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Abstract

The Designer-Fabricator Interpreter (DFI) is a knowledge-based system that aids -
the design of beam-to-column connections. The system, as a step toward computer
mtegrated construction (CIC), attempts to bridge the miormatron gap between designers
and tabncators of structural steel systems This research is directed towards the eventual
development of integrative tools which encompass constructabrlrty issues during preliminary
design. DFI intelligently gurdes structural engineers to a feasible connection configuration by
incorporating general fabrication and erection knowledge. The system incorporates issues,
such 3s cost, strength, constructability, and safety of the proposed connection. By making
general fabrication and erection knowledge available to structural engineers at the pre-bid
stage of the design process, DFI will help designers make more “intelligent™ initial design
decisions and possibly avoid major problems in the iabrication and erection of proposed
beam-to-column connection configurations.

The major potential for integrated design and construction systems is in the
support of the development, management and sharing of information and knowledge among
participants at all stages of the construction processes. These systems can act as a catalyst
‘to improve ways of planning, organizing and coordinating activities throughout the life cycle
of a project. Allowing different groups to collaborate more effectively in the overall activities
could help reduce overall project costs while delivering a high quality, on time structure.

A detailed decomposition of the information each participant considers important
in the satisfactory execution of -their role in the design and construction process is
developed. A method of relating unique viewpoints and fostering cooperative solutions
between the participants of the design and construction process is also discussed. Case

studies are presented which illustrate how DFl evaluates and selects alternative connection

designs.




1. Introduction .

" The Designer-Fabricator ,Interp',reter (DFI) project is part 'ot a oompreh"ensive |
research effort intended to provide an ‘environment which fosters communication between
the various participants cr agents (i.e., owner, architect, ‘designer, fabricator and erector)
~invo|ved in a construction project. DFI, as. a step towards computer-integrated construction
(CIC), attempts to bridge the information interface gap- between design engineers and
fabricators of structural steel systems, By making general fabrication and erection knowledge
available gt the pre-bid stage of the design process, -structural engineers_ will be able to make
more intelligent initial design decisions and possibly avoid any major problems with the
fabrication and erection of their proposed beam-to-column connection configurations.

This chapter is organized in the following manner. First, the research objectives
are formulated. A brief discussion is also included on how these objectives are related to
problems facing the U.S. construction industry. Some common practices of the industry are
described to illustrate the lack of communication, interaction and integratM between the
field construction site and the design office. Next, a brief discussion of the need for systems
to integrate design and construction will be presented. To illustrate this need, a simplified
information flow diagram' of the building design process is presented along with typical
problem areas. The potential usefulness of integrated systems is also discussed with a
description of their current application m manufacturing.  Next, “tour knowledge-based
systems related to structural design are described along with a description of the approach
taken in developing DFI. This chapter is concluded by a brief section on the organization of

the remainder of this thesis.

14  Objectives of the Research

The overall objective ct' this research project is to provide a tool which can
tncorporate construction knowledge into the preliminary design stage Connections were
chosen as a focus because they are the "hotspots™ for problems in structures. The Hyatt

¥

Regency skywalk collapse, a devastatmg failure in recent history,” can be vuewed as an
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‘eXtreme case for the need of syéterhs like DFl to point out potential dowrrstream (i.e,
censtru_ction) «problems with a design. ' | | A
| ~ The research was performed in two distinct pha_ses. The objective of the first
‘phase was the rapid development of a pre-prototype system to critique the geometric~ fit-up
of beam-to-column connections. This phase involved perforrnihg the following three:tasks:
1. Developing a hierarchy‘ of objects to describe a building deoomposition
focused on connections. | |

2. Identifying common mistakes or “goofs” in connection designs and
representing them in a knowledge base. |

3. Developing and implementing a pre-prototype system which critiques
connection configurations and provides explanations and suggestions
of common fabrication and erection errors [Barone et. al. 89]. -

The first phase of the research had duel purposes. Primarily, the DFI researchers were
interested in showing a demonstration-of-concept or working system. In addition, the pre-
prototype served as a testbed for knowledge and data acquisition. | ‘

| The objective of the second phase was to build a prototype for prelirr\inary
connection design. This prototype system addresses the lack of communication between
designers, fabricators and erectors during the design and construction stages. The initial pre-
prototype was rewritten to include a cooperative problem-solving scheme so agents were
capable of suggesting altem‘ative connection configurations while taking into account other

viewpoints. The tasks involved in the second phase of development were:
1. Restructuring the phase one knowledge base into a set of constraint N
tables. ‘

2. Developing a database of connection configurations using input from
design, fabrication and erection viewpoints. -

3. Building models of the information each agent considers important in
the satisfactory execution of their role in the design and construction

process.
4. Defining a relatiornal network for a cooperati\)e problem-solving model.

5. Developing and implementing a system that provides a cooperative
means of generating altemative Type 1 connection configurations from
three unique viewpoints (design, fabrication and erection).

The second phase of development perrnitted the researchers to explore different areas of

applied artificial intelligence, specifically negotiation and conc_hrrent design, while expanding

.

3 ~




and reﬂnmg the civil engnneenng domarn knowledge and databases of the pre-prototype

from phase one

1.2  Present Practice

Fragmentation in the U.S. construction industry has caused a decline in its ability
to compete successfully on a global scale [Moavenzadeh 89]. This dispersed industry is made
up of companies with their own distinct construction procedures and information flow
practices. Due fo the industry's fragmented nature, the most current engineering
information is seldom used in the field. Typically, as problems arise in the field, the
contractors make fotes on their drawings. " These field notes are used by the contractors to
point out any potential construction problems with the design. At times, the drawings
considered current in the field are as many as three revisions behind the engineer's most
current drawings. The principal reason for this is that the contractors do not want to lose
their handwritten notes made on -the original field drawings Integrated construction
systems such as DFIl, could be used by desrgners prior to construction, to asses the
‘potential problems, make any necessary changes and provide engmeenng solutions, in part,
to the contractor's field problems. This approach would reduce field rework and cost'
overruns due to miscommunication between the needs of the designer and the ability of the

contractor to meet those needs.

