system (Halpin 2003). The benefits
provided by the use of simulation are real and have been documented through monitored
attempts in the construction industry. An international contractor has reported productivity
improvements due to the use of simulation ranging from 30 to 300%. For every hour of
simulation analysis used, a saving of $2,000 was achieved in 1999, reflecting a cost saving of
$10 millions dollars in 30 construction projects (Zayed and Halpin 2001).

The aobjective of this researchis to study and optimize the placement of a CRCP paving
operation taking place in the reconstruction project of Interstate 74 using smulation. To achieve
this objective, field data were collected during construction, and were then used to determine
adequate probabilistic density functions for the activities' duration and to validate a devel oped
simulation model. Upon validation, the developed model was used to study the impacts of the
resources on the flow of operations and on the cost- effectiveness of the construction process.

Background

Decision-making process is an essential part of any construction operations. Simulation models
contain and produce data that, when interpreted according to certain rules, provideinformation
that assistsin this process. Simulation models can also be used as atool to assist construction
managers in making informed decisions. This approach offers a fast and inexpensive mears of
studying the performance of the operation and the response of the system to change in resources
and equipment allocations.

Computer simulation is the process of numerically exercising a model to evaluate the effects of
selected inputs on output measures of performance (Shi 2001). The importance of computer
simulation in the construction industry is due to the complex interaction among various units at
the jobsite. Simulation technigque can be used to model heavy construction activities such as
sewer line construction, matching casting process, and other typical repetitive processes. Most
of the operations that form these processes are complex in nature. The output from one
operation acts as the input to the other operation. The most suitable approach to model
construction operations is discrete-event simulation.

Discrete-event ssmulation allows the dynamic modeling of a system as it evolves over time by a
representation in which the state variables change instantaneously at separate points in time (Law
and Kelton 2000). These pointsin time are the ones at which an event occurs (e.g., loading of a
truck, spreading of concrete, finishing of the placed material, etc.). At each occurrence of an
event, the state of the system and its measures of performance are updated to account for the fact
that an event has occurred. Most construction activities can be efficiently modeled using
discrete-event simulation since events only occur at specific pointsin time.



Discrete-event simulations can be theoretically performed by hand calculations. However, due
to large amount of data that must be stored and analyzed during a discrete-event simulation, a
wide array of computer simulation systems have been devel oped and designed to specifically
model construction operations. In this study, the advanced simulation software products
STROBOSCOPE and EZSTROBE were adopted. A brief description of these software products
is provided in the following section.

STROBOSCOPE and EZStrobe

The STate and ResOurce Based Simulation of COnstruction ProcEsses (STROBOSCOPE)
software product is an advanced simulation tool that can dynamically determine the state of the
simulation and the properties of the resources involved in an operation (Martinez 1996). The
state of the simulation defines parameters such as number of trucks waiting to be serviced, the
repetition of an activity, and the time of the smulation as related to the system being model ed.
This software product was specifically designed to simulate construction operations and makes
use of concepts found in Structured Query Language (SQL) to select resources for operations
and aggregate their properties. The flexible and object oriented C++ language was used as the
simulation language to implement the design objectives and to consider the diversity of resources
and their characteristics, allow simulation to control the sequence of tasks, show resource and
material, utilization, consumption and production.

To present the use of STROBOSCOPE in a simple graphical format, EZStrobe was devel oped
(Martinez et al. 1994). EZStrobe is based on activity cycle diagrams (ACD) and employs a
three-phase activity-scanning pattern. It is therefore capable of modeling moderately complex
systems without having to write advanced codes, as is required with the use of STROBOSCOPE.
Concurrently, EZStrobe is still based on the STROBOSCOPE solution but may not uniquely
identify resources and cannot incorporate extremely complex logic. Both EZStrobe and
STROBOSCOPE were used in this study to ssimulate a wide array of input-output relationships
for the considered concrete paving operation.

