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ABSTRACT

In the construction industry, project documentation that covers all aspects of a project
from planning through construction to the completion phase not only plays a significant
role in managing an ongoing project, but is also considered a main resource in claim and
dispute resolution, and in the planning of future projects. Therefore, project managers are
always looking for efficient methods to document project information. Various software
applications have been developed to assist project managers in data collection, storage,
and retrieval including all aspects from drawings to cost estimates, schedules, resource
information, change orders, and work logs. Studying existing commercial applications
and research developments reveals that these systems, which mainly capture and integrate
project information through database systems, CAD models, or scheduling software,
focus on the static information of a project, thus losing the dynamic aspects of project
progress including project work flow, resource interaction, and effects of external factors

in an integrated format.

Therefore, the main objective of this research is the development of a generic framework
for information representation that incorporates process model, product model, and
external factors of a project into one system to create a complete project chronology,
including all changes to the original plan. The system integrates the information and
presents it to the user in a dynamic format, providing an overview of the project at every
stage for comparison with the project as planned. This framework will help project
managers to control the project during the execution phase while compiling a history of

the project for future use.



The proposed framework utilizes computer simulation’s functionality in modeling the
dynamic nature of a project. This application employs a distributed simulation concept
based on the High Level Architecture (HLA) rules in a Construction Synthetic
Environment (COSYE) to facilitate integration of simulation components, to promote
interoperability between the components, and to aid reusability of models in the future.
This research uses a case study that focuses on repetitive construction such as tunnelling,
which lends itself better to simulation planning. The proposed framework is created based

on existing tunnel projects and is validated with an ongoing tunnelling case study.
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Chapter 1 - Introduction

1.1 Problem Statement

In the construction industry, information plays an essential role in managing projects;
during the construction phase, documentation of on-site information can be effectively
used for various management purposes such as project planning and control, forecasting,
resource management, quality control, operation and maintenance, preparing a closure
report, and lesson-learned studies for the ongoing project. In addition, construction
records are used extensively in the resolution of construction disputes through arbitration.
Since the records are the only resource that can be used to reconstruct the situation under
which the disputes occurred (Kangari 1995), complete and accurate site documentation is
extremely important in settling claims. Furthermore, project documentation is helpful in
the planning of future projects, in the form of historical data stored within the involved

organizations.

Therefore, one of the challenges in the construction industry is to capture, store, and
manage project information and make it easily available to construction managers for
management and decision-making purposes. Since the majority of documents are being
produced during the construction phase, the main concern is usually to deploy the
information management system to capture and store all the information generated on site
including the progress report, equipment use, crew size, weather condition, working
hours, quality control, change orders, site condition, interruptions, inspections, and
material inventory. In addition to the site information, keeping track of design and
construction changes adds yet another layer of documentation, which assists in project

management and future possible claims.



It should therefore be unsurprising that project managers and contractors are always
looking for efficient ways to collect and store construction histories and retrieve them
effectively (Hendrickson and Au 1989). Many information management systems are
being used in the industry to represent project information. These systems mainly utilize
a database management system to facilitate information integration and data sharing in

the project and between various project stakeholders.

In the construction management field, different studies have focused on developing
integrated and computer-based information management systems to integrate the
collection, processing, and storage of information. A number of these studies focused on
integrating a database with a commercial application such as CAD systems, scheduling
software or cost estimating systems. There are other studies that focus on automating data
collection to provide access to the site data in a timely manner and provide a control
system for early error detection on the construction site and update project progress and

as-built schedule.

Literature review shows that current methods do not fully capture the construction
process and do not reflect the story of a project in a detailed format and in a dynamic
fashion; existing methods usually focus on capturing and storing physical information
rather than capturing the actual building process. They are also limited in scope, focusing
on smaller parts rather than the entire project. For example, project managers who are
interested in equipment control try to capture information such as working hours,
breakdown, or fuel consumption of onsite equipment, but estimators are interested in
collecting the workers’ daily log or material costs (Navon 2005; Fayek et al. 1998). Even
integrating the project information database with a CPM (Critical Path Method) network
does not support capturing the complete operation as it does not provide resource

interactions and the dynamic nature of projects (Sawhney 1994). CPM network only



describes tasks to a certain level of information; it mainly records the latest status of each
activity and does not provide the daily progress of activities and possible issues such as
work slowdown in a specific day, or interruptions and delays to the activity (Hegazy et al.

2005).

To solve these limitations, the solution is a well-structured system that can capture, store,
process, and access all static and dynamic information, from the planning stage, through
the building process, to the completed project, including all changes to the original plan.
Ideally, the system should integrate this information and present it to the user, providing
an overview of the project at every stage for comparison with the project as planned. It
should be able to incorporate process models, product models, resource models, and static
information into one system. A user should be able to see the resources that completed a
given scope of work in a given period of time under the influence of external factors (e.g.
weather). The solution must be easy-to-use from a manager’s perspective, and it must
also be reusable for different types and sizes of construction projects. One promising
method for implementing the solution is computer simulation as it provides an
environment to model a construction process while demonstrating the dynamic aspect of
a project such as the resource interaction, work flow, and effect of external factors on a

project progress in an integrated format.

Computer simulation has been successfully implemented in the construction industry for
process modeling for purposes such as productivity measurement, risk analysis, resource
allocation, site planning, and claim and dispute resolution (Sawhney 1994). Current
simulation applications in the construction industry are usually based on Discrete Event
Simulation method to model project activities, work sequence, resources and related
factors. But to be able to utilize simulation technique for the documentation purposes

especially for recording the complete story of a project including product and process



model, a more advanced method needs to be developed in the construction simulation
domain. This study proposes the use of distributed simulation technique to document a
complete history of a project from planning to completion including site information,
process and product model, and the dynamic nature of a project in an integrated

environment.

1.2 Research Objectives

The main objective of this research is to provide an efficient approach for the industry to
document project information that not only captures product as-built information, but also
documents the actual construction process including all the changes, along with detailed
information of resource use, external environment, and other relevant information
considering static and dynamic aspects of construction projects. The strategy for
achieving this goal is to develop a framework for information representation that covers

both static and dynamic aspects of a project, from planning and construction phases.

This research employed the simulation modeling approach to facilitate the construction
process modeling, as well as recording process changes to demonstrate what actually
happened on the job site including all the changes to the original plan. In addition,
utilization of computer simulation in this research enhances project documentation by
adding a new level of information by recording work flow, resource interaction, and other
dynamic features of construction projects. In particular, implementation of the framework
in the distributed simulation environment enables the presentation of plan and as-built
process models, along with product model information, in a single simulation

environment that enables comparison of the results for various decision-making purposes.

Having complete plan and as-built documentation, the project manager will be able to

control the project during the execution phase while compiling a complete history of the



project for future use (e.g. for claims analysis, lessons learned, planning future projects,

etc.).

1.3 Research Methodology

This research requires a thorough knowledge of construction projects as well as extensive
programming skills. To develop a process model that includes all aspects of a
construction project including activities, resources, and external factors in such detail that
it provides valuable information as a decision-making tool, while still remaining easy to
implement and use, an in-depth technical knowledge of a construction process and a good
understanding of construction management techniques are required. Also, to develop the
proposed framework in a distributed simulation environment, a broad range of computer
programming skills are required. To gain the required knowledge and skills and
ultimately develop the framework, a research plan consisting of specific steps was
defined for this research. Research activities included a literature review, building a
conceptual framework, choosing a case study, collecting, processing and storing site
information for the selected case study, building components of the framework,
implementing the documentation process, analyzing results, and testing and validating the
framework with the ongoing construction project. The detailed explanation of each step is

presented as follows:

1. Reviewing literature to recognize the issues in the current as-built documentation
approaches.
2. Developing a conceptual model for the proposed approach to capture project as-

built information through utilization of computer simulation.



Studying distributed simulation and High Level Architecture (HLA) and its
implementation in Construction Synthetic Environment (COSYE) and evaluating
various means of representing information within the COSYE environment.
Implementing the proposed framework, utilizing distributed simulation that
allows integration of a process model developed in stand-alone Discrete Event
Simulation software, product model, and different simulation systems into an
integrated simulation environment.

Developing a Special Purpose Simulation (SPS) template for a case application
of a tunnel construction that captures construction product and process
information and details of project resources, calendar, shifts, material, unit costs,
material delivery, and external factors such as ground condition.

Developing a data collection and storing system during construction phase that
includes process information, resources, interruptions, etc. The application
includes the data collection system that gathers information on a daily basis
through a web-based form and stores it in a relational Microsoft Access database.
Implementing the framework for a case application of a tunnel construction
project.

Documentation of the actual process model using a hybrid simulation technique
which combines Discrete Event Simulation with a time-step simulation.
Experimenting with the framework using a case application, validating the
framework through an actual ongoing project, and providing suggestions for

future improvements.



1.4 Research Scope

The as-built documentation studies mainly focus on data collection from the construction
site, including site daily reports and product information, as discussed in Chapter 2.
Investigation of existing methods in the data collection area illustrated that these methods
lack in documentation of dynamic aspects of projects, so a framework which can lead to
an integrated application for project documentation that can record all aspects of a project
is a unique and ideal solution for project history documentation, especially for claim
analysis. Therefore, the scope of this research focuses primarily on as-built
documentation of the construction process and product information that contains every

detail of a construction project.

In this project, after investigation of various methods for as-built documentation of
projects, the research focuses on application of simulation systems in documenting
project information. This research will utilize simulation technique, not only for planning
purposes, but also for recording the actual process information, along with product data
and external factors during the construction stage of a project. For the implementation
phase, a tunnel construction project was considered as a case study in this research, and
the ultimate goal is to provide a generic tool for as-built documentation of different types

of construction projects.

This research does not propose an information management system that works as a data
warehouse for the entire project, but it utilizes simulation technique to record the actual
construction product and process and provide additional information about project
progress, resource utilization, and many other simulation related results in the presence of

different external factors.



1.5 Implementation Environment for the Proposed Framework

The software applications that are employed to develop this framework are:

COSYE

Simphony 4.0

Visual Studio 2010

Microsoft Access 2010

In 2006, AbouRizk introduced an HLA-based distributed simulation environment called
Construction Synthetic Environment (COSYE) to the construction simulation domain to
simulate more complex projects and facilitate interactions of different parties and various
simulation components in a single system. Based on HLA rules, each component of a
system is called federate, and the simulation model is known as a federation. The COSYE
environment is a Microsoft.NET software application that supports the development of
distributed simulation models in Microsoft Visual Studio (AbouRizk and Hague 2009).

COSYE supports:

1. Modeling of different aspects of the project including process model, product
model, resource interactions (equipment, material, crews) and external factors’
influences (weather).

2. Integration of different software applications to work together on multiple
computers and from different locations (e.g. consultant, project management or
contractor offices) as one simulation system to facilitate collaboration in the

project.

Simphony 4.0 is the latest version of Simphony which was originally created in 1999 as a

Microsoft Windows-based Special Purpose Simulation tool to develop a more flexible



and easy to use application for the construction industry to model construction processes
using Discrete Event Simulation technique. The provided features in the software,
specifically the graphical, hierarchical, modular and integrated modeling environment,
simplify the development of a simulation model. This version of Simphony was
developed utilizing the Microsoft.NET 4.0 framework under the object-oriented paradigm
to provide a flexible and extensible environment for modeling and integration purposes.
Unlike the previous Simphony, the development of a template is not tied to the user

interface, which allows the use of the provided services in other simulation environments.

Both Simphony template and COSYE federation are developed using Visual Studio 2010.
And finally, Microsoft Access is utilized to capture and store project information

including product and process data.

The proposed framework in this research is a simulation-based system that is created in
COSYE. As it is shown in Figure 1-1, the framework consists of different components

that communicate together through the COSYE environment’s features.
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Planning Data Interruptions Weather condition
Simulation Process Model and Inputs Daily Site information

!
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As-built Outputs and Other Simulation
Process Model Reports components
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Figure 1-1: Envisioned Simulation-Based As-Built Dcumentation Framework



To develop process model federates for the both plan and as-built processes, Simphony
software is integrated into COSYE federation to facilitate process model development. In
the Simphony model, project activities and resources such as crew, equipment, and
material are modeled. The interruptions in the project including equipment breakdowns,
the external environment such as geotechnical information, and material delivery and
supply are features considered in the development of the process model. In this
framework, these inputs are all updated along with the process model during the

construction phase.

A simulation controller is another module which connects to the database, reads data on a
daily basis, sends updates to the simulation components, and controls the process updates
in the Simphony model. The as-built data was documented in a Microsoft Access

database which is a common application in construction projects documentation.

To update the product model, in the provided case study, surveying information and
coordinates from 2D drawings are used to create a 3D model for the project. All the
updates happen within the framework to keep everything in one single place and to make

it accessible and easy to use for various purposes.

1.6 Thesis Organization

This thesis consists of seven chapters and five appendices. Chapter 1 introduces the
research motivation, identifies research objectives and scope, and summarizes the
methodology of the research. Chapter 2 contains a brief overview of literature and
previous studies in the field of as-built documentation in construction projects, use of
computer simulation in construction, Simphony applications, and introduction to
distributed simulation in the COSYE environment. Chapter 3 discusses a case study for

compiling data for the Post Implementation Review (PIR), and the challenges and
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limitation of existing methods that served as a motivation for this research. Chapter 4
presents the proposed simulation-based framework for documenting as-built records in
construction projects. Chapter 5 provides the design and development of a Special
Purpose Simulation template in Simphony 4.0, and integration of the process model in the
COSYE environment for a case study project. Chapter 6 describes the implementation of
the framework in a distributed simulation environment, and contains validation of the
proposed framework with an ongoing tunnel construction project. Finally, Chapter 7
summarizes the research conclusion, the limitations of the research, research

contributions, and suggestions for future development.
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Chapter 2 - Literature Review

2.1 Introduction

In Chapter 1, the research objective, to develop a simulation-based framework to record
construction product and process information and site data in an integrated and dynamic
fashion was outlined. This framework utilizes a computer simulation technique to
dynamically document as-built product and process, and all the related data during the

construction phase of the project.

The first step to develop the application was to study previous research in the area of
construction project documentation, especially those related to the construction process
as-built documentation. Also, the applications of site information in the management
process at construction projects were studied to show the value of the research in the
industry. In the next step, the available simulation techniques and applications needed to

be reviewed to choose the best approach for this research.

2.2 Construction As-Built Information

Construction as-built information is valuable and has multiple uses throughout the project
lifecycle; the data collected during the construction phase is essential for controlling
construction progress as well as monitoring material deliveries, product quality, project
cost, and future forecasting of the project performance (Akinci et al. 2006). In addition,
as-built information can assist in planning future projects, and in increasing knowledge
and improving organization performance. Also, documentation of project as-built
information presents what actually happened during the construction phase, which is

essential in the case of claims and dispute resolution. In addition to the contract
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specifications and supporting documents such as project correspondence, meeting
minutes, payroll, and cost reports, in case of construction claims, usually daily records
can provide essential information of the construction site, especially when any changes
happen in the construction process. It is entirely possible for as-built data to be used in
claims and litigation by either a contractor or owner, or even by a third party in the
project. Scott and Assadi (1999) conducted a survey to assess the importance of site
records in construction. The analysis showed that the most important use of daily records
is dealing with claims. Among all the reasons that create claims in projects, change orders

are a major cause of disputes between owners and contractors (Kangari 1995).

There is typical as-built data in any construction project that needs to be collected and
analyzed; this data can be categorized in three groups; the product data that contains data
related to work locations and physical components of a project, which is usually
documented in a form of as-built 2D/3D drawings; the process data that includes work
sequence, activity progress, and delays with information of allocated resources, which are
documented in the scheduling and estimating software; and the last category is site daily
data that contains the daily state of activities, site condition, and effects of external

factors, which are recorded in daily logs (Chiu and Russell 2011).

The following list includes common data related to product, process, and site condition
that is collected frequently at construction projects (Russell 1993; Cox et al. 2002; Chin

et al. 2005; Chassiakos and Sakellaropoulos 2008; Ailland et al. 2010):

e Project name, location and date,
e Weather conditions such as temperature, wind speed, precipitation, etc.,
e Crew information such as number of workers, working hours,

e Number and type of equipment on the project,
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e Equipment usage and breakdowns,

e Site condition,

e Site measuring quantities,

o Material delivery,

e Activities information including daily progress,

e Construction methods (discrepancies in plans and/or conflicts),
e Scope changes, change work orders, and extra works,

e Delays and issues, and

e Dated photographs and videos.

Product, process and site daily records are usually stored by different parties and in
separate files and formats. Several studies have been done in the area of project as-built
documentation; many focused on data capturing techniques and others tried new methods
for integration of project information. In the first area, researchers are working on
automating data capturing processes at a jobsite to replace the traditional method of
manual data collection which is time-consuming, inaccurate and expensive (Davidson
and Skibniewski 1995). These studies mainly focused on using automation technologies
to facilitate as-built data collection (either product or process data) during construction to
provide accurate and complete information in real time for monitoring project
performance and updated project progress. They studied various applications in
construction projects such as mobile computing devices, bar-code systems, the Global
Positioning System (GPS), photogrammetry, video capturing, laser scanning, and Radio
Frequency Identification (RFID) tags (Hajian and Becerik 2009; Sardroud and
Limbachiya 2010; Cheng and Teizer 2010). In the other research approach, researchers
deal with information management in construction projects and how to document project

information. They attempt to develop an integrated system that is able to store and
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integrate process and product information from different sources and with different

formats during project lifecycle.

2.3 Documentation of As-Built Information in Construction

Projects

There are several commercial software programs in the field of construction management
that assist in project documentation including Computer-Aided Design (CAD) systems
that document product information; Microsoft Project and Primavera Project Planner that
are used for CPM scheduling and resource allocation; Expedition that tracks bid
packages, submittals, changes, daily logs, and purchase orders; and Timberline that is
used for cost estimation (Stumpf et al. 1995). These tools can capture and present as-built
information during the construction phase of a project. But they do not provide integrated
project information, and their interoperability is not easy due to the different data formats

that they generate.

Therefore, researchers try to develop integrated systems to document as-built information
in a more detailed and more accurate format. Hegazy et al. (2005) developed an
intelligent bar chart system that links spreadsheets with scheduling software to assist
project managers in cases of claims by providing detailed as-built processes compared to
regular scheduling software. In this method, the daily percent complete for each activity
is captured and compared to the plan progress using a spreadsheet. In the system,
activities are presented in a group of adjacent cells (of daily progress values) that make
up a total duration of the activity. This system can automatically recognize delays and ask
for user inputs for documentation of the cause of delay, captured from the daily record.
The bar chart is directly linked to the project schedule and automatically updates the state

of activities. Dawood et al (2002) developed a system composed of a central database
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integrated with AutoCAD 2000 and Microsoft Project to document product and project
schedule. Chin et al. (2008) proposes an integrated system for progress control of
structural steel works that documents as-built and plan processes using 4D CAD. In this
work, they integrate RFID data collection method and 4D CAD application to capture and
document as-built progress during construction operation. However, none of the

developed systems provide a complete history of a project.

In a more integrated approach, Goedert and Meadati (2008) tested the application of
Building Information Modeling (BIM) in documenting construction as-built processes.
They indicated that BIM software is not specifically prepared to accomplish these
objectives and some modification to procedures as well as to software were necessary for

the BIM to capture the construction process documentation.

In many studies, an integrated project database is proposed to store information from
different sources in the project. This approach is known as an integrated project
management system and facilitates effective communication between project parties and
software applications during the lifecycle of a project. For modeling and integration
approach, various data exchange standards have been developed for interoperability in the

system.

Literature review reveals that integration may happen in three different categories,
including integration between different computer software applications, integration
through geometry and CAD packages, and knowledge-based integration that focuses on
integrating multiple databases. These studies usually focus on one aspect of a project
rather the entire project, so they cannot capture all the aspects of a project, and are usually
interested in either schedule update, productivity study, or the as-built product through

integration of CAD with other project management tools. The record is made on the
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contract documents, usually, but not necessarily limited to, the design drawings. Or the
interest is sometimes in capturing resource information or recording site data including

equipment, working hours, crew names, and any interruption in the site.

2.4 Simulation Application in Construction

In this research, a use of computer simulation is proposed to document construction
information, especially the as-built process model, which includes actual work sequence
in more detail than scheduling software, and records resource interaction, and all the
factors that affect project progress. To implement the proposed framework, the
application of computer simulation in the construction industry, and the capabilities and
limitations of current systems to develop the framework were reviewed. In this section,
an overview of construction simulation is presented in more detail to demonstrate its

capabilities and limitations as part of this research.

In the construction industry, computer simulation has been utilized to create a
construction process for different construction management and decision-making
purposes. As an example, computer simulation enables construction managers to analyze
complex construction processes, evaluate different scenarios, and optimize the time and

required resources in a project.

Over the years, the main challenge in the use of computer simulation in the construction
industry was to make it acceptable to the users by presenting it in a simple and more
graphical context. Therefore, in 1973, Halpin introduced CYCLONE to simplify the
simulation modeling for construction practitioners by allowing the graphical
representation of a model. CYCLONE was developed to model processes based on
discrete event simulation technique, which is an effective method in simulation of

construction projects. A number of simulation systems have been developed based on
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CYCLONE; the early applications such as RESQUE (Chang and Carr 1987) and
Stroboscope (Martinez and loannou 1994) are known as General Purpose Simulation
(GPS) tools which can represent almost any process. To create a model using a GPS tool,
a user needs to have a deep understanding of simulation techniques, which makes it
difficult for industry personnel to use. So, researchers tried to customize modeling tools
for specific construction domains. They introduced Special Purpose Simulation (SPS) to
facilitate modeling of specific type of projects. Simphony (Abourizk and Hajjar 1998) is
one of the Special Purpose Simulation tools developed specifically for modeling
construction processes. This research utilizes Simphony to model construction process in
the proposed framework. The next section describes the specification of Simphony and
the reason that Simphony is chosen in this study to demonstrate construction plan and as-

built process models.

2.5 Construction Simulation Modeling in Simphony

Hajjar and AbouRizk (1999) introduced Simphony, a Microsoft Windows-based SPS tool
to develop a more flexible and easy to use application for industry. Simphony facilitates
modeling the construction process by providing a graphical, hierarchical, modular, and
integrated modeling environment. In Simphony, a developer can use Discrete Event
Simulation programming to create a template, a collection of elements linked together,
and represent construction activities in one domain. Each element can encapsulate more
than one activity in the process and its graphics represents the actual process in the site.
This approach helps users to select elements based on their graphics, drag and drop them
on the modeling surface, and link them together to create a complete model, without a
deep knowledge of computer programming. However, the template development requires

broad knowledge of the construction domain to be able to include all the process details
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while keeping the flexibility of the model for industry use. Several Simphony templates
were created to model real projects and help construction managers in decision making
and planning processes including productivity measurement, risk analysis, resource
allocation, site planning, claim and dispute resolution, scenario planning, and cost
estimation (Sawhney 1998). A number of successful construction simulation models were
created in Simphony including earth moving, pavement construction, concrete placement
on high-rise buildings, tunnelling, underground pipe-jacking, tower crane utilization,
equipment management, site layout optimization, etc. Figure 2-1 shows a simulation

model created in Simphony using a tunnel construction SPS template.
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Figure 2-1: An SPS Template for Tunnel Construction Projects

A new version of Simphony called Simphony.NET 4.0 was developed to provide a more
flexible and extensible environment for modeling and integration purposes. Simphony 4.0
was developed utilizing the Microsoft. NET 4.0 framework under the object-oriented

paradigm. It consists of the following modules:
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1. Services that facilitate Discrete Event Simulation programming such as
Simphony Core Services (contains components such as the discrete event engine
as well as math libraries, statistics, and distribution) and Simphony Modelling
Services (contains abstract versions of models, scenarios, and various types of
modeling for template development), and

2. Simphony templates and Graphical User Interface.

Each modeling element in Simphony.NET 4.0 is a Visual Basic or C# class developed in
one Microsoft Visual Studio project (which represents a template in Simphony). Unlike
the previous Simphony, the development of a template is not tied to the user interface,
which allows the use of the provided services in other simulation environments. Figure 2-

2 shows a sample model and the coding environment in Simphony.NET 4.0.
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Figure 2-2: Simphony 4.0 Coding Environment in Visual Studio 2010

Due to the capabilities of Simphony 4.0, specifically its ability to integrate into other

simulation environments, it has been selected in this research to model construction
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processes, but to develop a reusable and interoperable framework for information
documentation in construction projects, there is a need for an integrated environment to

facilitate product and process model documentation in one system.

Since the focus of current simulation applications is process modeling, more modern
simulation tools are needed to cover project life cycle from the product model, the
process model, the environment model, and all the related resources. They should support
integration of visualization tools (CAD systems, animation), databases, different
simulation techniques (continuous, discrete event, real time, agent-based, etc.), and
software applications (such as schedule and estimation software and control systems)
(AbouRizk, 2010). Therefore, a new simulation technique needs to be utilized to develop
the framework. In 2006, AbouRizk introduced a distributed simulation technique to
support integration of different computer applications, and various simulation techniques
in a multi-user environment (AbouRizk 2006). Here, an overview of distributed
simulation and its implementation for the construction domain is presented. Review of
distributed simulation and its capabilities and current applications in the construction
industry define that it is a suitable choice to fulfill the requirements of the proposed

framework.

2.6 Distributed Simulation and High Level Architecture (HLA)

Distributed simulation was developed by the United States military and is known as a
technology “that enables a simulation program to execute on a computing system
containing multiple processors, such as personal computers, interconnected by a
communication network” (Fujimoto 1999). In a distributed system, modellers divide a
complex simulation system into multiple subsystems that are interrelated to represent the

entire system functionality, and reduce the execution time of a system, and to decrease
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the time and cost of model development by reusing sub models in similar future projects.
The other advantage of a distributed model is that it enables the interoperability of
different simulation techniques in one system. It can also provide a collaborative
simulation environment by enabling different parties to interact through a set of
geographically distributed computers and reducing the time of communication and data
transfer (Boer 2005). To fulfill all these requirements, a common framework and certain
rules and standards were initiated to facilitate the development process. Based on the
early experiences in distributed simulation, two well-known and widely accepted
standards have been established: Distributed Interactive Simulation (DIS, IEEE standard
1978) and High Level Architecture (HLA, IEEE standard 1516). HLA, published in
2000, is a successor of DIS, and overcomes some limitations of DIS including data
integrity and incapability of supporting event-driven and faster (than real-time)

applications (Pederson et al. 2006).

High Level Architecture (HLA), the most advanced standard available, was developed in
1996 by the United States Department of Defense (DoD). HLA is a set of general rules
created to manage the development of distributed simulation environments. The main
intent of HLA is to promote interoperability between simulations and to aid the reuse of
models in different contexts, ultimately reducing the time and cost required to create a
new distributed simulation (Taghaddos et al. 2008). In HLA terms, each sub-model is
called a federate and the entire simulation system is known as a federation. Figure 2-3

illustrates the functional view of HLA.
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Figure 2-3: Structure of High Level Architecture (Wilcox et al. 2000)

HLA consists of three main components: HLA rules (IEEE 1516), the HLA interface
specification (IEEE 1516.1), and the Object Model Template (OMT) (IEEE 1516.2). The
interface specification defines the functional interface between federate and run-time
infrastructure (RTI). The RTI provides software services such as synchronization,
communication, and data exchange in the federation. To promote collaborative modeling,
reusability, and interoperability, all objects and interactions managed by a federate and
visible outside the federate should be specified in detail under a common format. The
Object Model Template (OMT) provides standards for documenting HLA object
modeling information and consists of three parts: Federation Object Model (FOM),
Simulation Object Model (SOM), and Management Object Model (MOM). The FOM
defines the data to be handled by the RTI in a federation execution; all the simulation
entities and interactions represented in a federation are defined in FOM. The entities and
interactions associated with managing the federation execution are defined in the MOM.
The simulation functionality and all the data that the federate might expose in the

federation are documented in federate SOM.

The HLA architecture provides a flexible simulation framework and enables connection

of autonomous and heterogeneous simulators through RTI software (Fujimoto 1999). It
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also supports integration of discrete event, continuous, or agent-based simulation in a
single federation (Kratkiewicz et al. 2004; Lees et al. 2007; Minson and Theodoropoulos
2008). In a federation, a federate can act as a collector / passive viewer that receives data
from other federates, or may serve as a simulator which can receive human input and

convey control inputs to the rest of the federation (Kuhl et al. 1999).

Although HLA and distributed simulation originated in the computer simulation domain
for military application, they have been widely adopted in various industries (Wilcox et

al. 2000).

2.7 Construction Synthetic Environment (COSYE)

The COSYE framework developed for the construction simulation domain (AbouRizk et
al. 2009) is an implementation of a distributed simulation under HLA standards. The
COSYE federation is capable of modeling the lifecycle of a construction project
including process model, product model, and external factors, and integration of various
software applications. In 2010, AbouRizk envisioned a fully-integrated and highly-
automated construction simulation application in the COSYE environment that represents
the entire construction project from the design phase, to the construction and completion

phases of a project (Figure 2-4).
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Figure 2-4: Comprehensive Model of a Construction Project in COSYE

COSYE federation consists of three major components (AbouRizk and Hague 2009)

1) The COSYE RTI server, a .NET implementation of IEEE standards 1516-2000.
Currently, the COSYE RTI server can provide services such as federations, declaration,

objects, ownership, and time management.

2) The Object Modeling Template (OMT) editor, which is used to define objects and their
attributes. It defines the structure of the Federation Object Model (FOM) for the
federation. In turn, the FOM for a single federation defines the communication language
through which federates included in the federation speak with each other, including the
names of items and occurrences. The OMT editor is integrated into Microsoft Visual

Studio.NET.

3) The COSYE framework, an application programming framework that allows

developers to create federates and handles details of communication with the RTI. It
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integrates with the code generated by the OMT editor and uses many of the visual
programming features supported by Visual Studio. In addition, the framework supports

both discrete-event and time-stepped federates.

A COSYE federation is a Visual Studio solution that contains various C# classes that
represent different federates. In the COSYE federation, federates are running in an
application called Federate Host. It can host one or more federates at once and facilitate

starting a federation execution.

A number of studies have been done in construction management using simulation
technique in the COSYE environment. The first implementation of distributed simulation
in the COSYE environment at University of Alberta was the development of a bidding
game as a construction management training tool to teach students the bidding process in
a real construction environment (AbouRizk et al. 2009, AbouRizk et al. 2010). Alvanchi
et al. (2010) developed an HLA-based hybrid simulation framework that integrates
System Dynamic into Discrete Event Simulation to consider the impact of dynamic
behavior of a construction system on the productivity. They argued that due to their
complexity, the development of Hybrid models involves different experts and requires
extensive time and effort. Also, simulation execution in Hybrid models is usually lengthy
and requires a huge amount of calculation. So distributed simulation and HLA can be an
efficient solution to reduce the model development duration, as well as simulation
execution time, by dividing it into smaller components and running them on different
computers; this method also allows the hybrid—system-related tools and applications to
join the federation as individual federates. Azimi et al. (2010) utilized HLA architecture
to create an automated real-time monitoring and control framework for a construction
project. The proposed framework assists project managers in detecting all deficiencies

and deviations from the original plan, and allows them to take appropriate actions
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immediately. Various components for monitoring and control of projects such as data
acquisition system for capturing actual site data, performance evaluation, forecasting, and
visual reports are created in the form of separate federates in the COSYE environment.
Taghaddos et al. (2008) developed a distributed simulation model based on HLA
Architecture to manage resource allocation and leveling in the construction industry. In
his framework, multiple agent-based federates are responsible for managing resource

allocation in the project.
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Chapter 3 - A Case Study of As-Built Documentation for

a Post Implementation Review in a Tunnelling Project

3.1 Introduction

During the construction phase of a project, multiple activities are taking place. To
effectively control the project, the management group tries to monitor the construction
site and track all the activities happening in the site by collecting different site
information; data such as site condition, activity progress, working hours, number of crew
on site, material use, and number of equipment and their working hours and utilization
can be monitored and recorded at the construction site. Documentation of construction as-
built information on a daily basis is a challenging task which takes a lot of time and
effort, but having access to the site information not only helps to effectively control the
construction process, but also provides a clear story of what is happening in the site.
Accurate as-built documentation assists project managers in various decision-making
purposes such as tracking progress and delays, identify risks, forecasting and controlling
future performance, claims analysis, lesson-learned studies, and planning of future

projects.

A common practice in many projects is for the involved parties to be responsible to
document the information being generated in their domain and to share it with the project
management group so they can update the overall cost and schedule of a project. Since
the data is usually collected by many parties and is being kept in multiple places,
producing a complete history of a project is difficult, especially when there is a need to
access to the project information at the completion phase when each party is involved in a

new project.
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One field that requires construction information is the Post Implementation Review (PIR)
of a project, which aims to review the entire project to provide lessons learned and assure
a satisfactory delivery of future projects through a comparison of planned and as-built
information. The focus of this chapter is to implement a post implementation review for
the 137 Avenue Grade Separation Tunnel Project constructed in Edmonton, Alberta. In
this study, the process of compiling data and reconstructing project history after the
completion phase, and the challenges that we faced during collecting and recording data
from multiple places and different parties are discussed. Not capturing the actual
construction process and missing important factors because of poor documentation was a
motivation to propose a simulation-based method to store and re-use as-built information
in a structured format to facilitate the accessibility of information in the project. The
study shows that the discrete event simulation model created in the planning stage of a
project can be effectively used to record and replay the detailed history of a project. The
proposed system is applied on the case study and the plan and as-built simulation models
were created as part of PIR report to demonstrate the scope and process changes in the

construction site.

3.2 Project Post Implementation Review

In the closure phase of a project, two reports usually need to be generated; closure report
and PIR report. The closure report is prepared by the project manager as an initial step in
the project closure phase. This report mainly includes the list of activities required to
complete the project such as terminating all the material supply agreements, planning for
the release of project resources and equipment, informing stakeholders of the project
completion and requesting project closure approval, and finally submitting it to the

sponsors. In the next phase, a project is completely reviewed and lessons learned are
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documented in the PIR report. In this report, the actual outcome of a project is compared
to the original plan and then the achievements and failures in the project are evaluated.
The evaluation of the project performance requires studying project scope, schedule, cost,
resources, risks, changes, quality, issues and communications both during the planning
and construction phase to specify achievements, failures, deviations and any effects they
had on the project, and then providing lessons learned and recommendations for future
projects to improve project planning and execution. As it is shown in Figure 3-1, in

general, the PIR is a simple and distinct process (Method 123 Ltd. 2006).

Define review objectives

Initiate Review
v
Process

Define review structure

A4
Review project documents from
planning and design phases

Documents i
Review
Review collected data during
construction phase
\ 4
Analyze and compare data
Project 1
Evaluation
Identify achievements and failures
Document knowledge gained
Knowledge J

Documentation .
Document lessons learned in a

reusable structure

Figure 3-1: Post Implementation Review Process

Since the PIR deals with the original plan and actual outcomes, this phase would benefit

greatly from the availability of the documents in an organized and structured format. In
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the planning phase, different documents need to be produced by the project management
team so it is easier to access during the project and after the completion phase. The
challenging part of PIR is to access all the information generated and all the people
involved during the construction phase of a project. To have a successful review, a
documentation management system should be available to provide easy access to project
data. In addition, a close collaboration of the reviewers and project personnel would
provide full access to the project history and guarantee the professional assessment of a

project.

To study the performance of a project, different documents need to be reviewed including
schedule performance which requires the comparison between the project plan and actual
schedule and the productivity analysis for major activities during construction. Also, a
detailed analysis of cost items should be conducted specifically for different equipment,
materials, and workers. The resource plan needs to be compared to the actual resource
allocation in the project. The same comparison should be done for other factors such as
risks, changes, and communication plan. If the data management system is not
implemented in the project, or it gathers specific information, other information can be
captured through interviews, site visits, workshops, and collection and analysis of
documents from different parties. Finally, after providing feedback, lessons learned and
recommendation, the organization can utilize the PIR report for planning of future

projects.

3.3 Post Implementation Review for the 137 Ave. Grade

Separation Tunnel Project

In construction projects, lessons learned documentation for a project can be a valuable

source of information for future projects to help contractor and owner organizations to
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increase the knowledge of their personnel, improve the decision-making process, enhance
the quality of the work, and offer better performance in the future. Therefore, during the
completion phase of a project, lessons learned study is performed and documented in the
project PIR report to evaluate the overall performance and review the success and failure
of the project and record knowledge gained during construction phase of the project.
Since in the Post Implementation Review the actual outcome of a project is being
compared to the plan, all the related information from schedule, cost, quality, and
resource utilization to site data need to be analyzed. In the case study discussed in this
section, the reviewing process and all the challenges in the data accessibility and

collection are discussed.

3.3.1 Project Overview

The case study is a tunnel construction project for the City of Edmonton. The 137
Avenue tunnel and related works (Figure 3-2) are one of the major components of the
grade separation at CN rail & 137 Avenue project. The project components include 1070
meters (m) of tunnel construction, a working pit, two removal shafts, 58 m of hand tunnel
to the existing manhole, one additional hand tunnel close to the east removal shaft, and a
number of access shafts and manholes. The Tunnel Boring Machine (TBM) was utilized
to construct the tunnel. The working pit was constructed in the middle of the tunnel and
divided the tunnel into east and west sections. It was used to provide access to the tunnels
and to lower down the TBM, material and equipment, and to remove the excavated dirt
from two tunnels. The tunnel construction process starts with excavation and lining of the
west tunnel with the TBM machine. After removing the TBM from the west removal

shaft, it was transferred to the working pit to start the construction of the east tunnel.
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Figure 3-2: 137th Ave. Grade Separation Storm Tunnel Project (S.M.A. Consulting Ltd., 2008)
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In 2009, a trenchless construction component was added to the project which consists of
seven connections between different manholes (MH). Figure 3-3 illustrates a trenchless
component of the project. A new construction method, which has never been
implemented in City of Edmonton projects before, was used to construct the connection

tunnels.