1.3 Need For Computer-Integrated Construction
The need for Computer lntegrated Construction (CIC) will be illustrated by

presenting a highly simplified description of the design and construction process shown
symbolically in Figure 1.1. The process begins with an owner's concept, needs and method
of fihancing the project. Next, the participants associated with the professional services and
» construction contracts for the project are identified. The professional services provided
include the architectural layout, structural design and field inspection. Once the architectural

" and structural designs are completed, the construction contracts are awarded to a general
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......... SHOP DRAWING FLOW

- Figure 1.1 Information Flow Among Participants* [Becker 89]

contractor who then selects various subcontractors such as fabricators, mechanical and
electrical. (. '

To illustrate typical problems with cbnnection designs, the frequent lack of
interaction between designers and fabricators should be considered. When bidding a job,
fabricators are usually unaware of many design details (such as connection details). This
often occurs because structural design firms may leave the connection design to the
. fabricator. The fabricator employs a detailer to generate the necessary shop drawings to
assemble the structure, and an erector to assemble the structure. Prior to construction, the
shop drawings are reviewed and approved by the engineer. At times, engineering ﬁrms' may

not be fully qualified to approve the shop drawings because they are unfamiliar with specific

* This figure attempts to show the dispersed nature of the construction industry. This is not always the case since
design/build firms exist in the industry. A much different information flow diagram would be shown for those .
firms. . o |
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construction practices This situation causes problems for both the engineer and fabricator
since neither may be sure what the other has done to develop their respectwe designs for
the structure. These uncertamtues often lead to downctrearn tabncatton and field erection
~ problems. | | .

An example which illustrates a possible downstream fabrication problem is
whether or not the designer h\s made most efficient use of material for the basi¢ structural
frame, e.g., the hghtest-welght column and beam sections. When the tabncator begins the
connection design and finds that the column webs or flanges must be stiffened, which may
not have been considered in the( original bid, he must take the financial burden of the
additional material and labor costs.

Implementation of CIC is intended, at a minimum, to alleviate basic information
flow problems and highlight any potential downstream problems [Wilson 87], [Sanvido 89].
In the previous example, if the designer were made aware of a potential connection problem,
a larger column section could be used to simplify the connection destgn [Becker 88a]. To
imptement the concept of CIC, one would need a database of project information, accessible ~
to all agents involved, that would include all aspects of building design such as mechanical,
electrical, structural. Thus, when design changes gﬁcur, they could be posted quickly to the
common database and affected agents could be notified. For example, if the depth of a
beam were changed this might affect mechanical (ducts plumbing) as well as fabrication
(materials ordered) work. As the affected agents are made aware of the change, they could
suggest alternatives to the initial change to reduce the amount of field rework.

Thus, the implementation of CIC will provide an environment that will allow agents
to post information to a common database as well as to interpret posted information. In
reality, the common database might consist of a group of distributed databases located at
the different construction agent's locations. The interpretation of information will be
assisted by knowledge-based systems which will act as intelligent interfaces between
ditterent agents in the construction process. These knowledge-b%sed systems will share
common information as well as posses unique information for each end user. These systems
are intended to allow architects, designers, fabricators, and others to work cooperatively
vyhile responding to posted changes with altemati\?e suggestions beneficial both to

themselves and other agents.




DFI addresses this need in part, by providing desrgners with a tool for evaluatmg
their prehmrnary connectron desrgns from the vrewpomts of standard tabncatlon and
erectron practlces The system is also capable of generatmg altematrve connection
confrguratrons based on a set of issues consrdered rmportant from the perspectrves of
design, tabncatron and erection. A detailed description of DFl’s capabrlitles is presented in
Chapter 2.

1.4  The Potential of Integration

Integrated design and construction systems can act as a catalyst to improve ways
of planning, organizing and coordinating activities throughout the lite cycle of a project.
These systems have proven especially useful in the manufacturing industry in handling critical
information flow between different activities [Turksen 88]. Each activity can be characterized
by a distinct knowledge base. Relieving the bottleneck of information flow at each different
activity (or interface) can lead to the integrated engineering' or manufacturing of large
systems. For example, an effective design considers not ionly the functional aspects of a
structure, but also the labor, time and resources required for fabrication, construction and
operation. | |

The manufacturing industry 1has been able to implernent computer-integrated
manufacturing (CIM) systems [Rembold 86] because the entire process of manufacturing a.
product usually takes place in one central location and focuses on producing many of the
same items (i.e., assembly line). | ;

The major differences between the manufacturing and the construction industries
are fragmentation [Sanvido 89] and the product being made. Construction involves the
production of a single, drstmct product, such as, a building, bridge, or power plant As
described previously, the process of designing and building a structure involves many agents
-performing specific tasks in very different environments. Integrated design andfgconstruction
systems will Iink processes by allowing multiple agents to interactively utilize data and
knowledge from their perspectives, without requiring that the activities take place. in one

single location. Specialization has made it impractical to suggest a retun to the "good oid




days” of construction where a single company was able and willing to design, detail and build a

st[ucture Rather, CIC can act as a vehicle 10 mtegrate specuarzed activities in a oOOperatlve

-environment of compromlse to build more economlcal structures from various viewpoints.

The major potentlal of integrated design and construction systems is in the
support of the development management, and sharing of information and knowledge among
participants at all stages of the construction processes. This allows the different groups to
~ collaborate more- effectively in the overall activities.

By attempting to bridge the information gap between designers and fabricators of
structural steel systems, DFI is provndmg a testbed for the incorporation of construction

knowledge in the prehmmary design stage

15  Review of Related Work

Recently there has been a large amount of attention focused on developing
systems to automate, integrate and eventually streamline the design and construction
process. Much of the work has focused on the development of tools to automate the design
of structures. This type of research is important but does not address the needs of the
constructors. Focusing on the optimization of one aspect in the total process can cause
problems downstream during construction, and, as mentioned, cause significant field rework.
Many of these automated design tools do not consider how the design will eventually be built.

Other researchers [Baker and Fenves 89], [Maher 89], [Sause and Powell 89],
[Sriram et. al. 89], [Talukdar and Fenves 89], [Tenenbaum 89] have also focused their
attention on the development of models for the integration of design and construction.
Many models describing design as ‘a multi-level process which can be hierarchically
decomposed have been developed. Few of these conceptual models have been implemented
because the level complexity often is too great for a prototype system.

The approach taken in the DFI research has fallen somewhere between the two
approaches mentioned above. Extensive industry interaction has helped formulate the focus
- of the system so that DFI serves as a "standby advisor,” leaving the actual design to the user.

