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ABSTRACT

This report presents the results of the second and third phases of ATLSS project ADC-11,
"Economic Assessment of an Integrated Building System.” The objective of this research is to
develop a methodology to systematically assess the economic impacts of new designs and
advanced construction technologies on the fabrication and construction of large structural systems.
The focus of this stage has been on steel structures, and the methodology is based on the
commonalities in the fabrication and erection stages. Three preliminary simulation models of the
fabrication and erection sequences for steel structures describe the steel construction process. The
first model is the flow diagrams which describe the activities in fabricating and erecting structural
steel. The second medel is a computer-based spreadsheet which estimates the duration of a
project by keeping track of specific members, bolts, welds and other structural quantities. It is
also possible in this second model to mix resource and productivity alternatives by use of
specified crew types and site parameters. The third model merges the first two models to provide
the daily status of a project. This last model provides the opportunity to examine the detailed
changes that new designs and technologies might bring, such as decreasing costs and improving
safety. In addition, this third model provides the framework for future developments in a fully
computer-based simulation model. Future research will use these models to assess the economic
impacts of selected advanced construction technologies for the erection of steel structures.






CHAPTER 1

INTRODUCTION

Many opportunities exist to improve the design, fabrication, construction and operation
of large structural systems. The National Science Foundation Engineering Research Center for
Advanced Technology for Large Structural Systems has addressed these opportunities through
many research activities. In particular, several projects have focused on developing the
components needed for an "integrated building system.” The objective of this set of projects is
to develop a family of structural systems with enhanced fabrication and erection characteristics.
Among the specific developments are a new type of connection, the ATLSS Connector (AC),
which is self-aligning and requires no bolting during erection, and a modified prototype of a
computer-assisted positioning crane, the Stewart Platform.

1.1 Research Objectives

The objective of this project, "Economic Assessment of an Integrated Building System,”
is to develop a methodology to systematically assess the economic impacts of new designs and
advanced construction technologies on the fabrication and construction of large structural systems.
This research seeks to assess the potential benefits, opportunities and costs of an integrated
building system with respect to two bases: best available current practice, and new or emerging
technologies. The research program consists of four phases: 1) assess the state-of-the-art in,
construction automation, robotics and other related technologies; 2) develop a methodology for
the systematic comparison and evaluation of different building systems; 3) develop and conduct
computer-based simulations that include critical influence factors and can aid the economic
assessment of new construction technologies; and 4) evaluate the opportunities and potential net
benefits of integrated building systems, including the use of the ATLSS Connector and other
applicable technologies.

The results from the first phase of the research are presented in an ATLSS Report
(Higgins and Slaughter, 1993). This analysis of the state-of-the-art identified specific existing or
emerging construction technologies (in the U.S. and internationally) that used auntomatic or
robotic systems to control process and navigation activities. This set of advanced construction
technologies was analyzed to determine apparent trends in the selection of tasks to be automated
and the sophistication of process and navigation controls employed.

This report represents the results from the second and third phases of the project. The
methodology of the research to compare building systems has built upon the physical processes
of fabrication and erection. While building designs may differ in an infinitely large number of



ways, nonetheless they are fabricated and erected using the same basic activities. This
methodology provides a framework to analyze the effectiveness of new designs and construction
technologies. The simulation models presented here reconstruct the fabrication and erection
processes to provide the basis for analyzing the changes that the use of new designs or advanced
technologies might entail. For example, to fully assess the impact that a new connection, such
as the ATLSS Connector, might have on the erection process, it is necessary to examine the
minute activities (e.g. temporary erection bolts for shared web connections) that will be changed
if the new connection is used. The simulation models have been constructed to provide that level
of detail.

During the fourth phase of the project, the simulation models will be used to assess the
economic impacts of specific new designs and automated and robotic technologies for the
erection of steel structures. These technologies will include the ATLSS Connector, and some

selection. of .the. seven.-automatic..or robotic.construction technologies that.can be used during ...

structural steel erection that were identified during phase one. This methodology can provide the
capability to systematically evaluate the impact that the application of the new technologies will
have on the job flow, resources, activity and project durations, cost, and other factors (such as
safety).

1.2 Research Significance

The development of this methodology has several areas of potential application. These
methodologies can compare design alternatives to each other, and can evaluate the applicability
of new technologies as compared to the current best methods and to other new technologies. The
specific tools developed are preliminary simulation models of the fabrication and erection of a
steel structure coupled with an analysis of the economic implications of the use of new
technologies. These tools go several sieps beyond the current computer-aided design and
engineering packages since they focus on the assemblage of the components rather than on their
idealized final location. It is hoped, however, that future research could develop the simulation
models further and eventually join them with CAD/CAE systems to provide a multi-faceted and
richer understanding of the completed facility.

The research can have significant implications in improving the efficiency of the
construction of facilities and the performance of the completed assets. In particular, the
applications of the methodologies developed in this research can improve the robustness of
facility design and technology selections. In addition, by providing a systematic means of
evaluating new technologies, the existing barriers to the application of new technologies can be
lowered. The methodologies can approximate field conditions and experiential information while
avoiding the risk naturally associated with full-scale field experimentation. This process will
allow designers, builders, and owners to evaluate design alternatives with greater ease and to
assess the impacts of incorporating new technologies into fabrication and erection processes. This
assessment of new technologies can have a longer term effect in aiding the development of new
technologies by revealing opportunities for future technical development that could increase
efficiency or reduce costs.



1.3 Summary of Approach

This report describes the three models developed to approximate the detailed activities
involved in the fabrication and erection of a steel structure. The first model is flow diagrams that
describe the specific activities and decision points associated with the fabrication of structural
steel materials and the erection of a steel structure. The second model is a spreadsheet-based
program that calculates the total time and cost for the erection of the steel structure based on
detailed member counts (e.g. number of beams, number of bolts installed during erection) and
productivity rates. The third model is a manual combination of the flow diagram and spreadsheet
calculations to approximate the daily flow of the project, and to incorporate other concerns, such
as the structural stability of the erected frame.

The development of these models was significantly enriched from the strong involvement
of professionals in the construction industry. This research received help through several means,
from cost and productivity estimates to detailed interviews. In addition, site visits to ten (10) steel
erection sites provided the opportunity to collect data directly (See Chapter 3). Steel fabrication
and erection professionals provided valuable feedback and detailed statistics which were crucial
to developing these models. Many experts in professional organizations generously provided us
with their insight and expertise (Table 1.1).

This report is structured around the preliminary simulation models. A later report will
include a detailed description of the methodology developed to compare different building types,
and to provide the results of the economic assessment of the use of advanced construction
technologies in the erection of steel structures.

'The background literature described in Chapter 2 concentrates primarily on simulation
methods developed for construction applications, and on the fabrication and erection processes
themselves. Chapter 3 explains the methodology for the research, including the data collection
activities and the use of the data in developing and testing the models. This chapter also contains
information concerning the validity and reliability of the models. The models themselves are
described in detail in Chapter 4, and in Chapter 5 they are applied to a prototype building to
demonstrate their use. This example application will also become the baseline case to assess
several new technologies during the next phase of the research. The final chapter presents the
conclusions on the potential of these models for both economic assessment activities and for
assessing the use of new designs and new technologies.

The appendices include important supplementary information. Appendices A, B and C
contain the detailed flow diagrams and the spreadsheet-based program, while Appendix D
contains examples of the manual computations. Appendix E is the data collected at the ten sites
visited. All people to whom the draft erection flow diagram and productivity estimates were sent
are listed in Appendix F. Some suggestions for designing safe connections to avoid shared bolts
are included in Appendix G. Finally, Appendix H shows some sensitivity analyses of the

spreadsheet.
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Jay Larson
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Richard Hendricks Robert Potocko
Dupont Bechtel Corporation
Tim Horst Abraham Rokach
Bechtel Corporation AISC
Nestor Iwankiw John Schlecht
AISC Institute of the Ironworking Industry

Don L. Johnson
Butler Manufacturing Company

Roger Wildt
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CHAPTER 2

BACKGROUND

The need for a systematic methodology for comparing aiternatives has prompted
developments in several fields. Methods from several fields seeks to mimic the dynamic use of
technologies to examine their impact on production processes and flows. Experimenting with
these models can provide understanding which may not be available in field conditions or in real-
time operations. For the simulation of construction activities, the models have taken several
distinctly different paths which often provide complementary insights into the construction
process.

The primary background required for this phase of the research was the understanding of
the standard procedures, tools, equipment and methods for fabricating and erecting structures,
specifically those made of steel. Several texts proved invaluable in the initial formulation of the
flow diagram and the early productivity estimates.

2.1 Construction Simulation

Progress in the development and application of computer-aided design and engineering
packages has been prodigious over the last decade. Advancements in computer hardware have
made three-dimensional representation of designed elements possible, and increasingly the design
specifications are directly transferred and used in the fabrication and manufacturing of the
components. This has held true in many industries, including construction, where many repetitive
actions (e.g. cutting steel members to length) have been automated. Unlike manufacturing,
however, construction in situ is not as repetitive and must respond to changing site conditions
that are absent in manufacturing environments. Therefore, the potential economies that can be
gained from the application of CAD/CAE packages in construction cannot be directly
extrapolated from those observed in some manufacturing industries.

Research on computer-based simulation models for construction processes has developed
along several themes. The first is characterized by the cyclic activities in construction (e.g. filling
a dump truck with excavated earth). These cyclic activities are modelled through subroutines or
"modules." A commercially available simulation model (MicroCYCLONE), developed by D.W.
Halpin at Purdue University, has been used in several simulation analyses (Vanegas, Bravo, and
Halpin, 1993; Cheng and O’Connor, 1993; and Huang and Halpin, 1993). Through defining the
task and process and the associated resources, this simulation model allows analysis of alternative
construction procedures with time as the dynamic element, and the efficiency of the resource use
as the primary factor of concern. This type of simulation model, however, relies heavily upon



the repetition of certain activities, thereby more closely resembling manufacturing processes. In
addition, this type of simulation is concentrated on the efficiency of the resources employed
rather than the specifics of the design.

A second theme for construction simulation models has been the expansion of three-
dimensional graphical representations to include the construction processes themselves, rather
than only the design of the facility (Stouffs et al., 1993). Several applications of this type of
simulation particularly explore issues such as clearances for the installation of large equipment.
The placement of the hoisting equipment and the sequence of assembly of building elements can
be evaluated through these simulation studies. At this point, these simulations can only be
laboriously assembled from still images from the CAD/CAE package (a problem which no doubt
will be corrected over time). In addition, the simulation assumes a certain set of resources (e.g.
a certain crane) and uses a pre-established general sequence, and focuses on the construction
process alone rather than in conjunction-with-the exploration of design. alternatives. ...

The third theme for construction simulations examines the flow of activities with their

associated required resources using object-oriented modeling (Oloufa, 1993). This type of
simulation does allow the modeling of non-repetitive activities, related to different types of
resources. Tying the description of the system to the resources provides a certain accuracy, but
may not be as flexible when the nature of the resources themselves shifts dramatically or may
be unknown, such as with a new technology that significantly alters the flow of an activity. In
addition, not all design implications are linked to resource utilization.

While many of these simulation model provide vital output for the comprehension and
control of the construction of facilities, most of them appear to exclude a significant portion of
traditional simulation theory, the probability functions for the input variables. In construction-
related areas, the most popular application of these probability-based simulation models have
been for cost contingency and other measures of capital risk (Newnan, 1980; Marshall, 1988).
The expansion of this probability-based approach to the sequence of events as well as the
utilization of resources is an area currently unexploited.

2.2 Structural Fabrication and Erection

The primary sources of information on structural fabrication and erection that were used
in this research are technical references for professionals in the industry. One category of
reference material provided information about the processes for the fabrication and erection of
steel structures. The second category provided both data and analysis methods of construction
productivity.

The references for steel fabrication and erection were relatively plentiful (Oppenheimer,
1960; Rapp, 1968; Cherry, 1974; Allen 1985; Hart et al., 1976; Peurifoy, 1958; Schueller, 1990;
and Taranath, 1988). Interestingly, many of the texts written over thirty years ago were still
accurate in their description of the process and tools used in steel fabrication and erection. Two
in particular (Oppenheimer, 1960; and Rapp, 1968) provided detailed descriptions of the site
activities for steel erection. Additional references provided insight into the daily activities of
structural steel erection, such as "the flow of fabrication, transportation from the shop to the site,
accessibility of site, the handling of materials, the size and location of the storage space on the
site, the energy supply sources, the process of assembly, the capacity and position of the erection



equipment, the availability of local materials and construction expertise” (Schueller, 1990). Others
provided a view into the potential difficulties in collecting data and affecting change on the
erection site, stating that "trying to follow the activities of every worker at the site may seem
unattainable. The different gangs [...] are in each others’ way; [...] the plumber-ups dispute among
thernselves [...] , and the connectors argue with each other, [...] and while it is interesting to work
with these differences, it is also slow” (Cherry, 1974). Still other references emphasized the
interaction between the fabrication and erection activities, and the advantages of each (Allen,
1985). '

Additional sources provided necessary information for the early estimation of productivity
in steel erection (Drewin, 1982; Business Roundtable, 1985, 1986, 1987; Silver, 1986; Oglesby
et al., 1989; Thomas, Horner and Smith, 1990; and Thomas and Kramer, 1988). Some of these
parameters are analyzed in the determination of a factored productivity (described in Section 4.6).
One source specifically mentions the following variables in the measurement of productivity in
construction: "size of project, material used, quality requested, location, type of project, climate,
skills, resources and the union" (The Business Roundtable, 1985).

While the fabrication and erection processes for steel structures are complex activities that
make use of many different types of resources, the three models developed in this research
attempt to provide a systematic approach that incorporates the regular sequence of activities, the
specificities of different designs, and the mobilization of resources. Building upon the experience
in the industry, this research attempts to replicate the usual, and unusual, attributes of steel
fabrication and erection.






CHAPTER 3

RESEARCH METHODOLOGY

The purpose of the models presented in this report is to portray the patterns of activities
present in the fabrication and erection sequences of any steel building. It is very common in the
construction industry to characterize every project as unique. However, the thrust of this research
is to identify the similarities present in different projects. Specific sequences on how to erect a
steel structure depends on the project under consideration, which entails the uniqueness referred
to above. Nonetheless, different projects have similar sequences which the models try to convey.
The three models were gradually modified to capture the decisions, sequences, and use of
resources inherent in any project. In their final version, they provide guidance to understand the
nature of the fabrication and erection processes.

3.1 Necessary Data

In general, any interaction between design, fabrication, erection and management was
considered as a source of information relevant to the creation of the models. The information
needed to fully analyze the fabrication and erection processes may be categorized into three
major areas: the sequences of activities, the rate at which the activities are performed, and the
overall utilization of the resources. This information was gathered through several means, which
were related to the type of information needed.

First, the sequence in which activities occur is the essence of the problem this research
tries to analyze. The steel erection process is a practical phenomenon that can only be fully
understood by taking part in it. However, describing and understanding the sequences of its
activities constitutes one of the essential aspects of closely simulating any process. Rates of
productivity are equally important, but more elusive. A qualitative description of the parameters
which may affect productivity is currently being accepted by some companies instead of the
classical time-independent productivity analyses. Finally, the cranes and crews most widely
utilized are needed to describe the erection process.

