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CHAPTER 1 

INTRODUCTION  

 

 

1.1 Problem Statement 

1.1.1 Background 

 

New inventions and new technologies are constantly introduced to the 

construction industry and need to be implemented by contractors.  Typically, these 

contractors have some rough ideas on how to employ the new technologies.  Designing a 

construction operation that has never been done before may be difficult and expensive.  A 

construction operation involves many interrelated activities and resources.  There are 

always several ways to carry out an operation.  It is therefore in the interest of new 

technology suppliers and contractors to proceed up the learning curve without having to 

execute installations that may be costly or to install material incorrectly. 

 

1.1.2 Statement of Problem 

  

 Designing construction operations for new technologies is a challenge because 

there are many interactions of the operation that may not be well understood or are 

beyond comprehension without visualization.  Designing a new operation requires a 

thorough understanding of all related issues.  The designers need to consider all possible 

circumstances of field implementation.  Before deciding on a good installation procedure, 

the designers have to try out numerous options, and make assumptions about many 

issues.  The process involves consultation with experts, meeting with foremen, and 

contacting suppliers.   

 Polyvinyl chloride (PVC) geocomposite membrane is a new product that has been 

recently introduced as a strain energy absorber and moisture barrier in bridges and 

flexible pavements.  Several field installations were completed on two bridges in Italy, 
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but testing to insure proper installation and determine construction sequencing was 

needed.  This membrane was currently tested at the Virginia Smart Road Project.  No 

detailed installation procedure was currently available, as it had not been introduced in 

the market.   

 

1.1.3 Case Study 

 

In order to gain a better understanding of geosynthetic fabric installation in 

flexible pavements, this research focused on the installation of a newly developed 

geocomposite membrane. This membrane was installed for performance testing in two 

test sections at the highly instrumented Smart Road in Blacksburg, Virginia (Loulizi et al. 

2001, Al-Qadi et al. 2000).  This geocomposite membrane consists of a polyvinyl 

chloride (PVC) geomembrane sheet sandwiched between two layers of polyester non-

woven geotextile.  It had been successfully used as an impermeable material for dams, 

canals, reservoirs, floating covers, cofferdams, and hydraulic tunnels (Scuero and 

Vaschetti 1997).  It had also been installed on a bridge deck over the Po River in Italy.  

However, this was the first time that this geocomposite membrane was installed in a 

flexible pavement in the United States for water impermeability and absorption of the 

strain energy responsible for crack initiation.  The membrane was installed at two 

different locations in the pavement system: between the subbase (aggregate) layer and an 

asphalt treated open-graded drainage layer (OGDL) to quantitatively measure its moisture 

barrier effectiveness using buried moisture sensors (two types of time domain 

reflectometers); and within a hot-mix asphalt (HMA) base layer (at the upper third) to 

quantify its strain energy absorption capability. 

The contractor had an initial installation procedure for common membranes based 

on past experience, but several issues were different for this product.  The operation was, 

therefore, performed on a trial and error basis for the test installations.  The equipment 

involved in the operation included a front-end loader, an asphalt distributor truck, a 

modified wheel tractor that was specially built to lay membrane rolls (the installer), and a 

pneumatic compactor. The operation began as the backhoe lifted a membrane roll that 

was positioned in advance and mounted it onto the installer as shown in Figure 1.1. 
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FIGURE 1.1 - The membrane roll was lifted by the front-end loader. 

The asphalt distributor truck then sprayed a PG64-22 heated tack coat binder on 

the surface of the HMA when the membrane was installed within the HMA layer.  No 

tack coat was needed when the membrane was installed on the aggregate subbase because 

the friction between the aggregate and the non-woven geotextile was sufficient to prevent 

any slippage.  This research focuses on the installation of the membrane on the HMA 

surface.  The tack coat was not sprayed until the installer had a membrane roll mounted 

and was ready to unroll.  It was preferable to deploy the membrane while the tack coat 

was still hot to attain good bonding.  Figure 1.2 illustrates the asphalt distributor truck 

spraying the tack coat on the center of the road’s surface, with the membrane already 

installed and compacted on the right side of the road. 

 

 



 4 

 

FIGURE 1.2 - The asphalt distributor truck sprayed a tack coat on the road’s surface. 

 

 

FIGURE 1.3 - The installer unrolled the membrane on the heated tack coat. 

Immediately after the tack coat was sprayed, the installer unrolled the membrane 

on top of the tack coat as shown in Figure 1.3.  The geocomposite membrane rolls were 

1.97m (6.46 ft) wide and 37.00 m (121.39 ft) long.  There are two types of rolls.  Type A 

rolls have one 50mm (~2 in)-wide PVC exposed area, whereas type B rolls have two 

PVC exposed areas.  The exposed areas are intended to overlap with an adjacent roll in 

such a manner that the thickness at the overlap is minimum.  Figure 1.4 shows the details 

of a geocomposite membrane roll and two overlapped membrane rolls. 
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FIGURE 1.4(a) - Plan view of an unrolled geocomposite membrane roll. 
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FIGURE 1.4(b) - Cross section of Type A membrane rolls. 
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FIGURE 1.4(c) - Cross section of Type B membrane rolls. 

FIGURE 1.4(d) - Two overlapped membrane rolls. 

The test sections were on a typical 2-lane highway constructed according to 

VDOT specifications.  The membrane covered a 10 m (33 ft) wide by 50 m (164 ft) long 

section.  Five membrane strips were required to cover the width of each section.  Two 

type A rolls were installed at the edges of the road, while three type B rolls were installed 

in the middle.  Since a roll was only 37 m long, connection joints for two membrane rolls 

were needed (i.e., between a 37-m-long roll and a 13-m-long piece of membrane).  

Therefore, the membranes were staggered to prevent a continuous transverse joint.  After 

the membrane was laid, the compactor ran over it as illustrated in Figure 1.5.  The tack 
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coat on the surface of the membrane was included in the modeling as it is a normal 

process when HMA is installed. 

 

 

FIGURE 1.5 - The compactor compacted the laid membrane. 

The installations of this geocomposite membrane were recorded on videotapes, 

which were observed and stripped to obtain data for activity durations using PAVIC+ 

(Bjornsson 1987).  PAVIC+ (Productivity Analysis with Video and Computer) is a 

computer-based system in which videotape can be examined frame by frame, to 

determine if that frame marks the start or end of any activity.  The software can 

determine the duration of an activity by counting the number of frames between its start 

and end, and can export the list of recorded durations to a database.  The data from the 

database was analyzed using Stat::Fit (http://www.geerms.com/), a software that analyses 

the activity duration data, and determines the probability distribution and parameters that 

best describe the process that generates the data.  These distributions were later used in 

the simulation model and are shown in Table 1.  In the case where the operation has 

never been performed, or where video footage is not available, subjective probability 

distributions from people with similar experience (as in Pert) could be used. 
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TABLE 1 - Distributions of Activities Using Data Obtained From the Video 

Activity Distribution (seconds) 
Setup distributor truck Pearson5 (0, 66.1, 24.7) 
Spray one meter of tack coat Pearson5 (0, 25.6, 0.382) 
Mount Pearson5 (1, 30, 32.9) 
Setup Installer Erlang (1, 13, 0.044) 
Unroll one meter of membrane Lognormal (0, -2.8, 0.0856) 
Installer travels one meter Uniform (0.00501, 0.005667) 
Compact one meter Uniform (0.027667, 0.027767) 

 

 
1.1.4 Simulation Modeling for Construction Process Design 

 

The geocomposite membrane is an example of a new material introduced in the 

construction industry.  Similarly, there are other new technologies introduced to the 

construction world for which installation methods could be designed before introduction 

to the market.  One potential way to address this problem is by simulation modeling. 

A simulation model is a representation of a real or imaginary system such that it, 

rather than what it represents, can be studied, experimented on, and optimized.  Discrete 

event simulation is a time-based modeling and analysis procedure in which the state of 

the system is assumed to change only at specific, but variably separated, points in time.  

As a result, simulation modeling is a useful tool for planning and decision making.  For 

example, it can be used to design sequencing and deployment of equipment.  For the past 

three decades, computer simulation has been used as a tool for construction process 

design and optimization (Liu 1995).  It has provided a practical and cost-effective means 

to investigate the characteristics of construction operations before actual construction. 

