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DEVELOPMENT AND APPLICATION OF A PRODUCT MODEL FOR SHIELD TUNNELS
ABSTRACT

Building Information Modeling is a prevailing methalogy in the building industry and half (by
length) of the world's shield tunnels are in Japsatordingly, for shield tunnels from 2005 to 20@ve
developed a product model called IFC-ShieldTunwélch is based on Industry Foundation Classes (IFC)
in order to meet the future demand for such a pbohodel. IFC-ShieldTunnel was developed by adding
new elements that are specific to shield tunnetsthat are not included in the original IFC. Theled
elements include shafts, segments (A, B, and Ksypgaterproofing elements, segment joint elements,
and ring joint elements. Furthermore, soil layard goid elements were created. Recently, we updagd
product model by re-organizing the entities andreximng errors. We deployed the updated IFC-
ShieldTunnel model in the construction of an actkaéld tunnel in Tokyo for about a year from Augus
2010 in order to check its feasibility. In the ¥ieation process, first, segments were modeledgusin
Autodesk Revit Structure 2011 and property dateevessigned to each segment element. Next, a mapping
between the original attributes of the entitieslIf€ and properties of IFC-ShieldTunnel segments was
developed. Using this mapping and IFC’s IfcBuilditgmentProxy function, we were able to convert the
IFC data from Revit Structure 2011 to IFC-Shieldieinautomatically. Segment data were also converted
from Revit Structure to Google SketchUp by IFC-&fi@nnel. Furthermore, the construction scheduling
and cost data were converted from Revit StructoeXCEL for 4D and 5D analyses of construction. We
interviewed engineers who used IFC-ShieldTunnelrasdived positive comments about the utilizatiébn o
the product model. Overall, our test demonstrabedféasibility of IFC-ShieldTunnel. In future wonkie
plan to apply IFC-ShieldTunnel to more projects tasl its practicality.
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INTRODUCTION

Recently, new construction methods, such as Autedndflachine Control and Automated
Machine Guidance have been developed. These methilide advanced technologies, including Global
Positioning System, various small sensors, and #&aitking Total Stations, and are used to increase
efficiency and improve quality (Furuya & Fujiyan2011). Building Information Modeling has also been
adopted for building design and construction inuanher of nations and it is significantly changimg t
conduct of business.

In new trends like these, 3D models play a core.rblowever, if a 3D model specification
depends on a specific software package, the madalwill lack interoperability and cannot be exahed
or shared with other software packages (Eastma®®)19hus, the Standard for the Exchange of Product
(STEP) model data have been developed as ISO-103@B8e domain of buildings, Industry Foundation
Classes (IFC), developed as a building project mbgebuildingSMART (previously IAl, International
Alliance for Interoperability) became Internatior&gthndard, 1ISO 16739 in 2013 (buildingSMART, 2013).
In the infrastructure domain, LandXML has been usikEly as a de facto standard for the represemtati
of roads, although some nations have their own mbaé models, including TransXML, Okstra, and
Japan’s Standard for the Exchange of Road CergeDita. However, for some infrastructure elements,
such as bridges, there are no internationally d@edegtandards. (Although IFC-Bridge, which is an



extension of IFC to represent bridges, has beerldpgd by a collaboration between Japan and France
(Yabuki et al., 2006), it has not yet been incogbed into IFC.) To address this lack of standatis,
OpenINFRA consortium was founded in 2012 withinlingSMART International to establish IFC-based
product models for infrastructure, such as roaddghs, tunnels, and harbors.

IFC-ShieldTunnel was developed by extending IFGtamdardize the data model for representing
shield tunnels (Yabuki, 2008; Yabuki et al., 200Mpwever, this data model was not used in practice
because no CAD vendor made a program for convedatg between their own CAD representation and
that of IFC-ShieldTunnel. Typically, software vemslovait to see whether ISO or nations will try to
standardize the data model before making data esioveprograms. However, if no CAD or software
vendor makes any data conversion program, noboliywant to use the proposed data model. Therefore,
we have updated the previous version of IFC-ShiefaiEl to expand its versatility by devising a data
conversion method, and we have applied it to amahshield tunnel construction project in Tokyo.

PRODUCT MODELS

A product model is a generalized data model, basedbject-oriented concepts, to enable the
interoperable sharing and exchanging of a produdtisa, such as geometric shape, attributes, and
relationships, among heterogeneous software pask#geughout the lifecycle of the product. When
developing a product model, it is important to deficlearly scope, terminology, relationships, &toe
basic elements of a product model are called estitEntities can represent not only physical objécit
also processes, humans, organizations, data, kdgejleand so on. Each entity’s attributes, including
dimensions, material, and specification, are defirentities may be divided into smaller components,
which may be divided still further. Relationshipstiseen such components are called “part-of”’ ratatio
On the other hand, entities can be classified &mbing to specific groups: for example, an anigs be
classified as a mammal, bird, reptile, amphibianfish. This kind of relationship is called an ‘as-
relation. Other relationships, such as “supportgtand “contact-to”, can also be defined betweetities.