3.2 Data Collection

To begin to calculate the cost aspects of steel fabrication and erection, designs of a
prototype structure with four variations were sent to selected steel fabrication and erection
companies to determine the relative fabrication and erection costs. The prototype structure is a
two-tier, four-story building, two bays wide and six bays long (as described in Chapter 5). This



structure was designed by a graduate student at Lehigh University in the Department of Civil and
Environmental Engineering, Alan Rosa, in conjunction with his research on the behavior of the
ATLSS Connector as a semi-rigid composite connection (Rosa, Lu and Viscomi, 1993; Rosa,
1994). Several specific research projects are referenced in this prototype design, focusing on the
development and fuli-scale tests of semi-rigid composite connections at the University of
Minnesota (Leon, 1990; Leon et al., 1987; Leon, 1992a; Leon, 1992b; Laughlin, 1988; Forcier,
1991). The prototype structure variations sent to the companies were: 1) standard bolted
connections, with seated connections on the frame members and simple double-angle connections
for the bracing and infill beams; 2) semi-rigid composite connections based upon the University
of Minnesota research; 3) ATLSS Connectors in conjunction with a composite deck to create a
semi-rigid composite connection; and 4) ATLSS Connectors in conjunction with the use of the
Stewart Platform, a semi-automated construction crane. Four companies responded with cost or
time estimates. The detailed fabrication and erection cost estimates were. within 10 percent.of .
each other for all four variations. However, the range of costs for the composite system, ATLSS
Connector, and ATLSS Connector with Stewart Platform compared to the standard connections
varied more widely, with estimates ranging from adding 6 percent to costs, to saving over 20
percent.

To explore the rationale behind the variations, interviews with members of the companies
that responded indicated that different assumptions were made for the estimates. For example,
some companies included the cost of the material while others did not include total material
costs. In addition, the companies needed additional information about the new connection types
and their influence on the erection process.

To improve the comparability of the cost estimates, the plans for the prototype building
for only the standard connections (not the semi-rigid composite, ATLSS Connectors, or ATLSS
Connectors with Stewart Platform) were sent to a larger sample of fabrication and erection
companies, who were then asked for the determinants of their estimates, such as the way in
which they decide erection sequences and their productivity goals. Using these materials applied
for the standard connections only for the prototype building, the estimates were recalculated.
These time and cost estimates are included in Chapter 5. A list of productivity rates was included
with the plans, and were revised. The productivity rates are listed in the spreadsheet model, and
include idle time. '

A questionnaire covering several issues which would be conducive to enhancing the
models was then formulated. Answers by five industry members which were interviewed in depth
provided a verification of the proposed models. Valuable information related to the process of
steel erection was collected, such as assigning different crews to different activities, having the
erection stage always ahead of the permanent connections stage, complying with existing OSHA
regulations, having parallel occurrence of different stages, providing stability to the structure after
completing any erection unit, and using factor productivity in the planning stage prior to
construction.

The cyclic, sequential and parallel nature of the process became more apparent as the
research progressed. Realizing the importance of a systems analysis approach which integrates
design, fabrication and erection, the erection decisions and sequences were noted to depend on
the fabrication criteria. At this moment, the need to create a fabrication model became critical.
The fabrication model remains as a coarse model to be refined in future research, but it provides



insight into foreseeing problems in the erection process. With a quite robust model, the next stage
was to arrange for several site visits (Table 3.1). Specific data collected at each site is included

in Appendix E.

TABLE 3.1: VISITED SITES AND LOCATION

H SITE LOCATION

MBNA Wilmington, DE
Mutual of America Bank Manhattan, NY
Chanel Store Manhattan, NY
Church Bethlehem, PA
Indoor Tennis Courts, Lehigh University | Bethlehem, PA
Addition to Sacred Heart Hospital Allentown, PA
Watchtower Parking Garage Brooklyn, NY
Store Quakertown, PA
Home Depot Whitehall, PA

Breathalizer Plant Bethlehem, PA

3.3 Use of Data

The collected data was used in four different stages: 1) development of models;
2) modification of models; 3) estimation of productivity; and 4) testing of the models for validity
and reliability. '

3.3.1 Development of the Models

Two books that deal with the phases of structural steel erection (Oppenheimer, 1960;
Rapp, 1968) were studied to gather the initial information needed to create the erection flow
diagram. The sequences followed at the site today are essentially the same as those discussed in
these references over 30 years ago. A preliminary model consisting of the stages such as
unloading, shaking out, erecting, plumbing and connecting was developed in a flow diagram
fashion. Several activities within each stage were developed at this time.

While the data was being collected, it was simultaneously being incorporated into the
research. The data that was obtained from industry sources was invaluable in creating the models,
and then in modifying them to incorporate the richness and variety in actual projects. The data
also provided a basis to evaluate the validity and reliability of the resultant models.
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3.3.2 Modification of the Models

The following section describes the way in which each site and the interviews helped to
modify the models. The specific data collected at each site is included in Appendix E.

The MBNA building is currently under construction in Wilmington, Delaware. The
structural system is composed of rigid frames and a composite deck. A system of transfer girders
on the first floor made this project different from the others visited since the weight of each one
of these girders impacts the sequencing of activities. Usually one ironworker receives a beam
at each end and connects it to a column. For a transfer girder of approximately 650 pound per
linear foot as several girders were in this project, two ironworkers must position themselves at
each end. For this site, one tower crane was the main equipment resource utilized for the erection
of structural steel components. Seven light header beams were connected in the first 23 minutes

- of the afternoon. This was a high-productivity, but it must be noted that a bundle of three beams.- -

were raised in a single lift. This experience suggested that the spreadsheet should include the unit
by which the production rate is specified. That is, erecting a single member may take the same
time as erecting a bundle of three members.

The Mutual of America project was the rehabilitation of an existing multi-story building
in Manhattan. Again the system was a series of rigid steel frames. A tower crane attached to the

existing structure was critical in the proper sequencing of activities. Two fronts were

contemplated: one dealt with the addition of new rigid frames, the other with the dismantling of
the old structure on the roof. Being in downtown Manhattan, OSHA regulations were carefully
complied with by the general contractor. Vertical and horizontal nets, wooden barricades, wires
and railing were positioned in every area presenting potential danger. After visiting this site, it
was decided to add an activity of installing safety devices during the decking stage. Welding and
flame cutting were major activities, too, in this project. The models however do not reflect these
types of activities since the models describe a project starting from its original concept.

The Chanel building was also located in Manhattan. This site presented major delays in
the erection scheme. Two columns were set in two hours. The traffic continuously interrupted
the unloading of the truck, and it was decided to unload and erect one column at a time. The
traffic would be stopped, the truck would back up to position, and then the crane unloaded the
column onto the sidewalk. The truck would move out of the traffic way while the column was
properly hooked and plate components loosely connected to it. Finally, the crane would lift the
column into position. This final step was probably the most complicated as the column had to
be "threaded" through a series of horizontal triangular braces positioned at different elevations.
The column was inserted in the upper most triangular brace, guided downward through about four
other braces until it reached the ground. The braces were the end supports of a series of girders
supporting the lateral pressures exerted by the walls of the two neighboring buildings. The
erection model was modified after visiting this site, as it became apparent that the availability
of a storage area was critical for some sites. In the model, this is presented as an external
decision which must be confronted at the very beginning of the flow. Also the erection diagram
was modified to allow for the possibility of erecting directly from the truck, skipping the
unloading and shakeout stages.

The church project visited in Bethlehem, Pennsylvania had a more explicit architectural
design than the MBNA and Chanel sites, seeking to satisfy aesthetics requirements rather than
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optimize commercial space. The joints where members met were complicated since the members
met at skewed angles, forming different planes in space. The elegant but simple design of the
connections shows the interaction between design, fabrication and erection. The project consisted
of several structural systems: trusses, steel joists, and a series of simple frames composed of
rolled shapes braced with double angle members. A small telescopic crane was utilized since the
members were light and the structure consisted of one level. The lack of rectangularity and the
combination of structural systems does not permit the full usage of the spreadsheet model which
is based on counting structural members by the repetition units. However, the rows and columns
in the spreadsheet may be ignored; and the total number of structural members could be entered
by overwriting the cell formulas.

The indoor tennis courts project consisted of a series of gabled rigid frames. The site had
ample space, storage area and accessibility. The project itself presented a totally repetitive
topology. All columns were erected first, noting that the design structural system is not always
the erection unit. An erector may choose to erect each frame, guy it, and proceed to the next
frame. This is a flexibility which the erection model now modified permits since the cycles are
repetitions based on the selected erection unit. A telescopic crane was also utilized for this
project.

The Breathilizer plant project consisted of built-up frames having tubular square columns
and joist girders to support a series of lighter joists perpendicular to the plane of the frame. The
ends of one series of joists were seated on the surface of a masonry wall. Bundles of about five
joists were lifted and unloaded on the girders. The idea of unloading, erecting or shaking out by
bundles, was first observed at this site. Plumbing was done by column and not by bay. Usually
for one-story buildings of this type, plumbing is not critical so there is no need to use turnbuckles
and guy wires, as the model shows. In addition, after visiting this site, it was decided to combine
lifting and maneuvering a member into the same activity.

The hospital, the parking garage and the two stores were similar projects which validated
the observations noted on other projects. All of these four projects consisted of rigid frames of
rolled sections, erected by bay after setting the columns. Note that the erection units are the
columns during the first days, while the following days the erection units are the bays. In each
case, there was a telescopic crane being used.

From the five in-depth interviews, it became apparent the need for two decision diamonds
for checking the stability of the structure during erection. Both are located in the erection stage.
The first one assures that at the end of the day all erection units must be checked for stability.
The structure may collapse due to wind or earthquake loadings if left unstabilized. In addition
the respondents emphasized the importance of three specific OSHA regulations. For example,
shared bolts and slip bolts are dangerous for the ironworkers, especially if they are
unexperienced. This means that the use of these bolts should be avoided during the design stage.
During erection, OSHA regulations require that a minimum of two bolts be connected at each
end of the erected member. This is accounted for in the spreadsheet model. Also in the
scheduling of activities, it should be considered that the deck must be present at most two levels
under the floor on which erection is going on, It was also noted that bolting and welding
productivities are dependent on the depth of the beam, since an ironworker sitting at the top
flange may not reach the bolt holes on the lower flange. Height of the building is also a factor
since materials handling up and down a tall building slows down productivity.
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It is important to mention that the original spreadsheet was changed to make it a more
flexible environment, allowing the users to change productivity estimates according to their own
experience and expertise. The version of the spreadsheet in this report also provides greater
flexibility in its application to different structural designs.

Hopefully, the accurate economic feasibility studies of new construction technologies will
trigger changes in the flow of the sequences to achieve lower costs and decrease the time to erect
structural steel. The models at present show the current procedures in erecting structural steel,
but the use of the ATLSS Connector, for instance, may induce changes in the flow. For example,
it is very attractive to assemble a complete floor of 25 ft by 25 ft with four or six perimetral
ATLSS Connectors, and then raise the assemblage into position. Bolting would occur on the
floor, increasing the productivity. As a matter of fact, this solution was used once and will be
used again by one of the companies aiding in the research conducted at Lehigh University.

-Erection -of a steel structure -using -ATLSS -Connectors is several-locations of -the structure-is-

scheduled to start during November, 1994,
3.3.3 Estimation of productivity

From the interviews with industry members, it was concluded that the industry standard
is approximately 60 structural members erected in one day by a type A crew (1 crane, 1 crane
operator, 3 ironworkers). Type B crews (2 ironworkers) are estimated to connect 100 bolts per
person per day. Similarly, Type D crews (2 ironworkers) can install the decking, welding 500
studs per person per day and laying 30 sheets per person per day. Although productivity
obviously changes with different phases of the project, these productivity rates are very useful
in estimating the duration of the project.

While visiting the sites, the measurements in Table 3.2 were recorded. These productivity
rates include idle time. Most measurements show similar results to the industry standard estimates
when converted to appropriate units. For example, the average of 7.0 min/member is equivalent
to 69 members/day. _

Having the industry standard productivity estimates and the site verification measurements,
the spreadsheet standard productivity table was developed. To account for the parameters
(described in Section 4.4), the concept of factoring the estimates was introduced. These factors
may decrease productivity rates by about a factor of 2.00 as noted in the Chanel site. A
maximum increase of 1.07 can be expected in projects with favorable parameters. The prototype
building was assumed to be built under conditions providing a factor of 1.02.

Idle time in construction is hard to measure. Research has shown that as much as 20-30%
of the time is spent in preparation for carrying out each activity (Tucker et al., 1990). In this
report the idle time is embedded in the productivity rates.

13



TABLE 3.2: ON.SITE OBSERVATIONS OF PRODUCTIVITY RATES

Nc:. of members | Member type Activity Time Rate
. (min/member
min/bolt)

7 header beam erect 23 min 33

2 column erect 2 hrs 60.0

200 member erect 4 days 9.6

1 puriin erect/perm. connect | 10.1 min 10.1

273 member erect 4 days 7.0

1 column erect 4.7 min 4.7

1 column erect 3.1 min 3.1

83 member erect 2 days 10.1

1 filler beam erect/perm. connect | 8.3 min 8.3

4 bolts perm. connect 8.2 min 2.1

4 bolts perm. connect 5.1 min 1.3

L 4 bolts perm. connect | 7.4 min 1.9

Notes: Average rate for members (neglecting second row) is 7.0 min.

Average rate for bolts is 1.8 min.
Source in Appendix E.

3.3.4 Testing of the Models

The duration of the activities needed to erect the prototype building was approximated by
using the models. Chapter 5 discusses this application in greater detail. As discussed in Section
3.3.2, each of the visited sites was compared to the models. The models were continually
modified to guarantee that if each of the visited projects were to be run, the models would be
able to capture the characteristics of each project. This shows the validity of the models. The
topology of the indoor tennis court project was used in the spreadshect model, and model
performed well, demonstrating the flexibility of the model to adapt to real structures.

Moreover, sensitivity analyses on the prototype building were conducted to observe the
reliability of the models. In a previous version of the current spreadsheet model, a full sensitivity
analysis was performed. A single productivity rate was changed at a time, and the total project
time was observed to change by a percentage that was recorded in the analysis (Appendix H).
The current spreadsheet model was tested by changing the rate for erecting a member from 6.00
to 7.50 minutes (25%). A change of 4% was observed in the total duration of the project.
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Similarly, the rates for bolts were increased by 25%, and resulted in a change of 20% in the total
duration of the project. This shows the importance of the bolting stage has, and preliminarily
identifies the feasibility of using the ATLSS Connector.

As mentioned in Section 3.4.3 the productivity factor was tested to observe its sensitivity.
It was noted that the factor responds as expected, having a range from decreasing productivity
by a factor of 2.00 to increasing it to a maximum of 1.07. Future research on factor productivity

will continue, as it is desired to change the current formulation to incorporate current research
(Thomas and Sakarcan, 1994).
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CHAPTER 4

DESCRIPTION OF PRELIMINARY SIMULATION MODELS

_ The fabrication and erection of steel structures is a complex process. Each member must
be cut, shaped, and prepared through a number of stages, with concurrent work on the connection
fittings, while always conforming to the performance criteria for the completed structure. Once
the shop work is completed, the members must be shipped to the construction site, where another
series of activities are performed on and with the members and materials. The sequence of
activities is generally uniform, but the action upon each set of structural members depends upon
several factors. First, they are defined by the specific details of the structural design. Secondly,
they reflect the planned schedule between fabrication, delivery and erection. Thirdly, they respond
to available resources on the site (for example, crane and crews). And finally, they must respond
dynamically to different conditions on the site (for instance, bad weather or the misalignment of
bolt holes).

