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Abstract

A plethoraof information combined with the participation of diverse disciplines

during the tunneling life cycle results in fragmented information components. To
address this problem, integrated information systems provide a unique
environment tostore project information. In this regard, consistent data structure

facilitates successful information exchanges between project segments.

This thesis presents an integrated Tunnel Information Modeling (TIM) system
similar to the vastly studied Buildinigformation Modeling (BIM) concept. The
proposed TIM model offers a mulfimensional modeling procedure to develop
an integrated and interoperable tunnel information model. The extension
capability of the current Industry Foundation Classes (IFC) stanslatdized to
define new classes for tunneling construction projects. The aim is not to develop
an extension domain for the IFC data model, but to propose eosEpp
framework to achieve such an extension for tunneling projects. The resulting
framewak can be used as the primary component for developing an -object

oriented application interface.
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Chapter 1: Research Study Overview

1.1 Background

The current state of architectural/engineering/construction (AEC) industry is
associated with a great amount of inefficiency aheé causes less labor
productivity in comparison to the manufacturing industry (Teicholz, 2001). The
construction industry hagdramatically transformed in recent years, with
construction projects significantly increasing in complexity, specialization, and
scale. Although there have been considerable technological advancements over
the years, the productivity has been on a yedrigc | i ne of 0.6% since
(Forbes and Ahme 2011) Studies conducted by the US Department of
commerce, bureau of labour statistics shows that the productivity index in the
construction industry has decreased drastically between the years of 1964 and
2007, whilst noAfarm industries showed a % productivity increase (Li et al.,
2008).

It is often argued that the manufacturing industry and the construction industry are
not comparable. Construction projects often result in individualized, domain
specific, final products, whereas manufacturingsistis of repetitive products of
large quantities. Manufacturing projects are often held in controlled, predictable
environments aiding space planning and logistical optimization, whereas
construction site locations vary, are subject to shifting and urgbadte weather
conditions, and have highly variable site conditions. This is also accompanied by
the need for specialized construction plant and equipment from ptojpabject,

while the repetitive nature of manufacturing vastly improves equipment and
material consistency for automation. Finally, the construction industry is not
capable of using the trial and error principle (knownfily before buil@) to
examine the quality of the final product (Li et al., 2008). There are many
fundamental differencedetween manufacturing and ctmtion; however

manufacturing concepts can provide insight into areas of improvement for the
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construction industry. Eastman and Sacks (2008) specified the increasing role of
manufacturing technologies as a major influence amnstruction efficiency
among other factorsAccording to Babic et al. (2010), industrialization of the
construction process as a key issue in the construction industry started many years
ago and is necessary to achieve higher levels of productivityonfaied
manufacturing and prefabrication assist to industrialize the construction processes.
The introduction of computerized application tools has revolutionized the
manufacturing industry and similarly, opened new horizons for the improved

implementatiorof AEC projects.

For many years, machines and Information Technology f@ye played a
promi nent rplr ® c ais corestauétionfprojedd delivery. Since the
1980's the construction industry has predominantly employed IT through the
introducton of new software applicatior{giolt, 2009) The construction industry
intends to improve the collaboration and information exchange between multiple
organizations involved in a construction project by employing recent
improvements in Information and Communication Tecbggl (ICT) (Caldas et

al., 2002).

The adoption of IT in the construction industry has been far less progressive than
in the manufacturig industry. Moreover, the early adoption of IT usually only
takes place in largscale firms where the organization is capable of compensating
the unexpected costEastman et al., 2008Jhis is a challenge in an industry that
largely consists of small firms. The hesitatida pay the high cost of
implementing a new technology in a constron project is one of the factotisat
has limitedthe industry. In recent years, the application of Id&@monstrated a
significant improvement irproductivity and cost efficiencyKim, 2003) With
these benefits verified, it is becoming momemising for construction firms to
take the advantages eventually in the later phases and during construction periods
despite of higher preliminary costs of establishing a new technology in their
routine. Thus, in spite of the many barriers for adoptingea information

2



technology approach, the construction industry has employed elements of IT to

support the project delivery process since 198iagt, 2009)

However, according to Aouad et §2008), the use of IT in the AEC industry is
distinguished by a high level of fragmentation, which reflects the dissociated
nature of the construction industry. Different IT applications are used during
multiple stags and assist in diverse processes from planning to facility
management. These applications are developed by diverse vendors to satisfy the
requirements for assessment, analysis, and management of the project data. In
most cases, IT tools are standalonepligptions with no or minimum
compatibility with each other because each one uses proprietary format for storing
and accessing information. Therefore, the flow of information from one
application to another is not directly feasible in digital form unlessetis human
intervention. As a result, a higher amount of errors and missing information is
anticipated to occur while exchanging information from one application to
another. Such separated packages of information, which are mostly interrelated as
descrbing the same elements in the project, make it even harder to keep the
integrity and consistency of project information. Consequently, a significant deal
of effort was taken to connect dissociated packages of data and making an

integrated system.

Throughaut the years, research studies in academia have established an ongoing
effort to replace the conventional view with a more integrative vawa
cooperative systenThis approach has been widely developed and implemented
by employing different systems suah artificial intelligence (Al) and knowledge
based techniques to represent, systematize, and organize project information.
Moreover, another research thread that initiated from the Al concept is focused on
producing universal data models to standardieerepresentation of knowledge
products in AEC industry (Halfawy and Froese, 2005). This standardized view
has enabled the sharing and exchanging of project definitions and semantics based
on a unique data format that is practical in multiple applications.

3



According to Kymmel (2008), the efforts to generate integrated project systems

have produced significant improvements in capturing and processing project data.
Therefore, specifically in the building domain, new collaborative solutions

emerged such asuliding information modeling (BIM). The BuildingSMART
alliancekE, previously <called Alliance for
organization in North America seeking to explore new trends in construction

industry. Its main goal is to find new toadsd standards to implement BIM, and

advocate it as an innovative method, which enhances productivity in construction
processes and increases overall efficiency. The mainstream standard of BIM is

Industry Foundation Classes (IFC). It supports the univdegal structure used by

di fferent applications al on g opeaabilipyr oj ect 6s
among participants.

1.2 Problem Statement

Diversity of application tools and disciplines is traceable in tunnelling projects by
examining a typical projectyhich requires the integrated results of a collection of
design and analysis tools. Although the scheme of data exchanges depends on the
method of procurement, the following scenario illustrates the redundancy of the

conventional approach

The conceptuamodel in the preliminary stages of a tunneling project,
developed in a drafting tool, is not directly applicable in the cost
estimation application. The reason stems from the facts that firstly, the
conceptual model is developed by a drafting tool theaged on a specific
data format. The data format is not applicable in the cost estimation tool.
Secondly, in a traditional project management system, the conceptual

model itself basically does not include any e@sated information

Hence, the diversitpf software applications employed by different disciplines
necessitates collaboration and adoptability in order to take full advantage of
innovative improvements facilitated by ICT (Grilo & Jard@oncalves, 2010

4



In tunneling studies, most of the effodre focused on enhancing the construction
and design methods in different ground conditions. However, a limited number of
studies are devoted to provide solutions for inefficiencies resulting from
inadequate and improper information exchange among prdigcplines. Most

of the studies are either dealing with a proprietary data management system or are
merely dealing with a small segment of information in the process. For instance,
Deulofeu et al. (2007) proposed a shared database as a resolutidorfoation
management. Although the shared database aims at providing a common
repository for all the project parties, it is not capable of providing a general
framework for information exchange among project segments. Another example
is the study by Shentel. (2011), which focused on developing a simplified
guidance system for tunnel boring machine. The system utilizes the information
collected by a robotic total station. It then employs the processed data and verifies
the consistency and accuracy of fhennel Boring Machine (TBM) alignment
during construction. However, such systems solely manage and process the
information associated with a particutsrgment of the tunneling process.

A universal standardized system is required for successfidrmation
management, which generates tangible improvements in data exchanges and
boosts the collaboration among participating applications and departments in a
tunnel project. Based on Halfawy and Froese (2005), an integrated project system
aims at elinnmating the discrete nature of project phases and IT applications, and
consequently drives the contributions from various project participants to an
integrated information system that would prevent errors, inconsistencies,
misunderstandings, and missingalalrhe most notable effort in this regard is the
deployment and implementation of standard data models, particularly the IFC

classes in building domain.



1.3 Methodology

Development of integrated project systems are the solution to the growing
integration trends in AEC industry (Halfawy and Froese, 2005). Standard data
models are the fundamental part of the integrated project systems. A standard data
model assists to staartlize data structures and use them as the universal medium

of exchanging information in the integrated environment.

The aim of thigesearchs to investigate the possibility of applying the integrated
project system concept in tunneling projects. Algiountegration has been
sought for the tunneling process in many research studies such as the efforts in
tunneling simulation and decision making (Ruwanpura and AbouRizk, 2001 and
Zhang et al., 2010), this study intends to define a general approach for suc
integration. The framework developed in this research explores the opportunity of
describing project views and information in a universal structure that would be
applicable in diverse criteria and applications to enhance the tunnel management
process. Inparticular, it examines the potentials of applying IFC to tunneling
construction projects with the incentive of obtaining a unique standard data model
to standardize the description of information packages in a tunnel project. The
framework in this sectioincludes the requirements and steps to apply the already

developed standard data models to the tunnelling process.

The research methodology consists of tatages the first stageproposes a
framework for generating an integrated tunnel project systdns. dbjective is
pursued by studying different products and processes in a tunnel project model
and examining the similar solutions for other construction projects. The proposed
framework is demonstrated by presegt tunnel components andequired
informaion to form a comprehensive tunnel information model. The tunnel
project model consists of geometric and qg@ometric data packages and reveals
the interconnection between different segments of the tumfoemationsystem.

The proposed framework is tad the Tunnel Information Modeling (TIM)



project system.The TIM system is represented with an objmeented and

parametric 3D model, including tunnel physical and meta information.

The secondstagefocuses on interoperability and information exchangehie
resulting integrated system. It intends to define a-Bjegtep agenda to create an
exchange medium capable of communicating amongst participating disciplines
and applications in the integrated environm@ihie existing classes in the current

IFC architecture provides a platform for adding new classes and performs as a
background to define the proper data structure for a tunnel project. The resulting
standard data model helps to unify the data packages generated by different
downstream project managent disciplines. The proposed extension in this study

is developed by adding new classes to the IFC 2x Edition 3 (BuildingSMART,

2011) data structure and employing property set objects.

The extended | FC cll ARG selsa sag eesthe athtiebetd rierfl evr
i nformati on modeling <c¢cl asses. Moreover,
tunneling information modeling phenomena, as an integrated project system,

similar to the BIM concept in the building segment of the AEC industry.

1.3.1 Phase A Designing TIM Integrated project system
The research methodology to define TIM project system consists of the following

divisions:

1 Studying the tunneling processes, methods, and participating streams in a
typical tunnel project

1 Identifying the necessary blockd information to fulfill the requirement
of project management processes

1 Designing different layers of TIM model and determine the information

flow among disciplines



The TIM project system requires a modeling tool, which is capable of producing
specificcomponents of the tunnel project model. Since, the aim of the study is to
demonstrate a general framework based on the integrated project system solutions
in the market, a BIM tool will be used to present the architecture and possibilities
of a TIM projectsystem. Revit Architectufdés a norgeneric proprietary tool for
building structures and is used in this work. The following methodology in this

phase pursues the succeeding steps:

1 Creating object models in form of generic parametric families for tunnel
components

1 Adding supplementary data to the object models

1.3.2 Phase B Tunnel Standard Data Model (TIM-IFC Classes)

According to the similar methodology adopted by Japan Society of Civil
Engineers (JSCE) to develop the Brid§€ by Yabuki (2008) anthe guidelines

on developing IFC extension models by Hietanen (2006), the procedure for

creating TIMIFC data model for a real tunnel project is as follows

Studying the tunnel structure, components, and properties
Developing a general tunnel product miode
Expanding the current IFC classes by adding new tunnel classes and
eliminating similar or unnecessary classes

1 Partial implementation of theTIM-IFC classes by providing the
EXPRESS representation

The integrated project system is presented withu#i-dimensional tunnel model
that incorporate project information. Each tunnel component can be associated
with a set of TIM classes defined in the information model. The final project
model is an incorporated product of physical data andgeametricinformation

such as cost, schedule, material, ayst, methods, qualitgtc. Figure 11 shows

the methodology approach to develop TIM project system.
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Developing TIM Project System
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Figure 1-1 Methodology Approach to Develop TIM Project System

1.4 ResearchScope

The aim of this study is to develop an integrated project system framework for
tunneling construction projects. However, it is not intended to introduce a final
applicable Tunnespecific IFC data model for tunneling projects. Such
development requés to be verified through a major implementation. The
proposed methodology first establishes a firm background to define the incentives
of developing a central data model for tunneling structures and then introduces a
hierarchical framework to drive and jlement a standard data model.

The scope of the TIM framework is to assist the project management processes,

especially scheduling and cost estimation, during planning and construction
9



phases of the project and to form a robust preliminary structure leapab

defining an integrated project system for any tunnel project. This framework can
be applied as a foundation for a more generalized tunnel project system that
includes all the processes during tunnel lifecycle (i.e., design process,

exploitation, fadity management and maintenance, etc.).

The proposed step by step procedure to form the extendedlFGMlasses
assists to cover all tunnel information in a standard tunnel product model and
avoid jeopardizing the integration process in a typical tunngkegt. A typical

tunnel project model, developed for a unique tunnel project, lacks the generality
of a standard product model and fails to comprehend the information requirements
to perform successfully in future tunnel projects. The resulting TIM frasrlew

can be used in future works to form an integrated tunnel project model that acts as
the primary component for developing an objedéented application interface.

The TIM data model performs as the backbone for such development.

1.5 Research Objectives

This research study intends to atgmish the following milestones:

1 Identify the tunnel components, parameters, and properties (i.e., methods,
processes)
1T Examine the application of integrated p
general tunnel project
Form ahierarchical framework to develop the TIM project model
Develop a framework to extend original IFC classes to represent a
standard tunnel information model called FIMC

1 Implement the developed framework for a typical tunnel project

Through the achieveemt of the above milestones, this study intends to implement

the following contributions to the tunnel project management process:

10



1 The opportunity and effectiveness of the integrated project systems

solution for tunneling projects

i Facilitating the flow ofinformation amongst different parties such as
stakeholders, project managers, contractors, subcontractors, via applying a

uniform data model

1 Enhanced consistency and integrity of project data and decreased number
of errors and missing information

9 Increasedollaboration and integration throughout the project phases

1 Saving a significant amount of time and energy in the reproductidataf
in different applications

9 Preserving and effectively using the historical data in future projects
through the TIM datalase

1.6 Thesis Organization
The structure of the thesis is as follows:

Chapter 1 Research Study Overviewlraws a sketch of the research backgrounds

and motivations. Moreover, it indicates the scopthe work and its objectives.

Chapter 2 Literature Review comprehensively explores the tunnel components
and processes, investigates the current state of the civil infrastructures and the
major origins of inefficiencies, and finally proves the necessity of a collaborative

working environment athintegrated project system for tunneling projects.

Chapter 3 Tunnel Information Modeling (TIM) Research Methodology and
Objectives explains the principals of the proposed TIM system and demonstrates

the methods and tools to develop it.

Chapter 4 Implementing TIM Project Model and TINFC Standard Data Model

Framework describes the procedural steps to develop the TIM concept and

11



prescribes the framework to develop TIM system and furthermore-IFGM

classes as its interoperability medium.

Chapter 5 Summary, Conclusion, and Future Developmemisvotes to the

outcomes of the study and recommendations for future developments.

12



Chapter 2: Literature Review

2.1 Introduction

This chapter includes a summary of the background for this study that covers

tunneling construction, tunneling management, integrated systems, building

information modeling, and standard data models. In detail, it discusses the basis of
the proposed frameawk, and reviews some of the previous studies in literature to

support thdactsthatwill be discussedn this dissertation

The literature review wilproceedas follows:First there will be an introduction to
tunneling construction, which will explathe project lifecycle, methods, and how
conventional practices are performed. This will be followed by a demonstration of
the common problems in the tunneling management process, information systems,
and integrated project systems. Some of the succegsfementations of
integrated project systems will be reviewed and an overview of standard data
models will be provided. Finally, previous efforts for developing integrated
systems and standard data models in underground, or other civil infrastructures
will be presented. Based on this literature review, the conclusion will explain the
most significant insights from the extensive research from the past, as well as the

opportunities for future work.

2.2 Tunnel Construction

The congested network of routes indgtd big cities makes it necessary to focus
upon efficient usage of the available area and the optimized operation of free land.
Therefore, underground structures, specifically tunneling projects, are vital for
future developments especially when it com®s metropolitan and urban
planning. Tunneling projects are highlued construction projects that facilitate

the connections in strategic and remote areas with low accessibility. Traffic
tunnels, train tunnels, and sewage tunnels are among the most mpyes of

tunneling projects in urban areas.

13



Innovative solutions improve design, constructability, and productivity during
construction phasewhich produce lower risks and cos{®lohamed and
AbouRizk, 2005) Similar to other projects, in recent yearthe innovative
construction methods and techniques have improved the efficiency of tunneling
projects and have assisted in achieving higher quality and lower risks in
comparison to older methods of tunneling. The new methods have facilitated the
tunneling process in difficult site conditions and have empowered new
opportunities that were preuisly impossible These recent studies investigate

various perspectives in tunneling projects such as:

1 Analysis of tunnel construction methods and equipment basedslkon
factors, design specifications, and ground conditions (i.e., Ocak and Bilgin
(2010), Palmstrome and Stille (2007), Kimura et al. (2005))
1 Effects of different materials ithetunnel excavation anihing procedure
(i.e., Coulter and Martin (2006))
Control systems fospecific construction methodSlfen et al. (2011))
Evaluation of the ground and surroundin
of the tunneling process (i.e., Hisatake (2011), Solak (2009))

Despite thevast improvements in constructionedhniques, equipment, and
materials, there is no evidence in the literature that prargssignificant
enhancement in tunneling project productivity as part of the AEC industry. In
general, all types of construction projects are experiencing low ratéislef
productivity in comparison witlthe manufacturing industry (Li et al., 2008).
Perhaps, due to the complex and unique nature of infrastructure projects
(Halfawy, 2010), even more problems and weaknesses are expected in tunneling
projects. These shodmings vary from a significant amount ofwerk, lost data,
and inadequate visualization, to lack of interoperability between project
participants. Roisin (1992) recommended applying efficient project management
practices to confront with the overwhelmiogmplexity of the tunneling projects.

14



In order to find a practical solution, throughout the following sections the
tunneling methods, lifecycle, and components are reviewed, followed by an

investigation of the major problems associated with tungedrgects.

2.3 Tunnel Construction Life Cycle

Similar to other civil infrastructures, the implementation of tunnel projects
consists of different stages and phases. According to PMBOK (2008), apart from
a project's complexity and magnitude, all projects experience four distinct phases:
starting the poject, organizingpreparing the projectarrying out the project, and
closing the project. Relatively, the common stages in a tunnel project are
initiation, planning, construction and finally operation/maintenance. Multiple
activities form each stage dhe project. Due to the unknown nature of the
underground site condition, rigorous investigations are required to anticipate the
soil s behavior and characteristics
process. These investigations vary from subsarfgotechnical and geophysical
studies to site surface investigations. In particular, ground behavior evaluation is
the basic step for designing tunnel projects (Solak, 2009). Geotechnical
investigation is done by collecting samples from the boreholdedliii the site.

The results assist in choosing the best available alternative for the construction
method, excavation equipment, and tunnel support. Based on Kolymbas (2005),
the value of preconstruction investigations can make up to 3% of total project
cost. However, these preliminary studies are of great benefit because more than
55% of the claims in United States result from unforeseen ground conditions.
These uncertainties decreadsy transferring accurate information from

preliminary explorations tde other phases and parties during project lifecycle.

The feasibility studies for an underground structure refers to the process of
technical and economical analysis to ensure the possibility of performing such
project based on available resources andhriigcies. After making a final

decision of whether or not to perform a project, a collection of multiple planning

15
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models composed of conceptual, engineering, and detailed studies/models are
prepared (Tatiya, 2005). Preliminary evaluations are the masgnificant and
effective types of investigations of the whole project lifecycle, which determines
the boundaries, and enlightens further decisions during project lifecycle (Al
Bataineh, 2008). During preliminary studies different aspects such as whtsry rig
waste disposal, and disappropriation are considered. Also, site investigation and
the tendering process are completed before entering the design phase (Kolymbas,
2005). After the feasibility studies are completed, the site location is determined.
An ideal project site supportsh e pr oj ect 6s goal effectivel
properties and facilities such as water supplies, electricity, convenient access
points, and a material depot spot to advance the project operation (Zhang et al.,
2010).

Tatiya-a (2005) comprehensively described the necessary activities after the
preliminary studies. Based on the feasibility studies and the obtained information
from economical and soil investigations, a method of construction is selected. A
ficonceptual modéldepicting the general scheme of the components and features
of the selected method is then prepared. The conceptual model explains the shape,
size, location, and geometry of the general scheme of the tunnel components and
is the basis for future scheduliregnd quantity/cost assessments. In the case of
having more than one alternative, all the above exercises are undertaken for each
probable choice. Finally, the best option is selected and assessed in depth during
the prospected engineering and detailed egidiThe fiengineering model
describes the details of the design model and shows the exact access points,
design methods, layout, and services along with specifications for equipment and
installations. Moreover, the physical quantities and scheduling documents, based
on constructiondevelopment, production, and resource requirements, is prepared
and cost of the operation is assessed. In the next step, the Detailed Project Report
(D.P.R.) is prepared which is composed of comprehensive drawings and
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specifications. Tender documents, eatiforecast, and procurement schedules are
also included in the D.P.R.

During the preconstruction phase, a collection of meetings and workshops are
held to discuss the scope, resources, methods, and design of the project. For
instance, a conventional g3 of such workshops ihe City of Edmonton consist

of concept design, value engineering, and risk analysiB@tdineh, 2008). The
outcome of these workshops broadens the knowledge of the participants about
different aspects of the project, identiftke limitations and alternatives, which in

turn assists in identifying the risks and evaluating different mitigation scenarios to

eliminate or alleviate the risk factors.

The site layout designates the location of the equipment and tunnel components
suchas workingand exit shaft, boreholes, e#lthough constantmodifications

and changes occur until the end of the projtia design and planning activities
predominantly take place in thpeeconstructiorphase As the project progresses,
many factors thiawere unknown in the preliminary stages, are being revealed and

this results in major or minor changesnitial design plans.

A typical sequence of major tunneling activities consists of preparatory tasks
followed by the construction of the working $fhanain tunnel, and exit shaft
(Zhang et al., 2010). The tunneling process begins with constructing the working
shaft. Based on the shaft shape, size, and ground specifications, the operation
method may be different. After reaching the required depthgilatunnel is

excavated to provide enough space for material and equipment handling.

An undercut is also constructed at the beginning of the tunnel alignment to further
help the assembling of TBM and other equipment. Before the tunnel construction
commenes, based on the method of construction, suitable equipment (TBM,

gantry, conveyor belts, etc.) is installed.
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However, complete installation may be postponed in order to allow a minimum
improvement in tunnel construction for the purpose of providing enspate for

the equipment installatiomhen, sequential and repetitive activities of excavation,
lining, and dirt removal take place until reaching the end point of the tunnel. The
survey of the tunnel alignment during excavation ensures the accuracg of th
excavation direction. While the excavation in tunnel level advances, or even at the
time of sinking the working shaft, the excavation of the exit shafbeam The

major activities in the construction phase finish through the completion of the
tunnel excavation and by disassembling the TBM or other equipment (Zhang et
al., 2010 and ABataineh, 2008).

During the construction period, minor and major installations take place on the
site as well as inside the excavated parts to provide proper ventilation,
illumination, power, communication, commuting, controlling, and safety. In
addition, after excavation, operation devices and equipment are installed to
provide the desired services for the operation and maintenance phase such as road
signs, video monitorsand sensors for road tunnels. These installations take over a
significant percentage of the total cost. For instance, a study on a 9.2 km tunnel in
a Plabutsch western tube (road tunnel) in Austria shows that over 18 percent of
the total project cost waspent on installations during construction and after the
construct i on @&slymbag 28005) lh a toadotunnel or rail tunnel,
installations are for traffic control, ventilation, telecommunication, fire protection,
illumination, and drainagéKolymbas, 2005) Table 21 shows the typical stages

and activities in a tunneling project regardless of the actual sequence of the

activities, since some activities are able to take place in the same time period.
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Table 2-1 Activities During Preconstruction and Construction Phasesf a Tunnel Project

Activities Detalils

Preconstruction
(Planning & Design
Phase)

Feasibility Studies and
Preliminary Evaluations

| Meetings and Workshops |

Geotechnical and Geological
investigation

Site Investigation

Geophysical Exploration

Selecting Construction Methgd

Conceptual Studies/Model

Engineering Studies/Model

Detailed Studies/Model

Site Layout

Construction Phase

| Equipment Installation |

| working Shaft Construction|

| Tail Tunnel |

| Undercut |

Equipment Installation at the
Tunnel level

| Tunnel Construction and Linirfg

| Exit shaft Construction |

Equipment Disassembly and
Removal

Installation Providing
Serviceability after Constructi

Construction Site Cleaning a
Removal

19

{Exploration adits and test drifts, Field test to determine thy

Ipermeability, Tests for the applicability of slurry and earth |
jpressure support (EPB), Tests for abraivisity of drilling I

:Based on the feasibility studies which considered all |

lexact access points, methods design, layout, services, |

lequipment specification, cost and scheduling _ __ _ _ 4

Idetailed drawings, specifications; tender documents, budq
J

Iforecast, and procurement schedules

IThe exact configuration of the equipment, components, |
=materials, human resources, access points, safety equip I
jon the site; general arrangement drawings used. |

__________________________ 1



2.4 Tunnel Components and Construction Methods

A typical abstraction of a tunnel structure includes a working shaft, the main
tunnel, and an exit shaft. Identifying the geometric dimensions, ground
conditions, and design specifications of the different parts of the tunnel is
essential for a tunnel product model (AbouRizk, 2010). The general basic
components of any underground construction include excavation by blast or other
mechanical means, followeby the initial and final ground support for the
excavated cavity (8Army, 1997). The specification and construction method for
the major tunnel components (shaft, tail tunnel/undercut, and tunnel) have been

comprehensively reviewed as follows.

2.4.1Shaft

Vertical excavations are classified as raises and sAdifésraises the steeply or
inclined opening in the upward direction. The reverse of the raise called the
winze, which is the excavation in the opposite direction (downward). The winzes
with a diameter of more than 4m are considered shafts. The process of driving a
shaft is slow due to the possibility of encountering water while the drilling work is
going on. However, compared to driving raises, in which the working crews have
to deal with norscaled back after blastingriving a shaft idess hazarous for

the miring crew (Tatiyaa, 2005. Even in this case, the excavated soil still needs

to be lifted and hoisted to the ground level (Megaw and Bartlett, 198%e are
different types of shafts providing different functionalities. For instance, tunnel
shafts asst in accessing and excavating the main tunnel, or mining shafts that
provide access to the mine level for the equipment and excavation crew. Other
types such as surge shafts, transformer shafts, bunker shafts, and ventilation shafts
act either as a conrnt&n, ventilation, or an energy absorption path for specific
applicdions (Singh and Goel, 2006).