This section is mtended to show how DFI fits into the g:reratl picture of other
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research initiatives as well as to point out its umqueness Four systems will be described rn; |
this section to nllustrate some past, present and future directnons tor kmwledgebased'
systems. The discussion will focus on the type of system berng developed and the intended
use of the system. The systems are HI-RISE, IBDE, DlCE and CONXPRT

HI-RISE is a well-known knowledge-based system that performs prelrmrnary
design of a three-dumensronal burldmg grid. IBDE (Integrated Burtdrng Design Environment),
is an attempt at "vertically integrating" or linking several knowledge-based systems from
planning to construction scheduling.  DICE describes an environment for cooperative
engineering which attempts to consider all aspects of design. CONXPRT, a knowledge-
based system to design connections, provides a different approach than DFI to handling the

problems associated with designing connections.

1.5.1 HI-RISE

HI-RISE is "an expert system that configures and evaluates several alternative
structural systems for a giyen three-dimensional grid” [Maher et. al. 84]. The expertise in Hi-
RISE is primarily from the book, Structural _Concepts and Systems for Architects and
Engineers by T.Y. Lin and S.D. Stotesbury.

HI-RISE uses the topology of a three-dimensional building grid which is defined by
the number of stories, the number of bays in each direction, the minimum required clearance
for a typical story and the location of vertical service shafts or internal spaoes. The intended
occupancy of the building, and wind and live loads are also required. HI-RISE uses this
information to perform the preliminary strucmral design. The system first determines
possible configurations for the lateral load resisting system, and then designs feasible grawty
load resrstmg systems. The design of one system is not done until the previous system iS
completed. HI-RISE uses a task-subtask decomposition to design alternative functional
structural systems.

HI-RISE graphically presents structurally feasible systems ranked by an evaluation
function which considers aspects of economics, efficiency and ‘structural integrity. The user
is free to choose the recommended "best™ design or any of the other structurally feasible
desrgn alternatives. '

HI-RISE and DFI share some common tdeas Both deal with prelrmmary design,




have a hierarchal decomposition of building data and both present multiple results "
graphically. The differences lie in theur respeclwe focus HI-RlSE is a desngn system while
DFl is pnmanly an evaluation system for connectnon designs. DFI uses multiple vuewpomts to

perform an evaluation while HI-RISE is only concemed with desngn and does not consider

constructability issues. -

1.5.2 . IBDE
IBDE (Integrated Building Design Environment) is "an integrated soﬂware,
environment for building design and construction” [Fenves et. al. 88]. The system vertically
integrates the processes of architectural; structural, and foundation design with construction
planning using seven knowledge-based systems [Talukdar and Fenves 89}:
1. An architectural planner (ARCHPLAN). &
A building core layout designer (CORE).
. A structural system selector (STRYPES).
. A structural component selector (STANLAY).

. A foundation designer (FOOTER).
. A construction planner (CONSTRUCTION PLANEX).

The seven systems share global information which is hierarchically organized in an object-

2.
3
4
5. A structural component designer (SPEX).
6
7

oriented programmihg language. A blackboard architecture is used to coordinate
communication between the systems.

" IBDE is the first attempt at integrating all of the above processes. The main
drawback with this approach is that "there is one and only one path" [Talukdar and Fenves
89] through the system. Actual design and construction processes, however, are iterative
and require feed-forward and feed-back loops to idéntify potential problems. DFI, on a much
smaller scale, attempts to integrate the processes of preliminary and detailed design of

connections.
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153 DICE

is an ob]ect-onented programmlng envrronment for oooperatrve engineering design” [Snram ‘
et. al. 89]. This initiative is a proposed framework to consider all aspects ot desrgn from the
conceptual Iayout and plannmg to the manufacturing and oonstructlon of a "desrgn amfact -

DICE consists of three main types of components: the control mechanism, the
blackboard, and the knowledge module. " The control mechanism is defined by the
communication, coordination, and data transfer.” It could also be viewed as an inference
mechanism. Communication takes place through the blackboard which is divided into three
partitions: coordination, solution, and negotiation.  Each blackboard partition contains
specific information which relates, traces or coordinates the knowledge modules to a specmc
task. The knowledge modules are grouped into four categories: strategy, specialist, critic and
qualitative. Each of the knowledge modules can be viewed as either knowledge-based expert
systems, CAD tools, specific databases, analytical programs, human users, or combinations
of the above.

DICE is intended to provide an environment where multiple designers in separate
disciplines can coordinate their respective activities while resolving any conflicts among the
disciplines. The current status of this initiative is a prototype for the automatic generation of
construction schedules from architectural drawings. Utilities for updating and modifying the
blackboard information have also been developed. A' simulation program to show the
possible potential of DICE has been produced using the Hyatt Regency skywalk collapse as a
case study.

The engineering environments that DICE and DFI intend to provide are similar in
that each proposes the use of multiple viewpoints to resoive conflicts. The major ditterence
is the approach' taken in developing the sy'stems. DICE is being developed top down,
attempting to model all interactions prior to implementing the system. A middle out approach
has been taken in DFl. By taking representative yet manageable segments of the
design/construct process, the DFI researchers have been able to formulate connection
evaluatron procedures and agent interaction schemes to build a working prototype.

At this point, oompansons cannot be made on the negotiation scheme used in
each system, since one has not yet been lmplemented, in DICE. The blackboard facilities

1




developed for DICE, however, are more extensive than those implemented in DFI.

154  CONXPRT ‘ |
CONXPRT (CONnection eXPeRT) is "a knowledge-baseci systenf for the design
of connections in steel framed buildings” [Elhouar and Murray 88]. This s’ystem conléiris
desugn knowledge for three types of simple framing connections: framing angles, a shear end
plate, and a shear plate. These connectlons were chosen for their frequent use in steel
framed buildings, for their versafility (each can either be used as a beam-to-column or beam-
to-girder connection), and for the large amount of information that exists in the literature.
CONXPRT uses the beam and column AISC (American Institute of Steel
Construction) shape, span length, end reactions, and connection type to design and detail a
particular framing connection. The system provides a graphical representation of the

connection as well as a textual report detailing the design parameters.

The report facilities of CONXPRT also point out any potential design problems

wnh the connection. CONXPRT may or may not suggest how to correct an encountered
problem - this is left to the user. The process of changing and re-evaluatmg the connection
parameters is lengthy but straightforward. Very little ormation regarding the
constructability of the connection is presented to the user. ms is not very important,
however, when dealing only with simple connections.

DFI and CONXPRT could complement each other quite nicely. As a back end to
DFI. CONXPRT could be used to design and detail the suggested connection from a DFI
evaﬁluation. DFI would point out constmdability problems with a connection prior to being
detailed by CONXPRT. A combined system of DFI and CONXPRT could improve

significantly the current design tools used in industry.