Several techniques exist for planning the fabrication and erection stages, and for providing
control mechanisms for activities in progress. These techniques include cost estimation, project
scheduling, progress tracking, cost control accounts, as well as several other methods. The models
in this section do not seek to replace those techniques but rather to add a new set of capabilities.
These preliminary simulation models are the basis upon which the research can build an
interactive simulation system that will allow designers, fabricators and erectors to model the
stages for specific projects. _

Because the sequence of activities follows a general pattern, the fabrication and erection
may be approximated through a diagram that charts the flow of those activities. This flow
diagram can also include specific points where decisions must be made. The usefulness of the
flow diagram is that it reveals the repeated sets of activities by certain units (for example,
unloading a truck by bundle) and also provides insight in where disruptions can occur, and how
these disruptions can alter the flow of the activities. Two flow diagrams are included in this
report. The first is a very simple diagram that captures only the major activities in the fabrication
of elements (members and connection fittings) for a steel structure (this diagram will be refined
in subsequent research). The more detailed flow diagram is for structural steel erection.

The second model is a spreadsheet-based model that provides time estimates for specific
building designs, aggregated by the major activities identified in the flow diagram. Using the
design details, this model can provide counts for each component of the structure (e.g. members,
bolts, splice plates), and matches those component counts to productivity rates for each activity.
The result is a total time and cost estimate for a specific structural steel erection project.

At the moment, the third model is assembled through manual computations, to match the
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flow diagram for each activity to the number of elements and related productivity rates. The
product of these manual calculations is a daily flow of the project, including the number of pieces
erected and bolted, as well as direct consideration of such elements at resource utilization and
the stability of the frame during erection. It is hoped that eventually these manual computations
can be replaced with a computer-based full simulation model. As noted previously, these models
were developed to reflect current practice in the United States, and indeed the development relied
heavily upon the expertise of the industry and their willingness to aid this research. Observations

at several construction sites provided a strong test of the validity and reliability of the models
(Chapter 3).

4.1 Fabrication Flow Diagram

. Although the primary focus of this research was on. the erection of steel structures, .

consideration of the fabrication processes is essential to incorporate the full set of conditions that
constitute an erection project. The degree of preparation of the pieces, including the shop
installation of connection fittings, sets the baseline conditions for what must be done on the site.
The fabrication activities also affect other dimensions of the flow of the erection activities, such
as the tolerance of the members, the correct detaﬂs for erection and connection, and the schedule
of delivery from the shop to the site.

The fabrication flow diagram presented in this report is a general approximation of these
activities. The objective of this flow diagram was to capture the repetitive actions performed on
each structural member or connection fitting. Disruption points were not explored in this flow
diagram.

The general activities identified that occur during the fabrication stage are cutting,
punching, drilling, welding, bending or straightening, lathing, assembling fittings to members or
members to members, and preparing (Figure 4.1 or Appendix A). These activities are modeled
as occurring in a linear sequence, to represent how a specific member would progress through
a fabrication shop. For example, a specific member, such as a column, would be selected from
the storage yard and brought into the shop. The first decision would be whether to cut the
material, which would cycle through the cutting activity until all cuts are made. Likewise, the
column could move through the other stages, being processed or manipulated as appropriate to
meet the design and performance specifications. It must be noted materials for connection fittings
could be processed through the same series of activities, though those activities may acma}ly
occur in real time parallel to the processing of the members.

The prepared members and connection fittings are assembled through a series of steps,
including bolting and welding. The completed members (as far as fabrication activities are
concerned) are then finished, using such methods as sandblasting, painting, erection marking, and
loading. This flow diagram represents the series of activities which are acted upon a material as
it passes through the fabrication shop. However, unlike the erection flow diagram, this fabrication
flow diagram does not include many of the decision points that improve the explanatory power

of the diagram. This diagram, and the relating metrics for fabrication activities, will be developed
further in other research.
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4.2 Erection Flow Diagram

The structure of the erection model is based on a specified erection unit. An erection unit
is defined as the smallest assemblage of structural members by which the erection process will
flow swiftly. For instance, in the erection of a gable frame warehouse, the construction process
is centered on erecting one frame, stabilizing it with guy wires, and then repeating this sequence
throughout the length of the warehouse. The erection unit is thus the gable frame. Other
structures similar to the prototype building presented in this report consist of a rigid frame of two
spans and four floors. Although the designed structural system is similar to a gable frame, its
erection is not necessarily centered around the erection of each frame. Most likely, the erector
will form bay assemblages by connecting two columns of one frame with the respective columns
of its adjacent frame. Since the columns are usually two floor tiers, the final stabilized
assemblage will consist of four columns stabilized by four perimetral floor beams at one level
and four other perimetral floor beams at a higher elevation. In this case the erection unit is the
bay assemblage consisting of eight beams and four columns. Note that the erection unit is not
necessarily the same as the structural system.

For a given erection unit, six stages have been identified: unloading, shaking out, erecting,
plumbing, permanently connecting, and decking. The logical network of these stages has start-to-
finish relationships and also contains stages occurring in parallel (Figure 4.2). These stages are
characteristic of each erection unit, and will overlap those stages of another erection unit. For
example, it is common to have an erection unit being erected while the members of another
erection unit are being unloaded in another part of the site.

Within each stage, the model shows a series of activities which are start to finish activities
(Figure 4.3). The level of detail has been chosen so that each identifiable movement in the
erection process is represented in the flow diagram (Taylor, 1967). It is at this level of detail that
the cyclic nature of steel construction becomes apparent. For example, in the erection stage,
"hook-on hoist," "lift/maneuver,” "connect" and "unhook" are start-to-finish activities that repeat
member after member. This repetition requires the use of counters. If the erection sequence
proceeds member by member, an internal counter in the model should keep track of the total
number of members that have been erected and the total number of members that will be erected
during the whole project. An alternative observed in several of the visited sites was hooking and
lifting two or three members together, then connecting and unhooking one by one. In this case
the total number of members remains the same while the number of lifts is divided by two or
three, respectively. As each activity has a specified standard productivity, defining the same
problem with different counters will lead to different times.

The model has decision diamonds in each stage. These decisions can be based upon the
structural design details (for example, the number of columns on the first tier), internal counting
mechanisms that keep track of the sequence of activities, or based on estimates that an event will
occur (for instance, the chance that a piece does not fit). Usually at the end of each stage, there
is a check to see if all members of an erection unit have been processed in that particular stage.
The counters must keep track of this condition. If the check is satisfied, the flow proceeds to the
next stage. Otherwise it remains in the same stage but cycles through a series of activities. These
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checks appear in decision diamonds labeled as internal decisions. By internal it is meant that the
decisions are made according to the specific project under consideration. That is, it depends on
the erection unit and the number of members, bolts, welds, sheets, and studs of the given project.

The model also contains external diamonds. These are decisions made at the office prior
to the erection, and most of the time depend on the site factors. For example, a site in a big city
may not have space for storage, or shaking out. These decisions also depend on the selected
process of erection and the scheduling of activities made at the office. Whether floor connections
may be made to lift a whole panel of members, and whether plumbing is critical or not are
external decisions.

Similarly, the model contains probability-based decisions. These depend on the random
nature of erection and fabrication. For example, a piece may have not been delivered, the holes
of a gusset plate may not align with the holes of the connecting member or repairs may or may

-not be made at the site. These decisions are taken as the erection unfolds, but could be predicted
if enough data is collected to include a probabilistic distribution in the model.

The erection model is thus infinitely adaptable. Any project could be described by its
erection unit and specified with certain counters. The model shows the unavoidable patterns
reflected in any construction site. However, the model is limited as it lacks a time dimension and
a control over the employed resources. To compensate for this shortcoming, the spreadsheet-
based model has been developed.

' In the future, it may be possible to program this flow with a resource-based scheduling
algorithm, In related research, a liaison between the Department of Civil and Environmental
Engineering and the Department of Industrial Engineering at Lehigh University has approached
the construction problem as a manufacturing problem. A logic network of the construction
activities needed to erect the prototype building was developed from this research and used as
a sample to test the algorithm developed by the Department of Industrial Engineering (Storer and
Wu, 1993). This program considers an efficient allocation of resources, and finds the critical path
of the network. The results of the scheduling algorithm for four cases are shown in Table 4.1.
Each case is defined by its resources. The project being scheduled is the same for all four cases.
When programmed, the erection model should have the internal and external decisions identified
for the particular project under consideration. The output would be the scheduling of sequential
and parallel activities with respect to best allocation of resources.

The results of these preliminary analyses using the resource allocation algorithm indicate
that the project duration is not changed dramatically when the number of workers is increased
from 6 members of a crew to 8 crew members. On the other hand, the duration is reduced by two
days when an additional crane is added; however, the crane utilization drops by approximately
50 percent, even when the number of workers is increased. While the results of this ongoing
research remain to be explored in greater detail, it appears to indicate that current allocation of
resources is relatively efficient for existing designs and technologies. New designs and advanced
construction technologies that significantly alter the flow of the construction process or require
different sets of resources show great promise in increasing the efficiency of resource allocation
and project scheduling.
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TABLE 4.1: RESULTS FROM INDUSTRIAL ENGINEERING SCHEDULING

ALGORITHM
" Case A B C D
Cranes 2 1 1 2
Ironworkers 6 8 6 8
Minutes 5134|4223 | 5177|422
Days 10.7 8.8 10.8 8.8
| Crane utilization | 23% 55% | 45% 28%
| Crew Utilization | 78%  |71% | 71% | 71%

4.3 Spreadsheet

As mentioned above, the spreadsheet was developed to complement the erection model
by keeping track of the projects’ counts, resources, and resulting time estimates. The approach
used to run the spreadsheet is iterative. After estimating an initial set of resources, the results are
inspected. If the cost or time to complete the project is too high, the resources can be decreased
or increased on the second iteration. For projects which require the utilization of only one crane,
usually three ironworkers are needed for the erection stage (as stated by crew A), However, for
the plumbing and bolting, two or three crews of type B may be needed. An initial estimate of
two crews may turn to be insufficient to meet a pre-established deadline. Hence on a second run
of the spreadsheet, three crews must be specified and hopefully the deadline will be met.

The spreadsheet is structured in four main sections. The first section quantifies members,
connections, plumbing units, decking sheets and any other structural element. The second section
is based on the standard productivity rates of steel erection, and computes actual productivity
estimates for the project under consideration. The next section displays the total time estimates
for each of the six stages. Finally, a summary which groups the six stages into four major phases
is presented as the final results.

4.3.1 Design Characteristics

For the data entry of the first section (Table 4.2), it is assumed that a preliminary layout
of the design is available. Having the layout which contains the structural quantities permits the
transferring of these quantities into the spreadsheet. The more repetitive the structural system, the
better it will adapt to the spreadsheet. This is evident, as the spreadsheet charts were developed
such that if a repeating unit is identified, just one unit is entered along with the number of times
it repeats. This may be a general sketch or a detailed blue print which shows all structural
quantities. That is, the design must be completed to be able to evaluate its effectiveness.

Alternate designs with different structural systems and thus different structural quantities
are highly desirable to make a comparison, and finally choose the most convenient with respect
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to time and cost. The next phase of this research will show the benefits of different designs or
technology alternatives at this point to evaluate their economic efficiency.

TABLE 4.2: DESIGN SPECIFICATIONS

Member Unit  Unit quant members/ total No. o input No.

*)

Columns © tler 2 21 42 42

Girders/supporting beams floor 4 14 56 56

' ”Brac'ing beams | ficor 4'“' 12 a8 48

Filler beams floor 4 30 120 120
Diagonai braces 0 1
Steel joists 0 1
Purlins ' | 0 1
| Trusses e 0 1
266  Total

4.3.2 Resources

From the site visits, interviews, and pertinent literature, it was observed that an average
of sixty members can be erected by a type A crew in one day (Table 4.3). Also, about one
hundred bolts can be connected per person per day, as indicated by crew B. A total of four crews
have been listed in this section. Crew C consists of one welder, and crew D is made up of two
ironworkers for the decking. '

TABLE 4.3: RESOURCES

Crew A 2 Ironworkers, I Helper, 1 Crane operator
Crew B 2 Ironworkers
Crew C 1 Ironworkers
Crew D 2 Ironworkers
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The size of an erection gang varies in the industry from 6 to twelve ironworkers. For the
purposes of this research, the total number of workers was set at eleven, divided among the crews
as follows (Table 4.4). It is possible to reassign members of a crew to another crew if the
schedule requires it. For example, erection might get too far ahead of the bolting up, and the
erection of the second tier may be delayed until the first tier is permanently connected and
decked. To accomplish this reassignment, however, the total number of available ironworkers
must be maintained, and the stages by day by assignment must be calculated separately.

TABLE 4.4: NUMBER OF CREWS AND IRONWORKERS FOR PROTOTYPE
BUILDING

CREW TYPE TASK NUMBER NUMBER OF
OF IRONWORKERS
CREWS
“ Supervisor 1 1
" Crew A Erection 1 3
Crew B Bolt/Plumb 2 4
Crew C Weld 1 1
" subtotal 9 ironworkers
" Crew D¥* Deck 1 2
| Total | 5 11 ironworkers*

rew 1) can be composed of additional workers, or those reassigned from Crews A, B, or C.

4.3.3 Productivity Rates

The production rates were calculated from on-site observations, corrected by the observed
resources (e.g. number of members in a crew). The unloading stage was assumed to occur by
bundle, taking 4 minutes per bundle to set the blocking, hook on the hoist, lift the bundle, and
unhook the hoist (as described in the erection flow diagram). In the same manner, shakeout
occurred by bundle, but the bundles are assumed to be smaller, and do not require the setting of
blocking, thereby taking only 1 minute per bundle. Any floor connections take additional time,
with 1/4 of a minute to install a bolt, and 1 minute to tighten it to specifications.