Shafts are essential for the construction of underground strucBlra&. sinking

is a slow and tedious work and hence the costliest excavation amongtit& ver
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opening operations for mining or civil engineering purpossaft construction is
commonly required for mining mineral deposits, temporary storage, and treatment
of sewages, bridges, deep foundations, hydraulic lift pits, and wells. It can also be
a part of a tunneling network for underground transportation or sewage systems,
where it acts as a channel for a ventilation facility, escalators, and access routes
for a construction and maintenance crew. Moreover, it can be a liquid conveyer,
pipes and a&bles passage way in river crossings,doainageand pumping
channed, especially for tunnels under the waterline (Taty2005).

Shafts are either permanent or temporary. Temporary shafts are usually employed
as an accegzath for the contractor uskn contrary, permanent shafts facilitate a
long time function in the tunnel structure, such as ventilation and drainage, or they
can even be widened to be usasl stationgJenny, 1982). Shafts are usually
designed to have permanent functicusthat they @an be usedduring both the

construction and operation phagkegaw and Bartlett, 1983).

In terms of functionality during construction, the common shafts are working
shafts, exit shafts, and access/service shafts. In general, the working shatft is the
point of access from the ground level to the tunnel level, wkacilitates labor

and equipment access throughout the tunnel level. Exit shafts are used to retrieve
the tunnel boring machine at the end of the excavation process. Constructing
access shafts arpecessary in the case of long tunnels, which are usually

excavated at an equal distance from the working shaft and exit shaft.

The shape of the shaft depends on its functionality and can be circular,
rectangular, or elliptical. Circular shafts are more gwn in soft grounds and are
structurally stable in weak rocks. Elliptical shafts are rarely used. Vertical shafts
are more frequent than inclined ones. The shaft function defines its proper depth.
The challenges for support and excavation increase in dgapations (Singh

and Goel, 2006).
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The reasonable diameter of a shaft, in order to accommodate hoisting space,
equipment, and safety facilities, is 4 or 5 meters (Megaw and Bartlett, 1983).
Shallow shafts are mostly large and rectangular in shapectanglar shafts, a

10 percent ramp is a cost effective solution for accessing the shaft bottom, if site
layout allows. Tunnel shafts are usually dedpit not as much as mining shafts

and circular in shape with a relative diameter for mucking, hoistiridjty
supplies, etc. The size of the shaft varies depending upon the dimensions of the
special equipment such as TBM. The diameter of circular shafts is usually
between 5 and 10 meters {38 ft.), based on the size of the largest single part of
the egipment. There are some limitations for minimum and maximum size of
the shafts and this depends upon the tunnel excavation method. For instance, the
minimum diameter for shafts excavated by the drilling and blasting method is 3 to
3.5 meters (142 ft.). Hence, the maximum diameter is not limited in this shaft
sinking method (US Army, 1997).

A concrete collar needs to be installed around the top of the shaft before shaft
excavation starts. This ring of concrete has a top surface of at least 12 inches
abowe the ground to avoid the entering of surface waters and falling debris into
the shaft during construction period (Jenny, 1982). Leveling and preparing the
surrounding aredhe provisions for a crane and a curb (shatft collar), which define
the perimetersof the shaft, is necessary to consider before commencing the
actual shaft sinking (Megaw and Bartlett, 1983).

There is a variety of methods for shaft excavation based on the ground conditions.
Any specific ground needs a particular support as work goesMachine
excavation is common in soft ground using a clamshell bucket to hoist the muck.
Then, a crane bucket utilizes the mucking and hoisting and dumps the muck on
the groundor into a hoppédtruck (Jenny, 1982). Since tunnel shafts are not
significantly deep, generally less than 50 meters, machine boring is not cost
effective in most cases except for the deeper shafts in hard rock (Singh and Goel,
2006). In proportionally large shafts, excavation is performed using backhoes and
22



dozers equipped with rigps to loosen the ground. Smaller shafts with stable soil
and no ground water can be excavated by dry drilling methods using augers and
bucket e&cavators mounted on a Kelly (UArmy, 1997). Dirilling/blasting
method and raise drilling are the two methods applied to rock grounds (Zhou,
2006).

In the drilling/blastingmethod, which involves dividing the shaft length into

sections, the sinking cycle is composed of a combinatioapdtitive activities in

Y 4 \
Auxiliary Blasting
Lighting and Operations

illumination

\ J
SShurprort or Mucking and
aft Lining ~ Hoisting

Figure 2-1 Sinking Cycle in Drill and Blast Methodfor Shaft Sinking

Figure 21.

However, in case of facing unstable ground, abnormal underground water, or any
combination of these situations, the ioaty excavating tools or mechanical
excavators are not useful anymore. Hence, either a special method, ground
consolidation, or a combined approach is required to make the sinking process
feasible (Tatiyaa, 2005). The common procedures for ground imprmré are
dewatering, grouting, and freezing. These procedures are combined with an
excavation method to sink in unstable, loose grounds with gixeeamounts of
ground water (U&rmy, 1997).

The method chosen for shaft lining depends majorly on the soil characteristics,
shaft dept h, underground water, and the
1982). Shaft lining/support is one of the most thoensuming and costly

activities in the shaftanstruction process. Shatft lining is commonly composed of
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initial (temporary) and final (permanent) parts. The main purpose of initial
support is to stabilize and preserve the excavated shape lagiolying the final

lining (US Army, 1997). In few casesyhen the excavated cavity is temporarily
stable and the working crew is safe, the initial lining is not necessary. Based on
the ground condition, the length of the initial lining varies between 6 to 40 meters.
In a stable soil with a moderate volume of &vathe material used for the final
lining can be composed of bricks, concrete blocks, or monolithic concrete, of
which the latter is the common practice today. Moreover, shotcrete and cast iron

tubing arethe other customary materials tlaaé usd (Tatiya-a, 2005).

More than one lining method may be used for a single shaft to satisfy the site

conditions since the soil strata may change throughout the depth of the shaft.

Zhou (2006) classified the lining and sinking methods that are particularly
common in tunnel shafts. Tatiya (2005) proposed a more generalized
classification that is subject to general underground supports in tunnels, shafts, or
any underground cavity in the civil works. Tabl& 2ncludes a combination and
equalized version of thesea classifications.

Shotcrete lining issometimesconsidered as the permanent or final support
system. Even in mining shafts over a 4000 meter depth, a 40 cm thick shotcrete

performs as the final support system (Singh and Goel, 2006).

Reaching to the baitm of the shaft necessitates some special considerations.
Extreme care should be taken to prevent the overflowing of underground water by
utilizing a pump and sump in shaft bottom. A watertight base slab at the shaft
bottom provides resistance against iplg, utilizing its weight and anchorage to

the shaft lining. Moreover, provisions for the tunnel eye (tunnel entry or exit),
which is a break out to the tunnel excavation, needs to be carefully taken (Megaw
and Bartlett, 1983).
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Table 2-2 Shaft Sinkingand Lining Techniques (Based On Hou (2006) and Tatiyaa (2005))

Lining and Excavation

e a enera derground e
-Traditional and inexpensiv{
rb -Vertical piles (timber, steel - Suitable for loose groun
- + i i
Sheet Piling horizontal rib sets near the surface
-Timber sheet for D<=20 feqt
-Steel sheet for D>20 feet
- Steel piles, wooden piled
or concrete piles
- H Piles (vertical steel
elements)  \_____________
- Suitable for an excavation] ¢ 5 5
: 5oB
Soldiers pile and lagging| area aboze the Sftf"?m.c groun gs@
water or have sufficient 582 Piling System
arching to permit lagging | & S =
- Hole drilled around the
P~

perimeter of the shaft , then
H pile driven and concrete

- Driven down by heavy
mallets and are placed ed

©
= - - to edge to form a circular
£ - Contlnou; rings and plate: lining, held in place by
Liner plates IDlto the required depth circular rings or curbs with
- Suitable for small shafts 0.8-1 minterval.
- Horrizontal ribs and vertic:
lagging
Ribs and Lagging rb - Applicable in cohesive soi
due to the self supporting
interval required
- For shallow shafts in soft 1-Sinking Drum Process
ground, particularly granulaf (EL“-;ZZ”;?;;::S ;Ztar:tgd
soil -
(when drum process fails o
- Secondary lining is requirg alternate layer of loose and Cassion Method
Slurry Walls I
Y o in permenant shafts tough ground are (Drop Shaft)
. . envisioned)  3- Pneumati
- Erosion and corrosion caisson method (use of
protection and further wate compressed air to sink
proofing required through water logged in
- Pre-cast or cast in place s Steps are:
segmental lining . ] 1- Boring/drilling
Pre-cast concrete: beneficig 2. Cementation
in wet and difficult ground . .
. . L 3- Sinking/walling
since requires minimal Suitable for firm and
excavation and gains full N
strength as soon as Ifissured ground, not for
X g N running sand type ground. .
Concrete Segments | ['hfinstallment - In-sitf Liquid cement injected H| Cementation
f;:cﬁgnwzeel?_zzn 'SO rt through boreholes to the
P Y pport, gullet strata to fill up crackg
suitable for deep shafts and " X
) " ° land cavities. Cementation
any soil condition, avoids
. strengthen the strata and
problems regarding ultimately makes it
manufacturing, delivering,
i waterproof.
and storing
©
LEL Suitable for heavily watere(
- Provides security to locall strata including quick sand
loosened blocks of rock or i by forming a cylindar of H | Freezing Proces$
predetermined spacing frozen ground, following byj
the ordinary method of
. Alone or in conjunction Through the aquifers using
\with shotcrete ) rotary drills equiped with  |H | Shaft Drilling
Rock bolts and Wire MesH roller cutters
Using shaft borers (SBMs)
includes shaft lining and
Wi . lequiping facilities, laser
Wire mesh reinforcement beam, mechanical directiorfH Shaft Boring

a time consuming operation|

control device, water
handling and ventilation
system.

Supports
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Based on the aforementioned review on the shaft sinking methods and properties,
the shaft components include; first, all the physical parts of the shaft based on the
sinking method and second, all the auxiliary equipment which is needed to
excavate and opate the shaft. These components areSHaft Collar 2 Shaft

initial (primary) liners 3 Shaft final (permanent) liners- Shaft base slab-5
Auxiliary components such as excavation (i.e., mesh segments, timber piles),
hoisting, ventilation, lighting, $aty, centering, dewatering, and accessing tools
(i.e., tools to transfer crews, cranes, equipment). Tak® r2presents the
components of a tunnel shaft in different ground conditions, and for various
excavation methods. As stated earlier, understanttiegshaft properties, the
designed excavation method, and the required resources will assist in modeling

the whole tunnel project.

Table 2-3 Shaft Components

. . Excavation .
Ground Condition Shaft Size hjitl?(gs Lining Method Shaft Components
Machine Excvation )
using clamshell P‘re-cast orin
bucket and crane piling S situ cor:cret_le
Small AT " lling Sytem, |segments, pile|Concrete shaft
Soft and competent groun Dry drilling Pre-cast In-situ Soldier pile and| (timber/steel/ |collar - Base
. methods using Segmental ; ;
with no or controlled groun Segmental lagging, Ribs | concrete), slab - and
augers and bucket | concrete by h f .
water underpinnin concrete and lagging, H- Piles,  |Auxilary
excavators mounte: p 9 slurry walls | horizontal rib [components
Backhoes a_nd and vertical [such as
Large Dozers equipped lagging excavation,
with rippers hoisting,
Dri!ling/BIasting or ) bolts, wire ventilation,
Self supporting rock b RE?IS..E . Shotcrete, Rock bolts and Wire mesh, Segment mesh. concret Ilghtmg, safety,
Drilling/Boring concrete centering
segment o
Method dewatering, and
Cementation, accessing tools|
Weak soil and excessive Freezing, . i .| prefabricated
ground water b Dewatering + Segmental shaft by caisson sinking (wet/dry caisq lined shaft
Machine excavatior]
2.4.2 Tunnel

In a tunneling project, construction of the tunnel itself is commonly the costliest
part of the whole project. Aignificant amount of time is devoted to excavating
and lining the main tunnel. Therefore, successful implementation of the tunnel
element is onsidered as a satisfying performance for the overall tunnel project
(Al-Bataineh, 2008).
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The vertical depth and general location of a tunnel defisasajor specifications

such assupport, excavation method, portal, and capping/overburden. For

instance construction below the ground water level necessitates a prefabricated
support, or for tunnels in urban areas a minimum overburden is necessary to
provide enough stability; otherwise the preferred method is locating the tunnel at
shallow depth using theut and cover method (Tatim 2005).

The purpose of the tunnel defines the appropriate size for the tunnel section.
Important factors affecting the tunnel size are maximum dimension of the
equipment and material employed during construction, as welhegunnel's
anticipated function. Moreover, a clear distance from the sides, thickness of the
support, and sufficient space for pedestrian and facilities need to be considered
when designing the size of the tunnel. Using tunnel borers dictates a cincular o
elliptical shape. Although a circular shape provides better stability, effective
utilization of the space is a major challenge. Equipment selection for the tunneling
method is highlydependenupon the length of the tunnel. In shorter tunnels,
applying onventional methods is the common practice while in case of long
tunnels, tunnel borers and innovative methods result in more technically and

financially effective products (Tatiyl, 2005).

There are different methods of tunnel construction. Some ef rniost
conventional methods are shield tunneling and the drill/blast method (Deulofeu et
al., 2007). Tatiyeb (2005) proposed a compreiséve classification for driving
techniques that are commonly used in mining and civil tunnels. FigRreh®dws

the vareties of drivingmethods in civil tunnels.

In the drilling and blasting method for tunnels, similar to shaft sinking, the pattern

design and the number of the holes define the size, shape and orientation of the

resulted cavity. This excavation method ldiferent variations, as shown in

Figure 22 , based on the nature of the holes or

However, the undergoing procedure in most cases is similar
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Drivage Techniques
for Civil Tunnels

With aid of Without aid of Submer ged
. : Cut and cover
explosives explosives tubes
I
Partial face ul face
Drilling and heading Iing
. . machines
blasting machines (TBMs)
I I
A
Drilling + ot Shielded (for
r L”gf cul Drilling Ripper Milling Open (for rocks) soft rocks and
(kerf) soft ground)
Rock cutters + Hand held & Drill jumbos
light duty drill pusher log (Singleor
ignt duty drills. mounted drills multi boom.
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Figure 2-2 Tunneling Methods from Tatiya-b (2005)

It is composed of a repetitive cycle of activities; Drilling the blast holes
(parallel or angled pattern} Zharging the holes with explosives tamping 4
blasting using electric detonators or detonating cordgehtilation 6 removing

the blasted ack (mucking) ?scaling the crown and walls to remove loosened
pieces of rock 8installing temporary support and finally expanding the railing,
ventilation and other utilities to start the next cycle (Kolymbas, 2005). The drill
and blast method is suit&blfor rock excavations especially where the tunnel
section is a nowircular shape and thus using TBM machines is not
recommended. A vast variety of lining types is applicable after excavation
through drilling and blasting. The most common technique isicasoncrete.
Although most tunnels are advanced, using-fadie drilling and blasting
techniques, in some cases partial face advancing is inevitable because the tunnel
section is too large to be drilled and blasted in one cycle. Furthermore, the
weaknes of the ground and unstable excavated surface limitsvitiidn of the
blasted section (UBrmy, 1997).

In partial face heading techniques that use ripper type roadheaders, the full weight
of the machine performs as a counter reaction force to actuataittiee head.
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Whereas in milling type roadheaders, a cylindrical or cone shape cutter head
rotates in line with the axis of the cutter boom. Also, borers are utilized to perform
partial face excavation in which a hole with a large diameter is bored from the
face of the tunnel (Tatiyh, 2005). Roadheaders are not only applicable for
partial face excavation, but they are also capable of performingatdtl
excavations either for s or large tunnel chambers (USrmy, 1997).
Excavation with hydraulic impatiammers is suitable for fulice excavations in
foliated and jointed rock mass grounds. This machine excavation is utilized by a
3000 kg hydraulic hammer with impact energy of 6000 Joules (Fatig®05).
Figure 23 shows different types of machine axators for tunneling purposes in

different ground conditions and tunnel boring machines (TBMs).

Tunnel excavation with the aid of TBMs is suitable for any kind of soil condition.
This complex equipment includes the cutter head utilized with cutting, tads
mucking buckets along with a power system, cutter head rotation, and a trust
system to maintain the stability and basis for TBM movement through the tunnel
direction. It is also equipped with a lining installation system, shielding to protect

the woking crew, and a steering systemSBrmy, 1997).

TBM excavation is eithefioperd for rock tunnels orfishielded for weak or
jointed rock/soil. Figure -2 shows a general classification of the TBM method.
When the excavated rock mass is caving in, the shield is required to protect the
TBM. In the case of excavation under the ground water level, a close face
shieldal TBM is required. The closed face shield maintains enough pressure to
provide support against soil or water inrush through the utilization of compressed

air, pressurized slurry, or an eaphessurebalanced (EPB) shield.

Compressed air increases the hazards in the working area and imposes many
difficulties when performing the excavation procedure. These difficulties are

lessened by usin@ pressurized slurry (mostly a bentonite suspension) or by
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forming mud from the excated soil (EPB shield). In the latter option, extra

provisions are needed to control the excavation (Kolymbas, 2005).
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Figure 2-3 Tunnel Excavation Roadheaders, Impact Hammers and TBMs from Tatiya
(2005)

The fiCut and Covey method is very common for shallow tunnels especially in
soft grounds. In this method, either before or after excavating the whole width of
the tunnel, trench walls are constructed at the sides of the tunnel alignment using
conventional methods; then theof slab is constructed and followed by back

filling and surface resuming activities (Tatipa2005).
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Figure 2-4 TBM Excavation Method Classification

For tunneling under the water bodies, two methods are available. Theditsdd
considers a backfilling ground between the tunnel and water mass and then, the
tunnel is driven under the water body using borers. In the second method,
prefabricated steel tubing or reinforced cement concrete build the tunnel by
constructing a trezh under the water level (Tatim 2005).

In tunneling through unstable, weak, or abrasive ground, treatment methods are
applied to ensure stability during excavation. These methods are usually required
in weathered ground/rocks, soft ground conditi@msl in grounds with excessive
joints or inflow of water. In these conditions, major ground treatment methods are
reinforcement (with the aid of bolts, anchors, and surface coaters or prefabricated
concrete blocks) and actions that alleviate the presensatef in the tunneling

site. The methods for reducing the water impact on tunnels include lowering the
water table, or alternatively, using pressurized air to hold the water back. Grouting
and freezing, similar to ground treatment for shaft sinking, anenton methods

in the presence of excessive amounts of ground water (fatB@05).

In a tunneling project, the lining process of the main tunnel itself exceeds more

than 80% of the tunnel construction costs (Kolymbas, 200%3. lining for the

tunnel, smilar to the shaft lining, includes temporary and permanent supports.
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The temporary support aims at providing a stemn safe working environment,
whereas the permanent lining has a long performancethimegh thdifespan of

the tunnel. Theresino ned for temporary linings while tunneling in rock and
competent ground. In this case, shotcrete can be used as a permanent support for
the operation period. Secondary support is applied as a finishing surface that does
not bear any load, but it gives centailesired shape to the permanent lining.
Secondary lining can also act as water proofing, sealing, or a fire resistant coating
for the permanent support. Table42shows different methods of tunnel lining
based on Tatiy# (2005) classification.

Table 2-4 Tunnel Lining Variations

Tunnel Support Types Comments

Natural (self support) In competent rock

[Rock reinforcement using rock bolts, rock [Majorly acts as temporarily support during
dowels, and rock anchors tunneling operations

Segmental tubing lining is rarely used in
tunnels whereas it has a vast application
shatft lining.

In cases, where a fractured rock mass is
faced in excavation and rock bolts are no
sufficient, this support is used as temporag
llining and usually followed by permanent
supports

Segmental supports in shape of cast iron,
steel, or reinforced concrete tubings

Steel sets or rolled steel joist (RSJ)
supports

Monolithic concrete support is suitable
Concrete supports monolithic (cast in where strata movement is negligible and
Iplace) or prefabricated segments or blockqtunneling includes handling excessive
amount of underground water

Majorly used as temporary support beforg
installing permanent support. It also
prevents slabbing of the tunneling surfacej
right after excavation
In weak and soft ground, timber for-poling
is used as a mandatory and temporarily
support

Shotcrete

\Wooden support

2.4.3 Tail Tunnel and Undercut

After reaching to the tunnel level through shaft sinking and installing the pump
and required sump at the bottom of the shaft, preparations are necessary to
commence the tunneling process. These preparations include the initial setup and

arranging for suftient space in order to install tunneling equipment and handling
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materials. The initial setup organizes the tunneling equipment and facilities for
dirt removal (i.e., TBM, conveyer belts, trains, tracks) (Zhang et al., 2010). The
requirements for providm enough space are commonly established by the tail

tunnel and under cut at the bottom of the shaft and the beginning of the tunnel

alignment.

A tail tunnel provides suitable space for handling material and equipment. It also
provides enough room to avoidterruption in the sequential tunneling process.
The undercut is constructed at the beginning of the tunnel alignment to further
help for TBM and other equipment assembly. The common method for
excavation and lining of these elements are hand excavatiodrrib & lagging
(Al-Bataineh, 2008). Other than excavation and support of major components in
a tunneling project, supplemental activities in underground constructions are site
and portal preparation, surveying, ventilation, drainage, water contradrdchaz

prevention, and finally controlling environmental effects (US Army, 1997).

2.5 Tunneling projects - Associated Risks, Problems, and Solutions

Tunnel projects are associated with a higher amount of risk during their design,
construction, and exploitationrgress compared to other civil engineering
projects (Thomas and Banyai, 2007). These risks originate from unpredictable
conditions in the geology of the tunnel, weather conditions, third party impacts,
contamination, procurement methods, and the projaciitgie specifications such

as location, orientation, and purpose.

An unexplored environment, as one of the key factors, generates various
uncertainties that need to be controlled and mitigated in tunneling projects (Wood,
2000). There are multiple sourced risk for tunnels thatdepend upon the
environments where they are located. The tunnels in urban areas suffer from their
unknown interaction with surrounding structures during the construction and
operation process (Thomas and Banyai, 2007). Moretwengling in congested

cities requires dealing with complicated constraints and probable hazards such as
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pollution and decreased serviceability during the construction period (Roisin,
1992). In the tunnel projects located in areas with low accessibiétigble
knowledge on the properties of project site is not easy to achieve. Further
investigations, based on ground models and evaluation tools, are necessary during
the planning phase. These evaluations are continually refined and updated during
the congtuction phase, in which more information is revealed as the tunnel
excavation progresses (Solak, 2009). Therefore, the criticality of tunnel projects
and associated risks have resulted in a high demand for the development of
enhanced risk management (Themand Banyai, 2007) and good project
management practices (Roisin, 1992). Roisin (1992) mentioned that the principals
of good management practices are identical for underground projects and typical
engineering projects. However, tunneling management esjythie consideration

of a wide variety of integrated constraints to satisfy the requiremerdh tife

participating factors.

Different remedies have been proposed to respond to the risk factors in
underground projects. For instance, Thomas and Bany@irY2@commended a
hierarchal approach to confront risk factors. This hierarchal approach includes
initially, trying to remove the risk factor and in the next step, using mitigation
methods to decrease the consequences of the risk f&ctdrable protectio
againstrisk factors would be the final remedy.

However, despite of extensive precautions and mitigation strategies to reduce
risks, a set of frequent problems is common practice in a significant number of
tunneling projects. Disputes between projecitipg, major cost/time overruns

(Abramson, 1998), and serviceability problems (Thewes et al., 2007) frequently

happen in tunneling projects.

The major cause of disputes result from the misunderstandings and
misrepresentations during the planning/designconstruction phase of the
project. However, tracing the causes with the goal of eliminating the problem or
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avoiding a future occurrence is not viable, since the project phases are
discontinuous and are managed by different parties, systems, or attitudes.
Therefore,finding the root of the probia requires a significant amount of time
and energy (Abramson, 1998).

Wood (2000) identified that the dissociated nature between management and the
engineering sections involved in delivering a tunnel project is a major rationale
for these downfalls. Moreover, the conventional method of sharing and
transferring information éween different sectors results in missing information

and the accumulation of substantial errors.

Abramson (1998) described the probable problems and their consequences during
the design and construction phases as a result of aforementioned dissociated
nature. Table 5 shows the potential pitfalls that are exclusively relevant to

information exbange, based on Abramson (1998).

Table 2-5 Potential Problems duing a Typical Tunneling Project

PROBLEMS IN A TUNNELING PROJECT

Design phase through construction process
Insufficient or incorrect interpretation of geotechnical data
Insufficient disclosure of geotechnical data to the contractory
Poor integration of geotechnical data into design
Insufficient data given in plans
Insufficient data given in specifications
Poor coordination of plans and specifications
Inadequate or duplicate dimensioning on plans
Poor coordination with adjacent contracts
Poor control of owner and third party expectations

Construction phase
Inaccurate interpretation of design intentions in constructionj
process
Inadequate monitoring of work progress
Poor concurrence of designer and owner
Excessive amount of Change Orders (OC)
Excessive amount of Request For Information (RFI)
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On the other hand, underground infrastructures including tunneling projects are
highly sensitive to service availability problems. These problems stem from
inaccuracy during the design period, unsuccessful design implementation during
construction, and impper maintenance plango ensure that a tunnel project is
implemented successfully, a robust management system is needed to both attain
and transfer data throughout the project lifecycle. An accurate facility
management systemanagement system that ssipported byfipreventive and
proactivé methods is capable of increasing the lifespan of the project and
reducing maintenance costs. Aside from operational solutions for design
specifications, proactive methods such as applying data collection strategies t
gather informationreusable for future projectand developing a central database
were recommended. Thus, all of the tunneling information can be transferred
throughout the project lifecycle, from the planning and construction phases of the
project tothe operation phase. This integrated system creates an optimized facility

management plan (Thewes et al., 2007).

A combination of factors should be satisfied in order to accomplish a successful
tunnel design. The scope of the project needs to be cladfildagreed upon
amongst all participants. The performance criteria require constant adjustments as
the construction work proceedehe collaboratiorof a unified design team results

in a higher level of understanding and clarification among project ipeamis.
Moreover, early identification of potential risks enhances the quality of the future
decision making process (Wood, 2000). In this context, proper flow of
information between the different parties and throughout the project lifecycle is
essentiald maintain the integrity of the design specifications and facilitate the

risk management process of the tunnel project.
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2.6 An Overview of Previous Solutions for Managing Information and
Processes in Tunneling Projects
Underground and tunneling construction management relies on multiple factors,
constraints, and variables. New demands, modern techniques, and extra
complexity in tunneling projects also contribute to the challenges in the
management process. Improvementhi@ management process requires replacing
traditional techniques with modern management processes in design, construction,
and procurement (Reilly, 2000). Meanwhile, the new techniques in managing the
tunneling projectscall for dealing with the overwheling amount of information

that needs to be analyzed and interpreted during a project lifespan.

