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PREFACE

Examples_of material handlihg systems that require
vertical transportation are numerous on construction projects.
One such example is that of vertical transportation systems
used to transfer materials during the construction of high
rise buildings° The optimal design of material handling
systems reQuirés careful consideration of the associated
weiting and interference problems.

The construction manager can schedule and expedite
materials and subcontractors on a project, but hewcannbt
altogether prevent waiting since delays can usually be
attributed to a series of chance occurrences beyond his

_control. It is the responsibility of the construction
manager who designs the vertical transportation system to
evaluate properly the demand for lifting service, to
establish the appropriate level of 1lifting service, to
estimate the varioﬁs costs associated with the satisfaction
of demand, and to determine the optimum combination of
equipment for the system° It is the purpose of this research
to develop mathematical models and analytical procedures
which can be useful as the basis for making such decisions.

The writer has attempted to give credit to all sources
from which material has been taken. He apologizes for any

®missions of this character which may, unknowingly, have
iii’
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occurred.
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CHAPTER I
INTRODUCTION

High-rise construction requires the assembling, trans-
porting, and fastening of various materials within selected
time periods according to a preconceived schedule. These
requirements are met by grouping the necessary materials
aﬁd men at the various stations along fhe vertical profile.
Frequently; at any given instant, there is more than one
demand to vertically transport these materials from the
receiving point to designated stationsg It is éustomary
for the general contractor to assume the responsibility for
providing vertical transportation to his subcontractors.
This suggests that the general contractor is faced with the
selection ana provision of appropriate vertical transpor-
tation equipment to satisfy their demands as well as his own.

In some states it is unlawful to 1ift men on the same
equipment used to 1ift materials. This study presumes thaf
separate transportation will be provided for no other
purpose than that of 1lifting men; therefore, the trans-
portation of men will not be considered as contributing to
.the demand for lifting service. )

The guantity and type of materials vary durihg the

construction"period and among the sélécted time periods.
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Because the time intervals between arrivals of materials %o
be vertically transported are random, a decision must be
made as to the service capacity level of lifting equipment
necessary to avoid excessive waiting time for materials
during periods of heavy demand. The decisionArests on
economically balancing the cost of waiting time against the
cost of providing 1lifting equipment.

Problems of the type posed here commonly arise in
construction systems where materials form waiting lines
for some type of servicing. Approaches to the sélution of
material handling problems in high-rise construction vary
with the many types of equipment available and the structural
framing system of the building. |

The‘types of equipment suitable for lifting purposes
can be grouped into "families" of equipment having similar
characteristies but varying in capacity, reach, and cost.
For exmmple, a family of erection cranes would include 8-ton
cranes, 18-~ton cranes, 60=ton cranes, tower cranes, and
climbing cranes. One family of equipment would include éll
hoists, of which a construction elevator would be one class
within this group. Most high-rise building projects require
a combination of 1lifting equipment to achieve compatibility
between cost and efficiency. 'There are a considerable
number of poésible combinagtions of lifting equipment
available to any given project, buf most high-rise buildings
employ an elevator as one device. Using the elevator és

the basic lifting machine, the remainder of the vertical
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transportation equipment is selected, or provisions are
made to supplement the elevator during periods of heavy
demand. Since the'eievator is used as a basis for the
selection of the llftlng equlpment to be employed on a
particular project, it would seem reasonable and approprlate
t0 know the performance capability of one elevator.
The nature of the problem to be considered here is to
determine the expected service that could be contributed
by an elevator to the vertical transportation equipment
in the building process and those times in the process
. iv when it would be more economical to augment the elevator
capacity by supplementary equipmént°
Decisions on the type or types of equipment to be
employed on & particular high-rise project seem to have been
predicated on intuitive judgment and experience. A decision
made on this basis may not be the "best® decision. Manage-
ment's cbhjective in a problem of this kind should be to
select from among alternative operating schemes the "one"
that most nearly maintains an economic balance between
waiting times and transport capacity. Any queueing systenm,
meeting thisuobjective requires a practical and effective
analytical method of solﬁtion which will predict delays
produced at specified arrival and service capacity levels,
Such a method is developed in this treatise to determine:
1o The relationship between the height of a building
and the capacity requirements of one elevator.

20 The relationship between the area of a building
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and the capacity requirements of one elevator.
3. The relationship between the configuration of
the area of a building and the capacity reqﬁirew
ments of one elevator.
4. The relative economy of one, or more elevators.
The result of developing this treatise is a technique
that will enable construction managers to predict the
productivity that may be expected from an elevator so that
supplementary equipment requirements, if needed, can also

be predicted.
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CHAPTER II
LITERATURE SEARCH

This chapter reviews the development of queueing or
waiting~line theory and establishes the extent to which
queueing models have been applied to construction engineéring
problems.

In 1961 Cox and Smith (1) stated that a recent bibli-
ography listed some 600 papers on queueing and allied
subiests, Since that date many additional studies have
beerni published, indicating the interest in queueing theory.

Any review of queuéing literature must begin with A. XK.
Erlang, who developed models to study telephone problems as
early as 1905, Others in addition tc Erlang continued to
study mass communication problems with little or no attention
given to octher dreas of application until around 1947. The
work with queueing during this period of time was based on
the assumption that each unit of demand on the system,
such as the placing of a call, was independent of other
units of demand and therefore not susceptible to control
or manipuiation by the system. The significance of this
assumption was that it enabled a system input to be_describéd
by the Poissoh process, which is characterized by a negative

exponential distribution of intervals between arrivals (such
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as calls) demanding service. The variation in the lengths
of these intervals contributes to the measure of congestion
or utilization of a system which is characteristic of many
real-world problems.

The emphasis placed on so-called operations research
metheds during World War II gave impetus to the extension
of both mathematical theories and use of the models,
including tpose of queueihg° Following World War II, an
inpressive number of publications on gqueueing appeared in
the journals. Consideréble attention has been given to
modifying the'original assumption by Erlang in an attempt
to describe more accuratély the behavior of the systems
under study. Unfortunately for the practitioner, this
attention has been directed for the most part teward the
~thec.aretical agpects of queueing theory rather than toward
useful applications of the theory to practice.