For each specific task, production rates were estimated by individual bundle, member, or
bolt (Table 4.5). These production rates are also tied to the composition of the specific crews.
The objective of arranging this table by individual element was to allow specific calculations that
reflect the design and connection specifications. The aggregated cost estimation techniques used
in industry are extremely effective for known techniques and methods; for unfamiliar or new
techniques, however, the aggregate estimation techniques rely heavily upon general assumptions,
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such as an overall increase or decrease in production rates for the building as a whole. By

breaking down the times to individual units, assumptions can be tested and validated in a more
systematic way,

TABLE 4.5: PRODUCTION RATES

Quiput Input
Unit | Unht Quani (minfunit)] Crew | Number o
UNLOAD
Beam bundle 1 4,00 A 1
Jolst/Purlin bundie 1 4,00 A 1
Column bundie 1 4.00 A 1
Truss section bundle 1 4.00 A 1
Piagonal brace |bundie 1 4,00 A 1
SHAKEOUT
Beam bundie 1 1.00 A 1
Jolst/Purlin bundle 1 1.00 A 1
Column bundle 1 1.00 A 1
Truss sectlon bundle 1 1.00 A i
Dlagonal brace |[bundle 1 1.00 A 1
ERECT
Beam member 1 6.00 A 1
Jolst/Purlin member 1 6.00 A 1
Column member 1 6.00 A 1
Truss member 1 6.00 A 1
Diagonal brace |member 1 6.00 A 1
Install bolt - bolt 1 1.00 A 1
PLUMB
Bay bay 1 20.00 B 1
Column column 1 5.00 B 1
PERMCON
Install bolt on fle | bolt 1 0.25 B 1
Tighten bolt on 1l |boit 1 1.00 B 1
Install bolt at hel {bolt 1 0.50 B 1
Tighten boit at helboit 1 2,00 B 1
Install anchor bol| boit 1 0.50 B 1
Tighten anchor b | bolt 1 2.00 B 1
weld Inch 1 1.50 Cc 1
DECK
stud stud 1 025 D 1
deck sheets sheet 1 4.00 D 1

Within this section of the spreadsheet, there is a list of site parameters that may affect the
productivity (Table 4.6). Site conditions, project characteristics, resources, and their effect at the
site may also affect the standard productivity. Four parameters chosen to describe the site
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conditions are accessibility to the site, easiness of handling material at the site, size of the site,
and presence of an existing structure that may affect the erection process. A site in the middle
of a congested city may cause delays since unloading of the material may be interrupted, for
example, by traffic. Conversely, a site on an isolated field is easily accessed and permits the
normal unfolding of the erection sequences. Adequate materials handling is achieved if a proper
storage area is present at the site. A lack of a storage area, generally causes mismanagement of
the inventory of each delivery (Thomas, Sanvido and Sanders, 1989). The size of a site may
affect the productivity if it is too small, since ironworkers may get in each other’s way. An ample
site, however, permits the normal flow of activities. Existing structures at the site under erection
are always an obstacle which affects the productivity. Starting a project from its original erection
is always preferred to rehabilitating an existing structure. As far as project characteristics, the
topology may induce changes in productivity. Some structural systems are inherently harder to
erect than others. Erecting a transfer girder, for example, demands more care than erecting a
header beam, Trusses and other systems of longer span require more precision than I-beam
reticular frames. Connections may be standard and highly repetitive, making the productivity
increase as the project progresses. Member weight is another factor that affects the ease with
which a structure is erected. Moreover, the higher a structure, the more time is Idst in delivering
materials (e.g. bolts and tools) from the ground to the erection floor. Only two factors have been
considered in the evaluation of resources: the experience of the crew, which provides higher rates
of productivity with higher level of expertise; and the level or capability of equipment. The same
project could be erected using a derrick or a tower crane. '

TABLE 4.6: PRODUCTIVITY FACTORS

Parameter Factor
She conditions
accessibility
easiness of materlals handil
slze of site :
none-presence of existing st

a s 1>

Project characteristics
regularity of topology
standardlzation of connectic
low welght of members
height of finished structure

E S I |

Resources
experience of Ironworkers
level of technoiogy of equlp

Qo

Effect
simplicity of erection seque
none-proneness to delays
expected organization
possibiiity to reassign resou
availabliity of resources

i o ;o
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The site conditions, the project characteristics, and the resources combine during erection
to create a specific atmosphere described by the effect factors. These are expected delays,
organization, reassignment of resources, availability of resources, a crowded site, and pattern or
sequence of erection. Rankings from -5 to +3, with zero denoting normal conditions, are assigned
to each parameter. For example, while the prototype building is assumed to be erected at a site
with ample space, so the parameter materials handling has been assigned a factor of +3, the
Chanel project visited in midtown Manhattan had many problems due to availability of space.
A factor of -5 would be assigned for such conditions. After assigning the factors, a normalized
factor is computed by dividing the factor percentages of the actual project by the factor
percentage of the previously defined normal condition. The respective percentage factors are
computed by dividing the average factor by ten, which is the range from -5 to +5. The resulting
normalized factor is finally used to modify the standard productivity rates. The factors were

calibrated-by running-two-worst ‘scenarios. The Chanel site denotes the worst conditions fora "

productivity decrease by a factor 2.00, whereas the tennis court site denotes the best conditions
for a productivity increase of 1.07. This means that the average factor cannot be less than 0.3.
After these computations, the actual productivity is displayed (Table 4.7).

4.3.4 Total Time Estimates

The third section displays the time estimates computed by multiplying the actual
productivities by the structural quantities (Table 4.8). Four different charts group the time
estimates by member, connection, plumbing and decking. The first two charts include unloading,
shaking out, erection and permanent connections (bolting up). Plumbing and decking are included
in the third and fourth charts. During the unloading and shake out stages, only the members
contribute to the accumulation of time. The erection stage is composed of erecting members and
installing bolts during erection. The permanent connections stage includes installing the remaining
bolts, and tightening and welding every connection as needed.

4.3.5 Results

Finally, the fourth section groups the total times into four categories: unloading,
shakeout/erection, plumbing/bolting and decking (Table 4.9). In addition, the last section presents
the crane utilization time, number of workers, resource cost, members per day erected, and
number of bolts per day connected.

The data put into the spreadsheet constitutes the structural quantities, the rankings for each
parameter, the unit quantity of each stage, and the number of crews. The output as discussed

above is a summary with the time estimates for four categories which include the six stages and
the cost.
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TABLE 4.7: ADJUSTED PRODUCTION RATES

Qutput Input
Unit | Unk Quan (minfunit)| Crew | Number o
UNLOAD
Beam bundle 4 1.02 A 1
Joist/Purlin bundie 1 4,08 A 1
Column bundle 2 2.04 A 1
Truss section bundle 1 4.09 A 1
Diagonal brace |bundle 1 4.09 A 1
SHAKEOQUT
Beam bundle 4 0.26 A 1
Joist/Purlin bundle 1 1.02 A 1
Column bundle 2 0.51 A 1
Truss sectlon bundle 1 1.02 A 1
Diagonal brace |[bundle 1 1.02 A 1
ERECT
Beam member 1 6.13 A 1
Joist/Purlin member 1 6.13 A 1
Column _|member 1 6.13 A 1
Truss . member 1 6.13 A 1
Diagonal brace [member 1 6,13 A 1
Install bolit bolt 1 1.02 A 1
PLUMB
Bay bay 2 511 B 2
Column coiumn 1 2.55 B 2
PERMCON
Install bolt on flo | bolt 1 0.13 B 2
Tighten bolt on fi | bolt 1 0.51 B 2
Install bolt at hei |boit 1 0.26 B 2
Tighten bolt at he{bolt 1 1.02 B 2
install anchor boli bolt 1 0.26 B 2
Tighten anchor b holt 1 1.02 B 2
weld Inch 1 1.83 c 1
DECK
stud stud 1 0.26 D
deck sheets sheet 1 4,09 D
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TABLE 4.8: ESTIMATED TOTAL TIME FOR EACH STAGE

Members
quantity UN SH ER
Columns 42 42 B5.8 215 257.4
Girders/su] 56 58 572 143 3432
Bracing b 43 48 44.0 123 294.2
Fllier hea 120 120 1228 306 7385
Dlagonat 1 a 0.0 0.0 0.0
Stee! jolst 1 4] 0.0 0.0 0.0
Purlins 1 0 0.0 0.0 0.0
Truss pant 1 0 0.0 6.0 60
346 787 168304  Total min
52 1.3 272 Totaltus
0.7 02 34  Total days
Connectio
quantity ER Ins PFCina  PCight
ER Ins PCins
Ancher bo 126 Q 822 [+1:] 128.7
Column s 126 126 2 o R2 257.4
Beam/glrd
10 col 224 “1120 §1.2 2860 13729
Beamy/gird
o Gy
Shared! 240 240 1.3 613 4903
Unshag 48 96 123 245 1473
Bean/gled
toB
Shared 320 320 81.7 81.7 653.8
Unahar| 64 128 163 327 156.1
Dlagonal &0 0.0 0.0
293.2 518.4 32464  Total min
49 8.6 54,4  Total hrs
feX] 1.1 68 Tatal days
Plumbing
quanifty PL
Bay 24 24 122.6
Column [ 0 0.0
1226 Total min
20  Tetaihrs
0.2 Total days
Decking
quantity DE
Studs 3200 3200 8172
Sheets 384 384 1569.1
' 23863 Total min
358 Totalles
50 Totaldays 33



TABLE 4.9: TOTAL TIMES FOR EACH CATEGORY AND ENTIRE PROJECT

Time Estimates ' Resources
Stage Time Crane Utllization: 5 days
UN 0.66 days
SH/ER 417  days Number of cranes: 1 cranes
PL/PC 8.10 days
DE 4.97 days Number of workers

Consideringo  10.00 days plus supervi 10 workers
Cost Productivity

Rates Members: 53 per day

supervisor a5 $/hr ‘
ironworker 35 $/hr
helper 26 S$/hr Bolts : 98 per perso
crane 800 $/day
Project Direct Cost: $32,000

4.4 Merging Spreadsheet Results with Erection Flow Diagram

In order to make real use of the models, it is required to carry out certain manual
computations which provide the dynamic aspect that the flow diagrams convey. Although very
versatile in the numerical variations that the user may impose, the sole use of the spreadsheet
renders static results. In other words, the spreadsheet lacks the ability to overlap activities,
whereas the flow chart is conceptually dynamic. By performing the manual computations, the
sequences followed at a site can be approximated in a more precise way. Only then, the project
under consideration can be said to have been simulated. These manual computations have the
purpose of exploring what type of programming will be required to fully simulate the erection
process. It has been noted that the most appropriate direction to follow is to use object-oriented
programming. _

The collaboration with the Industrial Engineering Department at Lehigh University to
combine the simulated steel erection with resource-based scheduling exposed the need to define
logical constraints as well as resource constraints. At present the algorithm can handle both types
of constraints. However, a new type of constraint referred to as a technical constraint was
introduced to allow for the structural and construction decisions that must be taken to properly
simulate the process. For example, OSHA regulation may be included here, or the need to assure
that an erection unit is stable at all times, or a limit on the maximum number of bays that could
be plumbed together.
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The general assumptions in the manual computations are an eight-hour workday, a linear
relation between time and productivity, availability of material at all times, and parallel
scheduling within resource and technical constraints. Appendix D has some examples of the
detailed computations. Chapter 5 presents the scheduling of the first three days in the erection
of the prototype building.

4.5 Summary

In summary, Chapter 4 presents three models that approach fabrication and erection from
different directions. The flow diagrams are conceptually dynamic and infinitely adaptable to any
project. However, this model lacks a definite output and at present is not intended to keep track
of structural counts. The spreadsheet is accurate for specifically counting structural components,
and estimating times for the different stages. The disadvantage of the spreadsheet is that it is
static (it cannot overlap activities). The manual calculations which are preliminary calculations
for the computer-based simulation enhances the erection flow diagram with the attributes of the
spreadsheet.
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APPLICATION OF THE MODELS TO A PROTOTYPE STRUCTURE

The preliminary simulation models are applied to a prototype structure to accomplish two
objectives. The first is to demonstrate the use of the models in an actual project. This example
application provides a detailed examination of how the design details of a building are translated
into the flow diagrams, the spreadsheet-based model, and the manual calculations. The second
objective of this example application is to provide a common baseline upon which comparisons
can be made on the effectiveness of new technologies. This second objective will be pursued in

CHAPTER 5

greater detail during the next phase of the research.

The prototype structure is a two-tier, four-story building, two bays wide and six bays long.
This structure was designed in conjunction with research conducted on the ATLSS Connector
(Rosa, Lu and Viscomi, 1993; Rosa, 1994). The structure uses standard rolled sections, with
bolted connections, with seated connections on the frame members and simple double-angle
connections for the infill beams. The plan of the building is rectilinear and repetitive (Figure 5.1),

making the structure extremely straightforward to fabricate and erect.
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FIGURE 5.1 PLAN OF THE PROTOTYPE BUILDING
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5.1 Fabrication Flow Diagram

The fabrication flow diagram is briefly applied in this example application, focusing
primarily on the preparation of the members for erection, and the installation of certain
connections in the shop (Appendix A).

For the prototype building, standard activities (cutting, punching, and drilling) must be
performed on the members. Because the prototype building is fairly simple, consisting of
rectilinear and regular bays, no special members must be fabricated. A few preparations are
needed, such as coping the in-fill beams for the bays.

For the purposes of the erection simulation, certain connections were assumed to be
installed in the shop. First, for the seated connections (Figure 5.2), the top flange angle and the
two shear angles are assumed to be assembled on the beam in the shop. Specifically, the all bolts

are installed and fully torqued. Second, the lower flange angle should be attached (bolts installed

and torqued) to the column. These lower flange angles can also provide a "seat" for the beam
during erection. Third, both splice plates are connected to the top of each column in the shop,
with the bolts installed but not torqued (to provide clearance during erection). Fourth, the base
plates for each first tier columns should be welded in the shop. Finally, the simple connections
are also assumed to be bolted to the beam prior to erection, with the bolts installed and hand-
tightened. (These bolts will need to be tightened further after erection.)

A=144 X3 K18 T

SECTION
SCALE: T /Tt

FIGURE 5.2: DETAIL OF SEATED CONNECTION FOR PROTOTYPE BUILDING

These connections are assumed to be made in the fabrication shop, as represented in the
spreadsheet (Table 5.1, 5th column). They can also occur on the ground before lift, depending
upon the preferences of the fabricator and erector. In that case, these connections would be made
during the shakeout stage of erection.

5.2 Erection Flow Diagram

The prototype building uses 266 members, assembled in 12 bays per tier (with each tier
having 2 floors). Using the maximum allowable weight for a load of steel on a standard truck
(with no special permits), the members would be delivered in 9 trucks. (Appendix B shows the
erection flow diagram.)
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The first stage of the flow diagram, unloading, would occur with the arrival of the first
truck. Since the prototype building is assumed to have space for a storage yard, unloading is not
a critical stage. The members are lifted by bundle off the truck until all the members are
unloaded. It is assumed that three trucks arrive on each of the first two days. On the fourth day
the last three trucks would arrive.

Shakeout, the second stage, occurs right after the first truck is unloaded on the first day
and each member on that truck is placed in position (though it may not follow so directly with
subsequent trucks). The objective of this immediate shakeout is to progress through the erection
process expeditiously on the first day. Since the crane is the limiting factor for unloading,
shaking out and erecting, the crane must be utilized effectively to keep the activities progressing.
For the prototype building, it is assumed that space is available for shakeout. It is also assumed
that no pieces were previously substituted or skipped throughout this project. As noted
previously, all connections made before erection are assumed to occur in the fabrication shop,
though they could be accommodated in the shakeout stage prior to erection.

The erection stage occurs by member. For the prototype building, the members can be
easily interchanged since they are identical. This condition may not hold for other projects,
however. The erection is assumed to proceed by bay, with the columns erected first, followed by
the perimeter beams for the first floor, then the infill beams for the first floor, with the sequence
repeated for the second floor. After all members of the bay are erected, the members of the
adjacent bay are then erected. A bay is considered to be stable when all of the members of the
bay are erected. If the bay is not stable, and erection ceases for the day, the bay must be
stabilized by placing guy wires. (These guy wires, though technically different from the plumbing
guys, may on many construction sites be the same equipment.) The erection stage repeats by bay
until all members that were unloaded and shaken out on that day are erected or until the end of
the workday (approximately 8 hours, though overtime is possible), whichever comes first.

The plumbing and permanent connection stages can occur concurrently with each other,
as well in parallel with the erection of subsequent bays. The plumbing is considered to be critical
for the prototype building since it is more than 1 story tall. The prototype building can be
plumbed either by each bay individually, across the 2 bays’ depth of the building, or along the
length of the building in sets of up to 4 bays. During the permanent connections stage, the
additional bolts for each connection are installed and all of the bolts (shop, erection, and
permanently installed) are tightened, either fully torqued or otherwise tightened to meet
specifications. The prototype building requires no extra bracing, and the base plates for the
columns do not need to be grouted since it was assumed that levelling plates were in place before
erection. No other welded or grouted connections are needed for the prototype building.

The decking stage for the prototype building consists of corrugated steel sheets with shear
studs along the beam lines. The topping concrete slab for the floor is not included in this
erection flow. The safety devices installed on each floor include perimeter wires and welded
holders for the wires on each column. The floors must be installed so that erection is never more
than two stories above the installed decking.