Figure 3-3: Connection Tunnels in the 137 Ave. Tunnel Project (S.M.A. Consulting Ltd., 2008)

The original estimate for the duration of the project was 762 days, with the start date of
Aug. 1%, 2007, and the completion date of Sept. 13", 2010. The project schedule was
revised after a request in Sept. 2008, which shortened the total duration of the project to

685 days.
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In the planning phase of the project, three different crews were assigned to the project;
the tunnel crew was responsible for the working pit, west and east tunnel, and manhole
construction. The drilling crew was working on access shafts, and the shaft crew was
assigned to the removal shafts, undercuts, and west and east hand tunneling work (Figure

3-4).
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Figure 3-4: 137 Ave. Tunnel Project Crew Allocation (S.M.A. Consulting Ltd., 2008)

For both tunnels, the productivity was assumed to be 3.5 m/shift for the first 100 m and
5m/shift for the remaining parts, considering two shifts per day for the west tunnel and

one shift per day for the east tunnel.

3.3.2 As-Built Data Collection and Post Project Review

The 137 Avenue tunnel construction project included many activities and new work
orders, and also utilized new construction technology that made the project challenging;
therefore, the City of Edmonton was interested in preparing a PIR report to analyze the
achievements and failures, and document lessons learned for future projects. The Post
Implementation Review for the project was conducted in August 2010 at the completion
phase of the project. The focus of the review was mainly information collection from

various sources to control the accuracy of the actual schedule, cost, and resource
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allocation of the project, and documenting the resource usage and detailed cost analysis

of crew, equipment, and material, and comparing the final results with the original plan.

In this case study, the project schedule, cost, and resource performance were reviewed
against the project original plan. In addition, the project plan for risk management,
change management, quality management, communication, and record management were
analyzed. For the risk management plan review, the process of risk identification,
analysis, and mitigation were studied to find out whether all the risk factors were
discovered in the early stages of the project, and whether they were managed through a
structured procedure. For the change management review, the impacts of changes on
schedule, cost, and resource requirements were analyzed. The change management
process can help to reduce any conflicts and probable disputes, and help to manage all the
changes properly. In the PIR report, all the changes in the project were listed, and the
reasons for them were documented. For the quality management review, the quality
control system for control of the actual construction product should be reviewed. Since
there was no access to documented records for quality tests, only surveying information
was controlled and documented for further use. Finally, the communication and records
management system for the organization was investigated to find out who was
responsible to prepare, update, and store documents. Based on the findings in this project,
the lack of communication and information management system in the owner and
contractor organizations produces a number of issues for accessing data in different

phases of a project and for various uses within the company.

The main challenge in this study was the process of data collection and as-built
documentation for the project schedule, cost, resource allocation, and product model at

the project completion phase. The first step in the PIR process is to gather all the
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available information that exists in the project. All the information required for the PIR

process can be obtained from multiple sources, including:

1. CPM schedule and cost estimate and their regular updates during the project,
which are usually created and stored in the scheduling and cost estimating
software. In this case study, project schedule was created in Microsoft Project
and various project costs were documented in the in-house application.

2. Resource allocation. It is common that at the planning phase, the required
resources are defined for different activities or work areas in the project. For the
as-built, it can usually be captured from daily logs in the job site. A number of
resources assigned to each activity were captured from the initial resource
allocation assessment report.

3. Drawings. In the construction project, one major task is to prepare detailed
drawings based on the design specifications. Usually 2D CAD systems are
utilized to create project drawings. These drawings are usually stored in a soft
and hard copy format. Figure 3-5 illustrates a sample drawing for the west
removal shaft which is captured from a PDF file format sent by the client for the

PIR study.
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Figure 3-5: 137 Ave. Tunnel Project West Removal Shaft Section (City Of Edmonton, 2008)

4. Project correspondence that is used to confirm discussions in writing (sometimes
includes emails).

5. Meeting minutes/notes. As it is shown in Figure 3-6, meeting minutes usually
include a list of participants, subjects covered, all the decisions made, future

works, and a proposed agenda for the next meeting.
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DESIGN AND CONSTRUCTION
137 AVENUE GRADE SEPARATION PROJECT MEETING #6
MINUTES OF MEETING

DATE: July 16, 2009 TIME: 3:00 pmto 3:30 pm
PRESENT:
REGRET:
COPY TO:
ITEM SUBJECT
1 Meeting Plan/Introduction:
2 Review of Last Meeting Minutes:
3 Safety:
4 Environmental:
5 Permits & Approvals:
6 Tunneling:
7 Hand Tunneling:
8 142 St Hand Tunneling:
9 Schedule:
10 Budget:
11 Design
12 Others:
13 Next Meeting:

These minutes were taken by:

Figure 3-6: 137 Ave. Tunnel Project Meeting Minutes Form (City Of Edmonton, 2008)
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6.

10.

11.

Construction field records (site daily diaries), which are prepared by
superintendents, foremen, or site managers and include site condition, labor and
equipment usage, major works, activity progress, any delays and problems,
material delivery, and weather summary. Field records are usually captured and
stored on a daily basis and they are kept on site until the end of the project.
Monthly management reports (includes latest cost estimate, project updated
schedule and progress, earned value analysis, project risk management, and
project control analysis).

Timesheets that document the number of workers and working hours, and the
amount of work performed for different work areas in the project.

Site images that are captured on a weekly or monthly basis to show the progress
and problems at work.

Submittal logs including change orders, drawing revisions, transmittals, etc.
Interviews of experts such as the project manager and project site manager to
document construction method, problems, and challenges for different activities

within the project.

For the PIR report preparation, all the management reports and all supporting documents
such as meetings minute, correspondence, cost and schedule updates, and resource
information were collected from different individuals and in several file formats
including Microsoft Office Project, Excel, PDF, and Word files. Site images, site daily
diaries and timesheets were obtained from the project manager, site coordinators and
superintendents. After the data collection, the next step is the analysis of data to create as-
built information. Then the final results are compared to the original plan to evaluate
project performance and document it in a PIR report and provide recommendations for

future organization use.
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3.3.3 Challenges in the Data Collection and As-Built

Documentation

In this section, the main challenges in the data accumulation phase are discussed. Table 3-

1 lists all these challenges based on the subject of the study.

Table 3-1: Challenges in the Data Documentation and Analysis for 137 Ave. Tunnel Project

Subject

Challenges

Project

Schedule

There was more than one project scheduler in charge of updating
the project schedule. As a result, the updated versions were not
stored in one location, and in some points they did not match.
There were separate Microsoft Office Project files for different
work areas in the project which made the interpretation of the
activity sequence quite difficult.

The main issue in the project schedule analysis was that the actual
construction methods for tunnels and removal shafts were
changed from the original plan but were not updated in the
scheduling files.

Since the review process was performed after the project
completion date, the involved personnel had moved to new
projects so it was hard to arrange interviews.

The retrieval of site records was time consuming if they were not

documented properly.
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e There was no integration between schedule and cost (the cost
order numbers did not match to the task items in the scheduling
files), so it was time consuming to calculate costs for different

Cost
tasks in the project.

Performance
e Insome cases, equipment costs were considered as part of the
activity cost, so cost analysis for resources was really

challenging.

e The resource analysis could be done by accessing site records and
Resource

] cost items. But the utilization of crew and equipment did not
Allocation

capture in the project records.

The PIR result shows that the main problem in this project is the lack of a systematic

communication and record management plan to effectively access project information.

Even though the site information such as crew size, equipment working hours,
interruptions and work progress were recorded on a daily basis, there was missing data

for particular dates and in some cases, the recorded data was not accurate.

The next issue was the work flow documentation; the sequence of activities was not
captured thoroughly and the daily progress report did not contain activities detail.
Consequently, the new construction method utilized in this project was not properly
documented and it was really challenging to find responsible experts to confirm the
information and the actual process. And in some situations, they could not recall the
particular details of the process. This is an issue especially when the project history is

required for planning of future projects, and claims and dispute resolution.
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3.3.4 Post Implementation Review Findings

The challenges encountered for the data collection in this case study clearly demonstrate
that project documentation, specifically during the construction phase, is an essential task
that can facilitate the project performance control, while recording a project history for

the claims, lessons learned studies, and planning of similar projects in the future.

Although static data collected from a site would be useful for different decision-making
purposes, there is still a need to capture detailed aspects of a construction process such as
work flow, resource interactions, and effect of external factors on the project progress.
This information, which demonstrates the dynamic nature of a project, assists the project
team in discovering the effect of resources, weather, site condition, and other factors on
the progress of activities on a daily basis, and helps them to enhance project performance
by adjusting different project elements such as working hours, crew size, and equipment
type. Therefore, development of an integrated and comprehensive documentation system
for a project would provide more valuable information for managing ongoing projects

and also for future use.

Usually among project documents, CPM schedule, created by the scheduling software,
provides the project plan, and tracks project progress and resources assigned to the tasks.
But the limitation of project schedule in detailing tasks and providing resource usage does
not fulfil the need for detailed documentation of the construction process. So there is a
need to have an integrated system that can record both static and dynamic aspects of a

project in one system.

In this project, a simulation model was used during the planning stage to predict tunnel
excavation advancement, resource utilization, and total cost and duration of the project.

Since the Simphony model previously created during planning stage was not available
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during PIR review, a new model was developed based on available data from the
planning phase. And because of the changes in the construction method, another model
was created to show the actual process and resource interaction in the project. The
development of a simulation model based on documented information demonstrates that
simulation can also be used during the construction stage by creating an as-built process
model with all the actual information related to resources, site condition, and the external
factors. It shows that if a simulation model had been created during the planning phase
and updated during the construction stage based on what was happening in the site, then a
documented process model could be available at the end of the project to show the
changes in the process, in the resource utilization, and in the performance of the project
regarding the cost and duration of different activities, in a dynamic and integrated format.
A user can run a simulation model during the construction phase for monitoring
construction progress or replay it after the project completion date to obtain specific
reports. An accurate model can provide various results from project total cost and
duration, detailed project progress and product information, to project work flow,
interruptions, equipment breakdowns, number of resources, utilization of resources, and
site condition. In the next section, the process of creating a simulation model and its

available features for project documentation are discussed.

3.4 Use of Simulation to Document Construction As-Built

Information
In this section, a simulation model for the 137 Avenue tunnel project (developed as part
of the PIR report) is presented. As previously discussed, it has been determined that a

simulation model is a solution for construction project documentation that is also capable

of recording the process model and its details in a dynamic fashion. For simulating
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construction activities, a simulation model was developed in Simphony.Net 4.0, and the
General Purpose Simulation (GPS) template was utilized to create a model. Two separate
simulation models were created to demonstrate the baseline and the actual process of the
project. Since these models were developed at the latest stage of the project, the provided
details were limited to the existing documents, and due to lack of data, they do not cover

all aspects of the process; however, they are still effective for process recording.

3.4.1 General Purpose Simulation Model for a Process

Documentation

A GPS template in Simphony 4.0 provides general elements to model various activities
and different types of resources in a simulation model. All the elements in the GPS
template, and available features in the software, such as calendar, facilitate developing a
process model in such a way that it is easy and understandable for the user. For the
development of the simulation model for the original plan, the only available documents
were project baseline schedule and resource allocation chart (no information about delays
or number of equipment for the simulation use were specified in the CPM schedule), but
for the actual process model, the site data, along with the project schedule, were used to
observe number of resources (mainly crews), activity sequence, actual duration, and any
interruptions that happened in the project. It is important to mention that the actual
project schedule (as-built schedule) was revised during the PIR process based on existing
documents, so as it is shown in Figure 3-7, it provides more details than baseline schedule
and it has the actual construction methods used in the project. The as-built schedule also
includes the trenchless construction including Pilot Tubing and Pipe Ramming methods,

which were used by the City of Edmonton for the first time.
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Figure 3-7: (Top) Baseline vs. (Bottom) As-Built Project Schedule

3.4.2 Simulation Model for the Plan and As-Built Process Model

The plan and as-built process models were created based on the CPM schedule developed

in MS Project. A list of activities, and their sequence and duration were extracted from

45



the CPM schedule. It is mentioned earlier that due to the lack of a systematic
communication and record management plan, data was not documented accurately and
there is missing information in the project. Therefore, simulation models developed in
this stage of a project do not exactly present the actual story of the project; however, they
are still useful for future project planning. As it is depicted in Figure 3-8, the construction

process for the original plan does not include details of activities.
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Figure 3-8: 137 Ave. Tunnel Project Activities Sequence for the Original Plan

A Simphony model developed for this tunnel construction project includes details such as
product information (e.g. tunnel and shaft dimensions), shaft and tunnel excavation
procedures based on construction method and soil type, TBM advancement cycle
(excavation, lining, and resetting), dirt removal process, resource allocation, machine

breakdowns, and effect of weather conditions on advancement of the work.
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Both simulation models utilized main elements of General Purpose Template such as task
and resource elements. To have a similar structure as the project CPM schedule,
simulation models were divided into separate processes based on the work packages in
the MS Project file. Also, the relationship between processes and the start date of each
process were derived from the same document. Figure 3-9 illustrates the tunnel

construction simulation model for the baseline (plan) schedule.
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Figure 3-9: 137 Ave. Baseline Process Model Using Simphony GPS Template

In this model, six processes were created to simulate the project, working pit (working
shaft), west removal shaft, west tunnel, east removal shaft, and east tunnel construction.
Three resources were defined in this model. The TBM resource was utilized for the
excavation and lining cycle of the east and west tunnel. The TunnelCrew resource was
assigned to construction of the working pit, both tunnels and TBM removal activities and
the ShaftCrew resource were allocated to construction of removal shafts and undercuts.

To create a manageable and organized model, all the activities for TBM installation,
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removal shaft construction, and TBM removal are encapsulated in elements called
composite elements, which are used for grouping a set of elements.

As an example, for west tunnel construction, as it is illustrated in Figure 3-10, a tunnel
crew is captured at the beginning of the process. After TBM installation, the TBM
resource is captured for the tunnel excavation and lining process. Since there is no
information for the excavation and lining duration, a total process of tunnel is divided in
two elements that represent construction of two tunnel sections. After tunnel construction,
the TBM resource is released, and after TBM removal element, the crew resource is also

released. At this point, construction of the east tunnel can begin.
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Figure 3-10: Simulation of West Tunnel for 137 Ave. Tunnel Project Baseline Process

The as-built process model (previously shown in Figure 3-7), has more details about
activities, process interruptions, resource allocation, and equipment breakdown
information, and also includes the simulation model for the new work added to the scope
of the project. In addition, all the changes that occurred in the shaft and tunnel
construction processes were documented in the model. In 2010, trenchless construction

was added to the project, which consists of constructing all the connections between
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working shafts in a period of three months. Accordingly, the number of working crews
increased in the project. Figure 3-11 shows the distribution of crews during the
construction phase. This histogram is created based on the site daily information and time
sheets, but since it was created at the completion phase, it may not represent the actual

number of crews during the project lifecycle.
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Figure 3-11: Actual Number of Crew in the 137 Ave. Tunnel Project

Based on the actual project schedule, until the end of November 2008, the major work
was related to the west removal shaft and then west tunnelling. From November 2008
until April 2009, three crews were working on west tunnel excavation, hand tunnelling in
the working pit location, and hand tunnelling at 142 Street, which is a separate project. In
2010, two crews were working on east and west removal shafts and the others were
involved in trenchless construction. Increasing the number of crews helped to finish the
work ahead of schedule (The plan schedule shows that the construction finish date is

projected in June, but they finished all the construction activities by mid-April). The
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actual crew allocation was considered in the simulation model as well. Figure 3-12

illustrates the actual process simulation in Simphony.
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Figure 3-12: 137 Ave. As-Built (Actual) Process Model Using Simphony GPS Template

In this project, despite the details that the as-built model provides, it still simulates
process model at a higher level and in a simplified format; similar to the baseline process
model, the as-built model does not include the details of the excavation process for shafts
and tunnels. In addition to the TBM, TunnelCrew, and ShaftCrew, the crane resource is
also considered in the actual process model based on the information captured from site

daily entries.

As a simulation results, a user can obtain the duration for each work package and the total

duration of the project from the simulation (Figure 3-13).
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Figure 3-13: Start and Finish Date for Work Packages in the As-Built Simulation Model

Also, the resource utilization can be captured from the statistical outputs of the resource
element in the Simphony model, as shown in Figure 3-14. The simulation model can also
provide additional information for the user such as total project cost including crew cost,
material cost, and equipment cost, as well as the cost of each activity, and the project cost

for a specific period of the construction project.
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Figure 3-14: Tunnel Crew Utilization in the (Left) Plan and (Right) As-Built Process

3.5 Conclusion and Proposed Advancement

This case study demonstrated that a simulation technique can effectively document the
process and product information of a project. By reproducing the actual process and
replacing the input values with actual data and running the simulation, it will replay the
actual story of the project and regenerate the outputs for the duration, cost, and any other
information that a user intends to extract from the model. Furthermore, the ability of a
simulation system to integrate schedule and cost, and to consider resource interactions
and the effect of external factors on the advancement of a project makes it a powerful tool
that combines different aspects of the project into one system, and facilitates accessing
the required data for claims or future project evaluation, or even planning of future

projects.

In this study, the main goal was to demonstrate the application of a simulation system in
process documentation, and to present various outputs that can be generated from a
simulation model. However, except for resource utilization which does not accurately

represent the real situation in the construction site, simulation results for the 137 Avenue
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tunnel project did not provide more information than the existing scheduling documents,

due to the limitations listed below.

e The waiting times for different resources were not considered in the model. This
affects the final simulation results and leads to inaccurate calculation of resource
utilization in the system.

e Interruptions due to external factors such as weather conditions were not
completely recorded; therefore, this was not included in the simulation model.

e No breakdown was simulated for the TBM in the baseline process (there was no
access to the historical data at the completion phase of the project).

e The concept of shifts was not implemented in the simulation model, and a fixed
8-hour shift was applied to calculate the duration of different tasks in the
simulation, specifically for the baseline process model (GPS is not capable of
modeling shifts).

e The information for the Crane breakdown was not documented completely during
the construction stage, so the input values for the crane breakdown were not

accurately entered in the as-built simulation model.

This case study illustrated that project documentation through the simulation approach
can assist project personnel in recording dynamic aspects of a project, in addition to the
typical information that is usually captured through the available tools and methods.
However, to utilize a simulation technique for project documentation in the industry, a
practical and generic tool is required. Also, due to the limitation of the GPS template to
model all aspects of a project, this research proposes a simulation-based framework to
assist project managers in developing a complete history of a project for different project
management purposes. In the next chapter, a conceptual model, the proposed structure,

and the component of the framework are discussed in more detail.
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Chapter 4 - A Simulation-Based Framework for As-Built

Documentation in Construction Projects’

4.1 Introduction

According to the literature review and a case study presented in Chapter 3, there is need
for a well-structured system to record, process, and access all project information from
planning stage to the completion phase, including both static and dynamic aspects of a
project. This should include as-built product and process information and all the changes
that occurred during the construction phase. The proposed system must provide easy
access to the project information in an integrated fashion to give a complete overview of
the project at any stage and enable comparison between planned and actual project
performance. To apply the proposed framework in industry, not only should it be easily
reusable for various construction projects, it also needs to offer a user-friendly interface

to be acceptable.

Through early studies and experimentation presented in previous chapters, a simulation
modeling approach was identified as the most suitable method for our requirements as it
presents unique features that facilitate representation of construction processes and
dynamic aspects of a project. But current simulation systems are not suited for integration
purposes or to model the entire project lifecycle, which was a motivation to look for new
techniques that can facilitate integration into the simulation environment. Studies show
that distributed simulation, and in particular, the High Level Architecture, presents a

promising simulation tool to facilitate the deployment of the envisioned framework by

! Part of this chapter has been previously published (Moghani and AbouRizk 2010;
Zhang et al. 2012) - See Appendix A.
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integrating product models, process models, and other computer software in a single,
interoperable system. The proposed system is designed to collect actual data and
processes, as in the physical as-built documentation that is traditionally required at
project completion, during the construction phase; more importantly, it provides factual
information about the project’s actual activities, logic, durations, resources, and costs to
create an accurate history of the project. This framework will assist project managers in
project close-out, lessons learned studies, automation of the production of as-built

information, claim analysis, dispute resolution, and general project control.

This chapter focuses on the development of the proposed framework; in the first step, a
conceptual model is created and its components are determined. Then, the
implementation of the system is detailed, and a case study is presented to demonstrate the

structure of the framework.

4.2 An Integrated Framework for Documenting Construction

Projects

The study of simulation application for the documentation of construction processes for
the 137 Avenue tunnel construction project, described in Chapter 3, demonstrated that
implementation of the proposed system in industry requires the development of a flexible
and generic application. This research utilizes a software application framework approach
for the development of a reusable, extensible, and modular system with flexibility in
representing different modeling approaches and data forms by deploying a distributed

simulation technique in the Construction Synthetic Environment (COSYE).

Software application frameworks help developers capture and reuse both the design and

code of an application to reduce the programming time and increase the reliability of the
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system for future developments. Usually, an application framework encapsulates
common design patterns and code for a specific application domain and also provides
necessary features to extend its behaviour. The framework also applies specific rules
which can facilitate the development process and enhance the functionality of the
application. Construction simulation has utilized this concept to facilitate application use
in the industry (Hajjar and AbouRizk 2000) by identifying the common design and
components for simulation applications. In order to design an application framework, the
first step is to define the scope of the framework and all the services that it provides for
the intended domain. Based on background discussions, a conceptual framework to
record, process, and access project as-built information through a simulation approach is

illustrated in Figure 4-1.
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Figure 4-1: A Conceptual Framework for Project as-built Documentation
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The proposed framework is divided into three main modules; the first module is
responsible for the documentation of design, planning, and construction information. In
this module, the main goal is to create a data repository, mainly for the construction phase
of a project. A data collection system is designed to collect and send information to a
central database on a daily basis. In addition to that, all the information required for the
plan and as-built comparison of the product model is also stored in the database. For the
development of this module, Microsoft Access is utilized to store and process information
using various tables and queries. The second module consists of process model simulators
to model plan and as-built process models. Finally, the third module provides output and
comparison analysis for the project performance in the form of management reports. This
module should be able to provide valuable information on different stages of a project. In
the implementation process, each module can be composed of more than one component,
as listed below. In this section, each component is described briefly, and later on in this
chapter, the structure and the implementation of each one will be detailed using a case

study.

4.2.1 Data Collection System

The data required for the proposed framework should be identified, collected, and stored
in a manageable format for easy access and use in the simulation-based system. As part of
the framework, a data collection system is formalized in order to collect and transfer
information to a central database. Reviewing the studies conducted in the area of data
collection in construction projects shows that the available automated data collection
systems are not capable of capturing all the information required for updating a process
model in this research. EI-Omari (2008) demonstrates the capabilities of the automated

data acquisition technologies as shown in Table 4-1. Based on the table, available
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methods are limited in scope, and even utilization of various automated systems in the

construction site may not provide enough data for our research purposes, yet would add

additional costs to the project.

Table 4-1: Automated Data Acquisition Technologies Capabilities (EI-Omari 2008)

Bar Code/ Laser Multimedia
Radio Distance Pen-
Frequency and Based Photo | Video | Voice
Identification | Ranging | Computer Images | Images | Records
(RFID) (LADAR)
Labor v v
Material v v
Equipment v v
Quantity v v
Task
Progress v v v v v
Weather
Conditions v v
Productivity v v v v v
Problem
Areas v v v v v

Therefore, as a simple solution to implement the framework and in order to collect all the
required data, a manual data collection system is selected to capture the history of the
project. Tse (1989) named certain criteria to prepare site reports; he suggested that report
completion time should be less than 15 minutes and the requested fields need to be as
specific as possible. Also, he mentioned that the report must be prepared based on the
studied project, must be easy to analyze, and it should include comments whenever

required.

So in this system, the project inspector documents daily information in a pre-defined
format and sends it to a central office to be transferred to a Microsoft Access database.
Three different approaches were tested for three tunnel construction projects by the City

of Edmonton. In one project a Microsoft InfoPath form was created to collect site data; in
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this system, a user fills out the form in an offline mode and submits it via email. The data
gets transferred to the Microsoft SQL server database through a connection provided for
this purpose. In the second project, data was collected through an online form. In this
case, by submitting a form, data can be transferred to an SQL database and stored in a
predefined table. Finally, in the other project, a site superintendent filled out a PDF form
that was designed for the project and sent it to a project planner on a daily basis. Figure 4-

2 illustrates the InfoPath form designed to collect information from the construction site.

Project : | > Date: =
Work Area: | 1 Shifts Config: | o
Activity : \ - —\ Task : \ ha T

Shifts Duration(hr):| | @
shiftNumber: | |
Crew Size: ]
Percent Complete: S

Surveyduration: || EquipmentName:|  w. =4
uveydam || woranghouss |

Material Name: | &4 EY
Unit |

Arrival Quantity: | |

Change order: ves |[ No || |

Construction Issue (Soil condition):| ves || No || |

Interruption includes various equipment break downs/ surveying times, ... g
Interruption Cause:

Interruption Duration:

Comment: (main activities/ issues/ break down description)

Figure 4-2: InfoPath Form for Daily Site Data Collection
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The other methods also collect the same data from the project site. All the forms are
designed based on the required information for updating the construction process model.
The level of detail proposed for the data collection is specified based on the availability
and accessibility of the data at the site, and the time and effort that it takes to collect and
document it. The details should be considered based on the minimum amount of data that
needs to be captured to generate accurate as-built processes, which produce valuable
outputs for management use. The process of choosing the right data for creating and

updating the process model is discussed further in Chapter 5.

4.2.2 Database Design and Structure

To manage and control a project, project managers usually use information captured from
a construction site on a regular basis. Therefore, preparing an organized system for the
data storage helps users easily access the data. In the construction industry, a database is
usually utilized to organize and store project data. In this research, a Microsoft Access
database is chosen for data storage and retrieval. In the database, construction data is
stored in a table called “Daily Records”, and based on the requirements of a simulation,

different queries were designed to provide input values for the framework (Figure 4-3).

In addition to the captured data from the site, a database may store information about plan
and as-built product model specifications, such as original alignments or dimensions, and

may also contain additional data about site conditions (e.g. geotechnical information).
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Figure 4-3: Database Structure and Entities Relationship

The main table in the project database is the “DailyRecords” table. In this table, all the
data is documented on a daily basis and stored based on the area that work is being done,
and the activity that the task belongs to. Figure 4-4 shows various fields of this table;
crew size, percent completed, number of shifts per day, equipment, and different site
conditions are recorded in this table. To provide a generic structure for a database,
separate tables are created such as “Project,” “WorkArea,” “ActivityTable,” and
“TaskTable.” To facilitate the use of information, various queries are developed to store
information for a specific work area or for certain use of simulation, which are shown in

Figure 4-4.
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4.2.3 Simulation Controller Component

Raw data from the construction site usually requires processing, analysis, and formatting
to be ready to use either by different project management software applications, or just
for reporting purposes. This module is responsible to connect to the database and collect
the information required for updating different inputs of the process model and analyzing
them; it then sends an update to the process model through the COSYE RTI. The data
analysis depends of the type of input that the process model requires; it may perform
calculations on the raw data to get the results and update them. This component is also
responsible for regulating the frequency of sending updates for the process model in the

framework.

4.2.4 Process Model Simulation Components

More than one instance of a process model simulator is considered in the framework; the
plan process model is created during the planning stage of the project for various
decision-making purposes, such as scenario-based planning, time and cost estimation, and
resource allocation analysis. During this stage, all the simulation model inputs are defined
based on expert judgements and historical data from previous similar projects. Another
process model that is part of the application is the updated process model; this model is
similar to the original model, but it varies in the input values as it is updated based on the

site data updated by the simulation controller component.

It is common in the construction industry for a change to occur during the construction
phase of the project. In many cases, the change order either adds new work to the project

or changes the activity flow in the existing process. In the case of any changes to the
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construction process, there is a need for a new process model component that represents

the as-built process of the project.

The framework is designed in such a way that in the presence of as-built information in
the database, the as-built process model will be updated up to the point that the
information is available in the database. From this point forward, the simulation model
will continue to simulate the process based on the original model and original inputs from
the planning stage. If changes happen to the project scope, a new process model will be
created and joined to the framework to reflect the changes in the process. In this case, the
original as-built model will no longer receive updates, but an as-built model which
presents the new process will be updated with the available as-built data. Figure 4-5
illustrates the updating procedure for a process model in the proposed framework. This

process is detailed in Chapter 6.

15/07/2011
Last recorded data
in the database
Project h Project
Star‘t‘Date | Finish Date
‘ | [ | |
01/01/2011 01/04/2011 \ 01/07/2011 01/10/2011
18/10/2010 . 25/11/2011
24/05/2011

Ch Ord,
Original (Plan) Model — no updates e e

Simulates the process based on original mput and process

Updated Plan Model
18/10/2010 - 24/05/2011
Replays the Actual Process

Simulates the original process

As-built Model (New Process Model)
18/10/2010 - 15/07/2011
Replay the Actual Process

Simulates new process

Figure 4-5: Updating the Process Model Based on the Actual Data
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The purpose of having more than one instance of the process model is to give project
managers an option to conduct a complete comparison analysis based on the outputs that

each model provides.

4.2.5 Reporting Component

Industry application of the proposed framework would be easier if it featured a report
component that pictured the project performance, demonstrated the history of what
happened during the construction phase, and displayed comparison results between the
original plan and the actual process to the project managers or decision makers. It should
also facilitate the interpretation of results and reduce the time spent in explaining

information.

In the proposed framework, the reporting component covers different information from
the product information (similar to what as-built drawings usually provide) to the process
information (such as resource utilization, activity flow, equipment breakdown, cost
estimation, and any interruption that happens because of weather conditions or other

external factors).

After determining the necessary components of the proposed framework, the
methodology to develop the system is specified. Based on this methodology, the

development of the framework involves three major phases:

1. Utilize an appropriate simulation architecture which allows integration of a
process model, product model, and simulation systems in the framework.
2. Research and develop an information integration system to include as-built and

as-planned process and product information. To produce an efficient system, a
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complete understanding of construction activities and required site data is
necessary.

3. Provide a structure to update inputs of a simulation model based on actual data
captured from a construction site, and modify the process model simulation based
on changes and new works added to the project scope, without recreating the
entire simulation.

4. Develop a procedure to update reports as the simulation progresses to include the

latest project information.

4.3 Implementation of Proposed Framework in COSYE

Simulation is known as a powerful technique in the construction industry which aids
project managers in different decision-making processes by modeling construction
activities and examining various scenarios. However, initial studies revealed that current
discrete event simulation techniques are not an efficient solution for this framework;
therefore, the proposed framework is developed in an HLA-based distributed simulation
environment to exploit its capacity for integrating different components and facilitating

data collection and information flow into the system.

As previously discussed in Chapter 2, distributed simulation enables integration of
several models or software applications, while allowing interoperability and component
reuse (Fujimoto 1999). By dividing a complex model into sub-models, many developers
can participate in the creation of simulation models using various simulation techniques.

Distributed simulation also enables the execution of sub-models by multiple computers.

A Construction Synthetic Environment (COSYE) is a distributed simulation framework
developed at the University of Alberta based on HLA rules, for construction simulation

(AbouRizk, 2006). Study of the applications developed in the construction domain
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utilizing COSYE assured that services provided by COSYE facilitate the development of
the proposed framework in this research. In this section, the development of the

framework in the COSYE environment will be discussed.

4.3.1 Proposed COSYE Federation Structure and Design

The use of HLA aims to provide a reusable, interoperable and extensible framework.
Modularity in this research can be achieved by encapsulating a construction project and
its information in a structured manner, and reusability can be attained by developing a
simulation model and data management structure in a generic way. The simulation model
will be extensible if it is constructed in a structured manner that allows for future
improvements. The federation should be distributed in such a way that each component
has its own special purpose that allows it to be reusable in future development, or easily
replaced by a federate with a similar functionality. Figure 4-6 pictures the proposed
system developed in the HLA-based COSYE environment. Different federates can join
the federation and communicate through the messages that are being exchanged via the
COSYE RTI server. The RTI facilitates time management and data transfer among
federates. The Federation Object Model (FOM) needs to be developed in a

comprehensive format to include all federation object classes and their attributes.

To facilitate reusability of the system, the process model should be encapsulated so that it
can easily be replaced with the process model of a different construction project. Three
different process model simulators may join the federation to show the original process,
the updated process and the as-built process model if any changes are made to the process
model or to the construction method. The as-built federate acts as a simulation controller;
it communicates with a central database and provides as-built data for the federation on a

daily basis during the construction phase of a project. The database not only stores
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information regarding the activities in the project, it also stores the product specification
and external environment conditions such as geotechnical information, project geometry,
and the surveying results, which may not be captured in the process model. The reporting
federate produces project management reports for comparison of the project performance
with the original plan, based on the results provided by the process model federates. In
addition to the main components, various federates are considered as support federates to
produce accurate results and make the simulation model more realistic (i.e. supplier
federate). The visualization federate is also a part of the framework to enable the user to

validate the model and visually track the process for monitoring and control purposes.

Site Data Collection
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/" Database ™\ Federation

Project
mformation

Plan Simulation As-built Simulation
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COSYE RTI (Run Time Infrastructure)

I I l

Support Federates Visualization Federate Report Federate

Ag-built Federate

Figure 4-6: The Proposed COSYE Federation Architecture
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4.4 Case Study: Tunnel Construction Federation Development

To implement the framework, a utility tunnel construction project in Edmonton, Alberta,
Canada was selected as a case study. Since simulation modeling is the most practical
method for projects with repetitive construction processes, of which the tunnel
construction project is a good example, many simulation models have been utilized for
modeling tunnel construction projects (AbouRizk et al. 1999; Fernando et al. 2003; Al-
Bataineh 2008; Marzok et al. 2008). The proposed structure for the tunneling

construction federation is presented in Figure 4-7.
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Figure 4-7: Tunnel Construction Federation

4.4.1 Federation Object Model

In an HLA federation, each federate is modeled independently so there must be a
standard mechanism to facilitate data representation and exchange in the federation.
Based on HLA standard, all the object and interaction classes and their attributes are

defined in an object model, called Federation Object Model (FOM), developed with the
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compliance of the Object Model Template (OMT) (IEEE 2000. Std 1516.2 2000). HLA
defines OMT as the interface language between federates which provides a common
framework for object model documentation with a standard format and syntax. During
simulation run, federates interoperate by exchanging data for the objects and interactions.
Therefore, the object classes and interactions that each federate is providing or expecting

from other federates should be specified in the FOM (StraRburger 2001).

To create a standard and generic FOM for a specific domain, a standard data exchange
format is required; available standards for data exchanges in the construction domain,
such as IFC (Industry Foundation Classes), mainly provide common classes and
attributes for buildings, so they are not comprehensive enough to be applicable in other
kinds of projects, like tunnel construction. So as a first step, a comprehensive study needs
to be done to identify all the object and interaction classes that can be used in this
domain. For that reason, a reusable high level project model was defined (Figure 4-8) as a
foundation to create the FOM for various construction project federations in the COSYE
environment (Moghani and AbouRizk 2010). The project model is intended to increase
the interoperability and reusability of the components in various applications in COSYE

(AbouRizk et al. 2010).

Project Model

Construction . . Product
Environment Organization Resource
Process Component
Geotechnical Material Human
condition Weather Resource
| condition
Site layout — Equipment |—

Figure 4-8: The High Level Project Model of Construction Operations
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To create a tunnel federation object model, conceptual models for the construction
process, product, environment, resource, and management were developed. To develop
the models, the tunnel construction method for utility facilities was investigated, and all
the information regarding activities and required resources was collected. In order to
develop a product model, all the CAD drawings were reviewed, and details were added to
the conceptual model. It is important to mention that the following models were created
for the case study and they focus on the tunnel construction method using Tunnel Boring
Machine (TBM). Figure 4-9 illustrates the project model and Figure 4-10 shows the
product and process model for the utility tunnel construction project using TBM for

tunnel excavation.

Project product
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Figure 4-9: The Project Model for a Tunnel Construction Project
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Figure 4-10: (Top) TBM Tunnel Construction Product and (Bottom) Process Model

The next step is the development of the FOM based on the conceptual models. The FOM
is created using a C# or Visual Basic class in Visual Studio. It has a hierarchical structure
using a tree-type interface. Figure 4-11 depicts the first version of the tunnel federation
object model. In the development phase, each federate was designed based on an existing
object model. By evolving the model, the FOM has been updated and also expanded to be

more generic and reusable in various tunnel projects.
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Figure 4-11: Tunnel Construction Federation Object Model (FOM)

4.4.2 Process Modeling Federate

Simphony.NET 4.0, a stand-alone Discrete Event Simulation application, was utilized to
create a process model (Moghani et al. 2011). Simphony.NET 4.0, as a flexible modeling
tool that can be easily integrated into other simulation environments, was chosen to be
part of the framework. To be able to record the as-built construction process and replay it
in the future, the simulation model should contain many details of a construction project.
Also, additional services must be available in Simphony to allow Simphony model to join

the federation as a component of the entire system. A generic element called “RTI
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Connection” is created in Simphony and can be added to the model. This element
connects a model to the COSYE RTI and controls joining and execution of the model, as
well as sending and receiving updates through RTI. The process model development and

its integration into a COSYE environment is described in detail in Chapter 5.