Moreover, computer simulation allows experimenting with several scenarios to improve 

initial construction technique and to help find the optimum construction strategy.  

Simulation modeling can be a very useful technique for designing new operations.  

Simulation modeling forces the modeler to think through the operation before carrying it 

out in the field.  In essence, developing simulation models requires that one mentally 

perform the work. Simulation modeling helps one come up with good initial designs for 

installation of new technologies in the field.  It may be advantageous to use simulation 
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modeling when there are new technologies that need to be installed in the construction 

world.  Simulation modeling is highly recommended when the operation is repetitive or 

initially very expensive. 

 

1.2 Purpose, Scope, and Objectives 

1.2.1 Purpose 

 

The purpose of this research was to produce an example of how to develop 

simulation models for construction operations of new products.  In addition, the research 

provided the geocomposite membrane supplier with a tool that he/she could give to 

his/her customers as part of the service.  This tool could be used to design the installation 

process for this geocomposite membrane in roadways.  The output of this research helped 

customers and contractors design an operation that optimizes resource usage, reduces 

costs, and improves productivity. The research also produced a visual tool that creates 

computer animations.  This visual tool displayed animated representations of the 

operations in accordance with simulation models, and could also be used for tutorials. 

 

1.2.2 Scope 

 

This study focused on developing simulation models and a visual tool for the 

installation of a geocomposite membrane in flexible pavements in the United States.  The 

models considered the installation of this membrane in roads of different sizes.  For 

example, some of the input parameters were the width and the length of the road to be 

covered by the geocomposite membrane.  Besides, the roll characteristics (length and 

width) could also be varied in the models.  This allowed us to vary the parameters of the 

membrane rolls to optimize the manufacturing process which caused dramatic 

improvement on the installation process.  Therefore, the models were flexible enough to 

simulate the installation of the membrane in roads of different sizes and also with rolls of 

different characteristics. 
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Other issues that were not included in the study are as follows: 

• The transportation of the geocomposite membrane to the construction site. 

• The installation of this membrane in severe weather conditions. 

• The installation of this membrane on curved roads. 

• The installation as part of a rehabilitation process. 

 

1.2.3 Specific Objectives 

 

1. Develop guidelines for creating simulation models of new technologies and 

products. 

2. Develop a tool (parametric simulation model) that can be used to design 

geocomposite membrane installations. 

3. Develop a visual tool that produces computer animations that may serve customers 

and contractors as tutorials. 

 

1.3 Benefits 

 

There were two main benefits from the successful completion of this research 

project. The first benefit was methodological in nature.  This thesis provided a blueprint 

for developing simulation models for new product application.  The study addressed the 

procedures and suggested how to design installation operations for new technologies.  

The output of the research was valuable for suppliers who wish to develop simulation 

models and computer animations for their products. 

The other main benefit of this research was to provide users and contractors with 

guidelines on the installation process.  The simulation tool would help users design the 

most appropriate and cost effective geocomposite membrane installation operation.  In 

addition, the visual tool that this research produced will be very useful to customers and 

contractors.  The visual tool consists of computer animations that illustrate the 

mechanisms and logic used in the simulation model.  The visual tool also displayed 

operation performance measures together with other statistical data of the operation. 
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1.4 Applicability of This Research and Expected Significance 

 

This research provided guidelines on how to develop simulation models for new 

operations.  This research is highly applicable to geosynthetic suppliers who wish to 

develop simulation models and visual tools for their new products that related to flexible 

pavements.  The parametric simulation model and the visual tool developed in this 

research will be of great help to users, contractors, and suppliers and will enhance the 

geocomposite membrane installation process understanding.    The tool would help its 

users and the contractors to determine the most appropriate and cost effective installation 

procedure.  In addition, the supplier would be able to use the tool to design the optimum 

roll specifications and as a marketing tool. 
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CHAPTER 2 

Use of Geosynthetics in Flexible Pavements 

 

 

2.1 Introduction 

 

The United States’ highway system is rapidly deteriorating.  Approximately $212 

billion are necessary to rehabilitate it (DiMaggio and Cribbs 1996).  Stripping and 

spalling may occur due to the unavailability or ineffectiveness of the drainage layer when 

water infiltrates into hot-mix asphalt (HMA) pavement.  One possible way to build more 

durable and better highways is to incorporate advanced materials in them and to maintain 

free water drainage.  Geosynthetics, for example, are among the new materials used to 

improve flexible pavement performance.  Geosynthetics can be divided into six main 

categories: geotextiles, geogrids, geonets, geomembranes, geocells, geosynthetic clay 

liners, and geocomposites.  The application of some geosynthetics as an interlayer in 

roads and highways has many benefits.  Some types of geosynthetics are thought to 

prevent water infiltration, absorb stress between pavement layers, dissipate strain energy 

responsible for crack initiation, prevent intermixing of adjacent layers, and/or allow for 

good drainage. 

The use of geosynthetics may extend the service-life of roads and highways as 

described above.  Unfortunately, geosynthetics may not perform as intended if they are 

not installed properly. The geosynthetic installation process, which is a key factor in 

pavement performance, is usually overlooked.  This results in contradicting results as to 

their actual effectiveness in pavement systems.   

The installation process must be designed such that the geosynthetics are correctly 

placed, resulting in an effective life-cycle cost. Geosynthetics are currently installed in 

the field by trial and error relying on the experience and intuition of contractors, or 

following guidelines provided by FHWA and/or manufacturers, which usually do not 

address the installation economics.  Experienced contractors can make reasonable 

assumptions and perform quick calculations that result in acceptable initial installation 
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procedures. A reasonable assumption by a contractor, for example, would be to maximize 

the area of tack coat spray per pass in order to improve production.  The contractor may 

not realize that this would allow some of the tack coat to cool to the extent that it looses 

its adhesiveness, and would force the contractor to spray another layer.  This may result 

in too much tack coat and subsequently lead to slippage.  A simulation of the process can 

prevent this from happening by allowing the contractor to see the consequences of 

applying too much tack coat at the same time. Errors like this are costly if discovered 

during actual installation, and the corrections that would be quickly made may lead to 

inefficiencies in other aspects of the operation. 

For installation processes that involve new technologies, these installation 

procedures can be quite inefficient.  As the contractor performs an initial installation, the 

experience gained allows for significant improvements.  Subsequent installations with the 

improved procedure provide yet more experience that allows for even further 

improvements.  Eventually, it is possible to arrive at installation procedures that are quite 

reasonable.  In cases where many pieces of equipment are needed for installation and 

where the process is complex and subject to variability, numerous iterations may be 

performed without reaching a truly effective and economical installation procedure. 

Contractors want to know the type, size, and number of machines that will make 

up the fleet.  They want to know the production rate of the operation, the unit cost, and 

the utilization of their equipment.  Ultimately, contractors want to be able to try out many 

installation options and consider different parameters to search for the best installation 

procedure, but without spending much money.  In essence, contractors would benefit 

from going through the iterative cycle of designing the operation, implementing it, 

gaining experience from it, and using the experience to re-design it, but without actually 

investing the time and resources that are traditionally used in doing so.  Computer based 

discrete-event simulation, DES, allows just that.  This paper illustrates the use of DES for 

the design of the installation procedures for a newly developed impermeable 

geocomposite membrane that may provide strain energy absorption in flexible 

pavements. 
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2.2 Discrete Event Simulation 

 
A model is a representation of a real or imaginary system.  Models can be studied, 

changed, and analyzed in an effort to better understand the system they represent.  

Experimentation with properly designed models may reveal how real systems would 

respond to real world conditions. Discrete-event simulation is a computer-based 

modeling and analysis procedure in which the state of the system is assumed to change 

only at specific, but variably separated, points in time.  DES has been used to analyze and 

design many construction operations (e.g., Martinez et al. 1994, Liu 1995, Martinez and 

Ioannou 1995). 