The closeout stage is to ensure compliance with local building codes and the erection
contract. The subsequent construction activities, include fireproofing of the structural steel,
concrete floor slabs, and exterior enclosure, are not included in this flow diagram.
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5.3 Erection Spreadsheet-Based Program

The spreadsheet-based program for the erection phase takes the design specifics for the
prototype building, and matched with the expected productivity factors, calculates the total time
and cost for the erection of the prototype structure by stage.

5.3.1 Design Characteristics

As mentioned previously, the prototype building is a two-tier structure, with two floors
in each tier. The building hds 12 bays (2 deep and 6 wide) on each floor. The translation of the
general design into the calculation of the specific number of members in each category takes
advantage of the unit of repetition in the design. For instance, the two bays across the building

.. are.identical to-each other as.well-as-to-every other bay.in the building. In.addition, the second.. ..

tier is identical to the first tier (Table 5.1). Other designs may have other units of design
repetition. T

TABLE 5.1: DESIGN SPECIFICATIONS AND NUMBER OF MEMBERS FOR

PROTOTYPE BUILDING
Member Unit  Unit quant members/ total No. of input No.
*
Columns tier 2 21 42 | 42
Girders/supporting heams floor 4 14 58 56
Bracing héams 7 floor 4 12 48 48
Filler beams floor 4 30 120 120
Diagonal braces 0 1
Stee! Joists ¢ o1
Purlins . 0 1
Trusses 0 1

266  Total

Likewise, the specific connections can be detailed by the type of connections, with the
number of bolts (installed in the shop, on the floor, or during erection) specified (Table 5.2). In
the prototype building, the beams in the frames have seated connections, while the bracing and
infill beams have simple connections. Installing the anchor boits for the prototype building is
assumed not to take place during erection since it is common practice to have them in position
before the columns are erected. The prototype building, as detailed, includes a significant number
of shared web connections for the beams. Even though these shared connections reduce the total
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number of bolts required, the Institute of the Ironworking Industry suggests several alternative
designs to reduce the danger of shared-bolt beams becoming disconnected during erection (see
Appendix G for the suggested connections).

TABLE 5.2: TYPES OF CONNECTIONS AND NUMBER OF BOLTS IN PROTOTYPE

BUILDING
Bolts per connection
Connaectlon Unkt Unit quantl total bolts/| shop bolte] fleld bolte

Anchor bolts column 21 [ ] [
Column splice column 21 24 12 12
Beam/girderfAruss/jolet to colum|{ girder 56 42 i8 24
Beam/girder/truss/jeist to colum

Shared bolts beam-colu 60 12 4 8

Unshared bolta column-be 24 8 2 &

Beam/girderfruss/iolst

to Beam/girder/trussfioist
. Shared bolts filler-girde 80 12 4
Unshared bolts | girder-fille 32 g 2 6
Dizgonal brace to beam/column : 0
Total bolta
Connection ER ins (*) [PC ina (™)total No. off total No. of total No. of]
Anchor bolts 126 0 1% . 0 126
Column spiice 126 126 504 252 252
Boam/girderftruasfjolet to colum| 224 1120 2252 1008 1344
Beam/girder/truss/joist to colum
Shared bolte 240 240 720 240 480
Unshared bolts 48 96 192 48 144
Beam/glrderftruss/joist
to Beam/girder/truss/joist
Shared boits 320 320 860 320 640
Unshared bolts 64 128 258 64 192
Diagonal brace to beam/column 0 4 -] 0 <]
TOTAL 810 1332 3178

*...Two bolts st each end (OSHA regulstion}, 50% of spll
. Remalning bolis
*ee.instalied and tightened
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In all, the prototype building has 42 columns, 56 supporting beams (with seated
connections), 48 bracing beams (with simple connections), 120 filler beams (with simple
connections), 384 deck sheets, 5110 bolts (including 126 anchor bolts, of which 1932 are
installed in the shop and 1932 at the site), and 3200 shear studs.

These calculations are used throughout the rest of the program to estimate total time and
cost for each stage. If the design is not easily reduced to a repetitive element (such as frame),
the number of members in each category can be directly entered, as can the number of bolts for
each type of connection.

5.3.2 Resources

The available resources can be set in Table 5.3. For the prototype building, three crew

types are established. The first (Crew A) performs tasks in unloading, shakeout and erection.

These tasks are based around the utilization of a crane, and so are usefully grouped together. For
the prototype building, it is assumed that three ironworkers will work with the crane operator
(and crane) for those tasks. In addition, four ironworkers perform the stages of plumbing and

permanent connection (Crew B), and 2 ironworkers install the decking and weld the studs (Crew
D).

TABLE 8.3: RESOURCES FOR THE PROTOTYPE BUILDING

CREWS STAGE RESOURCES
A UN/SH/ER| 2  Ironworkers
1 helper
1 crane and operator
B PL/PC 2 ironworkers
C PC(weld) 1 Ironworkers
D DE 2 lronworkers

While the composition of each crew can be easily altered, the production rates (Table 5.5)
are based upon the established crew composition as described for the prototype building (Table
5.3). These production rates were estimated by observation on several construction sites, with
corrections for the number of members in the crew (see Chapter 3).

For the prototype building, the size of the erection gang was eight ironworkers, divided
among the crews as follows (Table 5.4). It is possible to reassign members of a crew (for
instance, Crew A) to another crew (e.g. Crew B) if the maintenance of a schedule reguires it.
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TABLE 54: NUMBER OF CREWS AND IRONWORKERS FOR PROTOTYPE

BUILDING

CREW TYPE NUMBER OF CREWS | NUMBER OF
IRONWORKERS

Supervisor 1 1

Crew A 1 3

Crew B 2 4

Crew C 0 0

subtotal 8 ironworkers

Crew D* 1 2

Total 5 10 ironworkers*

*Crew D can be composed of additional workers, or those reassigned from Crews A, B, or C.

5.3.3 Productivity Rates

For each specific task, production rates were estimated by individual bundle, member, or
bolt (Table 5.5). These production rates are also tied to the composition of the specific crews.

The erection of the members includes all of the activities in the flow diagram. The
estimated time of 6 minutes per member is the complete cycle time for one member, that is, from
the initial hooking of the hoist on the member to the hooking of the hoist onto the next member.
Additional preparations or maneuvering of the pieces would have to be accounted for separately.
Installing each bolt during erection is calculated to take one minute.

Plumbing the unit can take up to 20 minutes for an assembled structure (e.g. a bay) and
5 minutes for a single member (e.g. column). The plumbing stage also incorporates all of the
activities in the flow diagram, from placing the guy wires to meeting the plumbing tolerances
through adjustments. Several erection units may be plumbed at the same time depending upon
the geometry of the structure, the rigidity of the frame, and the requirements.

Permanent connection of the structure includes installing the additional bolts for each
connections (at 1/2 a minute per bolt) and tightening the bolts (2 minutes per bolt). Any welded
connections take 1 1/2 minutes per inch. The production rates also include the options for
installing and tightening the bolts before erection on the floor, and for installing and tightening
the anchor bolts. (The tightening of the anchor bolts does not include any placing of grout for
the prototype structure, since levelling plates were assumed to be in place before erection of the
first tier columns.)

_Finally, the installation of the deck (including cutting to fit and laying the sheets) is
calculated to take 4 minutes per sheet, and the welding of each shear studs takes 1/4 minute.
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While in theory every building should use comparable production rates, in reality the rate
at which the work proceeds depends on many different factors. Certainly factors beyond the
control of project managers, such as weather, war or material shortages, can disrupt activities and
make any time and cost estimate worthless. Other factors may, however, be more apparent during

the planning stages and in force during erection, and therefore can be usefully incorporated into
the design and estimation stages.

TABLE 5.5: PRODUCTION RATES FOR PROTOTYPE BUILDING

Cutput Input (or
Unit Unit Quamt (min/unit) Crew | Number of
UNLOAD
Beam bundie 1 4,90 A 1
JolsyPurlin bundle i 4.00 A 1
Column tundie 1 4.00 A 1
Truss section bundle 1 4.00 A 1
Diagonat brace bundle 1 4.00 A 1
SHAKEOUT
Beam bundle 1 1.00 A 1
Jolst/Puriin bundie 1 1.00 A 1
Column bundie 1 1.00 A 1
Truss sectlon bundle 1 1.00 A 1
Diagonal brace bundle 1 1.00 A 1
ERECT
Beam member 1 6.00 A 1
Joist/Purlin member 1 6.00 A 1
Column member 1 6.00 A 1
Truss member 1 6,00 A 1
Diagonai brace member 1 8.00 A 1
Instaill bolt bokt 1 1.00 A 1
PLUMB
Bay bay 1 20.00 B 1
Column column 1 5.00 B 1
PERMCON
Install bolt on floor |bolt 1 0.25 B 1
Tighten bolt on floo| bolt 1 1.00 B 1
Instali bott at keigh | boit 1 0.5¢ B 1
‘Tighten hoit at helg| bolt 1 2.00 B 1
install anchor boit [bolt i 0.50 B 1
Tighten anchor boltf bolt 1 2.00 B 1
weld Inch 1 1.50 c 1
DECK
stud stud 1 0.25 D 1
deck sheats sheet 1 4.00 D 1
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These factors are generally grouped under site conditions, project characteristics,
resources, and effects (Table 5.6). For the prototype building, the project was assumed to occur
under almost ideal conditions, in an unpopulated region with good access to major transportation
modes and an unlimited number of highly skilled craftsmen. In particular, the site was assumed
to have easy access around all sides of the building under construction (5), to be easy for
deliveries (5), to have a moderately large site for the unloading, storage, and shakeout of
materials (4), and to have no existing structures on the site (5). The topology of the site is
assumed to be flat (5), the connections among members is of a familiar type and uncomplicated
(5), the members themselves are only moderately heavily (4), and the height of the building is
only 4 stories (4).

TABLE 5.6: PRODUCTIVITY FACTORS FOR THE PROTOTYPE BUILDING

Parameter Factor
Site condltions
accessibility
easiness of materials handil
size of site
none-presence of exlsting st

o b o1

Project characteristics
regularity of topology
standardization of connectio
low weight of members
height of finished structure

& O

Actual Av 413
Percent 0.1
Resources

experience of ironworkers
level of technology of equip

Normal Av  4.33
Percent 0.93

[= I - ]

Effect | 102 Normalized factor

simplicity of erection seque
none-proneness to delays
expected organization
possibility to reassign resou
availability of resources

LE B R B I ]

. TOTAL 62
The overall effects that the site conditions, project characteristics and resources have on

the project are all 5, to denote the best possible conditions. The prototype structure has a
repetitive pattern, no delays are expected from the surrounding conditions, the site is not expected
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to be crowded (since it is a reasonable size) and it is expected to be well organized, while the
resources can be easily reassigned and are readily available.

Recent research has focused on developing detailed estimates of productivity factors
(Thomas, Sanvido, and Sanders, 1989; Thomas and Sakarcan, 1994; Halligan et al., 1994). Future
developments of these simulation models will incorporate these results and approaches. For
example, productivity may change over time (Thomas and Sakarcan, 1994), and different factors
will modify the standard productivity times for different phases of the project.

However, this version of the model uses a simple analysis based on the average rating of
site factors at a specified elapsed period of the total duration of the project. The results of this
average are normalized, to create a single productivity factor. For the prototype building, this
factor equals 1.02. This productivity factor is applied to all of the production rates (Table 5.7),
resulting in an overall improvement in the production rates of 2%.

TABLE 5.7: ADJUSTED PRODUCTION RATES FOR PROTOTYPE BUILDING

Otrtpet inpat {er

Unit Unit Quanidi (minfunit) Crew Nutber of
UNLOAD
Beam baieredin 4 102 A 1
solst/Puriln bundte 1 409 A 1
Column bundie 2 204 A 1
Tress ssction bundie 1 409 A 1
Dlsgonal bruce bundie 1 4.09 A 1
SHAKEQUT
Beam Fhundle A [:5-. 1 A 1
Jokst/Purlin budle 1 1402 A 1
Column bundche 2 2.5 A 1
Truss section bundle 1 1.02 A 1
Diagonal brace fbundie 1 1.02 A 1
ERECT
Beam " fmember 1 811 A 1
Jokut/Purlin member i 12 A 1
Column membet 1 813 A 1
Truss mamber 1 612 A 1
Olagonal brace it ber 1 11 A 1
natald bolt boit 1 102 A 1
PLUMB
Bay bay 4 11 B 2
Calumn column 1 255 B 2
PERMCON
Install bolt on floer |bokt 1 Q13 2
Tighten boit on Boor] boit 1 0.5 B z
Iratadl bealt &t Balgint | bott 1 ¥ 3 8 2
Tighten boit at halg {boit 1 102 B 2
tnstall anchar bot  {balt 1 028 B 2
Tighten anchor bott | balt 1 1.0z B 2
waid Inch 1 1.5 [+ 1
PECX
wud g 1 026 [+] 1
Jeck shests shast 1 409 =] 1
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5.3.4 Total Time Estimates

Using all of the information provided through the design and connection specifications,
and the estimates of the productivity factors to correct the production rates, the time for each
member and bolt can be estimated, and the total times for each stage (i.e. unloading, shakeout,
erection, plumbing, permanent connection, and decking) can be calculated (Table 5.8).

TABLE 5.8: ESTIMATED TOTAL TIME FOR EACH STAGE FOR THE PROTOTYPE

BUILDING
Members
quantity UN SH ER
Columns A2 42 858 2.3 YRS
Glrtiers/su 58 38 xr2 14.3 443.2 Plumbing
quarntity PL
Bracing ba A3 A8 49.0 123 a2 N4 Bay 24 24 pr ]
Calumn 0 ' 2.0
Efiler beam 120 120 122.8 30.8 7383 1228 Totalmin
a0 Tedal hin
Plrgonai b 1 -} o 0 00 0. 03 Tekal dayn
Steet jolste 1 [} 0.0 0.0 n.o
Deacking
Puriine 1 ] 0.0 0.0 0.0 quantity bE
) Studs azo0 3200 8172
T russ parto 1 0 2.0 T 0.0 0.0 Sheetn 384 384 1560.1
3148 8.7 1830,4  Total min 23883  Total min
52 1.3 72 ‘Total hre ».e Total hra
. 0.7 o2 3.4 Total days X4 Tokal dayn
Connectio ‘
guantity ER ins PC ins PC tigit
ER ina PC ins
Anchor bol 126 [} 322 0.0 128.7
Column sp 128 128 22 322 2574
Boam/gird
to oo 24 1120 572 . 2B8&.0 1729
Beam/gird
to co
Shared 240 240 813 8.3 A%0.3
Unshar 48 8 123 245 1471
Searm/glrd
to Bel
Shated azn 30 8.7 8.7 a53.8
Unsbar 84 128 %3 - Ar g 1981
Diagonal b 0.0 0.0 0.0
2932 518.4 3240.4  Total min
4.9 ue 341  Totalhm
0.8 1.1 88  Totaidays

The total times for each stage are summations for all of the units (i.e. members and bolts).
The use of these aggregated calculations requires attention, however, since they do not
automatically incorporate the time dimension. That is, these numbers are the result of the number
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of members (or bolts) times the production rates. Obviously all of the 266 members in the
prototype structure will not be unloaded all at once, taking 5.2 hours, but rather will be spread
across each day of erection. Likewise the shakeout may take 1.3 hours in total, but will also
oceur across several days. The actual duration of the erection is the 3.4 days for lifting and
positioning the members plus the 4.9 hours for the installation of erection bolts, but these
activities but happen in direct succession for each and every member. The total erection time
(unloading, shakeout, anderection) is then 4.9 days, but the erection may be spread across a
greater number of days to allow for the unloading of the trucks and the shakeout of the members
during each day, thereby reducing the availability of the crane for erection activities. However,
the total duration of the unloading, shakeout and erection activities is likely to be less than the
sum of their individual times due to the overlapping of activities and the possibility for workdays
of greater than 8 hours.