EZStrobe makes use of simple modeling elements to represent the sequence of activities and
their interactions. The main components of EZStrobe, Table 1, are the Queue, Combi, Normal,
Fork, and Link elements. A Queue element holds idle resources that are waiting to be used. The
number of resources held at a specific simulation time is shown below the queue name. A
Combi element represents a constrained activity that can start whenever the resources that are
available in the Queues that precede it are sufficient to support the task. To determine the
duration of an activity, a probability distribution is used and is shown below the name of the
Combi. A Normal element is an activity that is not constrained and that can start whenever an
instance of any preceding activity ends. A Fork isaprobabilistic routing element. A Link
connects a Queue to a Combi element. A draw Link shows two pieces of information separated
by a comma. The first part is the condition necessary for the successor Combi to start. The
second part is the number of resources that the Combi will consume from the predecessor Queue
in the event that the Combi takes place.



Table 1

Modeling Elementsin EZSTROBE

Elements Function Par ameter Description
Queue Holdsidle resource until Queue name Queue
used Number of Resources
10
N
Constrained activity that .
Combi name ;
Combi
Combi can starts whenever Probability distribution
required resources are . .
available density function Normal [15, 0.75]
An activity that is not
constrained and that can Normal name Normal
Normal start whenever a Probability distribution
preceding activity is density function Uniform [10, 15]
complete '
A probabilistic element to
Fork randomly select the path
to follow
Condition necessary for the
Link Connects different successor activity to start. w

activities and queues

Number of resourcesto be
consumed.

Project Description

The Interstate 74 (I-74) reconstruction plan is the largest road construction project in the history
of downstate Illinois. 1-74 is the main interstate serving the city of Peoria, East Peoria, and the
tri-county area. This critical highway facility was designed and built in 1959 according to the
traffic and freight volume relevant to that era. At that time, more than twelve million vehicles
traveled on |-74 per year; today that number has more than doubled. While this highway facility
has performed satisfactorily in the past, it was evident that this pavement was now failing more
rapidly and that the rate of failure appeared to be increasing. In order to address the increasing
traffic volume and to improve safety of the road users, an upgrade of 1-74 began in 2002. At a
cost of nearly $460 million over five years, reconstruction of 1-74 included repaving of 11 miles
of roadway, replacement of 32 bridges, and construction of two tunnels. The project also
includes the reconstruction of al interchanges through Peoria and East Peoria. Additionally,
reconstruction of I-74 will incorporate 162 light towers for safer driving conditions and new
landscaping and ornamentation treatments will be included.



Description of the Concrete Paving Operation

The concrete paving operation considered in this study consisted of the placement of a 290- mm:
thick continuously reinforced concrete pavement (CRCP) layer on I-74 over atotal pavement
width of 7.2m (2 lanes). CRCP iswidely used in Illinois in urban areas as it only requires little
maintenance and does not necessitate the use of transverse joints. The concrete layer was to be
placed on a high-quality smooth bituminous asphalt mixture (BAM) base. The developed model
did not consider the process of installing the forms or the steel reinforcement but only focused on
activities taking place on the day of paving.

The paving operations were modeled starting from the loading of the trucks with concrete at the
plant. At the construction site, the paver is driven to the start location of the paving operation.
Upon arrival of the concrete mixer trucks at the site, an inspector promptly checks the delivered
mixture. The haul truck is then driven so that its back aligns with the front of the spreader. The
truck dumps the concrete into the spreader and may then return to the plant for a new loading of
concrete mixture. At this point, material quality is assured through sampling and testing.
Sampling was conducted once every 91m, and did not interfere with the paving process. After
spreading, the dumped concrete is moved by the paver, which distributes the mixture uniformly
across the width of the pavement at the desired thickness. After spreading and paving of the
material, the finishing crew starts its operation. Fig. 1 presents a simple representation of the
activities taking place during the concrete paving operation.

M odel Development

The developed model ssimulated the previously described concrete paving operation. The
activities and cycles taking place in this model are as follows (Fig. 2):

* A concrete truck isloaded at the plant, and then travels to the site in which it waits in queue
(conctrucksite) until the spreader is available. At that time, the truck backs up until it aligns
with the spreader (truckbackspread). A laborer (Iaborguide) guides the backing process. The
truck then dumps the concrete mixture into the spreader (truckdumpconc) until it is
completely empty and then travels back to the plant for reloading (truckplantback).

