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Abstract

This paper discusses the application of concepiual modeilir_:g techniques for the development
of concepts for Com;_auter Integrated Construction (CIC) in the Building and Construction
industries. An extension of the General AEC Reference Model for the Pplanning and produc-
tion stages is proposed. As an example it demonstrates how the extended model can be used
for the integration of design and construction of prefab concrete beams.

1 Introduction

For many years the Mechani(}al Industries have researched CIM application like: Design for
Manufacturing (DfM) and Design for Assembly (DfA). Currently the mainstream of R&D in this
area is devoted to Feature technology. The Building and Construction industries lack behind in the
application of these state of the art technologies.

In the Netherlands we started a research project on Design for Construction (DEC) with three par-
ticipants: Ballast Nedam (contractor), TNO-Building Institute (research) and Delft University of
Technology. We define DfC as the integration of the design and construction process and all the
processes in between. Our goal is to demonstrate DfC for prefabricated concrete structures. Two
product types are being considered: a family of viaducts and a class of high rise office buildings.
Currently, for practical reasons, the research concentrates on the design and fabrication of prefab
elements both used in office buildings and viaducts.

fiew conceptual modelling constructs have to be found. A first attempt will be presented and illus-
rated. Also a first idea is given how the BPM can be used in a Computer Ir)tegrateq Construction
process (CIC) for the integration of design and construction knowledge and information.

2 AS-IS situation

The current situation of the building process for prefab concrete elements at a factory of Ballast

edam is described with IDEF-0 (or SADT) diagrams. The main properties of the IDEF-0 method-
ology are Processes or activities, modelled with boxes, and information flows, modelled with ar-
Tows. Information flows are classified in: input, output, control and support. Processes can be de-
“omposed in sub-processes, €.g. the process with code A1 decomposes in A11, A12 etc. For a
“aled explanation of the IEF-0 method soe (3]

The top-leve] process ‘Realise prefab element’ is decomposed in two sub-processes: ‘Control real-
Sation of prefyh element’' (A1) and 'Produce prefab element' (A2). The control consists of all the

Ministrative jobs, Jike design, calculation, planning, control of the production etc. The control is
connected with ghe Production by working orders to and registration reports with results from the
oduction unis (IDEF-0 diagram figure 1). In the current situation much of the processes are sup-
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ported with computer applications, but the communication between these processes is i) trad;.
tional with technical drawings and paperwork.
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figure 1 IDEF-0 diagram of *Realise prefab element’

3 Building Project Model

To support the processes, as modelled in IDEF-0, we need a model, a Building Project Model
(BPM). During a building project there are three main groups of entities: the Product, the Activities
and the Resources. The information about these entities can be modelled in respectively a Product
Definition Unit (PDU), an Activity Definition Unit (ADU) and a Resource Definition Unit (RDU).

Examples of PDU's are: the product itself, parts of the product, assemblies and features. The
choice for one of these categories depends on your point of view: a PDU can be the ending product
for one party (e.g. a supplier) and only a part or a feature for another party (e.g. a contractor). For
an ADU you can think of all the processes during the project: management, design, planning and
production processes. RDU's are resources used by the ADU's, like manpower, equipment and
raw materials. These resources can also be grouped in a company, a factory or a department.

There is quite some analogy with the IDEF-0 diagrams: the ADU's are the processes in the boxes,
the PDU'’s are the input and the Output arrows and the RDU are, in general, the SUppoTt aITows.

For.:a PDU the main characteristics are shape’ and 'material’. Other characteristics like ‘strength
|ar_1d \Iavelghtr' can be derived from the main characteristics. For an ADU the main characteristic is
ume’, e.g. starting ume', ‘ending time' and ‘duration’. For a RDU all the characteristics have
something to do with ‘money’, e.g. ‘application costs', 'acquisition costs' and 'remainder value'.

The relations between the Product (PDU) Activities ( icall
) . ADU) and Resources (RDU) can be graphically
?hog;l}idMu;l NIAM. For of short explanation of this graphical modelling language see [3] and (4]
BB idios i ] fof the Building Project Model can be found in figure 2. The PDU, ADU and
¢ subtypes of the MDU. In the MDU the identical properties are modelled. The state of the

- 106 —




d the RDU are taken into account because they can be effected by the ADU. In general an
ppuU 4 receded by a PDU state and succeeded by a new PDU state. An ADU always uses one or
ADU l;gu's- It is possible that this ADU also changes the state of the RDU. Some ADU's only effect

more U and not of a PDU. An example of the use of this model is iven in chapter 5.

figure 2 NIAM diagram of the Building Project Model (BPM)

With this model all the entities of the building project are connected. Now we are able to say some-
thing about characteristics of entities that cannot be derived from its main characteristics. E.g.
when you want to know, when a PDU is finished, you look at the ‘ending time' of the ADU that
precedes the state ‘As Built' of the PDU. When you want to know the costs of an ADU you look at
the total costs of the RDU's it uses and for the costs of the realisation of a PDU you look at the re-
sources of the preceding ADU's.