CONCEPTUAL PRODUCT MODEL OF SHIELD TUNNELS
Shield Tunnels

Shield tunnels are usually constructed for infiatire such as highways, subways, sewage
systems, and causeways where the cut-and-coveelimgmrmethod cannot be employed since there are
structures or natural features, such as rivers,ddianot be removed, lying above the route. Fasthaft
tunnel is excavated and parts of a tunnel boringhime are lowered down the shaft and assembled. A
tunnel boring machine consists of a shield andingasupport mechanisms. The front end of the dhiigls
a cutting wheel, followed by a chamber, behind Wwhicere is a set of hydraulic jacks for pushing the
shield forward. A tunneling ring which consists s&veral precast concrete or steel segments idléusta
between the shield and the surrounding soil. Theotéunneling rings is called the primary linind.
necessary, a secondary lining, which is made ofrete, may be constructed.

Development of the Conceptual Product Model of Shield Tunnels

The data that need to be defined in product mocetsbe summarized as 5W1H: when, who,
where, what, why, and how. Thus, in the developnmatess of a conceptual product model of shield
tunnels, a Product class for representing What Vafieere, a Process class for When and How, an
Organization class for Who, and a Measured Datakarmmivledge class for Why were placed under the
Root of all classes. Objects, such as members, aoems, facilities, ground layers, processes relaie
shield tunnel construction, concrete organizatms stakeholders, and various sets of data andlkdge
were included by consulting various documents andhterviewing shield tunnel experts. In this way,
conceptual, hierarchical product model was develdperepresenting shield tunnels.



IMPLEMENTATION OF IFC-SHIELDTUNNEL

The conceptual shield tunnel product model was émgnted by extending IFC Version 2x3
(IFC2x3) and adding necessary classes that weralregtdy defined in IFC, such as members spedfic t
shield tunnels and underground layers. The procwmiel was named IFC-ShieldTunnel following the
pattern of IFC-Bridge. As mentioned before, the lengentation process had two phases. The first phase
was from 2005 to 2007, and the second was from 2002010. The following description of the
implementation combines these two phases into one.

In IFC, all entities have “Ifc” at the start of thenames. IfcObject exists as a subclass of
IfcObjectDefinition, and IfcElement exists as a daks of IfcObject. We defined IfcCivilEment as a
subclass of IfcElement to represent members spetificivil infrastructure. Entities that are spéacifo
shield tunnels were defined by adding IfcStEleméit stands for Shield Tunnel) as a subclass of
IfcCivilElement, and entities such as IfcStShaftiémnt, IfcStTunnelElement, IfcStJointStructureEletnen
IfcStTemporaryFacility, and IfcStShieldMachineElerhevere defined as subclasses of IfcStElement,
following the developed conceptual product modeshuield tunnels. Figure 1 shows a part of the sehem
of IFC-ShieldTunnel. A rounded rectangle indicétest it has super- or subclasses which are not sliow
the figure. Figure 2 shows components, such as ,Aarl8l K segments, joints between segments, and
secondary lining, and their corresponding IFC-Sfiehnel classes.

Underground soil layers are represented by theeéuppundary surface” method. In this method,
each soil upper boundary surface is defined byttree of the soil layer below it, and any pointmy soil
layer can be classified by looking up the namehaf immediately overlying upper boundary surface
(Figure 3). Each soil layer can be geometricallgresented using a Triangulated Irregular Networet an
modeled by IfcStStratumElement, which is an immidisubclass of IfcElement. Groundwater can be
represented by IfcStGroundwaterElement.

A tunnel is an underground cave made by an exaavati solid earth. Cave objects are
represented by IfcStVoidElement in IFC-ShieldTunriehe upper surface of the void element is the
boundary surface of the void itself, and the lowerface is related to the lower soil layer, follagithe
upper boundary surface method.

The schema of IFC-ShieldTunnel was written in thEPRESS language and graphically
represented using EXPRESS-G, following ISO-STEPerTthe schema was translated into ifcXML to
facilitate computer programming. In 2007, a datavewsion program was made to read an instance file
written in ifcXML and to draw 3D models in AutoCAlsing Visual Basic for Applications.