* A Fork element is used to simulate the sampling process. It was noticed in the field that the
concrete is being sampled every 91m. Thisis modeled by assigning a probability of 96 to 4
for the Fork element. In that case, the program will randomly determine whether the mixture
issampled or not. If the mixture is inspected, the combi element (SampleMix) is used.

* The spreader distributes the concrete evenly in front of the paver (pourconcspr) and the
paving process may then start. During this operation, it is critical thet the paver does not
remain idle to ensure that the mixture is continuously placed. Concurrently, it is essentia
that the waiting time for the trucks is not too excessive so that the concrete mixture does not
lose too much water and hardens before completion of the operation.

* Once the paver has installed the mixture, finishing of the mixture can start (Finishing).

This combi activity necessitates that a finishing crew is available in its queue (FLaborers).

» Once the mixture is finished, the concrete mixture is covered with plastic sheets
(Coverconcrete). Due to the hot temperature during installation, this process was needed to



avoid excessive evaporation of water, which may result in poor quality of the installed
concrete. This combi activity necessitates that a covering crew is available in its queue
(Laborers).

* For this particular model, the total concrete mixture quantity that was installed during a
6.25-hr work period was 538 cubic yards. The queue element (concrete) controls the
termination of the model as it initially starts with the total quantity of concrete to be installed.
Once this queue is empty, the model stops, as there is no more concrete to fill the trucks.

Fitting of Activity Durations

To ensure that the model is an accurate simulation of the system response, it is necessary to
represent each source of randomness in the model by an adequate probability distribution density
function. The rationale behind using a probability distribution function rather than the data
values themselves in the simulation is that the collected observations are usually limited and do
not offer enough flexibility in the analysis. Therefore, as shown in Fig. 2, activity duration for
each combi and normal element was fitted to a selected probability distribution based on the
analysis of the collected field data. An illustrative example is presented in the following section
for the activity duration of the combi element (truckdumpconc). The activity duration for this
element was fitted to the beta probability density distribution (Law and Kelton 2000):
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where B(a 1, a2) = beta function defined as follows;

1
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where a1, a, = shape parameters greater than zero. The process of selecting the most suitable
probability distribution function is usually an involved one, but can be facilitated by the use of a
statistical software product such as StatFit, as it was the case in this study. This processis

divided into four major steps:

1. Assess sample independence. Fitting of a probability distribution function to the collected
datais only valid if the observations are independent.

2. Select possible distribution functions based on summary statistics.

3. Estimate the parameters for each candidate distribution function.

4. Determine the accuracy of the selected distribution functions in predicting the model
response and select the most precise one.
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Figure 1 Smple Representation of the Concrete Paving Operation

For the concrete dumping process (truckdumpconc), 51 observation points were collected for the
duration of the activity. Sample independence was first assessed through sample correlation and
scatter diagram (Step 1 —Fig. 3). Asshown in Fig. 3(a), the maximum correlation was 0.207 and
the minimum correlation was -0.219. Sample correlation can vary between -1 and 1.
Theoreticaly, totally independent samples will have a correlation of zero. However, thisis not
achievable even with totally independent observations. If the sample correlation is significantly
large, there is strong evidence of dependency. In case of observations dependency, the scatter
diagram will also show atrend along aline. Asshown in Fig. 3(b), the observations are well-
scattered depicting the independency of the observations in this case.

Using StatFit, 25 continuous distribution functions were tested against the collected data, and the
most promising ones were selected (Step 2). Accuracy of the selected distribution function,
which in this case was the beta distribution, was then determined (Step 4). Figure 4(a) presents a
comparison between the measured data and the fitted beta distribution function. The residual

plot for the beta distribution function is also shown in Figure 4(b). The goodness of-fit test, the
chi-sguare test, and the Kolmogorov-Smirnov test were also used at a significance level of 0.005
to validate the assumed distribution functions. In the case of the concrete dumping process, none
of these tests rejected the hypothesis that the collected data may be fitted to a beta probability
distribution function.
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Figure 2. Activity Cycle Diagram for Concrete Paving Operation in I-74