In most cases application to a practical problem
involves an economic model in order %o provide a basis for
choosing among alternative systems. Economic models dealing
with industrizl type problems are discussed in Morse (2)
and Bowman and Fetter (3). The economic models presented in
these two stﬁdies deal with such problems as docing
facilities in a harbor and the number of machines assigned
to an operator (as in a textile mill). Mangelsdorf (4)
indicated procedures that could be employed in the applin
cation of waiting=line theory to machine assignment both

with a finite and infinite population. Of particular
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interest in Mangelsdorf's work is his attention to the

problem of determining cost of an operator, attendant, or
repairman, etc.; cost of excess or idle machine capacity;
and costs associated with a delay in performing services.

Considerable research effort has been directed to the
study of vehicular traffic by the use and development of
queueing models. Prominent among the publications in this
area are those resulting from‘studies of waiting-line
protiems encountered by The Port of New York Authority,
which is charged wifh the responsibility of operating such
publie facilities as airports, tunnels, bridges, land and
marine terminals. One such problem studied by the Port
Authority was the problem of waiting-lines at toll booths
at the Port Authority's bridge and tunnel facilities (5).
Other problems analyzed by the Port Authority were telephone
and lobby information services, motorized police patrols,
and elevator service (6). Shelton (7) provides what appears
to be a summary of the sclution methods used for waiting-
line prcblems analyzed by the Port Authority's Management
BEngineering Group. In his article, Shelton graphically
represents the results of some properties of the systems
studied.

As noted previously, the limited number of articles and
publications on the topics of practical application of
waiting-line theory to problem solving is in marked contrast
to the treatment afforded the theoretical approach. One's

first encounter with the mathematical sophistication and
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elegance found in the technical literature can be a
frustrating experience causing one to despair”of ever
solving a practical problem by queueing theory. The diffi-
culty is that the mathematics necegsary to describe pre-~
cisely the behavior of waiting-line systems is unfamiliar

to the practitioner. Too few attempts have been made to
translate the theory into any form suitable for application.
to the real-world environment. One exception to this is

the work by Hillier (8) although he warns of the danger of
attempting mathematical short-cuts and taking liberties
with the theory (9). In (9) it is pointed out that invalid
results may be obtained for waiting-line predictions unless
vaiid waiting-line equations or valid Monte Carlo simulation
are used. This article presents a broad conceptuzl frame-
work of the general approach to many industrial waiting-
iline problems.

In {8), economic models for industrial waiting=line
rroblems are developed and some basic results derived for
the case where the study is based upon fundamental cost
considerations and the assumption of an infinite population.
Inzluded are a number of economic models and accompanying
procedures for determining the level of service which
minimizes the total of the expected cost of service and the
expected cost of waiting for that service. The first
model presented in Hillier's article is for the case in which
both the arrival rate and the service rate are fixed and the

number of service chamnels must be determined. The second
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model developed is for the case in which both the arrival
rate and the number of service channels must be determined,
i.e., where both the number of service facilities to dis-
tribute among the entire population and the number of service
channels to assign each facility must be determined. The
inclusion of travel time costs in this model is a feature
that has many counterparts in practical problems and is
therefore of considerable value to the model. The third
model is for the case in which both the service rate and fhe
number of service channels must be determined. Several
special casea of the two latter models are also analyzed.
Considerable attention is given in (8) and (9) to the
determination of cost coefficients and to defending the
cost of obtaining information necessary for accurate cost
figures for the various measures of effectiveness. The
great difficulty in the determination of these costs is one
serious disadvantage in the application of any economic
model, including an economic model based on waiting=line
behavior. However, it is pointed out in (8) that the
solution to an economic waiting-line model is generally

not very sensitive to the cost assigned to waiting time.

It has probably not escaped the reader’s attention that
all of the references cited have been in areas other than
construction. PFew attempts at applying waiting-line theory
to practisal problems have been published, and those that
have been published deal primarily with the areas cited

aboves,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



10

Review of the literature has revealed only two signifi-
cant applications of waiting-line theory to construction
engineering problems. Motion and time studies were conducted
in an effort to test a mathematical model which approximated
the probability that a given number of earth movers would be
waiting in line at a loader during hauling operations (10).
In this earth moving application, if there was at least one
earth mover waiting in line at all times then the loader
could ideally work to its full capacity. If the probability
of this occurrence is known, the production rate of the
loader can be modified and job production calculated.

A total cost analysis can then be developed to reflect the
optimun number of earth movers to be used.

The other example of the application of waiting-line
theory %o zonstruction is given in (11). A simulation
approach was used to predict the productivity of an earth
moving system invoelving one pusher working with a fleet of
scrapers. Four models were developed for several possible
system arrangements and compared tc the results of a
computer simulation model, The‘comparison of the predictions
of the waiting-line model with those of the simulation

. program for a wide range of systems resulted in an average
error of =3 per cent. In all cases, it was assumed that
non-delay cycle times and machine efficiency were known.

The problem contemplated in the present study differs
from the problems referred to in the references cited in

several significant respects. The type of unit or material
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te be serviced varies considerably in physical charac-
teristics, thereby imposing particular requirements on the
service facility. The character of the demand gradually
chaniges as the building process steps through the various
'stages of,constructiono None of the references cited
considered the consequences of abnormal delays or demands.
It is this author's épinion that ‘a queueing model
developed for a construction material handling system should
incorporaﬁe means for up-dating the schedule and smoothing
the demand with associated costs for alternative corrective
procedures. PFurthermore, graphicsl computationael aids to
enable the practitioner to use the information without
possessing an intimate knowledge of the deVeiopment is of
great benetit to the construction industry. The absence
of some or all of the above desired information in the
problems attacked in the literature encouraged the author's

desire t¢ make this study.
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CHAPTER III
THE BUILDING CONSTRUCTION PROCESS
Current Practice

The construction of a building is generally viewed as
consisting of three broad stages: 1) initial stage, 2)
intermediate stage, and 3) finishing stage.

The initial stage begins with the foundation and pro-
gressively includes the frame and floors. The intermediate
stage, after allowing the initial stage to progress suf-
ficiently %o avoid interference, follows the initial stage
and proceeds concurrently with the initial stage. The
finishing stage begins after the intermediate stage is well
advanced and proceeds concurrently with the initial and
intermediate stages.