4.4.3 As-Built Federate (Simulation Controller)

The as-built federate is one of the major components of the framework. This federate
provides updated information from the construction site to the Simphony federates. The
as-built federate connects to the Microsoft Access database to read the construction
process information on a daily basis. The information includes the progress of an activity
for a certain work area in the site and the related data regarding interruptions, working
hours, equipment breakdowns, crew size, material usage, and the list of equipment
employed for that specific activity. As it is shown in Figure 4-12, the as-built federate
user interface demonstrates daily reports and traces the detail of the simulation process. In
Chapter 6, the communication of the as-built federate with other federates and sending

updates to the federation are described in more details.
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Figure 4-12: As-Built Federate User Interface
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4.4.4 Report Federate

The objective of this federate is to provide simulation results to a user. During a
simulation run, outputs from all joined Simphony federates in the federation will be sent
to the report federate. This federate utilizes the Crystal Report application to generate
reports. The application can be bounded to the Microsoft Visual Studio as a reporting
tool, and since the federation is developed in Visual Studio 2010, the report generator
application integrates nicely into the system. Using Crystal Reports, a developer can

benefit from the graphical design capability of the tool.

At the end of each day, in the simulation, outputs are published in the report federate
from cost, project progress, resource utilization, and daily working hours. Reports are
designed to show the latest state of the project on a daily basis, and also the projected
status regarding project performance, cost, schedule, resources, and change order reports
in both a summary and in detailed reports for each section. Since information is updated
during the simulation, a user can easily access the project results by opening reports
during the simulation run. It also allows saving and printing of the reports. Figure 4-13
and 4-14 demonstrate two examples of the reports generated in the application. The

process of creating and updating reports during the simulation is described in Chapter 6.
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Figure 4-13: Report Layout for the Resource Utilization Comparison
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Figure 4-14: Report Layout for the Project Performance Comparison
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4.5 Support Federates

Different support federates are designed to join the federation in order to enhance the
functionality and accuracy of the simulation results for different construction projects.
The visualization federate animates the construction process in a 2D and 3D environment.
The visualization federate was built using the Microsoft XNA game engine, which is a
framework and set of tools that facilitate the creation of animated 3D environments. The
3D models of TBM, train, shaft, and tunnel sections were developed in Autodesk™® 3ds
Max™® 2010 and then converted to .x files, which can be loaded by the Microsoft XNA
game engine. The animation and simulation work concurrently in the application; the
TBM’s movement is controlled by the current chainage, provided by the simulation
during run-time. A TBM and crane breakdown can be initiated from either the simulation
federate or the visualization federate and it will reflect in the other one immediately. The
federate helps developers to validate the simulation model, and assists managers to
monitor and control the project during the construction stage when the simulation is
running based on actual data (Zhang et al. 2012). Figure 4-15 depicts the visualization

federate in the tunnel construction federation.
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Figure 4-15: Visualization Federate in the Tunnel Construction Federation

As simulation advances, a map federate shows the TBM position on a street map
provided by Google map™ and Google Earth™ application programming interfaces
(APIs). This federate provides different types of maps such as normal, satellite, and 3D
maps (Zhang et al. 2012). Figure 4-16 illustrates a map federate in the tunnel construction

federation.
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Figure 4-16: Map Federate in Tunnel Construction Federation

Supplier federate is a Special Purpose Simulation template developed in Simphony. Five
different elements were created to model a supply chain process and logistic services
required by a construction project. A federate is created as a generic federate that can join
federation and support the material supply of any construction project. In this federation,
the supply federate listens to the material request from Simphony federates and responds
by sending interactions through the RTI to the Simphony federates. Two of the elements,
namely the order element and the transport element, have the functionality required to
communicate with the construction process model. Figure 5-17 shows a supply federate

in the tunnel federation.
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Figure 4-17: Supply Federate in the Tunnel Construction Federation

4.6 Tunnel Construction Database

In the tunneling simulation model, there are many different kinds of inputs; shaft and
tunnel geometry such as diameter, depth, and length is obtained from CAD drawings,
geotechnical information is extracted from borehole documents, the unit cost of
equipment, material, crew, and overhead costs are estimated using historical data,
duration of various tasks (e.g. surveying, assembling liners, TBM installation), or data
such as train speed, and TBM advance rate are entered as probability distributions based
on previous experiences. During construction phase and for documentation of
construction process and product information, a database with multiple tables was created
to store necessary information required for tunnel construction simulation. For the

simulation inputs, especially during the design phase, the data stored in a database is
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tunnel coordinates and borehole data. For as-built information, a database records the
actual data received from the site including site information, activities progress, and

surveying data. Figure 4-18 provides a number of screenshots of the database.
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Figure 4-18: (a) Borehole Data Table, (b) Work Area Table, and (c) Activity Table

4.6.1 Updating Simulation Model Based on As-Built Information

In this research, the process of updating the simulation model is divided into two main
steps; in the first step, it is assumed that no changes have happened to the simulation
process, which means that the plan and the actual construction processes are similar. In
this case, changes should apply to the simulation inputs to reflect the real progress and
project state at any given time during the project. The update process happens on a daily

basis; an as-built federate checks the arrival of data for each day of the project, processes
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the raw data, transforms it into meaningful inputs for the simulation federate, and sends
updates to the Simphony model through the RTI. To implement the updating procedure,
this research proposes a new hybrid simulation approach that uses Discrete Event
Simulation (DES) and Time Step Simulation (TTS) methods to regulate and control
process model updates. This process will continue until the last entry in the database;

henceforth, simulation will continue to use the original values for the inputs.

The next step is updating the simulation process based on new work and scope changes
that have happened in the project. The proposed solution is that if any changes occur in
the activity list, a new simulation model will be added to the framework with a new
process model. In this case, a user needs to change the original model based on the
change order and adds it as a new federate to the federation. The new as-built process
model will be updated based on the site data until the project ends, or to the point that as-
built data ends in the database. This part of the research is described in more detail in

Chapter 6.

4.7 Conclusion

In this chapter, the general structure of the proposed framework is defined based on the
objectives set in this research. In the first step, a conceptual model is created to determine
how the framework should operate to fulfill all the requirements of the research, and then
the framework structure and its components are specified. In the next stage, the
architecture of the framework in the distributed simulation environment is demonstrated,
and the requirements for developing the proposed framework in the form of COSYE
federation are presented through a tunnel construction case study. In this case study, all
the federates that are required for the as-built documentation and all the supporting

federates in the federation are introduced. In the next chapter, the integration of
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Simphony into the federation is presented. In Chapter 6, the details of communication
between federates and the process of updating Simphony inputs and the construction

process model are covered.
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Chapter 5 - Design, Development and Integration of a
Discrete Event Simulation Model into a COSYE

Federation *

5.1 Introduction

In this research, the proposed framework for the documentation of construction
information employs COSYE, the HLA-based simulation environment, to overcome the
limitation of stand-alone simulation application, and to benefit from modularity,
reusability, and extensibility features of a distributed simulation system in order to create
a generic federation for industry application. Since the main federate of this framework is
the process model, Simphony, a Discrete Event Simulation tool, was selected to model
the construction process and to integrate into the COSYE federation. By this approach,
any construction process can be modeled in Simphony and attached to the proposed

federation to create a tool for documentation purposes during the construction phase.

This chapter is divided into three sections. The first section describes why Simphony was
selected as part of the proposed framework to simulate a construction process model,
then, a generic solution is presented to integrate Simphony into COSYE. This section
demonstrates how the integration of Simphony in the federation architecture can
significantly facilitate the development and use of the proposed framework for different
construction projects, especially for demonstrating scope changes in the process model
(Moghani et al. 2011a). In the second section, the development of an SPS template for the

purpose of project documentation is presented. To demonstrate the development process,

! Part of this chapter has been previously published (Moghani et al. 2011a — See Appendix B;
Moghani et al. 2011b- See Appendix C).
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a tunnel construction project simulation was selected as an example for the template
development. Different case applications are presented in this section; the 137 Avenue
tunnel project (described in Chapter 3) is reviewed to specify the inputs and parameters
that need to be considered in the simulation template in order to document and replay the
as-built process more accurately. The existing tunnel template for TBM tunneling method
was modified based on this case study. The second case study is the drainage tunnel
project which was used to verify and validate the template. And the Edmonton North
Light Rail Transit (NLRT) project was used to extend the application of the tunnel
template to include the Sequential Excavation Method (SEM) with either a ribs and
lagging or shotcrete lining system (Moghani et al. 2011b). Finally, this chapter presents
the integration of Simphony into COSYE through a tunnel construction simulation case
study. The process of studying a construction project and developing a Simphony
template for as-built documentation is similar for different types of projects. Once the
template is developed, the integration process into COSYE federation will be the same.
Therefore, the entire process presented in this chapter can be generalized for other

construction projects.

5.2 Integration of Simphony Model into COSYE

One of the advanced implementations in COSYE is the tunnel construction simulation
(Xie and Moghani 2009). The first version of the federation consists of several federates

(Figure 5-1).
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Figure 5-1: Tunnel Federation Structure in COSYE

In the first version, six different federates were developed to demonstrate the entire
process of a City of Edmonton utility tunnel construction project. Shaft construction,
tunnel excavation, dirt removal process, equipment breakdowns, weather, calendar, and
scenario set up were each modeled separately, and communicated through the RTI in the

federation.

In the distributed simulation models in COSYE, each federate is developed as a Visual
Studio class coded in C# or Visual Basic and the user interface does not allow users to
modify or change codes or logic of the simulation. This places restriction on the
application of a COSYE federation in industry since programmers would have to be hired
to revise and update the process as the project progresses. This could also limit
application of the proposed framework for different construction projects since it requires
development of new federates by writing new programming codes and then updating

them for as-built documentation.

Early studies show that Simphony is a proven application for process modeling, and its
new features facilitate integration into other simulation environments. Since the main

concern for the framework was creating a reusable application, it was decided to integrate
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Simphony as one federate to replace process model federates in the federation and
represent the construction process model in one Simphony model (with COSYE-
compatible simulation elements) and use its visual capabilities to update the construction
process instead of writing new codes for every changes happen in the process. This would
facilitate more efficient development of the framework and create a COSYE-aware

Simphony model to be a part of a collaborative and comprehensive model.

As previously mentioned, Simphony.NET 4.0 was developed particularly to be used in an
integrated environment; new features have been added to Simphony to facilitate
communication between COSYE and Simphony models. A Simphony modeling element
called “RTI connection” was created as a generic element to be added to all Simphony
models to enable them to join federation. The responsibility of this element is to provide
a connection to the RTI, manage join and execution of a Simphony model, and to send
and receive messages through RTI and time management in the Simphony federate.
Every federate in a federation has two objects called RTI Ambassador and Federate
Ambassador which send and receive messages from the RTI. These two objects are
encapsulated in the RTI connection element to allow communication between Simphony

and other federates, through the RTI.

For elements to become COSYE-aware, they need to utilize the services provided by the
RTI connection element to communicate with the RTI. Figure 5-2 demonstrates the

connection of the Simphony model through RTI Connection to the COSYE RTI.
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Figure 5-2: Integration of Simphony Model into COSYE using RTI Connection Element

As a test model, a tunnel construction simulation template was created in Simphony 4.0
and its elements were modified to send and receive updates from different federates.
These elements are known as COSYE-aware elements in the template, and by adding RT]
connection to a Simphony model, the elements will start communicating with other

federates in the tunnel federation.
5.3 Development of a Simphony Template to Document the As-

Built Construction Process

To develop a simulation model for a specific domain in construction, a good knowledge
of the domain is required. A user needs to gather general project information from

available sources such as project planning documents, expert knowledge, and historical
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data from previous similar projects. The simulation model must process specific levels of
detail to be considered acceptable by the industry, and provide valuable outputs in order
to be used for decision-making purposes (Hajjar and AbouRizk 2002). This is even more
critical if the simulation model is intended to document as-built history of a project; it
may require more detail than the simulation models that are utilized in other areas, such
as productivity analysis, cost estimation, and risk analysis. This chapter provides a
guideline through a case study to determine the type of simulation inputs and the level of

detail that requires for accurate as-built documentation.

In this section, as a case study, the development of a Special Purpose Simulation template
for as-built documentation in tunnel construction projects is discussed. The analysis of
the collected site data for the 137 Avenue tunnel project (previously discussed in Chapter
3) defines the basic requirements that the template should have in order to be successfully
employed, both for decision making during the planning phase, and documentation of the
project during the construction phase. This case study specifies the various elements, their
input parameters, and their interaction in the model. To develop a template, the first step
was to upgrade the existing tunnel template created in an older version of Simphony (Al-
Bataineh 2008) to a new version (Simphony 4.0). Then, the findings from this case study

were applied to enhance the functionality of the existing TBM tunneling template.

In addition to the TBM tunneling, the template was modified extensively to include more
construction methods for tunneling projects, including Sequential Excavation Method
(SEM) with a ribs and lagging lining and shotcrete lining as a temporary lining system for
tunnel projects (A user Guide for a new Tunnel template is provided in Appendix D).
Each modification was based on the real tunnel project constructed by the City of

Edmonton.
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5.3.1 Tunnel Construction Simulation in Simphony

Tunnel construction projects are one of the many categories of projects that have been the
subject of research for the application of simulation for project planning, enhancing
productivity, and scenario comparison. AbouRizk and Dozzy (1993) created a General
Purpose Simulation model for specific tunnel projects. Touran and Asai (1987) developed
a CYCLONE model to control schedule by predicting the advance rate of TBM in soft
rock. Ruwanpura (2001) describes the development of a Special Purpose Simulation
model for tunnel construction using Tunnel Boring Machine (TBM); his Simphony
template was developed to optimize equipment use by predicting soil profile along the
tunnel to reduce the cost and duration of the project. Likhitruangsilp and loannou (2003)
presented a stochastic methodology for evaluating tunnelling performance by using
discrete event simulation; they use STROBOSCOPE to provide probability distributions
for tunnel advance rate and tunnelling unit cost for all possible alternatives to determine
optimal excavation and support methods for the project. Chung (2007) proposed a
simulation-based productivity model for utility tunnel construction operations. He
implemented Bayesian updating application in the simulation to update project schedule
and predict tunnel productivity in the TBM tunnelling method. Al-Bataineh (2008)
developed a scenario-based planning template in Simphony.NET for TBM tunnelling,
employing discrete event simulation technique and applying the concept of distributed
simulation to create modular elements. His model considers various project information
including cost, schedule, weather effects, material supply, and dirt handling to select the
best scenario. Xie et al. (2011) developed a progress monitoring system for TBM
tunneling to capture progress data and provide real-time project progress input into the

simulation and revise the input values of the simulation model.
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The focus of the aforementioned studies was the development of simulation models (or
templates) for utility tunnel construction projects being undertaken in Edmonton, Alberta,
Canada, where, based on geotechnical conditions and availability of equipment, a Tunnel
Boring Machine (TBM) is the most common tunnel construction method, specifically for
the long tunnels. Hand tunneling or Sequential Excavation Method (SEM) is used for
short tunnels with a smaller diameter. In SEM method, either ribs and lagging or
shotcrete are used as primary linings, and cast-in-place concrete lining or precast pipes

with grouting are considered as permanent linings.

5.3.2 Desaign and Development of the Tunneling Template for

the As-Built Documentation

In this section, the data collected for the project performance analysis during the PIR
process for the 137 Avenue tunnel project is reviewed for the design of the TBM tunnel
construction template in Simphony for the purpose of project documentation. The
template is intended to be utilized during both planning and construction phases,
specifically for the documentation of the project. Since the existing tunnel template in the
previous version of Simphony was designed for productivity analysis and scenario-based
planning, the same template is converted to Simphony 4.0, and the additional features are

added based on the findings from this study.

5.3.2.1 Overview of the TBM Tunneling Method

The selection of the appropriate method depends on several factors such as ground
condition, tunnel length, availability of materials and equipment, local experience, and
surface limitation. In the City of Edmonton, based on the ground condition and
availability of the Tunnel Boring Machines (TBMs), this method has been used in many

tunnel construction projects, especially for utility tunnels in urban areas.
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The tunnel construction process starts by excavating a working shaft to reach the tunnel
depth. The working shaft provides access to the tunnel during the construction phase for
lowering down the material and removing dirt from the tunnel. Excavation and lining of
the working shaft usually happens in different segments based on existing soil layers.
Excavation of each segment can be done both by machine and hand depending on the
segment depth and geotechnical condition. A retrieval shaft is usually constructed at the
end of a tunnel for TBM removal. A crane is located at the top of the working shaft and
retrieval shaft for lifting the loads. A tail tunnel and undercut, expanded areas at the
beginning of the tunnel, are constructed using hand excavation and ribs and lagging for a

lining to facilitate TBM positioning and material handling during the operation.

Tunnel construction starts after lowering and installation of the TBM. In tunnel
construction with TBMs, the boring cycle includes TBM excavation and advancement,
installation of concrete segments, and resetting the TBM for the next cycle. In each cycle,
TBM advancement is equal to the concrete liners’ length. The excavated muck for each
cycle is transferred from a tunnel face through a conveyer to the muck carts. A train
consists of two or more muck carts and a material cart for moving out the dirt and
providing liner segments to the TBM. This process is repeated until the end of the tunnel
excavation length. Other activities such as utility extension or surveying are also done in
certain intervals; during these activities, the tunnel process stops to give enough space to

perform the task.

Based on the construction method, the working shaft may be constructed in the middle of
the tunnel. A two-way tunnel starts either by utilizing two TBMs to excavate both tunnels
simultaneously, or by excavating and lining one tunnel and then removing the TBM from

the removal shaft and reinstalling it for the second tunnel operation.
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5.3.2.2 Site Data Evaluation for 137 Avenue Tunnel Project

The 137 Ave. Tunnel project is a two-way tunnel project with one rectangular shaft
(working pit) in the middle. Because of the large size of the working pit, there was no
need to construct undercut and tail tunnel. For this project, one TBM machine was
utilized to construct both west and east tunnels. Several manholes and connections were

also constructed in this project, which will not be discussed in this section.

Chapter 3 mentions that the daily site data and different documents were reviewed to
record the actual process of the project. In addition to that, the as-built drawings, along
with the surveyor’s report, were collected to document final product information. This
experience provided valuable information on how the simulation model should be
developed, what kind of activities and in what level of detail should be included, and
what type of information relating to resources, materials, and external factors should be
considered to make simulation a useful application for the as-built documentation of
projects. Ailland et al. (2010) specified two aspects of projects that need to be captured
and described in the process simulation; the first is the data related to the process, such as
durations, work flow, dependencies, and resources utilized during the construction
process. The second feature includes the project current progress and other information

such as material inventory, site condition, and human resources.

In this section, the data analysis for the 137 Ave. tunnel project is presented to determine

the components and parameters of the simulation model.

1) Work Packages, Activities and Tasks

In the construction project, all project activities are divided into work packages, usually
by area or project component. This concept is created to integrate construction schedule,

cost estimation, risk analysis, project forecasting, material supply, safety, quality,
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permitting, etc. (COAA 2007). Within each work package, different activities can be
defined; these activities are usually specified in the project schedule and they provide
information in a higher level, which may not be helpful for detail documentation of a
project. Chin et al. (2005) noted that to prepare a daily site report for project control, the
project should be documented at the task level, which has more detail than activities, and

can be managed on a daily basis.

The same concept was used to document daily activities in the 137 Ave. tunnel project.
Figure 5-3 illustrates the work packages, activities, and tasks in the project. If the
simulation model follows the same structure, it will align with other construction
documents and provide sufficient details for managing and recording the construction

process.
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Liner Beam & Hang|| Excavation || Excavate ||Pour Slab e Working E——— Floor
Azsembly || Installation & Lining Sump || Concrete rea Platform Caoncrete

Task Level

Figure 5-3: Work Packages, Activities and Tasks in TBM Tunnel Projects

2) Construction Resources and Materials

As shown in Figure 5-4, the major project cost is allocated to the construction crew,
equipment, and material. So in this section, various data that needs to be collected and
considered in a simulation model in each category is defined. Also, the type of equipment
and crew that need to be considered in the model is specified. The project cost can be
analyzed in other projects to determine what type of resources and materials need to be

considered in the simulation model.

94



Project Cost Components

M Power Charges

Other, 3.96% . .
B Engineering fees
M Engineering Services

Power
Charges,
0.47% M Internal Order O/H

M Gen. Contract Work

Engineering g pirect Material
fees, 1.59%

= Equipment cost
1 Labour Cost

Other

Engineering
Services, 2.76%

Figure 5-4: Cost Components for the 137 Ave. Tunnel Project

As mentioned before, in the base plan of the project, to achieve the expected completion
date, three crews were assigned: tunnelling crew, shaft crew, and drilling crew. Based on
the project information, construction crews were allocated at the work area level and the

following information was collected for each crew on a daily basis:

e Related work area.
o Size.
e Working hours (working shifts) per day.

e Skill.

The main material in TBM tunneling is the concrete segments used for tunnel lining. In
the 137 Avenue tunnel project, concrete segments cost around 60% of the total material

cost. So, the liner segments were considered in the tunnel simulation and a single unit
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cost for all other materials was added to each of the work packages. The other data that

was collected was the liner supply information such as delivery dates and the order sizes.

In this project, the cost of the TBM and cranes is around 58% of the total project
equipment cost, and cost associated with trucks, loaders, and excavators is about 21% of
the total (Figure 5-5). Based on this information, the TBM tunnel construction simulation
template includes TBM, Crane, Truck, Loader, and Train (for the dirt removal process
inside the tunnel) as resources in the process model.

Loader

4% Equipment Costs

Excavator
2%

M Excavator
M Loader

M Truck

H Other
HTBM

W Crane

Figure 5-5: Equipment Cost for the 137 Ave. Tunnel Project

In addition to the equipment cost, daily site records include the following information:

e Related work area.

e Advance rate of TBM on a daily basis and for each shift.
e TBM breakdowns, which were not recorded properly.

e Crane daily working hours.

e Crane breakdowns, which were not recorded completely.

e The number of trucks and their capacity.
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3) Interruption Causes

The interruptions in the process were recorded on a daily basis in the following

categories:

e Equipment breakdowns.

e Weather conditions.

e Extending track, utility, gantry, and conveyor (they are part of the process but the
excavation process stops until the tasks are completed).

e Surveying.

e Delays in material supply.

e Preparation and extra activities during the project.

Interruptions were documented separately for each work area.

4) Calendar, Daily Working Hours and Shifts

All working days and non-working days were defined in the project calendar, created in
Microsoft Project. During the construction phase, working and non-working days were
documented in the daily site records and used to update the project calendar. The working

hours and shifts were also recorded on a daily basis for each working area.

5.3.2.3 Overview of the TBM Tunnelling Template in Simphony 4.0

Al-Bataineh (2008) divided the elements into three groups: shaft operation elements
(shaft template), tunnel operation elements (tunnel template), and support elements
(Figure 5-6). Calendar, project, trucking, supply, and shift control elements are
considered as supporting elements in the template and can be reusable for other
construction projects. “Project” element reports different cost items (crew, material,

equipment, dirt removal, and indirect), total cost, start date, and finish date of the project.
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“Shift control” element can be added to the shaft model and tunnel model separately to
reflect shift differences in different work packages in the project. The “Supply” element
controls supply of liners and TBM parts for the project and “Trucking” deals with dirt

removal in the site.

Tunnel Construction

Template
\/ L2 L4
Tunnel operation Shaft Operation
Elements ‘ Elements Support Fllements
| Tunnel Root ‘ i i I Shaft Root I i i [ Project }
| Loading & unloading | ' [ Circular Shaft | | Rectangular Shaft o Calendar |
| Train ‘ i i ‘ Rectangular Shaft | Segment _ i i | Supply ‘
| Undercut ‘ i i [ Soil Profile } | Hand Excavation ‘ i i | Shift Control ‘
| Soil Layer ‘ i i | Shaft Soil Layer \ | _ Slab & Sump ‘ i i | Trucking \
| Removal Shaft ‘ i i ‘ Preparation | |Ta11 Tunnel/Under CUt‘ i e R
b [ Piling } | Shaft task ‘ |
i Circular Shaft | Finish Construction | i
i Segment i

Figure 5-6: TBM Tunnel Construction Elements in the Old Version of the Template

In his tunneling template, the shaft template consists of fourteen elements; all the tasks in
the shaft construction process are encapsulated in these elements. So, each element may
contain more than one task scheduled as an event in the internal code. The shaft model

takes into account the soil layers for the shaft excavation.

The tunnel template consists of six elements that simulate loading and unloading
activities on the top of the shaft, different geotechnical tunnel sections along the tunnel,
TBM removal, surveying and extending utilities as internal events, and the activities
inside the undercut such as track installation. The entire template has a modular and

hierarchical structure; each element is located in specific level, encapsulates certain tasks,
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and communicates with other elements on the same, higher, and lower levels. An

example of a tunnel construction model is illustrated in Figure 5-7.
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Figure 5-7: Hierarchical Tunnel Simulation Model in the Old Version of the Template

5.3.2.4 The Enhancement of the TBM Tunnel Template
Based on the data evaluation for 137 Avenue tunnel project, the following improvements

were proposed and implemented for the existing tunnel template:

o Number of Elements was reduced to the major work areas in the TBM tunnel
construction, including: Shaft (working shaft, removal shaft, and access shaft),
Loading Unloading, Work Area (represents undercut and tail tunnel), Tunnel and
Finish Construction Elements (Figure 5-8). The Project, Supply, and Trucking

elements are the support elements in the template.
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Figure 5-8: New Structure for the TBM Tunnel Template

¢ In the new version, one element represents shaft construction, soil profile, and all

the construction activities and tasks for the shaft construction. An input parameter

called “Tasks” is added to the element property grid that enables the user to select

a list of activities from a predefined list of shaft construction activities. This

increases the flexibility of the shaft element to model any new activities added to

the list. Figure 5-9 depicts shaft element and its properties.
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Figure 5-9: Shaft Construction Activities in the Tunneling Template

e To be able to model working hours in the project, a calendar and shift properties
are added to the project, shaft, and tunnel elements. In the project element, the
user can specify a collection of calendars for the project. A calendar specifies
shifts, working hours, working days, and hon-working days in the project. Also, a
user can add exceptional days to reflect the changes to the working hours for
specific days. This parameter is designed to replicate the Microsoft Project
calendar; the functionality and even the user interface are similar in order to

make it easier for the industry to use, as they are usually familiar with Microsoft
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Project. Since working hours and shifts can vary in different work areas (e.g. the
Tunnel and Shafts may have different working hours or shifts), a user is able to
select a calendar separately for shafts and tunnel elements from the collection of
project calendars. The other elements usually have the same working time as
either shaft or tunnel. For instance, crane in Loading Unloading element, should
work during shaft or tunnel excavation. So Loading Unloading element would
work with shaft calendar during shaft construction and with tunnel calendar
during the tunnel excavation. The Working Area and Finish Construction
elements work based on the tunnel calendar. Figure 5-10 presents the calendar

and shift collection in the template.
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Figure 5-10: Calendar and Shift Collection in the Tunnel Template
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o For each work area, a crew size is added in the shift configuration; this helps to
assign shifts to the crews to enable calculation of crew utilization for the day and
night shift crews separately.

e A start date property is added to the project, shaft, and tunnel elements to control
the start date condition for each element. In this case, a user can consider any
delays to the start of each work area, if required.

e As it is shown in Figure 5-11, a cost configuration is considered for each work

area to provide cost information for each work area individually.
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Figure 5-11: Cost Configuration for the Tunnel Element

e For each work area (element), a report is produced to present the start and finish
date, and the construction cost, in total and in detail for that area. Figure 5-12

illustrates a project and tunnel report produced by the template.
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Figure 5-12: Report Examples Generated by the Tunnel Template

In addition to the changes to elements and their properties, the process model was also
updated. New activities and tasks are added to the shaft, work area, and finish
construction elements, and a tunnel process is slightly modified to match the real process
in the site. All the changes are implemented in the new version of the TBM template to
make it a suitable application for project documentation. To validate the new template, a

TBM tunnel project in City of Edmonton is selected as a case study in this research.

The case study is a drainage tunnel for the underground section of the Edmonton North
Light Rail Transit (NLRT) extension project located in Edmonton, Alberta, Canada. This
tunnel is a 500 m tunnel with an inside diameter of 2340 mm. A one-way TBM tunneling

method was selected as the construction method in this project; a TBM with a diameter of
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2540 mm was utilized for the excavation and lining process, and a working shaft and
retrieval shaft were constructed at two ends of the tunnel. A Simphony model was
developed (Figure 5-13) to calculate the productivity, cost, and total duration of the

project and compare them with actual values in the project.
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Figure 5-13: NLRT Portal Drainage Simulation Model in Simphony 4.0

In addition, different simulation outputs, in the form of reports are used to compare

simulation results with the actual values.

5.3.3 Development of the Tunnel Template for the Sequential

Excavation Method (SEM)

The North LRT (Light Rail Transit) Tunnel project was studied to develop new elements
in the tunnel template to model Sequential Excavation Method (SEM) for tunnel
construction (Moghani et al. 2011 b). The original study was conducted to select a
construction strategy and the best scenario for the tunnel construction project in
Edmonton, Alberta, Canada that choose from shotcrete and ribs and lagging lining

systems. This project is a part of the LRT extension including two parallel tunnels with a
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total length of 764 m, extending from the existing underground station to the street level
station (MacEwan station). The construction will start from tunnel portals located at
MacEwan station and will be continued up to the pre-built section. The remaining

sections will be constructed from the end of the pre-built section to Churchill station.

Sequential Excavation Method (SEM) was selected as the excavation method in both
construction strategies under study. In the sequential excavation process, a cross section
is divided in smaller segments based on tunnel size; these segments are excavated in
sequence for one meter advancement of the tunnel. In this project, the cross section is
divided in heading and bench sections with approximately similar areas, as shown in
Figure 5-14(a). An excavator, a loader, and a truck are considered as a set of equipment
for excavation and mucking processes. Two assumptions were made for the construction

sequence:

e Excavation and lining of two one-meter heading sections is followed by the
excavation and lining of a two-meter bench section. This process is illustrated in
Figure5-14(b).

e Excavation and lining of a heading is followed by the excavation and lining of a

bench for a specific length of the tunnel.
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Figure 5-14: Tunnel Cross Section & Excavation Sequence (IFL Consultants, Inc., 2008)

5.3.3.1 Sequential Excavation with Rib and Lagging Lining System

In the tunnelling method which uses a rib and lagging lining system, the entire tunnel is
lined using the same materials and lining arrangements. The steel ribs are installed every
one meter at the end of excavated sections. Laggings, or wooden pieces, are inserted
between ribs and soil to support the excavated area. Ribs usually come in one or two
sections and are bolted together when they are fixed in their location. A timber spreader
and steel rods are used to fix the position of ribs. Based on the tunnel alignment,
surveying will be performed every 6-15 m, and utilities are installed as the tunnel

advances.

5.3.3.2 Sequential Excavation with Shotcrete Lining System
In the shotcrete lining method, the preliminary lining differs along the tunnel based on
geotechnical condition. The designers for this considered a standard support system for

both tunnels which includes installation of different layers of shotcrete and wire mesh. In
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this project three layers of shotcrete with two layers of wire mesh in between are

specified as a standard support.

In addition to the standard support, designers defined five types of additional supports
based on soil conditions, and then divided tunnels into longitudinal sections based on
their needs for additional supports. All the sections with their additional supports are

listed in Table 5-1.

Table 5-1: Tunnel Longitudinal Sections based on Additional Supports for Shotcrete Lining

NLRT - North bound NLRT - South bound
Extra
. Start End Extra . Start End Lengt
Section point | Point Length Supports* Section point | Point h SupEorts
Northl 768 758 10 E Southl 755.5 745.5 10 B+E
North2 758 651 107 - South2 745.5 629 116.5 E
North3 651 642 9 A South3 629 619 10 A+E
North4 642 475 167 Pre-Built South4 619 466.9 152.1 | Pre-Built
North5 475 466 9 B+C South5 466.9 | 457.9 9 B+C
North6 466 328 138 C South6 457.9 423 34.9 C
North7 328 256 72 - South 7 423 335.6 87.4 C+E
North8 256 236.6 194 A South8 335.6 325.3 10.3 C
*All the sections have the standard support South9 | 325.3 223 102.3 -
South10 223 2083.5 19.42 A

*All the sections have the standard support

Since the lengths of each section and the installation durations for the additional supports
are the only important factors for simulation purposes, the design characteristic of each

support will not be considered in the template.

5.3.3.3 SEM Elements Development

Based on the case study, two tunnel elements are developed to model the SEM method
with the shotcrete and ribs and lagging lining systems. The Element defines the
excavation sequence for each section, and also the heading to bench advancement ratio.
For the tunnel cross section, different tasks can be specified for each section (heading or

bench), and various materials can be defined for each lining sequence. As well as TBM
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tunnel element, material, crew, equipment, and unit costs are also considered for the

development of the element. To develop the elements and integrate them in the existing

template, changes have been made to create generic work area and finish construction

elements that work for all three tunneling methods. Also, the dirt removal simulation was

modified to consider trucks as dirt removal means in the tunnel template. Figure 5-15

depicts the properties of ribs and lagging tunnel element.

D —— RibLaggingTunnelCrossSection Callection Editor @
|
Members: Heading properties:
4 Calendar - W Headra | =) |
Calendar Standard 1| Bench = IA
. . + 4 |nputs
S hlft_S election Name] Heading
4 Design Prea 10
[Mame] RibLaggingTunnell (Collection) =)
L 4 Dutpuls
Description CurrentLengtt 0
4 |nputs
CrewCostPerH our $500
Exzawation Sequence [Collection) Tasks
: - . The tasks to be caried ojit regarding
F|naII_.|n|ngS peed Constant[5) o .] [ i his cress section
Heading Bench Advancem 2 L= L
b atenialCostConfig Configuration E
-EIK Cancel
Sechions [Collection) :
> StartingCondition Date: 01011980
+ Turnelnfo Direction: East; Diameter: RiblaggingTunnelTask Collection Editor (-5 [oeal
Wehicle Configuration Configuration Bt et
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4 Outputs Inztall Rib .
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urrentUirty olurmne: Ingtall Supparting Rods > MovingDuratic Constant{10]
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4 Reports
Feport [Repart] il
e Caoaioao. (Name)
Layout The name of the activity.

Add '] [ Remove

Figure 5-15: Properties of Ribs and Lagging Tunnel Element in Simphony 4.0

The NLRT project is simulated using the tunnel template for the SEM method with both

lining systems. Different scenarios are developed within each system and the best option,

with a minimum cost and duration, is selected for the construction of the tunnel. Figure 5-

16 shows the model used for this case study.
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Figure 5-16: NLRT Project Simulation Model in Simphony 4.0

5.4 Integration of Tunneling Template into the COSYE

Federation

To integrate a Simphony model into the COSYE federation, four major steps should be

taken:

o Create, test, and validate a tunnel template in Simphony.NET 4.0 to simulate the
process model.

o Update FOM to consider all the classes and attributes that are related to the
process model.

e Transform elements into COSYE-aware elements to enable communication of
these elements with other federates in the federation. This can be achieved by

changing the codes in Visual Studio class that represent each element.
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e Connect the Simphony model to the existing tunnel federation to test the

compatibility of the Simphony model with other federates.

The development of the template for the tunnel construction case studies has been
demonstrated in the previous section. In the next section, the integration of the tunnel

template in the tunnel federation will be discussed.

5.4.1 Updating of the Tunnel Federation Object Model (FOM)

The first step in developing a federation in COSYE is to create a Federation Object
Model (FOM) that includes all the object classes, attributes, and interactions that will be
required in the federation execution. The FOM classes and attributes should be
comprehensive enough to be reusable in the future. As mentioned before, in the first
version of the federation, the process model was distributed within different federates that
were communicating through RTI. Having the entire process model in one Simphony
federate reduces the network traffic, since many communications happen internally and
within the Simphony model. Due to this change, the FOM is updated accordingly and all
the object classes, interactions, and their attributes that were originally used for
communication purposes among the process model templates are removed from the FOM
if no other federates are “interested” in them. By revising the old FOM, many existing

federates required modification to be able to connect to the federation.

Figure 5-17 illustrates the object classes in the final version of FOM for the tunnel
federation and the proposed framework. In the FOM, object classes are defined in seven
categories; Process (Construction Activity), Environment, Project, Resources, Scenario,

Inventory, and Inventory Item.
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Figure 5-17: Federation Object Model (FOM) for the Tunnel Federation

The Construction Activity Category includes all the objects related to the construction
process, and the Inventory and Inventory Items classes include all the object classes
related to the Supply federate. Other object classes in the FOM are mainly used for

communication between Simphony and the as-built, visualization, and report federates. In

112



addition to object classes, Interaction classes and enumerated data types are also defined

in the FOM (Figure 5-18).