 

2.3 Geosynthetics Installation 

 

Geotextiles, geomembranes, and geocomposites are usually installed as an 

interlayer in pavements.  A number of studies have been conducted on the installation of 

geosynthetics in the field.  According to Wright and Guild (1996), one of the most 

important factors in installing geotextiles as moisture barriers is that they be laid perfectly 

flat with minimum wrinkles or air bubbles on top of a uniformly sprayed tack coat.  If 

wrinkles are greater than 25mm (1 in), they should be cut and laid flat in the direction of 

the paving.  The tack coat application rate directly contributes to the geosynthetic 

performance.  Too much tack coat will cause slippage or rutting, while an inadequate tack 

coat may result in poor bonding and poor waterproofing.  In hot weather, the rubber tires 

of construction equipment may stick to the laid tack coated geosynthetic and cause it to 

detach.  Sand may be sprinkled on top of the geosynthetic to prevent this from happening 

(Marienfield and Guram 1999).  Seaming of geosynthetic strips can be done by using 

solvent seams, contact adhesives, tapes and mechanical seams, and hot air and welding 

(Teigeiro 1994). 
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CHAPTER 3 

MODELING THE OPERATION  

 

 

3.1 Modeling the Operation 

 

The process involved in the installation of this geocomposite membrane was 

modeled using STROBOSCOPE (Martinez 1996).  Stroboscope is a discrete-event 

simulation programming language designed for modeling complex operations.  A 

Stroboscope model describes the details of how the operation takes place by generating 

input processes (such as the duration of activities) from probability distributions, carrying 

out the processes as described by a model network, and recording the consequences or 

outcomes of the operation (e.g., production rates and resource utilization).  Proof 

Animation (Henricksen 1997), a post-processing general-purpose animator, was used for 

computer-animated output. 

The design of the installation process involved several participants.  These 

included a geosynthetics expert; a simulation modeling expert; the geocomposite 

supplier; and the installation contractor, who has extensive experience in geosynthetics 

installation.  In the model, the installation process was designed on a section basis.  A 

section consisted of a number of membrane strips.  The number of membrane strips 

required was calculated from the width of the road and the width of the membrane roll.  

For example, on a 10-m (33ft) wide section, five 2-m-wide (6.60 ft) rolls were used.  The 

length of a section was equal to the length of the membrane roll.  Figure 3.1 shows a plan 

view of the designed installation process for two sections. 
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FIGURE 3.1 - Plan view of a designed installation process. 

In this particular example, the operation starts in section one.  Five strips of 

membrane are installed in the order shown. Each strip is always laid from the section start 

point to the section end point (from left to right).  This means that after finishing one 

membrane strip, the equipment travels back to the section start point.  After the 

equipment finishes installing five membrane strips, i.e., finishes section one, it moves to 

the start point of section two and the process starts over again. 

The membrane is designed for left to right installation to prevent gaps at the joints 

and cutting excessive membrane.  When installed backward, i.e., from the section end 

point to the section start point, it is very difficult, if not impossible, to ensure that the new 

strip will end exactly where the laid membrane strip of the previous section ends.  In 

these cases there is a chance of having either a gap, or excessive membrane at the joint 

where two membrane strips meet. In addition, it would be necessary for the rolls to be 

rolled in reverse order, which would introduce confusion. Therefore, the installation is 

designed in only one direction. 

Originally, the operation was modeled such that the truck could spray the tack 

coat as soon as it was ready, i.e., as soon as it returned to the section start point.  

However, after observing the animation of the process, it was decided that the truck 

should wait for the installer to be ready to unroll the membrane before spraying asphalt to 

assure that the asphalt binder is still hot.  The model was therefore adjusted such that the 
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truck would not spray the tack coat unless the membrane roll was mounted onto the 

installer and ready to unroll. 

Although it appears cost effective for the compactor to start compacting as soon 

as the membrane is laid, it is difficult to correct the alignment when, for some reason, the 

membrane is not properly aligned.  Consequently, the compactor was modeled such that 

it started compacting only after one membrane roll was completely placed.  Setting up the 

operation properly is important because correcting errors is cumbersome.  Once the 

membrane is compacted, it is very hard to redo the work.  Therefore, the compactor will 

not start compacting until an unrolled membrane strip is satisfactorily straight and free of 

wrinkles.  In addition, the compactor can compact the membrane in either direction (left 

to right or right to left). The compactor does not have to travel to the section start point 

every time it finishes one membrane strip. 

The loader, on the other hand, is modeled to stay at the section start point at all 

times because the other equipment will eventually return to that point.  After the loader 

mounts all the geocomposite membrane rolls required for one section, it moves to the 

start point of the next section. 

 

3.2 Development of Simulation Models 

 

The amount of time between spraying the tack coat and the placement of the 

geocomposite membrane is critical.  The geosynthetic expert recommended that the time 

should be very short.  The tack coat exposed time was therefore one of the guiding 

criteria in modeling the operation.  In the initial model, the installer followed the tack 

coat truck closely in an attempt to limit the time during which the tack coat was exposed.  

However, observations of the computer animation showed that the truck had to start and 

stop many times, leaving thick spots of tack coat which may lead to slippage and 

shoving.  Consequently, the model was developed such that the truck only stopped when 

it finished spraying an entire strip of tack coat. 
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FIGURE 3.2 - The operation with two installers. 

The authors also thought of using two installers in the operation, as shown in 

Figure 3.2.  Two installers could work alongside one another with a few meters of 

lagging distance.  The authors decided, however, that the second installer should start 

unrolling only after the first installer finished unrolling a membrane strip.  This was to 

ensure that the first membrane strip was satisfactorily straight and free of wrinkles.  

When two installers were used, the truck would spray the tack coat wider to 

accommodate two membrane strips.  The setup time and the duration of spraying the tack 

coat was relatively constant regardless of the spraying width.  Hence, the width of the 

tack coat was insignificant to the calculation in the simulation model.  However, the 

exposed time of the tack coat was very important in this case. The longer the first 

installer took to unroll one membrane strip, the longer the tack coat remained exposed.  

Figure 3.3 shows a snapshot of the distributor truck spraying the tack coat twice as wide 

as the normal width. 
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FIGURE 3.3 - The asphalt distributor truck sprays the tack coat two membrane rolls wide. 
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CHAPTER 4 

ANALYSIS OF INSTALLATION ATERNATIVES  

 

 

4.1 Installation Process Improvements 

 

There were several improvements in installation that were thought possible, including 

changes in the width and length of the membrane rolls.  While manufacturing longer rolls 

is not an issue, making them wider requires a substantial capital investment.  Both cases 

increase the weight of the rolls and may require larger installers.  Thus, there is a tradeoff 

between the capital investment in new installers by the contractors and the capital 

investment in new manufacturing equipment by the manufacturer.  The models, however, 

are based on the assumption that it is possible to manufacture rolls of various widths and 

lengths.  Table 2 summarizes the results from possible alternatives for installing the 

geocomposite membrane. 

 

TABLE 2 - Summary of Results From Various Possible Alternatives 

 
Covered Distance 350 Meters      

Num. Installer Roll  Roll Road Covered 90% CI 90 % CI 90% CI 

Installers Capacity Width Length Width Area Oper.Time Unit Cost Productivity 

ea kg m m m m2 hrs $/m2 m2/min 

1 227 2.05 35 8.2 2870 4.77 – 4.79 0.39 – 0.39 12.22 – 12.28 

1 454 2.05 70 8.2 2870 3.18 – 3.19 0.27 – 0.27 17.99 – 18.07 

1 454 4.1 35 8.2 2870 2.28 – 2.30 0.16 – 0.17 30.18 – 30.37 

2 227 2.05 35 8.2 2870 2.29 – 2.30 0.23 – 0.24 20.75 – 20.87 

2 454 2.05 70 8.2 2870 1.80 – 1.81 0.18 – 0.18 26.56 – 26.63 
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4.2 Results Discussion 

 

The confidence intervals of each alternative were calculated from simulation 

results of 10 replications.  When one installer was used in the operation, the 90% 

confidence interval for the productivity was [12.2, 12.3] m2/min.  This means that there is 

a 90% chance that the true average productivity is between 12.2 and 12.3 m2/min.  The 

mean unit cost for this alternative was $0.39/m2.  If the membrane rolls were made longer 

(70 meters long), results showed that the 90% confidence interval for the productivity 

was [18.0, 18.1] m2/min with a $0.27/m2 mean unit cost.  The improvement was a result 

of the ability to unroll the membrane twice as long before stopping.  In addition, the 

loader would not have to load membrane rolls as often.  When wider rolls were used, the 

production rate and the unit cost improved significantly, and with 90% certainty were 

estimated to be [30.2, 30.4] m2/min at [0.16, 0.17]$/m2.  In this case, the installer unrolled 

two strips of membrane simultaneously and thus reducing the number of passes needed 

per section.  Wider rolls may be more difficult to handle and may require greater care 

during installation to avoid excessive wrinkles.  In addition, it would be more difficult to 

coordinate the wider rolls with various road widths, because the road width may not be 

divisible by the roll width.  However, wider or longer rolls are advantageous because 

there are fewer joints, which are assumed to be the weak points of the system.   