This process forms a pattern of repetitive operations
unigue to reinforced concrete frame construction since the
pattern of operations differs for structural steel frame
construction., It is because of this difference in con-
struction procedure that only the case of a reinforced
concrete frame building is considered in this research
effort. It should be recognized, however, that many simi-
larities exist between the procedures for construciting a

reinforced concrete frame building and a structural frame

12
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building: so the method presented here, with appropriate
nodifications, could be applied to the determination of
vertical transportation equipment for the structural steel
frame building.

Foundations, which are included in the initial stage of
constructidn, are typically piling or reinforced concrete
spread footings, raft footings, slabs, or combinations of
these. For e variety of reasons, foundation work is carried
on helow finished ground level, frequently to considerable
depth. The nature of this work precludes the use 6f
eilevators and must, of necessity, depend upon some other
mode of vertical transportation. Only after the foundation
work is concluded and the surrounding area backfilled and
compacted, is the installation of an elevator practical.

It is at this point in the building process that construction
of the first floor slab and columns can begin. The materials .
for the first floor slab and columns either do not require
vertical trangportation equipment or can be bhetter transf
ported by other means. Therefore, only those materials
required for the second and succeeding floors are considered
as contributing to the demand for vertical transportation
service provided by an elevators.

The reinforced concrete frame and floors included in
the initial stage involve material such as forming lumber,
reinforcing steel, concrete, imbedded items, ete.

When a floor is determined to have gained the desired

strength to accommodate additional construction, it is
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released 1o the intermediate stage. The materials necessary
to accomplish construction in this stage typically include
exterior masonry units, mortar, window sash, interior
masonry units for partitions, rough electrical, rough
plumbing, ducts, etc.

As soon as interference from the intermediate stage is
seen to be negligible, consfrubtion activities of the
finishing stage can commence. Materials included in the
construction activities of this stage are floor coverings,
wall coverings, electrical and plumbing fixtures, finished
hardware, etc.

The initial phase, beginning first, will terminate
first; then the intermediate stage will terminate, and
finally the finishing stage terminates marking the
completion of the structure.

The coperations or tasks to be performed on each floor
are basically the same for the same stage. The repetitive
characteristics of this type construction establish a
recurring pattern of construction procedures early so that
an entire project can be viewed as a series of time periods
of equal length. The materials required for each period
can be determined with reasonable accuracy and confidence
in much the same manner used to prepare a CPM network.

With the material requirements for each time period
established and the on-station date for each specified by
the schedule, the requirements to be imposed on the elevator

for the general case can be related to the performance
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capability of the elevator subject to the limitation of

effective loads assigned to each material.
Effective Load Capacity

Effective load capacity is defined here to be the
nunber of units of a material that an elevator can lift in
one load. The units are expressed in commonly accepted
terms of measurement for that material such as cubic yards,
lineal feet, square feet, etc.

Not all materials can be transported by elevator either
because of the weight, volume, or length of the material to
be transported. In order to determine those materials
susceptible to4transport’by elevator it is convenient to
classify materials corresponding to the capacity of the
elevator based on the material's weight, vqlume or lengthvso
that the number of units of each material to be transported
by elevator can be determined. This will identify those
‘materials that can be transported by elevator without ex-
ceeding its capacity. Further, the total required nﬁmber
of elevator trips to each floor can be determined by
considering the number of units of each material contained
in an elevator load.

Several materials for which the effective load
capacity needs to be determined may be considered.
Reinforcing steel, which is a major material requirement
in the initial stage, comes in assorted diamefers and

varying lengths. The weight of this material is a function
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of the bar diameter and length of bar, If the elevator
under consideration has a clear platform size of mnS"dcm—6",
that number of reinforcing bars requiring a clear dimension
of less than 4'-6" whose total weight does not exceed the
weight capacity of the elevator can be transported.
However, many of the reinforcing bars required will exceed
the 4'~6" clear dimension of the elevator platform. In
this case, it is not the weight capacity of the elevator
that is the 1imitiﬁg factor, but the length capacity of

the elevator. It would be necessary in this case to trans-
port those reinforcing bars exceeding 4'-6" by means other
than an elevator. The effective load capacity for bars
less than 4'=6" would be determined either in number of
bars of a certain size or in'pounds. The effective load
capacity would then be based on the weight capacity of the
slevator (weight of the bars) or the volume capacity of the
elevator (number of bars).

Another example is lightweight accoustical material
packaged in large bags or cartons with negligible weight
but considerable volume per bag or carton. The effective
load capacity in this case would be based on the volume
capacity of the elevator rather than the weight or length

capacity of the elevator,
The Basic Problem

Some observations can be made from the foregoing

description of the building process.
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The time of arrival at the lifting site for each
material is not exactly known. Contributing

t0 this situation are delays in shipment,
weather, inadequate manpower, non-availability

of hauling or unloading equipment, oversights in
ordering, defective material returned for
replacement, delays in approving“shop drawings,
prolongedvlaboratory tegts, incorrect fabrication,
strikes, disputes, work stoppages, and human
frailties in general. - |

The materials arriving at the lifting site do

not all possess the same characteristics.

In addition to variations in size, weight, and
physicel properties, the handling times required
for loading and unloading can vary.

The successive floor destinations of each trip
load of material depends on the order of material
arrivals. This fact prevents an orderly seguence
of floor by floor deliveries if idle time of

the elevator(s) is to be kept at a minimum.

The elevators serving the construction of the
building are expected to 1ift all material
capable of being lifted as determined by the
effective load capacity.

Because different materials have different

ct

handling times and different floor destinati

longer or shorter times are required to transport

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

e e e ettt



18

each elevator load.

6o On those days when an elevator's capacity is
devoted exclusively to the transportation of
concrete, other materials must await service or
else supplementary lifting equipment must be
provided.

To Since the arrival times of material to the 1ifting
site are indefinite and the time to handle and
1lift a materiél varies, it is reasonable to
expect that a build;up of materials waiting to
be 1lifted will occur at times.