1.6 The DFI Approach

DFI encompasses aspects of the four systems described above. The current
research involves the development of a connection design environment which attempts to

integrate the stages of preliminary and detailed design by addressing, in part, the information

12
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gap between desrgners fabricators and erectors of steel framed burldrngs

The envrronment allows design engmeers (the mtended end users) to have their

prelrmmary connection desrgns critiqued from downstream fabncatron and erectron
viewpoints. The cntnqurng capabrlmes of DFlI are also capable of generating alterrtatrve
connection configurations which match aspects, or satisfy pre-eStablished constraints, of
the user's initial connection. “The .key aspect of this research is the development of a
‘multiagent cooperative problem-solving platform through which necessary agents can
‘communicate and negotiate the outcome cf a connection evaluation [Werkman et. al. 90].’ The
| evalpation and suggestion of alternate connections is based on issues or concepts such as
strength, constructability and safety. Information models of the agents (designer, tabricator
and erector) have been developed which decompose agent issues to build a network of
concepts (i.e., strength, stiffness and safety). Relationships between the concepts have
been developed to link the agents’ shared knowledge, identify unique agent knowledge, and
allow communication and coordination of the agents’ activities during the evaluation process.

| During the critiquing process, agents will comment on connection characteristics
based on their unique knowledge and suggest alternative connection configurations. Also, a
preliminary control scheme has been developed to provide a framework for negotiation
between agents when a conflict is encountered. A central arbitration agent is used to aid in
communication between agents and system control [Werkman et. al. 90]. A detailed

description of the DFI System is presented in Chapter 2.

1.7 Thesis Synopsis

The remainder of this thesis is organized in the following manner. Chapter 2
provides a description of the pre-prototype DFl system (Phase 1) and current DFI prototype
system (Phase 2). The stages in the design artd constmction process are described in
Chapter 3. A description of the agents, their concerns and responsibilities, their respective
issues, artd preliminary information models, is also presented in Chapter 3. Chapter 4 further

refines the agent information models, formulates relationships between the agents, and

provides an illustrative scenario to demonstrate the application of these models. A |

%
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| descrrptton of the implemented system a test case, and a cntml revrew and evaluatlon of the

DFI system are presented in Chapter 5 A summary of the work conclusrons and'-

| observatlons are discussed in Chapter 6. Chapter 7 provides a set of suggesttons for
extending the current system to incorporate more detarled connection information and to
solve more global problems (i.e., a complete burtdmg evaluatron) Appendix A descnbes the
connection; information forms used in DFI to build a working connection database. Appendix |
B lists the relationships imptemented in the DFI system that exist between the agents and
their issues. A decomposition of subissues which are discussed in Chapter 4 is presented in-

Appendix C.
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2.  The DFI System

As mentioned in Chapiér 1, the first phase irivolv'ed, developing a pre-prototype
system that would critique preliminary connection designs from the viewpoints of fabrication
and erectioh. The second phase focused on developing a system that generates altemnative
connection configurations from initial user input and other applied system constraint_s.

| This chaptér is organized in the following manner. First, research \‘&%ndertaken in
phase 1 is described. The system components including the data ahd rule structure, frame
hierarchy and user interface are presented along with a description of how the pre-prototype
system works. Then, the connection database, information flow, relational network, agent
communication scheme, and the evaluation procedure are then discussed for the phase 2

system. Finally, a comparison between the two development phases is presented.

2.1 Phase 1: A Critiquing System

The first phase of research developed a system that provides, a user (structural
designer), a critique of a proposed connection configuration from the viewpoint of practical
and economical fabrication and erection. To accomplish this, 'the pre-prototype DFl
incorporated fabrication and erection heuristics in the form of rules in an object-oriented
frame-based knowledge represe‘ntation which models building eleme'nts.

The components of phase 1, the critiquing system, include the knowledge and.data

representation, the rule structure and inference mechanism, and the user interface. Following

 the description of these components, a discussion of how the system works will be

presented.

2.1.1 System Components - Phase 1
| | Figure 2.1 shows various software modules, including a representation scheme for
a building, a graphical and menu-based user interface, and a backwérd-chaining inferencing

mechanism utilizing object-oriented goal-based rules. The DFI pre-prototype is implemented

in Quintus Prolog™ using Quintus Prowindows™ for its graphical interface. The system was
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~ developed fo run under the. Sunview™ windowing environment on Sun™ workstations.

KNOWLEDGE & . " FRAME
RULE BASE e HIERARCHY |
CONNECTION |
(O ranee DFI SYSTEM

| GRAPHICAL USER )
INTERFACE

Figure 2.1: Software Modules in DF]

~ AISC
DATABASE _

2111  DFI Bullding Decomposition

Figure 2.2 shows a simplified Beam-to-Column Connection Hierarchy. This figure
depicts the hierarchy used to model a beam-to-column connection and its relation to other
objects in a building. The DFI system is centered around a frame-based part, part-of
representation [Frenzel 87] of a building which is decomposed into a group of objects (parts)
that are ordered hierarchically from a root object (aBuilding) terminating at connection
fastener objects (Fastener-Obiect). |

In DFI, a building is composed of column lines that are made up of individual
column members. Floors are composed of beams that intersect the building’s column lines.
The intersection of a floor with a column line is represented by connection node-. Each
connection node can have up to four beams framing into the column at 90 degree angles.
Each beam framing into a column is represented as a beam-to-column connection.  This
connection object is further decomposed into a column, beam and connection detail material

such as an end plate or flange and web connectors.
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. aBul{dlng »

aFuliColumn

aConnectionNode

aBC_Connection

— o~

aColumn aBeam aEndPlate  aFlangeAndWebConnection
Fastener-Object
aBeamFlangeConnection aBeamWebConnection
aTopFlange aBottomFlange Fastener-Object
Fastener-Object Fastener-Object

Figure 2.2: DFI Beam-to-Column Connection Hierarchy

2.1.1.2  DFI Building Data
For a system such as DFI to function properly, a consistent building data structure
was required. Currently, the standard industry practice is to summarize column information
on tabular column schedules [Hooper 88]. The remainder bf the building components. are
shown on the job drawings. This type of building representation is very difficult to model in a
computer. |
" To model a building in a mutually human/computer recognizabl_e way,.the tabular
column schedules were extended to include tabular beam schedules and framing plans. The
typical column schedule information includes a column identification code (ID), yield strength
value, AISC shape designation, splice and floor elevations, and loads at each floor. The beam
schedule information includes a beam ID, floor Iocatioh, AISC shape designation, Yyield
strength, camber, end reactions and moments, and number and spacing of shear studs.
Finally, the framing plan describes how the column and beam schedules relate to form a

building. Information necessaf)’:_ for the framing plan includes the column and beam ID’s,
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floor, and the orientation of the beam attachment to the column®.