Simulation results also revealed a substantial improvement when two small 

installers were used with regular rolls.  The 90% certain production rate increased to 

[20.8, 20.9] m2/min and its unit cost fell to [0.23, 0.24] $/m2.  The authors felt that this 

option was the best alternative if two installers were used because small installers are 

already available in the market.  The last alternative was to use two big installers and 

membrane rolls that are 70 meters long.  Simulation results showed that the 90% certain 

production rate would be [26.5, 26.6] m2/min at a $0.18/m2 mean unit cost.  Although this 

alternative yielded a very high production rate, it may require significant investment by 

the contractors. 

The measures of performance obtained by the simulation are those of the model, 

and not necessarily those of the system represented by the model.  Generally speaking, it 

is impossible for a model to accurately include each and every aspect of the system it 
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represents.  If coffee breaks are not included in a model, for example, the performance 

measures obtained by simulation will be better than those observed in the field.  This is 

common and typically recognized by simulation modelers, and does not adversely affect 

the value of simulation studies as might seem to appear at first glance.  This is because 

simulation is mostly used to make decisions, which by definition implies the selection of 

one alternative from among several. 

If we assume that the difference between a model and the system it represents is 

constant across all alternatives, the difference between the measures of performance 

among models and among the systems they represent are minimal.  Assume for example, 

that including coffee breaks increases the costs of a certain operation by $0.15/m2.  A 

model for one alternative may indicate a unit cost of $0.35/m2 when in effect the unit cost 

of the system it represents is $0.50/m2.  A model for another alternative may indicate a 

unit cost of $0.38/m2 when in effect the unit cost of the system it represents is $0.53/m2.  

Although the costs obtained by each model are off by $0.15/m2, the difference in cost 

between the two models can be fairly accurately estimated to be $0.03/m2.  The decision 

to choose the first alternative based on the cost reduction of $0.03/m2 given by the 

models would be a good one. 

The key to the validity of models is, thus, to exclude from them only those 

realities that are thought to impact all alternatives equally.  As long as this is the case, the 

decisions made by observing the performance of models are likely to be the same as the 

decisions made by experimenting with the alternatives in reality.  This issue is discussed 

in detail within the context of construction operations by Ioannou and Martinez (1996), 

and in general by Law and Kelton (1991). 

Sometimes the purpose of simulation models is to predict the absolute 

performance of a system rather than to select from among alternatives. This is the case, 

for example, when simulation is used to estimate the cost of a proposed system that will 

be compared with an existing system for which actual costs are available. In these cases, 

the simulation model must include as much detail as possible (e.g., machine breakdown 

frequency and downtime, coffee breaks, shift and overtime work, rework, disruptions and 

weather). In addition, additional factors such as the frequently assumed 50-minute hour 

may be used to account for details that have not been explicitly modeled. 
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Using computer animations as a visual tool greatly helped the development of the 

simulation model.  The computer animations allowed experts to visualize the operation.  

They were able to make comments and to decide whether or not the operation was sound.  

The researchers then modified the simulation model according to the comments and again 

discussed it with the experts.  This process was repeated several times until the 

researchers and the participants were satisfied.  Had there not been computer animations, 

it would have been very difficult for participants to visualize the operation and make 

comments. 

The use of discrete-event simulation and computer animations had a very 

significant impact on the design of this geocomposite membrane installation.  The 

process forced the participants to think hard on the installation process.  Obvious 

mistakes were found and eliminated by just looking at computer animations.  Many 

issues were raised and clarified by observing preliminary simulation results.  Computer 

animation helped facilitate the communication among participants.  The participants 

worked as a “team” to come up with a good installation process.  The expertise from each 

participant was effectively shared and input into the design process.  This “team” effort in 

the design process was a key benefit of using discrete-event simulation and computer 

animations to design the operation. 

 

 



 23 

CHAPTER 5 

CONCLUSION AND RECOMMENDATIONS 

 

 

5.1 Guidelines for Simulation Model Development  

 

Explained below are guidelines and advice on how to develop simulation models 

for other operations that involve new products or where procedures are not readily 

available. 

 

1. Obtain video footage of the test operation – Record the operation with video 

cameras.  Use more than one camera if possible.  Make sure to have the date and time 

displayed on the screen to help keep track with the operation in the case where the 

recording is not continuous.  If the operation is performed outdoor, select a good 

camera’s location so that the camera does not face the sun when recording.  Have 

plenty of extra batteries on hand.  Keep in mind that a test operation is not performed 

on a regular basis.  It could be the only operation you will ever have a chance to 

record. 

2.  Understand the operation - Study the video and try to understand the overall 

process.  It may be helpful to do research and gain knowledge of similar operations.  

After being acquainted with the process identify key activities and resources 

involved.  This will be of great help when stripping activity durations from the video.  

At this time a preliminary simulation model should be developed.  Consult experts to 

validate the underlying concept. 

3.  Determine activity durations – Use PAVIC+ to determine activity durations from 

the video (stripping data).  A regular television set could be added to the PAVIC+ 

system for better image quality.  This process is usually time consuming, yet 

essential.  Take considerable amount of quality time to plow through all video 

recording and strip activity durations as many as possible. 
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4.  Determine distributions – Use Stat::Fit software to determine the most appropriate 

distribution representing each activity.  This distribution fitting process can be done 

quickly.  The more durations the better the distribution. 

5.  Create simulation model – Create a simulation model (model hereafter) with 

Stroboscope.  Try to keep the model simple and easy to understand.  Participation of 

everybody involved in the operation is necessary: supplier, contractor, design agency, 

product expert, etc.  Hold a meeting to define the scope of work and clarify any 

ambiguities.  Verify and validate the model. 

6. Create computer animations – Create computer animation of the designed model 

with Proof Animation software.  It is advisable not to spend too much time creating 

the animations in great detail.  The animations should be just complex enough for 

viewers to understand what is going on.  At this stage the model is far from final.  

Time should be spent more on the logic of the model than making the animations 

beautiful.   

7.  Spiral participation – Use the computer animations as a visual tool to explain to 

the participants (supplier, product expert, contractor, etc.) the designed process.  

Listen carefully and take good notes of their comments.  A small voice-recording 

device might be useful   Note that holding several meeting with all participants may 

be very difficult.  One possible solution is to meet one participant at a time.  

Therefore, be well prepared and use the time efficiently.   

 Each participant will give recommendations and may identify blunders in the 

designed process.  Based on comments received, modify the simulation model and the 

computer animations, then revisit.  Repeat this process with all participants until the 

final model with everyone’s approval is achieved.  The model and the animations’ 

complexity will increase over time.  Remember to keep all correspondence and put 

everything in writing for future reference. 

8.  Test and fine-tune – Fine-tune the model.  Remove unnecessary elements from the 

model.  Test it with several different sets of parameters.  Add aesthetics to the 

computer animations.  Test and retest. 
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5.2 Conclusion 

 

Guidelines for creating discrete-event simulation model and computer animations 

of new technologies and products were developed.  These guidelines are very useful to 

geosynthetic suppliers who wish to develop similar simulation models and computer 

animations for their new products that related to flexible pavements.  Other products 

suppliers such as pipes or windows may also find these guidelines applicable to their 

products.     