In the same way, the time for plumbing the bays two at a time, with two crews, is
calculated to be two hours total, and the time for installing the remaining bolts and tightening
all of the bolts required during the permanent connection stage, also using two crews, is 7.9 days.
The decking takes 2.5 days if 2 crews performing the work and 5 days with only one crew. Of
course, the bays may be plumbed soon after they are erected, and the bolting up may proceed
at the same time the bays are being plumbed, so the total elapsed time is one again different than
the sum of the times for the different stages.

5.3.5 Results

The sums for each stage can be used to evaluate the total labor hours, and can be adjusted
to calculate the duration of the project and the duration of the use of the crane (Table 5.9).

TABLE 5.9: TOTAL TIMES FOR THE PROTOTYPE BUILDING

I STAGE ) TOTAL TIMEm
Unloading 0.7 days
Shakeout/Erection 4.2 days
Plumbing/Permanent Connections 8.1 days
Decking 5.0 days

I TOTAL TIME ' 18 DAYS
TOTAL DURATION (with overlap) 10 DAYS

‘ Total Crane Utilization ( 1 crane) 5 days
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5.4 Manual Calculations

The following computations illustrate the first three days of the erection of the prototype
building. The objective of these manual computations is to combine the elements of the flow
diagram with the details of the spreadsheet. (Appendix D contains examples of the manual
computations.)

Since the project uses 150 tons of structural steel, nine trucks could possibly deliver the
structure to the site. Since each truck is limited to 40,000 lbs (without special permits), the 9
trucks would not be totally loaded and additional space would be available for transporting the
equipment needed. To conform with standard industry procedure, it is assumed that the building
members will be delivered in three batches of three trucks each. On the first day, 3 trucks arrive
and unload approximately 90 members (266/9 * 3), on the second day another 90 members are
delivered, and finally on the fourth day 86 members are delivered. There is no delivery on the
third day, which may be convenient for the fabricator and allows the erector to complete enough
of the erection, permanent connections and decking needed to proceed to the second tier.

From the spreadsheet model, 0.66 days were computed to unload 266 members, so
unloading 90 members will take 0.22 days by a linear relation. To fully utilize the eight-hour day,
a remaining 0.78 days are available. Forty-nine members can be shaken-out and erected in 0.77
days, since 266 can be handled for these same stages in 4.17 days according to the spreadsheet
results. (It is important to note here that no overlap has been considered because only one crane
will be utilized.)

Activities can be overlapped, as shown in the erection flow diagram, when permanently
connecting the bolts. After the erection of the members, bolting could possibly start with a lag
of two erected bays, which means that six of the eight bays can be connected towards the end
of the day. The time allowed for connecting is thus (6/8)*0.77=0.58 days. Again by a linear
computation, 228 bolts could possibly be connected in this amount of time (8.10 days/3178 bolts
results in 228 bolts in 0.58 days). The eight bays contain approximately 530 bolts, so
approximately four of the eight bays could be connected.

At the end of the first day (0.22+0.77=0.99 days with 8 hours in a day), 90 members
would have been unloaded from three trucks, 49 members would have been shaken-out and
erected forming 8§ bays, and four of the erected bays would have been connected.

No decking occurs on the first day, but if desired it could start on the second day since
4 bays have been permanently connected. The decking can proceed in paralle] with the continued
erection of members, bolting, and plumbing.

Figure 5.3 shows a diagram of the progress of the structural erection, expressing the
results of the manual computations for the first three days. Note that the structure is stable at the
end of each day, that the erection unmit is the bay, and that OSHA regulations have been
considered by maintaining the maximum of two unfloored levels.

In Figure 5.4, the relative duration of each major phase is presented. The advantage of
this approach to the presentation of project activities is that it effectively conveys the nature of
activities expected to occur on each day. For instance, the unloading of the trucks which occurs
every day is clearly represented, and delays in the arrival of the trucks or their unloading can be
directly assessed. Lickwise, the lag between the permanent connections and the decking is clearly
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evident, allowing immediate response (such as allocation of resources) to meet OSHA regulations
and maintain the job flow.

Section B-B

A
Ch 1,
I [ R N S B
Section A-A .‘ L A
Elevation

KEY: A » Permanent Connections - : \'
L.t 1 Deck

FIGURE 5.3: PROGRESS OF STRUCTURAL ERECTION OF PROTOTYPE
BUILDING, DAY 3

UN

SH/ER

FL/PG

Ut

FIGURE 5.4: PROJECT DURATIONS BY PHASE FOR PROTOTYPE BUILDING
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5.5 Summary

The prototype building provides an opportunity to demonstrate the application of the
simulation models. It will also provide a common baseline for the comparison of new techniques
and technologies used in steel erection, during the next phase of the research.

In their application to the prototype building, the preliminary simulation models performed
very strongly. The flow diagrams demonstrated their infinitely adaptability, and effectively
captured the dynamic aspects of the project. Indeed, the flow diagrams were particularly useful
for the manual computations, since they provided an effective system for keeping track of the
flow of the activities, and the cycle of repetitions. The spreadsheet captured the specific of the
prototype building design, down to the last bolt, and proved useful for general estimates and logic
checks. For the daily computations, the spreadsheet was modified to calculate the durations with
respect to the specific number of members for each day, but the process proved time-consuming
and cumbersome. The manual calculations captured the dynamic aspects of the daily activities
with the specific counts and durations of activities. The process of these hand calculations,
though, is laborious, and needs to be supplemented or replaced by computer-based capabilities.

The example application of the prototype structure, as captured in the preliminary
simulation models, did indeed indicate possibilities for significant changes. The stability of the
frame at the end of each day was an explicit criteria incorporated into this model, though its
adherence on construction sites may be less rigidly observed. Alterations in the flow of erection
could easily ensure the stability of the frame at the close of each workday, thereby increasing the
safety of the site. Analyses of the variances of erection time when design specifications were
changed (for instance, adding the shear studs along the beam line for the decking) provided
insight into the erection activities which either took a significant amount of time to complete or
set the pace for the rest of the erection process.

These observations will be extended in the next phase of research on the use of new
designs and construction technologies in steel erection.
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CHAPTER 6

CONCLUSION

The design, fabrication, and erection of large structural systems are complex processes
using the expertise in many diverse areas. In the current condition of the industry, the design of
the structure is often accomplished without explicit consideration of the resulting activities needed
during fabrication and erection. Likewise, the fabrication and erection processes can often be
performed without detailed coordination and optimization. While these divided realms have
produced significant structures, room for improvement does exist. Specifically, designs can be
evaluated with respect to their fabrication and erection requirements, and new technologies can
be considered for fabrication and erection.

6.1 Summary of the Research

The three preliminary simulation models presented in this report provide an opportunity
to systematically study the steel erection process. Each model examines the fabrication and
erection processes in a different way; and the combination of these complementary models is a
powerful tool to improve the robustmess of facility design and Jower the barriers to the use of
new technologies. _

The fabrication and erection flow diagrams reveal the cyclicity of these processes and
highlight the points at which internal or external factors prompt shifts out of the cycles. The
development of these models represents a new approach. While inherently repetitive activities
have been modelled in other simulation research, most other construction processes have been
viewed as too susceptible to change to be analyzed in this way. The simulation models
themselves then can provide insight into these processes. In particular, the erection flow diagram
provides critical criteria to analyze factors which could delay or expedite the construction process.

The spreadsheet-based model is also unique, since it combines a detailed productivity
estimates with the specifics of a design to calculate total project duration. The spreadsheet model
presents an innovative approach of using a site factors to affect the productivity of different
activities given any combination of specified crew types. In addition, the detailed member counts
(e.g. number of beams, number of each connection type) provide the opportunity to experiment
with functionally equivalent designs to determine relative erection times.

The third model, currently approximated through manual calculations, explicitly links the
flow diagrams to the spreadsheet-based model to create a realistic and time-based analysis of the
erection process. With proper use of the models, a daily Gantt chart can be generated to describe
the construction process in a more detailed way than is actually being done in industry, for
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example, specifically separating erection from permanent connections. This separation of the
activities allows the designer or erector to consider such factors as the stability of the structure
at the end of each day and the relative safety of the site.

These preliminary simulation models approximate the best available approaches and
knowledge in the construction industry. They can be used by the members of industry to analyze
and plan erection activities, and they may provide capabilities in design and fabrication planning
as well.

6.2 Future Research

The next phase in ATLSS project ADC-11 will use these models to economically assess
new construction technologies for steel erection. The example application of the prototype

building. will be used. as the baseline.on which.to. compare.certain. technologies, such as_the .

ATLSS Connector and other advanced construction technologies. The assessment will include not
only total costs, but also changes in the flow of the project, resource use, activity and overall
duration, and other factors such as safety.

It is hoped that additional data acquisition activities will proceed in the future to aid the
development of the probabilistic functions within the models. The randomness of the construction
process could be somewhat treated in a deterministic way if enough data is gathered. Also, it is
desired to increase the number of probabilistic decision diamonds in the fabrication and erection
models, to more closely represent the nature of construction.

The fabrication model itself will be developed more fully in other research. The expansion
of the consideration of fabrication activities can further enrich the erection sirmulation models by
directly comparing the benefits, opportunities and costs associated with off-site and on-site
activities.

Finally, the erection simulation model currently approximated through manual calculations
should be incorporated into a fully computer-based model. This model may well employ current
software developments and techniques, such as object-oriented languages and visual
representations. The computer-based model could be as flexible as the spreadsheet-based model
in- accommodating different design specifications, and as generalizable as the flow diagrams,
while adding the truly dynamic aspect of daily flow and all other factors relevant to structural
erection.
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APPENDIX A

FABRICATION FLOW DIAGRAM
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APPENDIX B

ERECTION FLOW DIAGRAM
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APPENDIX C

SPREADSHEET-BASED PROGRAM
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TIME ESTIMATES

-for activities in the steel construction process

DATE: 10/27/94

PROJECT: Prototype Bullding
WEIGHT: 150 Tons

STRUCTURAL SYSTEM: A sorles 'ot rigid frames connected by bracing beams.
Two-floor column tlers.
Filter beams.
Members
Member Unit - Unit quant members/ tolal No, of input No.
Wi
Columns tier 2 21 42 42
Girders/supporting beams floor 4 14 56 56
Bracing beams floor 4 12 48 48
Filler beams floor 4 30 120 1 20
Diagonal braces o 1
Steel joists 0 3
Purlins 0‘ 1
Trusses 0 1
266 Total

*—.Numbers in the last column must be
inputed in this column. Zeros shouid be
replacad by ones to aveid
division by zero.
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Caonnactions

Bolts per connection
Connection Unit Unit quant|total bolts/} shop bolte| fleid bolta

Anchor bolta cofumn 21 [ 4] 6
Column splice column 1 24 12 12
Beam/girder/trusna/joist to colum{ girder 56 42 18 24
Beam/girder/truss/jolist to calum

Shared bolts boam-colu 60 12 4 8

Unshared bolts column-be, 24 8 2 &
Beam/girder/truss/jolst

to Beam/girdarftruss/ioist

Shared bolts filler-girde 80 12 4 B

Unshared bolts girder-fitle 32 8 2 6
blagona! braca to beam/column ¢
Total baoits

Connection ER Ins (*} [PC Ins (**){total No. of tota! No, off total No, of

Anchor bolts 126 0 126 0 126
Column splice 126 126 504 252 252
Beam/girder/trussfjolst to colum| 224 1120 xa52 1008 1344
Beam/girder/truss/joist to colum

Shared boits 240 240 120 240 480

Unshared holts 48 9% 192 48 144
Beam/girder/truss/joist

to Beam/girder/truns/joist

Shared baolts 320 aze 960 a0 640

Unshared bolts 64 128 258 64 192
Diagonal brace 1o beam/column 0 1] 0 /] 4]

TOTAL 5110 1932 3178

QOther quantities

Plumbing bays 24
Plumbing ¢olumna 0
jinear inches of weld ¢
truss sections L]
atuds - 3200
deck sheaets 384

*—Two bolts at aach end (OSHA regulation), 50% of spH

**..Ramaining bolts
***.|nstailed and tightened
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PRODUCTIVITY
Productivity, p = output

input
CREWS STAGE RESOURCES
A UN/SH/ER 2 Irenworkers
1 helper
1 crane and operator
B PL/PC 2 Ironworkers
c PC(weld) 1 Ironworkers
D DE 2 lronworkers
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PRODUCTION RATE
Including Idle time

Qutput input (cr
Unit Unit Quant]] (min/unit) Crew | Number of
UNLOAD
Beam bundie 1 4.00 A 1
Jolst/Purlin bundle 1 4.00 A 1
Celumn bundie 1 4.00 A 1
Truss section bundie 1 4.00 A 1
Diagonal brace bundle 1 4.00 A 1
SHAKEQUT . _— _
Beam bundie 1 1.00 A 1
Jolst/Purlin bundie 1 1.00 A 1
Column bundle 1 1.00 A 1
Truss sectlon bundie 1 1.00 A 1
Diagonal brace bundle 1 1.00 A 1
ERECT
Beam member 1 - B.00 A 1
Joist/Purlin member 1 6.00 A 1
Celumn member 1 6.00 A 1
Truss ; member 1 6.00 A 1
Dl'égonal brace member 1 6,00 A 1
instail bolt bolt 1 1.00 A 1
PLUMB
Bay bay _ 1 20.00 B 1
Cotumn column 1 5.00 B 1
PERMCON
Instail bolt on floor | bolt 1 0.25 B 1
Tighten bolt on floo| boit 1 1.00 B 1
Install bolt at heigh | bolt 1 0.50 B 1
Tighten holt at heig| boit 1 2.00 B 1
Instali anchor bolt | bolt 1 0.50 B 1
Tighten anchor bolt! bokt 1 2.00 B8 1
weld inch 1 1.50 & 1
BECK
stud stud 1 0.25 D 1
deck sheets sheet 1 4.00 D 1
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FACTOR PRODUCTIVITY

Factors (-5...0...+5)

Parameter Factor
Site conditions
accessibility
easiness of materials handli
size of site
non -presence of existing st

QM ;

. |Project characteristics
regularity of topology
standardization of connectio|
low weight of members
height of finished structure

& bonon

Resources .
experience of ironworkers 0
ievel of technology of equip

o

Effect
simplicity of erection seque
non -proneness to delays
expected organization
possibility to reassign resou
avallability of resources

B oorin ;1

TOTAL 62

Actual Ay 413
Percent 0.91

Normal Av  4.33
Percent 0.93

[ 1.02  Normalized factor
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ACTUAL PRODUCTIVITY