2.1.1.3  Rule Structure and lnferencé Mechanism

" Prior to developing a rule set to critique a connection fof phase one of D’FI,,
domain specific (i.e., fabrication/erection) knowledge had to be acquired and represented
systematically. The process of knowledge acquisition began with é survey of various civil
engineering textbooks and manuals on design and detailing connections [AISC 80], [AISC
83], [AISC 84], [Fisher 74], [Blodgett 68].

" The next aspect of the knowledge acquisition process involved interviews with
industry participants**.  For the fabrication domain expertise, interviews were conducted
with Mr. Ed Becker who was the chief structural designer at Lehigh Structural Steel and has
approximately 30 years experience in the fabrication industry. Mr. Becker has also
participated in several ASCE committees and structural task forces. Through these
interviews it was possible to obtain the necessary fabrication experience to evaluate partially
and fully rigid connections from an economical point of view (i.e., what fabricators view as
practical connéction design). | |

After completing the preliminary knowledge acquisition, a set of formal rules for

the system were developed. The rule base is sectioned into three rule sets:

1. A column consistency checking set.
2. A beam consistency checking set.

3. A connection evaluation set.
t !
4

Each rule set is applied to a given context during operation of the system. A rule set
consists of a decision tree based on a single goal which is then decomposed into a series of
subgoals that are represented as rules and subrules. The rule inferencing process that best

suited these goal-based rules was a backward-chaining [Winston 84], fully exhaustive

methodology. Thus, rules composed of disjunctive subrules will have all of their "OR" subrules

evaluated regardless of the truth of each subrule. This could result in a rule possibly having

A

*  Data exist for both beam-to-girder and beam-to-column connections - but the pre-prototype only critiques beam-

to-column connections. Beam-to-girder connections were omitted because these are usually Simple Type
connections and designed solely by the fabricator with little or no input from the structural designer.

** A profile of the design expert is presented in Chapter 5.
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several dus;unctnve subrules supportmg it. Thrs form ot mterencmg iS done to assure all
|mpract|cal condmons (fabncatron and erectron oversights) are identified and presented to
the user for review. | | .
‘An advantage to a hierarchical rule structure over a flat rule set (i.e., a senes of -
non-interconnected rules) is that the evaluation takes place in a controlled iashron._ Also, the
rule firing sequence, depth vs breadth [Rolston 88], can be quite easily imposed. DFl uses a
combination of depth and breadth searcnes‘ First, therule hierarchy is traversed down to a
termrnal node (a depth search), then the system recursively backs up and follows the next
logical path to another terminal node (a breadth search) until the entire rule tree has been
evaluated. In a flat rule set, rules fire sequentially so an initial-fired rule may be replaced by a
conflicting rule as the evaluation progresses [Buchanan and Shortliffe 84] - thus causing an
invalid or unpredictable evaluation to take place. With a hierarchical rule structure this type of
problem can be more easily handled [Rotston 88]. Also, a hierarchically structured rule set
» tends to allow for more easily ‘writte'n rules since people tend to describe tasks in terms of

subtask hierarchies.

2.1.1.4  User Interface |

The frame-based interface provides control for generating input menus and output
graphrcs Menu prompting is provided by procedures which are attached to frame slots.
When the value of a slot is requested, the associated slot procedure will return either a menu
of choices or a default value. The user either selects a menu item or enters a value. Thus, the
type of information entered dynamically determines the sequence of menu prompting.
Verification of user input is provided by dynamically generated graphics which display the
connection and its component pieces. |

The. system dynamically generates graphical output from both user input and
internal inferencing.  All graphical items are objects associated with the Prolog-based

graphical interface. These graphical objects, similar to DFI's frame-based connection objects,

are attached as frame slots with the connection component objects which they represent.
DFI's graphical output, appearing in several windows, includes a floor plan of the building at
specified floors, an elevation view of the spé'cific user selected connection, and a decision

tree of the actual rules that fired during the connection evaluation.
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21.2 How the System Works - Phase 1

| The process of how the pre-prototype system works is summanzed m the DFI‘
Information Flow Diagram shown in Figure 2.3 where boxes indicate processmg states m the
system ovals represent output states, sohd lines represent flow of control between states
and dashed lines represent enhancements which could be made to the system.

The menu driven DF! system has two stages of operation. The first stage involves
user entry of building data (from data filesi ‘and system checking of oonsistency of those
data. The data contain a basic description of the building including beam schedule, column
schedule, and framing plan. The consistency of these data is then evaluated using required
external databases such as American Institute for Steel Construction (AISC) database of

shape parameters. If any problems are found, the user is given explanations and suggestions

on how to correct the data. For example, the locations of the column splices are checked to

ensure that they occur between one and hali and two feet above the nearest floor elevation.
If this rule tires the user is provided with a suggestion to change the location of the splice to
fit within the standard distance for ease of erection.

The second stage of operation allows the user to interactively enter a connection
and then study DFI's critique of that connection. Through a series of brief menus, DFI
prompts the user for the location of the beam-to-column connection and all other necessary
information such as connection rigidity, connection detail material, e.g., top flange angle,
bottom flange plate, and connection fasteners, e.g., shop welded, field bolted. Once the
connection input is complete, it is evaluated and critiqued by DFIl. The critiquing process
utilizes parameters taken from the AISC database to perform calculations to determine if
physical fit-up is possible. These calculated results are then used in the fabrication and
erection rules. If inconsistencies in entered data are found or impracticalities in fabrication or
erection are determined, the user may identify the source of the problem by reviewing the
trace of the rule tree. This trace may be examined either from graphical"or textual output.
The DFI system provides explanations and suggestions of the evaluated rules where

appropriate. Detailed case studies are presented in [Glysing-Jensen 89].
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22 Phase2: A Cooperative Problem-Solvmg System
The second phase of the research developed a prototype envrronment tor the
| selectron of a preliminary connectron conttguratron Thrs was accomplrshed by combmmg user |
input, fabrication and erection heuristics, and modeling construction agent vrewpomts
(designer, tabricator ‘and erector) in a cooperative problem-solving environment. A relational
network and agent cOmmunication scheme was developed to generate alternative connection
confrguratrons | |
The original system components were basically left mtact That is, the same
building decomposition, building data format, inference mechanism, and user interface were
used in the development of phase 2 of DFIl. Significant changes occurred, however, in the
way the rules were used. The old rule structure was replaced with a set of oonstraint tables
represented by a database of connections. - |
A discussion of the connection database, intormationw flow, retational network,

agent communication scheme, and the evaluation process is presented in this section.