Model Validation

Prior to evaluating the effects of resources and the construction environment on the effectiveness
of the concrete paving operation, the model was validated. In general, a single run of the model

is not sufficient to produce adequate outputs. For a terminating simulation such as the one
considered in this study, the number of simulation runs to produce the desired level of accuracy

can be estimated as follows (Law and Kelton 2000):
S(n) . H
}13 H IPPIVP %fbg ©)

where n, = number of simulation runs to achieve the desired level of accuracy

b (assumed two minutes); S*(n) = variance estimate of an initial number of runs

n; i = iterative value of n 4
a = desired level of confidence; and t = t-distribution for the standard normal distribution.

n_(b) =min

n’ was estimated to achieve alevel of accuracy b of two minutes in the total time to complete
paving 538 cubic yards of concrete as it was the case in the field. The variance estimate was
determined for an initial number of runs n of five replicates. Then, at alevel of confidence of
95%, Equation (3) indicated that the required number of simulation runs to achieve the desired
level of accuracy is seven replicates or greater (ten simulation runs were used in this analysis).



In the field, it took the contractor exactly 6.25 hours to complete installation of 538 cubic yards
of concrete. Figure 5 compares the results of the ten smulation runs to the actual field output.
The average of the ten ssmulation runs was 5.96 hours indicating that the percentage error in the
simulation prediction was 4.6%, which was considered acceptable.
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Figure 3. Assessment of Sample Independence using (a) Correlation Plot and (b) Scatter
Diagram

Simulation Analysis

As previously mentioned, the main advantage of construction simulation is to alow decision
makers to experience with the response of the system to different configurations. This section
presents the results of a sensitivity analysis conducted to estimate the effects of the resources on
the cost of the operation and the productivity at the site. The resources that were considered in
this analysis are presented in Table 2 along with the cost per hour.

Number of Haul Trucks
Productivity of the construction operation is defined as the output of the system per unit of time.

Therefore, the productivity in yd3/hr (assuming a concrete density of 1501b/ft®) and overall cost
of trucks were calculated as follows:

. 3 _ 990 tons
Productivity (yd®/hr) = total operation timex0.5443 4
Cost of trucks = number of trucks x total operation time x Cost/h (5)

Table?2



Resource Costs and Variation Ranges

Resour ce Cost/h (including laborers) Resour ce variation
Trucks $75.00 530

Paver $263.00 1-2

Spreader $111.00 1-2

Finishing Crews (4) $140.00 1-3

Plastic Covering Crews (2) $60.00 1-3

The variation of the productivity with the overall number of trucks is presented in Figure 6. This
analysis assumed the use of one paver, one spreader, one finishing crew, and one plastic covering
crew. It appears from the results shown in Figure 6 that atruck fleet consisting of five trucks or
greater provides a comparable system productivity. Therefore, increasing the number of trucks
only resulted in increasing the cost of the operation without any return on the productivity of the
system. It isworth noting that despite the availability of trucks at the site ready to be serviced,
they will have to wait in queue until a spreader is available. This explains why the increasein
the number of trucks and availability of concrete materials at the site does not affect the system

overall productivity.
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Figure4. Statistical Measures of the Fitting Process for the Concrete Dumping Process:
() Comparison between Measured and Fitted Durations and (b) Residual Plot for the
Beta Probability Distribution Function
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Figure5. Comparison of the Simulation Outputs to the Field Measurement

Table 3 shows the impact of the number of trucks on the time the spreader and paver areidle
waiting for additional concrete to be delivered and the time the trucks wait in queue before
service. Asshown by these results, the number of trucks had little or no effect on the paver and
spreader idle times. As expected, increasing the number of trucks also increased the trucks’
average waiting time before service. It should be noted, however, that the spreader and paver
idle times are probably lower than what is predicted from the ssmulation since at the beginning of
the day, the paver and spreader will remain idle until the first truck arrives at the site.