Qutput inpuet {cr
Unit Unit Quantl] (minfunit) Crew | Number of
UNLOAD
Beam bundie 4 1.62 A 1
Joist/Purlin bundie 1 4.0% A 1
Column bundile 2 2.04 A 1
Truss section bundie 1 4.09 A 1
Diagonal braca bundle 1 4,09 A 1
SHAKEQUT
Beam bundie 4 0.26 A 1
Joist/Purlin bundle 1 1.62 A 1
Calumn bundie 2 0.51 A’ 1
Truss section bundie 1 1.02 A 1
Diagonal brace bundle 1 162 A 1
ERECT
Beam member 1 6.13 A 1
Joist/Puriin member 1 6.13 A 1
Calumn meamhber 1 6.13 A 1
Truss member 1 613 A 1
Diagonal brace membar 1 813 A 1
install bolt bolt 1 1.02 A 1
pLUMB
Bay bay 2 5.1 B
Column column 1 255 B
PERMCON
Instali bolt on floor }bait k1 .13 B 2
Tighten balt on flocd boit 1 0.51 B 2
Instail boit at height [ bolt 1 [ B 2
Tighten bolt at heig {bolt 1 1.02 B 2
instalf anchor bolt | bolt 1 026 B 2
Tighten anchor bolt [ bolt 1 1.02 B 2
weld inch 1 1.53 C 1
DECK
stud stud 1 0.26 D 1
deck sheals sheot 1 4.09 D 1
*~-Enter 2 one (1) in items that will n
to avoid division by zero,
SUMMAR
Crew A 1
Craw B 2
Crew C 0
‘ Crew D 1
TOTAL TIMES {min) Total ironw 9
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TOTAL TIMES (min} |Totai Iranw o
Members
quentity UN SH ER
Columing A2 42 B%.8 215 257.4
Glrdors/s - 58 58 57.2 142 3432
Bracing be 48 a8 49.0 12.3 2942
Flller beam 120 120 1228 308 7355
Disgonal b 1 o 0.0 0.0 B
Steet joists 1 [} 0.9 0.0 8.0
Purlina 1 [+] 2.0 °.0 0.0
Truan partsl 1 0 0.0 4.0 0.0
J14.8 78.7 18304  Total min
52 1.3 e Total his
0.7 0.2 34 Tetal days
Connectio
quantity Ef Inw BC Ins PC tight
ER Ina PCins
Anchor bol 128 o 522 [ X 128.7
Colsmin sp 128 128 2z az2 1.8
Beam/gird
o o) 224 1120 57.2 288.0 13728
Baanmvglrd
to o
Shared 240 240 81.3 81.3 480.3
Unahar 48 ] 122 24.5 147.4
Bearm/gird
to Bey
Shared 250 3720 a1.7 817 652.9
inshar 64 128 183 2.7 198.1
Dingonal b 0.0 0.0 0.0
283.2 3184 4248.4 Total min
4.9 8.5 4.1 ‘Total hrs
0.8 1.t a.8 Tetal daye
Plumbing
quartity PL
Bay 24 24 1228
Column 0 0 0.0
1228  Total min
2.0 Total hrs
03 Tetal days
Decking
quarnthy BE
Studs 3200 3200 8172
Sheets 384 384 1589.1
23863 Tolalmin
398  Totml hea
55

Total duys 82



SUMMARY OF RESULTS

ANALYSIS

Time Estimates

Stage Time
UN 0.66 days
SH/ER 4.17  days
PL/PC 810 days
DE 4.97 days

Consideringov  10.00 days
Cost

Rates

supervisor 45 $/hr
fronworker 35 $/hr
helper 25 S/hr
crane BOO $/day
Project Direct Cost: $32,000 |
Rasources
Crane Utilization: 5 days
Number of cranes; 1 cranes
Number of workers

plus supervis 10 workers
Productivity
Members: 53 perday
Bolts ; 98 per person




APPENDIX D

MANUAL COMPUTATIONS
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MANUAL COMPUTATIONS

Definitions

T = tons of steel in project

n = number of trucks

M = number of members in project

N = number of field bolts in project

m = number of members in a truck

un = days to unload M (obtained from spreadsheet)

shfer = days to shakeout and erect M (obtained form spreadsheet)
pl/pc = days to plumb and permanently connect M (obtained from spreadsheet)
de = days to complete decking (obtained from spreadsheet)

X = quantity variable in a linear relation

t = time variable in a linear relation

Note: x and t may both appear in a linear relation, which pressumes
one has been previously computed.

Assumptions

1 day = 8 hrs

Determine resource limitations (for example, using only one crane for
unloading, shaking out and erecting).

Formulas
n = (T * 2,000 *1.10) / (40,000). Add 10% to provide space for equipment.
m=M/n
Linear relations:
(un /1) = (M / m)
((sh/er) / ) =M/ x)

((plipc) / (N) = (t /%)
(de /M) = (t/x)
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APPENDIX E

VISITED SITES

(DATA SHEETS FOR ON-SITE OBSERVATIONS)
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SITE VISITS

1. Breathilizer Plant

Bethiehem, PA

ELEVATION

2. Chanel Building

Manhattan, NY

j

|

L. &

i

.t

2 LEVATICM

3. Church

Bethlehem, PA

ELENATIIN
4. Home Depot Whitehall, PA
Pran
5. MBNA Wilmington, DE
X 1 A
ELEVATION
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6. Mutual of America
Building

Manhattan, NY

ivg

i
H
il

£ LEvanod
7. Sacred Heart Hospital Allentown, PA
L 1 4
£LEvarin
8. Store Quakertown, PA
ELENATION

9. Tennis Courts

Bethlehem, PA

r

ELEVATION

10. Watchtower Parkin g
Garage

Brooklyn, NY

PLAM
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INFORMATION ' Site visit dates

Project Breathilizer Plont Day 1) _ %€ 23/
Owner Day 2)
General contractor _ Poyler  Agccociates Day 3)
Erecting contractor :
Address *75_1’: Cedve, Hye. Be%ﬁfﬁkeu‘
DESCRIPTION

5?,,avceafumn- JBFS'?‘ Q:VG\MQ with ir/zﬁ/f Jic,f'.S‘l[S‘.

" Avec, = ’\-I‘?OO\.;d?‘

PRODUCTIVITY

Bolts/day/person ' Lifd ymanewvey, Ims.;—ﬁoh) iwsdedd
Day 1) — : Qud "ﬁ‘jh‘i‘v—. boHs of a
Day 2) e WAL bt 1 B i Lo sec
Day 3) R Ligt, Maneuder; pesition iwfil

be—C&-w: Z naiv J0 s

Members/day . St s above : 2wy Ffsec
Day 1) —_—
Day 2) S
Day 3) ——

REPAIRS/DELAYS

O 1vouwovKesr wis QM\C»W%‘W holes w/ O\Aw}auh dev b,
‘ LI}

89



SAFETY

SEQUENCE OF ERECTION

Erecr oo we—Towt Frames—= Pluwl —> Evect il eisiC .
| ]

RESOURCES

l-belescanic CVeaus
i

R TR .

(- SLLF‘?V'UISDV'

DRAWING

WAVAVAAVAVAVH

ELEYATION
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INFORMATION

Project
Owner

General contractor
Erecting contractor

Clhamel Emgmj5§

Mﬁmﬁ:&aﬂm
¥al Y

Cow Skeel

Site visit dates

Day 1) obju | ¥

Day 2) S
Day 3)

Address LSNP st aud Madison Ave. ;r\lm\{eytalr\.‘
DESCRIPTION
F\f\(s—\%uﬂ Shruchuve dewslighed as wew Struchive
WG \ eveltec. Toled .5'\4&\;3( Celuvaws
PRODUCTIVITY
Bolts/day/person
Dayl)  ———
Day 2) _ ~—m
Day3) _ wwm—
Members/day _ )
Day 1) __& Colutmms th fws Viouvs
Day 2)
Day 3) —_
REPAIRS/DELAYS
The tewgoravy Vvacive of M welle of M
adicCent  Liuildonag wes of obgiyuckoe Lo Lo
evdSaon ) L’ coluvune,

91



SA¥ETY
oy kicat SQCQ,"’M\ we TS \Moedey beviicades

SEQUENCE OF ERECTION

RESOURCES

- Cvant (howey)

Cveaay A~ Sabevyis ey
l— Cvbne s9evetor
L 'IVthnvkiJv’S' (oalocd tua
[~ ivoumom WKee A{vu%\fa
2= lvom workere (idle) 7

ofbhave — weldtua, Llevns 1.t Ao il s
/7 ) "‘j

DRAWING

T

1
t.f)

|

r

i

ELEVATION
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INFORMATION Site visit dates

Project Chueh Day 1) 08 /18]

Owner Day2) 0% /19 H‘:‘

General contractor y vclion, Twe. Day3)_ —

Erecting contractor co St S

Address Ceuter St aud th&gg{,’ S Mklakew) A
DESCRIPTION

Byaced ‘?‘qu\,km ; Simple 'Fvamiwa. <teel 30i5—\c) valled
“5\\0?95) Weetal deci i i

PRODUCTIVITY
Bolts/day/person
Dayl)_ ——
Day 2) o

Day 3) —

Members/day
Day 1) —

Day 2} h?mg 200 members ; Y LIL Jﬂﬂ_g

Day 3)

REPAIRS/DELAYS

A-\A\—\-‘mmd Comin el :D\Cjﬂ‘i \nac\_ 4= be (mYéeY@é
cnd  weled  ou =ide. Vj t

93



SAFETY

Gaun wuaves ’h 5"ta\ai\i Ze S'F(ud”kw& wLm cw\iu

Hon belds led  Yeeo inctalled ot ecark .2 of o

Vet dn culuvan cnwnesiahn.

SEQUENCE OF ERECTION

Columame - Vet HYSJF, Thew ‘foo'( lois4s

RESOURCES

[~ cveme (elescopic)

S =W owwoavlers !(3 EY . 2 ‘PQ

= SuPevyisoy

DRAWING

04




INFORMATION Site visit dates
Project fame Depot 'Dej;c.w\wev& Swe  Day1) 020 IQH'

Owner — Day 2)
Day 3)

General contractor
Erecting contractor _C veilg Sidles

Address Me Byidoun Ba and US ;ZSWLC\-\—cthJYA

DESCRIPTION

Ode ~Srvyty building . Plev: 8> bayg, picid
Pyomat . Eilled Welds. WolY weany Lolts, Rlocime “=ont
wselded dv givdevs. J !

PRODUCTIVITY

Bolts/day/person
Day 1) _——
Day 2)
Day3)_ ——

Members/day
Day 1) _ ————
Day2y ———
Day3) ———

REPAIRS/DELAYS
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SAFETY

SEQUENCE OF ERECTION

Co Ll ‘P\Vs»\-,ﬁ-\,\e\ﬂ aivaeyrs | @@%%)ugc

S\Lul wives, Pluwl })awé eld ov weld

RESOURCES

[ cvane Crelescopic)

L~ Welpey ‘

. i -
b~ Iveauw ey e es

! - QU(‘?QM\JQ Q.(\\;"

DRAWING

Tran
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INFORMATION Site visit dates

Project MBN A Day 1) /0 O‘t"‘/‘?‘r"

Owner — Day2) ——

General contractor —— Day3) 7

Erecting contractor _Fg [con  Steel

Address [ and K\'mj 5{‘.) Wi‘mm&"fon ; PE
DESCRIPTION

M owent  <tepd 'iCVaM.C witlh Cowpesite deck -‘C{oo‘/
<\1\C‘]“6W~ i\\%o; YvausLoy ﬁ.l\{c‘\ﬁ"fs t

PRODUCTIVITY
- —> sk
' - 4 heons in ISw
Bolts/day/person eaws in S
Day 1)  — _ Cloeaws haten oud From T i)
Day2) —— Ee. , -
Day3)  — I beamn — ZwindOsec
) " ” ——— Z_ L 2—0 ae
MemberS/day : . LA : 'l.' : ? :.‘ \gg ':!
Day 1) - ) Moter These bocyo weve
Day g) Q»YE—(:'&&A A \avl 1. Time
‘T"f‘mew} brecun was
' {+ted
REPAIRS/DELAYS Vrooll. was ;:fe\:f; i’b‘_&

? ¥
T PN — 7 il 3D se,
. (R}
Nete - 3 beaws e tsqgther.
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SAFETY

?&yivwﬁc\( LWives  wepe ‘ge;(— D J\’Lﬁ Q%y on which
ENe c;!"i('uﬂ WIGS  ondao, o .
- P
SEQUENCE OF ERECTION
RESOURCES
= Oue . fowoey Cyaine
= Evedkion  CVeo --
2 IW eve e
5} - 'S-—W L"l t‘K‘h‘{)‘/DYFMY;.AQ
= Sepeyincsy H ’
= Pluabin /pfc}(‘k;./ Relbl 4y = Mawy ofber T w.
DRAWING
l
t
;
1
i
L L . 4
ELEVATIO M

98



INFORMATION Site visit dates

Project Pehal S Mutuad of Aneyice Bmidnﬁ Day1)_©7/ zof ‘f‘;
Owner Hudual of Awevica Day?2)_ 01/zz
General contractor Tuvumer (D Day3)_ ———
Erecting contractor _Fa fcoun  Steel
Address 320 Tavk Awe Maunlatee

DESCRIPTION

Mk S"“‘D‘r&; Steed Frame Vool idehion .

PRODUCTIVITY

Bolts/day/person
Day 1) R

Day 2) —Z wouldn't oLy, de .;‘m{l;, Ine essurement

Day 3) R Co5s 2!’“”3'/%“/?%50»;

Members/day :
Day 1) ——
Day 2) —_—
Day 3) —

REPAIRS/DELAYS

?@YW\QV\E/{}' Couue(}i()k CV’&A): O NVowwgy Ker vt §

z;.,q;\,..sj e Llows cufer v ﬁ_,utc_rje Ly les.
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SAFETY

\}@V('—‘CC} Pay i vnadvel ‘“V&MQ kdf'j sef é% TuvnerCo. vncll Flovws
Moot oa s /Ju@/ Whee Feldonm Lipiched pvan‘nu 2 {{oov,
hed h maces o ttef 4o 4L ec!qg of e Loy’ id. e BLle ., uhise
How  crudd be ﬁn#d éw Tuvuer M %m~1cc£ Qevimedrol blic Y mets
on Ao Plopr D-«Lu Woocéeu. bavvicedes o poum or)e:.\ spoce s (oers
Tunedelled loxf Towwnes, Declling ; muw{ 320 Yooy = QJ‘)QM‘F other Llooy.

SEQUENCE OF ERECTION

Mw\uqé/%akeoﬂ — Tyect {and Counedt hoo lmlls @ ea. Q/b\cs.b allbay ¢ —=>
?Lumb/Tboi+u CDKT\M_L{{ @.:q; l’?‘\kﬂ;—-«u'ﬁ — F{aor

?(M—“\‘O‘“A_G’ as S\A-nu:v\ﬂ - P ?C..O;‘C. g/f

Flooy : Tufill beows —2 Dec ~> studs —= Pour couevrete

RESOURCES
1 -Cvoume ( meev\

- Tvonwarkeve  ( feldor awd L helper. 7 evective cwedd bo!

Dp,
b Sl\QZewc aud | Ltefpof. [ Flmer) - = ol /weve
Aovaolishive, ot ﬂ‘éf’\\f (Avec =~ 40" % LO° ))aué evects
o 'mw:iYKe,rg (s Di’"“hc:mfh./-{- coanerlivs)m oo ner LY Flog “\5
2= Fempaapneleefd C-‘Z;; za.l:%v«—\"“-"- an 238 .&fg;vv' — Heod ¢ leveiacd yod.