4 Product Definition Unit according to GARM

The basic entity in the GARM is called PDU (Product Definition Unit). The major construct for a
PDU is the division in life cycle stages. A PDU appears in different stages during its life cycle: As
Required, As Designed, As Planned, As Built, As Used etc. Only the first two life cycle stages are
worked out. A PDU in the As Required stage is called Functional Unit (FU) and in the As Designed
stage Technical Solution (TS). These two stages are used for decomposition during the design of a
PDU. The requirements of a FU are fulfilled by the properties of a TS. This TS can be decomposed
into requirements of a lower level. These requirements are collected by new FU's. This decompo-
Sthon mechanism is called 'FU-TS-decomposition' [3]. The FU's of a decomposition can be related
10 each otl]cr. For PDU's these relations are modelled with meta-topology {5]. For ADU's this can
be done with network Planning [6] and for RDU's with resource planning,

Al}othpr concept is the inheritance of properties of resembling classes of objects. You can compare
this with the sub-/supertype relation in data definition languages. This concept is used to reduce

the size (and the complexity) of the model. For data reduction and data re-use the concept of data-
iheritance is ysed_

Asan ¢xample of a PDU according 10 GARM we developed a model that describes all the properties

O family of prefab concrete bearns. Such a model is called a productfype model. During the de-

280 process a product model for a specific beam is generated by choosing those properties from
" Producttype model that are needed to fulfil the specific requirements of that bearn,

E:;kkemel of our producttype model is the FU-TS-decomposition. As an cxamp!e the first level 'gs
mumelg out here. It starts with the FU ‘Beam’. In this FU requirements like required length, maxi-
8 el‘.ght' extreme loads etc. are collected. These requirements originate from the specifications
The :_[f lent, fl"om Computations for the viaduct, or office building, and from general regulations.

Beam’ can be fulfilled by a lot of beams made of steel, in-situ concrete, prefab concrete
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Because of our choice for a prefab element factory ool the TS “Brerab concrete bean: Is
etc.

worked out for this project. di b-functions. Here a probj
- ivided into su . em aris

The ‘Prefab cor;grdett)c zfaf?m:;lgai?; t?;tdl arllclzzvc a different view on the subject.; e.g a ﬁ;;ﬁg;:f
model will be u l)erm ning view. All these aspect views have 1o be supported without €mphagjs.
a construction or a rf:: of them. This means the model has to be as neutral as possxbl;, but yoy can'
ing or neglcctmgti‘;:’aJ without being to far away from the mental wo_rlc_i of the users 10 practice_ y,
be totzlly tI;’ml)lr:;vv the design process as much as possible a:}d‘lo divide the bearn i the FU's thy
gf:ls?xiie::si\?ely designed: a ‘Body’, a ‘Pre-stressed element’, ‘Reinforcement field’s ang ‘Castip

concrete object’s. The NIAM diagram of the FU-TS-decomposition of a 'Beam' is presented i fig
ure 3.

figure 3 NIAM diagram of the FU-TS-decomposition of a Prefab concrete beam

The FU ‘Body’ can be fulfilled by a TS “Concrete body’ with a standard shape (using a standard
mould) or a new shape. The FU ‘Pre-stressed element’ can be fulfilled by the TS ‘Prc-stress’cd re-
inforcement’ and the FU ‘Reinforcement field’ can be fulfilled by the TS ‘Reinforcement’. The
other FU is not worked out completely yet. For the last two TS’s you see the class-inheritance con-
cept. The designer can respectively choose between ‘Pre-stretched pre-stressed reinforcement

and/or ‘Post-stretched pre-stressed reinforcement’ and between ‘Prefab reinforcement' and/or Tn-
situ fabricated reinforcement’.
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we started the implementation of this modql, using concepts as described in [3]. We were able to

odel a specific beam in Express and by using ProMod to generate a STEP-file, a quantity list and
mce pictures. We started with the implementation of the producttype model in the object-oriented
{'a"nguagc Eiffel [7). With this language it is not only possible to describe objects with attributes,
but also to use multiple inheritance, to make user interfaces and to generate databases. For using
the producttype model during the design process we needed an extended version of the GARM.

is why we developed the Building Project Model (BPM). The BPM only exists on conceptual
evel yet. We plan to implement this mode! in Eiffel and to use (parts of) ProMod for things like
STEP-files, graphical facilities and quantity lists.

s Example of Building Project Mode]

As an example of the use of the BPM in practice the production process of a prefab concrete beam
is worked out. Thq beam 1s very simple: it only consists of a concrete body and reinforcement.
The reinforcement is prefabricated by a subcontractor. All the other activities are done in the prefab
element factory of Ballast chmp. For the concrete body a mould is needed. In the factory a mould
is available but it has to be rebuild to fit this specific beam. When the prefabricated reinforcement
is placed in the mould, the concrete can be cast. When the concrete is strong enough the beam can
be taken out of the mould and it is finished.