Cosye. Tunneling.xml [Design] & ~ O X || Cosye.Tunnelingxml [Design] & * A X
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Figure 5-18: (Left) Enumerated Data Type and (Right) Interaction Classes in the Federation

5.4.2 Development of COSYE-Aware Elements in the Tunneling

Template

For the tunnel construction template, a generic Visual Studio class called
ICOSYEAwareElement was developed as an interface that each element must implement
to become a COSYE-aware element. The ICOSYEAwareElement includes all the
methods that RTI connection calls such as Start Execution, Initialize Object Instances and

Make Declarations. Another generic class called FederationManager, developed in the
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tunnel template, works as an RTI connection with additional built-in features. Whenever
an event occurs in the RTI, the Federation Manager will call all the elements that
implement ICOSYEAwareElement interface to receive updates and communicate with
other federates. Since, a Simphony template should be designed in such a way that allows
users to run a model on its own or as part of a federation execution, and as a single
federate, a developer needs to include an indicator to check if Simphony joins a
federation. To be able to track it, a Boolean variable is added in the written code of a
project element. This variable becomes true if it finds that the RTI connection was added
to the model, otherwise it will remain false. This public variable can be accessible from
other elements in the model, so each element can check the value of the project, and if it
returns true, then all the related codes for the COSYE aware situation will be executed.
Figure 5-19 shows an example of code that needs to be added to the element to make it

COSYE-Aware.

ShaftRoot.cs & * A X

| “t% Casye Tunneling. TunnelingTemplated, ShaftRoot vljJ LoadingUnloadingInputPointMarme -
-  #region InitializeRun(int)
¥

» b

, <{summary> ...
-| protected override void InitializeRun(int runIndex)

{

base.InitializeRun(runIndex);

if (this.Project.IsCosyefware)

{
this.fedAmb

this.rtiAmb

= this.GetService<IFederatebvents»();

= this.GetService<IRTIambassador>();
this.fedAmb.DiscoverObjectInstance += this.DiscoverObjectInstance;
this.fedAmb.FederationSynchronized += this.FederationSynchronized;
this.fedfmb.ReceiveInteraction += this.ReceiveInteraction;
this.fedfmb.ReflectAttributeValues += this.ReflectAttributevValues;

h

this.calendarEntity = new CalendarEntity();

this.CrewCost = @D;

this.CurrentScillayerIndex = @;

this.EquipmentCost = @D;

this.FinishTime = double.PositiveInfinity;

this.hasStarted = false;

this.InnerCalendar = this.Scenaric.Calendars[this.InnerCalendarType].Clone();
this.StartTime = double.PositiveInfinity;

this.shiftAwarelist.Clear();
this.Soillayers.InitializeRun(runIndex);
this.Tasks.InitializeRun(runIndex);

Trace.WriteLine(this.Name + ".Subscribed to Calendar™);
this.Engine.SubscribeCalendar(this.calendarEntity, this.InnerCalendar, this.CalendarWorkChange);
¥

#endregion
0 = o m »

Figure 5-19: Inserted Code to a COSYE-Aware Element
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5.4.3 Adding Simphony Federate to the Tunnel Federation

After updating the FOM and adding proper codes to the COSYE-aware elements, a
Simphony model can join the federation through the “RTI Connection” element that is
added to the model at the project level. Now Simphony can work as a federate and send

and receive updates through the RTI.

5.5 Conclusion

The focus of this chapter is the development of a Simphony template that can be utilized
as part of the proposed framework for the as-built documentation, especially for the
actual construction process. Also, the integration of Simphony as a stand-alone discrete
event simulation tool into COSYE federation is described through a tunnel construction

case study.

After the integration of Simphony into COSYE, the next phase of the framework
development is to update the Simphony model by sending updates from the as-built
federate based on actual data stored in a Microsoft Access database. The process of

updating the Simphony model is presented in Chapter 6.

115



Chapter 6 - Implementation of the Framework for As-

Built Documentation in Construction Projects

6.1 Introduction

As previously mentioned in Chapter 4, the proposed framework consists of four major
elements: a database that stores all the as-built data, an as-built federate that connects to
the database and acts as a simulation controller to send data and update the Simphony
inputs and process model, a Simphony federate that simulates a construction process, and
a reporting federate that provides comparison results for the planned and actual project
performance. In this chapter, the processes of reading data from a database and sending it
to the RTI by the as-built federate and updating the Simphony model and the report
federate based on as-built daily information are discussed. To implement the framework,
a TBM tunnel construction project was selected as a case application and then the North
LRT Portal Drainage Tunnel was selected as the specific case study to test and validate
the framework. As previously described in Chapter 5, a simulation model for this project
is created using the TBM tunneling template. Even though a tunneling project is selected
for the implementation process, the structure of the database and the updating procedure,
from a design and programming perspective, are generic and can be applied for different

types of construction projects.

In this Chapter, the process of updating the Simphony model is discussed in five sections;
the first section provides a brief overview of Discrete Event Simulation (DES) modeling
in Simphony, describes how it works for a case application, and introduces new features
of a Simphony template developed specifically for this research. The implementation of a

calendar in the Simphony model and its effect on scheduling events and the process of
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scheduling breakdowns and various interruptions in the process model is discussed using
tunnel and shaft construction elements in the TBM tunneling template in Simphony.NET

4.0.

The next section describes the proposed hybrid simulation approach for updating
simulation progress. In this section, the processes of reading data from a database and
then updating the project state on a daily basis are covered. The third section provides
details of the changes that should be made in a Simphony model to enable modeling both
plan and as-built process models in terms of activities, equipment breakdown, and
scheduling various interruptions. Next, the implementation of construction process
changes and adding a new instance of the Simphony model to the federation in order to
document changes in the construction process are described. This chapter also provides
detailed information on updating resource information, shifts, and project calendars. And
finally, the updating process for product information and the implementation of the report

federate and the process of information updates in different reports are covered.

6.2 Analyzing Discrete Event Simulation Modeling in Simphony

Simulation technique has become a promising tool for planning and management of
construction projects over the last few decades. Early studies show that the majority of
simulation applications for modeling construction projects are based on Discrete Event
Simulation methodology. “A discrete-event simulation is one in which the state of a
model changes at only a discrete, but possibly random, set of simulated time points,
called event times” (Schriber and Brunner 2010). In discrete event systems, entities
initiate and respond to events and moves from one state to another state during a

simulation run. Entities usually capture resources to do activities in the simulation.
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Resources are usually capacity-limited, so entities compete for their use and sometimes

must wait to use them, experiencing delay as a result.

Simphony.NET is a Special Purpose Simulation (SPS) tool that consists of a simulation
engine which is a discrete event processor responsible for scheduling and processing the
generated events as well as managing entities, resources, and waiting files. In a basic
discrete event engine class in Simphony, various methods and properties are provided
that help implementation of a template. In addition to the event processing features, other
services such as math library, statistical collection and analysis service, and the random
number generator are also provided in Simphony (Hajjar and AbouRizk 2000). Modelling
services such as scenarios and various types of modeling for template development are
also part of this software. In addition to all common components of discrete event
systems, Simphony provides particular features such as calendar and user-defined lists, to
make entities calendar aware, that have been added during this research development. In
this section, some of the modeling approaches in Simphony, and specifically in the tunnel
template, are illustrated to give a clear idea of how the template has been developed using

discrete event scheduling.

6.2.1 Scheduling Events in the Tunnel Template

In this section, event scheduling in the tunnel and shaft elements in the tunnel template as
a case application is discussed. In the template, shaft construction consists of a series of
activities that happen sequentially; based on the list of activities entered in the “Tasks” (a
shaft input variable), the program checks through the list and schedules events until the
shaft construction completes. It is important to mention that both in the codes and in the

input variable, a user enters a list of activities which is incorrectly named as tasks. Each
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activity consists of one or more tasks; for instance, “CircularShaftSegment” includes liner

assembly task, section excavation task, and beam and hang installation task.

Each shaft activity is coded in a separate C# class in the Visual Studio project which
represents a template in Simphony, so there are seven different classes that model
activities for circular and rectangular shafts, including: preparation, circular shaft
segment, rectangular shaft segment, piling, slab and sump, finish construction, and tail
tunnel/undercut construction. At the start of shaft construction simulation, a “ShaftRoot”
class creates an entity and transfers it into the first activity (class) in the list. In the shaft
element, except for the breakdown entities, only one entity flows throughout the entire
shaft construction process, so after modeling each activity, the entity is transferred out.
Then “TaskBase” class checks for the next activity in the list to transfer the entity to that
activity, and this continues until it reaches the “FinishConstruction” activity which
determines the end of the shaft construction. In this process, the start of each task depends
on the completion of its predecessor tasks and each task can have its own progress rate
independent from other tasks in the model. Figure 6-1 shows the process of scheduling

events in the shaft element.
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Figure 6-1: Event Scheduling in the Shaft Element with Sequential Activities

On the other hand, in the tunnel element, a set of repetitive activities such as excavation,
lining, and TBM resetting, along with the dirt removal activities, occur to construct one
tunnel section. In the tunneling process, events can be scheduled concurrently; for

instance, while TBM is lining a section, train or truck should remove dirt to the undercut
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or outside of the tunnel. Figure 6-2 illustrates tunnel excavation process in the TBM

tunneling method.
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Figure 6-2: Tunnel Construction Process in TBM Tunneling Simulation Model

Unlike the shaft element, different entities are created in tunnel element to go through the
tunnel construction process; the dirt entity is used for scheduling tunnel excavation, dirt

removal to the undercut, moving dirt to the ground level, and moving the train back to the
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tunnel face. Also, before sending the train inside the tunnel, it checks for any other tunnel
tasks, such as surveying, that need to be scheduled before starting the next section. The
other entity, called tunnel entity, is responsible for scheduling initial activities that
happen before tunnel excavation, such as install cradle, install TBM, and drive TBM into
the tunnel, as well as lining and resetting activities of the TBM. The reason for this is that
when the dirt entity is used for scheduling dirt removal events, at the same time the tunnel

entity is responsible for scheduling lining and resetting events.

The progress of tunnel construction is usually calculated based on the current length of a
tunnel that is completed, so in this case, there is no separate progress rate for the activities

that happen during the construction of one tunnel section.

In the construction project, activities happen either in sequence or in a repetitive cycle, so

shaft and tunnel can represent all kinds of construction processes.

6.2.2 Implementation of Breakdowns and Interruptions in

Simphony

In the construction simulation, equipment breakdown is modeled based on historical
information from previous similar projects. Usually two input parameters, “time between
breakdowns” and “repair time”, are required to model equipment breakdown in the
construction simulation. Due to the uncertainty in the breakdown occurrence, input values
are mainly entered in the form of random variables that follow certain distributions. To
model breakdown and any other interruptions in the tunnel template, separate entities
should be created and assigned for simulating breakdowns in the TBM, crane, train, and
loader. Figure 6-3 demonstrates an example of train breakdown simulation in the tunnel

element.
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Start

Create a train:

var train = this.trains[this.trainsCreated];

Create a train breakdown entity:
var trainBreakdownEntity = new EntityEntity();
this.trainBreakdownEntities.Add(trainBreakdownEntity);

v

Make breakdown entity calendar-aware
this.ShiftAwareList. Add(trainBreakdownEntity);

Schedule a train breakdown:
» this.Engine.ScheduleEvent(trainBreakdownEntity,
train.BreakdownEvent, train. TimeBetweenFailureSeconds.Sample());

v

Once a train breakdown time reaches, Preempt train resource for
scheduling a breakdown event:
this.Engine.PreemptResource(entity, this,
this.breakdownSuccessfulEvent, this.WaitingFile, 20.0);

Schedule train repair event:
this.Engine.ScheduleEvent(entity, this.repairEvent,
this. TimeToRepairSeconds.Sample());

¢ )
o %

:::::f:::/TunneI Construction CompIetes’;::f,':i::;

\/
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Cancel the event and remove the entity from the calendar-aware list:
this.Tunnel.ShiftAwareList. Remove(entity);
if (entity.IsScheduled)

{this.Engine.CancelEvent(entity);}

R N
w: Finish )
\ /
Figure 6-3: Train Breakdown Simulation Process in Tunnel Simphony Element

After creation of an instance of equipment resource, a new breakdown entity is created
and added to the calendar-aware list associated with the calendar of the work area that the
equipment belongs to. At this point, an event is scheduled to start the first breakdown

after a duration sampled from a distribution entered as an input value for the breakdown
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interval. Another event will be scheduled after equipment successfully breaks down to
schedule start of the repair activity, and then another event occurs to finish it. This
process will continue until the completion date of the work area that the equipment is

assigned to.

6.2.3 Implementation of Calendar in Simphony

In Simphony.NET 4.0, a user can specify different scenarios for one model; each scenario
can have its own properties (Figure 6-4) such as a set of user-defined calendars, a start
date, and a time unit for the simulation clock. In the tunnel template, in a scenario level, a
user can define different calendars for a project and assign them to each work area in the
model. The start date of the scenario is equal to the start date of a project, and the time

unit is defined as second to make the template work in the COSYE environment.

4 Misc
[Mame] Scenariol
Calendars [Collection]
Enabled True
b awT ime | Afiruty
FunCount 1
Seed a
StartD ate 011042010
Timelnit Second
4 Reports
Costz [Repart]
Emizzionz [Repart)
Statistics [Feport)
Grid

Figure 6-4: Property Grid for Scenarios in Simphony

To implement calendar in a Simphony template, new methods were added to the discrete
event engine in Simphony such as “SubscribeCalendar” and “UnsubscribeCalendar.” For

each work area, such as working shaft, tunnel, and removal shaft, a calendar entity is
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created and then subscribed to the associated calendar of that work area. For each
calendar, a calendar-aware list is created to store a list of entities that flow through the
model. During a simulation run, a calendar entity responds to the calendar events. Based
on the calendar non-working and working status, all the entities in the list will be
suspended or resumed, respectively. Figure 6-5 shows the process of implementation of

calendar in the tunnel template.

Define calendar entity (Custom entity for calendar events)
this.calendarEntity = new CalendarEntity();

v

Get the calendar that this work area is associated with.
this.InnerCalendar = this.Scenario.Calendars[this.InnerCalendarType].Clone();

Subscribe to events from the Calendar
this.Engine.SubscribeCalendar(this.calendarEntity, this.InnerCalendar,
this.CalendarWorkChange);

Get a list of entities that are aware of this calendar.
this.ShaftRoot.ShiftAwareList. Add(entity);

v

Create a method which is called when the calendar raises an event. Suspend all
the calendar-aware entities if it is non-working time and resume them if it is
working time.

if (IcalendarEntity.IsWorking)

{this.ShiftAwareL.ist.ForEach(entity => this.Engine.SuspendEvent(entity ));}
else

{this.ShiftAwareL.ist.ForEach(entity => this.Engine.ResumeEvent(entity ));}

v

Unsubscribe to events from the Calendar at the end of this work area
construction.

this.ShiftAwareL.ist.Clear();
this.Engine.UnsubscribeCalendar(this.calendarEntity);

vy
\/ Finish \;
. /

Figure 6-5: Implementation of Calendar in the Tunnel Template
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6.3 Hybrid Simulation Approach for Updating Construction

Process

Recording of as-built data and actual project process is a means to control construction
progress and document history of a project for future use. The frequency of data
collection in the construction phase is subject to various factors such as the complexity of
the work, the cost and time required for a data collection in the job site, the speed at
which the project is advancing, and how often a project control group requires monitoring
of project progress. In this research, a daily data collection system is utilized to provide
more detail of the actual project progress. Figure 6-6 illustrates a query in the Microsoft

Access database which includes five fields of daily information of the working shaft.

-5 WorkingShaftDailyProgress =
Date - Name - ActivityName - TaskMName + Percent Complet » |«
11-Mov-10 Working Shaft CircularShaftSegment  Excavation 92.50%
12-Mov-10 Working Shaft CircularShaftSegment  Excavation 92.50%
15-Mov-10 Working Shaft  CircularShaftSegment  Excavation 98.00%
16-Mov-10 Working Shaft CircularShaftSegment  Excavation 100.00%
17-Nov-10 Working Shaft CircularShaftSegment BeamAndHangShaftinstallation 15.00%
18-Mov-10 Working Shaft CircularShaftSegment BeamAndHangShaftinstallation 35.00% |_
19-Mov-10 Working Shaft CircularShaftSegment  BeamAndHangShaftinstallation 50.00% |
22-Nov-10 Working Shaft CircularShaftSegment BeamAndHangShaftinstallation 70.00%
23-MNov-10 Working Shaft  CircularShaftSegment BeamAndHangShaftinstallation 70.00%
24-Mov-10 Working Shaft CircularShaftSegment BeamAndHangShaftinstallation 70.00%
25-Nov-10 Working Shaft CircularShaftSegment BeamAndHangShaftinstallation 100.00%
26-Mov-10 Working Shaft  SlabSump SumpExcavation 100.00%
29-Mov-10 Working Shaft  SlabSump SlabPouring 100.00%
30-Nov-10 Working Shaft TailTunnel WorkingPlatformConstruction 100.00%

1-Dec-10 Working Shaft TailTunnel BreakOut 100.00%
2-Dec-10 Working Shaft TailTunnel Excavation 10.00%
3-Dec-10 Working Shaft  TailTunnel Excavation 19.40%
6-Dec-10 Working Shaft TailTunnel Excavation 29.00%
7-Dec-10 Working Shaft  TailTunnel Excavation 38.70%
8-Dec-10 Working Shaft TailTunnel Excavation 67.70%
9-Dec-10 Working Shaft TailTunnel Excavation 83.90%
10-Dec-10 Working Shaft TailTunnel Excavation 100.00%
13-Dec-10 Working Shaft TailTunnel PourFloorConcrete 100.00%
4-Jan-11 Working Shaft Undercut WorkingPlatformConstruction 18.00% |¥
Fecord: M 4 340f86 b H b & Mo Filter | Search
| Mum Lock |ﬁ il saL B

Figure 6-6: Microsoft Access Query for the Working Shaft Daily Progress Data
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As it is shown, due to various factors that affect construction progress, the values of
percent complete for one task alter day by day. Therefore, a simulation model that records
the actual project state should be able to update simulation inputs especially the
construction progress on a daily basis, based on the real data collected from the site. This
causes a problem in simulation modeling in Simphony since it works differently; as
previously mentioned, in Discrete Event Simulation modeling, events happen at the start
and end of each task, and occurrence of each event causes a model to change from one
state to another. For example, a tail tunnel excavation (Shown in Figure 6-6) is modeled
as a single task in the template which means that Simphony schedules two events; one
event for the arrival of entity at the excavation task at time (t) and the other for the
completion of the task at time (t + d) in which (d) represents the total duration of the
excavation. So if task duration extends more than a day, knowing that no event happens
in the middle of the task, a daily update cannot be achieved unless a simulation

mechanism provides daily update capability in the application.

In the current tunnel template, if no interruption or equipment breakdown happens during
a task, as long as the number of working hours per day remains the same, a task will have

equal progress each day, which is calculated by:

Woking hours per day
X
Task total duration 100

Daily Progress for a task %= Eq. (6-1)

Therefore, there is a linear increment in the percent complete of a task on a daily basis.

To model actual project progress, the proposed solution in this research is a hybrid
simulation approach that combines time-step simulation with a discrete event modeling
technique. In this method, when one task is completed, Simphony schedules an event to
start the next task, but at the end of each day, the state of a task should be updated based

on the actual data captured from the site, which means that every 24-hour time interval,
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an update should apply to the state of a task. In this method, scheduling tasks is based on
a discrete event concept while task progress is simulated in a time-step fashion. An as-
built federate sends updates to a Simphony model through RTI in a time-step fashion, so
COSYE helps integration of time-step and discrete event modeling components in one
system. The process of updating activity progress based on actual data is discussed later

in this chapter.

6.4 Documentation of As-Built Information in COSYE Federation

In a construction project, due to various factors and variables, a project may not be
constructed as planned; changes vary from small ones in the scope of work to complete
modifications of design and construction method, and all these variations from the
original plan may result in claims and disputes. Therefore, the proposed framework not
only should reflect real construction progress and product information, it also needs to
demonstrate all the scope changes in the construction process. To implement the
framework and to be able to document all the as-built information in Simphony including
the process changes, two basic steps were followed; as first step, it was assumed that no
changes happen in the process model, which means that a Simphony model remains
unchanged from what was originally defined during the planning stage. In this phase, the
process of updating activity duration, project progress, and input variables such as
resources, working hours, and shift information was determined. In the next step, a

solution for updating process model due to scope changes was investigated.

In this section, a first step of the updating process for a simulation model in Simphony is
elaborated. In this stage, a wide range of project information such as: start date of a

project, duration of activities, shifts and working hours, product information, project
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resources, and environment conditions should be updated based on actual data collected

and stored in the database.

6.4.1 Documentation of Actual Project Start Time in the

Simphony Model

At a start of a simulation run and before sending any updates from the as-built federate to
the Simphony model, the first task is to create a connection between the Microsoft Access
database and as-built federate. This should happen before federation execution and after
all federates join the federation, so the as-built federate can publish all the information
that other federates are interested in. Before execution of the federation, the program
allows users to select a project database by clicking a “Database Location” button

provided on the user interface of the as-built federate.

The next task before federation execution is to update actual start date of a project in
Simphony, which was one of the challenging tasks in this phase. When the Simphony
model runs in a stand-alone mode, the start of a simulation time is set based on the time
entered as a scenario start time. In the tunnel template, the start time of a project is equal
to the scenario start time and this facilitates the calculation of start and finish date of
activities and the entire project; for instance, to calculate project finish date, the following

code is used:
“Project.ActualStartDate. AddSeconds (this.FinishTime).Date”;

This code basically adds the total simulation time to the start time of the project

(scenario) and presents it as a calendar date.

Based on HLA time management strategy, there should be a start time for the entire

federation; in HLA, two options are available for setting federation start time:
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e A particular “master federate” can announce the start time after synchronization
at “ReadyTolnitialize” by sending an interaction to the RTI, or,

e Every federate (that wishes) announces the starting time using an interaction after
synchronization point at “ReadyTolnitialize” and federation start time becomes

the minimum of these dates/times.

In COSYE federation, two interaction classes are added to set project start time: “Report
Start Date” and “Request Start Date”. These two methods are also implemented in the
RTI connection element in Simphony. In the tunnelling federation, in the absence of an
as-built federate, the start time for the federation is set as the start time of a project. But if
an as-built federate joins the federation, the project start date should be modified based on
the actual project start date that is recorded in the database. This should happen before
running the federation and before any federate starts advancing time and processing any
event. Therefore, before simulation execution, the as-built federate reads project actual
start date from the database and reports it to other federates. Then, other federates reflect

the value and update project start date.

6.4.2 As-Built Documentation of Construction Process

The assumption in this section is that there is no scope change in the project so the project
is constructed as it was planned; however, the progress rate, and therefore the finish date
of activities and the entire project, can vary. The proposed method to update the activity
duration is based on the daily progress report for a process or certain activity. This
method updates duration of the activities in the project based on the daily progress
update. Two different procedures are proposed to update activity duration, project

progress, and input variables, as described below:
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1. The first approach is used to update construction progress and input values for
the shaft construction where a process consists of non-repetitive activities. In this
case, the duration and progress rate (% complete) can be obtained for each
activity or each task separately.

2. The second method is developed to update progress rate and input values for
repetitive processes such as tunnel construction which require execution of a set
of tasks to achieve certain progress. Therefore, the progress is not recorded for
each activity (or task) in a cycle but for the entire process. But, the same as the

previous approach, a duration of each activity can be calculated in each cycle.

6.4.2.1 As-Built Documentation of Construction Progress for Non-Repetitive
Activities

This method is used to record as-built documentation for the shaft construction in the

tunneling template. After processing data, the as-built federate requests ownership of

attributes for each task, updates their values, and then terminates the ownership. These

attributes are:

e Name, which represents task name, related activity, and work area.

e Percent Complete, which presents total percent complete of the activity (or task)
on a daily basis.

o Duration, which calculates the total working hours minus interruption durations.

e Last Entry, which represents the last data in the database.

The as-built federate reads data and updates attribute values at the start of each day
(12:00AM). At the same time (after one second as a lookahead time, which is the
minimum time stamp the RTI allows each federate to place on an event it sends, as a

function of wall clock time), Simphony receives data, but waits until the start of the first
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shift of the day to simulate current data. This procedure will continue until the end of

shaft construction, or until the last entry in the database.

In the Simphony template, changes were made in the event processing method to make

the template work for three conditions:

1. When the as-built federate is not part of the federation, or Simphony is used as a
stand-alone application.

2. When as-built data is available for part of a shaft construction, which means that
it may end in the middle of any task in the process.

3. When as-built data is documented for the entire shaft construction process.

The solution proposed in this section is to duplicate an event that schedules completion of
each task. Based on the availability of as-built data, one or more events may be fired for
each task in the process. Figure 6-7 demonstrates the event scheduling algorithm in this

element.
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Figure 6-7: As-Built Event Scheduling in the Shaft Element

As it is illustrated, if as-built data is available for the current task, then an as-built event is
scheduled. Then, another event fires after a duration equal to the working hours minus

interruption duration to schedule the end of the as-built event. If the entry in the database
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was the last one, then a program will continue to simulate the rest of the model without
updating any values based on actual data, but if there are still entries in the database for
the following day, the entity will be removed from the calendar-aware list. By receiving
new updates for the following day, a new entity will be created and added to the list for
that day. If there is no entry in the database for the following day and the percent
complete for the task is less than 100%, then from that point forward, the program will
simulate the remaining time of the task and the rest of the model. At this point, an event
will be fired at the end of the current day to schedule start of the original event, and after
that, another event will be fired to schedule the end of the event after the remaining

duration for the task, which is calculated as follows:

1-% Complete

As-Built Remaining Duration= % Complete

xTotal As-Auilt Duration so far Eq. (6-2)

Sim. Durationz(l-% Complete}XUser Input for the Task Duration.Sample Eqg. (6-3)

Remaining Duration=Max (Asbuilt Remaining Duration, Sim. Duration) Eq. (6-4)

And, the remaining tasks will be simulated without scheduling as-built events. All the
tasks in the shaft template were modified to include as-built event and additional required

features to make the element work with as-built data.

6.4.2.2 As-Built Documentation of Construction Progress for Repetitive Activities

The proposed method is utilized in a TBM tunnel construction element to update tunnel
progress, as well as duration of repetitive activities in the tunneling process. Tunnel
advancement, which is calculated based on the completed segments of a tunnel, is the
most common data collected on a daily basis in the construction site. This usually helps
project managers to predict tunnel progress and soil profile changes along the tunnel

alignment.
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As previously mentioned, in the tunnel simulation template, construction of one segment
consists of various tasks such as: excavation, dirt transfer to the working shaft, unloading
dirt, loading train with liners, transferring liners to the tunnel face, lining a segment, and
resetting TBM for the next cycle. Ourdev et al. (2007) divided a tunnel operation in two
groups; production operations, and support activities, and defined a cycle time as the total
of operation time (excavation time) and support time. A support time may consist of
lining and resetting duration plus train travel time to and from the tunnel face, and
unloading and loading duration. Depending on the current chainage (constructed length)
of a tunnel and number of trains deployed for dirt removal, operation and support

activities and their sequence may vary as described below:

1. At the beginning of a tunnel construction, there is no space for operation of a
train which usually consists of one or more muck cart and one material cart, so
crew use one muck cart to remove dirt from the tunnel face and one material cart
to deliver segments to the tunnel face. Also, the TBM machine should advance
into the tunnel to provide required length for installing its remaining parts
(conveyor belt and gantry) to have more productivity in each cycle. So, at the
beginning, tunnel advancement is determined based on capacity of a muck cart.
Usually, the crew uses a muck cart with a capacity equal to half of the excavation
volume of one segment, which means that excavation happens in two cycles
while lining and resetting of TBM happens after the second one, where enough
length is available to install segments. Here, a total duration to complete one

segment is calculated by:

Cycle Time (tc)=2tex(half section) Hs Eg. (6-5)

Where: ts: (tLining +tResetting) +tLoad +tUnIoad +2 ttravel
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2. Once the TBM is fully installed, a train can be utilized for the dirt removal and a
tunnel advancement can increase to one segment and. In this case, a total cycle

time is equal to:
Cycle Time (tc)=tex (full section)*1s Eg. (6-6)

Where: ts= Max [(tLining"'tResetting)a(tLoad +4tUnIoad+2 1:travel)]

3. If crew decide to use two trains to expedite the dirt removal process especially in
a long tunnel, a switch should be installed in the working shaft area. By using a
switch, one train can leave the undercut and take liners to the tunnel face while
the other train is unloading the dirt. After dumping the dirt, the crane lowers
down the liner blocks for the next segment of the tunnel. This completes one

cycle of tunnel operations. Here, the cycle time is calculated by:
Cycle Time (tc)=tex (full section)*1s Eg. (6-7)

Where: tsz Max [(tLining+tResetting)v(2 1:travel)]

Usually, due to many uncertain parameters in the underground construction, a tunnel
element is designed to let users select a probability distribution for duration of each task
in the model, and then during simulation run, Simphony samples a single value from the

assigned distribution to schedule a task finish time.

According to the above-mentioned points, a proposed solution should be totally different
from the one proposed for the shaft element; the updating solution is described in the

following steps:
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On a daily basis, the as-built federate reads working time (excluding breakdown
and other interruptions duration) and actual advancement data from a database

and calculates actual cycle time of tunnel construction:

. __ (Total working time-total interruption durations)
Actual Cycle Time (t,c)= Today Advancement Eq. (6-8)

At the end of the previous working day, the Simphony template sends an update
to the federation for the operation and support activities’ original duration, and
then the as-built federate calculates “Plan Cycle Time” using either Eq.(6-5),.
Eq.(6-6), or Eq.(6-7).

In the next step, the as-built federate calculates an actual duration for each
activity based on the original duration of the activity in the Plan Cycle Time. For

instance, lining duration is calculated as follows:

Actual Lining Duration (ty )= Sampled Imtmg duration Xtae Eq. (6-9)
C

At the end of the previous day, the as-built federate updates the actual duration
for each activity in the form of constant value instead of probability distribution.
After Simphony receives updates at the start of the working shift for the next day,
it simulates tasks with constant durations so at the end of the day, simulation
results are similar to actual values.

At the end of each day, all durations are reset in Simphony to the original
distributions and this process will continue until the construction completion
date.

If actual data is not available for the entire tunnel, Simphony will start simulating

a process based on original values.
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Figure 6-8 demonstrates the process of updating tunnel advancement on a daily basis and

based on actual data.

3. Collect values from database
4. Calculate Actual Cycle Time

5. Calculate Plan Cycle Time based on
the values received from Simphony
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6. Calculate activities actual duration ‘ )
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Figure 6-8: Process of Updating Tunnel Construction Operation on a Daily Basis

6.4.3 As-Built Documentation of Interruptions and Equipment

Breakdowns
Common interruptions in the construction process can be a result of equipment
breakdown, weather condition, and delay in material delivery. In addition, there are

certain tasks (special tasks) that affect construction progress; for example, in the tunnel

construction, tasks such as gantry and conveyor installation, surveying, and track and
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utility extension interrupt tunnel advancement, so in this section, they are treated as

interruptions in the tunnel construction.

As mentioned earlier in this chapter, interruptions such as equipment breakdown and
surveying are periodic activities that are scheduled in user-defined intervals. But this
would be different in a real situation since interruptions can happen at any time during the
construction phase, so the simulation approach to model interruption won’t be practical in
recording the actual project. Besides, there are interruptions in the real situation that are
not considered in the simulation model, which makes process model documentation more

complex. To document interruptions in the model, the solution is described as follows:

e For each day in the database, the as-built federate refers to two tables; the
Interruption table, to retrieve causes and durations for the interruptions, and the
DailyRecord table, to find the corresponding work area for each interruption. It is
possible that more than one interruption occur in a day in one work area in the
project.

e At the beginning of a working day, for any interruption recorded in the database,
except for equipment breakdowns, the as- built federate sends an interaction to send
interruption type and duration to the Simphony model. For equipment breakdown
recorded in the database, the as-built federate changes the “Equipment State” to down
and updates the attribute value by sending an update message to the RTI.

e For interruptions that are not currently scheduled in the Simphony template, it is
suggested to treat them as one type of interruption and simulate them similar to
equipment breakdowns by creating a resource called OtherInterruption. The entity
which flows through the process captures this resource at the beginning of the tunnel
construction process and keeps it through the entire process. At the start of each day,

if an element receives any update from RTI, the interruption entity is created and
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added to the calendar-aware list, then it pre-empts the interruption resource, suspends
current events, and schedules end of interruption so no event will be scheduled during
that interruption. At the completion of the interruption event, the interruption entity
will be removed and deleted from the calendar-aware list.

To schedule special tasks such as surveying: at the beginning of each day if the
element receives an interaction related to a special task, a variable called
“shouldDoAsBuiltSurveying” is set to true for the task. Then, during a simulation
run, when the entity reaches the point where special tasks, including conveyor and
gantry installation, track and utility extension, and surveying, need to be scheduled,
and if the variable returns true, the task will be scheduled using a duration value
received from the as-built federate; otherwise, it will pass the events without

scheduling them.
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Figure 6-9: Special Tasks Scheduling in the Plan and As-Built Tunnel Process

For interruptions such as equipment breakdowns, the updating process is
complicated. In the existence of the as-built federate, no breakdown event is
scheduled based on simulation input variables. When the as-built federate reads
recorded breakdown in the database, it changes the state of equipment to “down” and

sends an update attribute value to the RTI. When a Simphony element, subscribed for
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that equipment class and its attributes, receives the update, a breakdown event will be
scheduled at the beginning of a day, and a repair time will be set to the duration
recorded in the database. This will continue until the point that as-built data is
available in the database. But after that, there should be a method to reschedule the
occurrences of equipment breakdown as previously modeled in the original
Simphony template. To find last Interruptions recorded in the database, a Microsoft
Access query called “LastInterruptionRecord” was created to find the last occurrence

of each interruption in the as-built records (Figure 6-10).
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Figure 6-10: Last Interruption Records in the As-Built Database

If today’s record of a breakdown is the last one in the database, the as-built federate
calculates the time difference between TimeNow and the last date that as-built data
was recorded in the database, and compares it to a sampled value from a random
distribution assigned to “TimeBetweenFailure” attribute, then it updates the interval
value to the maximum of these two numbers. The same procedure is designed for

scheduling special tasks in the tunnel element.
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e In the case of multiple interruptions in one day, Simphony will receive them at the
beginning of a day and schedule them sequentially, except for the special tasks which

are scheduled after excavation and dirt removal of the first tunnel section in that day.

The implementation of as-built interruptions in the Simphony template was one of the
most challenging parts of this research, and proposed methods are developed in a generic

way that can be used for any other Simphony template.

6.4.4 As-Built Documentation of Resource Information

In this study, crew size and equipment quantity are the only simulation inputs that will be
updated based on daily records. In a construction project, crew information is often
recorded through daily timesheets; this information is usually used for estimating project
crew cost, calculating payments, and issuing monthly paycheques. In the tunnel template,
crew size and unit cost of crew are two input variables that assist users in calculating
crew cost for each work area, and for the entire project. Updating crew size can provide a
clear idea of how work progresses in regards to the number of workers on the site, so it
helps with resource planning in the project. In the simulation model, each work area has
an attribute for crew size, which is a fixed number that remains the same during the
construction period for that work area, but in the as-built records, this value will be
changed on a daily basis, so a simulation model should be capable of updating crew size

every day. The process of reading data from a database is similar to the previous records:

e For every working day, the as-built federate reads crew size separately for each
task in the database.
e Then the as-built federate sends the updated value for the “size” attribute of the

crew class in the FOM.
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e At the start of the next working day, tunnel, shaft, and other elements that are

interested in the crew size, will receive an update.

These changes are mainly reflected in the report federate, where crew size and utilization,
along with a progress rate, are reported on a daily basis to help the project manager

improve resource management in the project, or for future planning purposes.

In addition to the crew size, number of different types of equipment is also recorded in a
daily site report, which assists in cost estimation and future project planning. As
described in Chapter 5, only certain types of equipment in the project are modeled in the
template. For instance, in the tunnel template, based on a real case study, around 80% of
equipment cost was related to the crane, TBM, loader, and truck operation. So availability
of these machines, and their utilization and breakdowns, affect productivity in the project.
Therefore, in the tunnel template, five different equipment types including crane, TBM,
truck, loader, and train are modeled as resources in the process. The updating process for
the as-built records is the same as for crew size; equipment number is updated on a daily

basis and used mainly for reporting purposes.

6.4.5 Documentation of Shifts in the As-Built Process Model

In the planning stage, the project management team defines the project calendar, with all
holidays and exceptional days, to use as a base calendar, and specifies working hours and
number of shifts per day for different work areas on a copy of the base calendar. In the
tunnel template, each work area has its own calendar (a copy of the project calendar),
which defines working hours during regular working days, non-working days, and
exceptional days. So, in the tunnel template, a user can create different calendars and
manually enter information based on the project calendar, and then assign calendars to

main work areas.

144



During the actual construction phase, because of various factors such as delays, the
project manager can add extra shifts, extend working hours per day, or ask workers to
work during the weekend. In case of changes in working days, shifts, and working hours
(changes to the calendar in general), the Simphony model should be able to accommodate

changes.