2.6.1 Information Systems

A strong medium to deal with thebundanceof information is information
systems. Information systems provide unbounded structured frameworks to
capture, store, and recall knowledge. CBase Reasoning (CBR), data
warehousing techniques, anthology for construction cost estimation, and
integration of Computer Aided Design (CAD) and Geographic Information
System (GIS) data are examples of such efforts in developing structured
information in construction projects to enhance the decision making process (Lee
et al., 2009).

The body of research, whidh specifically focused on information management

of tunneling projects, is not substantia fact, the majority of the studies focused

on the management of a fragment of information. This fragment was obtained
from isolated investigations and further @oyed to promote a particular aspect

of the tunneling process. The resulting structured information is organized and
defined in a particular format, practical for the specialpudresses. Although,
each isolated system specifically enhancesittmvledge and understanding in a
particular area and helps to improve the decision making process, the valuable

inputs and results of the system is not applicable to other design and planning sub
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processes. On the contrary, the studies that focused on a commehens
information management for the entire tunnel project data during its lifecycle, is

scarce.

A lot of effort was put into setting up databases on ground information, which
resulted from geological studies, for the purpose of employing them in the design
and planning processes. Identifying the accurate state of soil layers and ground
conditions is a vital process during any underground construction project.
Interactions between soil and underground structure impose a high level of
uncertainty in the planng and management process. Maurenbrecher and
Herbschleb (1994) examined the valuable application of INGEOBASE
geotechnical database, initially set up for a 4 square kilometer area of the west
central district of Amsterdam, in a subway tunnel planning asigd. The cone

and borehole penetration data derived from INGEOBASE database were expected
to produce subsurface maps that would be valuable for the planning and design of
the tunnel project. The most valuable outcome of the research was the emphasis
on the beneficialcontribution of computerized information management systems
for tunneling projects. Such information systems were proposed to go beyond the
geotechnical data and cover other aspects, such as underground utilities and land
use, for potential @plications in anticipating hazards and developing tunnel
design.

2.6.2 Decision Aid Systems

Anthologies,called Decision Aid for Tunneling (DAT), developed by Einstein et

al. (1999), is capable of incorporating tunnel standard information and thus
considering associated uncertainties in the management process. These eomputer
based tools employ the geology tbe tunnel along with simulation to produce
distributions for cost, time, and resource allocation. Also, the effect of applying
different methods such as diverse drilling patterns or lining methods can be

analyzed and assessed prior to the actual constiugtocess. Hence, Applying

38



DAT in the decisiormaking process helps to consider the associated risks more
effectively. Although DAT anthology as a group of versatile tools enhances the
management of the whole process, the final products are in a fosmuolated
results that are required to be incorporated in the design specifications and
construction process. In other words, the results of DAT is an exclusive
recommendation for further decisions in the tunneling process and in fact, the
interference ofan expert is needed to employ these outcomes in the actual
modeling of the tunnel. Thus, physicalestering and manipulation of simulation
results are essential to use the results in scheduling, cost estimating, and designing
applications. Moreover, a we version of DAT, capable of updating the
information, was proposed in Has and Einstein (2008 updating approach
allows enhancement of the initial information thatteeed prior to the
construction phase. Therefore, the new information from thedyneerformed

job can be usedot only in fixing the previous assumption, but also in improving
the predictions for the future segments. Nevertheless, the aforementioned
problem, whichinvolvesthe participationof a third party individual or application

to interpret thedata, remais intact. Therefore, an extra effort is required for
analyzing and applying the resulting information that was offered in the form of a

costtime scattegram.

Carnevale et al (2000) developed GeoS82k for the acquisition and
management of a large quantity of tunnel information. GeoSehn is a
proprietary integrated image and data management system designed by Hager
GeoScience, Inc. This integrated tool facilitates effective collection and
management of geological data genedlain the Metro West water supply tunnel
constructed by the Massachusetts Water Resource Authority. The system is
capable of storing and retrieving the mapping data for future projects. In addition,
data querying is available to evaluate the results. Ekengh the generated
results by the GeoSca&® system are in the form of reports, integrated map/data
format, data tables, and graphical representations of structural data for the design

39



team, they need to be interpreted and translated further in then desigess.

Thus, the integrating process is manual and automation is not possible.

An expert system was developed by Yu and Chern (2007) to provide a multi
expertisedecisionmaking tool for drill and blast tunnel construction in Taiwan.
This expert systems capable of supplying a rational estimation of tunnel
deformation and construction procedure based on the selected support system by
using an artificial neural network approach. The system comprises of a data bank,
tool bank, and a decision making ateiy system. The tool bank includes various
subsystems to carry out data collection, construction simulation, safety evaluation,
deformation prediction, etc. Each subsystem processes, evaluates, and analyzes
the required data collected in the data bantt produces the associated result.
Therefore, the results of the expert system are in form of isolated or unstructured
data that need further manipulation to apply to the design process. For instance,
the prediction of a suggested support system is provideidrm of a table
containing the support type and its associated advance rate, rock bolt length,
shotcrete thickness, and steel rib size. Although these parameters help to discover
the best feasible support system for the drill and blast process, thengte

results with no connection to other parts of the system, such as simulation model.
They require to bee-generated irother design subsystems for further analysis
and finally complete the design process.

2.6.3 Operation Simulation

Operation simlation also vastly contributes to an enhanced project management
process in underground projects and helps to control the uncertainties through the
handling of knowledge and information. Operation simulation is an effective
solution to assist constructiananagers with planning large scale and complex
projects. Construction simulation emerged in 1970s to help construction managers
with enhanced project plans, optimized resource allocation, and easier conflict

detection that aimed at reducing the cost anchtéhn of construction projects.
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Discreteevent simulation is the most common procedure in managing
construction projects (AbouRizk, 2010 & Lu et al., 2007). Simulation tools assist

in experimenting with different scenaridbBus elimnating factors of urertainty.

During the preconstruction phase, different alternatives are proposed and

di scussed to produce the final product or
Multiple factors are considered to evaluate the alternatives and assess the possible
outcome, such as evaluated risk, cost, schedule, and production. Simulation

operation tools assist in evaluating each alternative by creating an imitated
computerized model, which is an abstract representation of the project (Al

Bataineh, 2008).

According to AbaRizk (2010), the development of simulation theory in
academia was implemented through three main stages. The emergence of the first
stage goes back to the late 1970s by introducing CYCLONE developed by
(Halpin, 1977). The capability to model cyclic opevat coupled with special
simplicity is considered as its major advantages over Critical Path Method (CPM).
However, it is not suitable in allocating a complex chain of resources. Several
enhancements have been implemented to eliminate this limitation exetopl
improved versions of CYCLONE. The second stage in developing simulation
tools evolved with the assistance of revolution in programming tools and
introducing the objeebriented programming concept. Thus, a new generation of
simulation tools such asCIPROS (University of Michigan), MODSIM
(Pennsylvania State University), STROBOSCOPE (Purdue University), and
Simphony (University of Alberta) has been introduced. This new collection of
simulation languages has highly contributed to the overall advanteshéhe
modeling process that was empowered by integrating programming capacity and
fuser written code ¢ a p.a&bnselgueritly; this resulted in visible advantages

over the first stage products such as CYCLONE and its improved versions.

However, constructing a simulation model using one of the available tools
requires a significanamountof time. Its complexities necessitate employing a
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professionamodelerto achieve the final reliable model (Shi & AbouRizk, 1997).
Each simulation toopossesses a number of different elements that are complex
and timeconsuming to employecauseit creates a complicated networks of
elements. Also, sufficient programming capabilities along with satisfactory skill
and experience level to precisely validdtte model and its final results are among
the necessary requirements of the simulatrmdeler Interpreting the statistical
results is complicated and implementing a spatial analysis in the absence of any
visualization aspect in simulation tools is nospible (Ting, 2008). The statistical
form of results in simulation systems and the lack of a visualized outcome have
dragged the industry's attention to a more tangible form of reviewing-ifvhat
scenarios and alternative analysis. The conventional metfiodimulation
outputs which generates solid statistical results, has made it difficult for the AEC
industry to take advantage of the simulation capabil{fdeang et al., 2010). It
stems from the fact that construction parties are usually seeking tadiralized

and easyto-interpret results, which simplify the decision making process and help
to engage almost all of the factors in the final decision. For instance; three
dimensional (3D) visualization has been proved to significantly enhance the
repregntation of simulation results and therefore attracts more desire to be
applied in the @nningprocess in actual reéfe projects (Kamat and Martinez,
2001).

The burden to renter the data in case of a change or update is another factor for
limited useof simulation (Zhang et al., 2010). Moreover, the current statistical
results in the form of tables or graphs require a trained professional to evaluate the
outcome and present it as an apprehensible report usable for general
constructability reviews angheetings. Thus, the use of the simulation tools by all
the inexpert sectors of the industry is limited and this in turn rediises
popularity. In spite of implementing advanced research studies in academia on
simulation operation, the construction indystioes not recognize it extensively

as an applicable and effective method to support the management and decision
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making processes (AbouRizk, 2010). Even though simulation operation has been
investigated and analyzed in construction research groups for themethree
decades, and its merits are undeniably proved, the construction industry is hesitant
to apply it extensively in real projects (Hajjar & AbouRizk, 2002). These
shortcomings have led to the emergence of the third stage simulation applications
(AbouRizk, 2010).

Further improvements forming the third stage in simulation technology are
employed through integrating systems where the combination of a popular
commercial application and a simulation tool utilized to handle the management
process in a pject. The integration of 3D CAD models and a simulation system

is an excellent example of the third stage (AbouRizk, 2010). Development of
special purpose simulation tools and integrated systems has encouraged the
industrial section to utilize simulationperation in the management process of
construction projects. Numerous examples of successful cooperation between the
construction industry antthe simulation lab at University of Alberta illustrate the
assured potentials of operation simulation as a taioos$ to improve and handle

the management and planning process in construction projects (AbouRizk, 2010).
In this regard, a construction synthetic environment (COSYE) was developed
based on High Level Architecture (HLA) standard and distributed simmlatio
technology (AbouRizk and Hague, 2009). HLA is a standard for complex models
developed by the United States Department of Def@de®) and is capable of
integrating different simulation models (federates) in a unified virtual
environment (federation). dt runtime interface (RTI) utilizes the data flow
between federates and supports communication among components of the
federation environment (Zhang et al., 2010 andBAfaineh, 2008).

Ruwanpura et al. (2004)leveloped an analytical approach coupled wath

simulation environment to identify accurate soil levels and anticipate their

behavior before actual tunnel construction commences. Although determining

actual soil layers in the pi@nstruction process via drilling boreholes in the field
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have become thcommon practice, assumptions should be taken to picture the
soil profiles in distances between the boreholes. Using the proposed system, the
assumptions were replaced by accurate results from the simulation environment.
However, the system required a bBugmount of datarelated to the field test
samplersto be fed into the simulation environment. The data entry may include
errors and redundant information that mislead the ultimate estimates and
increased the uncertainties in the decision making prodds=efore, larger
margins would be considered to compensate for risks during excavation and
tunneling construction. The greater risk margins can increase the probability of
unnecessary costs and result in lost efficiency. Moreover, six simulation tools fo
managing underground infrastructure projects were introduced by Ruwanpura and
Ariaratnam (2007). Special purpose simulation (SPS) (Hajjar and AbouRizk,
2000) and ruldased simulation (Ruwanpura and AbouRizk, 2001) concepts were

used to develop simulaticenvironment specifically for underground projects.

Although, integrated simulation tools have significantly protlesir strength in
simulating construction processes, seamless interoperability and information
exchange is still not achievable between wation environment and other
applications. In an HLAased distributed simulation environment, the federation
object model (FOM) provides interoperability among federates and prescribes the
data that needs to be shared within the simulation model. Ititdtes
communication between federates and includes all the object classes and data
types embedded in each federate represented in-ahape hierarchy (Zhang et

al., 2010). This capability assists to develop specific simulation components that
mimic the real processes in a specific area (e.g., weatmglitionand equipment
breakdown) and allows developers to focus on each process individually which
can result in a standardization of simulation environment for a specific process
and utilizes reusabilt of the simulation components for future projects
(AbouRizk, 2010). All the aforementioned procedures need to be applied in a

structured simulation framework based on HLA standards. Thus, despite of the
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significant contributions of such a simulation eowiment, seamless
interoperability is still not accessible merely by incorporating different models.
Because of the variety of the participants and software applications used to design
and analyze each process, not all the information packages and data arede
compliant with HLA standard or any other simulation based specifications. Any
process modeled in any other software application needs to interface with RTI to
be considered as a H:eompliant federate that matches with other parts of the
simulation model (AbouRizk, 2010). Extensive programming and coding are
required to achieve a compliant model. Moreover, it is not feasible to develop a
compliant model for each specific process and participants are probably not
willing to change their previous pfatms and procedures and adopt new
standards and applications in their processes. Therefore, extensive sharing and
exchanging of information between other applications and the simulation
environment is not feasible. Consequently, part of the limitatiossritbed in the
second stages of the simulation development in academia (AbouRizk, 2010) still
persists in simulation applications and reduces the industry's appetite for adopting

such a practice in real projects.

Li and Zhu (2009) defined ramework thatfocuses omgeometrical modeling,
operation sequencing, and dynamic updating of ground excavationthdor
visualizationand dynamic simulation of underground projects. A great amount of
effort was devoted to enhance the efficiency of the visualized moudehis
regard, techniques such as layering the visualized objects, Level of Detailing
(LOD), querying special information from the model, and thematic viewing were
employed. Although the final model exclusively addressed the visualization
issues of the wdel and improved the participant's knowledge on the project
characterizations, it lacked any remedy for information management during the

tunnel project life cycle.

Zhang et al. (2010) improved the modeling process in tunnel construction
simulation by emlpying 3D CAD modeling and visualization techniques. The
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proposed model was created to integrate the 3D model data and tunnel simulation.
A tunnel information modetonsisting of tunnel attributes and geological data
was proposed. The 3D visualization mbgmjects the results of the Hl-Based

tunnel simulation environment. The integration process is proved to simplify the
application of simulation tools and promotes simulation use in the construction
industry. However, the information model used in thdefated simulation
architecture is based on a conceptual product model designed for this project as
the exchange format. Therefore, the integration process based on this proprietary
data structure may not be efficient for other projects in which the ipatiiog
disciplines perform based on a dissimilar data structure. Moreover, the system
requires extensive preliminary coding and collaboration between different
segments of the project process to fully adapt to the integrated system.

Li et al (2012) develped a weklbased monitoring tunnel management system,
which integrates the geological information and construction parameters to
provide a robust platform for data analysis. The system acquires the monitoring
data automatically. The collected informatios wisualized through two
dimensional (2D) and 3D views. Thus, the system provides a comprehensive
management tool to acquire and handle a range of information that can be shared
among project parties. Although the system integrates the monitoring infonmati

it lacks the capability to exchange the information with design applications and
incorporate the results of the design process in the system. In other therds,
design or management tools need to read the data through a third application or
professioml trainer, in order to employ the storddta. Therefore, the wedinased
system solely acts as a central database for the tunnel information and is not
capable of exchanging the information with other design applications, or

contributing actively to the d&n process.

In general, the process of reviewing all of the previous solutions reveals a range of

shortcomings, which prevents successful management of information in
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underground projects. These problems, identified in the previously developed

systems amentioned, are summarized below:

1 Generated results are not compatible with other applications. Therefore,
they cannot be shared or reused.

1 Results are required to be-eatered in other design applications
manually.

1 Generally, the primary information (uts of the system) is enormous
and entering data is a tedious and titneasuming job.

1 The data structure dhe system is specific and therefaliéerent from
other systems that result in a lack of universal data structure as well as,
confusion for theparticipating parties. Besides, any further amendment or
update needs to follothe original information structure definitions in the
system.

1 In some cases, the system and its targete¢pmdesses are not capable
of interacting effectively as a result tsick of interoperability. Even in
case of providing sufficientools for exchanges between internal sub
processes, there might be other streams or disciplines that are not fully
covered. Moreover, the interoperability in the system is commonly
provided by a proprietary tool that needs special requirements and
specifications to be responsive for varied applications and disciplines in
the project. Any other application anticipated to be integrated into the
original system, needs to install the proprietarydime designed to
connect different parts of the system together. As mentioned before, AEC
industry sectors are hesitant to apply changes to their routine and are more
likely to use their internal application/platform/format. Therefore, there is
no standarded data exchange method between different components of

the system.

47



1 The majority of the systems are unable to project changes and updates
during the project lifecycle, which makes theincapable of adopting

further analysis of the changed results.

In the following sections, the recommended remedies to avoid the aforementioned
problems in general construction projects are reviewed to find a final solution

applicable to tunneling projects.

2.7 Integrated Project Systems and Collaborative Construction
Managemaent
Construction management tools are individually successful in coping with a
convoluted network of construction tasks and complex architectural aspects mixed
with an overburdened amount of data. However, the incompatibility of standalone
applications usethy project participants along with inefficient information flow
between project participants causes cost/time overruns, since the efficient
exchange of information requires extra efforts. Lack of integration and
collaboration between ther 0] e c t deams cheressitates the duplication of
information to implement the isolated project processes.

The modern construction industry requires a collaborative teamwork process to
operate in a mukstakeholder global environment. The key factor for successful
performance in the competitive market is through partnering and collaboration
among the working society which consists of owners, architects, designers,
contractors and construction/facility managers (Xue et al.,, 2012). Cheng et al.,
(2001) identified thedndamental functions of the partnering systems in both real
and virtual environments as receiving, storing, retrieving, and coding. An IT
collaborative working environment promotes information sharing and
compensates for the data gaps among distributgdgprparticipants. According

to Xue et al. (2012), the use of IT solutions to provide collaborative work has
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significantly promoted the integration of fragmented segments of the construction

management process.

Tunneling projects are associated with higicertainties and accumulated risks
(Ruwanpura and Ariaratnam, 2007). Participation of so many individuals and
disciplines along the project life cycle, despite strict administration, resulted in
applying fragmented elements during the design and coretruof tunnel
projects. Thus, tunneling projects have suffered from lack of adequate integration
and high volume of construction informatiorhe fragmented nature of tunneling
projects, similar to other construction projects, is caused by the information gaps
between project phases. Halfawy and Froese (2005) affirmed that the information
gaps, coupled with financial constraints and market caitigpe have contributed

to the vast demand for integrated project processes and integrated software
systems. They claimed that adopting an integrated approach in project delivery
systems and software applications would significantly decrease the plaming

construction cycle time and improve the overall lifecycle efficiency of the project.

The efforts to find coherent IT solutions for the AEC industry has been a major
goal in several research studies since the 1980‘supported collaborative work
played a prominent role in design, construction management, and integrated inter
organizational management information systems. The collaborative integrated
inter-organizational management information systems (lIMIS) facilitate the
management of the projeictformation during the project lifecycle. Data transfer
among project parties is the most important enabler in 1IMIS systems. Therefore,
the consistency of the data format and data structure plays a prominent role in
performing successful data transfeetvibieen project segments (Xue et al., 2012).

In this regard, seeking to find standard data structunestieen the topic of many

research studies in the last two decades.
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To better understand the functionality and infrastructure of integrated project
sydems and apply the integration concept to tunneling projects, it is essential to

recognize the most important trends in this regard;

1 Fourdimensional (4D)/fivedimensional (5D)/+D Construction
Management
BIM modeling
Construction Virtual Prototyping (CJP
Standard Data Models (i.e., IFC, CIMSteel Integration Standards (C1S/2))

2.7.1 4D/5D and AD Construction Management

Traditionally, 2D papebased drawings were the common method to illustrate the
intensions of the designeCurrently, he 2D model usegraphical elements such

as lines, curves, and extra annotations to graphically represent project
components. This 2D model lax&emantics to precisely document the intentions
of the designer. The concept of layering in CAD produstadopted to give
mutual meaning to the group of elements in one layer and eventually made it
easier to understand the notion behind the simple drawings. The emergence of 3D
modeling assist in the improvement of the visualization of the drawing
components. It offers to picteiia realistic outlook of the actual world (Howell and
Batcheler, 2005).

Moreover, implementing a 3D modeling process improves efficiency in
comparison to the conventional 2D drawings. Even adopting the principles of 3D
modeling in the design process, wilsast possible interoperability (physical
exchange of 3D model between architectures, prefabricators, and contractors)
boosts productivity significantly from 20.3% to 47.4% (Sacks et al., 2005). The
demand for integrating design and construction inforonmain the AEC industry

has been a motivation for the incorporation of the management tools with 3D
CAD models and the production of mudlimensional project models (Zhang et

al., 2010). Various integrated systems have been developed in the previous studie
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that emphasizkthe practical integration of the 3D model with other management
tools, such as scheduling and cost estimation. Time related data ad the 4
dimension and cost related data as tfiainension are added to the 3D model
project's data. Theesults of such incorporation produce 4D and 5D project

models.

An n-dimensional (kD) model represents an extended information model that
integrates all the knowledge and information during project lifecycle (Aouad et
al., 2008). Incorporating multipldesign specifications in a data model allows
different views of the information to be included in the data model concurrently.
These dimensions assist in the effortless automation and interpretation of changes,

updates, and amendments in any part of trenmation system.

Popov et al. (2010) developed a 5D virtual building design and construction. The
5D virtual model enables analysis of alternative solutions for project

implementation. The proposed model consists of a core 3D graphical BIM model
containirg quantitative and qualitative information of the object models. The 5D

model, which is incorporated with an evaluation system, provides the feasible
economic criteria of the project design. Moreover, the virtual implementation of
the projects helps to prent accidents by virtually locating the project

components (i.e., cranes, equipment).

Meadati (2007) has linketthe Microsoft Project application with the -&siilt 3D

model to generate an-asilt 4D model for depicting the actual daily progress of
the poject. The partial improvement of visualization is the key advantage in the
proposed model. Generally, during the construction progress, there are times in
which only a percentage of the whole building element is completely finished.
Typically, the elemerstin the 4D model can exclusively show the final completed
shape of that element. However, this #@le 4D representation of the actual

progress helps to visually represent real improvements in each element.
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Several construction planning methodologiegehbeen developed by integrating

4D CAD and operations simulations that aim to contribute to the-iveeénario

in the decision making process (Lue et al. 20@87)management system called
four-dimensional graphics for construction planning and resautriization 2005
(4D-GCPSU 2005) was proposed by Zhang et al. (2006). The intention of this
application is to provide larggcale construction projects with a robust
management system capable of handling complicated architectural and structural
designs.This system stores project information in a central database and includes
a 3D model integrated with schedule, site layout, and resouréeslsocapable

of solving the timeconflicts while considering the resource and site layout
limitations The system provides visual schedule planning, which is especially
beneficial for norprofessional project participants and cliewtso want tatracka

projectds progress

Therefore, the 1D model can be defined as an extension of a BIM model with
unlimitedincorporated dimensions thia¢lpsto improve the level of accuracy and
consistency of information in the data model (Aouad, et al., 2008). Reviewing
some of the developed-I models in literature (Lu et al. (2009), Tanyer and
Aouad (2005), Lu et al. (8F), Huang et al. (2007)) reveals the potential and
effectiveness of integrated management systems and illustrates the crucial role of
the adequate level of integration despite of their shortcondagsribed by Ting
(2008).

2.7.2 BIM and CVP

The concepbf BIM was first introduced in the mi@l970s by Eastman (1975),
when the construction industry recognized the urgent need for an innovative
information model, which enables the participating parties to incorporate diverse
data and create a central modelctntrol the rapidly changing nature of the
construction proces#lthough the embedded idea (utilizing product modeia$
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implemented much earlian the manufacturing industry, the first attempts to

create building product models happened in 1980s (R0G9).

The development of objecdriented product models was the focus of many
studies during the 1980s. This trenckated new approaches in the computer
modeling and drafting industrig$to et al., 1989). The integration of the object
oriented conceptvith CAD technology evolved as the Obj&atiented CAD
systems (OOCAD). The OOCAD not only enhances the visual aspects of the
model, but also contributes to the semantics of the model by incorporating the
information and relationship in and between défg components of the model.
Moreover, adding parametric capability by embedding rules and variable
dimensions in the objedriented system extends the embedded intelligence. It
allows for a further complex geometric and functional relationship betwesen t
model components. lan objectoriented system, even abstract meanings such as
void, space, or room in a building project become suggestive of a real element
that otherwise, cannot be represented with 2D or 3D models. Therefore, the
industry came to tlroughly understand the importance of capturing the proposed
richness and intelligence offered by the objaiented modeling concept during

the modeling process (Howell and Batcheler, 2006g BIM modeling concept

is the latest interpretation of objemtiented notion in the building area of the
AEC industry. The Ideal BIM model aims at combining the semantics from
geometric and negeometric components of the building elements and this
creates aVirtual model in a single project databagélowell and Batcheler,
2005).

BIM is a comprehensive representation of geometry, spatial relationship, and

functional characteristics of a building project model. It describes the whole

project lifecycle and facilitates the concurrent contributions of all project

disaplines to the project model. The BIM modw®lps to maintain the consistency

and accuracy of the information throughout the project lifecfiebstman et al.,

2008).As the project progresses over time, the inclusion of more information in
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the model makeg complete and comprehensive and provides a comprehensive
IT abstraction of the real project (Graphisoft, 2003BIM, as a Virtual
Construction (VC) tool, is an emerging process in the AEC industry. Its focus is
to assist with generating, storing, maimagg exchanging, and sharing information
effectively (Vanlande et al., 2008). BIM &n integrated method of managing
unbounded construction data during thelding lifecycle (Lee et al. 2006)3D
modeling representation, as the main feature of BIM,gnates with data
management capabilities and enables users to reach the building data and domain
knowledge (Vanlande et al., 2008).

The appearance of the first potential BIM models goes back to the late 1980s and
early 1990s, although positive feedbackrt®d to emerge only a few years ago
(Linderoth, 2010). However, the AEC industry is still struggling to overcome the
limitations of BIM, that have sprung from different shortcomings in the technical
tools (Holt, 2009 & Vanlande et al.,, 2008) and thempoehension of the

organizational requirements of performing BIM (Linderoth, 2010).

2.7.3 IFC

In general, infrastructure projects consist of heterogeneous data sources and
applications performed by the interdependent network of professionals (Halfawy,
2010). The huge amount of information in construction projects necessitates
employing IT applicabns. Although, computerized IT applications ascertain
successful management of information in a specialized process, multiple
applications and teams are required to organize and analyze the dissociated
processes during project lifecycle (Froese, 2003)ewike, there is no single
computer application to carry out all the tasks associated with tunneling projects.
The design and construction of a tunnel project depends on a series of
collaborative team activities. Each activity and specific professional isam
supported by its own computer application. Therefore, similar to other
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infrastructure projects, adopting integrated approacpes/es to decrease

management gaps and unexpected conflicts between project parties.