2.2.1 DFI Connection Database.

‘To make DFI more suitable for practicing' professionals, a connection'database was
developed by the author using industry input. This database also acts as a constraint table
for input so that the user will be systematically guided to a "complete and correct” (to the
degree of detail that DFI presently uses) connection configuration considered standard in
light of common fabrication and erection procedures [AISC 80], [AISC 83], [AISC 84]. The
database is composed of a series of "Connection Information Forms" which contain all vital
connection _data the system needs. Figure 2.4 shows a typical "Connection Information

Form." The author developed this modular sheet format divided into five sections: |

1. Title Block
Connection Detail Table
Profile View of the Connection

Rating Factors Table

o >~ 0O Db

Comments.

A complete description of these forms is presented in Appendix A.
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D: For fillet weld > 1/2" to attach the endplate, consider using full or partial
penetration groove welds with reinforcement.

F: Endplate connections require dimensional control to tight fit-up to column flanges,
which is affected by column flange-to-web squareness, beam camber and squareness |:
of the beam end.

F: Shim space may be provided for accommodating mill and fabricating tolerances.
Use "finger" shims entered from each side where feasible.

E: Field bolts must be furnished long enough to accommodate any shim allowance.
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Figure 2.4: Typical Connection Information Form
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2.22  DFIInformation Flow ’ |

The trrst stage of use rnvolves user entry of burldmg data files and system |
checkrng of consrstency of data in those frles Thrs is the same procedure as used in phase
1. The information flow, comprised of three stages, is summarized in the DF! “Informatron .

Flow Diagram shown in Figure 2.5.

The second stage, in phase 2, allows the user to interactively enter a connection,
similar to phase 1 of the DFlI system. Drrring input, the system ensures that a standard
connection is detailed by applying constraints based on general fabrication and erection
knowledge represented in the connection information forms.

The third and final stage of operation involves the evaluation and rating of the
proposed connection. The user selects one of the following design, fabrication or erection

issues”:

- Design Issues:
- Strength
- Stiffness
- Reliability
: Versatility
. Fabrication Issues:
- Fabrication Cost
- Fabricat*ion Ease
- Material Cost
« Erection Issues:
- Erection Cost
- Erection Ease

- Safety.

The selected issue becomes the "key issue" during the evaluation of the connection. The
evaluation then takes place with priority placed on the key issue. Each viewpoint, design,

fabrication and erection, presents to the user implications or problems associated with the

* Each issue is defined in Chapter 3 with a detailed decomposition into subissues and characteristics being
presented in Chapter 4.
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STAGE 1

INPUT | |
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.....................................
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----------------------------------------

AGENT

[ue.&n}«-ﬁE§ EVALUATION |

. ?
OUTPUT |
USER

g

Flow Lines

:

6a.

7. & 8.

Description of Lines

User inputs the initial building
design including beam and
column schedules and framing
plan.

System provides a
consistency check of the initial
building data and suggests
corrections to errors.

User is guided interactively to
a standard connection
configuration, this assures a
complete, correct connection.
Verification graphics are also
provided.

Control goes back to the user.

User selects a design,
fabrication or erection "key
issue.”

The connection is evaluated by
the system from the

viewpoints of design,
fabrication and erection.

User interactively works with
the system during the
evaluation process to redirect
or change the focus of the
evaluation.

Output is generated and
provided to the user which
includes the following:

« Each agent’s rule evaluation.

« Alternative connections
proposed by the agents.

« Connection summary sheets.

User may select a different
issue to perform another
evaluation.

Figure 2.5: DFI Information Flow Diagram - Phase 2
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proposed connectton and also suggests alternatnve connectton conftguratlons based on an A
agent vnewpomt and the user specmed key issue. -As the evaluation takes place (see Chapter

5 for a detauled case study), the user is provuded with the specmc agent's s evaluation of the

proposed connection, suitable alternative connections based on the agents evaluation, and o
summary of each proposed' connection. Upon completion of the evaluation, the user may

enter a dtfferent issue to provide a new ratlng and evaluation of the initial proposed

connectlon This interaction, between the user and the system, can take place until all the

issues have been investigated or until the user is satisfied with a pamcular connection

configuration.

2.23  DFI Relational Network _

A relational network was used to model interactions between designers,
fabricators and erectors during the connection evaluation process. The network allows the
evaluation to proceed in an ordered fashion.

A simplified version of the network is shown in Figure 2.6. The network centers
around a connection which is comprised of functional, component and fastener aspects of
the connection. The functional aspects deal with the required rigidity and performance of the
connection. The component aspects involve the actual parts that make up the connection
(i.e., beam, column, and connection detail material), while the fastener aspects involve the
operations required to assemble the connection (i.e., shop welding, field bolting).

The agents (designer, fabricator and erector) communicate their impertant issues
to one another by the various links to the connection aspects (functional, component and
fastener). Each agent has a particular viewpoint on a specified connection based on their
respective issues. For example, the designer’s view of a Type 1 (Moment) connection may be
only based on the strength and stiffness characteristics of the connection while the
fabricator may view the same connection in terms of cost. A Type 1 connection is generally
more expensive to fabricate than a Type 2 (Simple) connection because there are usually more
parts involved in the production of a Type 1 connection. The erector's view on the same
connectuon may deal with the ease of constructuon _In the erector’s view, a Type 1
connection is more difficult to erect because all the bolts must be fully tightened or ahgnment

problems will occur since the tolerances are quite tight [Becker 88a].
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‘Figure 2.6: DFI Relational Network

Through the use of the network, agents can view the same concept (a
CONNECTION) much differently, but are able to communicate with each other through the
use of messages linking the connection aspects (FUNCTIONAL, COMPONENT and
" FASTENER) to a specific agent issue (i.e., STRENGTH, FAB. COST). Therefore, each agent
can deal with unique knowledge while communicating with the other agents through the

shared connection aspects (FUNCTIONAL, COMPONENT and FASTENER).