In the construction site, along with other site information, it is common to document
number of shifts, working hours, and crew information per shift for each work area in the
project. In this research, the same data is collected, but to easily store and retrieve it from
a database, a table was created at the beginning of the project and possible shift
configurations were added to the table (Figure 6-11), so in the daily reports, one can
select from a drop-down list developed based on the information stored in this table. At
any time in the construction phase, a user can add a new shift to this table and assign it to
any work area. In a “DailyRecords” table, there is a column called “shift” which contains

the shift name. A shift name assigns to each record (row) in the table.
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Figure 6-11: Shift Table in the As-Built Database

In the next step, the as-built federate reads shifts information for the current day and

converts it to a meaningful format accepted by Simphony calendar such as time spans,
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and then sends an update to the RTI. In order to send shift information through RTI, a

shift object class is created and added to the FOM as it is shown in Figure 6-12.
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Figure 6-12: Shift Class and Attributes in the Federation Object Model (FOM)

For each working day, shift information including name, working times, number of shifts,
duration of each shift and a related work area are being updated by as-built federate. The
“WorkingTimes” attribute is an array of time spans that sets start and end of each shift in
a day. Figure 6-13 illustrates an example of how values are being set for

“WorkingTimes” attribute in a 2x8 hrs. shift.
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2113 | else if (span3.Equals(TimeSpan.Zero) && numberoOfshifts == 2) £5
2114 |{
2115 this.shift.Number0fShifts = numberOfShifts;
2116 workingTimes = new long[8];
2117
2118 /} 6:e@ - 11:04|
2119 ff 11:08 - 14:00
2128 f// 15:88 - 19:080
2121 ff 19:88 - 23:08
2122
2123 /! Two Shifts
2124 workingTimes[@] = span.Ticks; //TimeSpan.TryParse(firstShiftstart, out span);
2125 workingTimes[1] = new TimeSpan(ll, @, @).Ticks;
2126 workingTimes[2] = new TimeSpan(ll, @, @).Ticks;
2127 workingTimes[3] = new TimeSpan(l4, @, @).Ticks;
2128 workingTimes[4] = span2.Ticks; //TimeSpan.TryParse(middleshiftstart, out span2);
2129 workingTimes[5] = new TimeSpan(l9, @, @).Ticks;
2138 workingTimes[6] = new TimeSpan(19, @, @).Ticks;
2131 workingTimes[7] = new TimeSpan(23, @, @).Ticks;
2132
2133 | else if (numberOfsShifts == 3) A
o = 4 L[} »

Figure 6-13: Setting Working Times for a 2x8 hrs. Shift in the As-Built Federate

After a Simphony element receives updated values at the start of the day, it will update its

calendar and working time for that day.

6.5 As-Built Documentation of Construction Process Changes in

COSYE

Scope changes are a normal and expected part of the construction process. The need for
scope changes arises from different uncertainty factors in the construction site including
site condition, constructability issues, design faults, material availability, and many
others. One of the main reasons to document the as-built process is to record all scope

changes during the construction stage in case of future need (e.g. dispute resolution).

Hence, one of the objectives of this research is to document changes in construction
projects using the simulation approach. Since documentation of the as-built process and
product information in a distributed simulation environment requires extensive changes

in discrete event simulation modeling, during the first stage of the development phase, it
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was assumed that no process changes are documented in the database. After managing the
process of updating the Simphony model in the COSYE federation, the next step focuses
solely on documentation of process changes in the project. As described in Chapter 4, the
proposed solution is to consider multiple instances of Simphony in the federation that
model the planned process, as-built process with no changes, and the revised model
which incorporates scope changes. The distributed simulation environment facilitates
implementation of the proposed method, allows running three different models in one
system, and provides an integrated report on the project performance. To have Simphony
federates produce results associated with the process model they are representing, a
control mechanism is put in to allow Simphony models to accept or ignore
messages/updates received from the RTI. The federation is designed in such a way that a
message sent from a federate is tagged with a specific, user-defined name so that other
federates can decide whether to accept or ignore the message. For instance, in a
Simphony federate, when a message is received with a user tag that does not match the
project element name, Simphony ignores the message. This means that when the as-built
federate reads information from the database and sends update messages to the RTI, it
can specify a user tag to the message to determine which Simphony template should
reflect updated values. Messages from Simphony are either tagged with the project name,
or with "Report." As such, messages that are tagged with the project name are meant for

the as-built federate, or any other federates which accept messages with this tag.

As it is shown in Figure 6-14, when the as-built federate receives a reflect attribute value
message, or receives an interaction from RTI, it checks the user-supplied tag to match it
with a project name in the database. The same method is used in Simphony when an

element in the template receives a message from the as-built or another federate.
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AsBuiltControl.cs & * A X

| “i% Cosye. Tunneling.AsBuilt.AsBuiltControl vl =" TunnelFactony Reflectittributetalues(object sender, Reflectittributy vl
616 +
617 [ #regicn TunnelFactory_ReflectAttributeValues(ocbject, ReflectAttributeValuesEventArgs)

618 [ private void TunnelFactory_ReflectAttributeValues(cbject sender, ReflectAttributevaluesEventirgs e)
619

620 if (e.userSuppliedTag != th:i.s.databaserjectName)l

621 {

622 return;

623 }

G624

625 this.tunnel = this.tunnelFactory[e.thelbject];

626

627 if (e.theTime.IsFinite() && e.theValues.ContainsKey(this.tunnelAttributes.CurrentChainage.GetAtt
628 {

629 this.Writeline("tunnelFactory_ ReflectAttributeValues.CurrentChainage: " + tunnel.CurrentChai
638 DateTime date = this.ScenaricStartDateTime.AddSeconds(e.theTime).Date;

631 this.previousChainage = tunnel.CurrentChainage;

632 this.Writeline("Current Chainage: " + this.tunnel.CurrentChainage);

633 1 N

100% - 4 m 3

Figure 6-14: Implementation of User-Supplied Tag in the As-Built Federate

Before any scope changes happen in the project, two Simphony models may join the
federation to model original and as-built process models. In this case, during the
federation execution, only the as-built model should reflect changes, while the plan model

runs with the original inputs (Figure 6-15).

B Name
@'Blm Simphony Federate ~—

| Federate | (As-Built Process Model)
\\;/ Message Tag: “Report”
Wsage Tag: Projey \
_ Name
__Name Report
Federate

Message Tag: “Repoyt”
Simphony Federate
(Plan Process Model) | ——

Figure 6-15: The Information Flow to Update Simphony Model in the Federation

After a scope change is recorded in the database and a Simphony federate with a new
process model joins the federation, the updating procedure will become more

complicated. For example, if a scope change happens today, a modeller creates a new
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model, and then at the start of the federation execution, adds it to the federation as a new
Simphony federate. When a federation runs up to the current date, both as-built models
receive updates from the as-built federate, so they will demonstrate the same results and
same process; however, from this point forward, since there is no site data stored in the
database, two as-built models (with different processes) should start simulating based on
user-defined input variables. But if documentation of as-built data continues, then the as-
built Simphony model that does not include changes should stop getting updates, while
the revised process model should update the process based on actual data recorded in the
database, which means that the only model that should reflect updated values is the new

as-built model with the process changes implemented.

To document a process change in Simphony, the first step is to store its information in the
database. Therefore, a table called “ChangeOrders” is created to store name and start date
of the change. This is the date that the as-built model needs to recognize to start
simulating based on original user inputs, and the revised as-built model should either
simulate based on original inputs, or receive updates from the as-built federate. Figure 6-
16 illustrates the structure of federation after a revised model is added. In this situation,
messages for the purpose of as-built documentation can be divided into three main
formats: updates meant for the as-built federate should be tagged with the name of a
project element which contains the name of the project in the as-built database, updates
meant for the report federate should be tagged with “Report,” and updates meant for

Simphony are those which exactly match the name of the project element.
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Plan Process Model Ag- bullt Federate Slte Data

s ow J @
Eﬁ% . —

I —— I Other Federates

|

COSYE RTI (Run Time Infrastructure)
g . B g

[fé%_ 1 '_ _ :

As-built Process Model Revised As-built Process Model
( with a Scope Change)

Figure 6-16: As-Built Process Documentation using Three Instances of Simphony in COSYE

If as-built data is recorded after the change happens in the project, the name of the scope
change is used in the “Work Area” field in the “DailyRecords” table. The updating

process will progress the same as described in section 6.3.

6.6 Implementation of Report Federate

The report federate is basically a listener in the federation; it collects information about
all the process models simulated in Simphony federates. It is a federate that only
subscribes to the objects and their attributes, and does not publish any additional

information to the federation.

The report federate only responds to the messages tagged with a user-supplied tag equal
to “Report,” and based on the updates it receives, the report federate creates certain types
of records. In the federation, only Simphony federates send updates with user-supplied

tags equal to “Report,” so all other updates will be ignored by the report federate.
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The report federate utilizes Crystal Reports, a general reporting tool that is bundled with
Visual Studio.Net to generate report layout, tables, and charts. Crystal Reports is capable

of grouping data, creating sub reports, and developing interactive graphs.

To create different types of reports for management purposes, records are organized and
grouped together internally; for instance, data can be recorded based on the work area. In

this federation, the report federate can provide the following type of reports:

e Project Performance Report that includes current state and percent complete of
the tasks for each work area and activity within that work area.

e Project Progress Report that reports all the details of project progress on a daily
basis including percent complete, interruption cause and duration, shift
information, and working hours for each task in a work area, and for each activity
that this task is part of.

e Project Schedule Report that provides the summary and detailed reports of task
start and finish dates (estimated finish date for the tasks that are in progress) in a
table or graph format.

e Resource Utilization Report that includes utilization of each resource up to the
current date, and the overall forecasted utilization for each Simphony federate.

¢ Resource Allocation Analysis that includes details of resource allocation such as
number of each resource for each work area in the project, on a daily basis.

e Project Cost Report that reports equipment, crew, material, and indirect cost up to
the current date, and the overall forecasted cost for each item based on simulation
final results.

e Project Earned-Value Analysis Report that provides a graph and a table to show
the total cost of the project up to the current date, and the overall forecasted cost

for the plan and as-built Simphony federates.
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e Change Order Report that reports changes, and the detailed and overall cost of

changes in the project.

All these reports change dynamically during the simulation run. A user can open and

print a report from the report federate or export it to the Excel file.

In this research, additional features were developed in the Simphony template to be able
to generate and display specific records in the reports. For instance, the calculation of task
progress on a daily basis, especially when Simphony is not receiving as-built updates,
would be a challenging task in DES modeling. A “RemainTime” attribute was introduced
for each event in the Simphony to calculate the remaining duration of an event, the
elapsed duration, and the percent complete at the end of each working day. Also, for
calculation of resource utilization on a daily basis, especially for the TBM, crew, train,
and crane, a unique class was developed in the template that basically has three functions:
Collect, Reset, and GetUtilization. The Collect function collects observations of whether
or not the resource is currently in use. If the resource is in use, the elapsed time from
when it was last used to the current time is accumulated. The Reset function resets any
values previously collected, and the GetUtilization function returns the utilization of the
resource at the specified time by taking the duration of how long the resource has been in
use divided by the amount of time elapsed since the resource was first in use (total

duration).

6.7 Documentation of Product Model

In addition to the documentation of the as-built process model in the distributed
simulation framework, the proposed application aims to document the as-built product
model to provide an integrated documentation system that assists project managers in

different decision-making processes.
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In this research, the main focus is to create the integrated system through utilization of
distributed simulation in the COSYE environment. The ability of COSYE to integrate
various simulation components and software applications such as Simphony and CAD
(Computer-Aided Design) systems facilitates as-built documentation of process and
product models in the federation. To document product model, the as-built database in the
federation can store all the product information in different tables and queries and send
them through the as-built federate to the Simphony or other federates. It is important to
mention that product data can vary from project to project; so tables and queries in the
database should be specifically designed according to the project type. For instance, in
this research, the tunnel alignment and soil profile changes along the tunnel are the most

important data that should be collected during construction phase.

6.7.1 Documentation of Soil Profile Changes Along the Tunnel

In tunnel construction projects, geotechnical investigation is conducted to provide
geotechnical subsurface information along the proposed tunnel alignment. To study soil
characteristics in the construction site, a number of vertical boreholes should be drilled
along the proposed alignment. These boreholes provide soil information in the locations
that they have been excavated and it is a geotechnical engineer’s responsibility to define
soil profile between the boreholes. In the construction phase, soil characteristics can
affect construction in different aspects; the type of excavation equipment is determined
based on soil condition at the tunnel location, and an unpredicted and adverse soil
condition can decrease tunnel advance rate compared to the assumptions made during the

planning stage.

In the Simphony tunnel template, a tunnel element is designed to consider soil section

properties including name, swell factor, and excavation advance rate in that soil type. In
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the tunnel element, a total length can be divided into multiple sections based on the soil
layers that tunnel passes through. In this element, the user can specify different sections
with associated soil type along the tunnel. In the planning stage, soil layers are modeled
based on the geotechnical report. If soil types are identified in the borehole locations, then
it is @ modeller’s responsibility to define soil profile and calculate the length of tunnel
sections accordingly. Different methods and geotechnical software are available to
predict soil types along the tunnel direction (Ruwanpura and AbouRizk 2001), but during
the construction period, a contractor is able to examine and specify soil type as
excavation progresses. Soil characteristics can be documented in a site report on a regular
basis. In this research, a soil condition is recorded and stored in the “DailyRecord” table
in the database, and then a query is created to extract soil data in a separate table, as it is

shown in Figure 6-17.

@' =] = DatabaseMLRT : Database (fccess 2007 - 2010) - Microsoft Access = B =
Home Create External Data Database Tools bl e
» | |3 Soillayer-| =3 Boreholes- | =5 Soilype |§J SoilConditionReport 4
Exprloo0 - Date - WorkArea - | ActivityName - TaskName - | Ground Condition +a
14—Feb—11 HH 14-Feb-11 Working Shaft Undercut Excavation Loose sandy clay
15-Feb-11 15-Feb-11 Working Shaft Undercut Excavation Loose sandy clay
16-Feb-11 16-Feb-11 Working Shaft Undercut Excavation Loose sandy clay =
e 17-Feb-11 17-Feb-11 Working Shaft Undercut Excavation Loose sandy clay
& 18-Feb-11 18-Feb-11 Working Shaft Undercut Excavation Loose sandy clay
B 22-Feb-11 22-Feb-11 Working Shaft Undercut Excavation Loose sandy clay
.:;; 23-Feb-11 23-Feb-11 Working Shaft Undercut Excavation Loose sandy clay
'E 24-Feb-11 24-Feb-11 Working Shaft Undercut Excavation Loose sandy clay
= 25-Feb-11 25-Feb-11 Working Shaft Undercut Excavation Loose sandy clay
28-Feb-11 28-Feb-11 Working Shaft Undercut Excavation Loose sandy clay
3-Mar-11 3-Mar-11 Working Shaft Undercut Excavation Loose sandy clay
4-Mar-11 4-Mar-11 Working Shaft Undercut Excavation Loose sandy clay b
|| Record: M 4 630f287  » M b {< Mo Filter | |Search b 11} »
Datasheet Wiew | Mum Lock | (| 8 @ so i

Figure 6-17: Daily Soil Data during Construction Phase

Three different tables that contain information from the geotechnical report are also
created in the as-built database; a “Borehole” table contains all the borehole information
from the geotechnical report, a “Soil Type” table lists all the possible soil types in the

construction site, and a “Soil Layer” table specifies soil layers in all the boreholes. Figure
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6-18 shows screenshots of the three tables. This data is also utilized to develop soil

profile in the 3D visualization federate in the tunnel federation.

@| [ ¥ |+ DatabaseMLRT : Database (.., ‘ ‘ = = 2 @| = “ - |5 Data. = B 2=
Home  Create  External Data Database Tools Fields Table = o Hor| Cre | Exte| Dat | Fiels TabIE| = o
» || = soillayer | = Borehales | = SoilType."l_ﬁ SoMCondition...."-\ x 5 ﬂ = SoilType y x
ID -~ [BoreholelD - SoilTypelD ~ | Depth - | TopElevation - |« 1D - Type = &=
1 BH10-67 Asphalt 0.1 663.5| + !Topsoil
2 BH10-67 Topsoil 0.3 663.4| + 2 ClayFill
3 BH10-67 Clayfill 0.8 663.1 + 3 SandFill =
4 BH10-67 Clay 4.7 662.3 + 4 Clay
% 5 BH10-67 Till 0.3 657.6 % + 5 Sand
t 6 BH10-67 Clay 0.7 657.3 t + 6 Silt
2 7 BH10-67 Till L5 656.7 2 + 7 Till
.% 8 BH10-67 Sand 0.4 655.1 _% + 2 Sandstone
i 9 BH10-67 Till 6.2 654.7 B + 9 Siltstone
10 BH10-68 Asphalt 0.1 663.2 + 10 Claystone
11 BH10-68 Topsoil 0.2 663.1 + 11 Bentonite
12 BH10-68 Clayfill 0.5 662.9 + 13 coal
13 BH10-68 Clay 5.7 662.4 v + 16 Bedrock b
Recard: W 1ofs0 L & Mo Filter | Search Alm| [» Record: M lofld  F Mk & Mo Fil
Datasheet Yiew: | Murn Lock |® il & Datasheet view | Mum Lock |® LIS
Soil Layer table . . Soil Type table
File Home Create External Data Database Tools Fields Table 2 o
s || E53-Soilkayer i =1 Boreholes | T soiffype | 7 SoilConditionReport ', x
ID - TunnellD - | Name - CompletionDepth{m) - TopElevation(m) - | Northing(m) - | Easting{m) - |«
o & 2 NLRT Tunnel BH10-67 15 663.5 5935182 33307.1 |
E ] 3 NLRT Tunnel BH10-68 15 663.2 5935247 33306.7 |
g H 4 MNLRT Tunnel BH10-69A 0.8 662.9 5935306 33305.4
T 4 5 MLRT Tunnel BH10-69B 0.8 662.9 5935308 33305.6
'% ] 6 NLRT Tunnel BH10-69C 15 663 5935313 333184
= e 7l NLRT Tunnel BH10-70 30.1 661.7 5935676 33304.2 (o
Record: < 1ofé (S & Mo Filter | Search 4 il >
Datasheet Yiew | Mum Lock |ﬁ il 4

Boreholes table

Figure 6-18: Soil and Boreholes Information Tables Created During Planning Stage

6.7.2 Documentation of Tunnel Alignment

In construction projects, as-built documentation usually refers to creating as-built
drawings in CAD systems. A traditional way to capture project as-built geometry is
through the surveying data, but new methods such as GPS, Image processing, and video
capturing are also utilized to capture as-built geometry of a project and update CAD

drawings accordingly. In this project, surveying information is used to document tunnel
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as-built geometry. The surveying data is captured in daily records, then transferred to the

as-built database and stored in the “DailyRecord” table.

In the tunnel project, 3D points along the tunnel can provide the actual alignment of the
tunnel, so if the original alignment is captured from 2D drawings, then both original and
as-built alignments can be presented in the records or in the CAD system. Once as-built
data is captured, then the actual alignment can be created using surveying information.

This will help in detecting changes in the product.

6.8 Verification and Validation of the Proposed Framework

In simulation, verification determines whether a model is performing as intended (Law
and Kelton 1991). In this project and during the programming phase, various methods
were applied to verify the simulation model and check if the programming codes
contained any errors (known as bugs). In the federation, and especially in the Simphony
template and as-built federate, the simulation logic, entity flow, timing, and distribution
sampling were checked on a regular basis by reading through the written codes and
watching the behaviour of the model against the real system (Robinson 1997). Also all
the messages and interactions in COSYE were checked to ensure they send the right

information to the right federate at the right time.

Two other techniques were used for simulation verification (Klenijnen 1995; Lucko and
Rojas 2010); the simulation trace file and construction process visualization. Checking of
intermediate simulation outputs through the use of trace commands both in the Simphony
model and the as-built federate was really helpful to compare simulation results with the
user expected values, and the development of the 3D visualization federate in the tunnel
federation helped to find programming errors in the Simphony template by checking the

animated process and comparing it with an actual construction process.
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In the simulation system, validation ensures that “the model is sufficiently accurate for
the purpose at hand” (Carson 1986). For validation of the framework, a face validation
approach through a case study is applied (Lucko and Rojas 2010). In this method, a real
project is simulated using a developed system and to validate the model, it is expected
that the simulation outputs “be sufficiently similar to the real project outcomes”
(Robinson 1997). In this research, since the proposed framework aims to document the
as-built project information through a Simphony model, the outputs of the Simphony
model should be similar to the actual project outcomes. This will happen if the process

model in Simphony accurately reflects all the changes that happen in the real project.

To validate the framework, different tunnel construction projects can be utilized as case
studies. Therefore, the NLRT drainage tunnel project, an ongoing tunnel construction
project in Edmonton, Alberta, Canada, was selected to validate the framework. The main
reason for this selection was that the as-built data were precisely documented during the
construction phase of the project, which meant that more information was available from
the real world project to compare with the simulation results to make validation of the

system easier and more accurate.

The NLRT drainage tunnel project consists of a 500m tunnel that is constructed using
TBM tunneling method. It is a one-way tunnel in which the TBM starts tunneling from
the working shaft and advances to the end of the tunnel where it is retrieved from the
removal shaft. As discussed in Chapter 5, a Simphony model was developed for this
project for validation of the Simphony template. Therefore, in this phase, a planned

process model previously created in Simphony can join the federation.
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During the construction phase, a daily site report in the form of a PDF file was developed
to collect site information on a daily basis. Figure 6-19 illustrates a sample report that

was filled in and sent to the project manager.

@m' n‘l'on denmcwems  DESIGN AND CONSTRUCTION

DALY PROGRESS REPORT
A Project Description
Project Mame: WLET — Portal Dirainage Project
Diate: Warch 04, 2011
Confractor: Dirainage Design & Consmocdon, AMEPW Drainage Services, COE

Site Inspected By Malaka Momgama

Tme Of Inspecdon:  £.30 AM

Weather: Forecast: Mixed 5un & Clouds Low Temperamre: -23°0C
Hizh Temperatare: -14°0C

B. FEesource Summary

Task Locafion & Activity Manpower Eguipment
103 50'105 Ave Topman: 1 Mobile Crane : 1
North Tunnel undercat Tunnel Crew : 4 Generator : 1

Crparator @ 1 Compressor : 1

HeaterVenalatwor : 1

C. Current Froject Issoes

Diesizn Issues: N/A
Uhtilities : A
Construction:: Loose sandy clay

D. Task Snmn:.:r:r

Task Completed | Fictures | Progress Descriprion
%) {Ne)
1. Tail mmnel constuction 100%% Tail mmnel complete by Dec 13, 2010

Craw has installed Bibe?8 (upper half).

Today Crew is dizzing to install legs for B26.

Up to date lower half 5.0m (of 7.5m) and upper half
E.0m (of 7.5m) complete.

Ground is loose sandy clay.

2. Underout for main tannel g

% 1
10

Figure 6-19: Daily Site Report for the NLRT Drainage Tunnel Project (City of Edmonton, 2011)

159



A Microsoft Access database was created to document the information collected from the
construction site. In addition to the daily reports, soil profile and tunnel alignment data

from the planning stage were also documented in separate tables in the database.

The as-built process and product model were documented for this project utilizing the
tunneling federation in COSYE (Figure 6-20). Both models simulate the same
construction process, but the as-built process simulates the actual state of a project based

on daily reports that are documented in the database.

- _ siepam| T
f
Update Simulation state Send/Receive information
on a daily basis ona daily basis
COSYE RTI (Run Time Infrastructure)
f
Send information on a daily basis ]
Smenr :
Other Federates

Plan Process Model

Figure 6-20: As-Built Documentation of Construction Project with No Scope Changes

After implementation of this phase of the project, and validation of simulation results
based on report analysis, the next phase was to document scope changes in the project. It
is assumed that a major breakdown happens for the TBM when it reaches the constructed
chainage of 361m, and to fix it, the crew should remove the TBM from the tunnel. Since
TBM machines are not able to move backwards in the tunnel, the solution is a

construction of an access shaft and an enlarged area to provide access in front of the TBM
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to fix it in its current location, or remove it. A template was modified to model the access
shaft and access area in the model. The access shaft is created using the shaft element,
and the access area is modeled the same as finish construction element, with an attribute
that defines a duration (delay) that includes the TBM repair time. The remaining section
of the tunnel would start after the access shaft construction and delay duration. Figure 6-

21 shows a new simulation model with changes implemented in the process.

|g\| = C:\Users\elmira\Desktop\Sample models\Elmira\NonAsBuiltithChangeOrderTestModel.sim™ - Simphony.NET 4.0 - =2 x
)
=" Home Edit View Help

Seenarial | MLAT-Partal Drainage Project 4bx

L]

TbmTunnel Finish Construction _

< . r

5% © T &) 2,

Figure 6-21: A Tunnel Project Simulation with a New Process Model

To document a scope change in Simphony, the first step is to store its information in the
database. In this project, a table called “ChangeOrders” is created to store name and start
date of the change. This is the date that the as-built model should start simulating based
on original user inputs, and the revised as-built model should either simulate based on

original inputs or receive updates from the as-built federate.

In the case of recording as-built data after the change happens in the project, the name of
the scope change is used in the “DailyRecords” table, in the “Work Area” field, and
during daily documentation of project state. Figure 6-22 shows a snapshot of a database

table with changes that are documented on a daily basis. Based on the type of change that
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happens in a project, a user can select different ways of documenting it. The updating

process will continue as described previously.

@| = ( = ‘ ‘ DatabaseMLRT with change order : Databa.., = = =R
Home Create External Data Database Tools Fields Table L) 0
All Access Dbjects (%) « || 5 changeord.. | 5] Projects | = DailyRecords | x
Search el ID - Date -t WorkArea - ActivityName ~ | TaskName - PercentCom|~ Crane<
T = 378 18-Jul-11  TBM Tunnel TunnelConstruction Advancing 69.75%
EH activitiesaTasksT.. 379 18-Jul-11 Removal Shaft Undercut Excavation 52.50%
T actiityTasle 380 19-Jul-11  TBM Tunnel TunnelConstruction Advancing 71.19%
381 19-Jul-11  Removal Shaft Undercut Excavation 56.25%
A Borenoles 1 383 20-Jul-11  Removal Shaft Undercut Excavation 62.50%
E changeorders 1 382 20-Jul-11  TBM Tunnel TunnelConstruction Advancing 72.84%
EH DailyRecords 385 21-Jul-11  Removal Shaft Undercut Excavation 75.00%
EH nterruptionCause 384 21-Jul-11  TBM Tunnel TunnelConstruction Advancing 74.28%
B intermuptions a7 22-Jul-11  Access Shaft Preparation Preparation 28.00%
387 22-Jul-11  Removal Shaft MNoWork 75.00%
B Projects 65 22ul-11  TBMTunnel NoWork 74.28% =
E shifts 389 25-Jul-11  Removal Shaft Undercut Excavation 87.50%
EH soillayer 466 25-Jul-11  TBM Tunnel MNoWork 74.28%
B seillype 443 25-Jul-11  Access Shaft Preparation Preparation 60.00%
T TaskTavle 391 26-Jul-11  Removal Shaft NowWaork 87.50% =
A Tunnel b Rec?rd: W 4 24007 310 TR ._’_\Two F\Ite.r search I( [} o |4
Datasheet Wwiew | Mum Lock |ﬁ i B

Figure 6-22: Scope Change Documentation in the Daily Record Table

After the simulation execution for this project, different reports are created in the report
federate that are used for validation of the federation. Figure 6-23 shows various graphs

created in different reports for this project.
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Figure 6-23: Sample Graphical Reports for the NLRT Drainage Tunnel Project

6.9 Conclusion

This chapter discusses the development of the framework in the COSYE environment. A
tunnel construction project was selected for the implementation process. Two main
phases were defined to facilitate federation development and as-built documentation of
the tunnel project. In the first stage, it was assumed that the process model remains the
same as planned and only Simphony inputs including tasks duration, number of
resources, and project progress should be updated based on daily records, which are
collected from the construction site. To document as-built information, a Simphony

template was modified extensively to record the actual construction process and its

163



detailed information including project progress, resource utilization, process
interruptions, and project cost, on a daily basis. After completion of this phase and
validation of the framework, in the second phase, the documentation of scope changes in
the project was the main focus. The framework structure was modified to include
multiple Simphony federates that need to be updated based on the messages being sent by
the as-built federate. After implementation of this phase of the research, the ongoing

project was used to validate the entire framework.
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Chapter 7 - Conclusions and Recommendations

7.1 Research Summary

As-built information may refer to the documentation of construction production through a
CAD system to show the final condition of the work as it was actually constructed. In this
research, as-built documentation refers to the collection of various as-built documents
including construction process information, product data, site daily records, and all
information related to the project that can be captured and stored, especially during the
construction phase. This information can be utilized during the construction phase of a
project for project monitoring and control purposes, and it can be stored for post-project
use such as lesson-learned studies, claim analysis, and dispute resolution, as well as
future project planning. Studies show that complete and accurate as-built documentation
is essential in project disputes, as it helps in the reconstruction of project history (Kangari

1995).

A case study, conducted for a post implementation review of a City of Edmonton tunnel
construction project (presented in Chapter 3), was a motivation for this research project,
as it shows that common as-built documentation does not provide sufficient detail of the
construction process and its dynamic nature. Literature review also demonstrated that
methods available for documenting as-built process or work flow through the CPM
network are not capable of capturing resource interaction and detailed information about
activity progress, delays, and resource utilization in an integrated and dynamic fashion
and on a regular basis (daily). Therefore, the objective of this research was to find a

method to record all aspects of a project during the planning and construction phases so
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that in the future, project managers can reconstruct an accurate and complete story of a

project for possible future claims and other management purposes.

Based on this overall objective, the primary objective of this research was to record as-
built project information in an integrated manner that includes the product data, site
condition, dynamic aspects of a project, and all the information regarding work flow,
activity progress, and resource interaction. The proposed framework and its components

are described in Chapter 4 of this document.

To document the entire project history, especially the process data, a simulation technique
was defined as a promising solution; this technique can easily demonstrate all the features
of process-related information in a dynamic and integrated format, and it was
successfully utilized to model the construction process in several studies in the past. A
Simphony application was chosen as a discrete event simulation tool to model the
construction process for both planned and as-built situations. Chapter 5 outlines the
development of the Simphony template for tunnel construction projects for the purpose of

as-built documentation.

To develop a generic framework in this research, a distributed simulation method was
introduced to implement the entire system to allow the reusability and extensibility of the

framework in future and for other types of construction projects.

A COSYE environment, developed based on HLA rules for distributed simulation
development, was chosen to implement the framework. In the proposed federation, a
Simphony model can join as a component of the framework, and a simulation controller
is responsible for updating the Simphony model based on as-built information

documented in a Microsoft Access database. After the framework implementation, which
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is described in detail in Chapter 6, an ongoing tunnel project was selected as a case study

for validation of the proposed framework.

7.2 Research Contributions

The main contribution of this research is the development of a generic framework that
allows users to document as-built process information including activity sequence,
resources, and external factors, as well as product model and static project information, in
a single simulation system, to demonstrate the full story of what happened in the site, and
compare it with the original plan. As discussed earlier, although a considerable amount of
work has been done in academia in the area of information documentation for different
project management purposes, most work has focused on capturing the product
information, or developing information management systems; the work is usually limited
in scope and does not document the dynamic aspect of projects in an integrated manner.
This research provides a new tool that helps managers to access the detailed information
of construction processes for various purposes such as quality control, claims and

disputes, process improvement, lesson-learned studies, and future project planning.

High Level Architecture technology is utilized to standardize the integration process
between simulation systems and different computer software, to support interoperability,

reusability, and extensibility of the framework, and to provide a generic solution.

7.2.1 Academic Contribution

From the academic perspective, this research proposed a new system that utilizes
simulation technique to enhance as-built documentation by integrating actual data with
simulation data. In this system, simulation can be utilized during both the planning and

construction phases to not only help managers in decision-making, but also to assist them
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in recording what is actually happening during the construction stage. In addition to the
documentation of static project information, the proposed framework provides valuable
dynamic information of a project such as work flow, resource utilization, and the effect of
external factors in an integrated format, which can only be achieved through the

simulation modeling approach.

In this framework, a distributed simulation environment allows users to run multiple
instances of a process model and compare the results in a report format generated by a
separate component of a system. Therefore, a management group receives the outcome of

a comparison without requiring programming and simulation knowledge.

This research also utilizes a hybrid simulation modeling technique that combines the
time-step simulation approach with discrete event simulation. Using a hybrid model
enables control of the advancement of a system on a daily basis to update the state of a

project according to the data received from the construction site.

7.2.2 Industrial Contribution

The actual framework developed during this research can be implemented in the involved
company’s new projects to help project managers control the actual progress, resource
allocation, and process workflow, and use the documented information later on for

lesson-learned studies, claims, and future project planning in the organization.

Some of the components of the proposed framework, including the data collection
system, and a simulation template for tunnel construction projects, are already being used

for City of Edmonton projects.

Study of the available commercial information management applications shows that in

these systems, the entire module usually works as a warehouse for different documents
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such as payroll, meeting minutes, request orders, activity information, resources, costs,
inventories, etc., but collected data is presented in separate tables and is not integrated.
Therefore, if decision makers need to derive new information such as resource
interaction, which is not collected and calculated, it can be challenging and complicated.
Also, current applications do not capture the dynamic nature of the construction process,

so they are not able to provide the full story of a project when it is completed.

7.3 Limitations

Implementation and validation of the proposed framework through different tunnel
construction projects demonstrated that the simulation-based framework for as-built
documentation can be successfully utilized in the real environment and for various
tunnelling projects. However, the ultimate goal of this research is to develop a generic
framework that can be employed in other types of construction projects. Therefore, the
distributed simulation environment was selected as a development environment to
facilitate interoperability of multiple components of a simulation system while supporting
the reusability and extensibility of each component for future use. However, due to
reasons listed below, it may require additional effort to utilize the framework in other

types of projects.

e The existence of any sort of data collection system in an organization would help
in the implementation phase of the framework, and show the value that this
system adds to the as-built data collection and storage process. Since the as-built
data collection takes a lot of time and effort, the organization should consent to
utilize resources both in the site and the offices, and spend time and money as
required, based on the technology and procedures used in the projects. In the City

of Edmonton tunnel projects, the data collection was part of a project
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management process, so the implementation of the framework was easier, and the
information that it provided for the project managers was in detail and included
site information.

Development of a Simphony template for the purpose of as-built data
documentation requires thorough knowledge of a construction project such as
activities, work flow, resources, external factors, and site data. This requires a
detailed study of the construction project and the capture of expert knowledge
through interviews or questionnaires. In addition, Simphony should be able to
support the development of the template considering all the details regarding the
project as-built information. In this research and in the template development
phase, Simphony could not support development of particular details such as shift
documentation, resource utilization, and other as-built data that needed to be
captured by a simulation model. Therefore, it was time consuming to add new
features to Simphony, or to add details through programming.

During this research project, COSYE was still in the development process, and
there were limitations in COSYE regarding development of the framework.
Therefore, many features were added to COSYE during framework
implementation. In some cases, simplified solutions were considered to model the
as-built and report federates. While such factors are still missing in COSYE, the

framework implementation process may take a lot of time and effort.

7.4 Recommendations for Future Research and Development

This research demonstrated that the simulation-based framework is a powerful and

effective technique for as-built documentation that can capture process and product

information, as well as site data and resource interaction during the construction phase.
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The proposed framework mainly focused on the dynamic aspects of the project, and as-
built process documentation, and there are still issues that need to be considered for
comprehensive implementation of this methodology in the future. Recommendations for

future study are as follows:

e There are several studies in the field of automated data collection in different
construction projects that demonstrate implementation of different systems in
construction sites, depending on the type of project, and the information that
needs to be captured and stored for various purposes. In this research, since the
main focus was the documentation of the as-built process and product model
through simulation technique, the automation of data collection was not the focus
of the research. So for future research, the integration of automated data
collection systems within the framework could provide information in a shorter
time and in a more organized manner.

e This framework can be utilized for other kinds of construction projects. The
current distributed simulation framework enables users to replace the tunnel
construction simulation models with different models created in Simphony, while
the structure of the framework remains the same. To extend this methodology to
other types of projects requires detailed study of the construction domain and
creation of a comprehensive simulation template in Simphony that can capture
as-built information.

e The documentation of product as-built information in this project was performed
in a simple way based on data stored in the database. It would be of great benefit
if the product could be illustrated visually to give a clear idea of exactly what has
been constructed compared to plan data. This would provide a control tool for

project managers to accurately monitor the as-built product model and discover
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any deficiencies as compared to the plan. Development of the framework in the
COSYE environment gives the opportunity to demonstrate product information
in a separate component such as a CAD federate that utilizes 2D/3D CAD
software applications. This development could increase the tendency toward
employment of the system in the industry.

e Although the proposed framework is designed to document the actual project
story for future use, it can be effectively employed during the construction phase
to help project managers monitor, control and predict project performance. The
ability of the framework to document as-built process and product information
during the construction phase can be used for real-time project monitoring and
early error detection in project performance. Also, implementation of the
framework in the COSYE environment allows integration of other tools and
software applications. Therefore, different methods such as expert systems and
Acrtificial Intelligent techniques can easily be utilized in the framework to provide

an effective project monitoring and control application.

The future vision for the proposed framework is that it may be used as a comprehensive
tool that automatically captures as-built product and process information, including
dynamic aspects of the project, and records it through a simulation model in the
distributed simulation environment that provides management reports and visualization
systems to demonstrate the planned and as-built product model. This application would
generate the story of the project for lesson-learned studies, claims and dispute resolution,

as well as project planning and control during the construction phase.
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ABSTRACT

Modern capital projects generate large amounts of documentation in several different
formats and controlled by many different project parties: everything from design
drawings to cost estimates, schedules, equipment information, change orders, and work
logs. Accessing this documentation can be both difficult and time-consuming. Project
managers clearly need efficient methods to manage project information; the current
methods focus on capturing and integrating information through a database and CAD
drawings, but they are limited in scope, not easy to re-use in other projects, and do not
capture the construction process. The solution is a well-structured simulation-based
system that can dynamically capture, store, process, and access all project information,
from the planning stage through the construction process to the completed project,
including all changes to the original plan. The motivation for a simulation-based
foundation for this approach stems from its ability to model the dynamic processes

involved rather than just the static information.