Data from the test sections at the highly instrumented Virginia Smart Road were 

collected and analyzed.  A parametric simulation model that describes the installation 

process of a geocomposite membrane in flexible pavements was developed.  Several 

installation alternatives were studied and recommendations were made to the membrane 

supplier.  The model enhanced the installation process understanding. 

The visual tool that produces computer animations of the simulation model was 

created.  The animations show the mechanism and logic used in the model.  This visual 

tool was also used effectively to communicate among participants.  Computer animations 

helped identify obvious mistakes in the installation process.  The membrane supplier also 

used the computer animations as a marketing tool when he explained installation 

procedures to a prospective client. 

 

5.3 Recommendations 

 

As for new technologies, there are limitations in data collection.  Unlike 

developing simulation models for existing systems where data is plentiful, there are 

limited opportunities to observe operations that involve new technologies.  Experimental 

installations can be limited due to high expenses.  Therefore, in this research, there were 

only a few durations that could be obtained from the videotapes.  Moreover, the activity 

durations were from the experimental installations where workers were still learning and 

gaining experience.  These durations may not accurately represent the durations of actual 

installation after the contractor has become more familiar with the process. 
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The simulation model developed in this study is beneficial in comparing different 

alternatives, but not as effective in determining absolute results.  This is because there are 

limitations in data gathering and the level of detail included in the model.  If the main 

interest is to determine absolute results, it would be necessary to observe inefficiency, 

coffee breaks, machine breakdowns, transportation of rolls from stock pile to the 

installation location, etc., and to include them in the model.  Furthermore, the modeler 

will need to rely on the intuition of experienced contractors in order to estimate the 

potential differences between experimental and real installation.  These factors then 

should be included in the model. 

 

5.4 Future Research Perspectives 

 

 Future work that may follow this research may include the economic study of the 

whole installation process.  Simulation results could be more specific that they provide 

users additional information on the life cycle cost for each installation alternative.  That 

information may include, but are not limited to, the total cost of money, and the payback 

period of the investment.  The input parameters could be the interest rate and the 

expected square meters of membrane to be installed per year.  Hence, the contractor and 

the manufacturer have a better picture of the operation to support their decisions.   

 Assuming that this geocomposite membrane is proven to be very effective in 

flexible pavements and widely accepted by several state department of transportation 

(DOTs).  In that case, millions of square meters of this membrane will be put in new road 

construction and rehabilitation projects.  Many contractors, subsequently, will want to bid 

on these projects.  These contractors want to have a business strategy that will earn them 

the most profit.  Firstly, they want to know if getting into this business is a good decision, 

and when they will see the profit.  And if they decide to purchase new equipment, they 

want to know what type and how many equipment that are just enough to do the job.  At 

the same time, the manufacturer want to determine whether or not to invest on the 

production line to produce wider rolls.  Simulation results from this research do not offer 

a complete picture of overall economic of the investment on equipment and 
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manufacturing process.  An enhancement of this parametric simulation tool could be 

performed.   

In addition, a more complete analysis of results from this study can be carried out 

to compare various installation alternatives.  For example, results from chapter 4 show 

that the production rate of using two installers with regular rolls is lower than that of 

using one big installer with twice-as-wide rolls.  However, these numbers do not 

explicitly reveal that using one big installer is always better. 

Due to limitations in data gathering in this research, activity durations used in the 

simulation model were derived from a limited number of observations.  More 

observations are needed for better activity durations.  Future research should collect more 

data from other installations and increase the level of detail by including in the model 

other factors and scenarios such as coffee break, inefficiency, machine breakdowns, 

installation on curve roads, and installation on bridges, etc.  A new model should be so 

comprehensive that it could be applied to any kind of geosynthetics installation.  This 

study can be used as an example for developing other future simulation models. 
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CHAPTER 6 

WEB-INTERACTIVE SIMULAITON MODEL 

 

 

6.1 Web-Interactive Simulation Model 

 

Web-interactive simulation model is under the development of Dr. Julio C. 

Martinez.  Web-interactive simulation offers users the opportunity to run simulation 

models via the World Wide Web.  For more information about the web-interactive 

simulation please visit http://strobos.ce.vt.edu/websim/.  The simulation model for the 

installation of a geocomposite membrane in flexible pavements was developed and stored 

in this server.  Users are able to experiment with various simulation parameters and 

observe the simulation results directly from the web.  This chapter contains the printouts 

of the geocomposite membrane installation web pages. 
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IUDPHV�EHWZHHQ�LWV�VWDUW�DQG�HQG��DQG�FDQ�H[SRUW�WKH�OLVW�RI�UHFRUGHG�GXUDWLRQV�WR�D�GDWDEDVH�¬�7KH�GDWD�IURP�WKH�

GDWDEDVH�ZDV�DQDO\]HG�XVLQJ�6WDW��)LW��KWWS���ZZZ�JHHUPV�FRP����D�VRIWZDUH�WKDW�DQDO\VHV�WKH�DFWLYLW\�GXUDWLRQ�

GDWD��DQG�GHWHUPLQHV�WKH�SUREDELOLW\�GLVWULEXWLRQ�DQG�SDUDPHWHUV�WKDW�EHVW�GHVFULEH�WKH�SURFHVV�WKDW�JHQHUDWHV�WKH�

GDWD�¬�7KHVH�GLVWULEXWLRQV�ZHUH�ODWHU�XVHG�LQ�WKH�VLPXODWLRQ�PRGHO�DQG�DUH�VKRZQ�LQ�7DEOH���

7DEOH���²�'LVWULEXWLRQV�RI�$FWLYLWLHV�8VLQJ�'DWD�2EWDLQHG�)URP�WKH�9LGHR

&KHFN�WKH�ER[�EHORZ�LI�\RX�ZRXOG�OLNH�WR�JR�GLUHFWO\�WR�WKH�VLPXODWLRQ�SDJH�

*R�GLUHFWO\�WR�WKH�VLPXODWLRQ�SDJH

2U¬FOLFN�WKH�EXWWRQ�EHORZ�WR�FRQWLQXH��

/DVW�8SGDWHG���������¬¬¬¬¬¬¬�3KXZDQDL�:DQDPDNRN��>EHVW#YW�HGX@¬¬�¬¬�¬¬¬�&(	0�&((�9LUJLQLD�7HFK¬¬�

$FWLYLW\ ¬�0RVW�$FFHSWHG�'LVWULEXWLRQ

6HWXS�GLVWULEXWRU�WUXFN 3HDUVRQ�����������������

6SUD\�RQH�PHWHU�RI�WDFN�FRDW 3HDUVRQ������������������

0RXQW 3HDUVRQ���������������

6HWXS�,QVWDOOHU (UODQJ���������������

8QUROO�RQH�PHWHU�RI�PHPEUDQH /RJQRUPDO������������������

,QVWDOOHU�WUDYHOV�RQH�PHWHU 8QLIRUP��������������������

&RPSDFW�RQH�PHWHU 8QLIRUP���������������������

gfedc

Proceed to models/carpi/carpi.str step 8



     6,08/$7,21�02'(/�'(9(/230(17 

7KH VLPXODWLRQ PRGHO ZDV FUHDWHG XVLQJ 6752%26&23(� 6WURERVFRSH LV D GLVFUHWH�HYHQW VLPXODWLRQ

SURJUDPPLQJ ODQJXDJH GHVLJQHG IRU PRGHOLQJ FRPSOH[ RSHUDWLRQV� $ 6WURERVFRSH PRGHO GHVFULEHV WKH

GHWDLOV RI KRZ WKH RSHUDWLRQ WDNHV SODFH E\ JHQHUDWLQJ LQSXW SURFHVVHV �VXFK DV GXUDWLRQ RI DFWLYLWLHV� IURP

SUREDELOLW\ GLVWULEXWLRQV� FDUU\LQJ RXW WKH SURFHVVHV DV GHVFULEHG E\ D PRGHO QHWZRUN� DQG UHFRUGLQJ WKH

FRQVHTXHQFHV RU RXWFRPHV RI WKH RSHUDWLRQ �H�J�� SURGXFWLRQ UDWHV DQG UHVRXUFH XWLOL]DWLRQ�� 3OHDVH FOLFN

KHUH WR VHH WKH PRGHO QHWZRUN� )RU PRUH LQIRUPDWLRQ RQ KRZ WR GHYHORS VLPXODWLRQ PRGHOV XVLQJ

6752%26&23( VLPXODWLRQ V\VWHP� SOHDVH YLVLW WKH 6752%26&23( ZHE VLWH

&KHFN WKH ER[ EHORZ LI \RX ZRXOG OLNH WR JR GLUHFWO\ WR WKH VLPXODWLRQ SDJH�

*R GLUHFWO\ WR WKH VLPXODWLRQ SDJH

2U FOLFN WKH EXWWRQ EHORZ WR FRQWLQXH��

/DVW 8SGDWHG� ������� 3KXZDQDL :DQDPDNRN� >EHVW#YW�HGX@ &(	0�&(( 9LUJLQLD 7HFK ��

�����

Proceed to models/carpi/carpi.str step 9



02'(/�(;3/$1$7,21

7KH�SURFHVV�LQYROYHG�LQ�WKH�LQVWDOODWLRQ�RI�WKLV�JHRFRPSRVLWH�PHPEUDQH�ZDV�PRGHOHG�XVLQJ�6752%26&23(��¬�

3URRI�$QLPDWLRQ�¬ZDV�XVHG�IRU�FRPSXWHU�DQLPDWHG�RXWSXW�¬¬�$�VHFWLRQ�FRQVLVWHG�RI�D�QXPEHU�RI�PHPEUDQH�VWULSV�¬�

7KH�QXPEHU�RI�PHPEUDQH�VWULSV�UHTXLUHG�ZDV�FDOFXODWHG�IURP�WKH�ZLGWK�RI�WKH�URDG�DQG�WKH�ZLGWK�RI�WKH�PHPEUDQH�

UROO�¬�)RU�H[DPSOH��RQ�D����P�����IW��ZLGH�VHFWLRQ��ILYH���P�ZLGH�������IW��UROOV�ZHUH�XVHG�¬�7KH�OHQJWK�RI�D�VHFWLRQ�

ZDV�HTXDO�WR�WKH�OHQJWK�RI�WKH�PHPEUDQH�UROO�¬�)LJXUH���VKRZV�D�SODQ�YLHZ�RI�WKH�GHVLJQHG�LQVWDOODWLRQ�SURFHVV�IRU�

WZR�VHFWLRQV� 

)LJXUH�����3ODQ�YLHZ�RI�D�GHVLJQHG�LQVWDOODWLRQ�SURFHVV

¬,Q�WKLV�SDUWLFXODU�H[DPSOH��WKH�RSHUDWLRQ�VWDUWV�LQ�VHFWLRQ�RQH�¬�)LYH�VWULSV�RI�PHPEUDQH�DUH�LQVWDOOHG�LQ�WKH�

RUGHU�VKRZQ��(DFK�VWULS�LV�DOZD\V�ODLG�IURP�WKH�VHFWLRQ�VWDUW�SRLQW�WR�WKH�VHFWLRQ�HQG�SRLQW��IURP�OHIW�WR�ULJKW��¬�7KLV�

PHDQV�WKDW�DIWHU�ILQLVKLQJ�RQH�PHPEUDQH�VWULS��WKH�HTXLSPHQW�WUDYHOV�EDFN�WR�WKH�VHFWLRQ�VWDUW�SRLQW�¬�$IWHU�WKH�

HTXLSPHQW�ILQLVKHV�LQVWDOOLQJ�ILYH�PHPEUDQH�VWULSV��L�H���ILQLVKHV�VHFWLRQ�RQH��LW�PRYHV�WR�WKH�VWDUW�SRLQW�RI�VHFWLRQ�

WZR�DQG�WKH�SURFHVV�VWDUWV�RYHU�DJDLQ��

¬¬¬¬¬¬¬ �¬¬¬¬¬¬¬¬¬¬�

&KHFN�WKH�ER[�EHORZ�LI�\RX�ZRXOG�OLNH�WR�JR�GLUHFWO\�WR�WKH�VLPXODWLRQ�SDJH�

*R�GLUHFWO\�WR�WKH�VLPXODWLRQ�SDJH

2U¬FOLFN�WKH�EXWWRQ�EHORZ�WR�FRQWLQXH�

gfedc

/DVW�8SGDWHG���������¬¬¬¬¬¬¬�3KXZDQDL�:DQDPDNRN��>EHVW#YW�HGX@¬¬�¬¬�¬¬¬�&(	0�&((�9LUJLQLD�7HFK�

Proceed to models/carpi/carpi.str step 10



',5(&7,21�2)�,167$//$7,21

¬¬¬¬¬¬¬�7KH�PHPEUDQH�LV�GHVLJQHG�WR�EH�LQVWDOOHG�LQ�RQH�GLUHFWLRQ�WR�SUHYHQW�KDYLQJ�D�JDS�DW�WKH�MRLQW��RU�KDYLQJ�WR�FXW�

H[FHVVLYH�PHPEUDQH�¬�:KHQ�LQVWDOOHG�EDFNZDUG��L�H���IURP�WKH�VHFWLRQ�HQG�SRLQW�WR�WKH�VHFWLRQ�VWDUW�SRLQW��LW�LV�YHU\�

GLIILFXOW��LI�QRW�LPSRVVLEOH��WR�HQVXUH�WKDW�WKH�QHZ�VWULS�ZLOO�HQG�H[DFWO\�ZKHUH�WKH�ODLG�PHPEUDQH�VWULS�RI�WKH�

SUHYLRXV�VHFWLRQ�HQGV�¬�)LJXUH���LOOXVWUDWHV�WKDW��ZKHQ�LQVWDOOHG�EDFNZDUG��WKHUH�LV�D�FKDQFH�RI�KDYLQJ�HLWKHU�D�JDS��

RU�H[FHVVLYH�PHPEUDQH�DW�WKH�MRLQW�ZKHUH�WZR�PHPEUDQH�VWULSV�PHHW�¬�7KHUHIRUH��WKH�LQVWDOODWLRQ�LV�GHVLJQHG�LQ�

RQO\�RQH�GLUHFWLRQ��DV�VKRZQ�LQ�)LJXUH��� 

)LJXUH�����$�JDS�RU�H[FHVVLYH�PHPEUDQH�PD\�RFFXU�DW�WKH�MRLQW�LI�WKH�PHPEUDQH�LV�LQVWDOOHG�EDFNZDUG

)LJXUH�����7KH�PHPEUDQH�LV�DOZD\V�LQVWDOOHG�LQ�RQH�GLUHFWLRQ

¬¬¬¬¬¬¬¬ �

¬¬¬¬¬¬¬¬¬�

&KHFN�WKH�ER[�EHORZ�LI�\RX�ZRXOG�OLNH�WR�JR�GLUHFWO\�WR�WKH�VLPXODWLRQ�SDJH�

*R�GLUHFWO\�WR�WKH�VLPXODWLRQ�SDJH

2U¬FOLFN�WKH�EXWWRQ�EHORZ�WR�FRQWLQXH�

gfedc



����',675,%8725�758&.