According to Halfawy and Froese (2005htegrated project systems should
support the management of project information, integration of project processes,
and the implementation of project workflows. Based on Halfawy (2010),
successful implementation of integrated project systems is enablatbbyishing
interoperability among disparate data and software applications across different
departments. Eastman et al. (2008) defined interoperability as a catalyst for a
collaborative work environment that plays a prominent role to establish data
exchamges between applications, eliminates the need to replicate data input, and

facilitates workflow and automation among contributing project segments.

Data exchange and seamless interoperability is not possible with traditienal ad
hoc methods (i.e., papbesed drawings and documents). The conventional
methods are usually associated with a great amouniinofrvalue adding
activities' and the risk of information error and loss. A standard information
structure assists to achieve the interoperability betweejeqb participants. A
dominant standard structure requires a neutral file foimatrderto exchange
information and address the interoperability issue effectively in the AEC/FM
industry (Froese, 2003 and Eastman et al., 2008). According to Gallahd),(200
lack of interoperability among project sectors and incompatibility of software
tools results in approximately a 4.25% loss for the US capital facility industry.
Eastman et al. (2008) identified four distinct methods for exchanging data that

facilitateinteroperability between two applications, presented in Talole 2
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Table 226 Common Exchange Methods between two Applicatiortisased on Eastman et al.

Data Exchange Format

Direct proprietary link between
two applications

(2008)

Description

A runtime or binary interface which makes
portions of the model accessible for creation,
export, modifications, and deletion.

Examples

Archicad's GDL,
Bentley's MDL, Revit's
SDK

Proprietary File

A human readable text format primarily dealing
with geometry and interfacing with correspondi
applications

DXF (Data eXchangg
Format) by Autodesk,
SAT by Spatial
Technology

Public Product Model

An open standard product model which in
addition to geometry carries object, material
properties, and relations between objects

IFC (Industry
Foundation Classes) |
IAl, CIS/2 for steel

XML is eXtensible Markup Language, and
extension to HTML. The XML structure called
schema which is suitable in exchanging small
amounts of business data between two
applications.

XML-based AecXML, bcXML

Until the mid 1980s, various file formats used to exchange design and
DXF, IGES).

Application providers prefer direct linking to avoid market demands from

construction information in all engineering domains (i.e.,
reaching their competitors. Direct linigremploys the Application's API such as
SDK in Revit or GDL in ArchiCAD to make data streaming possible between two
applications. On the other hand, proprietary exchange formats are special files in a
human readable text format created for an applicafibis file functions as an
interface to represent the data model in its corresponding application. Thus, it
representsa specific functionality of thelata model. Finally, the most desirable

form of exchange is via the use of public formats.

Therefore, thelnternational Standard Organization (ISO) initiated a TC184
committee to develop STEP (Standard for the Exchange of Product Model Data).
Table 27 shows the most common data modeling standards for infrastructure

asset management based on Halfawy et @0GR
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Table 2-7 Data Modeling Standards for municipal infrastructure systemshased on Halfawy
et al. (2006)

Spatial Data Modeling Standards

Data Modeling Standards

Standard Name

Open GIS Consortium standards
(0GC)

nvolves defining standard
software interfaces rather thal
using standard data model
"Hincludes two main sets:
abstract and implementation
specifications

Implementations

GML: a set of XML-based
schemas and a generic
framework for defining domain-
specific application schemas

ISO/TC 211 Geographic
information/Ge omatics standards

The ISO Technical
Committee (TC) 211 includes
representatives from 33
countries, 17 observing
countries, and many external
observers

Define spatial data models
and processes for managing,
acquiring, processing,
exchanging analyzing, and
presenting spatial data

ISO 19107 (spatial schema)
I1SO 19115 (metadata)

ISO 19111 (spatial referencing {
coordinates)
I1SO 19112 (spatial referencing {
geographic identifiers)

ISO 19136 (GML standard
developed jointly by OGC and
ISO/TC 211)

Federal Geographic Data Committee
data standards (FGDC)

Data content standards

Spatial Data Transfer
Standards (STDS)

Cadastral content standard
(FGDC-STD-003)

Utilities content standard (FGD
STD-010)

The base specifications (STDY
parts 1-3)

The profile specifications (STD.
parts 4-7)

Spatial Data Standards for Facilities,
Infrastructure, and Environment
(SDSFIE) or NCITS 353

"HMany FGDC data content
model standards were
harmonized with them.
However, SDSFIE do not defir
a neutral data formats for

ESRI's ArcGIS

Intergraph’s GeoMedfa
Autodesk's AutoCAD MaPp
Bentley's Geographi@s

Environmental Systems Research
Institute data models (ESRI)

application-specific data
models in 24 domains

Water utilities data model

LandXML

Primarily defines land and
road classes based on XML
data models

LandXML

Municipal Infrastructure Data
Standards (MIDS)

"HDeveloped for owners to
support efficient collection an
management of lifecycle data

A number of road, water
distribution networks,
wastewater, and storm collectid
standard data models

Pipeline Open Data Standard (PODS)
and I1ISO 15926-2

Originally developed in Oil
and gas industry

Industry Foundation Classes Standard
(IFC)

covers non-linear assets
such as facilities. It is
recognized as the most matu
effort to standardize facility
design and construction data

ISO/PAS 16739

The participation of AEC organizations in the TC184 meetings resulted in STEP

AP development projects based on {SODEP technology such as IFC, CIS/2,

AP225, and AP241. However, only IFC and CIS/2 (for steel) are recognized as
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international public standasdoday.IFC has become a dacto in AEC industry
to exchange information between participated applications and platforms. These
formats provide explicit data models, which carry geometry, attributes and
properties of objects as well as the embeddedioakitip between objects

(Eastman et al., 2008 able 28 presents a collection of common exchange

formats in AEC industrypased on Eastman et al. (2008).

Table 228 Common Exchange Formats in AEC Indstry from Eastman et al. (2008)

Formats

Image (raster)

Application/Propetties

Data loss as a result of compactness
number of color per pixel

Examples

JPG, GIF, TIF, BMP, PIC, PNG,
RAW, TGA,RLE

2D Vector

Vary in term of compactness, line
thickness, pattern control, etc.

DXF, DWG, Al, CGM, EMF, IGS,
WMF, DGN

3D Surface and Shap

Vary in terms of type of surface and
ledges

3DS, WRL, STL, IGS, SAT, DXF,
DWG, OBJ, DGN, PDF(3D), XGL,
DWF, U3D, IPT, PTS

3D Object Exchange

Public product models carry geometry,
object properties, and relations betweg
objects

STP.EXP,CIS/2

information and supported workflows.

Game Vary according to type of surface RWQ, X, GOF, FACT
GIS Geographical information system forma&HP, SHX, DBF, DEM, NED
Developed for exchange of building da .
XML and vary based on exchanged ASCXLM, Obix, AEX, beXML,

AGCxml

IFC is developed byhe IAl as a standard data structure for exchanging data sets
between different AEC applications. EXPREGSs the visual representation of

the EXPRESS, which is an information model specification language included in
STEP. EXPRESS is frequently used tshow the hierarchal distribution of main
classes and sutlasses in the IFC schema (Arnold and Podehl, 1999). The
IFC2x2 version that immerged in 2003 included the capability for exchanging 2D
CAD data along with annotations and styles such as text, hgtattic. from the

ISO 10303 and intends to be a more completed version of the IFC standard (Kim
and Seo, 2008). IFC2x Edition®hich was mainly a quality improvement of
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IFC2x2, was released in 2006. The current version, which was published in 2007,
is IFC2x Edition3 Technical Corrigenduml. This version along with IFC2x3 is
the most recommended release for impletagon (BuildingSMART, 2011)

2.8 Current State of Employing Integrated Information Models and Virtual
Construction in Tunneling Projects
Despite sucessful studies in implementing integration in underground projects,
the industry is hesitant to apply such practices to real projects. According to
Yabuki (2010), the full application of integrated project systems and virtual
construction is limited in ifmastructure projects. There is a significant lag to
employ efficient product models in civil engineering infrastructures, compared to
building construction projects. In the Asian Construction Information Technology
meeting held in August 2009, the barsidacing the adoption of new integrated
technologies were identified. Based on Yabuki (2010), the majdehing factors

are as follows:

1 Compared to privatelpwned structures, civil infrastructures usually
have public ownership with less sensitivity tmst efficiency and
business competitionTherefore, the motivation to take the risk of
applying new procedures is relatively less than other segments of the
AEC industry.

1 The uniqueness of each infrastructure project leaves minimum
opportunity for recychg the developed project system and its
application in future projects.

1 Most infrastructure projects are constructed based on D&sigBuild
(DBB) delivery method that limits the interoperability between project
participants. Inadequate collaboration tbé construction team during
the design process limits the integration degree between project

processes.
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1 The large magnitude of the infrastructure projects, which commonly
takes longer than other projects, requires the application of various
coordinatingand controlling system to track down the state of the project
during its lifecycle. CAD tools are not fully equipped to carry out the
complex procedures.

1 In civil infrastructures, the process of creating 3D project model is
complex and requires a lot offert. Besides, the lack of special 3D
modeling software in the infrastructure domain is a contributing factor.

1 The low rate of benefit/cost ratio for adopting the new technology in
small infrastructure projects is considerdd be an additional

discouragment.

Froese (2003) identified tHack of the IFC data model to support infrastructure
projects as the most important barrier to the adoption of integrated systems in
such projects. Lack of an official standardized product model for infrastructure
projeds, along with the domination of elemedrdased approach in IFC original

classes, have worsened the scenario.

In recent years, a number of studies have focused on developing standard product
models for potential domains of infrastructure projects. An-Ib&€ed product
model, called¥LPC-BRIDGE was developed by Yabuki and Shitani (2003) for a
pre-stressed concrete bridge, as an extension of the IFC data model. Further, few
multi-agent systems were developed to support the design process in the CAD
system. Thk collection of the mukagents, prestressed concrete product model,
and a steel girddoridge product model (developed further in the process) were
merged to build the-IFC-Bridge. Concurrently, an IrRGased product model was
developed by the IAl Frehcspeaking chapter. Finally, the combination of the
Japanese and French bridge product models called th@&rdBge was proposed

with the support of 1Al (Yabuki and Li, 2006). Ji et al. (2011) proposed an ebject
oriented data model to capture the parametiesign of bridge geometry to
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improve the IFGBridge data model. The proposed model focuses on parametric
relationships and constraints rather than the mere definition of the bridge
components and their hierarchical relationships that were previoushedef

the original IFGBridge. In addition, a tunnel product model is under development

in Japan and some of the problems have been identified and discussed (Yabuki,
2008).

In roadbased construction works, such as tunneling, a Hbhased scheme is
needed to mimic the real project configuration. Moreover, extending the scope of
the IFCs to the infrastructure domain requires the adoption of the data model
structure to includ GISbased systems, which are extensively employed for
locating construction processes and components (Froese, 2003). Integration of
spatial data models witGIS functionality that consist of geometaad positional
attributes, can improve the municigedset management systems (Halfawy et al.,
2006).

3D modeling techniques and visualization tools provesbtee the challenges in
different phases of an underground construction project (Li and Zhu, 2009). In
addition, the concept of applying a centdadtabase in tunnel constructions to
keep track of all the information during project lifecycle can be implemented
using a standard data model. Such a unifieetel is capable of storing and
retrieving the information. Using this database, the facilityagen can access all

of the information relating to the previous activities such as modifications and
change orders. Deulofeu et al. (2007) developed a shared database capable of
saving and analyzing the data before and during construction to enhancéthe da
management of tunnel projects. However, the developed data structure was a

proprietary product model defined for a specific project.

A 3D information modeling of tunnel structures based on a standard -object
oriented data model establishes a frameworknemage the information and
processes in complex tunneling projects. This ultimately eliminates the data and
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domain fragmentation during project lifecycle. Lee et al. (2009) developed a 3D
based information model tool for road structures. Although thenrdbon model
includes road, bridge, and tunnel structures as components of a road network, it
lacks the presentation of the details for a tunnel system and assumes that the
whole structure is a whole block. Therefore, the information system includes only
a general representation of the tunnel component and falls short in covering the

properties associated with various segments of the tumoetise.

2.9 Conclusion

The complexity and magnitude of the current construction industry necessitates
the employmenbf IT applications to improve the efficiency and enhance the
accuracy of the decisions made before and during the construction process. In this
regard, recent improvements in project delivery methods and software
applications are potentiaforces that cowd eliminate the hindrances for
management relating to the implementation of complex construction projects.
However, the involvement of several tools and individuals throughout the process
has worsened the scenario and resulted in information loss andiamefy.
Therefore, a collaborative project environment is the key to achieve seamless

interoperability in AEC industry.

Tunnel construction projects, as one of the major civil infrastructures, are a
potential target for adopting collaborative projectiutions. The fundamental
enabler for successful collaboration is a generic product model. This model will
facilitate the management process and benefit from the advantages of an
integrated information system. In the case of tunneling projauisgratel
project systems can improve the collaboration among the project processes. An
integrated solution requires a unified approach for communicating the project
information. Therefore, developing a standard product model that covers all the
tunnel componentstheir hierarchical relationships, geometry constraints, and

important controlling processes will solve the fragmentation and lack of
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interoperability between the software applications and project disciplines.
Moreover, parametric modeling capability prees the applicability of the
developed elements for future projects. The resulting benefits of employing an
efficient integrated project stgn will reduce the risk of the initial high
investment and encourage the universal application of the integratedling
system. Moreover, it holds the promise to be a foundation for establishing a

specialized modeling application for tunnelling projects.
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Chapter 3: Tunnel Information Modeling (TIM) - Research
Methodology and Objectives

3.1 Introduction

This chapter introduces the TIM concept and its methodology as a data model for
tunneling projects that intends to promote the collaboration and integration during
project lifecycle. At the beginning, the principals of a TIM system as a-multi
dimensional mdeling project are demonstrated. The TIM system includes the
knowledge and historical data of project geometric and -gemmetric
components and is capable of sharing this data among multiple domaas.
intentions of thisresearchare then clarified andhe methodology schema that
explains how to create TIM on a conceptual tunnel project is presented. The
methodology plan illustrates the proposed framework and the consecutive steps
used to build the TIM model components. Finally, the anticipated beiaeiits

objectives of andeal TIM system are addressed.

3.2 Tunnel Information Modeling

This researcidiscusseshe development of underground information models and
in particular, the tunnel information model. AbouRizk andtiMa (2000) and Xu

et al. (200B) are among the researchers who initiated the development of
integrated3D models to enhance the management and decision making process
specifically in underground projects. Their studies employed 3D CAD models and
simulation techniques to form an intatgd project system for analyzing
earthmoving projects. The outcomes of these works resulted in the first
introduction of the TIM concept by Zhang et al. (2010) as part of the ongoing
research in University of Alberta construction management progranvéogea
distributed simulation environment for tunneling projects. The proposed system
incorporated 3D modeling and process simulation to achieve a higher level of

semantics in visualizing the actual processes in the project environment. The
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project visuakation assists in the decision making process and helps to identify

probable deficiencies during distinct tunneling processes.

Although the TIM system proposed in thresearchis similar to the one
introduced by Zhang et al. (2010), it concentratesroicieing a comprehensive
framework for 3D and eventuallyB modeling process, as well as encapsulating

the project data in an integrated data model during the management and design
processes of tunnel projects. The scope of this study is to identifyekeyrces

and background processes to develop an integrated system and express its vital
requirements to reach ultimate target efficiency in the tummejects. The
previous studies revealed the effectiveness of information management (Froese,
2010) and the IT supported collaborative environmgfue et al., 2012)in
construction project management. Therefore, such an outcome is also anticipated

for theTIM project system.

Moreover, the TIM concept in thisesearchrefersto the interpretations of an
integrated information modeling system rather than emphasizing the nature and
sequence of the actual processes during the tunneling lifecycle, which ¢eplee s

of the operation simulation techniques. Therefore, it is accurate to say that the
proposed TIM system aims at developing an integrated information framework
for tunneling projects that is capable of sharing project information with other
applications and individuals participating in generating the final product.
However, studying the tunneling processes is vital to the identification of the
different aspects of a tunnel project such as construction elements, materials,
equipmentactors etc. These pts are the essential components needed to design
the TIM data model and to promote the different dimensions of the project

system.

The framework proposed for TIM system is an abstraction of the BIM concept
previously developed and widely used in the buatdidomain. It intends to
produce a multdimensional model of any tunneling project that initially starts
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with producing a 3D object model that acts as a data repository to store design and
construction process information. The 3D model not only repredentgeometric
elements of the tunnel and its components, but also embraces -@éometric

data such as attributes, methods, and relationships. Therefore, it represents a
computerized generalization of the tunneling process. The 3D model can be
combinedwith scheduling, cost estimation, simulation, clash detection, etc. to
analyze and maintain information in a midtmensional model. This integrated
model consequently builds a simulated environment, which is the reference and
backbone of decision makingrocess. Hence, the management policies for the
entire project life span, from its preliminary conceptual drafts to the very detailed
specifications of the facility maintenance, can be generatedd basethe
integrated TIM model.

By using the TIM systerin a project, participants can contribute dynamically to a
unique project model. The TIM model acts as a central database that includes all
the information related to different phases of the project in different domains. The
central database in a tunnelipgpject assists in maintaining the integrity, validity,
and accuracy of the project model and provides different parties with reliable and
consistent information during the project
integrated TIM environment, the meldis updated dynamically and thus,
modifications and changes are immediately reflected in the database. As real
time changes allow conflicts to be revealed in the early stages of the project, early
detection authorizes effective revisions and elimindtesoot causes of disputes
before the actual construction process commences. Figlirah®ws the TIM
model as a central database and all the corresponding projecs sexiessing the

data.
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Figure 3-1 The TIM Integrated Central Database

The core part of an integrated TIM system is an intelligent 3D model that contains
the smart objects of the tunnel model. A smart object consists of the multi
di sciplinary aspects of the projectos
geometrical, and visual characteristics that can be found in a 3D CAD model. It
includes different varieties of information that shape the actual capabilities and
desired performance of project elements, such as methods, processes, tasks,
guantities, et. (usually referred to as nageometric parameters) along with
geometric parameters. According to Halfawy and Froese (2005), a 3D smart
object has the capability to embrace the behavioral aspects, design constraints,
and facility management parameterdhs projects datdvloreover, an integrated

model requires d@enchmarkdata structure that standardizes the commata
definitions. Therefore, the standard data model facilitates interoperability
throughout the project life cycle.aBedon Fu et al. (2006)FC classes are the-de

facto medium for providing interoperability between different parties and

applications in duilding construction project.
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This researchshows that different applications and participants contribute to the
TIM model. Therefore, astandard data model is required to supply the seamless
interoperability among participants and applications. Since the current IFC classes
only cover the entities and types specific for building type projects (Zhang et al.,
2010), an amendment is requiredextend the semantics of the original IFC data
model by adding tunnelpecific classes to the original IFC classgeviously
developed by BuildingSMAR (2011). Utilizing such tunnedpecific IFC classes,

the information embedded in the 3D model catraesferred and applied to other
software applications used by multiple project participants. Thus, additional
dimensions such as scheduling, cost estimation, clash detection, 3D strata,
simulation, machinery, and material management systems can be adtied t
project integration system database to form a universal -gigignsional and
monolithic model for the whole project. Eventually, the TIM central project
system would provide integration through different phases and multiple

participants in order ttacilitate information management in a tunnel project.

As discussed previously in section 1a3majorpart of the methodology focuses

on a stefby step procedure to extendFC classes for tunnel projects. The
framework proposed in this study merely paes the project management
processes with seamless interoperability. The scope of the proposed TIM
framework addresses the specific requirements and purposes to fulfill the basic
management processes, such as scheduling and cost estimation. Nevertheless, a
comprehensive TIM project system also requires incorporating information from
other processes in tunneling works thag not covered in this study to produce
TIM-IFC classessuch as design process and quality management

3.3 Proposed MethodologyDeveloping the TIM Model
To introduce the TIM project system two phases are performed. These phases
build the main framework for creating a TIM project system for a typical

tunnelng project. The two phases are:
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1 PhaseA: Developng a framework to build the TIM system and create an
integrated prigct system for tunnel projects.
1 PhaseB: Designing a framework for creating TINFC classes via

extending IFC 2x Edition 3 classes

Developing the TIM data model based on the original ¢RGses is beneficial in
many ways. It reduces the time and effort required for developing the TIM data
model, since a great number of classes, which already exist in the original IFC
classes and used for building structures, are applicable in tunnettpnopdel.
Moreover, by referencing part of the model, there is a significant reduction of the
size of the extension. In addition, the current IFC data model is widely accepted
and developed to be the medium for interoperability among multiple applications

and organizational boundaries

The core parts representing a TIM system are the ebjemited intelligent 3D
model and the tunnel specific IFC classes (IR classes). The 3D model is the
basis for commencing the TIM development. The first step feeldping the 3D

TIM project system is to identify the tunneling processes, required elements, and
methods of construction. Acquiring this information helps to determine the
components of the 3D model and understand the relationships between the
numerous pas of a tunnel project. This information has been comprehensively

investigated in Chapter 2 from versatile resources.

The typical abstraction of a tunnel project includes its major parts such as the
main tunnel, working/exit shaft, undercut, and tailnein(AbouRizk, 2010). To
create the 3D model of the project, this study focuses on building the main parts
of the tunnel. However, for a more realistic and precise representation of an actual
project, generating the facilities, equipment, and barriersexyeired. The 3D
presentation of the tunnel is simplified and limited tortke@n components of the
tunnel structure to achieve a general solution for tunneling projects. This

generalized attitude, which helps to overcome the limitations and obstacles,
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realts from the lack of a popular and specialized obpeented modeling tool
for underground structures. Therefothe two main components afhe tunnel

system (main tunnel arghaf) are modeled.

The main intention of a TIM information model is to uke capacity of the IT
technology to build sustainable models. Such models can be moderately modified
to adjust to the specific requirements of a particular project without an obligation
to create the whole model from scratch. Therefore, to create thmdgel, a
methodology should be taken to give generality to the model, so that it can be
used in different projects with varied specifications. A parametric solution assists
to build a 3D tunnel model that is able to be modified easily. In a parametric 3D
model, it is feasible to change dimensions and other properties during the project
lifecycle or when applying them to future projects. Moreover, additional
information such as project data, construction codes, or the results from
constructability reviewsan be added to the tunnel objects. Hence, the 3D object
componets are not merely geometnegual representations of the real project.
The 3D objects are smart objenbdels intended to include a vast variety of-non

geometric information.

Different applications known as BIM tools are available in the market to develop
the 3D objecbased intelligent models, particularly for the building projects.
These BIM tools are able to produce 3D models and enter supplementary
information known as intelligence to thmodel components. BIM tools are
capable of producing different views of a single drawing and propagating the

changes to different views by simply applying them in one view.

ArchiCAD ® by Graphisoft, Revit Architectur® by Autodesk, and
MicroStationby Bentley Systen’ris are the most conventional BIM tools available

in the market which have heavily promoted the BIM application in the building
sector of the AEC industry (Holt, 2009). These leading CAD vendors have not

offered any specific solution for unadgound structures such as tunnels or sewage
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systems. Since there is no other specific application to produce 3D intelligent
objects for underground projects, a BIM tool is used to generate the 3D model of

the tunnel project.

In this researchbecause ofhie relative robustness of the BIM platform and its
popularity in construction firms to develop intelligent 3D models, which is
extensively discussed by Holt (2009), the Autodesk ReMithitecture 203 has

been employed to produce the tunnel 3D modelthim Revit environment,
parametric families are incorporated to develop the 3D components of the tunnel
in order to maintain the universality of the 3D model. Therefore, the ubebev

able to modify the geometric and ngaometric parameters based on gpecific

requirements and constraints of a particular tunnel project.

In Phase B of implementing the TIM concept, the TIRC data model is
developed and the stdyy-step framework to create a standard tunnel product
model is described. The framework airat extending additional classes to the
original IFC data model. It acts as a neutral and universal data format for
tunneling projects. The resulting product model provides a unique skeleton to
establish the interoperability between different applicatitias are participating
in the project. The existing IFC data model, version IFC 2x Edition3, developed
by BuildingSMARTE is a neutral data format to exchange building specific
information. However, it is a proprietary medium for building structures aed do
not include classes that define entities and types for tunnel or other infrastructure
projects. In other words, the specific elements and properties in other civil
engineering projects have not been incorporated in the development of the IFC
data modelTIM classes or TIMIFC in this study refers to a data model that is
based on the original IFC classklwever, a collection of tunnaspecific classes
have been added to the existing IFC classes to define and specify basic
requirements of the tunnel cooments. Different steps are required to beilfetf
in order to define tunnedpecific classesin this regard, a conceptual product
model representing different components of a tunnel project has been developed.
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The conceptual product model along withe tiorocess modelsgexchange
requirementsandmodel view definitionsare the basisupplies that are employed

to develop the TIM classek Chapter 4 the framework to extend the IFC classes
for tunneling project management are widely descrifeédure 32 shows a
general overview of the major components of the TIM development plan and the

sequential procedure tichieve a TIM project system.

Figure 3-2 The dages of theTIM systemdevelopment
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3.4 The TIM System Architecture
An ideal TIM project systentonsists of three major tiers. These tiers are as
follows:

1 Central RD Data Model

1 Knowledge Management Layer

1 Interoperability Layer

3.4.1 The Central Data Model

The first tieris the TIM central data modellhe central data model is an
intelligent 3D objecbrientedtunnel model. The 3D data model represents the
shape, geometry, and coordination of the tunnel elements. Moreover, it includes
other norgeometric information, known as meta data (e.g., matqualljty, and

cost) in the form of attributes and properties associated with the geometric
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representation of the tunnel componenihie information resources which
contribute to the central data model can be originated from different backgrounds
such as tumel project specifications, preliminary studies, project documents,
constructability reviews, municipal and safety regulations, environmental

regulationsegtc.

3.4.2 The Knowledge Management Layer

The second tier is the knowledge management layeonists of tools to store,
modify, and record the history of the transactions and modifications. In this layer,
the TIM database stores the information in a central archive holding all the project
data. The data management tools assist in performingpieutasks such as
editing, copying, deleting, categorizing, and querying the stored data. Moreover, it
is capable of creating different versions of the data to keep track of any
modification and data access. For instance, it keeps records of all trecti@ms

in the following scenarioconsider a directory of thEIM database that stores the
material inventory information for a sample tunnel project. When a project
manager accesses this directory, the detailed information regarding the entered
data andnodifications is recorded and kept. Also, the executed modifications are
registered by referring to the individual who made the modifications for future
reference. As a result, project information is achieved and maintained in the TIM
database to ensurecassibility in all phases of the project constimt and even

after completion (Operation and maintenance phase).

3.4.3 The Interoperability Layer

The interoperability layer defines a unique data structure to describe semantics in
the tunneling projecfThis layer contains TIMFC classes, as an extension to the
original IFC classes, which facilitate the information flow between the TIM 3D
model and other management applications that contribute to the project. The TIM

IFC model allows the tunnel informah to be operated and viewed in any
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specific domain used by different participanBgure 33 shows thegeneral

architecture of the TIM project systeand the different layers within it.

3.5 TIM System Process

A TIM integrated model starts with definirg set of 3D objects in an object
oriented software application. The tunnel 3D objects present a conceptual model
of tunnel components that can be further used to populate with the other design
and management information. The interoperability layer, whscfagilitated by
TIM-IFC classes, assssin exchanging data with a wide range of application

tools.