APPLICATION OF IFC-SHIELDTUNNEL TO CONSTRUCTION

The IFC-ShieldTunnel model was applied to an actoalstruction project from August 2010 to
August 2011 to test the model and its interopeitgbiThe site was a part of the tunnel from the Oi
Junction to the Ohashi Junction of the Central\Bajt Shinagawa Line in Tokyo, Japan. The shield élnn
consists of two parts: one going uptown (lengthd Y and the other one going downtown (length: 836

In this verification, we focused our attention @yments because segments are the main parts of
a shield tunnel. For modeling the tunnel structuaed terrain, Revit Structure 2011 and Civil 3Dnfro
Autodesk were used. Figure 4 shows a tunnel rimgisting of three types of segments: A, B and KclEa
segment type has two subtypes, thus there arargis bf segment in all. These segment models vedde |
out along the centerline using the 3D CAD software.

Next, a set of property data was assigned to tgmert model using Revit Structure (Table 1).
The parameters of width H and curvature A were wsRdnput data for the parametric design of each
segment. Identification information (manufactugice, etc.) was defined as well.
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Figure 1 — A part of the product model developedsfdeld tunnels, IFC-ShieldTunnel
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Figure 2 — Section of a shield tunnel and the apoading entities of IFC-ShieldTunnel
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Figure 3 — Representation of soil layers and a céyect in IFC-ShieldTunnel
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Figure 4 — 3D models of A, B, and K segments




Table 1 — Properties of segments

Parameter Value

Dimensions

H (width) 1700.0

A (curvature) 48.236°

Identity data

Keynote Tunnel member
Model B1 type segment
Manufacturer ABC Corporation
Type comments Structural concrete
URL http://www.abc-c.co.xx
Description Shield tunnel member
Assembly code

Type mark

Cost 100000 yen
Omniclass number 23.25.30.21.14
Omniclass title Trussed Beams and Joints

Since IFC does not yet support shield tunnel seggrienFC-ShieldTunnel, the segment models
made using Revit Structure must be represented) siisting IFC schema. Thus, the new mapping file
shown in Figure 5 was developed, based on the telard. As shown in Figure 5, attributes which are
not supported by IFC are “Not Exported.” Thus, IfdBingElementProxy was used to substitute
undefined attributes for existing attributes (Fig6).

The interoperability of segment data between R8&titicture and Google SketchUp was also
examined in this research. A tunnel ring model sitt@onsisting of segments made with Revit Strectur
was exported and the exported file was converteld the mapping file and IfcBuildingElementProxy.€Th
converted file was then imported to Google Sketclaldd the tunnel ring was drawn successfully (Figure
7).

In addition, at the construction office, a 4D mosdhulation showing the construction procedure
was executed using RevitStructure, and the cortgiruschedule data were exported as an Excel fille w
segment cost data. Although IFC-ShieldTunnel was used in this process, the on-site construction
engineers were enlightened by this experience ealized the usefulness of using 3D/4D models.

¥ Revit Export Layers

# Maps Categories and Subcategories to laver names and color rumbers

# Category <tab> Subcatesory <tab®> Lawer name <{tab> Color number <{tab>
Cut laver name <tab> Cut color number

i Do not remove the colon (1) after certain category names.

Air Termirals [tchirTerminal

Area Polvlines Mot Exported

hrea Tazs Mot Fxported

Areas [T cSpace

Cable Traw Fittines [FCCableTravFitting

Cable Trays [FCCab | el ravSeament

Cal louts Mot Exported

Caseworl [fcFurniture

Casework Tass Mot Exported

Ceiling Tags Mot Exported

Ceilines [fcCovering

Ceilings Surface Pattern [fcCovering

Color Fill Mot Exported

Coler Fill Legends Mot Exported

Columns [fcColumn

Communicat ion Devices [fcBui ldingkE | ement Proxy

Conduit Fittinzs [FCConduitFitting

Conduits [FCConduit Sagment

Constraints Mot Exported

Contour Labels Mot Exported

Curtain Panel Tass Mot Exported

Figure 5 — Mapping file for segments
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CONCLUSIONS

In this paper, the motivation for and the developmgrocess of a product model for shield
tunnels, IFC-ShieldTunnel, were described. Them, #pplication of IFC-ShieldTunnel to an actual
construction project was discussed. The developwiemapping files and using IfcBuildingElementProxy
enabled interoperability between different 3D CA@ftware packages via IFC-ShieldTunnel for tunnel
segment model data.

IFC-ShieldTunnel was completed in 2010 after bemgylified a few times since 2005. However,
we did not stop developing tunnel product modeidatt, a product model for cut—-and-cover tunnél€:-
Cut&CoverTunnel, was developed in 2011 and IFC-MainTunnel was developed in 2012. These three
tunnel product models have been integrated as I&@dl, which was completed in 2013. We are
currently checking the IFC-Tunnel model in colladtosn with the OpenINFRA Consortium of
buildingSMART International.
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