2ULJLQDOO\� WKH RSHUDWLRQ ZDV PRGHOHG VXFK WKDW WKH WUXFN FRXOG VSUD\ WKH WDFN FRDW DV VRRQ DV LW ZDV

UHDG\� L�H�� DV VRRQ DV LW UHWXUQHG WR WKH VHFWLRQ VWDUW SRLQW� +RZHYHU� DIWHU REVHUYLQJ WKH DQLPDWLRQ RI WKH

SURFHVV� LW ZDV GHFLGHG WKDW WKH WUXFN VKRXOG ZDLW IRU WKH LQVWDOOHU WR EH UHDG\ WR XQUROO WKH PHPEUDQH

EHIRUH VSUD\LQJ DVSKDOW WR DVVXUH WKDW WKH DVSKDOW ELQGHU LV VWLOO KRW� 7KH PRGHO ZDV WKHUHIRUH DGMXVWHG VXFK

WKDW WKH WUXFN ZRXOG QRW VSUD\ WKH WDFN FRDW XQOHVV WKH PHPEUDQH UROO ZDV PRXQWHG RQWR WKH LQVWDOOHU DQG

UHDG\ WR XQUROO� 

&KHFN WKH ER[ EHORZ LI \RX ZRXOG OLNH WR JR GLUHFWO\ WR WKH VLPXODWLRQ SDJH�

*R GLUHFWO\ WR WKH VLPXODWLRQ SDJH

2U FOLFN WKH EXWWRQ EHORZ WR FRQWLQXH�

�����

/DVW 8SGDWHG� ������� 3KXZDQDL :DQDPDNRN� >EHVW#YW�HGX@ &(	0�&(( 9LUJLQLD 7HFK

Proceed to models/carpi/carpi.str step 12



    &203$&725�$1'�/2$'(5 

$OWKRXJK LW DSSHDUV FRVW HIIHFWLYH IRU WKH FRPSDFWRU WR VWDUW FRPSDFWLQJ DV VRRQ DV WKH PHPEUDQH LV

ODLG� LW LV GLIILFXOW WR FRUUHFW WKH DOLJQPHQW ZKHQ� IRU VRPH UHDVRQ� WKH PHPEUDQH LV QRW SURSHUO\ DOLJQHG�

&RQVHTXHQWO\� WKH FRPSDFWRU ZDV PRGHOHG VXFK WKDW LW VWDUWHG FRPSDFWLQJ RQO\ DIWHU RQH PHPEUDQH UROO

ZDV FRPSOHWHO\ SODFHG� 6HWWLQJ XS WKH RSHUDWLRQ SURSHUO\ LV LPSRUWDQW EHFDXVH FRUUHFWLQJ HUURUV LV

FXPEHUVRPH� 2QFH WKH PHPEUDQH LV FRPSDFWHG� LW LV YHU\ KDUG WR UHGR WKH ZRUN� 7KHUHIRUH� WKH

FRPSDFWRU ZLOO QRW VWDUW FRPSDFWLQJ XQWLO DQ XQUROOHG PHPEUDQH VWULS LV VDWLVIDFWRULO\ VWUDLJKW DQG IUHH RI

ZULQNOHV� ,Q DGGLWLRQ� WKH FRPSDFWRU FDQ FRPSDFW WKH PHPEUDQH LQ HLWKHU GLUHFWLRQ �OHIW WR ULJKW RU ULJKW WR

OHIW�� 7KH FRPSDFWRU GRHV QRW KDYH WR WUDYHO WR WKH VHFWLRQ VWDUW SRLQW HYHU\ WLPH LW ILQLVKHV RQH PHPEUDQH

VWULS�

7KH ORDGHU� RQ WKH RWKHU KDQG� LV PRGHOHG WR VWD\ DW WKH VHFWLRQ VWDUW SRLQW DW DOO WLPHV EHFDXVH WKH

RWKHU HTXLSPHQW ZLOO HYHQWXDOO\ UHWXUQ WR WKDW SRLQW� $IWHU WKH ORDGHU PRXQWV DOO WKH JHRFRPSRVLWH

PHPEUDQH UROOV UHTXLUHG IRU RQH VHFWLRQ� LW PRYHV WR WKH VWDUW SRLQW RI WKH QH[W VHFWLRQ�

&KHFN WKH ER[ EHORZ LI \RX ZRXOG OLNH WR JR GLUHFWO\ WR WKH VLPXODWLRQ SDJH�

*R GLUHFWO\ WR WKH VLPXODWLRQ SDJH

2U FOLFN WKH EXWWRQ EHORZ WR FRQWLQXH�

�����

/DVW 8SGDWHG� ������� 3KXZDQDL :DQDPDNRN� >EHVW#YW�HGX@ &(	0�&(( 9LUJLQLD 7HFK

Proceed to models/carpi/carpi.str step 13



     ,167$//$7,21�0(7+2'6

7KHUH ZHUH VHYHUDO LQVWDOODWLRQ DOWHUQDWLYHV WKDW ZHUH WKRXJKW SRVVLEOH� LQFOXGLQJ FKDQJHV LQ WKH ZLGWK

DQG OHQJWK RI WKH PHPEUDQH UROOV� :KLOH PDQXIDFWXULQJ ORQJHU UROOV LV QRW DQ LVVXH� PDNLQJ WKHP ZLGHU

UHTXLUHV D VXEVWDQWLDO FDSLWDO LQYHVWPHQW� %RWK FDVHV LQFUHDVH WKH ZHLJKW RI WKH UROOV DQG PD\ UHTXLUH ODUJHU

LQVWDOOHUV� 7KXV� WKHUH LV D WUDGHRII EHWZHHQ WKH FDSLWDO LQYHVWPHQW LQ QHZ LQVWDOOHUV E\ WKH FRQWUDFWRUV DQG

WKH FDSLWDO LQYHVWPHQW LQ QHZ PDQXIDFWXULQJ HTXLSPHQW E\ WKH PDQXIDFWXUHU� 7KH PRGHOV� KRZHYHU� DUH

EDVHG RQ WKH DVVXPSWLRQ WKDW WKH PHPEUDQH PDQXIDFWXUHU KDV WKH FDSDELOLW\ WR SURGXFH UROOV LQ YDULRXV

ZLGWKV DQG OHQJWKV� 7KH PRGHO ZDV GHVLJQHG VXFK WKDW WKH OHQJWK DQG ZLGWK RI PHPEUDQH UROOV FRXOG EH

LQSXW DV PRGHO SDUDPHWHUV�

&KHFN WKH ER[ EHORZ LI \RX ZRXOG OLNH WR JR GLUHFWO\ WR WKH VLPXODWLRQ SDJH�

*R GLUHFWO\ WR WKH VLPXODWLRQ SDJH

2U FOLFN WKH EXWWRQ EHORZ WR FRQWLQXH�

�����

/DVW 8SGDWHG� ������� 3KXZDQDL :DQDPDNRN� >EHVW#YW�HGX@ &(	0�&(( 9LUJLQLD 7HFK

Proceed to models/carpi/carpi.str step 14



&20387(5�$1,0$7,216

¬¬¬¬¬¬¬¬¬¬�3OHDVH�FOLFN�RQ�WKH�OLQNV�EHORZ�WR�YLHZ�PRYLH�FOLSV�RI�YDULRXV�LQVWDOODWLRQ�DOWHUQDWLYHV�

'RZQORDG

¬¬¬¬¬¬¬¬¬¬¬�&RPSXWHU�DQLPDWLRQV�ZHUH�FUHDWHG�XVLQJ�3URRI�$QLPDWLRQ�VRIWZDUH�¬�)RU�PRUH�LQIRUPDWLRQ��YLVLW�:ROYHULQH
6RIWZDUH�&RUSRUDWLRQ�¬�<RX�PD\�GRZQORDG�WKH�3URRI�'HPR9LHZ��WKH�OD\RXW�ILOH��DQG�VDPSOH�WUDFH�ILOHV�RI�WKH�
LQVWDOODWLRQ�YLD�WKH�OLQNV�EHORZ�

&KHFN�WKH�ER[�EHORZ�LI�\RX�ZRXOG�OLNH�WR�JR�GLUHFWO\�WR�WKH�VLPXODWLRQ�SDJH�

*R�GLUHFWO\�WR�WKH�VLPXODWLRQ�SDJH

2U¬FOLFN�WKH�EXWWRQ�EHORZ�WR�FRQWLQXH��

/DVW�8SGDWHG���������¬¬¬¬¬¬¬�3KXZDQDL�:DQDPDNRN��>EHVW#YW�HGX@¬¬�¬¬�¬¬¬�&(	0�&((�9LUJLQLD�7HFK¬¬�

$OWHUQDWLYH����$�UHJXODU�LQVWDOOHU�ZLWK������PHWHU�ZLGH�DQG����PHWHU�ORQJ�UROOV�
$OWHUQDWLYH����$�ODUJH�LQVWDOOHU�ZLWK������PHWHU�ZLGH�DQG����PHWHU�ORQJ�UROOV�
$OWHUQDWLYH����$�ODUJH�LQVWDOOHU�ZLWK������PHWHU�ZLGH�DQG����PHWHU�ORQJ�UROOV�
$OWHUQDWLYH����7ZR�UHJXODU�LQVWDOOHUV�ZLWK������PHWHU�ZLGH�DQG����PHWHU�ORQJ�UROOV�
$OWHUQDWLYH����7ZR�ODUJH�LQVWDOOHUV�ZLWK������PHWHU�ZLGH�DQG����PHWHU�ORQJ�UROOV