Furthermore, the dynamic contribution of the project disciplines assists in
enriching the project model as the project processes are improving. Adtaamesu
integrated project model would evolve that contains all the project information
throughout project phasedhis integrated project model acts as a project
repository and maintains all the information in a single model. The probable
conflicts betweenmodels that are propagated by different funeBpecific
application tools W be revealed directly after the synchronization of the central
project data model. A typical scenario for an IFC basid groject model is as

follows:

1 A 3D conceptual model representing different physical components of the
tunnel project is created. These physical components are the main tunnel,
working shatft, exit shaft, undercut, tail tunnel, etc. Then, based on the
conceptual model, a preliminary arelctural design is developed which
contains more detailed information such as accurate dimensions, materials,
etc. In the next step, for creating the ultimate 3D model, a collection of
nongeometric information would be assigned to the model in ordetdo a

intelligence to the model components.
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Figure 3-3 Thearchitecture of the TIM system

1 Incorporating a set of TIMFC classes, which represents different tunnel

entities and types, exact data packages from the tunnel project model are

mapped to the TIMFC classes. Therefore, all the project data would be

defined as the instances of the FIMC classes. Different information in
the TIM central data model is structurally based on the-THM standard

data format framework.

1 Eventually, the created TIM model can be shared and exchanged with

other project participants and applications, such e estimation and

scheduling applications, through the TIM interoperability layer. Therefore,
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further analysis and assessment of the tunnel project datheapossible

without confronting any information loss or error.

The final project model contairdl the data that resulted from the incremental
generation of information throughout the project lifecycle by different disciplines.
This bulk of information creates an integrated project model that represents a

comprehensive view of the whole project.

The underling processes in a TIM system is shown in Figeteu8ing IDEFO,
which is a function modeling methodology to show how a system whrkbis
representation the processes and components by which the TIM pestenmns

are demonstrated for the émactions between the 3D model and the
cost/scheduling modelhe main processes in the TIM system are preparing the
3D model, IFC based data model for the tunneling projects, the 4D scheduling
model, and finally the 5D cost estimation model. The IDEF@eration shows

the information flow within the TV system among these processes.

In an ideal TIM project model, the updates and changes would be reflected
automatically in the project model. Moreover, notifications would be sent to the
affiliated party toget the final check and approval for the recent changes or
modifications. The tracking and performing of such changes would be possible
via the unique identifiers defined for the TIMC objects. These identifiers
ensure that the accurate modificatiomssigned to the right portion of data in the

central project model repository.
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Figure 3-4 IDEFO Diagram showing TIM Information Flow

3.6 Developingthe TIM 3D Model

Prior to creating the 3D presentation of the tunnelwigiects, the main
characteristics of an intelligent objemtiented parametric project model are
clarified. Also, the available software applications to create tunnel objects are
listed and analyzedFinally, the tunnel 3D model will be&reated usingan

interfacethat provides the afoneentioned properties.

3.61 Object-Oriented CAD Models

CAD has been the main digital drafting tool since its first commercial emergence
in the late 1970s and early 1980s. It is developed from the -&@istyd modeling
technique where the model is presented vgthphical entities such as lines and

arcs (Tse et al., 2005The development of objecdriented product models was
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the focus of many studies during the 1980s. This trend created new approaches in
the computer modelingnd drafting industries (Itet al, 1989). Thentegration of
objectoriented concept witComputerAided Design (CAD) technology ewsd

into ObjectOriented CAD systems (OOCAD). OOCAD not only enhances the
visual aspects of the model, but also contabuo the semantics of the model by
incorporating the informationfrom and relationship between different
components of the model (Howell and Batcheler, 2005). The Building
Information Modeling (BIM) concept is the latest interpretationtied object

oriented notion in the building area of the AEC industry.

An objectoriented model consists of objects instead of graphical entities. Hence,
the minimum visualization unit in an objeatiented model is an object
representing the real world being drafted. Fstance, in a building model, these
objects are composed of multiple lines and therefore possess a generalized
description such as a wall, column, or beam. okding to Tse et al. (2005),
objectbased modeling allows for the encapsulation ofi semant meaning,

which is notadopted in the entitpased modeling trend. Although layering and
using line types, colors, and blocks provides a foundation for an enrictigd en
based model, it iassociated with long and tedious drafting hours because it takes

an extraordinary amount of work to unify and standardize the process.

In this study, the TIM data model is based on an olggented modeling process

to gain the rich semantics offered by this trend in a reasonable amount of drafting
time. Moreover, theencapsulated information is intended to be applied in other
parts of the management process and the procurement of the tunnel pigjeet

3-5 shows the fundamental difference between emidtyed and objedtased

modeling trends.
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Figure 3-5 Entity -based modeling vs. objeebased modeling techniques

3.6.2 Smart Objects and Parametric Modeling Concept

Smart objects refer to the objdzdased modeling components composed of an
extended amount of negeographic and visualized information. The fion
geograpit data (meta data) adds the extra dimensions to the project model. The
parametric modeling phenomenon refers to the parametric definition of the
objects in order to preserve the sustainability and ease of modifications both in
future projects and in diffent stages of the same project. In a parametric model,
parameters are used to define dimensions, model features, material density, and
formulas to describe the relativity and association in one object or among multiple

objects.

3.6.3BIM -Based ObjectOriented Application Tools

Currently, there is no universal ondustrywide accepted objedriented and
integrated modeling applicatigigimilar to BIM in the building domaindhat is
specifically designed for tunneling projects. Therefore, to be able to benefit from
the objectoriented and interoperability advantages offered by BIM applications,
the available BIM applications in the market are evaluated based on the targeted
specifications for a tunneling project. Finally the most favorable software, which
provides sufficient features for tunneling requirements, is seledfgpendixA

presents listof well marketedBIM applications that areurrently availableThe
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successfl employment of any tool depends on the specific requirementsof th
organization and the project, so none of the listed platforms would be ideal for a
project. AppendixB presents all the applications compatible with the IFC data
modeling standar@BuildingSMART, 2011). Tie BIM application that is finally
selected needs to be an HeGmpatible platform in order to provide the

intergoerability requirements fqrzhaseB of the TIM methodology.

According to Holt (2009), AutodeSk Revit Architecturé, Graphix;)ftE
ArchiCAD®, and Bentle'iy MicroStatiorf are the most common applications used

in US engineering firmsThe evaluation in this study has been narroneardto

these three options. Table 3-1 presents a comparisometween Revit
Architectur®, ArchiCAD®, and MicroStatioff as the main modeling platforms

for developing the TIM 3D modeind evaluates their most beneficial aspémts
modelng tunneling construction project$he evaluation shows that amy the

tools is robust enough to use as the TIM modeling platform. However, since the
Revit Autodesk offers an easier process to create parametric components, known
as families, and therefore results in more sustainable models, it is the most

favorable tol to use in the development of the 3D TIM model.

Moreover, Holt (2009) also studied thesapplications and identified Revit
Architectur® as the most popular BIM application in US engineering firms.
Consequently, Revit Architectftéy Autodesk is used m this study to generate

the tunnel 3D model components. It is necessary to mention that based on the
unique characteristics of the project and the involet of professional teams,
thetwo other applications can also be used to model the 3D compondrttse&
embedded intelligence.

3.6.4 Revit® Software
There are three versions of Ré&vioftware available for the building design
discipline. The Revft Architecture is solely designed to cover the architectural
aspects of the building model. Respectiy&evit Structur® and Revit MEB are
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specific to structural design and mechanical/electrical/plumping modeling of

building structuresThe Autodesk Revit® as a BIM modeling application has the

integrated capability of Autode8kRevit Architectur®, Autodesk® Revit MEF,
and Autodesk Revit Structur@ software(Autodesk, 2012)

Table 3-1 Comparison between Revit, ArchiCAD, and MicroStation

- Loadable families can be used to crea
custom-based objects for specific proje!
and be stored to use in future projects.

- Easy to use, but relatively difficult to wo
with specially when the project size gro
and more people share the project datq|
the network.

- Designed to facilitate structural,
architectural and facilty design for buildin
projects in three separate platforms. Offf
in three compatible modules: Revit
Architecture, Revit MEP, and Revit
Structure.

- Offers a robust API to create customiz|
rules and objects.

Revit ArchiCAD MicroStation
Developer Autodesk Graphisoft Bentley
File Format .t .pin .dgn
. BIM modeing specrﬁcgl’y designed for - BIM-based information documentation |- Information modeling environment
buiding construction projects, and cover N ) o ; _ .
; . . |and modeling for architects. It works verjexplicitly for the architecture, engineering
architectural, structural and facilty design . . N . By
; ..~ |well with other 2D information from other |construction, and operation of all
and management specifically for building - .
. . applications. infrastructure types.
construction projects.
- Changes are propagated in different vi{- Provides parametric modeling with datq- Either a software application or as a
automatically enhanced smart objects. technology platform.
. . " . - Int 1t i i 1 ]
- Parametric modeling allows for rule-bag- Includes a huge library of pre-designed niegrates engineering geometry and d
. . . . . from an unmatched range of CAD softw:
relationship between object models and customizable objects. . N
and engineering formats.
- A technology platform for discipline-
. specific applications from Bentley and otl
-cc'):izs t:‘;di';ge?rllbvf f?erli;?nzasita o -Specifically robust in terms of bi-lateral gsoftware vendors. Bentley Architecture,
the rc’))'ect fec cleg p Ty stag easily generated scheduling data. Bentley Structural (RAM), Bentley Buildin|
proj 4 Electrical Systems, Bentley Building
Mechanical Systems, and Bentley Piping
General
Remarks

- User-friendly interface, easy to learn al
explore, even for big projects with multipl
stakeholders dealing with the ArchiCAD
model.

-Interactive two way communication
between the model and the schedule.

- Employs GDL information which contai
all the information necessary to complete
describe building elements as 2D CAD
symbols, 3D models and text specificatiq
for use in drawings, presentations and
quantity calculations.

- ArchiCAD API and ODBC database
connections allows for plugin programs g
add-ons to perform new operations.

- Offers robust subsystems for consister
integration of geometry and data. Provid§
real-time design data and dynamically
leverage the changes in the model.

- Provides a rigorous performance
simulation and what-i-scenario analysis
explore various options and maximize
design objectives.

- Federation and integration of design d4
helps to have efficient clash detection in
modeling process between different
segments of the project.

- Easily annotates and visualize terrain
models and GIS information to meet pro
deliverables.

Table 3-1 Comparison between Revit, ArchiCAD, and MicroStation(Continued)

81



Compatibility
and
Interoperability

- IFC-compatible.

- Revit uses its import and export tools t
move from .nvt files to IFC files and vice
versa. It successfully exchanges elemen
parameters. It is possible to define the
desired element categories via a map foj
Revit to IFC exchange. Simiarly, for the
import action, it is possible to define exa
which IFC classes are translated to a
specific Revit element groups.

Generally, Revit is significantly better in
exporting from .rvt to IFC format than
importing. The imported file is much usefy
as a linked file. The importing process
enhances in case of using a template wi
the IFC parameters preloaded.

- IFC-compatible

- Two different export functions: 1- "Save
as" (file) which exports the entire ArchiCA
fle to a new IFC fie. 2- Merge to IFC
Model "IFC 2x3" which only merge certg
IFC elements or entire current ArchiCA]
file into an existing IFC file. ArchiCAD
exchanges smoothly between IFC and .
file format.

- Two options for importing data: 1- Ope|
(file) which opens the entire model.
ArchiCAD will transform all the imported
elements into the corresponding ArchiCA
elements. 2- Merge ("File special’) which
insets the IFC file into the running
ArchiCAD file.

- IFC-compatible

- Since Bentley is a founding member of
IAl, it is an active board member to defin
IFC classes and subsequently define an
interface for the Bentley Building
applications. Bentley Architecture has the
certification for IFC 2 Edition 3. Other
Bentley platforms also support IFC 2x3.

The Bentley IFC interface supports
common property sets and similar to Re
these property sets are controlled via al
IFC-based data group schema. Also ng
common properties are customizable
through Bentley Architecture DataGroup
schema.

Parametric
Modeling

- Parametric components in Revit are cg
famiies. Revit famiies are highly
customizable and are capable of suppol
rule-based relationships and scenarios.
There are three types of Revit famiies:
System families, Loadable families, and |
place famiies.

- Parametric modeling for new instant
objects for the current project via in-plag
families.

- Rule-based families are buit compone
predefined in Revit. Loadable famiies ar
those than can be created and saved fg
in future projects. No programming is
required to buid loadable and in-place
Revit famiies.

- Revit recognizes the unidentified import
objects as generic models. These gene
models can be assigned as an existed H
element group.

- ArchiCAD allows for modeling scale
sensitive parametric objects, often called
"smart objects". ArchiCAD contains a ric
database of pre-designed customizable
objects.

- ArchiCAD includes Geometric
Description Language (GDL) which is us
to create new components.

- Creation of new and custom-made
ArchiCAD smart objects requires the
knowledge of programming with GDL
language and as a resul, is not as
convenient as Revit loadable and in-plag
families.

- Parametric modeling in MicroStation is
possible by employing a dimension-drive
feature-based modeling technology kno
as Parametric Cell Studio (PC Studio). T
PC Studio technology generates param
buiding components based on used-de
attributes.

- The PC Studio is an important part of t
Bentley Architecture which is installed witff
the program to accommodate parametri
modeling.

- The resulted parametric models are
faciltated with associations between use
defined attributes and PC Studio
components. Therefore, muttiple variatiof
and changes are possible to take place
during the modeling process.

The Revit ArchitecturBstores files in .rvt format. It uses 3D objects of different
building components (e.g., walls, roofs, floors, windows, generic systems) in the
design process. It has object models for each category of the building elements
known asRevit FamiliesA family represents a group of elements with a common

set of properties and graphical representation. The family properties are called
parameters and can take on different values. However, the set of parameters are

always identical for all the instances the same family. The variations of

parameter values for a specific family group are caldadily typesor simply

types. Moreover, a family can be parametric or fmarametric based on the

model requirements (Autodesk Families Guide, 2010). Generallsedban
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Autodesk Families Guide (2010), there are three kinds of Revit families:

A- System familiesare thecomponents that are predefined by Revit. New types
can be made by changing the parameters to create the required components from
system families. Ahough system families are the leagstomizable of théhree

kinds, they have the most intelligent behavior in terms of recognizing the
attachmentsand mergevith other components (e.glaging a door in a wall type

does not need a void in the wall,atitomatically changes to accommodate the
door and required opening).

B- Loadable familiesarefamilies that can be made from scratch and stored to be
loaded in different projects. They are saved in .rfa filssadable familiexan be

combined to creatnested and shared families.

C- In-place families arefamilies created instantly for use aurrent projects and

cannot be used in future projects.

More information regarding the Revit application, and particularly Revit families
is included in AppendixC. Moreover, the steps to create a shaft family are
described in Appendic.

3.7 TIM Model - Objectives and Contributions

Although the true business value of any information system depends mainly on its
application area, and thus difficult to actuallyifye or express in absolute terms
(Aouad et al., 2008), its benefits can be anticipated based on similar data models
or previously examined tools. Likewise, the expected contributions of a TIM data
model are predicted based on the proved advantages osatteessful integrated

data models.

The anticipated objectives of a TIM model are categorized into two groups. The
first type is theimmediate objective®f a TIM project data model, which are

those that are easily observable during the project control and managéheent.
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second type ishe longterm objectiveswhichwould evolvein the later stages of

the project. The longermvalues are required to seidied and analyzed based on
projectperformance and productivity aftére projectcompletion. Some of these
long-term advantages are enhanced productivity and efficiency, a smaller number
of Request For Information (RF&ndChange Orders (CQand subsquently less
rework. However, some of the main immediate objectives ammsuized as
follows:

91 Data Accessibility and IntegrityT | M6s centr al i ntegrated
would enable users to access the project information concurrently, and
hence the chayes and modifications would be propagated and managed
easily withoutdamaginginformation consistency and accuracy. A TIM
project system keeps track of these changes throughout the project lifespan
and documents the access properties (e.g., date, time, ef®e).
Therefore, this information would be useful to understand the performed
procedures and it effortlessly assists to disclose the root causes of disputes
in a very reasonable amount of time.

1 Enhanced Data Exchange$he full implementation of th&IM project
system would support different types of data exchartgechanging files,
accessing a central data repository, connecting applications to transfer data
and online web access are different forms of data exchange. Moreover,
employing the TIMIFC datamodel, which definetunnel semantics in the
IFC data modeling, promotes TIM data exchandehelps to eliminate
data loss and information-entry, which were inevitable in theaditional
forms of data exchange.

1 Parametric Design: The parametricnature of the TIM 3D modeling
approach helps to produce desigariations as well as useodels from
previousprojects. The parametric design in a TIM project system refers to
the definition of interdependencies between different parameters and
geometricalconstraints. By implementing the parametric obmatnted
models, model generation would be less tedious and time consuming,
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compared to therpcess of creating the model finoscratch for any new
tunnel project.

1 Enhanced Flow of Information betweproject phasesTIM facilitates the
flow of information between different phases of the project and hence
intends to remove the burden of unknown factors and parameters in the
previous stages of the project. For instance, in the transition from
constructim phase to the operation phase, documenting the project
facilities' periodical surveillance, primary condition, and previous
malfunctions or incidents would help to outline a rigorous maintenance
plan. Moreover, keeping track of pitfalls during the operagphase can
assist to improve the decisions for future projects that deal with a similar
facility or operation plan.

1 Better Plan for O&M Phase of the Tunnel Projethe TIM system also
enhanceghe operation and maintenance (O&M) phaSiece the O&M
team can easily access the TIM integrated data base, thegeualop
effective plans to preserve optimum maintenance performance.

1 Less Data Rentry: By using TIM as a central holistic database of project
information, there is no need for-emtering andeconstructing the same
piece of information that has already been used or created in other
disciplines for the same project. The information that has been added by
the first application is readable by the second applicabienause of the
standard data adel format. Therefore, error prone data entries and human
intervention is reduced. Project parties can easily reach the TIM database
to access the latest version of the project model in their specific
application tool interface without missing any partre# information.

3.8 Chapter Summary and Conclusion

In this chapter, the scope of thesearchis clarified. The background and
principals of the TIM project system for tunneling projects are explained.
Furthermore, the requirements for developing trstesy and its main components
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are discussed. The implementation of a TIM system requires accompligling t
distinct phases; paseA, 3D data modelingndphaseB, TIM-IFC classeslFC is

a neutraldata model which is widely accepted to exchange buildgpgcific
information However, it does not cover tunneapecific elements. TIMFC
classes are defined as an extension to the originaRX¥-Edition 3to enable the
interoperability in the TIM project system. Finalthe architecture and process of

a TIM project systemare demonstrated, and the advantages and objectives
through implementing the TIM concept are anticipated.
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Chapter 4: Implementing TIM Project Model and TIM -IFC

Standard Data Model Framework

4.1 Introduction

An information model for tunneling projects depicts the data structure and
information flow among project segments. In the previous chapters the general
methodology and background for designing the TIM framework were discussed.
This chapter is devoted tbhe implementatin ofthe described framework and its
requiremerd. First, a brief introductiodescribes the TIM architecture thabs
comprehensively discussed in Chagteee Then, the principles of developing a

3D project model(PhaseA) for a typical tunnel project is described and the
associated limitations and shortcomings are discudsddr on the framework

for designing a standard data model for tunnel proj@isseB) is defined.In

each stage of development, multiple stepsplete the requirements farsection

of the tunnel information model. These steps have been implemented by

employing asection of aailway tunnel project.

4.2 TIM Project Model System

The TIM project system is an integrated project model that facilitates efficient
cooperation between management processes. It consists of three major tiers: a
multi-dimensional objeepriented project model, knowledge management
services, and an interopéilty layer. Figure 41 shows the architecture of the

TIM project system.

4.3 Phase A 3D Modeling of Tunnel Objects

The goal of the intended 3D model is to be a general representation of tunnel
elements, components, and final products. The tunnel 3D medah iobject
oriented and parametric design that is populated with extra information (non

geometric data) known as meta data.
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The meta data includes any rasualized information such as material, time,
cost, association, quantity, quality, and resourddgetunnel 3D model is created
using Autodesk Revit Architecture 2013hat provides the aforementioned
propertiesto add gemetric and nofgeometric information to the tunnel 3D

model.

Obviously, since ReVitonly offers predefined families specifically defined for
building structures, the tunnel components need to be created as loadable families
and customized as necessarpatecommodate the 3D modeling requirements of a
TIM project model. Therefore, separate families have to be generated for each
tunnel component. Next, these components can be loaded to a project
environment and then attached to create the final model. Ta#sdmtd methods

of creating loadable families for the main tunnel and tunnel shaft are described in

AppendixC.

The tunnel Revifamilies are customizable based on the specific properties of a
unique project. Some of the most common variations for ekrheatcan be
created (e.g., rectangular shaft and circular shilfityeover,general properties
can bedefined for each family and the most common vakess beasumed as

default or based on a particular equation.
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Apparently, these components are ngplaable for any random tunnel project.

The arrangement and properties of a sewage tunnel may significantly differ from
a road tunnel. In this study, the focus is towards a general representation and
implementation of the described project system. Forracpkar type of tunnel
project, the first obvious difference, from the already created objects, would be
the section shape of the main tunnel, which is unique for any tunnel project based

on the underground type and target performgRagire 42).

b- Horseshoe Tunnels

c- Circular Tunnel d- Curvelinear (Oval) Tunnels

Figure 4-2 Different tunnel profiles (a-d) based onFHWA (2005)

Moreover, based on the project requirements, new parameters may be required for
a tunnel component that can be defined as needed. Also, the default
values/equations can be edited for that Bjgegroject. As mentioned before, the

3D modeling part of the TIM project system consists of both the geometric and
nongeometric (meta data) presentation of the tunnel components. The-tunnel
specific loaded families include both presentations, since pheserve the 3D
logistic and the embedded properties for each component. These properties can

range from dimension specifications to measured data.
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As described comprehensively in Chapter 2 and Chapter 3, in an integrated
project system, the goal is tadilitate the cooperation among project participants.
Each participant needs a specific part of the information to exchange and operate
its share of the project tasks (e.g., design, plan, estimate, supervise, regulate,
maintain).lt is essential to includall the information required for exchanging and
sharing among project participants in this 3D central data model. Providing a
central project model for storing and sharing project data is not solely sufficient to
improve collaboration in a constructioropect. Interoperability plays a prominent

role to provide a responsive project environment that easily propagates the project
participants' objectives and accommodates the dynamic changes that any project
may confront. In the next section, the common foolcreating an interoperable
project environment, its requirements, and implementation process for a TIM

project system are presented.

4.4 Phase B IFC-based Data Model for Tunneling Projects
In this section, the proposed framework to extend the dFSses and create

tunnelspecific classes is described.

441 TIM - IFC DevelopmentPhases

The tunnel construction process involves technical aftdn complex work
packages that require handling a great amount of information through multiple
project phass. A high number of classes, entities, and properties are required to
cover all the tunneling data. The sequential methodologigvelop the TIMIFC

data modeis based on the methodologies provided in Hietanen (2006) and the
national BIM standards (NBIM) coordinated by the Facilities Information
Council (FIC) of the Natiorldnstitute of Building Sciences (NIBS) (Figure3}.

NBIMS is a framework to define the configuration and arrgement of

information exchanges.This standard intends to determine thmequired

information to be exchanged in any stagfethe building project lifecycle. It

defines the exactattributes and properties to lexchangedn any transaction
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(Sacks et al., 2D). Sacks et al. (2010) describdte tonsecutive phases of
developinga STEP based BIM standard procedure in the construction dolnain
begins with defining a process magalled an Application Activity Model
(AAM), which is a basis for generating an application Requirement Model
(ARM). ARM focuses on identifying the exdahge requirements and a data
model for products represamy specifications of data objects, their entities, and
attributes along with the relationship between data objects. The ARM needs to be
refined based on Integrated Resources (IR). The IR expressesific
requirements and entry values for different applications. The resulted integrated
data model is an Application Integrated Model (AIM). TRE alsorepresents an

AIM model written in EXPRESS language.

Deployment of a successful IFC solution twercome the interoperability
problems requires implementing specific procedures in order to maintain the

validity to apply for real construction projects.

The following steps in Figure-4 outline the process of creating an He@sed

model to support inteperability amongapplications in the AEC industry. This
pyramid shape hierarchy demonstrates the dependency of each upper level to its
lower level rather than the sequential procedure of the steps (Hie2@@8h The

notes in theectangles partly degbe the specifiprocedurdo exendthe existing

IFC classes and develop thiM-IFC classegor tunnel projects.

The method todevelop the TIMIFC classes as an extension of the original IFC
classes is composed of two major pastsown in Table4-1. The first part is
generating a conceptual product model consisting of all geometric ard non
geometric components of the tunnel and its environnidrg.second part focuses

on deploying the IFhased structure for elements and data in a tunneling
constructionproject. It is necessary to compéate conceptual model with the
original IFC classes to eliminate any similar categories and add new categories to

the existing IFC structure.
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; Shows the general business processes and
i their stages. It illustrates how each end user
i
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i

i is going to contribute to the model in a way
! that is most beneficial for other users

Requirements of each participants needs to |
be captured and stored. Documentation !
of these exchange requirements assists :
in understanding and providing;

Prmim i ————————————— \
people/organization/business processes needs i !

Use the expanded IFC ;

j definitions to facilitate |
v importing and exporting :
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.......................................... Requirements

New model definitions for ; information models between ;
underground elements and : IFC Implementations I software applications and i
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/ / IFC Modal Specification \
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i Requires new specifications to include §
i tunnel specific model view definitions }
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Figure 4-4 The process of creating IFGbased model (Hietanen, 2006)

Table 41 General methodology fordesigning the IFGbasedtunnel information

model

Design of Tunnel Information Model

Seqguential Methodology
Physical and Spatial Elements

. Develop the Tunnel Product Processes
i Resources

Model
Knowledge

Measured Data

Create the end user Process Map (PM)

Identify and document the Exchange Requirements
Create the Model View Definitions (MVD)
Demonstrate the IFC Model Schema and document
Implement the developed IFC model |

Deploy IFC-based Solution for
Tunnel Projects

4.42 Tunnel Product Model

In order to reach a valid conceptual product model, it is necessary to identify
physical/spatial tunnel elements, underlying processes, required resources, tunnel
information, specifications, and finally, the information required for and resulting
from exeuting these processes. Thegjuired information objects that build the
tunnel product model can be identified by organizing and documenting ongoing

processes, required resources, participating actors, and the embed deth habest
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among them. Thigformation is gathered based on a comprehensive investigation

in previous studies and the field documents of the tunnel projects in Chapter 2.

The scope of developing the TIM classes in this study is to capture the main
entities and properties of the tunnetusture to provide a foundation for full
development in the future. Therefore, only the major tunnel components are
incorporated to generate the new classes. The minimal approach in this
preliminary general framework prevents redundant or excessive ¢lagses
consequently, larger models that are significantly hard to handle and implement.