Keywords: project information, construction process, High Level Architecture,

Distributed simulation
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INTRODUCTION

Complex capital projects can involve thousands of workers, hundreds of millions of
dollars, and many years of work. These types of projects generate large amounts of
documentation in many different formats and controlled by many different project
parties: everything from design drawings to cost estimates, schedules, equipment
information, change orders, and work logs. During the construction period, a company
generates reports in certain areas, such as workers’ time cards and the actual as-built
drawings of the project, and projects are also almost never completed exactly as planned;
keeping track of changes in the building process is very complicated, adding yet another
layer of documentation. However, even this level of documentation is incomplete,

especially when it comes to recording the actual building process.

Accessing this documentation can also be both difficult and time-consuming. Because
the existing documentation is stored based on the interest of each party (e.g., drawings
may be kept with the design consultant, the foreman might have worker records, and the
project manager might have the financial information), the project information is
disorganized and reconstructing a record of how the project was completed may require
hiring experts. This can be a problem, particularly when it comes to settling claims and
dealing with quality control, both of which can mean losses of millions of dollars (Akinci

2004).

It should therefore be unsurprising that project managers and contractors are always
looking for efficient ways to collect and store construction histories and retrieve them
effectively (Hendrickson and Au 1989). Different studies have focused on developing a
computer based information system to integrate the collection, processing and

transmission of information (Lock 1993). A database management system (DBMS) has
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become a common solution to overcome some of the limitations of data sharing
(Mazerolle and Alkass 1993; Bowler 1994; Dawood et al. 2002). But the current methods
do not capture the construction process; existing methods usually focus on capturing and
storing physical information from computer-aided design (CAD) drawings, or the scope
of the project from as-planned and as-built documents, rather than capturing the actual
building process. They are also limited in scope, focusing on small parts rather than the
entire project. For example, project managers who are interested in equipment control try
to capture information such as working hours, breakdown or fuel consumption of onsite
equipment, but estimators are interested in collecting the workers’ daily log or material
cost (Navon 2005; Fayek et al. 1998). Even integrating the project information database
using the Critical Path Method (CPM) does not support capturing the complete operation;
a CPM network only describes tasks to a certain level of information, such as duration

and resources.

The solution is a well-structured simulation-based system that can dynamically capture,
store, process, and access all project information, from the planning stage through the
building process to the completed project, including all changes to the original plan.
Ideally, the system should integrate this information and present it to the user, providing
an overview of the project at every stage for comparison with the project as planned. It
should be able to incorporate process models, product models, resource models, and static
information in one system. A user should be able to see the resources that completed a
given scope of work in a given period of time under the influence of external factors (e.g.

weather).

This kind of documentation will be helpful for claims, control purposes, reproducing
actual product drawings, operation and maintenance, and planning for future similar

projects. It will also increase the learning process in the involved organizations for future
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projects by enabling access to the information of previous projects (FIATECH 2009). The
solution must be easy to use from a manager’s perspective, and it must also be reusable

for different types and sizes of construction projects.

One promising method for implementing the solution is computer simulation. Computer
simulation was introduced to the area of construction research by Halpin (1977) with his
proposed CYCLONE system. The proposed system and all derivatives were used in
construction research to model real construction processes, leading construction managers
to more efficient use of materials, manpower, and equipment (Paulson et al. 1987
loannou 1989; Martinez and loannou 1994; Hajjar and AbouRizk 2002). Computer
simulation has been successfully implemented in the construction industry for many
purposes (Sawhney 1994), and has already been effectively used in managing information
in the construction domain by integrating database management systems with a
simulation model (Moghani et al. 2009). In this approach, a construction manager can use
the collected data to re-run a simulation process model and examine the effect of new
data on project performance. However, current modeling approaches cannot integrate or
assimilate information from different sources and by different participants in an efficient
and organized manner. For a more complex project that needs different information from
different participants or software, distributed simulation is a new simulation technique

that can facilitate modeling effort and integration in the simulation environment.

AbouRizk introduced High Level Architecture-based distributed simulation to simulate
construction projects (2006), facilitating integration, collaboration, and reusability of the
simulation model. High Level Architecture (HLA) was developed in 1995 by the
Department of Defense (DoD) as an advanced technique for integrating simulation
models to support reuse and interoperation of simulation models and reduce the cost and

effort of modeling in simulation projects (Fujimoto 2003). Under the HLA standard,
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different developers can build individual components (federates) of one system (a
federation), maintaining interoperability between them. This approach allows us to
standardize the integration process between different computer software, simulation
systems, and from different users; it is therefore a promising implementation for the

proposed information management solution.

This study aims to develop an interoperable and reusable simulation-based framework to
integrate project information including as-planned, process, and as-built information to
enable construction managers to create the real history of the project from planning to
completion. This framework will utilize HLA and a software application framework
approach (Froehlich et al. 1998) for its implementation to be a reusable, extensible and
modular model, with flexibility in representing different modeling approaches and data
forms in the same simulation. In this framework a 3D CAD model will be integrated with
process simulation model to automatically capture design information and use it for
simulation purposes, and a relational database will be the medium for integrating as-built
information with the simulation model and updating the process accordingly. The project
is under development using the Construction Synthetic Environment (COSYE) as its
base; it is focused on repetitive construction such as tunnelling, which lends itself better
to simulation planning (AbouRizk and Ruwanpura 1999; Fernando et al. 2003; Al-
Bataineh 2008; Marzok et al. 2008). The case studies used or planned are existing

tunnelling projects in Edmonton, Alberta, Canada.

HLA-BASED TUNNEL SIMULATION FRAMEWORK

COSYE (Construction Synthetic Environment), the simulation environment used as a

base for this research, was developed based on HLA standards to facilitate modeling
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more complex projects, such as tunnel construction, which involves many activities,

equipment, materials and human resources.

The HLA standards consist of three main components: the HLA rules (IEEE 1516 2000),
the interface specifications (IEEE 1516.1 2000), and the Object Model Template (OMT)
(IEEE 1516.2 2000). The HLA rules outline the creation of a federation and federates and
cover all their responsibilities to ensure a consistent implementation and proper
interactions. The interface specification defines the functional interfaces between
federates and the run time infrastructure (RTI). RTI software provides interface services
that support federates’ interactions and federation management, such as transferring the
responsibility of updating an attribute between federates, managing data distribution and
assisting with time management in the federation. Any software can interact through the
RTI as a single federate. The Object Model Template is a standard for defining and
documenting the form, type, and structure of data shared within a simulation, and it
consists of three different object models: the Federation Object Model (FOM), the

Simulation Object Model (SOM) and the Management Object Model (MOM).

The COSYE Framework is a software application that supports development of
federations in Microsoft Visual Studio. In this Environment, the RTI server is a .NET
implementation of the HLA RTI and runs as a windows server, and the COSYE OMT
Editor is used to develop and edit OMT documents in Visual Studio (AbouRizk and

Hague 2009)

Based on HLA standards, COSYE enables the integration of different computer software
and different simulation techniques in a single environment to model all the processes
involved in large scale projects. HLA services in COSYE also enable collaboration of

different experts to develop various parts of a simulation model. For instance, in the
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tunnel federation, one may simulate the tunnel construction process while the other

focuses on material supply simulation.

In this project, the tunnel federation simulates the whole construction process of a utility
tunnel including excavation and lining of the working shaft, the tunnel and the retrieval
shaft. Using HLA requires division of the simulation into different federates and the HLA

architecture thus helps to create modular, reusable, and extensible modeling elements.

Brief Overview of Tunnelling

Constructing a utility tunnel occurs in different phases. First, to get access to the tunnel
excavation depth, a vertical shaft called a construction shaft is usually excavated. This
shaft is the main access during the construction process for lowering the equipment into
the tunnel or removing the excavated dirt. Shaft construction is usually done in sections
with the depths dependent on the soil type and geometry of the shaft. The excavation and
lining processes are done for each section sequentially. After finishing the excavation and

lining for shaft sections, the tunnel construction process can start.

Tunnel construction methods vary depending on geotechnical information, availability of
equipment, and the geometry of a tunnel. For long tunnels or tunnels with a large
diameter, a Tunnel Boring Machine (TBM) is typically utilized for excavation and lining
processes while for short or small tunnels, hand excavation is a better option. Before
starting the tunnel construction, the tail tunnel and undercut area (an enlargement at the
bottom of the shaft used for staging material handling and dirt removal operations) are

excavated. The tunnel construction activities are divided into:

e Excavation of the tunnel
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e Removing the dirt from the excavation area and transferring it to the construction

shaft (using muck carts).

e Hoisting the dirt to the ground level (using a crane, clamshell bucket, gantry, etc.)

and transfer it outside the construction area

e Lowering down the liners and transferring them to the excavation face.

e Lining the tunnel
e Extending construction and utility services

e Excavating and supporting the removal shaft in a case of using TBM.

Figure 1 shows a typical utility tunnel layout.
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Figure 1: Layout of a Utility Tunnel

Developing the Tunnelling Product Model

In order to be able to create a generic federation and integrate the CAD model with the
simulation, a conceptual project model consisting of product, process, management,

environment, and resource models was developed (Figure 2).

The tunnel construction method for utility facilities was investigated, and all the
information regarding activities and required resources was collected. In order to develop

a product model, the CAD drawings were reviewed and the attributes were defined and
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added to the project model. It is important to mention that these models are for utility

tunnels, and they mostly focus on the TBM (tunnel boring machine) tunnelling method.
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Figure 2: Tunnel Construction Project Model

Developing a Federation Object Model (FOM) for the Tunneling Federation

based on the Product and Process Model

The first and most important task in developing the simulation model based on High
Level Architecture (HLA) is to define the HLA federation object model. The FOM is
composed of a group of interrelated components specifying information about classes of
objects, interactions, attributes, and their parameters. The tunnelling federation object
model was developed based on conceptual project models and is still being improved.

Figure 3 shows the FOM in the tunnel federation.
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Figure 3: Tunnel Federation Object Model

Overview of Tunnelling Federation

Figure 4 shows the proposed framework for the simulation model, based on available
studies and expert knowledge gathering. Most federates were developed based on a case
study for tunnel construction in the City of Edmonton using a specific construction

method, and will be used as a base for further development.

The scenario setup federate is designed for the user to configure different tunnel projects
and scenarios. In the current federation, the user inputs all necessary parameters at this
federate: shift length, shift start time, coffee break duration, lunch break duration, project

start date, work status on weekends or holidays; project setting such as number of shafts,
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number of tunnels, and their attributes like tunnel length, section length, etc.; resource
setting refers to equipment information and crew information. This information will be

passed to other relevant federates through RTI.

The shaft federate simulates the shaft construction process including preparation,
excavation, and lining. The tunnel federate is designed to simulate the complete process
of constructing a tunnel including excavation, lining, resetting TBM, and TBM

breakdown; it also covers other common activities, like extending utilities and surveying.

The dirt removal federate models the process of removing dirt from the tunnel face to the

undercut, dumping dirt from undercut to ground, and loading carts with materials.

The supplier federate has the same responsibility as a supplier contractor: receive a new
order from the contractor through the procurement federate, schedule for delivery of a

new order and send a response to the procurement federate.
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Figure 4: Tunnel Federation
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There can be more than one supplier which can join the federation and receive orders
from the procurement federate. The procurement federate plays the same role of the
procurement office in the tunnelling contractor group. It tracks how many liners are in the
inventory; if that level reaches a specific threshold, the procurement federate places an
order for the concrete lining segments to the supplier. The Bayesian updating federate is
designed to apply a Bayesian updating method for predicting machine breakdown, TBM
advance rate, tunnel productivity, scheduling and cost. The visualization federate displays
a 2D and 3D animation of the construction process as the simulation is running. It is a
real time visualization of the entire process and shows the different states of the TBM
during tunnel construction, the excavation and lining of the tunnel, as well as traveling

muck carts in the tunnel.

In current federation, all the mentioned federates are fully functional for the NEST tunnel
case study in Edmonton, Canada. Future development will involve connecting a 3D CAD
drawing to the simulation model and extracting as-planned geometry and geotechnical
information. This federate will remove the need for manual data entry, especially when
new revisions of drawings are released. Capturing and storing all the as-built information
will be based on automatic data transfer from the site and data will be stored in the SQL

Server database. Figure 5 illustrates an example of relationship in the database.
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Figure 5: ER Diagram of Database

INFORMATION MANAGEMENT STRUCTURE

To fulfill the objective of this research, a vital part of the implementation process is to
study the possible ways of representing information within the COSYE environment and

create a conceptual structure for the data management plan. We determined the required

information by answering the following questions:

What kind of information will be useful for decision making process and

different participants in the project?

What kind of information from the planning stage will be required for developing

the simulation model?

What kind of information from the jobsite will change the inputs of the

simulation model and how can we store it to make it exchangeable with original

inputs?



e How can we make the history of projects reusable for future projects or

simulation models?

Answering these questions determines the information required from a tunnelling
construction project in order for the simulation to be representative. Finally, to collect and
integrate on-site process information (as-built) and to be able to store the as-planned data
and their relationships throughout a simulation model, an accurate knowledge
management system needs to be developed. For this purpose, a comprehensive relational
database is proposed to store planning data, actual as-built data, and the history of project

process changes. A view of our vision is given in Figure 6.
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Figure 6: Integrated Framework for Tunnelling Construction
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FUTURE WORK

In the future, new federates such as a design information federate will be developed to
facilitate information transfer from CAD systems to the simulation model, and a
relational database will be designed and connected to the federation to store as-built

information as the project advances.

To make changes to the process model during the construction phase without a need to
re-create the entire model (e.g., adding one removal shaft or changing the construction
method of the tunnel), generic and reusable federates are required. To develop such
federates; the current FOM needs to expand to provide all the object classes, attributes,
and interactions for different tunnel construction methods, activities, equipments, and the

required information from the planning and construction stage.

The simulation model and design inputs will then be updated based on new process and
information (reconstructed from the beginning of the project but as if the project is going
on now - i.e., simulate the simulation) to mirror any changes in design and construction,
create an accurate model and verify it. The product/process data integration will be

evaluated and adjusted if necessary.

Once the NEST case application is functional, the work will be repeated with another
tunnel construction project to identify areas where the framework must be adjusted and
an application framework approach as a basis of this research will be utilized to provide a

generic framework with modularity, reusability and extensibility.

CONCLUSION

The ability to access detailed information of a project along with the actual construction

process (as it was built) will be highly beneficial for the management process for different
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purposes such as quality control, claims, process improvement and future project
planning. This paper proposes the development of a generic framework for information
management in repetitive construction projects such as tunneling to incorporate process
model, product model, resource model, and static information in one system. Deploying
HLA-based distributed simulation and using a software application framework enables us
to standardize the integration process between simulation systems, different computer
software, and project models and supports interoperability, reusability, and extensibility
of this framework. While all COSYE development to date has taken place in an
academic environment and COSYE itself has not yet been commercialized, development
of a full federation typically takes between one half to one full man-year (1,000 to 2,000

hours).

With this system, project managers will have full access to the project data. Moreover,
they will have an accurate model at the end of the project for reviewing purposes,
documentation for future work, and educational purposes. The system will save time and

money, improve training, and increase operational efficiency.
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Appendix B- The Integration of a Stand-alone Discrete
Event Modeling Environment into a Distributed

Construction Simulation System !
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2 City of Edmonton Asset Management and Public Works, Edmonton, Alberta, Canada

ABSTRACT

Several computer simulation tools have been developed to model construction processes
for different management purposes such as productivity analysis, resource allocation
optimization, and cost control. Although these systems are recognized as valuable
management tools, limitations encountered when modeling the entire construction
lifecycle, including the process model, product model, and external factors, have caused
researchers to look for new techniques to facilitate integration in the simulation
environment. An HLA-based distributed simulation technique introduced to the
construction simulation domain to facilitate integration of various simulation technigques
and software applications in a collaborative environment. The objective of this study is to
integrate a Special Purpose Simulation tool as a component of a distributed simulation
system to create a comprehensive modeling environment for a project. The system uses
the potential capabilities of Simphony, a discrete event modeling tool, to create templates
and update them through the user interface. For the implementation phase, the tunnel

construction template is developed in Simphony.NET 3.5 and modified for integration in

! This paper is published at the proceeding of the 3rd International / 9th Construction Specialty
Conference, June 14 — 17, 2011, Ottawa, Ontario, Canada
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an HLA-based distributed model. A test federate is used to check the communication of

the model with the COSYE RTI.

INTRODUCTION

Computer simulation has long been an effective technique for managing construction
projects in the construction domain. Since the 1970s, several construction simulation
tools have been developed to model construction process activities and assist project
managers in examining possible alternatives, getting a clear idea of resource interactions

in the project, and coming up with an optimal solution to implement in the real world.

Recently, researchers in the area of construction management work on the development
of integrated project systems, mainly for the design and construction phase, to facilitate
managing projects and be able to increase the collaboration between different
organizations in a project and facilitate data transfer between various pieces of software
(Latham 1994). Although simulation systems are recognized as valuable management
tools, they are not suited for integration purposes or to model the entire project lifecycle,
including the process model, product model, and external factors, which has caused
researchers to look for new techniques that can facilitate integration in the simulation
environment. High Level Architecture-based distributed simulation was introduced to
overcome the limitations of existing methods by supporting integration of different
computer applications, various simulation techniques and providing a multi-user
environment (AbouRizk 2006). AbouRizk (2006) developed the Construction Synthetic
Environment (COSYE) based on HLA rules to create integrated simulation models for
industry users. In this environment, developers can divide a simulation into smaller
components (federates) that can communicate and work together in one system

(federation).
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This research proposes the integration of a process modeling tool such as Simphony as a
component of an HLA-based model, using the potential capabilities of the application
while integrating it with various techniques and different series of software (e.g.
AutoCAD, Microsoft Project, and estimating software) in one model. By this approach,
any construction process can be simulated in Simphony or in other process modeling
software and attached to a collaborative simulation system to create a comprehensive
model for that domain. The proposed system can be a powerful tool for the management
of the project through its life cycle. As a case study, an SPS template for tunnel
construction projects is developed in a new version of Simphony (Simphony.NET 3.5)

and then integrated in a COSYE federation.

CONSTRUCTION SIMULATION MODELING IN SIMPHONY

Various simulation applications have been developed to model construction processes;
the early applications such as CYCLONE, RESQUE (Chang and Carr 1987), and
Stroboscope (Martinez and loannou 1994) are known as General Purpose Simulation
(GPS) tools. To create a model using a GPS tool, a user needs to have a deep
understanding of simulation techniques which made it difficult to use for industry
personnel. So, researchers tried to customize modeling tools for specific construction
domains. They introduced Special Purpose Simulation (SPS) to facilitate modeling of
specific type of projects. Hajjar and AbouRizk (1999) introduced Simphony, a Microsoft
Windows-based SPS tool to develop a more flexible and easy to use application for
industry. Simphony facilitates modeling the construction process through providing a
graphical, hierarchical, modular and integrated modeling environment. In Simphony, a
developer can use discrete event simulation programming to create a template, a
collection of elements linked together and representing construction activities in one

domain. Each element can encapsulate more than one activity in the process and its
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graphics represents the actual process in the site. This approach helps users, who can
select elements based on their graphics, drag and drop them on modeling surface, and link
them together to create a complete model, without a deep knowledge of programming.
However, the template development requires broad knowledge of the construction
domain to be able to include all the process details while keeping the flexibility of the
model suitable for industry use. Several Simphony templates were created to model real
projects and help construction managers in decision making and planning processes such
as productivity measurement, risk analysis, resource allocation, site planning claim, and
dispute resolution. A number of successful construction simulation models were created
in Simphony including earth moving, pavement construction, concrete placement on
high-rise buildings, tunnelling, underground pipe-jacking, tower crane utilization,

equipment management, site layout optimization, etc.

A new version of Simphony called Simphony.NET 3.5 was developed to provide more
flexible and extensible environment for modeling and integration purposes. Simphony 3.5
was developed utilizing the Microsoft. NET 3.5 framework under the object-oriented

paradigm. It consists of the following modules:

e Services that facilitate discrete event simulation programming such as: Simphony
Core Services (contains components such as the discrete event engine as well as
math libraries, statistics and distribution) and Simphony Modelling Services
(contains abstract versions of models, scenarios, and various types of modeling
for template development),

e Simphony templates and Graphical User Interface.

Each modeling element in Simphony.NET 3.5 is a Visual Basic or C# class developed in

one Microsoft Visual Studio project (which represents a template in Simphony). Unlike
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the previous Simphony, the development of a template is not tied to the user interface,

which allows the use of the provided services in other simulation environments. Figure 1

shows a sample model and the coding environment in Simphony.NET 3.5.
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Figure 1: Simulation model and coding environment in Simphony.NET 3.5
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AN HLA-BASED DISTRIBUTED SIMULATION OF CONSTRUCTION

PROJECTS

Due to the complexity of construction projects and the recent trend of design and
construction integration, current simulation techniques are unable to support this
collaboration in the management domain, as their main focus is on the process modeling
and resource interaction to calculate productivity or duration of the construction phase.
More modern simulation tools are needed to model the project life cycle from the
planning to the construction phase. They should also support integration of visualization
tools (CAD systems, animation), databases, different simulation techniques (continuous,
discrete event, real time, agent based, etc.), and software applications (Project schedule,
estimation software, and control system) (AbouRizk 2010). To fulfill the recent needs in
the construction simulation, the distributed simulation (DS) technique is selected as a

suitable choice for this purpose.

Distributed simulation is developed in the military domain and is known as a technology
“that enables a simulation program to execute on a computing system containing multiple
processors, such as personal computers, interconnected by a communication network”
(Fujimoto 1999). In a distributed system, modellers divide a complex simulation system
into multiple subsystems that are interrelated to represent the entire system functionality
and reduce the execution time of a system. The other objective is to decrease the time and
cost of a model development by reusing of submodels in future similar projects The other
advantage of a distributed model is that it enables the interoperability of different
heterogeneous simulation techniques such as discrete event, real time, and continuous, in
one system. It can also provide a collaborative simulation environment by enabling
different parties to interact through a set of geographically distributed computers and

reducing the time of communication and data transfer (Boer 2005). To fulfill all these
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requirements, a common framework and certain rules and standards were initiated to
facilitate the development process. High Level Architecture (HLA), the most advanced
standard available, developed in 1996 by the United States Department of Defense (DoD)

to integrate simulation models (Kuhl et al. 1999).

In HLA terms, each submodel is called a federate and the entire simulation system is
known as a federation. HLA rules seek two main goals; interoperability and reusability of
the federates. HLA-based distributed simulation consists of three major components:
HLA rules (IEEE 1516) to ensure proper federate interaction during execution; the Object
Model Template (OMT) (IEEE 1516.2) defines a standard framework for recording the
information contained in the required HLA object model for each federate and federation
and consists of the federation object model (FOM) and simulation object model (SOM);
and the HLA interface specification (IEEE 1516.1) describes the services provided to the
federates by the Run Time Infrastructure (RTI). RTI provides services to federates’

interactions and federation management. Figure 2 illustrates the functional view of HLA.

Support H Simulations l Interfaces to

Utilities Live Players

A h A

—

Interface

h 4 'y

Run-Time Infrastructure (RTI)
Federation Management Declaration Management
Object Management Ownership Management
Time Management Data Distribution Management

Figure 2: Structure of High Level Architecture (Wilcox et al. 2000)

In 2006, AbouRizk introduced an HLA-based distributed simulation environment called

COSYE (the Construction Synthetic Environment) to the construction simulation domain
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to simulate more complex projects and facilitate interactions of different parties and
various simulation components in a single system. The COSYE environment is a
Microsoft. NET software application and supports the development of federations in

Microsoft Visual Studio (AbouRizk and Hague 2009). COSYE supports:

o Modeling of different aspects of the project including process model, product
model, resource interactions (equipment, material, crews) and external factors’
influences (weather).

o Integration of different software applications to work together on multiple
computers and different locations (e.g. consultant, project management or
contractor offices) as one simulation system to facilitate collaboration in the

project.

One of the advanced implementations in COSYE is the tunnel construction simulation

(Xie and Moghani 2009) that consists of several federates (Figure 3).
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Figure 3: HLA-based Tunnel Construction Simulation

In the tunnel federation, 14 different federates are integrated to demonstrate the entire

process of a utility tunnel construction in the City of Edmonton. The main advantage of
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this model over the existing Simphony templates is that all the federates are reusable for
future projects. 2D/3D animation and map federates provide visualization capability for
the construction manager. Managers can see a written report of the process from the
project control federate and supplier and procurement federates can be run on the
supplier’s computer to show the material request. This model calculates emissions in the

job site, provides scenario planning, and gives forecasting ability for users.

In the current distributed simulation models in COSYE, each federate is developed as a
Visual Studio class coded in C# or Visual Basic and the user interface does not allow
users to modify or change codes or logic of the simulation. Normally, in the planning
stage, decision makers examine different scenarios of construction process and resource
interaction, and during the construction phase, there is a need to update process based on
the real situation. Thus, process modeling is the main part of the model which needs
modification as the project progresses and the COSYE model is not capable of regularly
updating the process model. This limitation can decrease industry interest in using the

simulation model as they have to hire programmers to revise and update the model.

INTEGRATION OF SIMPHONY AS A DISCRETE-EVENT

SIMULATION TOOL INTO COSYE

As the main concern in the management group is updating construction processes, and
since Simphony is a well proven application for process modeling, a reliable solution is to
integrate the Simphony model as one federate in a federation, represent the construction
process model in the Simphony environment (with COSYE-compatible simulation
models), and use Simphony’s visual capabilities to update the process. This would

facilitate more efficient development of COSYE federations, and create COSYE-aware
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Simphony models to be a part of collaborative and comprehensive construction

simulation models.

As previously mentioned, Simphony.NET 3.5 was developed particularly to be used in an
integrated environment; new features have been added to Simphony to facilitate
communication between COSYE and Simphony models. A Simphony modeling element
called “RTI connection” is created as a generic element to be added to all Simphony
models to enable them to join to the federation as one federate. The responsibility of this
element is to provide a connection to the RTI and manage joining and execution of the
Simphony model and sending and receiving messages through RTI. Other elements
would utilize the services provided by the RTI connection element to communicate with
the RTI. Figure 4 demonstrates the connection of Simphony model through RTI

Connection to the COSYE RTI.

Other federates COSYE RTI server :
( Internet / Intranet )
RTI Connection |

Properties

c

O

""" o -—

©

=

Q |

R~ ©
Simphony model Q

~ (Process modeling simulation) ji iy

Figure 4: Connection of Simphony model to COSYE
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As a test model, a tunnel construction simulation developed in Simphony 3.5 was

connected to the COSYE as a process modeling federate in the tunnel federation.

CASE STUDY: TUNNEL CONSTRUCTION SIMULATION

Tunnel construction projects are one of the many categories of projects that have been the
subject of researchers for the application of simulation to improve productivity in the
system. AbouRizk and Dozzy (1993) created a general purpose simulation model for
specific tunnel projects. Touran and Asai (1987) developed a CYCLONE model to
control schedule by predicting the advance rate of TBM in soft rock. Runwanpura (2001)
describes the development of a special purpose simulation model for tunnel construction
by Tunnel Boring Machine (TBM). His Simphony template was developed to optimize
the equipment use and predict cost, schedule and resource utilization. Al-Bataineh (2008)
developed a scenario-based planning for tunnelling construction based on discrete-event
simulation in Simphony.NET. His model considers various project information, including
cost, schedule, weather effect, material supply, and dirt handling to select the best
scenario. The model uses the concept of distributed simulation in Simphony to create

modular elements.

The focus of the aforementioned studies was the development of simulation models (or
templates) for utility tunnel construction projects being undertaken in Edmonton, Alberta,
Canada, where, based on geotechnical conditions and availability of equipment, a Tunnel
Boring Machine (TBM) is usually utilized for tunnel construction purposes. The same
construction method is selected in the current project to simulate the construction process
of utility tunnels. The development of the proposed system is divided in three major

phases:
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e Create a tunnel template in Simphony.NET 3.5 to simulate process modeling.
The template is the recreation of an existing template that previously developed
in older version of Simphony by Al-Bataineh (2008). The new template was
enhanced to cover more details of construction process.

e Once the Simphony template was tested and validated based on real case study,
all the elements was transformed into the COSYE-aware elements to enable the
connection of the model to the COSYE to act as a process modeling federate in
the federation.

e Connect the Simphony model to the existing tunnel federation to test the
compatibility of the Simphony model. As an initial step, the connection of the

Simphony model with a test federate through COSYE RTI is tested.

Tunnel Construction Template in Simphony.NET 3.5

In this study, the existing tunnel template in the previous Simphony (Al-Bataineh 2008)
was selected as a baseline for the development of a new template in Simphony.NET 3.5.
Al-Bataineh divided the elements into three groups: shaft operation elements (shaft
template), tunnel operation elements (tunnel template), and support elements. The entire
tunnel construction process can be simulated by shaft and tunnel elements. Calendar,
project, trucking, supply and shift control elements are considered as supporting elements
in the template and can be reusable for other construction projects. “Project” element
reports different cost items (Crew, material, equipment, Dirt removal, and indirect), total
cost, start date, and finish date of the project. “Shift control” element can be added to the
shaft model and tunnel model separately to reflect shift differences in different work
packages in the project. The “Supply” element controls supply of liners and TBM parts

for the project and “Trucking” deals with dirt removal in the site.
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Figure 5: Simphony Tunnel Construction elements

The shaft Template consists of 14 elements; all the tasks in the shaft construction process
are encapsulated in these elements. So, each element may contain more than one task
scheduled as an event in the internal code. The Shaft model takes into account the soil
layers for the shaft excavation. The tunnel template consists of 6 elements that simulate
loading and unloading activities on the top of the shaft, different geotechnical tunnel
sections along the tunnel, TBM removal, surveying and extending utilities as internal
events and the activities inside the undercut such as track installation. The template is
also capable of modeling 2-way tunnelling. The entire template has a modular and
hierarchical structure; each element is located in specific level, encapsulates certain tasks
and communicates with other elements in the same level or other levels. An example of a

tunnel construction model is illustrated in Figure 6.
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Figure 6: Hierarchical Tunnel Simulation Model in Simphony.NET 3.5

Based on this model, the tunnel construction process starts by excavating a vertical shaft
to reach the tunnel invert. The vertical shaft, called the working shaft, provides access to
the tunnel during the construction phase for lowering down the material and removing the
dirt from the tunnel. Excavation and lining of the working shaft usually happens in
different segments based on existing soil layers. Excavation of each segment can be done
both by machine and hand depending on the segment depth and geotechnical condition.
Usually for TBM installation and material handling during the operation, undercut and
tail tunnel as two enlarged areas in the bottom of the shaft are constructed. Tunnel
construction starts after lowering down and installation of the TBM. Main activities in
tunnel divided into: excavation of a tunnel, removing dirt from tunnel face to the undercut
and to the ground level, and lining the section and this will continue until the end of the
tunnel. Other activities such as utility extension or surveying are also done in certain time

intervals. A retrieval shaft is excavated at the end of the tunnel for TBM removal.
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For validation of the model, an actual tunnel construction project that was created and
validated in previous Simphony was recreated in the new Simphony and the results were
compared. As the new template considers more details of tunnel construction, the results

Were more accurate.

COSYE- aware elements in tunnel template

To make a COSYE-aware Simphony model, the “RTI Connection” element was added to
the model and the related codes are inserted in the related class of elements that need to
be COSYE-aware. These elements usually interested in publishing or subscribing to the

attributes of the objects. Figure 7 shows an example of code inserted into the elements.
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Figure 7: Inserted code for making COSYE-aware element

Tunnel Construction Federation

The first step in developing a federation in COSYE is to create a Federation Object
Model (FOM) that includes all the object classes, attributes and interactions that will be
required in the federation execution. The FOM classes and attributes should be
comprehensive enough to be reusable in the future. In this project, a new FOM is created
by modifying the existing tunnel federation FOM. All the classes and attributes in the

tunnel template which are shared within the federation were added to the FOM and those
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classes and attributes related to the previous tunnel, shaft, dirt removal, and supplier

federates were deleted if no other federates were “interested” in them. Due to changes in

the old FOM, many existing federates required modification to be able to connect to the

federation. To test the functionality of the tunnel template in the COSYE federation, a

“Test Federate” was developed to communicate with the template. The “Test Federate”

basically prints all the updates received from a tunnel Simphony model. Figure 8 shows

the test federate and printed results.
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Figure 8: Inserted code for making a COSYE-aware element

FUTURE WORK

Visualization federate and as-built information federates are two important federates that
need to be integrated with the tunnel template into the federation. The COSYE
framework also enables the connection of CAD models and scheduling software to the

federation and communication of different software application with tunnel template.
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This will help to automate data transfer from the software to the model and reduce the

time of data entry to the system.

CONCLUSION

Existing construction simulation tools usually focus on modeling activities and associated
resources to facilitate optimum decision making for the project. These tools are not able
to model the entire project life cycle and usually are not developed to work in the
integrated system. An HLA-based Distributed simulation environment (COSYE), a more
powerful simulation tool, is introduced to provide a collaborative environment to model
the different aspect of the project. But the system was developed based on hard-coded
simulation components and makes updating the model more challenging as it requires
programing skill and regular code updates when changes happen. The limitation of this
system in its user interface, as well as the ability of the system to integrate various
software applications, encouraged the authors to integrate Simphony into COSYE as a
component of the model, create the process model in this software and use its capabilities
of graphical modeling and provided services for easier programming. The integration of
Simphony is discussed in this paper and the implementation process is examined through
the development of SPS modeling for a tunnel construction project. This approach can be

easily implemented for other construction simulation models in Simphony and COSYE.
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ABSTRACT

Selection of an appropriate construction strategy for a project is one of the challenges
faced in the planning stage. It is essential to choose a suitable method that can reduce
cost, time, and any disruption in the area, especially for projects in urban areas. The
management group must consider possible techniques, test various scenarios using those
techniques, calculate the associated cost and time, and determine the most desirable
solution. In this research, a simulation based approach was used to assist the management
group in choosing the best strategy for construction of a transit tunnel project in
Edmonton, Alberta, Canada. A discrete event simulation tool was developed to model a
Sequential Excavating method using either shotcrete or rib and lagging as preliminary
supporting systems. The tool enables users to create simulation models for different
methods and calculate total duration, resource utilization, and cost of the project. The

results comparison is demonstrated in this paper.

INTRODUCTION

This paper is published at the proceeding of the 2011 Winter Simulation Conference

, Dec 11-14, 2011, Phoenix, AZ, USA
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Selection of a construction strategy among possible alternatives at the beginning of a
project is a challenging task which requires analysis of potential scenarios, equipment and
material utilization, and human resource allocation to select the best solution, based on
estimated cost and total duration of each scenario. A simulation technigue can support the
decision making process as it enables the modeling of an actual construction process on a
computer, and lets managers examine various options, compare their results, and select a
desirable solution. In many studies in the construction domain, simulation tools have
been used for comparing alternatives. For example, loannou and Martinez (1996) used
STROBOSCOPE to develop simulation models to compare two construction methods for
a tunnel project, the conventional method and the New Austrian Tunneling Method

(NATM).

In this project, a simulation approach is applied to compare construction strategies for a
transit tunnel project in Edmonton, Alberta, Canada. Based on preliminary studies, the
management group has decided that two different construction methods can be
implemented in this project: a sequential excavation method with either rib and lagging or
shotcrete as primary liners. They also defined different sequences for the excavation

process, which created new alternatives to compare.

Simulation models were developed in Simphony.NET 3.5, a simulation tool developed
for the construction domain. Simphony is known as a powerful construction simulation
tool that provides both general-purpose and special purpose simulation tools and allows
users to model construction activities, connect them together, and assign them related
resources to represent a real construction process. Simphony provides a graphical user
interface; developers can easily modify the process, change the parameters of the model,
run the simulation, and get new results. Simphony has been successfully employed in

many construction management studies, especially in the area of tunnel construction
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simulation (Mohamed and AbouRizk (2001), Ruwanpura (2001), Fernando et al. (2003),

Al-Bataineh, (2008), Marzok et al. (2008))

In this paper, the process of developing simulation models for two construction strategies
for the transit tunnel project is discussed in detail, and analysis of simulation outputs and

comparison of results is illustrated.

THE NORTH LRT (LIGHT RAIL TRANSIT) TUNNEL PROJECT

Project Description

The City of Edmonton is constructing a 3.3 km LRT extension from an existing station
(Churchill station) to the northwest of the city. This study focuses on a part of this
project: two parallel tunnels with a total length of 764 m, extending from the existing
underground station to the street level station (MacEwan station).This is the only portion
of the project that will be constructed as an underground tunnel. The construction will
start from tunnel portals located at MacEwan station and will be continued up to the pre-
built section. The remaining sections will be constructed from the end of the pre-built

section to Churchill station, as shown in Figure 1.
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Figure 1 - NLRT Project Layout (IFL Consultants, Inc. (2008))

Sequential excavation was selected as the excavation method in both construction
strategies under study. In the sequential excavation process, a cross section is divided in
smaller segments based on tunnel size; these segments are excavated in sequence for a
one meter advancement of the tunnel. In this project, the cross section is divided in
heading and bench sections with approximately similar areas, as shown in Figure 2(a). An
excavator, a loader and a truck are considered as a set of equipment for excavation and

mucking processes. Two assumptions were made for the construction sequence:

e Excavation and lining of two one-meter heading sections is followed by the
excavation and lining of a two-meter bench section. This process is illustrated in

Figure 2(b).
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e Excavation and lining of a one-meter heading is followed by the excavation and

lining of a bench for a specific length of the tunnel.
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Figure 2 - Tunnel cross section and excavation sequence (IFL Consultants, Inc. (2008))
Sequential Excavation with Rib and Lagging Lining System

In the tunnelling method which uses a rib and lagging lining system, the entire tunnel is
lined using the same materials and lining arrangements. The steel ribs are installed every
one meter at the end of excavated sections. Laggings, or wooden pieces, are inserted
between ribs and soil to support the excavated area. Ribs usually come in one or two
sections and are bolted together when they are fixed in their location. A timber spreader
and steel rods are used to fix the position of ribs. Based on the tunnel alignment,
surveying will be performed every 6-15 meters, and utilities are installed as the tunnel

advances.