8. The nature of the building process is such that
some materials must be in place, fastened, and
finished before others. This gives rise to the
question of the cost associated with not having
a material in place at a given time,

The above observations suggest that the determination’
of the productivity of one or more elevators must take into
account that material arrivals may fluctuate considerably,
placing a varying demand on the elevator service capacity.
The elevator service capacity must be selected to insure )
that the demand be advantageously satisfied thereby avoiding
persistent and recurring bottlenecks. If the elevator
service capacity is not selected so that its mean capacity
is at least as large as the average demand imposed on it
by materials arriving to be lifted, a build-up of materials

ocecurs until the demand decreases or the elevator service
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capacity is increased. But even if the mean elevator
service capacity is selected to satisfy average demand,
trangient build-ups of materials waiting to be lifted may
nevertheless occur due to the probabilistic nature of
material arrivals or the variability of the actuel elevator
gervice capacity available to perform the required service.

The approach to be used in determining the contribution
of an elevator to the vertical transportation system is that
of waiting~line theory. Waiting-line theory is a technique
that relies on probability theory to analyze bottleneck
situations such as the one posed here.

A waiting--line problem arises in this study when
materials arriving for service at the elevator find the
elevator not immediately available to provide the required
service, thus resulting in a waiting-line of materials and
its associated costs of delays. The objective of this
research is to develop economic models capable of
detérmining the level of elevator service that will result
in the minimum sum'of two opposing costs: 1) the cost of
waiting time of materiasl to be lifted, and 2) the cost of

prdViding additional elevator service capacity.
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CHAPTER IV
WAITING-LINE PROCESS
Description

A waiting-line process typically involves a service
system which has one or more service facilities. The service
system is subjected to varying demands for service by those
items requiring service. Items requiring service are
generated at different times by an input source, generally
referred to as a population. The fact that items requiring
service arrive at different times accounts for the varying
demand imposed on the service system. In some waiting=line
processes, items arriving for service may not enter
the service system because of the number‘of items waiting
for service. This line of items waiting for service is
called a gueue, or waiting-line. An item, in order to be
serviced, must enter the service system by joining the
waiting=line even though the waiting«iine is of zero length.
After an item enters the service system, it is selected for

servicing by some decision rule called service discipline.

The item is considered to be free of the service system after
it has been serviced. See Figure 1 for a schematic diagram
of the waiting-line process as applied to the problem under

consideration.

20
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Line Process
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Input Source

An input source is characterized by:
1e The size.
20 The arrivel time distribution of arrivals seeking
service. _
3. The freedom of arrivals to accept or reject
gervice.
The size of an input source is considered finite or
infinite_depending on whether or not it affects the rate
P at which the source generates arrivals for service.
It is general practice to consider the input source infinite
if the ratio of arrivals to be serviced to potential arrivals
ig very small. In this study, the input source will be con-
sidered infinite since the combined requirements for lifting
service of the general contractor, subcontractor, and
miscellaneous suppliers will be gquite large when compared to.

the trip-loads of material in the systems at any given time.

Arrival Time Distribution

Material arriving at the elevator to be liffted has been
previously shown to arrive in a more or less irregular
paﬁterno The time interval between successive- arrivals will
be considered as independent random variables which will be
assumed to have a statistical distribution that can be
approximated from actual observation. Arrival time distri-
butions that have been studied in practical problems are

found to be exponential in many cases. It can be shown that
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an exponential arrival time distribution may be taken as
characterizing Poisson~-type arrivals if the number of arrivals
during any ith time interval is independent'of the number of
arrivals that occurred prior to the beginning of the time
interval. Material arriving on a construction project
exhibits this characteristic; therefore, the assumption of

Poisson arrivals will be made throughout this study.
Freedom of Arrivals to Accept or Reject Service

The nature of building construction is such that no
material is delivered to the lift site unless it is te Dbe
used in the construction of the building. It is, therefore,
reasonable to assume that all arrivals both join and remain

in the gqueue until served.
Queue

The material waiting in line to be served by the
elevator is the queue. It is. assumed that sufficient space
is available at the Jjob site in the vicinity of the elevator
so that a restriction of the queue length is not necessary.

The queue is assumed to be in a steady state condition,
Service PFacility

The service facility in this study is either one
elevator or two elevators, as the case may be. If one
elevator is being used it will be referred to as a single

channel service facility; in the case of two elevators, the
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service facility will be referred to as having two channels.
Where two elevators are being analyzed, it will be
assumed they operate in parellel such that one queue serves
both elevators. Arriving material may be serviced by either
of the elevators available. If an elevator is not immedi-
ately available, the arriving material joins the gueue and

is served in turn on a "first-come, first-served¥ basis.
Service-Time Distribution

The service time for each trip-~load of material will be
considered as the sum of the time required to load the elevator,
travel time of the elevator up and down, and the time to un-
load the elevator at the prescribed floor. Clearly, the
service time for eadh trip~load of material may vary and the
service time for any particular trip-load does not depend in
any way on the service time of the preceding trip-load. It
is reasonable tc assume that the service times afe random and
that each service time has a constant probability of termi-
nating in the next small increment of time regardless of how
long service has already taeken place. The exﬁonential distri-

bution will be assumed to best approximate these conditions.
Mathematical Proofs of Queueing Formulae

The gqueueing theory applicable to single-channel and
multi~channel problems is adequately developed in a number

of sources.* The mathematical proofs of the queueing

*Co W. Churchman, R. L. Ackoff, and E. L. Arnoff,
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formulae used in developing the economic models which follow
are well known. The inclusion of these proofs here would be

repetitious and serve no useful purpose.

Introduction to Operations Research (New York: John Wlley &
Sons, Ince., 1957

T. L. Saaty, Mathematical Methods of Operations Research
(New York: McGraw-Hill BOOK Company, INCos 1959).

W. Ro Van Voorhis (edited by.R. L. Ackoff), "Waiting-
Line Theory as a Management Tool," The Journal of Operations
Research Society of America, Vol. 4 (19567, po 221

P. J. Burke, "The Output of a Queueing System," The
Journal of Operations Research Socmety of America, Vol. 4
(19567, p. 699.