2.2.4 Agent Communication Scheme

Along with the relational network, a message or blackboard area was developed
for the agents to post their various actions taken while evaluating a connection. In this
blackboard area simple messages are posted and viewed by the othér agents so that all are
aware of the evaluation that is taking place on a particular connection. This information is

also provided to the user so there may be direct interaction between the user and the
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'syStem. When the user is not satisfied with how the evaluation is proceeding, two options

are availéble. The user may select a different 'key issue or refuse (object to) an agent's
oroposed connection. These actions post messages to the blackboard so that the evaluation
may AcontinUe” considering any 'new applied constraints. Thus, the dSer maintains control of
the evaluation and can interact directly with the system. ' ' |
When conflicts between agents are encountered during the evaluation, an
independent arbitrator agent is "invoked.* ‘The arbitrator's main function is to monitor the
blackboard and intervene when requested by the evaluating agents. The arbitratot uses

shared knowledge about the connection to identify conditions which require the evaluating

agents to relax their constraints so the selection of alternatives can continue. A more

detailed description of the negotiation process and the arbitrator agent may be found in

[Werkman 90].

22,5 The Evaluation Process

As described previously, DFI requires the user's input of a connection and a “key
issue” to focus the evaluation of connection.b_ Once this is done, the arbitrator agent will
select the agent (designer, fabricator or erector) worst affected by the user's initial
connection. This is done by taking a composite or average score of each agent's issues. The
agent with the lowest composite score (i.e., worst affected agent) evaluates the initial
connection first. |

Table 2.1 shows the Rating Factors Table from the example connection
information form "previously shown in Figure 2.4. The composite scores co'mput'ed for each
agent are shown at the bottom of Table 2.1. In this table, the Erector would evaluate the
connection first with a composite score of 2.33 while the Designér and Fabricator have
composite scores of 2.75 and 3.67 respectively.

The evaluating agent selects the worst (lowest value) issue and attempts to
improve it by suggesting alternative connection configurations*.  Prior to selecting an

alternative configuration, the evaluating agent must search the connection database and

“select all of the connections which have a greater value on the agent's worst issue and also

P A
*  For the example Rating Factors Table in Table 2.1, the evaluating agent would be the Erector with the worst
issue being Erection Cost. When two issues have the same low value, the first listed one is chosen.

&

g
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Table 21 : Examplo Rating Factors Table

FAB. COST | |
FAB. EASE
MAT. COST

- EREC. COST * 2
EREC. EASE 2

_ -

3.67 2.33

COMPOSITE SCORE 2.75

SRR

ERECTOR

DESIGNER

~ FABRICATOR

A

L4

maintain a minimum value of 3 for the .key issues provided by the user. Once this set of
connections is determined, the evaluating agent will take the composite score of all the
connections in the set and select the 'conﬁguration with the highest value. This connection is
then posted to the blackboard.

The arbitraror then checks the posted connection to determine which agent is
worst affected and that agent begins the previously described evaluation process. The
arbitrator halts the evaluation when all the agents have had a chance to post an alternative
configuration, and t\rvo of the agents agree on a connection. If the system does not
converge, a default value of six iterations has been imposed to stop the evaluation.

The above is a simplified description of the evaluation process. Specific agent
interactions and blackboard messages are presented in Chapter 5. A case study will also be
presented in Chapter 5 to describe in detail the evaluation process and show graphically the

suggested alternative connections proposed by the agents.
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2.3 Companson of DFI Phases 1 and 2
The first phase of the system was intended to act as a testbed for data and “

knowledge representation. By building a tool based on a thin-slice of knowledge which could -
'be used to educate mexpenenced engineers about beam-to-column connections, the
researchers on the project were able to rdentrfy rntormatron gaps in the design/construct
process and determine what issues had to be addressed in later versions of the system. The
first phase also acted as a demonstratron-of-concept and laid a toundatron for future work.

Phase 2 of the system was intended to address the needs of the practicing
professional by incorporating many of the heuristics during the input phase and eliminating
any erroneous type of input. As a step toward computer integrated design and construction,
the second phase of development models the interaction of different construction agents for
the selectidn of alternative preliminary connection configurations. The interaction takes place
at a composite level of information yet builds an evaluation framework to which more detailed
information and more robust agent models can be incorporated.

l *Detailed models of the design, tabrication and erection agents obtained by issue
‘decomposition are presented in Chapter 3. The stages of the design and ~construction

process and identified information gaps are also discussed in Chapter 3.
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3. " The Design and Construction Process

When looking at tﬁ‘é design and construction pr‘odess in the U.S. one central ‘ '
theme runs through construction projects, “An Idea', Plus Money.” This can be illustrated by
the following quote from [Ayers 75]:

"In construction, as in most other engineering fields, an entire
series of events begins with an idea. Someone has an idea.
A govemment wants a bridge, a sewage disposal unit, or a
street lighting system; a corporation wants 10 improve its
plant or an individual wants to place a new product on the
market. However, an idea is only an illusion unless it is
combined with another ingredient, money.”

The intent of this chapter is not to describe a method of implementing a computer |
model of the entire design and construction process but to focus on the "idea” and determine
information that is necessary to go from concept to construction. The issue of "money” will
also be touched upon since the bottom line costs often determine whether a project will .
progress any further than the “dea,” when in actuality, the real costs associated with
maintaining the structure throhghout its lifecycle often are not considered. Therefore, a
structure designed with Iifecycle costs in mind may be more “expensive” initially, but more

* than likely, would have lower rework costs and higher reliability, due to better initial design
decisions, thus reducing the overall costs.

This chapter is organized in the following manner. First, four stages in the design
and construction process will be described*. The stages are conceptual design, preliminary
design, detailed design, and construction. Next, the gaps in the information flow between
- Architect-Designer, Designer-Fabricator, and Fabricator-Erector at these stages are

“discussed. An example of the interactions necessary to correct construction problems due to
poor initial designs is presented. Following this is a description of where DFI fits into the
design and construction procéss. Preliminary information models of the Designer**,

Fabricator, Erector are developed along with a discussion of their respective concerns and

*  The reader should note this will not be a complete description of the entire design and construction process.
The focus of this chapter is on the structural aspects of design. lIssues such as the HVAC, electrical, and
mechanical design have been omitted from this prototype.

*  Structural designers or engineers are simply referred to as *Designers" for the remainder of this thesis.
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evaluation issues. Finally, there is a brief description on how other participants could be

‘incorporated into DFI.