Lee et al. (2006) identified the information objects by utilizing ISO 12006
standard, which is a framework for classification of information about
construction worksThis standard helps to determine the required classes for
organization of information objects and the relationship between these classes.
Yabuki (2008) considered a simplified approach through defining the classes by
answering "What and where", "when amdw", "Who", and "why". These
guestions, known as 5W1H, help to identify the products, processes,
organizatios, measured data, and knowledgespectively Zhang et al. (2010)
described the tunneling process and construction resourca#seld tunneling
projects for urban areas and developed a conceptual project bass#el on the
gathered information from previous field documemtsthis study, a combination

of all mentioned strategies has been employed to determine the information
objects for tunnelingconstruction projects. Table-21 shows a preliminary
classification of commotunnel componentBy investigating previous studies on

tunnel construction and field documents of tunnel projects.

In order to understand the relationshiptiween different coponents of a
tunneling project Figure 45 shows a hierarchal diagram of the main spatial
components and their major required knowledge managing the tunneling
process The geometric components are those represented in the tunnel 3D model
and they are ansidered to be parameterized and generalfzied Revit loaded
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families)in order to beestored and used in future projects.

Table 42 Common Components of Tunnel Projects

Common Components of Tunnel Projects

Physical and Spatial Hements Processes Resources Knowledge Measured Data
Shaft Tunnel Excavation Labor Material Type Cost Data
Shaft Section Tunnel Lining Equipment Site Layout Scheduling Dat:
Tail Tunnel Shaft Excavation Material Contract Documents
Tunnel Shaft Lining Construction Method
Undercut Geographic Survey Equipment Specificatio
Borehole Pre-design Studies Site Topography
Ground and Underground Barrierp Ground Stabilization Plans and Drawings
Primary Liner TBM Installation
Secondary Liner TMB Removal
Soil Layer in Borehole Temporary Structure Removl
Temporary Structures

Length
Tunnel

Dimensions

Tunnel
Section

Geometric components

Section angel

UnderCut }—b—{ Dimensions

Tail Tunnel

Dimensions

Method of construction

Non-geometric s

Lining Method

Scheduling Parameters
Cost Parameters
Shaft Dimensions
Geometric components Section

Shaft Section angel
Method of construction

Non-geometric

Cost Parameters

Scheduling Parameters

BH Alignment

BH Section

Soil Layers
Method of construction

Rock Parameters of the soil layers

Tunnel
Information
Modeling
Components

Geometric components

Borehole

Non-geometric ts|

Scheduling parameters

Train ] Cost P

Temporary p—

S
Structure *\[—I
Safety structures

Existing Buildings

Ground Barriers Existing Civil Infrastructures

Gas Pipelines

Water and Sewage system

Electrical Cables

Barriers [«

Underground Barriers

Tunnel mass
components

Figure 4-5 Main Spatial Componentsand their Common Properties
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Non-geometric components are conceptual knowledge embedded in the model
that either demonstrate the geometric attributes of the model or display the nature

of the process, participating organizatiorethods of constructigrtc

Although, it is not a comprehensive inclusion of all the elements or relationships,
it helps to realize the main physical and spatial components. Physical components
refer to the actual mass elements of the tunneling process or the corresponding
procedureor material such as primary lining, secondarynigiand backfilling
material, while spatial components represent the general zones or group of
products that form the final tunnel project such as tuandlshaftBy employing

the components in Table2Zland Figure 4, a conceptual tunnel product model

has been developed in Figur&4

The next step for developing an i@sed tunnel information model is to
evaluate and compare the existing IFC classes with the product model to remove
any similar classesr to add new classes to better describe the tunneling process.
The goal here is to extend the existing classes in IFC2x EditidecBnical
Corrigendum 1jn an approactihat best suits the business processes in tunneling

projects.

4.43TIM -IFC Develgoment based on the Tunnel Conceptual Product Model

In order to extend the original IFC classes, it is necessary to accomplish two steps.
The first one is to investigate the IFC classes, the existing relationships, and
scenarios. The early investigation vathelp to avoidadding any redundant
classeghat already exisMore importantly,t would assist to identifyhe classes

that are required to be created specifically for the use of thelF@data model.
Therefore, in the next two sections, the origitk&C classes are studied and the
classes that are required for creating JIINC classes are identified. The second

step is performing the IFC development process in Tallle 4
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Figure 4-6 Conceptual Tunnel Product Model
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4.43.1IFC Architecture and Extension Potential

The architecture of the IFC data model consists of four conceptual layers: core
layer (Kernel), domain/application layer, interopeligblayer, and resource layer
(Figure 47). The IFC kernel provides independemformation objects that
support sustainability of the model and assist in adding new entities to the IFC
structure (Leest al, 2009).

Each layer contains a set of schemas, which represent the detailed information on
a particular subject such as georyetnaterial, process, cost, etc. IfcRoot is the
supertype for all of the element classes, except the resource layer classes. The
properties of the IfcRoot class are object identity, local naming and ownership
information, which are propagated to all thébtypes through inheritance rule.

The ladder principle, which is the idea of referencing the classes in the same or
lower layers, is a principal aspect of the IFC architecture. In addition to the ladder
principle and inheritance capacity of IFC classes,dhjectoriented concept and
classification rules are necessary to consider when defining the new extended
classes (Weiset al, 2000).The IFC standard offers a generalized definition for
project information, and therefore, specific use case scer@mmoise defined to
include a particular project workflow (Eastmaial, 2008). A use case specifies

the information exchanges between two actors for a particular workflow.
EXPRESSG is the visual representation of the EXPRESS language and is
frequently ued to show the hierarchal distribution of the main classes and sub
classes in the IFC schema (Arnold and Podehl, 1999).

In this study, the IFC2x Edition 3 Technical Corrigendum 1 is used as the basis
for defining the new TIMclasses The TIMHIIFC definition promotes a solution
with multiple objectives. The first one is to offer a general description of tunnel
architecture and its associated information that is useful for the implementation of
the TIM 3D data modelA 3D tunnel depiction includes both a piogd
representation of the working shatft (e.g., displacement, geometry, and shape) and
its associated properties (e.g., material, sinking method, and lining method). Such
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a general description provides the project participants with a unique
representationf the tunnel project and eventually prevents different portrayals of
the actual project boundaries.

IFC2x platform
- IFC2x part equal to
ISOIPAS 16739

non-platform part . short form distribution

Figure 4-7 IFC Architecture Diagram (From BuildingSMART, 2011)

IFC2x3 TC1

Architecture

The second objective is to provide a unique format for exchanging the
information amongproject teams. For instance, in an interoperable tunnel project
model, the cost information does not need to bentered into the estimating
application because it is possible to reach that information directly by importing
the required cost informaticready generated in the 3D TIM model.
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4.43.2 Original IFC Classes IFC2x Edition3 Technical Corrigenduml
The IFC classes are classified into four major categories (BuildingSMART,
2011):

1- Defined TypesThese are the data types that are defined to be valid in the IFC
data model. They describe the type for measures, weights, numbers, quantities,
etc. The defined types are characterized by a data type (e.g., real, integer, string,

count number, font stylgnd an arbitrary ruleased specification.

Examplel: IfcHourInDay.
EXPRESS Specification

TYPE IfcHourinDay = INTEGER
WHERE
WR1 : {0 <= SELF < 24}
END_ TYPE;

Formal Proposition
WRL1 : The value of the integer shall be between 0 and 23.

Example2: Ifcldentifier

EXPRESS Specification
TYPE Ifcldentifier = STRING
END_TYPE;

2- Enumerationsbasically defines different types for an entity in the IFC data
model. The enumerations describe the different kinds that exist in therogsdt

for a specific entity.

Examplel: IfcBeamTypeEnumThis enumeration defines the different types of

linear elements that an IfcBeamType entity can fulfill.
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Beam: A standard beam usualy used horizontally.

Joist: A beam used to support a floor or ceiling.

Lintel: A beam or horizontal piece of material over an opening (e.g., door, window)
T-Beam: A T-Shape beam that forms part of a slab construction

Userdefined: User-defined linear beam element.

NotDefined: Undefined linear beam element.

EXPRESS Specification

TYPE IfcObjectTypeEnum = ENUMERATION OF
(BEAM,
JOIST,
LINTEL,
T-BEAM,
USERDEFINED,
NOTDEFINED);

END_TYPE;

Example2: IfcObjecfTypeEnum This enumeration identifies the corresponding

object category (subtypes of IfcObject) for an object.

EXPRESS Specification

Type IfcObjectTypeEnum = ENUMERATION OF
(PRODUCT,
PROCESS,
CONTROL,
RESOURCE,
ACTOR,
GROUP,
PROJECT,
NOTDEFINED);

END_TYPE;

3- Select Typesallows the user to reference the selected types and define which

entity/entities are associated with another entity.

Examplel: lfcActorSelect This select type allows a person or organization to be

referenced.
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EXPRESS Specification

TYPE IfcActorSelect = SELECT
(IfcOrganization,
IfcPerson,
IfcPersonAndOrganization);
END TYPE;

Example2: IfcDocumentSelectenables the user to reference a document from a

self-contained data source within IFC data model or an external resource.

IfcDocumentinformation (for metadata of an external document)
IfcDocumentReference (for reference to the location of a document)
EXPRESS Specification
TYPE licDocumentSelect = SELECT
(IfcDocumentReference,
IfcDocumentinformation)

END_TYPE;

4- Entities Definesall the semantics, elements, and objects present in a project.
For each entity, there's a property set definition by a specified entity
(IfcPropertySet) and an attachment device (IfcRelDefinesByProperties) for each
object entities. The collection of thepeoperties for each object entity is named

as: APset _.....Commono.

Example:lfcActor: defines all the human factors during project lifecycle and

maintains the human/organization definitions of the IFC data model.

IfcActor

Defined by => |fcPropertySet

Attached by => |fcRelDefinesByProperties
Accessible by => |sDefinedBy

Specific Property Set Definition => Pset_ActorCommon
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EXPRESS Specification
ENTITY IfcActor;
SUBTYPE OF (lfcObject);
TheActor : IfcActorSelect

INVERSE
IsActingUp : Set OF IfcRelAssignsToActor For RelatingAct:
End_Entity;

Attribute definitions
TheActor:  Information about the actor.
IsActingUpon:Reference to the relationship that associates the actor to an object.

Inheritance Diagram
ENTITY IfcActor;

ENTITY IfcRoot;
Globalld : lficGloballyUniqueld;
OwnerHistory  : lfcOwnerHistory;
Name : OPTIONAL lIfcLabel;
Description : OPTIONAL IfcText;

ENTITY IfcObjectDefinition;

INVERSE

HasAssignments : SET OF IfcRelAssigns FOR RelatedObjects;

IsDecomposedBy: SET OF IfcRelDecomposes FOR RelatingObject;

Decomposes  : SET [0:1] OF IfcRelDecomposes FOR RelatedObjects;

HasAssociations : SET OF IfcRelAssociates FOR RelatedObjects;
ENTITY IfcObject;

ObjectType : OPTIONAL lIfcLabel;
INVERSE

IsDefinedBy : SET OF IfcRelDefines FOR RelatedObijects;
ENTITY IfcActor;

TheActor : IfcActorSelect;
INVERSE

IsActingUpon : SET OF lfcRelAssignsToActor FOR RelatingActor;

END_ENTITY;

IFC architecture is comprised of hueds of entities that are organized based on
the inheritance rule in a hierarchical order. At the abstract level, the entities are
divided into rooted and nerooted entities. The rooted entities are subtypes of the
IfcRoot and have a globally unique iddmtr (GUID) and assigned properties.
The IfcRoot entity has three abstract concepts; IfcObjectDefinition,
IfcPropertyDefinition, and IfcRelationship. The rowvoted entities have no GUID

and instances only exist if referred by a rooted entity. Therefbwee, IEC

extension usually occurs in the rooted elements (Fig@®e 4
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=-IfcRoot
=-IfcObjectDefinition
| &-IfcObject
.| m-IfcActor

#-IfcProcess
=-IfcProduct
-IfcAnnotation
-IfcElement
-IfcGrid
-IfcPort
-IfcProxy
e-IfcSpatialStructureElement
-IfcBuilding
-IfcBuildingStorey
-IfcSite
-IfcSpace
-IfcStructural Activity
m-IfcStructuralltem
-IfcProject
=-IfcResource
. &-IfcTypeObject
i B IfcTypeProduct
- IfcDoorStyle
IfcElementType
{ L IfcWindowStyle
w-IfcPropertyDefinition
=-IfcRelationship
7 IfcRelAssigns
-IfcRelAssociates
-IfcRelConnects
-IfcRelDecomposes
-IfcRelDefines

[

[+

Figure 4-8 The hierarchical architecture of thelfcRoot

The IfcObjectDefinition as one of the subtypes of the IfcRoot has two branches.
The IfcObject captures object occurrences, and the IfcTypeObject captures the
object types or templates. The six fundamental concepts of Who (IfcActor), Why
(IfcControl), What (IfcGroup), Where (IfcProduct), When (IfcProcess), How

(IfcResource), known as the 5W1H, are described in the subtypes of the
IfcObject. These are the main classes to define all the objects in the tunneling
domain. The IfcProduct specifically defines thecwrences of spaces and

elements (Spatial and Physical elements) in the-TH®I data model.

The IfcRelationship captures the relationship among objects defined under the
IfcObject. The five fundamental relationships are IfcRelDecomposes,

IfcRelAssigns, fcRelConnects, IfcRelAssociates, and IfcRelDefines. These
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entities are critical to define the relationship between the-I[H® entities.

The IfcPropertyDefinition describes the generalization of all the characteristics. It
has a subtype of IfcPropertySefindon and defines the information that is
shared among multiple instances of objects. The connection between these
properties and the corresponding objects are handled by IfcRelDefines
relationship. The subtypes of the IfcRelationship provides enougtbifigy to

define any relation type between independent information objects in théFOM
development and the required tunnel objects can be easily added into the

conceptually same entity groups that existed in the original IFC data model.

444 TIM -IFC Development

As mentioned in section 44.the deployment of the IFGased solution for
tunneling projects needs to accomplish certain requirements. These requirements
are creating the tunnel project process map, identifying exchange requirements,
creatirg model view definitions, demonstrating the IFC model schema, and finally
implementing the developed THWC data model. It is necessary to mention that
since the concept of the extended classes is unique to the tunneling projects and
entirely independeritom the building domain of the existing IFC classes, such an
extension does not have an effect on the already defined classes. Perhaps, by
using the TIMIFC extended classes, it is possible to integrate different parts of a
large project in a single dataodel. For example, in a rail transit subway tunnel,

the information associated with the service buildings and surrounding structures
can be described by building domain classes. ConcurrentlysIF0Vclasses can
represent the data regarding the tunneit g the project. Therefore, by
employing a single data model, the project management process benefits from an

integrated project model that contains every aspect of the actual project.
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4.44.1 Tunneling Process Map(PM)

A ProcessMap (PM) is a model describg the stages in a project and the
sequence of end user processes that take place in each stage (Hi&@6pm

the TIM-IFC development, creatinthe tunnel PM assists in identifying the
processes, responsible parties, and infaonaiow through different stages of

the tunnel phases. It also represents the general work flow in a typical tunneling

project by utilizing the TIM concept.

Pre-design Phase Design Phase Construction Phase Operation and Maintenance

Phase (O & M)

Site Investigation
Geotechnical Investigation Structural Design Site Physical Preparation Regular Inspection of _Pcrmcnant
Tunnel Facilities
- (Electrical, Mechanical (HVAC)
Underground Barriers Geotechnical Design | Temporary Facilities Installation I and Plumping)
......................... c
(Obtain geotechnical information for a safe, practical ) N
T mimmcﬂl geotechnical design ﬂ;d c\,gmam“ : Mechanical, Electrical and Shaft Construction Managing Raining Water
g drilling boreholes to examine and study soil layers : Plumping Design (MEP)
Ground Barri Tail Tunnel and
(TGl E T Off-site Fabrication Design Undercut Construction
: e.g., gas pipelines, water and sewage 1
TBM Installation

Availability of Water Supplies

Material Survey Takeoff Tunnel Excavation

Demolish (e g., existing building,
civil infrastructure

Operation Simulation Model Monitoring TBM Orientation

Redirect (e.g., road, pavement) I

Cost Estimation Exit Shaft Construction

Availability of Electricity

Scheduling Data | TBM Disassembly and Removal I

Site Layout Design and Coordination

Trade Coordination Construction Site Removal

I Determine Suitable Access Points l

Preparing Detailed Bill of

|
|
|
|
|
|
|
|
[
|
1 system, electrical cables i | Energy Analysis Model
[
|
I
[
|
I
[
|
[
[
|
: Material Database

Space Allocation for

Material Storage; Working Arcas; Plant P(‘Slll(‘llsl:
Units of Accommodation; Emergency Services;)

General Circulation Areas; Access Point for Deliveries |

TBM Installation Instructions

Preparing Other Temporary Facilities
Installation Requirements

__________________________

I'ender Preparation

I
|
I
|
I
Technical Evaluation |
I
I
I
I
|

Preparing Final Site Layout

Risk Mitigation Studies

Alternative Proposals

I BOQ (Bill of Quantities) Preparation I

Studies Regarding
Safety Considerations

Preliminary Visualization Model

Figure 4-9 Major activities in Tunnel Construction Projects

Developing a process map for a conceptual tunnel project involves first;
identifying the business processes in the project and seoorektigatingthe
interactions and business flow between different sectors of the business processes.

In order to precidg determine elements of the process model, the major
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processes in each stage have been determined based aontpechensive
literature reviewin Chapter 2.As a result, the major activities in tunneling
projects are those presented in Figw@ Zhese etivities are categorizkbased
on their implementation phases.

By identifying the business processes in tunneling projects, development of a
process map would be possible. A business process is a combination of multiple
tasks and procedures that résurh producing a final productn Figure4-10, the

result of some of the mabiusiness processes in tunnel projects are presented.

Cost Estimation Project Schedule
Module (5D) Module (4D)
Design Confliction .
Checking Module Energy Analysis
\\ Model
Tunnel

3D Strata
Model Projects

T~ Site Coordination
\\ Model

Tunnel Simulation
Material Takeoff Model
Data

Site Layout
Model

Figure 4-10 Business Processes in Tunneling Projects

A comprehensive PM is shown in Figu4€l2 for a conceptual tunnel project,
which illustrates all the undergoing processes and actors from thadegign

phase through the construction phalee processes and phases can be altered to

provide a projectos specidsdrimedinieigure4 and

11
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Tunneling Process Map- Applying TIM Concept
Pre-Design > Design > Construction >
Site Drilling Site H - Site Layout H Updating the H
Investigation BoreHoles 4| Survey H Gegt:scigzlcal — Designand | : TIM Model E
Data Coordination : :
imi 1 Final Off-Site H Applying H
@ ||Geotechnical| Preliminary H Architectural ) H Design Changes | ¢
c . Architectural Precasting H q '
Studies . Updating Design N Changes an H
k=) Design Ty 9 Design ' Updates H
) e H v H
a Preliminar Model Stuctural i| Design :
Municipal Site Layou); : Mechanical, | L PeSi9n Energy } | Documents :
Regulations . ' Electrical and Analysis ' '
Design and H ectrical an H H
Coorgination : Plumbing Madel | | — Tail Tunnel | |
(I : Design : Working /and Undercut| | §
E Temporary : t—  Shaft Construction 5
' Eacilities : Construction :
= Safety Safety H installation TBM H H
g Standards Considerations H - Installation H TBM :
© Updating pigszgﬁiln I | Guidlines ' installtion Tunne_l '
< the TIM : Excavation | 1
o
o ¥izale) Temporary Site E l ¢_1 E
H Facilities " H '
i H Physical B '
Project : Installation Prepgrations : Exit Shaft TBM :
Documents Preliminar - H idli H .+ Disassembly H
e ary Guidlines Constructi

— ) Alternative | | ¢ + || Construction dR | H
Operation p— . ' ' and Removal '
Simulation | | Anasis |/ Bill of : ;
@ ' Material T :
(o)) . . .
& _— o . Cost H
Biddin Feasibility Cost - .- H
g Procesgs Analysis Updating Operation Estimation Updating Monitoring E
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2 Risk Material Model . :
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Figure 4-11 A tunnel Process Map frompreliminary design toconstruction

completion

4.44.2 Exchange Requirements (ER&nd Model View Definitions (MVD)

To develop an IFC solution for tunneling projedtsis not merely sufficient to
determine the business processes. Still, a detailed framework is required to
designate precisely what infornmmt is required to be exchanged between the
applications or usersThe exchange requirements describe the scopleeofiata
exchange in business processeBetanen, 2006). Therefore, it reveals the exact

objects and attributes to be included in each exchsceygario

In the buildingdomain the IFC data structure provides the interoperability tool

for exchanging building data. However, IFC implementations require detailed
specifications to perform the data transfers. These specifications are described
through the exchange requirement (ER) analgsid MVD diagrams using the
NBIMS model view approach (Venugopal et al., 2012). Venugopal et al. (2012)
identified two sets of semantics as the required specifications of any model
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exchange. The first one is the semantics in each application interfatéhean
second is the semantics available in the IFC data structure that defines the

exchanged information.

Documentation of exchange requirements assists in understanding and providing
usef /application needsinformal requirements are collected by the elod
developer based on the common termghefdomain experts. Identification of
these requirements assists in achieving a final tunnel requirement model. This
requirement model exhibits the main information packages and their embedded
relationshipsfor the target processessuch exchanges are efficient and to the
point (Lee et al., 2009). Exchange requirements present a selection of the
information entities from an exchange schema (i.e., IFC,-TA®) and their

attributes for a particular usmse scenarip/enugopal et al., 2012).

A tunnel product model contains a variety of information describing different
parts and aspects of the tunnel. A single piece of the project model may be
interpreted and analyzed from different perspectives by project partgipant
Consider the rib and lagging support system for one segment of the main tunnel.
A detailed design of the steel ribs is used by the engineering team for structural
design review, by the contractor for sequencing, coordination, and installation, by
the pefabrication team for plant production, and finally by the management team
for resource allocation, cost estimation, scheduling, and clash detection purposes.
In order to perform each work flow, a different piece of information is required
depending on théevel of details and the context of the operation. There are a
number of feasible ways to present the steel ribs data using the tunnel product
model. However, not all the data is necessary for each professional team to

complete the design work; for instan

1 The cost estimation process requires the general volume of the work,
meaning that by integrating external dimensions and volume of the piece,

it is possible to estimate the cost for the material. Hence, the installation
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details are redundant in thissea

1 The clash detection process is possible by using the general representation
of the steel rib as a whole block. There is no need for the material
information.

1 In the coordination process, the geometry information and detailed
dimensions are useless. Hewer, the project schedule plays the prominent
role in achieving the most efficient sequencing option.

To identify the exchange requirements for business processes in a tunneling
project, it is necessary to study the properties and common attributesnef tu
elements and themecognize which properties are vital enough to be considered

as part of the information package for each specific exchange scehario.
determine the required properties to prescribe exchange requirements, these steps

(Figure 412) areessential to follow:

Specify the business processes in a typical tunneling project.

Identify the partiekisersparticipating in differenbusiness processes.
Identify the specific applications that each party uses to perform its
associatedlasks throghout project lifespan.

1 Identify theuser or application semantics that describe the data that need
to be exchanged.

T Identi fy t he | FC semanti cs t hat signi
successfully describes the exchanged information in the IFC neutral
format.

1 Finally, gathering information based on the known semantics in the
user/application domains and IFC data structure. The medium for

representing the required information is provided by model views.
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Figure 4-12 The procedural steps to deliver ER and MVD

A typical scenario of the above steps fdentifying the exchange requirements

and forming the model views is described for the preliminary studies/planning
phase of a typical tunneling projectable 43). The results of this figure is
prescribing the exchange requirements for a prefabricated concrete segment for
the shaft lining process based on the interrelations between designer, contractor,

prefabricator, and project manager.
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Table 4-3 Typical scenario toexplore exchange rquirements among

applications/participants

Preliminary Studies (Planning phase)

Business Process

es Users

Applications

User/Application Semanticg

Ifc Semantics

Cost Estimation

Project Manager-
Contractor- Client

Financial Analyzer-
Spread Sheet

Cost per Unit- Quantity Tak
Off- Bill of Material

IfcTask- IfcCostltem-
IfcCostSchedule- IfcCostValy
IfcAppliedValue-
IfcAppliedValueRelationship

Engineering Team-

3D CAD Modeling

Design Specifications- Detailq

IfcProduct- IfcElement-

Prefabricated Shaft Concrete Segment

Design . Interface- 3D Strata| Dimensions- Soil types and IfcSpatialStructure-
Architectural Team ] v .
Modeling Tool Specifications- IfcElementType- IfcAnnotatio
IfcProduct-
Production Prefabrication Tear 3D Manufactunng Detailed Gepmgtry— 2D/3D| IfcProductDefinitionShape-
Design Layout- Fabrication Sequen IfcElementComponent-
IfcAnnotation
3D CAD Modeling |Connection Details- Installatiq  IfcConnectionGeometry-
Installation Contractor- Designer Interface- 3D Strata | Specifications- Safety Limits| IfcElement- IfcAnnotation-
Modeling Tool Work Schedule IfcLocalPlacement

There are multiple representations show and classifthe same piece of
information in different applications. As a resukgveral arrangements of
information are possiblelherefore, thdranslators, which assist in mapping the
data, would follow dissimilar ways to depict the informati@uch devation

results in unreliable exchange outcomes and threatens precise information
mapping between multiple application®VD supports different exchange
scenarios and modeling guidelines. Such a uniform data structure, which acts as a
universal standard, prevents further confusion and errors in the exchanging data
models (Sacks et al., 2010).

The IFC model viewsas a subsedf the IFC model specificatigriacilitate the

IFC implementation proces<reating MVD is the mechanism in which a
standardized schema for representing data models is comprehended to unify the
data structurén all the applications used within a specdieman of the industry.

The IFC MVDdescribes definitions and configuratsoithey assist in prescribing

the possibilities of a concept and then deteartiow to arrange and use the
meanings while following a structuredafmework in a specific cas&he maor

role of the IFCMVD is to satisfy the requirements of the end users in the IFC
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implementations and as a resutt has connections to the larger concept of
Information Delivery Manuals (IDM) (Hietane2006). The IDM includes but is

not limited to theReference Processd3rocess Map, Business Rulggrification

Test Exchange Requirements, Functional Parts, and Concepts (Kang and Lee,
2009). The IDM unifies the user requirements with software solutions (Wix et al.,
2006). The model view in the origiral IFC help to identify the data structure
required for any working exchange between the subdomains of building
construction. They describe the particular information required for the exchange
process and specify the form and structure ofl@ entitiesin such exchanges
(Venugopal et al., 2012).

Generally,there are two formats folFC model view definitios; IFC release
independent and IFC release specific. The IFC release independent format is
understandable for all industry professionals without reyiousexperience in

IFC coding or implementing software applications. It describes the concepts that
are generally used in data exchange. The IFC release specific format is more
detailed and defines how the data is going to be exchattyedigh the
employment of the IFC model specification. Therefore, ter format assists
programmers to enhance or develop cquoesling software applications
(Hietanen 2006).