G. Luchak, "The Solution of the Single-Channel Queueing
Equations Characterized by a Time-Dependent Poisson-
Distribution Arrival Rate and a General Class of Holding
Times,"” The Journal of Operations Research Society of
America, Vole 4 (1956), Po T11e
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CHAPTER V
DEVELOPMENT OF ECONOMIC MODELS
Method of Analysis

As previously noted, it is convenient to consider the
time required to construct a building as a series of time
periods of equal length., This length shall be arbitrarily
taken as one week. For each time period the quantity of
each material required for each floor as well as the tools
and equipment necessary in the construction of the building
is reascnably known. The number of trip-loads to be lifted
in fhat time period is determined by the effective load
capécity of the elevator. The service time required for
each trip-load is determined by the loading and unloading
time plus travel time of elevators for that particular
item transported. The mean arrival rate and mean service
rate can be derived from these data.

| The cost of providing an elevator and its associated
full-time operating cost is known. As the measure of
effectiveness, the average waiting time per trip-load will
be determined. The cost associated with waiting (see
pages 68 and 73) is assumed to be obtainable.

To effect an economic balance between having material

wait for service and having sufficient elevétor capacity to

26
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handle all demand for service, a model is developed to
represent these opposing policies.

The total cost of waiting will be assumed to be pro-
portional to the total time that all trip-loads spend in the
system, both waiting and in service. The cost of service
provided by one elevator is considered to be a linear

function of the number of elevators employed.

Economic Model No. 1

Symbols
p = elevator(s) occupancy ratio =percentage of A
time in use = T
vt
A = average number of elevator trips per week
g = average service rate per elevator per week
k = number of elevators
W = mean waiting time per trip in system
Wq = mean waiting time per trip in queue
Ck = cost of providing an elevator per week
Cu = cost of waiting per week
Co = cost of operation per elevator per week
Po = probability that_no trips are in the system in a
small time interval
8 = pk

The fixed cost of providing elevator capacity per week

is i
ka
while the operating cost per week for the elevator capacity

provided is
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A
E(Co) ©
The cost associated with a trip-load waiting is

A(W)

]

-
A
The total cost associated with a variation in the number of

elevators provided is the sum of these three costs and is
Cwi
TC; = kO + pskCy + AWy )|-7=
i i

where

th

ICy = total cost for i time period.

The operating cost is independent of the number of elevators

b

provided since

ok = (] () (o)

Also,
(MW =] = w(Cy) -
It can be shown (see Appendix B) that
W=W -+ 1
T M
4
since if p = service rate then ﬁ = time to service one trip-

lcad. Also, for k > 1

k
A
W= ph) [Po] (5=1)

@ L (xk=1)1 (ku=n)2

where
P = =

e

T >

|

!
n
I
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Therefore, TC; can be written for the case k > 1 as

- -t
TCi = kai + m C

n=
(5=2)
which, for the case k = 1, reduces to
TC. = kC + ﬁi) C, + N — C (5-3)
. ST 1T B LR ST

To determine the ith time period at which the relative
economy of providing one or two elevators is the same, the
computer program (see Appendix A, Program 1, which has been
written for k¥ = 1~8) may be used to calculate the cumulative

TCi“s for k¥ = 1,2, given cost coefficients Ck.’ c and CW o
i i

1

O’
These cumulative TCi"s may be plotted against the time

pericds to determine that time pericd at which the break—
even point occurs for successive values of k. The time
vericds can be related to the floor on which the concrete
frame is being constructed by referring to the CPM network.
It is this floor that determines the maximum economic height
that cne elevator can serve for the parameters inserted in
Computer Program No. 1.

Figure 2 is a representative cumulative plot of
Equations (5=2) and (5-3) using fictitious data and assumed
cost coefficients.

Computer Program No. 1 includes a plot subroutine;
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TIME PERIODS RELATED
TO BUILDING FLOORS .

Figure 2. Relationship Between Cumulative Cost of

Lifting and Number of Building Floors
for Various Levels of Service
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therefore, a plot similar to that of Figure 2 will be in-

cluded as part of the output from the Program.

Manipulation of Model 1

Calculation of Optimum k*¥. From the Total Cost

Equation, a Total Variable Cost (TVC):equat;on can

be written for the ith time period:
T = v
TVC; = kCyp + AW, (Cy ) (5-4)
i i
where
' Cwi
C, = =—7—
Wy Ai
'
or Cy. _
i
TVC; = Cy |k + AsW; |5 (5-5)
i

In order to minimize Equation (5-5); velues.of the average

waiting time per triﬁ, w

i» are required. For ease cof

computation by graphical aids, W, can be stated in terms of
A
’ :% by expressing W; as a multiple, fi’ of the average service
i
time, t;, in the following manner: .
i

W, f.
1 = L
fi ="I‘ and Wi = ui Q
Hi
Equation (5-5) can be written as
1
) [ (5-6)
™WC. = C,. 1k + =] £, a . 1

1 k; My 2 ky :

*Phis development generally follows that of Manglesdorf (4.
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A
. _ 1 . .
As presently éeflned, Py = EE; < 1.0, It is convenient %o
relax this upper bound restriction on p so that the ratio
Ay
&Tj can be expressed in terms of the number of elevators; k.
i

Therefore, let

Making the appropriate substitution in Equation'(5-6),

expression to be minimized now becomes

. . !
TVC; = Cy, |k + (e3)(f3) (o] - (5-7)
' < i
Teking the first difference with respect to k and setting it

equal to zero since we seek the k for “which 52%9 is as near

Zero as poss1ble, the following equation is obtained:

' N
ATVCi : Gwi Cwi
Tz (k + 1) + (61) (fik_.'_"]) Ul.{— - 1k + (91) (fik) .Cl;;_

(5~8)
Since the number of elevators, k, can only be a pgsitive
integer, generally for any given values of ¢ and Cw Equation
(5=8) cannot be perfectly satisfied. The optimum s&lution

then is the value of k which most nearly satisfies Equation

(5:38)0 Cﬁ
If, however, Equation (5-8) is solved for-ﬁzi, then
f
C
i 1 . (5-9)
Cp,  &lfy =33 )

k Lt

s
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Since
1

Iy = uWy and W, = qu + v

then
1

£, = W -l = uW, + 1

k=¥ (qk ¥ H) “ay
Hence,

'

C

Wi 1 ) o

Cp  — oesL(uW, —+ 1) - (pW + 1)1

By T ey Uey 1
Therefore,

?