3.1  Stages of the Design and Construction Process ‘

Each stage of the design and construction procéss can .be identified by the tasks
that take plaée, the participants involved; the information needed, and the information
generated for use by different parlicipants. This section describes four stages in the design
and construction process: conceptual design, preliminary design, detailed design, and
construction. The required input and anticipated output for each stage is also discussed
along with some potential problems that could be encountered. The overlaps between the
stages are presented as information gaps (Architect-Designer, D‘sesigner-Fabricator, and
Fabricator-Erector) that must be "connected" toward an integration of the design and
construction processes. |

13

3.1.1  Conceptual Design .

The conceptual design stage involves two principal participants: the owner and
architect. The ownet has an idea for a building and a method of financing the project. The
architect is hired to develop a building concept that satisfies the owners’ needs. The number
of stories, number of bays, typical story height, positioning of stairways and elevators,
expepted occupancy, floor space requirements, and the site layout of the building are a few of
the factors to be considered. |

The architect must also satisfy any safety and accessibility requirements of
regulatory agencies and any aesthetic requirements of the owner which might exist. This
could involve the design of elaborate lobby areas with long clear spans or open atriums. A '
decision on the type of building shell is also made at this stage, i.e., clear or mirrored glass,
marble, or masonry.

Near the completion of conceptualizing the building, a stmcmral designér is

brought in to begin the next stage of the process: the preliminary design.
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3.1.2 Prellmlnary Design
Thus stage begms w:th structural desngner workmg from the arclmeclural
specmcatlons to determme what type of frammg system to use. The possibilities mclude

a) Rigid frame usmg all moment connections to cany both the gravrly and
lateral loads. | |

b) Braced frame with simple connections to carry the gravity loads and
cross braces to carry the lateral loads.

c) Mixed construction with a reinforced concrete core to carry the lateral
loads and a steel frame to carry the grawly loads.

Figure 3.1 shows a schematic of each type of bracing system. The designer must know
where bracing may be placed (or if it is even allowed) in the building so as not to interfere
with the specified architectural features. At this stage, it is highly desirable to identify
potentially dangerous features or undesiraé‘le consequences in order to protect integrity and
ensure good performance of the structure throughout its intended life under loads (ie.,
construction, gravity, lateral and seismic).

Once the framing system has been determined and all other necessary discussions
relating to the conceptual design have been completed between the architect and the
designer; the designer then uses the architect's specifications and local building codes to
determine the critical live and dead load combinations, wind loading profile, and any applicable
seismic loads. This inlormatlon is used to perlorm' a structural analysis to size and specify the
material strength of the buuldmg components (i.e., beams, columns braces, and shear walls)
The designer then begins the preliminary connection design. This may sumply be a section in
- the building specifications statlng the type of connection configurations, fasteners, and
operations which will be allowed. Often designers consult with fabricators for input in
preparing the COnnection specification [Hooper 88]. This "guarantees” the specification is
correct regarding fabrication procedures with which the designer may not be familiar.

At this point, the building design is ready for bid by various fabricators*. The bids
are usually based on past experience and total estimated tonnage of steel in the building

[Becker 88b]. If the fabricator’s estimating department is given a new, innovative design the

* Some design/build firms exist, notable examples are Bechtel, Flour Danlel J.A. Jones, Perini and Tumer
Construction Corp. These types of firms, however, are generally the exception in the lragmented UsS.
~ construction industry. | |
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Figure 3.1: Schematics of Possible Framing Configurations




bid may be undereStimated because the cost of detailing the oonnections has been o

consldered a secondary item to the material cost - when, in fact, the detarls may st much

more than initially expected. This is likely to cause financial drfﬁcultres for the fabncator in the

- next stage of the process: the detailed design.

31.3 Detailed Design

For the remarnder of this thesis detailed design . will refer to the design and
detaulmg of connectrons
| The fabricator, upon being awarded the contract for the building, uses the
preliminary design information to order the required material from the steel mill. Prior to
placing the order, the fabricator must check the adequacy and capacity of the building
components in structural connections. As an example of potential problems, it may be found
during this check thet column webs are insufficient in shear and require doubler plates, or
that column ﬂanges are not cabable of transferring the required lateral loads and need to be
fit with stiffeners [Becker 88b].  Another problem may be that the column web has
insufficient depth to make structural connections. Designer's sometimes specify colurnn
sections that will carry the given loads but are not deep enough for a connection. This is the
case when column sizes smaller than the W10 AISC sections are used [Becker 89].

I these or other problems associated with the components of the structural frame
are not determined and discussed with the designer, the fabricator must aSsume the financial
responsibility for the addmonal connection costs. The problems described above could be
solved by simply increasing the column member sizes - if the material has not been ordered.

When issues involving the structural frame have been resolved, the fabricator
begins the detailed connection design. The connection components, fasteners and
operations are determined and shop drawings are prepared. Figure 3.2 shows (a) the
preliminary design information, and (b) a possible final detailed design for a given connection
[Barone 89). |

The fabricator may also be responsible for specifying the construction sequence.
This involves designing temporary bracing and falsewoni. An erector is hired to assist in this

task and proceed to the next stage in the process: construction.
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Figure 3.2: Preliminary and Detailed Design Information
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3.14 COnstruction o

| The constructron of a burlding mvoives the coordination of many rnterdependent
| activities Frrst the site has to be cleared and the fcundatron prepared Next, a survey is
done on the compieted foundation to check if the elevation and location of the anchors for
the steel tramrng is correct. Problems at this point can lead to impossible irt—up of steel
members since the tolerances for steel construction are very tight.

When the erection of the steel begms other "trades” begin to enter rn the

construction sequence. A ten step sequence (prior to completion and tum-over) is Irsted
below to show the multiple and varied work taking place simultaneously on a construction

site. This basic sequence is suggested as follows":

1. Columrls are set and aligned (two stories in height).
Main steel framing is erected to the columns.
Secondary steel floor framing is erected.

Steel is fireproofed and the floor decking is placed.

Steps 2-4 are repeated for the next level of steel framing.

o 0 » O D

Many simultaneous tasks occur as follows:
a. Steps 1-5 are repeated for higher stories in the building.

b. Mechanical, electrical, plumblng and HVAC spottmg is done on the
lower floors.

c. Concrete floor slabs are poured and finished on the lower floors.
7. Steps 6a-6¢ are repeated.
8. Exterior work is undertaken.
9. Interior work is undertaken.

10. Landscaping is undertaken.

The ten items listed above serve as an illustration of the complexity of construction projects.

The stages and agents involved in the design and construction process are shown
symbolically in Figure 3.3. For example, at the conceptual design stage, the owner and
architect are the principal participants.- The shading gradually ihcreases in the figure to

illustrate how an ‘initial undetected problem‘ can gradualty cloud or inhibit <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>