In this study, the major step in creating the IFC model view definition is to
identify the iformation that needs to be exchanged or transferred. Based on this
information, determining the relationship and classification of different classes in
the hierarchy of the model view definition is feasildteis necessary to include
definition segmentsni the MVD to cover all data packages such as the
information presented ifable 44 for the main tunnel and shafomponents of a
typical tunnel project.Moreover, it helps to add new classes in future by
specifyingthe required criteria to be included @ach object of the data model.
The model views for tunneling projeatiefine the information that needs to be
exchanged and the entititet need to be involved in tAéM -IFC datastructure.
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Table 4-4 Shaft and tunnel components properties anattributes

Tunnel Components
Shatft Tunnel
Name Name
GUID GUID
Description Description
Owner/History Owner/History
Dimensions Excavation Method
Material Initial lining type
Material cost per meter Secondary lining type
Excavation start time Number of sections
Excavation finish time Excavation start time
Lining method Excavation finish time
& |Excavation Method Additional lining type
£ |Existence of a safety wall  |Mucking rate
8_ One pile driving time Dewatering rate
DE_) Pile quantity Excavation dirt volume
pile width Material
Piling start time Material cost per meter
Piling finish time Longitudinal sections' leng
Pattern of driling Diameter
Number of required holes fojConnections to other
driling components
Driling holes diameter Shape representation
Driling holes length Total length
Mucking rate Soil type
Dewatering rate Soil swell factor
Soil type Tunnel position
Soil swell factor Tunnel orientation
Excavation dirt volume Tunnel survey

MVD are comparable only if they follow a particular pattern that also makes the
future developments feasible for new elements or modifications. The particular
pattern defines a basic structure for the view definitions to have a comparable data
set. The pattern of MVD for tunnel elements is composed of different classes in
order to include attributes, material, covering, geometry, and connection to other
tunnel elementd-igure 413 shows the general pattern of the common MVD for

tunnel componets.
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Figure 4-13CommonMVD pattern for tunnel elements

Figure 414 (a-d) and Figure 415 (a-d) shows the viewlefinitions for shaft and

tunnel componentsased on the general pattern.
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I IfcUndergroundStructureElement

I I IfcInfrastructureElement I

I IfcTunnelStructureElement

| IfcShaftElement
5

IfcRelContainedInSpatialStructure |

| Shaft I

Shaft Attributes

GUID
Shaft Owner/HisIor_\'l
Shaft Namel

——’I Shaft Properties I——D' Property Set I——b' Pset_ShaftC I

A 4

Shaft Excavation Type

Shaft Lining Type

Number of Segments

Existence of a Safety Wall |

Pile Quantity

General Soil Type

Number of Required
Holes for Drilling

Excavation Start Time

Excavation Finish Time

Piling Start Time

Piling Finish Time

Drilling Pattern Type

Soil Swell Factor

One Pile Driving Time I

Mucking Rate

Dewatering Rate

Shaft EI?r.nent > Shaft Diameter
Quantities

Shaft Depth
Shaft Angle

Excavation Dirt Volume

—>] Shaft Length
—>] Shaft Width
Pile Width

—bi Shaft Material Association l—blGeneric Material Association I Material List

Material Cost

Global Coordinate System
—bl Shaft Geometric Definition }——DI Shaft Placement Placement Rel to —E

Containing Element
Placement

Relative Placement

—DI Shaft chrcsemationl—bl Body Representation |

Contained In Spatial Structure

——>{  Shaft Contai |

(IfcRelContainedInSpatialStructure)

N Aggregated Into an Element Assembly

—bi Connection }

(IfcRelAggregates)
> Tail Tunnel
—> Undercut
Tunnel

Figure 4-14 (a) MVD for shaft component and its subclasses
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Shaft Service Type |—>| Predefined Type I——bl Working shaft |

—bl Retrieval/Exit shaft |

User defined
Not defined

Figure 4-14 (b) MVD for shaft component and its subclasses

Shaft Initial Excavation
/Lining Type Predefined Type

Sheet piling

!

Soldier piles and lagging

Linear plates

Slurry walls

—DI Cassion method (drop shaft)l

Cementation

Figure 4-14 (c) MVD for shaft component and its subclasses

Shaft Secondary Excavation
/ Lining Type

Predefined Type —DI Concrete segments I

—>I Rock bolts and wire mcsh]

Figure 4-14 (d) MVD for shaft component and its subclasses
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1
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Soil Type
Mucking Rate
Dewatering Rate I

Tunnel Element
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Connection Shaft

-
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Figure 4-15 (a) MVD for tunnel components and its subclasses
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"/ Lining Tope. -
/ Lining Type Predefined Type —PI Natural (self-support) |

—bl Rock reinforcement (bolts, dwels, anchors) |

—PI Segment support /cast iron |

—D{ Steel sets or rolled steel joist (RSJ) |

—bl Cast in place /prefabrication concrete segments

Wooden support
Rib and lagging

Figure 4-15 (b) MVD for tunnel components and its subclasses

Tunnel Excavation Type Predefined Type —bl Drilling and blasting |

—DI Partial face heading machine I

—bl Full-faced tunneling machnies (TBMs) |

Submerged tubes

Figure 4-15 (c) MVD for tunnel components and its subclasses

TBM Excavation Type [——] Predefined Type [—— Open-faced

—DI Closed-faced (pressurized air at front) |

——] Closed-faced (Slurry shield) |

—DI Closed-faced (earth pressure balance (EPB) shield) I

Figure 4-15 (d) MVD for tunnel components and its subclasses

It is necessary to mention that based on the NBIMS standard process to develop
model views, the MVD for a specificse case exchangeeds to be validated by
comparing it with the IDM. The IDM is the result of the first step of the NBIMS
procedural step®tform the model views. The IDM is determined in a workgroup

of pr of es si9e caseaekchangeo & n @ar o O .

4.44.3TIM -IFC Model Schema and Documentation
Documenting the resulting TINFC model schema helps to define the
hierarchical sequence ttie IFC entities and clarify the associated relationships.
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All the added classes are briefly demonstrated in Tabke Zhe tunnel
components are divided into subparts and smaller units for a better breakdown of
the multiple related data. For instance, thass of the general tunnel may divide
into shorter segments in length (Figukd6). Furthermore, such divisions into
smaller parts help to imitate the actual exploitation of the tunnel boring and lining
processes, which additionally contribute to a beti@ndling of information for

the intended segments.

IfcTunnelLinitg “—" " ‘ ~—— IfcTunnelPart

Figure 4- 16 Division of the main tunnel andrelatedIFC classes

Original IFC entities are divided into rooted and monted entities. The rooted
entities are all subtypes of IfcRoot and have bassigned to a globally unique
identifier (GUID); whereas the nemoted entities are not identified by GUID and
their instances only exist in the case of a referral from a rooted entity. Therefore,
any extension most probably occurs under the IfcRootyefifach rooted entity

has an identifier GUID and properties (Figur&.

The TIM-IFC entities are divided intbwo groups;spatial entities and physical

entities. The spatial entities (the subtypes of IfcSpatialStructureElement) are

referred to as thebatract spaces of the tunnel project, whereas the physical

entities (the subtypes of IfcElement) represent the physical elements existing in

the spatial spaces. The relation between spatial entities and physical entities is
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facilitated by IfcRelContained8patialStructurentity.

The IfcTunnelStructureElement represents the-tinented feature of the tunnel
structure. Moreover, this lireriented representation needs to be considered for
developing the geometric definition of the tunnel data model, wischot
discussed in this work. The IfcTunnelStructureElement, as the subtype of the
IfcSpatialStructureElement, has six subtypes: IfcTunnel, IfcTunnelPart, IfcShatft,
IfcShaftPart, IfcTailTunnel, IfcUndercut (Figure-18). These entities are
representing e spatial elements of the tunnel structure. The Containment
attribute of the tunnel spatial elements provides the composition type for each
spatial component. This is defined by the Composition Type attribute of the

supertype IfcSpatialStructureElement.

The IfcSpatialStructureElement provides a Composition Type to all of its
subtypes through the inheritance rule of the IFC data structure. The tunnel
element can be decomposed in a longitudinal direction into smaller units, forming
the APart i aler, ahyggegation Mper centains a group of tunnel
el ements forming the whole tunneling projce
tunnel element can be a sole element itself without any aggregation or
decomposition, formi ng t hemetiddblogynthent Ty peo.
IfcProject can represent an aggregation of IfcSite and another IfcSite, itself, can
be decomposed into IfcTunnel, IfcShaft and dt@gure 419 illustrates the

composition type for the IfcTunnelStructureElement entity and its subtypes.

In all the TIM-IFC schema diagrams, the noolored classes arngart of the
official IFC 2x Edition3 Corrigendum land the greycolored classes are those
addedto include tunnel elements and specificatiolgpendixD presents all the

TIM-IFC classes alongith their descriptions and EXPRESS specifications.
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Table 4-5 extended classes defined for TIMFC model schema

TIM-IFC Entities

First stage supertyeps

Second stage supertypes

Third stage supertypes

Instances

IfcGround

IfcGroundCave

IfcGroundCollar

IfcGorundLithology

ground collar, ground roks
ground rocks' surfaces

IfcGroundGeology

Tunnel Spatial

IfcOnGroundStructureElement

IfcBridgeStructureElement

IfcStation

lfcPavement

bridge spatial elements
(based on the IFC-Bridge)
station, pavement

Elements

IfcUnderGroundStructureEleme|

IfcTunnelStructureElement

IfcTunnel

lfcTunnelPart

IfcShaft

tunnel, working shaft, exit

IfcShaftPart

shatt, tail tunnel, undercut
boreholes, manholes

IfcTailTunnel

IfcUndercut

IfcGroundReinforcingElement

IfcGroundElement

IfcGroundWater

IfcGroundLayer

Tunnel Physical
Elements

lfcinfrastructureElement

IfcTunnelElement

IfcTunnelSegmentRing

IfcTunnellnitialLining

IfcTunnelSecondaryLining

IfcTunnelBackfillingMaterial

IfcTunnelExploitationUtilities

IfcTunnelSealingMaterial

IfcTunnelElementPart

lfcShaftPile

IfcShaftHPile

IfcShaftConcreteSegment

tunnel, initial lining,

IfcShaftBolt

IfcShaftElement
lfcShaftBaseSlab
IfcConcreteShaftCollar
IfcShaftHorizVerRibLag
IfcWireMesh
lfcShaftElementPart

IfcTunnelConstAuxilaryElement

IfcTunnelVentilationElement

IfcTunnelSafetyElement

IfcTunnelExcavationElement|

IfcTunnelLightingElement

IfcTunnelSurveyElement

IfcShaftConstAuxilaryElement

IfcShaftAccessToolElement

IfcShaftCenteringElement

IfcShaftDewateringElement

IfcShaftExcavationElement

IfcShaftHoistingElement

IfcShaftLighitngElement

IfcShaftVentilationElement

IfcShaftSafetyElement

IfcTunnelServiceElement

IfcRail

IfcTrafficSign

secondary lining, shotcret
concrete shatt collar, bag
slab, rock bolts, wet/dry
cassion, wire mesh, slurr
walls, prefabricated lined
shaft, precast/insitu concrg
segments, piles (timber,
steel, concrete), horizont:
rib and vertical lagging,
excavation/hoisting/
ventilation/lighting/centerin|
/dewatering/accessing/
safety tools

Group Elements

IfcTunnelGroupSystem

IfcTunnelSystem

IfcTunnelLiningSystem

IfcTunnelServiceSystem

IfcTunnelExcavatingSystem

IfcShaftSystem

IfcShaftLiningSystem

IfcShaftlExcavatingSystem

group of shaft/tunnel lining
and excavation componen|
(auxilary or permanent),
group of tunnel/shaft servi
elements
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IfcRoot
IfcObjectDefinition IfcRelationship IfcPropertyDefinition
—— - o IfcRelAssigns 0
IfcTypeObject IfcObject IfcPropertySetDefinition
o IfcRelAssociates
IfcTypeProduct o 0 IfcRelConnects
o IfcDoorStyle 0 IfcControl o IfcRelDecomposes
o IfcElementType 0 IfcGroup 0 IfcRelDefines
0 IfcProject 0 IfcElement
oo ]
Legend '—4 IfeSpatialStructuralElement o IfcBuildingStorey I
IFC entity o IfcStructuralActivity o
—0 Inheritence o IfcStructuralltem 0 IfeSpace

Figure 4-17 The IfcRoot entity and its sub classes in the original IFC 2x3 data model

The tunnel physical elements are presenteBigure 420. The tunnel physical
elements are gathered in the IfcinfrastructureElement, which is a subtype of the
IfcElement in the original IFC data structure. The IfcGroundElement and
IfcGroundReinforcingElement represent the entities describing thendrou
structure such as the underground water, ground layers, and the material/devices
used to fortify the soil structure through construction procddse property set
objects in the IFC structure provide the container for storing theinfetanation
asso@ted with Spatial and physical entities of the TIMC model. Moreover,

the IFC Property set objects assist in defining a functional relationship between

different tunnel boring and lining systems applicable in different site conditions.

The IfcRelNestand IfcRelGroup that are used to show the hierarchical
breakdown of the lining and boring systerassist in defining subsystems with a
more specialized function. For instance, the-egplosive boring system may
require a divided pattern of the main mah into smaller parts in order to apply

specialized tools in different geotechnical conditions

123



IfcSpatialStructureElement I

. IfcBuilding

o IfcBuildingStorey
e ]

IfcSpace

IfcGround (ABS)

-

IfeGroundCave

—

—

o

-

IfeGroundCollar |
IfeGroundLithology I
IfeGroundGeology I

—o{ IfcOnGroundStructuralElement (ABS) I——d

IfcBridgeStructureElement

i

IfcStation

IfcPavement

0! IfcUndergroundStructuralElement (ABS) —o IfcTunnelStructureElement (ABS) |

—d IfcTunnel I
—d IfcTunnelPart I
——f IfeShaft |
Legend —q IfcShaftPart |
IFC entity ———  IfcTailTunnel |
—O Inheritence o IfcUndercut |
Figure 4-18 The TIM -IFC spatial elements
IfcProject
IcRelAggregates |
IfcSite
: E Composition
[ itctunne b Compiex |}
Composition Composition
{Eiement | p—0t [ TicTunnel b L IfcRelAggre g o | TreShaft b Eiement | 1
IfcRelAggregates IfcRelAggregates
Composition | C mn!)mlliml ('nn‘lnmiliun C nn.lpmiliun
[ p—Farial 1} [ ierumme . p—— Farial 11 TieShaft b T TeShaft b arial |}

IfcTunnelPart

IfcRelAggregates

IfcTunnelPart

IfcRelAg

IfcShaftPart

IicRelAggregates

IfcShaftPart

Figure 4-19 The composition type via IfcRelAggregates Relationship
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| IfcElement |
o| IfcBuildingElement
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—o| IchquipmentElementI
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of IfcElementAssembly

of IfcFeatureElement
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of IfcTransportElement

-

Legend
IFC entity
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—o| IfcEl Comp
o IfcVirtualElement
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L
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net |
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L
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IfeGroundWater
IfcGroundLayer

o IfcTunnelElement

—-4 IfcTunnelElementPart |
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o IfcShaftElementPart

—o| IfcTunnellnitialLining |

—oI IfcTunnelSecondaryLining |
—4 IfcTunnelSegmentRing I

—q IfcTunnelSealingMaterial |

—q IfcTunnelBackfillingMaterial [
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b

4 IfcTunnelConstAuxiliaryComponenet I

———4 IfeShaftAccessToolElement |

—(4 IfeShaftCenteringElement |

IfeShaftDewateringElement |

IfcShaftExcavationElement |

IfcShaftHoistingElement |

IfeShaftLightingElement |

IfeShaftVentilationElement |

(I

IfcShaftSafetyElement |

———q IfcTunnel VentilationElement |

—4 IfcTunnelSafetyElement i

—q IchunnelExcavationElement|
—d IfcTunnelLightingElement |

—q IfcTunnelSurveyElement I

Figure 4-20 The TIM -IFC physical

elements ashe extended classes for the original
IFC entities
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The subtypes of the IfcRepresentation entign be used athe medium for
defining the geometric and topological repreagah of the tunnel components
(Figure 421). The geometric representationbieyond the scope of this study.

Figure 422 shows the TIMIFC system group elements.

EI IfcRepreszentation
El IfcShapeModel
i L-IfcShapeRepresentation

IfcTopologyRepresentation
= IfcStyleModel
... IfcStyledRepresentation

Figure 4-21 IfcRepresentation in the Original IFC 2x3 Data model

| IfcRoot (ABS)

Q
IfcObjectDefinition
(ABS)

| IfcObject (ABS)
| IfcGroup
| IfcSystem

(-]
| lchlectricalCircuitl | IfcStructuralAnalysisModel I | IfcTunnelGroupSystem

IfcTunnelSystem IfcShaftSystem

0 Ifc’[\lnnelLiningSystemI 0 IchhaftLiningSystem[

- IchunnelServiceSystemI 0 IchhaftExcavationSystem|

o IchunnelExcavationSystemI

Figure 4-22 TIM -IFC system group elements
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4.44.4 Implementing the TIM -IFC Data Model

Previous studies, which developed new classes to extend the original IFC data
model,wereused and intended to be a verified sosafevalidated classes. These

new classes, as an amendment to the original IFC data model, make it possible to
cover more spafic data entities that particularly describe a group of civil
infrastructire projects in detail. The IFBridge version 2 model released in 2007

is one of the major resourcasedto develop the entities and classes forThd -

IFC data model in this stly. Theprevioussection(i.e., 4.44.3) and AppendixD
presered a list ofnew entities and associated types represent thedunnel
components in the IFC data model. In this context, the new entities along with the

original IFC entities and types are called Thiik!-IFC.

In order toimplementthe tunnel specificclasses, a STEPased platform is
needed to define the THFC clases. There are a plenty of STR&sed toolkits

to readand write EXPRES®ased objeebriented data models. In this study, the
JSDAF for Eclipseplatform is used to generate the tunnel specific entities and
attributes Figure 423 (a) and (b))JSDAIE iIs an open source AHbr reading,
writing, and rumrtime manipulation ofobjectoriented EXPRESSbased data
models. EXPRESSbased data models are widely used in STEP (ISO 10303)
models. Table € pr ovi des JSDAI 6s properTfhses based
platform provides an environment to define the FIMC classes. These classes
are then presented by the EXPRESSliagram in the)SDAF EXG layout.
AppendixE presents the procedural steps to developress schemand
EXPRESSG diagrams for TIMIFC classedy usng JSDAF plugins for Eclipse
IDE.

WSOl < cipse

Figure 4-23(a) JSDAI and Eclipse trademarks

127



= Express - Eclipse =
E) = | B |28

File Edit Mavigate Search Project Express Run Window Help

ty Q| EBO@I A e v |
Quick Access E§| & Java
5. Navigator &3 = O = B8
9% ¥

[Zi Problems 52 ¥ =8

0 items

Description

Figure 4-23 (b) JSDAIF for Eclipse platform

Table 46 JSDAI® properties from JSDAI (2013

Full conformance to the STEP standard (ISO 10303-11, 21, 22, 27, 28, 35)

Supports four different API levels to optionally support different kinds of implementations
Compiling of EXPRESS schemas

Includes a library of practically all EXPRESS schemas from STEP and PLIB standards

3D viewing module for displaying graphical end-user applications

Fully JavaE based and as a result platfor
Import and export of persistent data using STEP-Fie or STEP-XML

Validates data according to the rules defined in an EXPRESS schema

Produces prototypes for object-oriented data models to validate concepts (e.g. quality of data nj

JSDAIyu for Eclipse Platform

Figures 424 to 4-29 show the snapshots of the Jsbabr the Eclipse platform
and the implementation of the THWFC classes in the form of EXPRE$S

diagrams.
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AfcTunnelSpatial.exp - Eclipse SDK

File Edit Navigate Search Project Express Run Window Help

mirss SlefaRla-|#L- 85~~~ Quick Access B | &' 1o ([TEmene)l]
% Navigator &3 = B8 Bk exp 22 0T t_Schema.exp [ TunnelSpatialEXG.exg (layouty = 8 5t Outline 2
; ‘ 9% ¥ END_ENTITY; - An outline is not available.
EE 8 ENTITY IfcPavement
» T demol

- 12 HcBridge
4 5 HcTunnel
» B settings
(& Complex entities
4 [ Express files
[ IcTunnelSpatial.
[ TunnelingEleme:
& Short names
2 .project
[ TfeTunnel_excluded.
[ TeTunnel.exd
4] TeTunneljar
14 FeTunnelsrejar
[ TunnelSpatizlEXG.ex
» 22 java-demol

O —r— »

= a

- 7

E Properties 2

Bz

Property  Value

SUBTYPE OF (IfconGroundstructureElement);
END_ENTITY;

Entity IfcUndergroundStructureElement
ABSTRACT SUPERTYPE OF (ONEOF(IfcTunnelStructureElement))
SUBTYPE OF (IfcspatialStructureElement);

END_ENTITY;

Entity TfcTunnelStructureElement
ABSTRACT SUPERTYPE OF (ONEOF(IfcTunnel, IfcTunnelPart, IfcShaft, IfcShaftPart, IfcTailTunnel, If
SUBTYPE OF (IfcUndergroundstructureElement);

END_ENTITY;

ENTITY IfcTunnel 3
SUBTYPE OF (IfcTunnelStructureElement);
TunnelingMethodIndicator : IfcTunnelMethodIndicators
TunnelingliningIndicator : IfcTunnelliningIndicator;
TBMMethodType : IfcTunnelBoringMachineType;
END_ENTITY;

TYPE IfcTunnelMethodIndicator = ENUMERATION OF (
DRILL_BLAST,
PARTIAL_FACE_HEADING_MACHINE,
FULL_FACE_TUNNELIN_MACHINE,
CUT_COVER,
SUBMERGED_TUBES) 5

END_TYPE;

TYPE IfcTunnelliningIndicator = ENUMERATION OF(
NATURAL,
ROCK_REINFORCEMENT,
SEGMENT_SUPPORT_CAST_TRON,
STEEL_SET_OR_ROLLED_STEEL_JOIST,
CAST_IN_PLACE_CONCRETE,

D Express-G Outline &2
TfeShaftPartindicator (1)
IfeShaftShapeType (1)
FeTunnelBoringMachineType]
FeTunnelLininglndicator (1)
TfeTunnelMethodindicator (1)
IfeTunnelPartindicator (1)
4 Entity types
[ HeBuilding (1)
TfeBuildingStorey (1)
[ FeGround (1)
[ HeGroundCave (1)
[ e u
TfePavement (1)
» B TfeShaft (1)
+ B HeShaftPart (1)
[ cSite (1)
TfeSpace (1)
[ FeSpatialStructureElement (1)
[ HeStation (1)
B HeTaiTunnel (1)
» B HeTunnel (1)
» B IfeTunnelPart (1)

IfcTunnelStructureElement

Figure 4-24 Implementing in JSDAI for Eclipse platform -

5= Express-G Outline i3
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[ IfcBackfillingMaterial (1)
Em] IfcConcreteShaftColar (1)
ERT cElement (1)

EfT IfcGroundElement (1)

[ IfcGroundLayer (1)

Em] IfcGroundReinforcingElem
Ef] IfcGroundWater (1)

EnT KclnfrastructureElement (1
EM IfcRail (1)

[EM] [fcSealingMaterial (1)

e
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o= Express-G Outline &2
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KcTunnelMethodIndicator (1)
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4 Entity types
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[ERT) IfcBuildingStorey (1)

Em] IfcGround (1)

EfT FeGroundCave (1)

Eq] fcOnGroundStructureElement (1)

IfcShaftAccessingToolsElement (1)
EnT IfcShaftBaseSlab (1)

ERT IfcShaftBolt (1)

[Em] IfcShaftCenteringElement (1)

M) IfcShaftConcreteSeg (1)

[ IfcShaftConstrAuxilaryComponent (1)
[ IfcShaftDewateringElement (1)

EnT fcShaftElement (1)

[ERT IfcShaftElementPart (1)

EfT] IfcShaftExcavationElement (1)

[ IfcShaftHoistingElement (1)

M) IfcShaftHorizVerRibLag (1)
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EMT KcShaft (1)
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Figure 4-25 JSDAI entities for IfcinfrastructureElement (Left)

and IfcTunnelStructureElement (right)
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(ABS) IfcSpatialStructureElement

1
=
IfeBuildingStorey O ABS) IfcGround
‘ (ABS) IfeOnGroundStructureElement P_ Q IfcBuilding

1

IfcGroundCave

‘ IfcPavement IfcStation ‘

1 (ABS) IfcUndergroundStructureElement

‘ {ABS) IfcTunnelStructureElement ‘
I

IfcShaftPart
T
ShaftPartSpotindicator | HcTailTunnel IfcShaft
HeTunnel | _____ I ————— - IfeUnderCut

:If'cSha.&Part[ndic ator|

TunnelingN{zthpdIndicator
| TEMMethodType TunnePartSpotindicator
1

Y- - | mmommm e St Rl
{IfcTunnelMethodindicator| | \feTunnelPartindicator) || | &y i bootionType
e I I b __IITITTTTTmmos Pt e LU
:Ifc TunneBonnghachineType :— : ShapeType
___________________ —

Figure 4-26 Part of the JSDAI EXPRESSG diagram for IfcSpatialStructure entity

2 fcTunnelSpatial.exp 2 | [ TunnelingElement_Schema.exp

Entity IfcUndergroundStructureElement
ABSTRACT SUPERTYPE OF (ONEOF(IfcTunnelStructureElement))
SUBTYPE OF (IfcSpatialStructureElement);

END_ENTITY;

Entity IfcTunnelStructureElement
ABSTRACT SUPERTYPE OF (ONEOF(IfcTunnel, IfcTunnelPart, IfcShaft, IfcShaftPart, IfcTailTunnel, IfcUnderCut))
SUBTYPE OF (IfcUndergroundStructureElement);

END_ENTITY;

ENTITY IfcTunnel
SUBTYPE OF (IfcTunnelStructureElement);
TunnelingMethodIndicator : IfcTunnelMethodIndicator;
TunnelingliningIndicator : IfcTunnelLiningIndicator;
TBMMethodType : IfcTunnelBoringMachineType;
END_ENTITY;

TYPE IfcTunnelMethodIndicator = ENUMERATION OF (
DRILL_BLAST,
PARTIAL_FACE_HEADING_MACHINE,
FULL_FACE_TUNNELIN_MACHINE,
CUT_COVER,
SUBMERGED_TUBES) ;

END_TYPE;

TYPE IfcTunnellLiningIndicator = ENUMERATION OF(
NATURAL,
ROCK_REINFORCEMENT,
SEGMENT_SUPPORT_CAST_IRON,
STEEL_SET_OR_ROLLED_STEEL_JOIST,
CAST_IN_PLACE_CONCRETE,

Figure 4-27 Part of IfcTunnel EXPRESS file in JSDAI for Eclipse platform
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Figure 4-29 Part of IfcTunnel EXPRESS file in JSDAI for Eclipse platform-

IfcSpatialStructureElement
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It is possible to modify the EXPRESS file for each part of the IfcTunnel model
with a Java program and add/delete entibesnodify the types created in the
previous stepThe implementation of the resulting TINFC data model includes
employing the extended IFC definitions to facilitate the importing and exporting
of information models between software applications amongrsivdisciplines.
Since there is no formalized extension for tunneling projects in the official IFC
data structure, none of the common application tools, which support IFC data
format, would recognize the defined TIMC framework. Therefore, it is
necessy to develop a tunnelpecific intermediate converter that is capable of
recognizing the tunnel components. To take advantage of the integrated and
interoperable environment of the TIM project system, the tunnel 3D model is
created in IFG&ompatible modéehg software that is capable of exporting and
importing IFC data models. The tunnel model is exported as an IFC file to be used
in other application interfaces. However, the exported IFC STEP file would be
based on the used version of the official IFC datalel and does not include the
extended TIMIFC entities. IfcProxy classes in the original IFC data model are the
mechanisms anticipated to capture the information that is not part of the defined
semantics within the IFC structure. Therefore, the tumfetination is exported

as IfcProxy classes. The intermediate converter extracts the tunnel information
from the exported file and creates a new STEP file based on the developed TIM
IFC data structure. This new STEP file is ready to be used as a tunmelatiém
inventory by product server systems that are compatible with theIHTM
definitions. A tunnel product server is a central inventory for the TIM project
system and is capable of exchanging information with other applicaiids via
TIM-IFC data gucture (Figure 40).