3URRI�'HPRYLHZ
/D\RXW�)LOH
6DPSOH�7UDFH�)LOHV

gfedc

Proceed to models/carpi/carpi.str step 15



3$57,&,3$176

7KH GHVLJQ RI WKH LQVWDOODWLRQ SURFHVV LQYROYHG VHYHUDO SDUWLFLSDQWV� 7KHVH LQFOXGHG D JHRV\QWKHWLFV

H[SHUW� D VLPXODWLRQ PRGHOLQJ H[SHUW� DQG WKH JHRFRPSRVLWH VXSSOLHU� 7KH UHVHDUFKHU DSSUHFLDWHV WKHLU

FRQWULEXWLRQ WR WKLV UHVHDUFK�

-XOLR�&��0DUWLQH]

$VVLVWDQW 3URIHVVRU

&RQVWUXFWLRQ (QJLQHHULQJ DQG 0DQDJHPHQW

'HSDUWPHQW RI &LYLO DQG (QYLURQPHQWDO (QJLQHHULQJ

9LUJLQLD 7HFK

MXOLR#YW�HGX

KWWS���VWURERV�FH�YW�HGX

KWWS���ZZZ�EXLOGHUVQHW�RUJ�FLF�LQGH[�FIP

,PDG�/��$O�4DGL

3URIHVVRU

7UDQVSRUWDWLRQ ,QIUDVWUXFWXUH DQG 6\VWHPV (QJLQHHULQJ

'HSDUWPHQW RI &LYLO DQG (QYLURQPHQWDO (QJLQHHULQJ

9LUJLQLD 7HFK

DOTDGL#YW�HGX

KWWS���FHVXQ��FH�YW�HGX�&((�IDFXOW\�DOTDGL�KWPO

-RKQ�$��:LONHV

3UHVLGHQW
&$53, 86$
5RDQRNH� 9LUJLQLD
FDUSLZONV#DRO�FRP

 -HVXV�0��GH�OD�*DU]D

3URIHVVRU
&RQVWUXFWLRQ (QJLQHHULQJ DQG 0DQDJHPHQW
'HSDUWPHQW RI &LYLO DQG (QYLURQPHQWDO (QJLQHHULQJ
9LUJLQLD 7HFK
FKHPD#YW�HGX
KWWS���FHVXQ��FH�YW�HGX�&((�IDFXOW\�GHOD*DU]D�KWPO

/DVW 8SGDWHG� ������� 3KXZDQDL :DQDPDNRN� >EHVW#YW�HGX@ &(	0�&(( 9LUJLQLD 7HFK  

Proceed to models/carpi/carpi.str step 16



6,08/$7(

3OHDVH�LQSXW�VLPXODWLRQ�SDUDPHWHUV

1XPEHU�RI�,QVWDOOHU�V� 1

,QVWDOOHU�7\SH Regular

7KH�ZLGWK�RI�PHPEUDQH�UROOV ¬PHWHUV2.05

7KH�OHQJWK�RI�PHPEUDQH�
UROOV ¬PHWHUV35

7KH�ZLGWK�RI�WKH�URDG ¬PHWHUV8

7KH�OHQJWK�RI�WKH�URDG ¬PHWHUV210

6ORZ�IDFWRU ¬�0

1XPEHU�RI�UHSOLFDWLRQV�WR�
UXQ

5

Proceed to models/carpi/carpi.str step 16



6,08/$7,21�5(68/76

1XPEHU RI ,QVWDOOHU�V� �

,QVWDOOHU 7\SH 5HJXODU

5ROO :LGWK �PHWHUV� ����

5ROO /HQJWK �PHWHUV� �����

5RDG :LGWK �PHWHUV� ����

5RDG /HQJWK �PHWHUV� ������

5HSOV 2SHUDWLQJ 7LPH �KUV�� 3URGXFWLRQ 5DWH �P��KU� 8QLW &RVW ���P��

� ���� ����� ����

� ���� ����� ����

� ���� ����� ����

� ���� ����� ����

� ���� ����� ����

$YH ���� ����� ����

0LQ ���� ����� ����

0D[ ���� ����� ����

6' ���� ���� ����

��� &, >���� � ����@ >����� � �����@ >���� � ����@

Proceed to models/carpi/carpi.str step 18



5(&200(1'$7,21

7KH WDEOH EHORZ VKRZV WKH XWLOL]DWLRQ DQG DYHUDJH ZDLWLQJ WLPH RI HDFK HTXLSPHQW� 7KHVH WZR PHDVXUHV RI

SHUIRUPDQFH SURYLGH XVHUV DQ LGHD RI KRZ KDUG HDFK HTXLSPHQW ZRUNV� )RU H[DPSOH� LI WKH WUXFN
V DYHUDJH

ZDLWLQJ WLPH LV ORQJ ZKLOH WKDW RI WKH LQVWDOOHU
V LV YHU\ VKRUW� WKLV UHYHDOV WKDW WKH LQVWDOOHU FDQQRW NHHS XS

ZLWK WKH WUXFN DQG LV ZRUNLQJ YHU\ KDUG� $V D FRQVHTXHQFH� WKH LQVWDOOHU
V XWLOL]DWLRQ LV YHU\ KLJK� 2Q WKH

RWKHU KDQG� WKH WUXFN
V XWLOL]DWLRQ LV YHU\ ORZ EHFDXVH ZKDW LW LV GRLQJ PRVW RI WKH WLPH LV ZDLWLQJ IRU WKH

LQVWDOOHU� 7KHUHIRUH� LW LV UHFRPPHQGHG WR DGG DQRWKHU LQVWDOOHU WR EDODQFH WKH IOHHW�

<RX PD\ YLHZ WKH FRPSXWHU DQLPDWLRQ RI WKH LQVWDOODWLRQ \RX KDYH MXVW GHVLJQHG� 3OHDVH FOLFN WKH OLQNV

EHORZ WR GRZQORDG QHFHVVDU\ VRIWZDUH DQG DQLPDWLRQ ILOHV� 7KH DQLPDWLRQ FDQ EH YLHZHG XVLQJ 3URRI

$QLPDWLRQ VRIWZDUH� 1RWH WKDW WKH 3URRI $QLPDWLRQ VRIWZDUH SURYLGHG KHUH KDV D OLPLWDWLRQ WKDW DOORZV RQO\

D IHZ PLQXWHV RI YLHZLQJ WLPH�

)RU PRUH LQIRUPDWLRQ DERXW 3URRI $QLPDWLRQ DQG KRZ WR REWDLQ D IXOO YHUVLRQ WKDW DOORZV XQOLPLWHG YLHZLQJ

WLPH� SOHDVH YLVLW :ROYHULQH 6RIWZDUH &RUSRUDWLRQ�

7R YLHZ WKH DQLPDWLRQ� GRZQORDG 3URRI $QLPDWLRQ� WKH DQLPDWLRQ OD\RXW ILOH �FDUSL�OD\�� DQG WKH DQLPDWLRQ

WUDFH ILOH �FDUSL�DWI� DQG VDYH WKHP LQ WKH VDPH GLUHFWRU\� 1H[W� XQ]LS DQG UXQ 3URRI $QLPDWLRQ� DQG RSHQ

ERWK WKH OD\RXW DQG WKH WUDFH ILOH� )LQDOO\� FOLFN WKH UXQ EXWWRQ WR VWDUW WKH DQLPDWLRQ�

'RZQORDG 3URRI $QLPDWLRQ

'RZQORDG /D\RXW )LOH

'RZQORDG 7UDFH )LOH

+$9( $ 1,&( '$< ��

(TXLSPHQW
$YH� :W� 7LPH

�0LQ�

8WLOL]DWLRQ

���

7UXFN ���� �����

,QVWDOOHU ���� �����

&RPSDFWRU ���� �����

/RDGHU ���� �����

Proceed to models/carpi/carpi.str step 19