Sequential Excavation with Shotcrete Lining System

In the shotcrete lining method the preliminary lining differs along the tunnel based on

geotechnical condition. The designers for this considered a standard support system for
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both tunnels which includes installation of different layers of shotcrete and wire mesh. In

this project three layers of shotcrete with two layers of wire mesh in between are

specified as a standard support.

In addition to the standard support, designers defined five types of additional supports

based on soil conditions, and then divided tunnels into longitudinal sections based on

their needs for additional supports. All the sections with their additional supports are

listed in Table 1. Because for simulation purposes the lengths of each section and the

installation durations for the additional supports are the only important factors, the design

characteristic of each support will not be discussed in this paper.

Table 1 - Tunnel longitudinal sections based on additional supports for shotcrete lining

NLRT - North bound NLRT - South bound
£ | g 4, E | E £%
< s | 3 < SE 5 g | ° s | 25
Slg| 3| 8| 58 g | 5| 2| 2 |38%g
3 g > < 23 by & i 3 | <3
'1\"’”“ 768 |758 |10 |E Southl | 755.5 | 7455 | 10 | B+E
porth | 758|651 | 107 | - South? | 7455 | 629 | 1165 | E
g'o”h 651 |642 |9 A South3 | 629 |619 |10 A+E
North . Pre-
A 642 | 475 | 167 | Pre-Built | |South4 | 619 | 466.9 | 1521 | g
';'O”h 475 | 466 |9 B+C Souths | 466.9 | 457.9 |9 B+C
g‘orth 466 |328 |138 |C Southé | 457.9 | 423 | 349 |cC
Mot 308|256 |72 |- South7 | 423 | 3356 |87.4 |C+E
g‘o”h 256 [ 2366 | 194 |A Souths |335.6 |3253 103 |C
*All the sections have the standard support South9 | 325.3 | 223 102.3 | -
SOUML | 503 | 2035 11942 | A

*All the sections have the standard support
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NLRT TUNNEL CONSTRUCTION SIMULATION IN SIMPHONY

In this research, simulation models were developed in Simphony.Net 3.5, a Microsoft
Windows-based construction simulation tool to model a discrete event simulation system.
This software is the latest version of Simphony, which was originally developed at the
University of Alberta (Hajjar and AbouRizk 1999). Simphony provides a framework for
developing General Purpose Simulation (GPS) and Special Purpose Simulation (SPS)
templates to help users in academia and industry create construction process models,
based on their knowledge of simulation as well as the construction domain. Using GPS
template, users build models utilizing abstract elements such as activities, queues, and
resources. SPS templates provide a set of elements related to a particular construction
domain, which makes simulation more accessible for industry.  Simphony has a
graphical user interface and hierarchical modeling capability. Users can drag and drop
elements into the Simphony modeling interface and connect them based on the logic of a
given process. Resources are assigned for different activities in the process and statistical

results are available for every resource in the process.

In Simphony, a simulation model can have any number of runs for Monte Carlo
simulation purposes if required. More than one scenario can be modeled in one
simulation file, which allows a user to run scenarios and compare them at the same time.
Simphony includes statistical outputs and different kinds of reports, such as cost and

resource utilization, which are useful for comparison purposes.

Model Development

Four different models were created for the NLRT tunnel project using the GPS template

in Simphony.NET 3.5, one for each alternative, as listed in Table 2.

226



Table 2- Tunnel Simulation Model Alternatives

Alternative Construction Excavation process
method
Alternative 1 Shotcrete Lining Excavate Heading and Bench in sequence
Alternative 2 Rib f‘irll‘iiggmg Excavate Heading and Bench in sequence
Alternative 3 Rib & Lagging Excavate Headings (for the entire tunnel), then Bench
Lining sections
Alternative 4 Rib f‘irll‘iiggmg Combination of Alt. 2 and Alt. 3 processes

In Alternative 4, because the soil condition of the tunnel in the middle section (Sections
with additional support type C shown in Figure 3) is not good, experts suggested that the
excavation of these sections be the same as alternative 3 and the rest constructed the same

as alternative 2.
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Figure 3 — Tunnel Longitudinal Sections (IFL Consultants, Inc. (2008))

The simulation algorithm for Alternative 1 is shown in Figure 4. The same algorithm with
a different list of activities for heading and bench construction was considered for the rib
and lagging lining in alternative 2. In alternative 3, the process is simpler as the

construction of headings is completed before construction of bench sections.
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Remove dirt { By conveyor and a truck)
Apply sealing shotcrete to all exposed
surfaces
™ Install first layer of wire mesh
Install lattice girders
Apply second layer of shotcrete
. e Install additional supports where applicable
Update cur.'rent section Install second layer of wire fabric

Attributes Apply last layer of shotcrete

¢ Check for utility extension interval

) ' Check f ing interval
-4 Construct 1 m of heading }47‘{65 FekIor surveying Interva

{ Cross Section counter ++1 ‘

Y

,-'E’(;ss sectionCoun@—Yes—bf:Remaining Length >0 >

— — -
No ~—
h 4
{ Construct 1 bottom section HND
Yes N
, — \\‘
_—Section Remainimg—___ Excavate one advance of Bench +invert
l“‘\Lf“gtth,/” \ Apply sealing shotcrete
I;T \‘\ Install first layer of wire fabric
‘9 \\ Install lattice girders
Section Number ++1 |/ Install additional measures where applicable
* Apply second layer of shotcrete

o Install second layer of wire fabric

_,,,,f-'SéEE{on Number< fafm\»\_“ Install additional support where applicable

““\\_\Sections Count ////- Apply last layer of shotcrete

— L Place temporary backfill
~
No
Y
F/ \\
{ End )
. ./

Figure 4 — Simulation Process Algorithm

To create graphically similar models and ease development, the simulation model for the
rib and lagging method was created in a similar manner to the shotcrete lining method
and also considered the longitudinal sections. This did not affect the simulation process
and outputs but resulted in models with similar appearances in the Simphony user
interface. Figure 5 shows the simulation model for both construction methods. As it is
shown in this figure, in both models the south and north bound tunnels are simulated in
the same Simphony file so the limitation of start time for the north bound tunnel can be
considered in the model (via a valve element at the beginning of the north bound process

model which controls an activator element in the south bound model; when the length of

228



south bound construction reaches 30m, the activator opens the valve and allows the

process in the north bound tunnel to start.)

z

NLAT - Norh

. /
5 .z‘ - 'Ill'lrl

MLRT - South [Stans First)

Figure 5 — Simulation model for different construction strategies for NLRT project

In order to make the model more organized and understandable for the user, the
hierarchical feature of Simphony was used; all activities for the excavation and lining of
the heading and bench are encapsulated in two composite elements (i.e., an element that
has no simulation behaviour and is used for grouping elements). Inside of each composite
element two cycles are modeled; the main cycle simulates the excavation and lining
process depending on the type of construction method and the other one simulates the
trucking cycle for removing dirt to the outside of the tunnel, which is similar for both

methods. Figure 6 shows the process of excavation and lining of one heading.

The sequence of tasks and their duration are obtained from historical data and expert
opinion. The durations are presented as minimum, maximum, and most likely values (i.e.,
a triangular distribution) for each activity. The statistical elements record the duration of

each cycle for different simulation runs.
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Figure 6 — Simulation model for the excavation and lining of one heading section

SIMULATION RESULTS AND ANALYSIS

Each simulation model was executed for 100 runs, to perform Monte Carlo simulation
analysis and to provide users with statistical output such as resource utilization and cycle
times. Also, for every simulation model, different scenarios were defined by changing
inputs such as resources, shift length, number of shifts per day and number of working
days per week. This allows users to test possible situations, compare outputs and select

the best solution. As an example, the results for Alternative 1 are included in Table 3.

Table 3 — Simulation result for Alternative 1 - Shotcrete Lining
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5-week and 11-week mobilization durations were considered for the north bound and
south bound portions of the project, respectively. A delay after the pre-built section was
also taken into consideration, to transfer equipment and mobilize tunnel parts. The
results of simulation models for other alternatives and their associated scenarios are

summarized in Table 4.

Table 4 - Simulation Result for Alternative 2 — Rib & Lagging
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N8 iz $ 28 | £ =
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= »n & [
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Two other scenarios gave results which were relatively close to alternative 2. This shows
that shotcrete lining takes less time than rib and lagging lining systems, which would
mean less interruption of traffic in the downtown area. Based on construction duration,
assumptions for the equipment list, and number of crews available, decision makers
should decide which alternative would be the best solution according to cost and

duration.
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Figure 7 — Cycle time of (a) north bound and (b) south bound tunnels of the project, using the

shotcrete lining method

The Simphony model also provides statistical results for the cycle time of tunnel
construction; since 100 runs were considered for each model, the statistical results
contained a range of numbers with a minimum, maximum and mean value of the range.
Figure 7 and Figure 8 illustrate the cycle time (hours) for construction of the north and
south bound tunnels of the NLRT project for shotcrete lining and rib and lagging

methods.
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Figure 8 — Cycle time of (a) north bound and (b) south bound tunnels of the project using the rib &

lagging method

The cost for the construction processes was divided into equipment cost, crew cost, and
material cost. Table 5 lists the approximate cost of each method, without considering
overhead cost or any costs related to final lining. The estimation shows similar values for
both methods; however, the overhead cost of the project (not shown) will be much higher

for the rib and lagging method because of the longer duration.
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Table 5 - Simulation Result — Cost estimation
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Based on the time and cost analysis, the sequential excavation method with shotcrete

lining seems to be the better solution. However, the final decision rests with the project
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managers, who will also consider availability of equipment and crew and time and cost

limitations.

SUMMARY AND CONCLUSION

This paper presents an application of simulation for the selection of a construction
method for a transit tunnel project. Simulation, a powerful tool in construction
management, helps decision makers to choose the optimum construction scenario,
considering limitations of time, money and space. This research utilizes the General
Purpose Simulation template in Simphony.NET 3.5 to develop models for two
construction strategies suitable for the tunnel project under study. Since the main concern
of the client was the project duration, the output results were designed to demonstrate the
cycle time for the tunnel construction. Four alternatives for the construction process and
two scenarios for each alternative were analyzed for this project. Based on the simulation
results, the sequential excavating method with shotcrete lining had the shortest duration,

which means it can save time and decrease traffic disruption in the area.
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Appendix D- User Manual for the Tunnel Construction

Template in Simphony 4.0*

OBJECTIVE

The tunneling template is a Special Purpose Simulation template which is meant to be
used for modeling entire tunnel construction operations, including shaft and tunnel
excavation, with an adequate level of detail and short implementation time. The template
allows users to compare different scenarios, detect problems that may happen during the
simulation, develop the optimum solution in order to increase the productivity, and
reduce cost for the construction and operation of a tunnel. A tunnel template is divided
into three categories: Shaft Elements, Tunnel Elements, and Support Elements. Shaft
Element is the only element that includes all the activities of shaft construction. The
Tunnel category consists of 7 different elements that enable modeling of TBM tunnel
construction, as well as sequential excavation tunneling. The Support category consists of
3 elements. More detailed explanation of each element and the functionality of each
element in the template will be discussed later in this document. This report explains
different aspects of the template in the latest version of Simphony (Simphony 4.0) in

detail.
TUNNEL CONSTRUCTION OVERVIEW

Tunnel construction occurs in different phases; if the tunnel is located in lower depths, in
order to get access to the tunnel, a vertical shaft called a construction shaft (working
shaft) is usually excavated. This shaft is the main access for lowering the equipment into

the tunnel or removing the excavated dirt to the ground level during the construction

! This manual was created in Dec. 2010 and revised in May 2012
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process. Shaft construction is usually done in sections with the depths dependent on the
soil type and geometry of the shaft. The excavation and lining processes are done for each
section sequentially. After finishing the excavation and lining of shaft sections, the tunnel

construction process can start.

Tunnel construction methods vary depending on geotechnical information, availability of
equipment, and the geometry of a tunnel. For long tunnels or tunnels with a large
diameter, a Tunnel Boring Machine (TBM) is typically utilized for excavation and lining
processes, while for short or small tunnels, hand excavation (Sequential Excavation) is a
better option. Before starting the tunnel construction, the tail tunnel and undercut area (an
enlargement at the bottom of the shaft used for staging material handling and dirt removal

operations) may be excavated.

Tunnel Excavation with TBM

TBM tunneling construction activities are divided into:

e Excavating the tunnel.

e Removing the dirt from the excavation area and transferring it to the working
shaft (using muck carts).

¢ Hoisting the dirt to the ground level (using a crane, clamshell bucket, gantry, etc.)
and transferring it outside the construction area.

o Lowering down the liners and transferring them to the excavation face.

e Lining the tunnel.

e Extending construction and utility services.

e Removing the TBM.
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A removal shaft is constructed at the end of the tunnel to remove the TBM. In this

method, the excavation and lining of the tunnel is done by the TBM. The linings are

concrete segments placed by the TBM. Figure 1 shows a typical tunnel layout.

Crane or Hoist

Undercut

.‘

Figure 1- Tunnel Construction using TBM

Figure 2 illustrates a simulation model for this type of construction method.
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Figure 2 - A Simphony Model for TBM Tunnelling

239



Tunnel Construction using Sequential Excavation Method (SEM)

The difference between the two methods is the tunnel construction process that models
excavation and lining. The excavation of a working shaft (if required) is the same as the
previous method, and there is no need to construct a removal shaft unless an access is
required at the end of the tunnel. For the tunnel lining, two options are considered; a ribs
and lagging lining and a shotcrete lining as a temporary lining are modeled in the
template. To be able to model both methods, two different tunnel construction elements

were developed while other elements of the template are the same.

In the Sequential Excavation method, the excavation area (tunnel cross section) is divided
into smaller segments based on tunnel size. The segments are then excavated and
supported sequentially. The excavation can be done by hand or by excavating equipment
such as backhoes and roadheaders. In medium-sized tunnels, usually a cross section is
divided into heading and bench segments as it is shown in Figure 3. The sequence of

excavation can be different based on the ground condition:

e Excavation of heading and bench happens sequentially; the length of excavation
can vary based on the design requirements. For instance, the excavation and
lining of the heading segment can proceed two meters, and then the bench
segment can be constructed. Usually, the heading segments are ahead of the
bench segments to provide enough space as a construction platform for the
heading part.

e The heading segment can be excavated throughout the tunnel before the bench

excavation starts.
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Figure 3 — Tunnel Sequential Excavation Method

In this excavation method, the tunnel is usually lined using rib and lagging or shotcrete

materials, based on the geotechnical condition (Figure 4).

Figure 4 — Tunnel Lining in Sequential Excavation Method

Figure 5 shows a Simphony model for Sequential Excavation tunneling.
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Figure 5 — Simphony model for Sequential Excavation Method
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SHAFT CONSTRUCTION ELEMENT

This category consists of one element that encapsulates all the tasks and related resources

required for the shaft construction.

Shaft Root

FA

Input Parameters:

Calendar:

Attribute Name | Type

Calendar

ShaftRoot?
AY

Calendar
Debug
|hzoming T race
OutgoingTrace

Drescription

Inputs
ConstructionStartD ate
Cost Configuration
Purpoze

Shape and Dimenzion:
SailLayers
Startinglocation
Tazks

Layout

Location

Size

Reports

Repart

Statistics
ConstructionDiuration

Deszign

4 Calendar

Standard

Waorking Shaft

181072010
Configuration
Working5haft
Circular
[Callection]

-10, 685.25, 0
[Callection]

185, 280
100,15

[Repart]

[Statiztic]

Default value
Enumeration | Standard

Figure 6 — Shape and Properties of the Shaft Element

Description
The Name of the Element
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A parameter in this section specifies a shaft calendar including working and non-working
days, shifts per day, and crew size per shift. A user should specify different calendars in

the scenario level and select one for each work area such as working shaft, tunnel, and

removal shaft.

Design:
A D pe Deta A De ptio
(Name) String ShaftRoot1 The Name of the Element
Description String The Description of the element
Inputs:
Attribute Tvpe Default Descrition
Name yp value P
Construction . The date that the shaft construction
Date Time - L . . .
Start Date begins including site preparation
Cost The Unit cost of crew, equipment
. . Custom data .
Configuratio 0 (crane) and material consumed
structure . i
n during construction of the shaft
The purpose that the shaft is used for;
Purpose Enumeration 0 it can be working shaft, removal
shaft, access shaft, or manhole
Shape and Custom data The shape gnd dimension of the shaft
Dimension structure 0 (supports circular and rectangular
shaft sections)
Soil Lavers List <Soil i A collection of soil layers in the area
Y Layer> which shaft is being constructed
Starting L .
. Vector 3D 0,0,0 The shaft start point in 3D coordinate
Location
. A collection of tasks for the
Tasks List <Task> i construction of the shaft
Report:
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=] Shaft Report

1] s
Run: All Runs h EE] .j L'i_"'
| o
Shaft Report
MName: WorkingShaft
Start Date: Oct.18/2010
Finish Date: Feb.07/2011
Dirt Removal
Excavated Dirt Volume 386.24m?® 3
||
i Costs
Crew Cost $30600
Equipment Cost $102000
Material Cost $1160
Total Cost $133760

Figure 7 — Shaft Element Report and its Properties

Attribute Name | Type Default Description
value
The simulated date on which the
Start Date DateTime | - preparation stage of shaft
construction began
Finish Date DateTime | - The simuliated date on which the shaft
construction was completed
Excavated Dirt The volume of dirt excavated so far,
Double - . .
Volume measured in cubic metes
The part of the cost of construction
Crew Cost Double - activities attributable to wages,
especially for direct labour
The part of the cost of construction
Equipment Cost | Double - activities attributable to equipment
(including crane) usage
The cost of materials used or
Material Cost Double - consumed during construction of the
shaft
Total Cost Double i The sum of Crew, Equipment, and

Material costs
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Statistics:

Default

Attribute Name Type Description
P value P
Construction The duration of shaft construction in
. Double 0
Duration days

In the following section, some input parameters will be discussed in more detail along

with the screen shots.

o Cost configuration: if a user clicks on a small button on the right-hand side of this
input parameter, the following window will pop up. In this window, a user can
provide the crew hourly cost, as well as the hourly cost of equipment such as

crane and material cost used for one meter of the shaft.

F R

shaft Cost Configuration
< X

Crew Hourly Ciost: W5 00

Ak

Equipment Hourhy Cost: 150.00

Ak

Material Cost Per Meter: 80.00

Ak

Figure 8 — Cost Configuration in the Shaft Element

¢ Shape and dimension: shafts can be constructed as circular or rectangular. A user
has two options to choose. The key difference between the circular and
rectangular shaft is the definition of area. The area for the circular shaft is defined
by its diameter, while for the rectangular shaft, length and width of the opening is
used. By selecting a particular shape, the parameters will automatically change

from diameter to length and width.
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2] Dimension Circular Shape) Rectangular
ape Rectangular
(Shape) Circular Length 10
Diameter 10 Width 10

Figure 9 — Shape and Dimension Properties in the Shaft Element

e Soil layers: when a user clicks on a button at the right-hand side of the “Soil
Layers” property, a window will pop up which includes a collection of soil
layers. When the user clicks the “Add” button, a new soil layer will be added to
the collection. In the property box of each soil layer, a user can choose a soil type
from 15 available types and specify other parameters of the soil. The order of soil
layers can be change by clicking the “up” or “down” arrows in the “SoilLayer
Collection Editor” window. A shaft can be in one or more soil layers based on the

shaft depth and defined soil layer depths in this section.

=

L i

G
Soil Laver 1 e S

lh"":J 'Jll ! |:"':

Soil Laver 2

Soil Laver 3

Figure 10 — Soil Layers in the Shaft Location
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SoilLayer Collection Editor |2 [
Members:
0 +
1| Clay
2| Bentonite +
(Mame)
HandEBxcavationF Constant{0.5)
MachineBxcavati Constant{0.9)
Sail Type Asphalt
SwellFactor 1.35
Thickness 15
(Mame)
The name of the activity.
Add ] [ Remove
| ok || cancel

Figure 11— Soil Layers Properties in the Shaft Element

e Tasks: by clicking the button next to the “Tasks” parameter, a window called
“Shaft TaskBase Collection Editor” will be opened. By clicking on a little arrow
next to the “Add” button, a user can see and select activities for the shaft
construction and enter the inputs for each activity in the property grid. The order
of the tasks can be changed using the up and down arrow (“Finish Construction”
task should be always added as the last task in this collection for all kinds of

shafts).
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T — h
ShaftTaskBase Collection Editor B

Members: Preparation properties:
0 Preparsion__ |\PSECEIYRE
1] Piling 2 | =
2| CircularShaftSegment B Inputs
3| CircularShaftSegment {Mame) Preparation
4| Slah5ump Duration Censtant(4)
5| TailTunnel
6| Undercut
/| FinishConstruction

{(Name)

The name of the activity.

Add *] [ Remove
| oK || Canesl

Figure 12— List of Shaft Construction Activities in the Task Property of the Shaft Element

The shaft root element can simulate the following tasks:

Preparation

e Piling

o Circular shaft segment/rectangular shaft segment
e Slab and sump

e Tail tunnel

e Undercut

e  Finish construction

Description:

This element represents the site preparation stage of the shaft construction.
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P haftTaskBase Colleria i

Members:

1] Preparation

Filing
CircularShaftSegment
CircularshaftSegment
SlabSump
TailTunnel

IIndercut
FinishConstruction

] e 5] Y 51 1

|

_
B Input

{Nam; Preparation
Duration Constant (4)
{Name)

The name of the activity.

| ok || Cancel

Figure 13- Preparation Task and its Properties in the Shaft Element

Inputs:

A D 2 a e pE Defta De PTIO

(Name) String Preparation The Name of the Element

Duration Distribution Constant(4) The duratlon . Of t.he site
preparation activities, in days

Output Parameters: None

Statistics: None

Piling

Description:

This element represents the piling activity of shaft construction.




ShaftTaskBase Collection Edi |2 [
Members Filing properties:
0| Preparation +
1
2| CircularShaftSegment !
3| CircularShaftSegment (Name) Piling
4| SlabSump Pile Diameter 1
5| TailTunnel PilesPerShift Constant(3)
&| Undercut SoilSwellFactor  1.25
7| FinishConstruction B Outputs
DisplacedDitVolu 593 4664872171565
MNumberZfFiles 31
Piling Duration 10.333333333333334
{(Name)
The name of the activity.
Add "I I Bemove
[ ok || cancel

Figure 14— Piling Task and its Properties in the Shaft Element

Input Parameters:

A D 2 a e pE Defta e De ptio
(Name) String Piling The Name of the Element
Pile Diameter Double 1 The diameter of the piles, in
meters
Piles per Shift Distribution Constant(3) The n.umb.er of'plles that can
be driven in a single shift
Soil Swell Factor | Double 1.25 The swell factor of the soil
around the shaft
Output Parameters:
Attribute Name | Type Default value Description \
Displaced Dirt The v.o.lume of dirt displaced t?y
Double 0 the piling process, measured in
Volume . -
cubic meters after piling
The number of piles necessary,
Number of Piles | Integer 0 given the pile diameter and
shaft dimensions
Piling Duration Double 0 Thef . du‘ratlon of the piling
activity, in days

Statistics: None
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Circular Shaft Segment/Rectangular Shaft Segment

Description:

The Circular Shaft Segment represents a circular shaft segment and encapsulates the liner

assembly, machine excavation, and beam and hang shaft installation processes of that

segment. The Rectangular Shaft Segment encapsulates the machine excavation

dimensions and Waler Installation processes of that segment. If the machine excavation

dimensions are less than the shaft dimensions, the remaining area will be excavated by

hand.

[Ehaft TackBate CoOlet iR

Preparation
Filing
CircularShaftSegment
CircularShaftSegment
SlabSump

TailTunnel

Undercut
FinizhCaonstruction
RectangularShaftSegment

*[)

CircularShaft Segment properties:

GircularShaft
BeamAndHangShaftinstallationDur Constant(1)

Depth 975
LinerAssembhyDuration Constant(5)

MachineBxcavation Diameter 10
B Outputs

ExcavatedDintVolume 1033.780332571891
B Statistics
Duration (Statistic)
{Name)
The name of the activity.

| ok || cancel

Figure 15— Circular Shaft Segment Construction Tasks and Properties in the Shaft Element
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ShaftTazkBase Collection Edi

Members:

Preparation

Filing
CircularShaftSegment
CircularShaftSegment
SlabSump

TaillTunnel

Undercut
FinishConstruction

RectangularshaftSegment

«][=]

e E RS E S

RectangularShaft Segment properties:

24|
EH Inputs
RectangularShaft Segmen
Depth 5
MachineExcavationLen 10
MachineBxcavationWic 10
Walerlnstallation Duratio

H Outputs

ExcavatedDirtVolume

H Statistics
Duration

(Name)

The name of the activity.

(Statistic)

] | Cancel |

Figure 16— Rectangular Shaft Segment Construction Tasks and Properties in the Shaft Element

Input Parameters:

Attribute Type Default Description
Name value
CircularShaft
(Name) String Segment / The Name of the Element
RectangularS
haftSegment
The distance between the top
Depth Double 9.75 and bottom of the segment, in
meters
Bean and Hang Shaft The time that it takes to install
Installation Duration | Distribution | Constant(1) | the bean and hang shaft for
(Circular) this segment, in hours
Liner Assembly The time that it takes to
. . Distribution | Constant(5) | assemble the liner for this
Duration (Circular) . .
segment, in shifts
The diameter of the area of
IV!achine E)_(cavation Double 14.67 this segment that \f\/ill l:?e
Diameter (Circular) excavated by machine, in
meters
The length of the area of this
Machine Excavation segment  that  will be
Double 10 . .
Length (Rectangular) excavated by machine, in
meters
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The width of the area of this
Machine Excavation segment that will be
. Double 5.5 . .
Width (Rectangular) excavated by machine, in
meters
Waler Installation The time it takes to install the
Duration Distribution | Constant(5) | waler of the rectangular
(Rectangular) segment, in days

Output Parameters:

Attribute Name Type Default value  Description
. The volume of dirt excavated from
Excavated Dirt . .
Double |0 this shaft segment, measured in
Volume . .
cubic meters after excavation
Statistics:

Attribute Name Type Default value  Description
The time between the start of

excavation and the end of any post-

Duration Statistic . S .
segment excavation activities, in
hours

Slab Sump

Description:

This element simulates the process of excavating the sump and pouring the slab.
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ShaftTazkBase Collection Edi
Members: SlabSump properties:
0] Preparation S
1| Piling —
2| CircularShaftSegment + :
3| CircularshaftSegment (Name) SlabSump
L] SlabSump SlabPouring Duration Constant(4)
5| TailTunnel Soil SwellFactor 1.25
6| Undercut SumpDepth 254
_7| FinishCenstruction Sump Diameter 1.93
SumpExcavationDuration  Constant(4)
Bl Outputs
Duration
ExcavatedDintVolume
(Name)
The name of the activity.
Add "J [ Bemove
| oK || Cancel |

Figure 17— Slab and Sump Construction Tasks and Properties in the Shaft Element

Input Parameters:

A D e pe Deta a 2 De ptio

(Name) String SlabSump The Name of the Element

Slab _ Pouring Distribution | Constant(4) The t!me that it takes to pour the

Duration slab, in hours

Soil Swell Factor | Double 195 The swell factor of the soil to be
excavated for the sump

Sump Depth Double 2.54 The depth of the sump, in meters

Sump Diameter Double 1.93 The diameter of the sump, in
meters

Sump' Excavation Distribution | Constant(4) The time that it takes to excavate

Duration the sump, in hours

Output Parameters:

Attribute Name | Type

Default value | Description

. The time taken to excavate the
Duration Double 0 .
sump and pour the slab, in days
. The volume of dirt excavated for
Excavated Dirt . .
Double 0 the sump, measured in cubic
Volume .
meters after excavation

Statistics: None
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Tail Tunnel/Undercut

Description:

This element represents the construction processes of a tail tunnel or undercut. The

process is comprised by sections defined in a data table.

' ShaftTaskBase Collection Editc B
Members: TailTunnel properties:
0| Preparation +
1] Piling
2| CircularShaftSegment :
3| CircularShaftSegment (Name) Tail Tunnel
4| SlabSump BreakOut Duration Constant (2)
#] TailTunnel lzUndercut Falze
6| Undercut Sections (Table)
7| FinishConstruction B Outputs
Construction Duration &
ExcavatedDitVolume 356 5309645148
(Name)
The name of the activity.
Add '] [ Bemove
| oK || Cancel

Figure 18- Tail Tunnel/Undercut Construction Tasks and Properties in the Shaft Element

Input Parameters:

A D e a e pe PDerta 3 De PDTIO
(Name) String TailTunnel The Name of the Element
Break Out T The duration for break out, in
. Distribution | Constant(2)
Duration days
Define whether it is tail tunnel or
IsUndercut Boolean
undercut.
Entries in this table determines
Sections Table the number of tail tunnel sections
and their properties

Tail tunnel and undercut can consist of more than one section. A user can open a table

and specify the properties of each section.
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Sections Table Editor

e

*

Diameter

Diameter ExcavationRate LegHeight Length
4

Riblnstallation Duration

The diameter of the semicircle at the top of a cross-section of this tail tunnel section, in meters.

RibSpacing SoilSwellFactor  Sail Type
4 q Asphalt

Figure 19— Tail Tunnel and Undercut Sections Specifications

Output Parameters:

Attribute Name Type ‘ Default value ‘ Description

The duration of construction
Construction Duration Double |0 of the trail tunnel /

undercut, in days

The volume of dirt excavated
Excavated Dirt Volume Double |0 from this tail  tunnel,

measured in cubic meters
after excavation
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Statistics: None

Finish Construction

Description:

This element marks the end of construction for this shaft; if its parent shaft is the

Working Shaft, then this element also triggers the start of tunnel construction.

[ShaftTackBace Collechtiii

(| Preparation

1| Filing

2| CircularShaftSegment

E CircularShaftSegment FinishConstruction
4

5

6

[«)[3)

SlabSump
TailTunnel
Indercut

(Name)
The name of the activity.

| oK || Cancel

Figure 20— Finish Construction Task in the Shaft Element

Input Parameters:
Attribute Name

Type Default value Description

The Name of the

(Name) String FinishConstruction Element

Output Parameters: None

Statistics: None
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TUNNEL CONSTRUCTION ELEMENTS

In this category, five different elements were created to model tunnelling activities. These
elements are responsible to model required tasks for tunnel excavation, as well as the dirt
removal process from the tunnel face to the undercut and to the ground level, lowering
down liners and materials, and many other activities inside a tunnel. A detailed

description of each element is provided in the following section.

Loading/Unloading

Description:

Loading/Unloading element represents surface area. It is responsible to simulate crane
activities for lowering down materials and liners and removing dirt from the tunnel to the

surface.
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4 Debug
Ircoming T race
Qutgoing T race

4 Design
LoadingUnloading
Drescription

4 |Inputs
CosztConfig Configuration
MurmberQfCranes 1
MHumberQfloaders 1

» TimeBetweenCraneFailure Constant[100]

» TimeToRepairCrane Constant[8]
Trucking Trucking

4 Layout

» Location 115, 125

> Size 100, 80

4 (Outputs
CrewCost $0.00
E quipmentCost $0.00

4 Stahistics

- TruckM aitingFileLength [Statizhic)

¢+ Truckh aitingTime [Statiztic)

5 - Mame
LoadingUnloadingT %’he nar:ll'ne af the element.
T

Figure 21— Shape and Properties of the Loading/Unloading Element

Parameters:
Design:
A 0 2 a e pe Defta alue De ptio
(Name) String LoadingUnloadingl | The Name of the Element
Description String The Description of the
element
Inputs:
Attribute Name \ Default value \ Description
Configures cost-related
Custom roperties for this element
Cost Config. data Double p P .
including crew and
structure

equipment hourly cost

260



The number of cranes on

Number of Cranes | Integer 1 site  for loading and
unloading trains.
The number of loaders on
Number of . . S
Integer 1 site for loading dirt into
Loaders
trucks
Time Between The time form the repair of
Distribution | Constant (100) one crane to its next

Crane failure

breakdown, in hours

Time To Repair

The time it takes to repair a

Distribution | Constant (8) .
Crane crane, in hours
The corresponding truckin
. Enumeratio P g &

Trucking " - element used to remove

dirt from this site

Output:

Attribute Name Type Default value | Description ‘
The part of the «cost of
construction activities

Crew Cost Double |0 . .
attributable to wages, especially
for direct labour
The part of the «cost of

. construction activities

Equipment Cost Double |0 . ]
attributable to equipment
(including crane) usage

Statistics:

Attribute Name Type Default value | Description

Truck waiting file

Statistics for the length of the

length Statistic | O line of trucks waiting to be
loaded with dirt
Statistics for the waiting time of
Truck waiting Time | Statistic | O trucks waiting to be loaded with

dirt
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WORKING AREA

Description:

“Working Area” element represents the area where trains travel to and from the tunnel
face; this area includes undercut, tail tunnel, and shaft lower part. This area is used for
TBM installation activities in TBM tunnelling and switch installation for train movement
when muck carts are used for dirt removal purposes. This area can be shared between two
tunnels; once the user increases the number of tunnels to two, the shape of the element
will be updated automatically to show two-way tunnelling. After tunnel completion, the
tunnel will be extended in the undercut area to the shaft location using hand tunnelling
method. This will connect the tunnel to the manhole which will be constructed inside the

shaft in the future.

4 Debug
|nzomingT race
QutgoingT race

4 Design
Working Area
Drezcription
4 |nputs
CostCaonfig Configuration
» FinalT agksDuration Constant[10]
» |nitialS etupDiaration Constant[8]
MHurmber0fTunnels 1
4 Laypout
» Location 110, 390
= Size 100, 20
4 Outputs
CrewCost $1.440.00
b aterialCost $1.200.00

TotalCompletedLength - 243
TotalCurrentLength 243

L — (Name)

ety LA

,,‘ﬁgﬁﬁﬁﬁﬁé The narme of the element.
WorkingAreal

Figure 22— Shape and Properties of the Working Area Element
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Properties:

Design:
A D pe Defta A De ptio
(Name) String WorkingAreal | The Name of the Element
Description String The Description of the element
Inputs:
Attribute Name | Type \ Default value | Description
The Unit cost of crew,
Cost Custom data 0 equipment and material
Configuration structure consumed during initial setup
and final construction process.
Include different activities such
Final Tasks T as Manhole construction,
. Distribution Constant (5) - .
Duration backfilling, and removing
utilities if required, in hours
Initial Setu S The time that it takes to setu
. P Distribution | Constant (5) . . P
Duration the working area, in hours
Number of The number of Tunnels
Integer 1 . .
Tunnels connected to this working area

Output Parameters:

. Default _—
Attribute Name Type Description
value
The cost of crew during initial
Crew Cost Double 0 setup and final construction
activities.
The cost of material used during
Material Cost Double 0 initial setup and final
construction activities.
Gets the length that the entire
Total Completed . &
Double 0 tunnel will be when completed,
Length .
in meters
Total Current Gets the current chainage of the
Double 0 .
Length tunnel, in meters.

Statistics: None
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TBM TUNNEL

Description:

TBM Tunnel element encapsulates the major excavation processes using TBM, including

excavating soil section, installing liners, installing track, and performing surveying. TBM

and train properties are specified in this element. Also, the user can specify multiple

tunnel sections based on different soil types in the area. By adding more tunnel sections

or changing the direction of the tunnel, the shape of the element will be updated

accordingly.

Calendar
4 Design
[Mame]
Drezcription
4 |nputs
CostConfig
Sechions
> StartingCondition
TEBM Confiquration
Train Caonfiguration
Turnellnfo
Layout
Location
Size
Outputs
ConztructionStartD ate
CurrentLength
Length
4 Heports
Report
4 Statistics
» AdvanceRate

v v b v

Calendar

'h
" S I T
R

TbmTunnel?

Standard

Tbhm Tunnel

Canfiguration

[Collection]

Date: 01/01/1980

Canfiguration

Configuration

Direction: East; Diameter 2.54; Seg

250, 400
243,80

19/04/2001 8:00 Ak
243

243

[Repart]

[Statiztic)

Figure 23— Shape and Properties of the TBM Tunnel Element
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Properties:

Calendar:
Attribute Name Default value  Description

A lend iated with
Calendar* Enumeration Standard 'ca endar. assoclated wi

this tunnel
Design:

Deta

A D DE PDe PtIOo
(Name) String TbmTunnell | The Name of the Element
Description String The Description of the element
Inputs:

Attribute Name Type

Default

value

Description

Custom data

Configures cost-related properties for
this element including hourly cost of
crew and Equipment except TBM as

Cost Config structure Double well as liner cost and other materials
cost per meter (TBM and train cost are
entered separately)

A collection of soil layer for this tunnel.
. List <Tunnel (Tunnels are divided in sections based

Sections . - .