In order to verify the perfection of the THWC classes developed for TIM
framework, it is necessary to practically validate the model. This can be
performed through the development of adlvectional converter between two

tunneling software, such as aAD modeling software and a cost estimation

132



software. This is one of the potential areas for future developments based on the

TIM procedural steps discussed in this study.

4 IFC Compatible CAD Application

3D Modeling
Software
Application

.................................

: Object-oriented
(T:Ill;/ISISFeE E ED TIM Product
: Server System

IfcProxy classes carry tunnel data Intermediate Convertor

Figure 4-30 Information exchange usingthe TIM -IFC data model

4.5 TIM Project Model for North LRT Tunnel Project

In this section, the implementation of the TIM concept is presented for an actual
tunnel project. This implementation includes steps to collect the requirements of a
successful exchange scenario for 8i2Cost use case (data exchange between
the cost estimation and 3D conceptual design) of the North LRT tunnel project

system.

4.5.1 Project Overview

The North LRT is a $755 million project funded by the Province of Alberta and
the Government of Canadais a 3.3 km extension rail road designed to complete

a planned LRT expansion to the Edmonton city limits near St. Albert. The project
will provide easy access for 13200 weekly riders to MacEwan University, the
Royal Alexander HospitalNait, and Kingsw Mall. The tunnel part of the
project starts from Edmontondéds LRT statior
105 Avenue/103 Street (Figure-34). The tunnel eventually connects the
Churchill Station and McEwan station. The detailed design of the projgst
completed in January 2011. The management of the project was awarded to Link
Partnership in March 2011 and the construction work started in May 2011. By
October 2011, the entire site preparation, road/utility relocations were completed.

The entire prect is expected to open for public service in the spring of 2014.
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Figure 4-31 North LRT project location- from Churchill station to 105 Ave/103St
(AECOM Consultants,Inc. 2010

4.5.2 Developing the TIM solution for the North LRT Project

The North LRT(NLRT) tunnel project is composed of two parallel tunnels with a
total length of 764 m. The tunnel is constructed between an existing underground
station (Churchill Station) and a street level station (MacEwan station) that

constructed as part of NLRT peajt.

In order to implement the TIM methodology for the NLRT project, the tunnel part
of the NLRT project is selected. The selected part is used to illustrate the TIM
strategy in two phases; Pha&egdeveloping the tunnel 3D model, and PhBse
presentinghe TIM-IFC development process. Thelected part of theinnel and

its cross sections are shownkigure 432(a-b). The interoperability scenario is
described for the exchange between the cost estimation segment and the 3D

modeling segment of the NLRTinnel project.

4.5.3 NLRT 3D Representation Model

The 3D model is based dhe sectioNB-W11in Figure 432 (a). The 3D model

is developed in RevitArchitecture 2013. The tunnel section is created as a face
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component and then the tunnel mass is deeelogsing the extrusion tool in
Revit. Based on the section specifications of the NLRT project, the created

segment can be edited to reflect the exact properties of the particular tunnel
segment.
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For instance, the soil type and the corresponding support type may differ for any

two parts of the turel. The tunnel family is specifically useful in such cases. The
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developed tunnel family segment can be created based on the common
characteristics of the tunnel component, and the aforementioned diversities may
be addedafterwards.Figure 433 shows thetunnel family component for the
NLRT project.
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Figure 4-33 the tunnel family representing one section of the NLRT tunnel

4.5.4 Cost Estimationfor Tunnel Projects

The tunnel cost can be determined by identifying the cost incurred items from the
work breakdown structure (WBS) and coupling with the bill of material list and
the unit per item cost found from the local standards/specifications. However,
there are multiple sources of risks associated with tunnel projects. Numerous
variables affect the tumh cost during project life cycle. Since a huge amount of
unknown factors are present in the preliminary evaluation studies, the reliable
information is scarce and therefore, any initial estimation provides a rough
number as the forecasted total projecstcdhe high risk associated with the
unknown factors is the cause for the use e83% contingency factor on top of

the estimated cost in the preliminary studies and planning stage.

Commonly, the estimation process involves a comparative study to evaluat

different construction scenarios to find the most efficient solution. Such
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evaluation is often done by developing various probabilistic models and
simulationbased approaches to come up with the best alternative. For instance,
Rostami et al. (2013) proped a cost model to estimate the tunnel construction
cost at the initial stages of the project; Moghani et al. (2011) proposed a
simulationbased approach to find the best alternative for the construction strategy
in a real project based on the availabbstt resource/performance information;
Kim et al. (2010) designed a cost estimate system {L&T) for light rail transit

infrastructures.

Nevertheless, independent from the methodology to estimate the tunnel cost, the
TIM implementation solely focuses dne exchange of the cost data based on the
TIM framework, disregarding the various factors that influence the project cost.
Therefore, in reality the principals and standards for analyzing the cost data may
differ from case to case, but the methodology identify the exchange
requirements and cestlated data between the two project segments are the same
for different types of tunnel projects with varied service purposes, construction
techniques, and national/local standards. This is also compliantthvatimitial

perception of the TIM framework, which states the universality of the approach.

4.5.5The IFC Process Model andcentity Components forCost Estimation

The original IFC data model not only includes the physical representation for
building conponents, it also contains entities and defined types to prescribe non
physical (meta information) such as cost, schedule, and resource information. The
method for capturing the tunnel product information (major physical and spatial
tunnel components) wassdussed in the previous sections. Now, the-celsted
entities in the IFC data model are reviewed to determine if they are sufficient for

tunneling projects as well.

There are multiple entities responsible for handling the cost information that can

be used to define the cost related information for tunneling construction projects.

Basically, IfcSharedMgmtElements is a management schema in the original IFC
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data model that is responsible for defining the basic concepts for the management
processes duringroject life cycle. The entities are all subtypes of the IfcControl.
The main costelated entities are IfcCostltem, IfcCostSchedule, IfcCostValue,
and IfcAppliedValue. Moreover, the IfcControl includes entities that describe the
scheduling information. Téh scheduling information can be related to the cost
information using the IfcRelationship entities. The IfcRelAssignsToControl and
IfcRelAssignsToProcess establish the relationship between the physical elements
and the cost/schedule information. Thesetiestiare presented in tikeégure 434.

The IfcCostltem presents a cost value along with descriptive information. The
cost value can be used in a cost/schedule model and be associated with the cost of
goods, services, and work execution during a processe aycle cost (LCC). It

usually has a name and description that it inherits from its supertype (lfcRoot).
The IfcRelNests entity is a seatbntained relationship in which it gathers the
distinct instances by using the name attribute of the IfcCostit€he
IfcCostSchedule entity brings together the IfcCostltem entities using -#o-one
many relationship between the schedule and the cost items. The IfcAppliedValue
is a supertype entity that specifies the common attributes for cost values. It has
two subtygs; IfcCostValue and IfcEnvironmentallmpactValue. The IfcCostValue
represents an amount of money and value. Each cost value may be assigned with a
CostType. The relation between the IfcCostltem with the entities from schedule,
product, and resource segneerdf the IFC data model is facilitated by the

elements of the IfcRelationship class.

The previous statement also applies to thewmitaining relationships in the cost
segment using the IfcRelNest relation. For example, the IfcRelAssignsToControl
assigs the IfcResource instances with IfcCostltem instanfes.entities, which

are responsible for cost estimation data and the relationship between cost,
schedule, resource, and product segments based on the original IFC 2x Edition
are presented in Figei4-35.
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Figure 4-34 IFC entities participating in the cost/schedulestimation process

4.56 3D Conceptual Design taCost Estimation Scenario for NLRT Tunnel

The NLRT tunnel conceptual design is based on the 95% design plans. The aim of
this section igo demonstrate the TIM project system for NLRT tunnel through
defining the requirements for information exchange between cost estimation and

3D conceptual design.

The information system for the NLRT tunnel consists of different data packages
that stemfrom different sources (Technical reports, market reports, project
contract, etc.). In order to implement the TIM procedural steps, it is required to

implement TIM two main phases; 3D modeling phase and exchange phase.
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4.5.61 NLRT TIM Requirement A nalysis

It is necessary to implement the TIM sty step framework and perform the
process modeling and requirement analysis for the intendedagsescenario.
The 3DCost use cse defines the information exchanges between the 3D
conceptual model and the cost estimation module in the NLRT tunnel project,
within preliminary design phase of the tunnel construction life cycle. The process
map and the information flow between varioysoject segments, in order to
exchange data between tunnel product and tunnel cost, is illustrafegglne 4

36.

This process model demonstrates the action during the preliminary project
description. During the construction and exploitation phases @f ptioject,

integration of the new revealed information also plays a prominent role in
overcoming the drawbacks of limited information in initial project stages as well
as enhancing the risk analysis by exposing more information from the ongoing

tunneling pocess.

The target information here is the cost incurred from the construction process,
which can be categorized as the labor, material, or equipment cost. Obviously,
this tunnel cost information does not account for the costs incurred from design,
supervision, initial investment, and maintenance. The ER model in Table 4
represents the exchange requirements between 3D conceptual design and cost

estimation.

In a TIM-based tunneling project, the Information Delivery Manual (IDM) is
prepared for anyral each required usmse scenario. An IDM describes the
reference processes, process maps, business rules, verification tests, exchange
requirements, business concept, and specific definitions for the participating
actors in the usease scenario. The IDMocuments are prepared commonly in

the process of transition to TIM for an ongoing tunnel project, or during the
preliminary studies before commencing the design/planning phase.
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Figure 4-36 Tunnel process model showing the model requirement and inforntian

flow between design and management

For the NLRT tunnel project and the dIbst use case scenario, the process map
and requirement model is a valid conclusive document, while it is not complete.

Other information may be added to improve the exchangeess.
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Table 47 Exchange requirements for the 3D-Cost usecase scenario

Exchange Requirements for 3D Design to Cost estimation for the Main Tunnel (NLRT Tunnel Project)
Type of Information Required Properties and Attributes Details Required| Optional | Data Type Unit
Identification 3 STRING na
Project Owner/Client information (name, address, phone) 3 STRING na
Author (name, address, phone) 3 STRING n/a
Address 3 STRING na
Site Global coordinates 3 TRIPLES deg/min/sec
Site elevation 3 REAL m
Identification 3 STRING na
Classffication 3 STRING na
Global coordinates 3 TRIPLES deg/min/sec
Orientation 3 REAL Angular Degree
Service type 3 STRING n/a
Construction type (excavation type) 3 STRING na
Tunnel - -
(contains various element Excavation dit volume :
. Tunnel inttial lining type 3 STRING na
tunnel, tail tunnel, underc —
. . | Tunnel secondary/final lining type 3 STRING na
excavation phase servic - -
o Excavation equipment type 3 STRING na
utiities (muck carts, - - -
conveyor belts, survey Plinth path dimensions
1o0ls, alignment tooks, Gross area 3 REAL mm2
temporary track rai), Ngt area > REAL mm2
fning/support, i Thickness 3 REAL mm2
ininglexcavation Mucking _rate 3 m3/h-bucket/h
equibment, exploitation Dewatering rate 3 REAL m3/h
' ) .|Filing material type 3 STRING na
phase tools and installat - " 3
Plnth pads, waterproofiy Baf:kﬁlllng material type STRING na
fling and backfling) |20 YPE > STRING a
Soil swell factor 3 REAL na
Lining reinforcement type 3 STRING na
Electricalmechanical equipment location 3 TRIPLES deg/min/sec
Waterproofing and contact grouting Dimensions 3 mm
Volume 3 mm3
Orientation 3 REAL Angular Degree
Identification 3 STRING n/a
Classification 3 STRING na
Excavation type 3 STRING n/a
Initial lining type 3 STRING na
Secondary lining type 3 STRING na
Excavation dirt volume 3 REAL mm3
Tunnel Part Cross section general dimensions
Shape 3 STRING na
Length 3 REAL mm
Diameter 3 REAL mm
Interior face area 3 REAL mm2
Lining reinforcement type 3 STRING n/a
Ground reinforcing type 3 STRING n/a

4.5.62 NLRT Information Exchange for the 3D-Cost Scenario

Figure 438 presents the information exchange between the TIM 3D model and
cost estimatiortool. This is to some extent different from the exchange scenario
for an ideal TIM project system. This alteration stems from a number of

shortcomings in the current available tools.

The Revit application used for creating the 3D modeperfectly specialized for
the building structures. There is no tuhspecific drafting application, whicis
alsocompliant with IFC data model, obviously any HB@sed tunnel data model.

Therefore, the tunnel components are modeled as generic compohlease
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components are categorized as IfcProxy classes in the exportethéleole of

the intermediate convertor is to identify the tunsieécifc classes in the exported

file and to assign TIMFC classes to the tunnel components. The resulting TIM
IFC STEP file is ready to serve in a TAMC server. The TIMFC server is an
objectoriented TIM product server system. This server is capable of presenting
different segments of the tunnel product model and exchanthiegtunnel
informationbased on the M-IFC data structure. The TIM product server can be
developed in future to be employed as a tunnel central repoditeeyTIM server
development process requires an extensive amount of coding and programing to
organize an efficient application interfacguch development process is beyond
the scope of this study.

Therefore, in order to present the FIMC exchange framework, the following
scenario can be performed based on FiguB&.4rhe IFC STEP file, which was
exported from the Revit application, éhecked in ordeto find the costrelated
parametersittributes. These attributes are assigned to the rightlF®/classand

importedto the cost estimation spreadsheet.

STEP File

Intermediate
Search
Tool

Figure 4-37 Information exchange between the TIM 3D model and cost estimation

tool
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4.6 Chapter Summary

In this chapter, the procedural steps to develop the TIM project system were
described based on the conceptual product model for a typical tunnel project, and
via implementing a cost estimation usese scenario for an actual LRT subway

tunnel in Edmonton, Alberta, Canada.

The TIM project system is implemented in two phases; PAatige 3D modeling

module and Phad®, the interoperability module using the IFC data model. The

procedural steps for both phases are described in detail. ThenB8Bl imodel is

devel oped by RevitE Architecture 2013. Th
developed through the use of the extension capacity of the IFC original classes.

The added classes are called TIMF C . These cl asses are pres:¢
for Eclipse platform.

The outcome of the TIM framework can be a foundation for future tunnel
application developments in order to apply integrated solutions for tunneling
projects. The procedural steps for developing the-THM classes and obtaining

TIM requiremants can be used as a preliminary design approach for a tunnel
application interface. A requirement analysis and process model is required to
specify the necessary information packages in any exchange scenario between

various sections of the integrated @aijsystem.
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Chapter 5: Summary, Conclusion, and Future Developments

5.1 Introduction

This chapter concludes the study by summarizing the work done to develop an
information modeling framework for tunneling projects. It describes the
contributions andhe corresponding challenges. Finally, some recommendations
are proposed for future developments and improvireg outcomes of the TIM

model.

5.2 Research Summary and Scope

As one of the major civil infrastructures, tunnel construction projects are a
potental target for adoptingadlaborative project solutions. Projectanagement
teams encounteat growing number of participating disciplines and professional
teams involved on the work site. Moreoveew technologiesand innovative
materialsare availableduring the dsign and construction phasestbé projecs.

Thus, choosing the best alternative requires integrated applications to examine
and control every stage of the construction product development process.
Integrated information systems are the curresdution for adopting a
collaborative environment to improve the prodiity in construction projects.

This thesis presented a framework to develop an information modeling system for
tunneling projects, called TIMI'he aim was to initially provide a frawerk to
create a multdimensional project information system for tunneling projects and
to further, extend and apply the IFC standard data model to tunneling construction

projects.

The standard data model has the incentive of obtaining a unique statrdatdre

to describe information packages in tunnel projects. An information model for
tunnel structures based on a standard olgeenhted data model establishes a
framework to manage the information and processes in the complex tunneling

environment The integrated project systeaitimately eliminatse the data and
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domain fragmentation during the project lifecycle. An integrated solution requires
a unified approach for communicating the project information. Some extensions
were defined to add particuldomains to the IFC original classes and improve its

widespread applications in other AEC domains rather than merely building
structures. However, tunneling specific classes were not included in the original

IFC data model structure.
In this thesis, multile stages were performeddevelop the TIM project system:

1 The current problems in successful executions of tunneling projects were
studied.

1 The tunnel construction methods, components, and processes were
reviewed.

1 The solutions for handling theverwhelming amount of information and
participating actors were discussed.

The benefits of integrated project systems were clarified.

The general concept of the TIM modeling system as an integrated model
and its embedded architecture was described. T#tecture consisted of
three main tiers. The 3D modeling tier and the interoperability tier were
further explained throughout the thesis.

1 The tunnel 3D model was developed. Prior to the 3D development, the
current tools and their benefits and barriers were discussed and finally,
Autodesk Revit Architecture was employed as the modeling application.

1 The key component of integrated project tegss, which is the
interoperability factor, was realized.

1 The current solutions for maintaining efficient interoperability among
project sectors were examined. As a result, standard data models were
recognized as the most practical medium to provide ityeigr handling
the data between different applications and diverse professional teams.

1 The potentials of the original IFC data model and its extension potentials,

as the mainstream data model of BIM concept, were reviewed.
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1 The required steps to extencetbriginal IFC classes and generate tunnel
specific classes were described.

1 The proposed framework to develop the TIRC classes, as the extension
of the original IFC 2x Extension 3, was presented.

1 The aforementioned steps were implemented to preseméed@ements

for satisfying the cost estimation process in a tunneling process.

The scope of this study was to identify a solution for handlingyaiseamount of
information and the diverse professional teams in a unified project system. The

main focuswas to satisfy the major project management processes.

5.3 Research Contributions

TIM project system is an integrated project model designed specifically for
tunneling construction projects. The integrated project systems provide a number
of benefits to AECindustry projectsin case of full implementation, the TIM
system will provide robust results in terms of data integrity and the reliability of
information flows between project phases and among project stakehdlters.

TIM project system contributes spigcally to the data exchangeetweendiverse

project segments;

1 TIM provides a unified model that contains all the tunneling data. The 3D
model acts as the data repository. Therefore, the information is presented
in a single model. The user is no longer required to comprehend the
different data sets from different infoation sources or visualize the
integrated results.

1 The TIM-IFC data structure, as a standard tunneling data model, facilitates
secure data exchanges among diverse applications and project teams.
There is no need for proprietary translator tools or afepsional
individual to interpret the data generated by other project segments during
project life cycle.
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1 The project participants are no longer compelled tenter the data in
their local model to discover the probable interferences or to continue the
modeling process. The exchanged information is automatically added to
each local modelThis eliminates the effort involved to #enter data
which is timeconsumingand prone t@rror.

1 The TIM data model facilitates a quick access to the tunneling infanmat
without a need for specific application software. Since the-THU data
model is a neutral data format, all the professional teams can reach to the

information in their own local format and application.

5.4 Research Limitations

There are some prolmtes regarding the modeling process in the first phase of the
TIM project system developmerince the modelingrocesswas implemented

in Revit Architecture 203, the problems of modeling in this platform are
specifically described as follows:

1 The template and families provided in Revit are limited to the specific
use of buil ding projects. Revit ASyst
building categories such as walls, columns, and beams, but they lack the
definitions for civil infrastructures. Thus, the solutitvat followed in this
study was to employ a generic model t el
capabilities in order to model the tunnel components. The designing of the
tunnel families and parameters is a tiomsuming and errgorone task
due to the absercof tunnelspecific definitions. For instance, there is no
presentation for tunnel cavities in Revit. Modeling the tunnel component
as an empty cylindrical shape was helpful to the extent of the requirements
for this thesis, which was focused solely oa thajor tunnel components
and corresponding project management information. However, it will be
problematic in case of modeling the soil layers and thgroand project

environment in future developments and research.
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ALoadabl e Fami trangenaughitondefiReengw paransetriec s
families based on the current project ne¢tle. wever , opposed to
Familieso, t herien atrhee spornmoec egslsi tocfh esr eat i

Fami | The sed of properties andet graphical representation of

A Sterm Familie® are predefined by Revit. Therefore, there are
minimum errors while dealing with relationships and connections between
two elements. For instance, the connection between a window element and
a wall element is defined rigorously. The void neegd for placing the
window in the wall element is automatically provided and the user does
not need to create it. However, such definitions are not completely defined
for the tunnel families created using the family templates. The user needs
to define esblished and accurate connections between the tunnel
components.

It is required to use Revit API to be able to define new pisghatsets

the tunnel parameters and relationships between turfaglily
components. Working with Revit API requires extenspregramming

knowledge and adequate familiarity with the API definitions and format.

Similar challenges are probable in the case of using other BIM applications in the
market, considering the fact that Revit was evaluated (s&didh as the most
pracical tool for the TIM modeling framework based on its robustness in

parametric modeling, market acceptability, and total cost.

Therefore, using a tunnel specific modeling environment that initiates the TIM
modeling process by BINdased 2D and 3D modelirgapabilities will improve

the development of a TIM project system. Furthermore, the aforementioned
tunnel modeling application can adopt the TIMC data structure. This can
significantly reduce the efforts for developing intermediate converters and the
TIM-IFC server to facilitate interoperability among diverse applications
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5.5Future Developments

During the development and implementation process of TIM project system, some
recommendations were noted for further developments and fa@searchThey

were mostly stimulated through either the downfalls of therent TIM
framework, or the ideas from previous studies to enhance the IFC data modeling

for building construction projects.

5.5.1 Tunnel Modeling Applications based on TIMIFC

There are a signficant number of IF&ompatible applications for building
construction projects that facilitate the architectural, engineering, and
managementoles of the project life cycle. However, there is currently no tunnel
design application based on a universaladmodel in the market. Although
modeling in IFGcompatible BIM applications was examined in this research and
proved to be a possible solution, multiple challenges were encountergattiat
implementationand as a result, there is a need for a tugpetific modeling
interface based on TINFC data model.

5.5.2 Extend the TIM Framework Approach

The TIM framework is based on a minimal approach in order to keep the model as
simple as possible. Such an approach avoids dealing with a big model, which is
relatively difficult to handle and implement. As a result, for future developments,
it is necessarto include all the tunnel components and information in the TIM
project system. This study only focused on a small portion of tunfegmation
andspecific tunnel processes (i.e., construction managemnientyder to have a
comprehensive data modd,is ideal to have all the tunneling information used
and exchanged among participants during project life cycle. This information
includes the detailed data about the tunnel structural design, topographic
specifications of the project site, geology of sl layers, quality, cost, risk
analysis, scheduling, equipment, labor, safety, simulation, stakeholders,

contractors, and subcontractors. Moreover, after the actual construction process

151



ends, the information associated with the facility management amteanance

needs to be tracked and transferred to the facility management team.

55.3 TIM-IFC Server
The development of TIM FC Mo d e | Server for ATI M Knowl
|l ayer i s essenti al t o facilitate i nterop

paricipators.

The IFC sever has the responsibility of keeping track of exchanges, modifications,
accesses, and deletions through the information exchanges between different
applications. Kang and Lee (2009) developed an IFC server based on the IDM in
model exhanges. The proposed server maps the IFC model to an-aginal
database. A similar IFC server development is necessary for the TIM project

system to manage the transactions and avoid information losses during data

exchanges (Figure-b).
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Figure 5-1 TIM -IFC Server Architecture
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5.5.4 Developing tools for extracting valid subsets from the TIMFC
EXPRESS Schema

Even after developing applications that are compatible with-TH®1 data model,

few of them would be capable of exchanging data based on the TIM standard data
format. The process would still be prone to error and is subject to the translators
that were desloped by application developers. The reason for this problem stems
from the fact that not every single piece of information is exchanged between all
application platforms. Each application only needs a subset of the whole tunneling
datathat is structuredbased on the TIMFC data model Several studies are
devoted to definingubsets of a standard data mo¢el., Lee et al. (2009))he
standardized subset helps to define the spetiditaof an exchange scenario.

5.5.5 Radio Frequency Technology (RAD) and TIM project model

Radio Frequencydentification (RFID) technology is widely used to monitor
construction equipment, material, people, and capital assets. One area of future
development for the TIM project system can be the inclusion of the RF#flrtag

the project model. The RFID tags can be used to trace the construction
components and assets by recording their location, frequency of use, and
associated properties. Such inclusion can significantly contribute to an efficient
maintenance managememtdaquality control in tunnel construction projects. A
similar effortto interrelaé BIM data and RFID datia discussed by Motamedi et

al. (2013)

5.6 Conclusion

Integrated project management systems can improve the efficiency of
construction projects. The interoperability factor is the enabler for any
collaborative environment. The IFC data model provides a powerful medium for
exchanging data between applicatiansan integrated project system. IFC is
extensively used in European countries and has even made its way to the

governmental regulations and specifications in Europe (e.g., the Dutch
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Governmental Building Agency has mandated the use of IFC as a delivienable
major BIM-based design and build contracts (AUGI (2013)); Whereas IFC is not
widely used yet in North America. Moreover, although major BIM players such
as Revit are compatible with IFC data model, there are some deficiencies and
shortcomings in the xehange process. Not all the construction projects are
covered in the IFC data structure, and even in the case of building projects, the
data exchanges suffer from missing components in the export process as well as
mistranslations in the import processith\all that being said, there is no question
that the merits of a universal data model for modeling construction projects are
very valuable. In this regard, tunneling projects can also benefit from an
interoperable and integrated project system such @s ThRe characteristics of

civil infrastructure projects (i.e., huge amounts of data, multiple stakeholders,
various standalone applications and different local formats) are compromised

because of the current deficiencieshaf IFC.

This study reviewed #h current state of project management solutions for
tunneling projects and recognized interoperable integrated project models as a
potential solution for enhancing efficiency. Hence, a tunnel information model,
called TIM, was demonstrated and the procabsteps to satisfy the requirements

of such a system were extensively discussed. kiratl example of a real project

was used to present the developmental step\bf
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