Mo te C?*‘S'-FZ =+ lo_cince _shaved vetouvcec . Couldw® fell
w"\-bg\&* e or !4}1/2»5100 v ey

DRAWING

gLeyation
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INFORMATION Site visit dates

Project Addikon IO Sacved Reed Yosole! Day1)_o&[1al94
Owner — ' Day2)  ——
General confractor Day 3)

Erecting contractor _L. ¢ | Eyertovs

Address St st auwd Clhew st ; Alerrown, PA

DESCRIPTION
Lad Brames wir Wbl Veaws . Melet deck B

LClesy ~

PRODUCTIVITY

Bolts/day/person
Day 1)

~ Day 2}

Day 3)

Ll

Members/day ‘ _ | | .
Day 1) _Eveihion Cﬁwr\d‘eé TN 'A“*{S (\’J(b Yevmuﬁhi cmmm\ﬁ\

gg g — - ' _ (.ctf’?vb\{., 260 We’m\a%s)
(_Fivsﬂ? dey . 23 columng + ald
' fxe 4 Floov)

REPAIRS/DELAYS
aiw ed duvh«j; Hoe éaq‘_g .
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SAFETY

SEQUENCE OF ERECTION

AN 2% coluwae fivgd, Thee eved by loey

_!f)ﬁ(l.u.c Gad -i\-_‘\.g“\\\ .lol’dl\nﬂs. Tlosy lm..i.gfnc\f. I

: };:e,v mglvel

RESOURCES

{'-'—Te\efrn?iCCV&wt 1 weel EE, St )

5 Tyovuwnkers fived weef: ©p

B T veomwoev¥er Soround Week: "?c,) ?L, DE

DRAWING
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INFORMATION Site visit dates

Project , Sve Day 1) 0% 125Zq4

Owner Day 2) ——
General confractor Day 3) —
Erecting contractor
Address ) Meyth o LIy

DESCRIPTION

Viaid 'e{a.‘mt witl  inbill beanwae  Oue- 5’4’5:?
b\xi‘c\'l‘-\a‘j. Aonvoriwatele 120 L}J( Y 1006 gds. Camcye,
flooye ., )T—\-&L‘_‘L(‘GV C,b‘l/l’\‘.uhg- !

PRODUCTIVITY

Bolts/day/person
Dayl)_ ——
Day2)  ——
Day 3) _—

Members/day ' . .

Day 1) 20 ainy P‘W e wtewbers  Eanbve ST7uUC Ay e o &:XC..\ig_
Day 2) ’
Day 3) .

REPAIRS/DELAYS
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SAFETY

SEQUENCE OF ERECTION

Placewment o6 gl colimns Fivsl‘ Thew beaws,

Pl bivg = Evecd a$ wviteh  AS vai, o6 1w Oue

L B v T wp “.m.le — ol
/)._v\é!' Volk -_Simul"’rc\kﬁ.o)ush_gl

RESOURCES

[-cvane Crelegcopic)
- LY DWW/ w\{evst

DRAWING

FLEVATIoN
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INFORMATION

Site visit dates

Project Trdowsteunic  couyts Day 1)_03/22/a4
Owner Leldal, U wiveveity Day 2)
General contractor -——— ! Day3)y__—
Erecting contractor
Address Lo \el, UMnive — Goodwaesn Caw?m
DESCRIPTION
E,ij*ié T@QMI Comnd Py ling
PRODUCTIVITY %%‘L[L‘i‘i
Bolts/day/person ‘—belk"’_“‘ hoist
Day 1) ‘ “aw Ob Sel.
Day 2) T - L {g'l'/MQKerV ‘
Day 3) — O waiv 40 s5er.
_ P |
Members/day P P )
Day 1) i ‘ Hholdbg — Bumin l0Osec
Day 2) r—r— 4 o =~ 5 v 07 n
Day3) T : 4 ot A R 22 ¢
REPAIRS/DELAYS
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SAFETY

SEQUENCE OF ERECTION

Evect Aromes =7 Slebilize Loue \g! Gy Wivel —>
i t

cverd ey ling —= U puyvling
| 1

T —H«\e, evec o -ef -H«e "’F'famf'fl, Colttuwin¢ oeve

evecked Covet s e gwcle.ws..

RESOURCES
- delercapie <cvawne
(o= "th\rlbb‘/KF.ws
DRAWING

r Y

ELEWATION
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INFORMATION Site visit dates

Project V\fakl\hm@v ?cvl’-iha 65""5'\5\':-- Day 1) ©8//L /¥
Owner : - = Day2) —
General contractor Day3) _—
Erecting contractor __ ¢ kow . Steel

Address 9 Adaw St Bronk \g vy NN

DESCRIPTION

Steel fromeS ot ufil beawms b SuﬂDGYJr wetel

decy

PRODUCTIVITY

Bolts/day/person
Day 1) <———
Day 2) ——
Day 3) —

Members/day ;
Day 1)_8©_ wnewbhers on Fvek hoo Afu,,(_, )

Day 2} e
Day 3) —

REPAIRS/DELAYS
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SAFETY

(\

\J\rbﬁ"‘ie"“ \OC‘VY‘-'CC:“&L C&\OWR YC&CJ‘\"\“HG wa U (QV Suad
?ovime}r@v ot :::i-t-e) -~ J;

SEQUENCE OF ERECTION

RESOURCES

= { ~CNGwe Urc\escooic)
Cveaysy -\ SubtewhSaw
l— cva e noe,w,&w

4 ‘_'E\/nu\mv\{ors (2 o 4Low ln.@‘v.w; ¥ 1 vece
— TvolwiaeKey -— YL /

n/"ma meu\,'e%)m’g?\ A

DRAWING

Tianl
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APPENDIX F
INDUSTRY MEMBERS
(RECEIVED ERECTION FLOW DIAGRAM AND

PRODUCTIVITY ESTIMATES PACKAGE)
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INDUSTRY MEMBERS

Robert G. Abramson

Chief Executive Officer
Interstate Iron Works Corporation
Mullen Road

P.O. Box 300

Whitehouse, NJ 08888

Arthur Aubin

Yonkers Contracting Company, Inc.
969 Midland Avenue

Yonkers, NY 10704

Joseph A. Bachta

Vice President

International Bridge & Iron Co.
90 Day Street

Newington, CT 06111

John Bailey

Vice President/Fabrication Operations
Havens Steel Co.

7219 East 17th St.

Kansas City, MO 64126-2890

Milt Gore

Du Pont Engineering

P.O. Box 6090

Newark, DE 19714-6090

J.D. Griffiths

Vice President/Engineering
Paxton & Vierling Steel Company
P.O. Box 1085

Omaha, NE 68101-1085
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Philip H. Griggs

President

Topper & Griggs, Inc.

339 Cooke Street

P.O. Drawer "L" _
Plainville, CT  06062-0963

Geerhard Haaijer

Vice President of Research and Technology
American Institute of Steel Construction

One East Wacker Drive, Suite 3100
Chicago, IL 60601-2001

Richard H. Hendricks

Du Pont Engineering Center

P.O. Box 80840

101 Beech Street

Wilmington, DE 19880-0840

Robert J. Herm

General Manager/Engineered Sales
Pitt-Des Moines, Inc.

Chicago Steel Construction Div.
1600 North 25th Ave,

P.O. Box 1250

Melrose Park, IL 60160-1250

Tim Horst

Bechtel Construction Operations
Resources and Technologies
Bechtel Corporation

6801 Washingtonian Boulevard
Gaithersburg, MD 20878

Nestor R. Iwankiw

Director, Research & Codes
AISC

1 East Wacker Drive, Suite 3100
Chicago, IL. 60601-2001

David Jeanes

American Iron & Steel Institute
1101 17th St., NW, 13th Floor
Washington, DC 20036-4700
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Don L. Johnson

Butler Manufacturing Company
Research Center

135th & Botts Drive
Grandview, MO 64030

Jay Larson

Structural Consultant

701 E. Third Street
Bethlehem Steel Corporation
Bethlehem, PA 18016

Marc Lerner

Quickway Metal Fabricators, Inc
Box 472

Monticello, NY 12701

J. Walter Lewis

Kirby Building Systems, Inc.
P.0O. Box 390

Nashville, TN

John McMahon

Executive Director

Institute of the Ironworking Industry
1750 New York Avenue, NW.
Washington, DC 20006

John O’Brien

Vice President

Falcon Steel Company, Inc.
813 South Market Street
Wilmington, DE 19801

Clifford Ousley

Bethlehem Steel Corp.

701 East 3rd Street
Bethlehem, PA 18016-7699

Robert L. Parrish, Jr.

Sales

Allied Steel Products Corporation
500 Water Street

Newport, DE 19804
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Joseph L. Prosser, Jr.

The Prosser Company, Inc.
5234 Glen Arm Road
Glen Arm, MD 21057

Henry L. Ritchie
BE&K - Delaware
242 Chapman Road
Newark, DE 19711

Abraham Rokach

Director/Building Design

AISC S
One East Wacker Drive, Suite 3100
Chicago, IL. 60601-2001

John Schlecht

Institute of the Ironworking Industry
1750 New York Avenue, N.W,
Washington, DC 20006

Stephen A. Shaver

Lehigh Valley Building Systems, Inc.
P.O. Box 3454, 330 Schantz Road
Allentown, PA 18106

Robert P. Stupp
- President

Stupp Brothers Bridge & Iron Co.
3806 Weber Road

P.O. Box 6600

St. Louis, MO 63125-0600

Glenn S. Tarbox

Vice President and Manager

Engineering and Construction Technologies
Bechtel Corporation

50 Beale Street P.O. Box 193965

San Francisco, CA  94119-3965

Roger Wildt
Construction Marketing Manager

Bethlehem Steel Corporation
Bethlehem, PA 18016
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Ted W. Winneberger

Sr. Vice President/Eng.

W&W Steel Company

1730 West Reno

P.O. Box 25369

Oklahoma City, OK 73125-0369

Jorge Zorilla

Chief, Structural Design

Steel Fabricators, Inc.

721 Northeast 44th St.

Fort Lauderdale, FI. 33334-3298
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APPENDIX G

SUGGESTED CONNECTIONS
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117 E. GERIAN ST.J P.0. 190

"MOUNTAIN ENTERPRISE SOFTWARE SYSTEMS

SHEPHERDATOWN, WY. 25443

204-AT8-3845

Comraon Bouts In CoLuning

WEms

Knis ERECTORS

-

BEAM,

Reout CLJP
!

FLAISC - 448

@D -
. SAFE

STIFEFENED SEAT

+ lmiren
Carac\TIBS,

| el

I FRaminG.

N

1]

UNSTIFEENED SEATS.

THe ErECTOR
Wit THE Bouts Stiering QUT
\he SECOMND BEAM (an KNOCK

FiEeD Pouts
AND ERECTOR To FALL.

TITe on Cre Beand

cut CALSING |, The

Alowis Feop ErecTiow ) BITHER
TREe Tiow?

Stacoeren Cuprs

_TJT

j.i

Exrrd
Bouy

® "
CAM CNLY BE BRECTED W OwE
DIRECTION,

Cups ¥ Extra _Bolrs.

I
-
1
t
!

|
=3
¥

Ed
il

4
>
=

11

CLEARANCIE
For OverAjiunN

'H'""”_‘—\r-—-—m -

®
pppeED Cost
Cuprs %/ ErecTion Seats

1 |—]_' A_]V y

‘r S =
T

IR iy

WEST Cpas] WETAIL
EHPENCWE TO FAZR\WCATE

One Sreo Suvsr FPLaTe .

Rect Cuip

'&:;F
. ] {

g

@

Gorp For LiawT FrRampua.
rEAMS TOoW'T TRAP IN (oL, WER.

Unstereaed Seat On Cou, Fuas.

hepricult | Te FaBmicaT= aub
Expenswe

__Heavy Framing,
—MW" e T — —

EREcTY 1N ONE DIRECTION oMLY
SingLe BPotrort CLIP.

e rararr e

SAFE

Beam To Couumany Weg COM(\\ECT]O&\.%
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FEW WeLDEDR

MOUNTAIN ENTERPRISE SOFTWARE SYSTEMS

117 £ GERMAN BT,/ P.0. IR0 BHEPHERDSTOWN, WY, 28443 J4475-D45

—— DOUBLE ANGLES

%? WELDED To Col U
P

FLANGE (A1SC, 4-31)
“B% WELD.

_— STIFFENED TeE SeAT.
(Al.s.C, 4-48),

Recommvenaped Deam 1o CoLumMN CONNECTIONS

1

4
3
4.
o)
C.

: %AFET At

ERECTS Wity One BouT

Etmmiate € Buinoing PACRING OuT er In.
hiovos ConruicTs RETWEEN WEBD # Flange Boural
CaN RESULT N CoLumnds AL WEeeD § Puncred Beams.
FASTER Hoow Tirmeg During ERECTION. |

117




APPENDIX H

SENSITIVITY ANALYSIS
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CONECTION TIME TOTAL ERECTION TIME
STANDARD 1ATLSS PERCENT STANDARD {ATLSS PERCENT

BASE CASE 20968890 | 179200 89.57 8424 08 5250.88 18.26
LVARY UNLOAD

10,33 min 2965201 1792.00 39,57 842408 5250.88 1828
0.5 min 2988201 179200 2957 468,50 | EoQK =0 1814
075 min soason!  17e000 4957 £535.00 B361.80 1795 |
11,00 min 2965201 1792.00 3957 8601.50 5428 80 1777
VARY SHAKE-OUT

0.5 min 2065201 178200 539,57 629108  5117.88 18.65
1.0 min 206520  1792.00 89.57 $424.08 5250.88 18.28
1.5 min 2965201 179200 39.57 8557.08 saga 17.89
2.0 min 2065201 179200 89.57 6690.08 5516.88 17.54
|2.5 min 208520 179200 30.57 682308 5649.88 17.19

138 min- 2065201 1792004 897l - £956.08 5780 88 1887}

VARY ERECTIONBOLT

10.25 min 2828201 179200 38,57 6231.58 519838 1658
0.5 min 2065201 179200 39.57 5424 0B 5250 88 18.26
Q.75 min 310520 | 179200 4229 661658 5203 28 19.85 |
1.0 MIN o420l 179200 4478 BROS.08 EARR 88 2134
VARY ERECTION MEMB

5.0 rnin 296520 | 1792.00 89.57 5802 08 471888 19.91
7.8 min 2085201 179200 38.57 855708 5383.88 17.89
10.0 min 2965201  1792.00 89.57 720208 6048.88 16.24
VARY PLUMBING INSTA : : :

10,0 min 20685201 1782.00] 39.57 B424.08 5250.68 1826
125 opesen| 179200 _B39.57 8499.70 | E2686 50 1822
15.0 min 2965201  1792.00 89,57 645543 528213 1847
 VARY PLUMEB MEMBERS!

1 10.0 min 2965201 1792.00 3957 576908 45825 88 2008
25,0 min 2965201 1792.00 39,57 5802 83 471963 1991
150.0 min 2065201 179200 39.57 6049.08 487588 19.39 |
75,0 min pogr20t 178200 39,57 8205.83 5032.43 1881
E100.0.min zoasenl 178200 39.57 361,58 51RR.38 1844
120.0 min goes20|  1792.00 89.57 6486.58 5313.38 18.09
VARY P C INSTALL

0.25 min 2461201 188000 31,74 5888.58 5107.38 1327
0.5 min 2965.20 1 1792.00 29,57 6424 .08 5250.88 18.26
0,75 min 3480201 190400 4512 £959.58 530438 2249
1.0.min 2973201 201600 49.26 7495.08 5537.88 2611
VARY P CTIGHTEN

0.5 min 250600 134400 46837 Ba72.48 4710.48 1879
| 1.0 min 3654001 248400 32.57 7251.48 £061.48 16.41
| 1.5 min 4802.00 358400 2538 863048 741248 1411
| 2.0.min 5650.00¢ 470400 2094 10009.48 8763 48 1245
VARY P C KNOCK-OUT,

.25 min 2065201 179200 A9.57 642408 5250 88 18.26
0.5 min 2035.20 |  1792.00 40.96 849408 595688 18,14
0.75 min 3108.20] 179200 4229 6564.08 B250 88 20.01
1.0 mmin 3175201 179200 43.56 £634.08 5250.88 20.85
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