From these results and to balance the aforementioned factors, it appears that a total number of
trucks between 5 and 10 would be acceptable. Under these conditions, the truck average waiting
time would be approximately one min but the spreader and paver idle times will be too high.
However, other resources can be used to reduce these idle times as presented in the following
sections.
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Figure 6. Variation of the Productivity with the Truck Overall Cost



Table3

Effects of number of Trucks on the Waiting Time before Service and on the Paver and
Spreader Idle Time

Number of Trucks Trucks Waiting Paver Idle Time Spreader Idle Time
Time (min) (min) (min)

5 041 6.43 531

10 155 6.48 5.26

15 2.58 6.45 5.38

20 754 6.47 512

25 13.21 6.47 517

30 15.42 6.44 5.19

Number of Pavers and Spreaders

It isa common practice to use only one paver unless site or contract conditions dictate the use of
more. Table 4 compares the performance measures for cases of using one or two
pavers/spreaders at the site. As recommended by the results of the previous analysis, 10 trucks
were assumed in this simulation. As shown in Table 4, using two pavers did not decrease the
total operation time, and significantly increased the paver and spreader idle times. In addition,
the cost associated with these two pieces of equipment almost doubled.

To further evaluate the effects of the number of spreaders and pavers on the operation
effectiveness, the use of these equipments was varied concurrently with the number of finishing
and plastic-covering crews. Results are presented in Table 5. As shown by these results, the use
of asingle paver/spreader along with three finishing and plastic-covering crews results in the
best productivity and cost combination. In addition, using this resources combination reduces
the spreader and paver idle timesto 1.2 and 2.5min, respectively.

Table4

Comparison of the Performance Measuresin Case of Using One or Two Pavers

. Average Truck Average ldle Paver/Spreader
Number of Total Operation L . ) _
Spreader s/Pavers Time (hr) Waiting Time (min) Tme(;:irnl):’aver Cost ($)
1 5.94 155 6.48 2226
2/2 5.94 0.60 12.72 4450

Number of Finishing and Plastic-Covering Crews

Analysis was also conducted to evaluate the effect of the number of crews on the effectiveness of
the paving operation. Results are presented in Table 6 for a number of crews varying from one
through three. The cost presented in this table is the cost associated with the selected number of
crews. Thisanalysis assumed the use of a single spreader/paver and ten haul trucks. Based on
these results, one may notice that the optimum number of finishing and plastic-covering crewsis
three of each. In addition, the maximum achievable productivity was 240yd>/hr.



Table5

Comparison of the Productivity and Cost of Different Combinations of Paver s/Spreaders

and Crews' Sizes

Paver s/Spreaders 1/1 2/2
Crews Productivity Cost Productivity Cost
/1 91 3779 91 6001
2/2 172 2815 171 4006
33 240 2601 244 3387

Table6

Comparison of Performance Measuresin Case of Using Different Numbers of Crews

Finishing Crews 1 2 3
p — —

C Crews Productivity Cost Productivity Cost Productivity Cost
1 91 1188 97 1445 97 1794
2 91 2017 172 1255 180 1380
3 91 2848 172 1695 240 1347

Conclusions

The objective of this paper was to study and optimize the concrete paving operations taking

place in the reconstruction project of Interstate 74 using ssmulation. In general, application of
simulation methods to concrete paving operations was successful and its accuracy was
acceptable as compared to field measurements. Based on the results of a sensitivity analysis of
the critical resources, multiple factors were identified in the decision making process to ensure

that all aspects of the operation are considered. This includes total operation time, productivity,
costs of the operation, average truck delay, and idle times for the paver and the spreader. For the
conditions pertinent to this construction site, 10 trucks, one paver and one spreader, and three
finishing and plastic-covering crews are recommended. Using this set of resources would result
in a prompt and effective execution of the operation. Predictive capability of the developed
simulation model on other construction projects is underway.

The process presented in this study demonstrates the application of simulation to civil
engineering operations such as concrete paving. This approach can be successfully applied to
many repetitive processes widely encountered in civil engineering applications. Using
simulation methods, decision makers and strategists can evaluate different resources
combinations and construction options with a high level of accuracy rather than solely relying on
experiences.
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