Cwi

= o -10
U, 8 (uW q ) (5-10)
1 K41 C“
W,
Results from Equation (5~10) give particular values of a—i
k

for which exact solutions can be calculated. If for each’
value of k, various values of ¢ %;e inserted in Equation
(5-10), the resulting values of ﬁ"— can be plotted in a
useful form. The results of several such calculations are
shown in Figure 4.

The calculation of pwq for various values of o and k is
very tedious. A Computer Program (Appendix B, Program No. 2,
which has been written for k =1-6) calculates values of uW
as a function of p and theresults are graphically summarized
in Figure 3. The use of Figure 3 permits -calculations required
in the solution of the Model to be made easily and rapidly by hand.,

The lines ig,Flgure 4 are the loci of combinations of

Wy

velues of @ and z—= for which quatlon (5-8) is exactly
k. w

satisfied. PFor vaiues of ¢ and = Ll whose intersection in

C,
k.
Figure 4 falls between the lines, %he optimum solution to
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Equation (5-8) is obtained by using the value of k in the
zone between the lines. Because the optimum solution of
Equation (5-8) r8§?lts in the minimum TVC for any given
values of ¢ and'azi, Figure 4 is useful for rapidly noting

i
whether the economic service of one elevator has been

exceeded for the ith

time period. It can be similarly noted
from Figure 4 the time period in which the economic service
capacity of the second elevator will be exceeded, since
inecreasing demand will be correspondingly reflected in the

value of 6.

Economy of Supplementary Equipment

It is quite likely that e will assume a wide range of
values over the time periods. See Figures 5(a) and (b).
Typically, the value of 6 tends to increase with each
successive time period until the decreased demand for
elevabtor service offsets the-travel time of the elevator.
At this point, the value of 6 levels off and decreases over
time. The plot of the variation of o confirms what is
intuitively obvious. That is, the demand for elevator
service varies with the degree of construction activity. As
some lower flcors are being completed, other floofs are in
the intermediate stage while still others may be in the
initial stage.

The variability of ¢ is even more noticeable in Figure
5(b). This plot shows the'value of o 5y days in a time

period of one week during which a concrete pour is scheduled.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



40

30

PHASE
STAGE

BEGIN INTERMEDIATE
PHASE

BEGIN FINISHING
END INTERMEDIATE

BEGIN I'NMAL PHASE!
END INITIAL
PHASE

W.END FINISHING STAGE
TERMINATE PROJECT

37

o | o i ] | | 1

0 10 20 - 30 40 50
TIME PERIODS OF ONE WEEK EACH

(a)

20r A . CONCRETE POUR—
L-FORM-STRIPPING

] } |
MON TUE WED THUR FRI
ONE WEEK TIME PERIOD

(b)

Pigure 5. Typical Variation of e Over
. Time

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

60



38

The increase in the value of 6 is apparent for the day on
which the elevator is to transport concrete and the day that
forms are stripped and relocated.

By previous definition, the value of ¢ must lie in the
closed interval, 0 <8 < 1 for k = 1. It becomes apparent,
then, if 8 > 1.0, one of two alternatives can be selected.
The system may work out the demand by the deferring of some
activities or, alternatively, the elevator capacity may be
augmented for the day or days on which & > 1.0. There is a
cost associated with each altérnati(re° The cost can be
celculated in the following manner. Since A; = number of
trips the elevator makes infith time period of five days and

th th

A = number of trips the elevator makes on d day in 1

id
time period, then

a5
Ay = }: Mg ©
d=1

The value of 85 for ith time period is determined by
S T 1

6; can be reduced to a revised value, 6 , which assures
i r

that the system will ndt be overloaded. This reduction

takes the following form d=

5 d=5
; ‘g ~ ; Mg
=1 =1
Hi

where x{d is defined as the number of deferred trips on the
th

6. =
lI‘

a™ day dquring the i'® time period. Equation (5-10) can be
restated in a form such that the cost of additional

supplementary equipment to service certain Aig's is equal
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to the cost of deferring the servicing of these fid'so
Eguation (5-10) restated is
[}
= [(o3) (uWy )(C )] [(ey,) (W y(c, )1
“ky SE PR Y
Consider this example. Suppose from the output of Computer
Program No. 1 that for some time period i, 8; = 1. 9, k=1,

t
C‘wi = 1000 and Cy = 500. Entering Pigure 4 with U'— = 2.0

and o, = 1.0, it is noted that e, . must be 0.5 for k 1 to

it

be economical. Assume that zkid“s = g Zhjo Since

additional equipment beyond the one elevator should be con~
sidered, enter Figure 3 with k = 2 and note the average delay
'as a multiple of the average service time (pwq), for ei==1°O
and 8, = 0.5. The cost of additional equipment to service

the Agé“s of interest is

]

[Co5) (g ) (€, )T = [(o3p) (g ) (Cy, )]

Céioo)(oozs)(ﬁooO)] - [(0:.5){0.066)(1000) ]

it

= $297.
The $297 figure also represents the waiting cost incurred

¢
if the kid“s are deferred.

Updating Schedule

For a variety of reasons, the work may fall behind
schedule. Weather, equipment breakdown, under-estimating
the demand for elevator service, etc., has the effect of

increasing the demand in following time periods or days
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within a time period. Increasing Ai or Aid may increase CH
to a value such that the economic capacity of the elevator
provided is temporarily, or even permanently, exceeded.
Examination of the revised schedule will give & preview of
the expected daily demand from which revisions in ei can be
calculated. The break-even cost of bringing in supplementary
equipment to augment the service capacity already available
can be calculated using the same procedure outlined in the
preceding section.

It may well be that the system is alreadonperating at
or near its maximum economic capacity. Should this be the
case, delays in the early time periods could necessitate the
ingtallation of the second elevator at an earlier date.
Perhaps a second elevator was never intended on a project
but delays greatly increased demand in subsequent time
periods. The procedure outlined could be used to evaluate
the relative economy of providing a second elevator or using
supplementary equipment. Furthermore, this procedure could
2150 be used to evaluate the advisability of two shifts,
cvertime work, or additional manpower, by comparing this cost

with the cost of a second elevator or supplementary equipment.