In figure 4 this process is modelled in a NTAM diagram using the concepts of the BPM. At the bot-
tom level of the diagram you see the PDU 'Prefab concrete beam’ that consists of the PDU's
Reinforcement’ and 'Concrete body' on the second level. On the fourth level the Activities are
modelled in five ADU's and on the top level the Resources in the RDU's ‘Subcontractor', 'Prefab
element factory' and 'Mould'. Notice that the 'Mould' is part of the Prefab element factory'. On
the third and fifth level you see the states of the PDU's and the RDU's before and afier an Activity.
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figure 4 NIAM diagram of the production process of a prefab concrete beam
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' icate reinforcement’ changes the state of the 'Rcmforc:emcnt' from 'As Degigne
E%ﬁ%ibg:ﬁg}-cﬁ t?,ses the RDU 'Sut?cor!tractor'.'All tl'gc other APU s use the RDU 'Prefabgeicg_
ment factory'. First the mould is rebuild in ADU 'Rebuild mould'. The state of the ‘Mould' i
changed from 'In standard shape' to 'Ready for production’. This ADU can only take Place if he
'Concrete body' is in its 'As Designed' state, at 'least fqr the shal?e aspects. The nEXt ADU, 'Plyeq
reinforcement’, can only be performed if the Mould and'thc Remforcem.cnt are in the gy,
state. It results in the ‘As Built' state of the ‘Reinforcement’. Now' the ADU "Cast concrete’ take
place. It starts with the 'As Designed’ state olf‘th? Concrete body gnd'lt results in its 'As By,
state. Requirements for this ADU are: 'Mould' in _Read)'/ for production’ state, Reinforcemeny i
'As Built' state and the 'Concrete body’ in 'As Dcsngncg state (now a'lso the matcnal'gsmts Bas
to be designed). The last ADU 'Get beam out rt'lc_m!d starts if thel Concrete body' is in its ‘As
Built' state. At the end the 'Prefab concrete beam' is in its "As Built' state and the production pre,.

cess is finished.

6  Design for Construction

Before we can start the integration of design and construction with the developed BpM, models for
activities and resources have to be worked out, similar to the product model. Also relations be.
tween the three entities have to be worked out on a detailed level. From that point on the integra-

ton consists of three steps.

The first step in the integration of design and conslru_ction is an automation of I.ht?: iqformation flow
from the design process to the planning and production process. Many charactcnsqcs of the ADU's
and RDU's are directly related to characteristics of the PDU. E.g. the first global estimations for the
duration of Activities and the costs of Resources in a prefab element factory are linearly related 1
the volume of the concrete body and the weight of the reinforcement.

During the building process, data is stored in a neutral file according to the STEP format. Computer
applications can derive their input from such a STEP file. When the application is finished, it stores
the relevant output in the STEP file, s0 it can be used by the following applications.

Automated information transfer is more reliable, faster and more flexible than human supported in-
formation transfer. It is a precondition for flexible production automation, because it s the only
way to control such a complex information flow. For a prefab concrete element factory, where ¢y-
ery element is ‘custom made’, it is a must.

The second step of DIC is to give the responsibility of design decisions to the most qualified per-
sons. E.g. a client only gives the requirements for a prefab element, the supplier designs it, so it
fits best to his production process. This means better quality and lower costs. An other example in
a prefab element company is the blending of the concrete body. The design department only says
that there must be a blending with some requirements, the planning office determines how the
blending will look like, depending on the shape of the moulds just before production.

The third step of DfC, and the most difficult one, is to use planning and production knowledge
during the design process. When standard activities are attached to product parts and standard re-
SOUICES 10 activities, you can have a first impression for production time and costs during the de-
SIgN process on a very short notice. Planning and production knowledge can be used in an expent
system for _the design of an element and after the design the production can be simulated on a com-
puter. In this way (financial and time) consequences of design decisions can be predicted.
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7 Conclusions

ted top level for a Building Project Model (BpM), using concepts of the GARM, is very
Th;fil;igngg,slt is still conceptual and on a rather global level. Before we can say more about the fu-
pro of this BPM it has to be worked outon a more detailed !cvel and implemented in some proto-
:yu; version. Currently we are working on the implementation of already worked out parts of the
BPM- - . .
For the decomposition of a PDU during its design period we chose to follow the design process as

ssible, because such a decomposition supports all the aspect views without being to far
:1\::;‘ ;i)rll)‘lo the mental world of the users in practice, g

ntation of the BPM asks for a flexible, object-oriented language with a lot of ssibilities.
‘I,r";nf {Sl?:ve that the language Eiffel can fulfil those demands. pe
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