Section> on number of soil types along the
tunnel.
The conditions for this tunnel to start. A

Starting Custom data Date tunnel can start on specific date or after

Condition structure completing the other tunnel or after the
other tunnel reaches a certain chainage.

TBM Custom data Configures TBM-related properties for

Configuration structure i this tunnel

Train Custom data Configures Train-related properties for

Configuration structure i this tunnel

Tunnel Info

Custom data
structure

Configures a set of attributes for this
tunnel such as diameter, direction, and
segment length

In the following section, some input parameters will be discussed in more detail along

with the screen shots.
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Cost configuration: a user can enter the cost of crew, material (anything except
concrete liner), liner, and equipment (except train and TBM) in the Cost
Configuration window by clicking on a small button on the right hand side of the

CostConfig property (it appears when the user clicks on the property).

Configuration
< X

Crew Cost Per Hour: 40,00

A+

*

b aterial Cost Per Meter: | 350.00

4

k

Liner Cost Per Meter G00.00

4

Equiprnent Cost Per Howr (270,00

A+

Description:
The cost far the crew per hor.

Figure 24— Cost Configuration in the TBM Tunnel Element

Sections: the tunnel is divided into different sections based on geotechnical and
geometrical information; for each section, the user can define a soil type that the
section is being constructed in and enter different inputs related to that section.
More than one tunnel section can be defined for one tunnel. By opening the
“TBM Tunnel Section Collection Editor” window, a user can add more sections
to the tunnel and update its attributes in the property grid of that section. Based
on the geometry of the section, the speed of the dirt removal equipment (train or
truck) can be different (in the curved section the speed of the vehicle will be
lower than in the straight sections). Also, for the curve sections, the surveying
intervals will be shorter, and the surveying duration can be longer. The
excavation rate and lining duration will also be different based on geotechnical

conditions of the section.
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TbmTunnelSection Cellection Editor &Ié]

Members: TbmTunnelSection properties:
K TomTumeiSecion IS
+
Soil Type ClayTill
4 Inputs
(Mame) TbmTunnel Section
> EmptyVehicleSpeed Constant(5) [
> BxcavationRate Triangular{2.5. 3.5, 3)
Length 496
LinerType Concreteliner
> LiningDuration Beta(15. 25. 6. 10) i
> LoadedVehicleSpeed Constant(5)
SoilSwellFactor 1.15 |
» SurveyDuration Uniform(120, 180)
Surveylnterval 14 4
4 QOutputs 1
CurrentLength 456
Finish Date 27/07/2011 8:26 AM
MatenalCost £45600
StartDate 14/02/2011 5:57 PM
4 Statistics
> AdvanceRate (Statistic)
{Name)

The name of the activity.

[ ok || Ccancel

Figure 25— Tunnel Section Properties in the TBM Tunnel Element

e TBM Configuration: the following figure shows the TBM Configuration. In the
Dimensions part, a user enters the general information about the TBM such as
TBM length, and the conveyer and gantry length, and their section lengths (a
conveyer and gantry are installed in different sections). In the Performance part, a
user enters the durations for installing conveyer and gantry segments and
resetting duration of TBM (in the resetting phase the TBM is fixed to the end of
last installed liners to start new cycle of excavation). The Reliability part
specifies the breakdown intervals, the time required to fix the TBM, and the
likelihood of the need to order TBM parts (a value between 0 and 1). In the

Deployment section, The TBM installation Duration and Cradle Installation

267



Duration are entered (The TBM is assembled on a steel cradle positioned on the
slab). In the bottom section, a user enters a TBM cost per meter and the duration
of driving TBM into the tunnel at the beginning of the tunnel excavation. No
lining process happens until the entire TBM enters the tunnel. Then TBM starts
excavating again and when the excavated length reaches the liner width, the first

concrete lining sets are installed.

P -

Configuration

4 X

Dimenzions

Lenath m): l.00 =
Conveyor Lenath [m): 36.00 =
Corveyor Section Length [m]: 4.00 =
Gantry Length [m): 36.00 =
Gantry Section Length [m]: 4.00 =
Performance

Corveyor Extenzion Duration [min]: | Corstant[150] - |
Gantry Extenzion Duration [min); | Constant{150] - |
Resetting Duration [min); | Triangular(10, 15,12 - |
R eliability

Time Between Failure [hr: | Congtant(100] - |
Time Ta Repair [hr]: | Congtant]2] - |
Fepair Requires Parts Likelhood:  |0.00 =
Deploprment

TEM Installation Duration [hrl: |I:|:|r'|stant['|I:I] v|
Cradle Installation Curation [brl: | Constant]0] - |
TEM Cost Per Meter: 750.00 -
Drriving TEBM Inta Tunnel Duration | Canstant[16] - |

Figure 26— TBM Properties in the TBM Tunnel Element
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e Train Configuration: in the train Configuration window, as shown in the
following figure, the number of muck carts and their capacity, and the number of
material carts are entered. Material carts are used to move liners from the
undercut to the tunnel face. In the Performance section, the duration for loading
and unloading dirt from carts is entered. Also, to be able to move the train closer
to the conveyer, the track should be extended in specific intervals. The track
extension intervals and the duration for this extension are also entered. The time
between train failure and the repair time are also entered in this section. The cost
per hour for using the train, and the available number of trains can be entered as

well. Dispatch Interval is the time between dispatches of trains.

To use more than one train, a switch installation is needed at the undercut area to
facilitate the manoeuvre of the trains in that area. The switch installation duration and the
associated cost should be entered by the user. If there is more than one train, the
installation length indicates that if the TBM reaches to that length, the switch installation
should take place, and the second train gets dispatched. There is no switch installation if

the user enters only one train.
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r B

Configuration

<+ X
Use trains from the other tunnel

Loadout
Muck Car Count: 3 =
Muck Car Capacity: 5.00 =
Material Car Count: 1 =
Perfformance
Muck Unloading Duration {min): |C.nnstant{5} - |
Material Loading Duration {min): |C.nnstar|t{5} - |
Track Extension Duration {min): |T|1'E|ngular{3'|}. 120, ¢ - |
Track BEdension Interval {m): & =
Reliability
Time Between Failure: |C.nnstant{1{H]} - |
Time To Repair: |Cnnstar|tl|',2} - |
Misc.
Cost Per Hour: 0.00 =
Cluantity: 1 =
Dispatch Interval: 1 =
Switch
Ingtallation Length {m): 100 =
Installation Duration {hr: |Cnnstant{55} - |
Installztion Cost: 100 =

Figure 27— Dirt Removal Train Properties in the TBM Tunnel Element

Output:
D)
Attribute Name Type efault Description
value
Construction Start The day on which tunnel
Date 0 . .
Date construction begins
The current length of the tunnel
Current Length Double 0 (including unlined portion), in
meters
Length Double 200 The total length of this tunnel, in
meters
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Reports:

Run:

=] Turnel Report

All Runs -

TBM Tunnel Report

Name: Tbm Tunnel

Start Date: April-19-11
Finish Date: December-31-99

TBM Installation
Start Date

Finish Date
Crew Cost
Equipment Cost
Total Cost

Switch Installation
Start Date

Finish Date

Total Cost

Costs

Crew Cost
Equipment Cost
Material Cost
Total Cost

October-01-10
April-13-11
$2.400.00
$9,700.00
$12,100.00

October-01-10
April-13-11
$0.00

$284,160.00
$1,127,900.00
$230,850.00
$1,655,010.00

m

Statistics:

Attribute Name

Figure 28— Tunnel Report Example in the TBM Tunnel Element

Type

Default value

Description

Advance Rate

Statistic

The penetration

rate of the

tunnel, in meters per hour
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SEQUENTIAL EXCAVATION TUNNELING ELEMENT WITH RIBS &

LAGGING LINING

Description:

Two tunnel elements represent SEM tunneling method, with two different lining systems:
shotcrete and ribs and lagging. These elements encapsulate the major excavation
processes in SEM, including excavating soil section, installing liners, installing track (if a
train is used for dirt removal), and performing surveying. A user can specify multiple
tunnel sections based on different soil types and the excavation sequence in the tunnel. In
this method, based on a tunnel cross section size, a train or truck can be used as dirt

removal equipment.

By adding more tunnel sections or changing the direction of the tunnel, the element shape

will be updated accordingly.
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4 Calendar
Calendar Standard

4 Design
[Mame] RibLaggingTunnell
Dezcription

4 Inputs
CrewCostPerHour $500.00
Eucavation Sequence [Collection]

»  FinalliningS peed Constant[5]
Heading Bench Advancement Ratio 2
I aterialCostCanfig Configuration
Sections [Collection)

> StartingCondition Date: 01/01/1980

» Tunnelinfo Direction: East; Diameter: 2.344;
‘Wehicle Configuration Configuration

4 Layout

» Location 270, 300

» Size 200, g0

4 Dutputs
ConstructionStartDate 31/12/9333 11:63 Fr
CurrentDiryolurmne 0
CurrentLength ]
Length 200

4 HReports
Fieport [Report]

4 Stahstics

» AdvanceRate [Statiztic]

it i [Mame]
it i The name of the element.
RibLaggingTunnell

Figure 29— Shape and Properties of the Ribs and Lagging Tunnel Element

Properties:
Calendar:
Attribute Name Type Default value Description
Calendar* Enumeration | Standard A Falendar associated with
this tunnel
Design:
Attribute Name Type Default value Description
. Sequential
(Name) String ExcavationTunnell The Name of the Element
Description String The Description of the element
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Inputs:

. Default _
Attribute Name  Type Description
value
Crew cost per
P double 500 The cost of crew
hour
. List <Tunnel | - A collection of cross section
Excavation . .
cross section> segments defining the sequence
Sequence . .
of excavation in one section
. . . . Constant | The speed of the final lining in
Final lining speed | Distribution P &
(5) m/hr
Heading bench 5 0 The number of heading section
advancement that is equal to one bench section
Custom data | Double Configures material cost-related
Material cost | structure properties for this element
config including materials for additional
supports
Sections List <Tunnel | - A collection of soil layer for this
Section> tunnel
Starting Custom data | Date The conditions for this tunnel to
Condition structure start. A tunnel can start on
specific date or after completing
the other tunnel or after the
other tunnel reaches a certain
chainage
Configures a set of attributes for
Custom data . :
Tunnel Info this tunnel such as diameter,
structure N
direction, and segment length
Vehicle Custom data | - Configures dirt removal vehicle-

Configuration

structure

related properties for this tunnel

In this section, some of the inputs will be discussed in detail:

Excavation Sequence

In this input parameter, a user should specify the sequence of tunnel section excavation

and its related tasks. For each small part of a section, a user enters an area, and a list of

the excavation and lining tasks.
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RibLaggingTunnelCrosssection Callection Editor

Members: Heading properties:

1| Bench

4 Dutputs
CurrentLength

[Hame]

Add '] [ Bemove

Heading
10

[Collection)

0

The name of the activity,

Lo JI

Cancel

Figure 30— Ribs and Lagging Tunnel Cross Section Properties

In the tasks collection, a user can add tasks from a predefined list. For instance, for ribs

and lagging support system, the following tasks are defined:

ddd *] | Hemowve

IntallRibTask

LagqingTask
FelocateSpreaderBeamTask
RibLaggingBackfill Task
FibLaggingExcavateTask
RibLaggingTempBackfillTask
RibLagging TunnelTask
spreaderBeamTask

supportingRodsTask

Figure 31— List of Tasks in the Ribs and Lagging Tunnel Element
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RibLaggingTunnelTask Collection Editar @
Members: Ewcavation properties:
+ == | 4
1| Install Lagging = Ll |
2| Install Rib 4 Inputs _
3| Inztall Spreader beam [Mame] Excavation
4| Install Supporting B ods > MovingDuration Constant{10]
[Mame]
The name of the activity.
Add *] [ Bemove
[ ] ] [ Cancel

Figure 32— Task Properties in the Ribs and Lagging Tunnel Element

For each task, there is a “Moving Duration” input that shows duration to move equipment

and materials and make sections ready for the next task. The user can enter zero if there is

no gap between each task.

Material Cost Configuration

In this section, a user enters a unit cost for the different materials that are usually used

during the excavation and lining of this tunneling system.
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o

Configuration
< X
Rib Cost [/m):
Lagging Cost [/m]:
Timber Spreader Cosgt [/m]:

Steel Rods Cost [/m):

Backfill Concrete Cost [fm]:

F0.00
60.00
70.00
90.00
0.00

Figure 33— Cost Configuration in the Ribs and Lagging Tunnel Element

Sections

This attribute defines different sections along the tunnel length.

Members:

i me
1| TunnelSectionl

RibLaggingTunnelsection Callection Editor

TunnelS ection properties:

&dd

Remove

Appearance
SoilType

Inputs

[Mame]
ConstructionD elay
Emphyv'ehicles peed
Excavation Speed
Lenath
LoadedehicleSpeed
SoilSwelFactor
SurveyDistance
SurveyDiuration
Outputs
Cumulativelength
CurrentLength
FinizhD ate

b aterialCost

StartD ate
Statistics
AdvanceRate

[Hame]
The name of the activiby.

Aszphalt

TunnelSection
0

Constant(5)
Constant(5)
100
Constant[5]
1.3

10
Consztant[1]

100

1]

3NA12/93933 11:59 PM
F0.00

3A12/93933 11:59 PM

[Statistic]

k. ] [ Cancel

Figure 34— Tunnel Section Properties in the Ribs and Lagging Tunnel Element

277



Vehicle Configuration

For excavation dirt removal, either a train or a truck can be used, based on the tunnel size.

As it is shown in the following figure, a user can select what kind of vehicle is used for

dirt removal inside the tunnel.

Configuration Configuration
v X 4 X
Vehicle Type: | Truck, - Vehicle Type: | Train -
Loadout Loadout
Capacity (m3]: 10.00 Muck Car Count; 3
Perfomance Muck Car Capacity [m3]: 230
uck Unloading Druration (min: |Constant[5] v| Material Car Count: 1
t aterial Loading Duration [min]: |Constant[5] '| Performance
Muck Unloading Duration [min): |E0nstant[5] hd |
R eliability
Time Between Failure [kl |C0nstant[1 o] —v| M aterial Loading Duration [min): |C0nstant[5] - |
. . e Track Extension Duration [min]: i -
Tirne to Repair [(hrl: | Congtant(2) - | (min} |M|
Track Extension Interval [m]: L] =
Iisc.
Cost per Hour: 0 Refiabilty
. Time Between Failure (hr]; |E0nstant[1DEl] - |
Cluantity: 1 —_——
Time Ta Repair [hr): -
Dispatch Interval [hr): 1 ime Ta Repair (ki) |Constant[2] |
Mizc.
Cost Per Hour: 0.00
Guantity; 1
Dizpatch Interval: 1
100
Congtant(0] -
i}

Figure 35-Properties for the Dirt Removal Vehicles in the Ribs and Lagging Tunnel Element

Outputs:
Attribute Name Type Default value  Description
Construction The day on which tunnel
Date . .
Start Date construction begins
The current length of the tunnel
Current Length Double |0 (including  unlined portion), in
meters
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Current Dirt The amount of dirt currently
Double |0 accumulated at the tunnel face, in
Volume
m3
The length that the entire tunnel will
Length Double | 250 & .
be when completed, in meters
Report:
=] Tunnel Report I. 5] -i_:h]
Run: All Runs - 523 -

Sequential Excavation Tunnel Report

MName: SequentialExcavationTunnel
Start Date: Jun.30/2011
Finish Date: Oct 30/2011

Costs

Crew Cost $1959466.67
Equipment Cost $1950466 67
Material Cost $356720
Total Cost $4275653.33

—d

Figure 36-Tunnel Report in the Ribs and Lagging Tunnel Element

Statistics:

Attribute Name Type Default value  Description

The penetration rate of the

Advance Rate Statistic 0 .
tunnel, in meters per hour
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SEQUENTIAL EXCAVATION TUNNELING ELEMENT WITH

SHOTCRETE LINING

Description:

Two tunnel elements represent SEM tunneling method with two different lining systems:
shotcrete and ribs and lagging. These elements encapsulate the major excavation
processes in SEM, including excavating soil section, installing liners, installing track (if a
train is used for dirt removal), and performing surveying. A user can specify multiple
tunnel sections based on different soil types and the excavation sequence in the tunnel. In
this method, based on a tunnel cross section size, a train or a truck can be used as dirt

removal equipment.

By adding more tunnel sections or changing the direction of the tunnel, the element shape

will be updated accordingly.

Tunnel with Shotcrete Lining

This element is similar to ribs and lagging tunnel element described in the previous
section. The only difference is the list of excavation and lining tasks in the “Excavation
Sequence” attribute, and material cost in the “Material Cost Config.” There are also

additional inputs in the “Sections” attribute.

Excavation Sequence
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ShotcreteTunnelCrossSection Collection Editar

ki embers:

1| Bench

Add *] [ Remove

Heading properties:
HHE
4 Inputs
[Mame] Heading
Area 10
Tazks [Collection]
4 Dutputs

CurrentLength 0

Tasks

The tasks to be carmed out regarding this
Crozs section.

ShotcreteTunnelTask Callection Editor

ki embers:

0] Excavation

Apply Shatcrete

Apply Wire Mesh

Install Lattice Girder

Apply Shatcrete]

Apply Wire Meshl

Apply Shatcrete?

Perform Additional Suppaort

(]3]

||| en| e oo —

E wcavation properties:

A=

4 Inputs
[Mame] Excavation
> MovingDuration Constant{10]

SpplyShotcreteTask
LatticeGirderTask

bizcTask

Performddditional SupportTask
ProbeHoleTask

ShotcreteExcavateTask
ShotcreteTunnelTask
SupseyTask
TermpBackfillTask
WirebdeshTask

[Hame]
The name af the activity.

Cancel

Figure 37-List of Tasks for the Tunnel Cross Sections in the Shotcrete Tunnel Element
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For each task, there is a “Moving Duration” input that shows duration to move equipment
and materials and make sections ready for the next task. A user can enter zero if there is

no gap between each task.

Material Cost Configuration

Since different materials are used in the shotcrete system, a list of materials in the cost

configuration attribute is different than that for the ribs and lagging method.

| Configuration

+ X

Lattice girder cost [/m]: E0.00 =
ketal sheets cost [fm); G000 =
Reinforcement pillars cost [fm): 7000 =
Shotcrete cost [Am); 30.00 =
Spilez cost [/m): 90.00 =
Wire mesh cost [fm): 100,00 =
B ackfill Concrete Cosgt [fm]: 0.oo =

Figure 38—Cost Configuration in the Shotcrete Tunnel Element

Sections
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ShotcreteTunnelSection Collection Editor

Members:

1] me
1| TunnelSectionl

TunnelSection properties:

)41 |

4 Appearance
SailType
4 Inputs

[Mame]
Additional Supports Configuration

Aszphalt

TunnelSection
Configuration

ConstructionDelay 1]
» EmptyvehicleSpeed Constant[5)
»  Ewcavation Speed Constant[5) E
Length 100
»  LoadedvehicleSpeed Constant[5])
ProbeHoleDistance 10
» ProbeHoleDuration Constant[15]
SoilSwellFactor 1.3
SurveyDistance 10
» SurveyDuration Constant[1)
4 Dutputs
Curnulativelenagth 100
CurrentLength 1] -
[HName]
The name of the achwvity.
[ ok ] [ Cancel

Figure 39-Tunnel Section Properties in the Shotcrete Tunnel Element

In shotcrete lining method, based on geotechnical conditions, some sections require

additional supports. So for each section, a user can enter the additional support

information from common materials.

Also, in the site, to investigate soil condition, the contractor digs probe holes a certain

distance along a tunnel. Here, a user can also specify that distance and the excavation

duration for each set of these probe holes.

The other attributes are the same as for the ribs and lagging method.
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FINISH CONSTRUCTION

Description

This element is responsible for the final activities in the construction process. In TBM

tunneling, it is responsible for modeling TBM removal and hand tunneling in the

undercut area, and in the SEM method, it is used to enter the duration of final tasks in the

tunnel construction.

. Finish str

...................

4 Design
[Mame]
Dreszcription

4 Inputs
CostConfig

4 Lapout
> Location
> Size
4 Outputs
CremCost

OtherCost

Debuqg

[nzoming T race
OutgaingTrace

Haz Hemowval Shaft
> Remowvalluration

EquipmentCost

FinishConstruction

Configuration
False
Constant[7]

780, 350
100, 50

0
0
30

Figure 40-Shape and Properties of the Finish Construction Element

Properties:

Design:

A D D PDe a De PTIO

(Name) String Finish Construction | The Name of the Element
Description String The Description of the element
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Inputs:

Attribute Name Type Default value  Description
Configures cost-related
. Custom data roperties for this element
Cost Config Double p P .
structure including hourly cost of crew,
material and equipment.
The time that takes to remove
Final Tasks T TBM in TBM tunneling and do
. Distribution Constant (14) . . & .
Duration final tasks in other tunnelling
method.
Indicates whether the process
Has removal has removal shaft, if enter yes, it
Boolean False .
shaft will create arrows to connect to
removal shaft element.
Outputs:
. Default ..
Attribute Name Type Description
value
The part of total cost of construction
Crew Cost Double |0 activities attributable to wages for workers
inside this the tunnel
. The cost of Equipment associated with the
Equipment Cost Double |0 quip
process
The cost of material used to build manhole
and fill shaft in TBM tunneling or do final
Material Cost Double 0
works at the end of the tunnel for other
methods.
The total miscellaneous costs associated
Other Cost Double |0 .
with the process
TBM Removal Date The date on which removal of the TBM
Start Date began.
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SUPPORT ELEMENTS
PROJECT

Description:

This is the parent element that will hold all other elements related to the tunnel template.
The user can have more tunnel construction projects in one simulation model. The supply

element is the only element that can be placed outside of the project element.

4 Calendar
StartD ate A0/ 2010
4 Design
Mon AsBuilt
Description
4 Gnd
[» GridSize h. b
ScaleF actor 1
ShowGrnd Falze
ShowRulers Falze
SnapTolnd True
4 Indirect Costs
Type Percentage
Walue [
4 Inputs
CrewCaonfig [Callectian)
4 Layout
[+ Location 450, 195
[ Size 117111
4 Dutputs
Indirect Cozt 220,255,058
4 Reports
Report [Repart]
[Hame]
The name of the element.

Figure 41-Shape and Properties of the Project Element
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Properties:

Calendar:

Attribute Name | Type Default value  Description

Start Date DateTime The start time of the project.
Design:

A D e 2 e pe r a 2 e ptio

(Name) String Projectl The Name of the Element
Description String The Description of the element

Indirect Costs

Attribute Name Type Default value  Description
Tvoe Strin Percentage Indicates how indirect cost is
e & 8 calculated

The percent that user enters to
calculate indirect cost. Indirect

Value Double cost will be calculated by
multiplying the direct cost by this
value.

Inputs:

Attribute Name Type Default value  Description

Crew Config Collection A collection of crew in this project

Outputs:

Attribute Name Type Default value  Description

Indirect Cost Double Indl.cates the indirect cost of the
project

Report:
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=] Project Report I. (5] —E‘vh]

Run: All Runs - B2 S H-

Project Report

Name: Project1
Start Date: Oct.01/2010
Finish Date: Aug.10/2011

m

Costs
Crew Cost $261112.5
Equipment Cost $960875
Material Cost $53000
Dirt Removal Cost $0
Indirect Cost $0
Total Cost $1314287.5
Figure 42— Project Element Report
Attribute Name Description ‘
Crew Cost The part of total cosF of constr'uction activities attributable
to wages for workers in the project
Equipment Cost The total cost of Equipment in the project
Material Cost The total material cost for the project
Dirt Removal Cost The cost associated to the dirt removal activities

The total indirect cost calculated based on the project

Indirect Cost . -
duration and the hourly rate of indirect cost

Total Cost The sum of direct and indirect cost of the project
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SUPPLY
Description:

This element is used as a supplier of tunnelling materials, such as liner and rib and
lagging; it is also used to supply the TBM parts, if needed. Supply element can supply
material for more than one project in one simulation model. A user should add it to the

project level.

4 Design
[Mame] Supplyl
Dreszcription
4 |Inputs
» o DelivenDelay Constant[8]
bd aterialz [Collection]
4 Layout
» Location 215, 235
> Size 160,120
4 Dutputs
Recard [T able]
[Hame]

The name of the element.

Sppl*ﬂ

Figure 43— Shape and Properties of the Supply Element

Properties:
Design:
Defta
A 0 2 a e DE De ptio
(Name) String Supplyl The Name of the Element
Description String The Description of the element
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Inputs:

Default
value

Attribute Name | Type

Description

The time between the material
Delivery Delay Distribution Constant(8) order and the corresponding
material delivery, in hours

A collection of materials that
Materials Enumeration needs to be ordered and
supplied during the project..

MaterialType Collection Editar @
M embers: Liners properties:
0 s Al
1| Rib&ndLagaing |:| E] -
2| TEMParts |+ | 4 Inputs
— Iritialt urmber 100
Liners
OrderSize 20

OrderThrezhald 50
Requesting Elerr

Hame
The Mame of the type of matenal

()4 ] | Cancel

Figure 44— Material Supply Properties in the Supply Element

For each material, a user should enter the initial number of that material in the site, order
size, and the threshold for ordering a new batch for the project (if available number of

material gets less than this number, a new request will be created for that material).

Output parameters:

Attribute Name Type Description

A record of all material requests

Record Table for this supplier
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As an output value, a record of material requests and their delivery time are listed in a

table as below:

i ™

Supply Table Editor e S|

Cuantity Request Delivery

Regquested Date Date Commert

b EE 07/05/2012 |07/05/2012 | Liner order placed by LoadingLnloading’

100 29/05/2012 | 29/05/2012 | Liner order placed by LoadingUnloading1

100 18062012 | 187062012 | Liner order placed by LoadingUnloading1

100 e 202 | 2770642012 | Liner order placed by Loading Unloading1
Quantity
The quantity of supplies deliverad.

Figure 45— Supplied Material Report in the Supply Element

Statistics: None
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TRUCKING

Description:

This element represents the earth moving operation of the tunnel, which takes excavated
dirt from the tunnel site to a dumping area. This element is a stand-alone element which
should be added as a child element of the project element. It communicates with the
corresponding Loading/Unloading element to move the excavated dirt from the shaft
location to the dumping site to allow the tunnelling operation to continue. If the amount
of dirt reaches the maximum volume of the dirt that can be sitting in the site, the

operation will stop until the dirt is transferred to a dump site.

{Mame) Trucking
Description
4 [Inputs
CostPerHour 50
Cirt DumpCost £0
[ Dumping Duration Constant(0)
[ EmptySpeed Constant (60)
Hauling Distance 0
[+ LoadedSpesd Constant (50)

[» LoadingDuration Constant(0)
MaimumDitVaolume  Infinity
MumberCf Trucks 1
RetumingDistance 0

TruckVolume 20
4 Layout
[ Location 780, 30
[+ Size 112,112
4 Outputs
DumpedDirtValume 0
TotalCost EMaM
Design

Figure 46— Shape and Properties of the Trucking Element
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Properties:

Design:
A 0 2 a e pe Defta alue e ptio
(Name) String Truckingl The Name of the Element
L . The Description of the
Description String
element
Inputs:
Attribute Name Type Default value  Description
Th t h f i
Cost per hour Double 0 . © cost per hour ot removing
dirt
Dirt Dump Cost Double 0 The cost of dumping one cubic
meter of dirt
The time that it takes one
Dumping Duration | Distribution Constant(0) truck to dump its dirt in
minutes
e The average speed of an
Empt Distribut C tant(60
mpty Speed istribution onstant(60) empty truck in km/h
The distance from the loading
Hauling Dist Doubl 0
auling Distance ouble site to the dumping site, in km
. The average speed of a
Loaded Speed Distribution Constant(50) loaded truck in km/h
The time that it takes to load
Loading Duration Distribution Constant(0) one truck with dirt using one
loader, in minutes
The maximum volume of the
Maximum Dirt N d!rt t'hat can 'be S|tt|'r1g‘ in as ‘a
Infinity pile in the sites utilizing this
Volume . . .
trucking element, in cubic
meters
The number of trucks used to
Number of Trucks | Integer 1 carry dirt from the project
site.
Returnin The distance from the
. B Double 0 dumping site to the loading
Distance .
site. In Km
Truck volume Double 20 The volume of single truck in

cubic meter
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Output parameters:

Attribute Name Type \ Default value \ Description
Dumped Dirt The volume of .dll’t .dumpe.d
Double 0 at the dump site, in cubic
Volume
meter
Total Cost Double 0 Tht=j t.otal cost of dirt removal
activity

Statistics: None

Details of Tunnel template Programming

There are couple of details in the programming of the tunnel Simphony template and
federation as listed below. Also see the Tunnel Construction User Manual Document for

more details that not covered here.

1. Lining of the last meter of the tunnel:

The last meter of the any prerequisite tunnel element (ie. the last section of a tunnel
element that is not connected to the Finish Construction element) will be lined before

leaving the tunnel element.

During the construction of the last Tunnel (the one connected to the Finish Construction
element) the TBM will be pushed out into the Finish Construction (ie. the dirt entity will
transfer out of the Tunnel element towards the Finish Construction element) and the last
meter will be declared as lined after FinalTasks are complete. The dirt entity is sent back

through the Tunnels where the last section of the last tunnel will get updated.

// If this is the last section...
// If there remains unlined tunnel at the end due to length of the tbm,
// hand-line the tunnel as the tbm is pushed into the retrieval shaft.

if  (this.Tunnel.LastSection == this && this.CurrentLinedLength +
this.Tunnel.SegmentLength >= this.Length)
{

// If it's the first and only tunnel, the tbm is pushed into the retrieval
shaft. Or if the tunnel is completely lined
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if (this.Tunnel == this.Tunnel.LastTunnel || this.CurrentLinedLength >=
this.Length)

{
// Schedule the train to transfer through this soil layer.

this.Engine.ScheduleEvent(dirt, this.transferToTunnelFaceEvent, duration);

}

else if (!this.FinishTime.IsFinite())

{

// Move to the tunnel face and continue to line the last meter.
this.Engine.ScheduleEvent(dirt,this.Tunnel.ArriveAtTunnelFaceEvent,
duration);

¥
}

else

{

// Move to the tunnel to continue excavation / lining.
this.Engine.ScheduleEvent(dirt,this.Tunnel.ArriveAtTunnelFaceEvent,
duration);

}

(From the TbmTunnelSection class)

Multiple tunnel elements now act as if it were a single (and the first) Tunnel. For cosye
purposes especially, Simphony sends acumulative lined length (the sum of all
linedlength of each tunnel element) for reporting. To make the Tunnel elements behave
like tunnel sections when a dirt entity arrives at subsequent tunnels, it maintains the
number of trains, train instances, capacity etc. from the first tunnel element. (ie. we do not
create additional or new set of trains). A property called CurrentTunnel was created and
as the name suggests is a reference to the tunnel that being excavated at that moment.
Only current tunnel is allowed to send updates to other federate. The LastTunnel is the
tunnel element that is connected to a finish construction element. It is made so that the
AsBuilt and the Reporting Federate are able to send and receive updates to the
correct tunnel object instance, but from a user point of view it will seem like a single

tunnel as being worked on.
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Appendix E- User Manual for the Tunnel Construction

Federation in COSYE

This research utilizes an HLA-based distributed simulation to record as-built documents

in different construction projects. In this research, a tunnel construction project is used as

a case application to document as-built project information in an integrated manner. The

developed model is used to record the entire tunnel construction process and product

information, including adequate details of project progress, resource interaction, daily site

information and product data.

The tunnel federation is a distributed simulation model developed in the COSYE

environment to simulate the tunneling operation and record as-built information. The

federation consists of a number of components including the Simphony federate,

visualization federate, report federate, and support federates.

[gi?e Data| *

:Z?i‘ Federate

Process Modeling Federates
As-built Report As-built Updated  Plan Process
) Federate Process Model Process Model Model
= : X =i ‘ x =B E =i
| | | -
I 1_ 1 !
COSYE RTI (Run Time Infrastructure)
| | | |
..* *

Forecasting
Federate

Support Federates

Supply Federate

Figure 1— Tunnel Construc

5 ——

Federate
Visualization Federates

S =

tion Federation

 S——

296



But for as-built documentation, three main components should join the federation: the
Simphony federate to model the as-built construction operation, the report federate, and
the as-built federate. The Simphony federate, which is responsible to model tunnel
construction operation, is the main component of the federation. Based on the actual
project status, two, three, or more Simphony federates may join the federation, which will
be discussed later in this document. The as-built federate is responsible to update as-built
information by connecting to the Microsoft Access file that stores plan and as-built data
in multiple tables. Finally, the report federate generates a summary and detailed reports
for the comparison of plan and actual project results for various project management
studies. This manual explains the process of executing the federation and provides useful

details of running the federation.

Tunnel Federation Execution

To run the tunnel federation for the purpose of as-built documentation, four federates
should join the federation when no changes happen to the process model: plan Simphony
model, as-built Simphony model, a report federate, and an as-built federate. If any
changes happen to the construction process and therefore the model in Simphony requires
updating, another Simphony federate with the actual process model should be created.
This federate, as a new federate, can join the federation before its execution. To run the

federation, the following steps should be followed:

e A user should add the RTI connection element to the project level in each
Simphony model. The RTI connection has two main attributes that should be set
to make the Simphony federate join the tunnel federation and communicate with
other federates using the same FOM document. The “FddLocation” attribute

presents the location of FOM for the Tunnel federation, and the “Federation
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Name”

defines the federation that a federate is joining. The FOM document is an

XML file that is stored in the Cosye.Tunneling folder.

If the Simphony model is running on a different machine than the one that RTI is

running on, “Host Name” and “Host Number” attributes should be changed to the

name and IP address of the computer that the RTI is running on.
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\‘\._

i FederateType Simphory Model
Lookahead 1
4 Federation
il . e AutaStartCount i]
NLRT-Portal Drainage Project FddLocation D:AWork\Cosye. Tunneling3\Cosye Tunnelingh
FederationM arne Tunneling

e 4 Layout
Vgl > Lacation 455 250
> Size a0, 50

] PR T
RTI Corlnechon.z o (Name)
1 [ + The name of the element.
00% &0 ®H L

) 4 Connection -
Edit  View Help FileM ame Cozye.Hla.RhExecutive.rem i
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x
s PartMumber 8333
- 4 Design
[EET= RTI Connection2

4 Federate
DeterminesTemination  True

m

‘—‘ Diescription

Figure 2— RTI Connection Properties in the Simphony Federate of the Tunnel Federation

o Ifany

changes happen to the process model and a new Simphony federate joins

the federation, a user should modify tunnel project names to facilitate the

message sending and receiving process in the federation.

In the as-built Simphony model, project element should be named after
the project name in the database.

The as-built project with a change order needs to contain project name
but cannot be exactly the same as the previous one. For example, if the
as-built project name is "NLRT-Portal Drainage Project,” this one should

be named "NLRT-Portal Drainage Project Revised."
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» The non as-built project that runs just on user input can have any name
but, CANNOT contain as-built project name (here: "NLRT-Portal

Drainage Project").

The next step is to open the as-built federate. This federate should be open inside the
Federate Host (shown below) which is in the COSYE folder in the program file

(C:\Program Files (x86)\Cosye).

( "\i"\ Cosye Federate Host - = X

@- 28 X\ > 11 O

Local RTI Federates Simulation

Federation

4 Federation
AutoStartCou 0
FOD Location
Federation Mz Untitled
4 Misc
Filker ML files 7 xmil)l. 4nnl
Mame Untitled
4 RTI Connection
File Name Cosye Hla Rti Executis
Host Hame  localhozt
Port Murber 8989

Mame

Figure 3— COSYE Federate Host

Then, a user can open the as-built federate inside the Federate Host. A user can select

the XML file called “AsBuilt” from the following address:

C:\..\Cosye.Tunneling.Startup.AsBuilt\bin\Debug.

299



6 Cosye Federate Host - = X
Host
S
New
1, Short News 5-7.rtf
[T I O
3. Customer Email.rtf
E Save.. 4 example.rif
/= Options
Port Mumber 8989
Mame |
-
=]
Figure 4— Opening As-built Federate inside the Federate Host
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Figure 5-As-built Federate in the Tunnel Federation
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In this phase, a user can specify an as-built database by clicking the “Database
Location” button. A user can also select the as-built database after the federation
execution starts. In this case, the as-built federate will automatically open a window

and ask for the database file.

o Report federate can be opened by double-clicking on the file named

“Cosye.Tunneling.ReportFederate” at the following address:

C:\..\Cosye.Tunneling.ReportFederate\bin\Debug.

Project Management Report

Project Mame Start D ate Finish Date Current Chainage Lazt Updated On

[ Jain ] ’ Execute ]

Figure 6-Report Federate in the Tunnel Federation

After all federates get ready to join the tunnel federation, COSYE should start through a

federate host or by opening COSYE from the start menu.
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Figure 7-Running RTI from the Start Menu
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Figure 8-Start/Restart RTI Using the Federate Host
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The next step is to join all federates to the federation. In the as-built federate and report

federate, a user should click on the “Join” button, and in Simphony federates, a user

should run the model. When all federates join the federation, a user can click on “Run

Federation” or “execute” button to run the federation and wait until the simulation of

Simphony models is complete.
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Figure 9-Running Tunnel Construction Federation to Document As-built Information

Once the simulation ends, a user can get multiple reports about the project, both for the

planning and actual construction processes.
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Figure 10-List of Management Reports in the Report Federate

In the middle of the simulation run, a user is also able to select a report and open it and

get the latest status of a project.
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