Schedule Smoothing

Referring again to Figure 5(b), it can be noted that
the value of ei varies from day %o day. The value of 8; on
some daysindicates that the service capacity will be exceededs

Examination of the activities to be performed on these days
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may reveal that some of the activities could be deferred to
subsequent days having smaller 64 values. The result of
re-scheduling activities in this fashion is to level the
demand imposed on the elevator,

The determination of Cw will be discussed in more
detail; however, it can be pointed out here that some
activities, as scheduled, do not contribute to the costs
included in Cw because of slack in the schedule. - Therefore,
some activities may be deferred, or handled earlier, without
penalty.

The work may be ahead of schedule. This condition
implies that the productivity of either men or machines, or
hoth, wase underestimated. Under-estimating the productivity
0f menpower has the effect of increasing demand on the
service facility by requiring material at a faster rate.
Under-estimating productivity of the service facilify has
the effect of reducing the value of 6;,. In either case it
may prove to be advantdgeous to reschedule activities
affected in an attempt to maintain values of 9 within
tolerable limits for the service capacity level presently

in use on the job.

Economic Model No. 2

Purpose of Model No. 2

Model No. 1 establishes a criterion for determining the
maximum number of floors that one, or two, elevators can

economically service without regard to the configuration of
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the building. The dimensions of a building are of concern
since the cost of laterally transporting materials from the
threshold of the elevator to the various work stations may
exceed the cost of an additional elevator.

Consider buildings having identical floor areas per
floor but different configurations. For a building with
6400 square feet per floor several different configurations
follows

1e Square: 80 ft.long x80 ft.wide = 6400 square feet

2o Rectangular: 128 ft.long x50 ft. wide = 6400 square
feet

3. Rectangular: 256 ft. long x25 ft. wide = 6400 square
feet

4. Circulars 90 ft. in diameter = 6400 square feet

5 Trapezoidals: 128 ft. long with one end 60 ft. wide
and the other end 40 ft. wide
= 6400 square feet.

It is clear from the above that the configuration of a
building may have the effect of varying the distances that
materials have to be laterally transported from the elevator.
Therefore, a model is needed to serve as a restriction on

Model 1 to reflect the effect of lateral dimensions on the

decision between one or twc elevators.

Basis of Economic Model 2

In Chapter III it was pointed out that the rate of
concrete placing contrclled the construction schedule of a
reinforced concrete frame building. Of these concreting

operations; placement of concrete for floors is the most

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



43

critical.” For this reason, Model 2 is based on the premise
that placement of floor concrete controls the mavimum
distance that can be economically served from one elevator.
This distance is the limiting length, width, or diameter of
a buiiding that can be served by one elevator which is
equivalent to taking into account the configuration of a
building.

The approach to determine the limiting distance for one
elevator will be to write a total cost equation using one
elevator to supply the concrete and a total cost‘equation
using two elevators to supply the concrete. Solving these
two equations simultaneously will result in determining the
distance for which the cost of using one or two elevators
is the same.

The rate at which the concrete can be placed on a floor
cannot exceed the service capacity of the elevator. This
service capacity is known for each floor as determined from
Model 1.

The mechanics of placing concrete on a floor follows a
sequence of events (see Figure 6):

1o The elevator discharges concrete into a hopper

located at floor being poured.

T 2o Tfansport units (usually referred to as concrete
buggies) carry the concrete from the hopper to
the placement point over a system of runways and
return. Runways may be radial or orthogonal.

3. The concreting begins at the outer edge of the
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Figure 6. Diagram of Floor Cdncrete Placement
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formwork the greatest distance from the elevator
and is placed unifofmly along its edge for the
full width. The process is repeated row by row
until the entiré form area has been covered.

4, As the distance from the point of placement to
the hopper recedes, the number of transport units
required to meet the pouring rate decreases from
a maximum number to theoretically zero. The
tranéport units and their operators not required

are dismissed and removed from the pouring area.

Development of Economic Model 2

Symbols.
CY -~ cubic yards
r - service capacity of elevator in CY/hour
(This is the pouring rate that must be maintained.)
g~ travel distance of a transport unit, in feet
.v = velocity of a transport unit, in feet/minute
y = volume of a transport unit, in CY |
n - number of transport unit operators, one operator

for each transport unit

C_ = cost of an operatof, in $/hr.

Cx = cost of an elevator, in $/hr.

k -~ number of elevators

Cp = cost of a tramsport unit, in $/hr.
w — width of pouring front, in feet

g%~ maximum economic distance from hopper discharge.
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to point of deposit measured along runway
U - labor utilization factor, percentage expressed as
a decimal
4d - depth of slab, in feet
H - time to load and dump one transport unit, in hours.
Time needed to pour a Ag (see Figure 6) section while

maintaining the pouring rate, r,

_ Vvolume of Ag row (w)(ag)(d)
- pouring -rate 27T r

1l
©

Number of transport unit trips to pour a A4 section

_ volume of Ag Tow _ fw)(ag)(d)
= Yolume of a transport unit 27Ty °

Number of trips per hour required to meet pouring rate

|
1
<=

Cycle time needed to meet pouring rate

_ travel time of load and dump tinme
- transport unit *  of trensport unit

®

Maximum distance traveled by transport unit = 2;44% with one
elevator.

Maximum distance traveled by transport unit = %f-r% with k=1,2

°p w elevators.
. L Xk t3?
Travel time of transport unit in hours = Z5v °
24 W
Cycle time in hours = H + X2
60v  °
Number of operators needed for maximum travel distance
24 W
= H 4 k *2 r
= v F °
2

Cost of bperators = Cpy H +

;%A
<
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24 w
x t2
Cost of transport units = Cb H + A

L
y
Cost of elevators = (k)(Ck)°

Therefore, the total cost to maintain r

= (Cost of elevators) + (Cost of operators) + (Cost of transport

24 w 24 . W units)
Sxe, 4 0 |H+ T 2| 4o |4 A2 |E (5-10)
=%kt Yn +=%ov | T Vb —8ov ||yl °
Therefore,
7 r
- - Hr ur wr Hr i wI
Te(k=1) = Cy +Cy [y *Sovy * Toovy |t Ov [Tt 30wy +'1‘§6v'3z]
3 i | (5-11)
o) _ Hr 4r wr Hr ur wr
TC(k=2) = 2Ck.+ Cm [y +60vy+120vy + Cb |y +60vy+120vy °
(5-12)
Setting TC(k=1) = TC(k=2) and solving for s*:
& = 0y Ck_ . (5-13)
-2 =71 [T +0Cp _

This value of #* does not reflect the fact that the
number of operators used in the pouring operétions varies .
linearly from a maximum of n to zero with an average require-
ment of n/2. This meané that the value of ¥ as shown is
based on the assumption that the operators are used at
100 per cent produptivity'&uring the entire pouring operation.
This is not consistent with field practice. It is customary
field -practice when operators are nolonger needed bnuthepour
to either send themutoother work or detail them tocleanrning

~and conditioning the transport units for the next bour° The

cost of operators engaged“ina¢leaqiﬁg and conditioning the
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-transport units is a legitimate charge'against the pouring
. operation. The cost of operators detailed to other work
should.be deducted. This modification can be accomplished
by multiplying G by a factor. This factor would be the
percentage of time an qperator is engaged in the pouring.
operations which is equivalent to applying this factor %o
the hourly cost, Cmo If all operators are engaged in"the
pouring operation 100 per cent of the time, the factor would
be 1.0 since the entire cost should be asseséed against the
“work. On the other hand, if the operators are assigned
other work as they become unnecessary to the pouring oper-
ation, on the average only n/2 or 50 per cent of the total
operatoris cost should be charged to the pouring operation.
This would result in a factor of 0.5 being applied-to Chos
It follows then that this factor, U, reflects the operator
utilization and can take onh values from 0.5 to 1°O;_i.ey,

0.5 < U < 1.0. Therefore, Equation (5-13) should be stated

as :
C
- R e L
. |

This value qf L¥F2 is the travel distance from one elevator
at which the‘cost of providing two elevators is the same as -
the cost of providing one elevator.

The interpretation of'zi_z in quation (5-14) can be
explained by referring-to Figures 7(a)(b)(c)(d)f

Given._the configuration of the building anh the layout

of proposed system of runways to accommodate the transporf
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.
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(d) TRAPEZOIDAL

Figure 7. Interpretation of f* for Various Floor

Configurations
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units, #*is the distance to the extreme point of the
pouring area measured along the runways. If thé.dimensions
of the building are such that the value of g» will

be exceeded, then it will be more economical to provide two
elevators for the construction.

Although beyond the scope of this study, if the di-
mensions of a building are such that Model 2 indicates more
than two elevators are required, then it is this writer's
opinion that an entirely different problem arises and a new
approach should be taken. The approach presently envisioned
is to test the cost of three elevators against the cost of

combinations of equipment.

Graphical Relationships for Model 2

Equation (5~14) can be written in the following form:

%

C

* 60 b
UE- + 1

b

Observed dete indicates that velocity, v, of a transport
unit variés from 10 feet-per minute to 40 feet per minute,
including the time for passing on runways, rest time, etc.

A figure of 10 ft/min is used in these calculations. The
volume, ¥y, of a transport unit is taken to be nine cubic
feet, or 0.33 CY, These values of v and y will be con-
éidered constant since they are representative values
characteristic of a specific firm. As previously noted, the

values of U range from 0.5 to 1.0.
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For various values of-Ck, Cb, Cm and Cp» @ range of

c c
values for 35 and ﬁg can be calculated. Using the values of
b b
these ratios, values of
: .
=
Cyp
C .
Ulge| + 1
b -

can be determined for values of U = 0.5, 0.6, 0.7, 0.8, 0.9,
and 1.0. Computer Program No. 3, Appendix C, was written to
perform thesé calculations. The results aré graphically
summarized by Figures 8(a) through 8(f).

With the values of

Q,O
L

obtained from Computer Program No. 3, values of . - _.
‘?—2 were calculated for various values of r. Computer
Program No. 4, Appendix C, was written to perform these

calculations. These results are graphically summarize@be

Pigures 9(a) through 9(d).

The'upper and lower limits of gf-and %% were established
as follows: minimum and maximum realistic values of Cp, Cy
and C, weré assumed. The upper 1limit of %% was calcglated
by using the maximum assumed value of Ck_gnd the mipimum
assumed value of C,. The lower limit of E% was calculated

by using the minimum assumed value of C, and the maximum
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assumed value of Cb‘ Similar calculations were made for

C

o e
° The upper and lower limits of the pouring rate, r, are
based on the maximum and minimum quantity of concrete likely

to be placed in one day. Records from several sources for
many jobs revealed that the minimum quantity of concrete per
day was 40 CY (2160 square feet of floor area 6" thick) and
the maximum 160 CY per day (8640 square feet of floor area
6" thick). The average was approximately 92 CY per“day
(5000 square feet of floor area 6" thick) or 11.4 CY/hour.

Therefore, the values of r used in the calculations were 5,

10, 15 and 20.

Economic Model No. 3

Purpoge of Model No. 3

Model 2 was developed to determine the maximum economic
distance that could be served from an elevator given certain
cost information and the configuration of the building. The
basis of Mcdel 2 is the assumption that the time between
ad jacent concrete deﬁbsits during concreting operations fér
the floor slabs controls the economic selection of
elevators. The development of Model 2 ignored. the behavior
of cogcxgte,‘namely,_the "initial set" time.

The vinitial set” time of conerete is the time reguired
for the chemical reaction of the ingredients to cause the
concrete to harden. This hardening process contributes to

the strength-gaining property of concrete and continues
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indefinitely at a diminishiong rate with the highest rate
beginning immediately after the concrete is placed in the
form. The degree to which concrete is allowed to harden
before fresh concrete is placed against it is critical.
Concrete that has set too long will not bond to fresh
concrete, causing unsightly and unsafe'"cqld—jointso"

The time of hardening varies depending on a number of
factors. Some of the more important factors are ambient
temperature, wind velocity at exposed surfaces, humidity,
and tightness of forms. But, in general, concrete in a
floor slab that hardens beyond one hour will not bond.

Times of fifteen, thirty, and forty-five minutes are
frequently used as the maximum allowable time between "olgd"
and ﬁnew" concrete, i.e., before fresh concrete is placed
next to concrete previously poured.

It is not uncommon for contract specifications to state
the maximum allowable time interval between concrete loads.
This specified time interval does not relieve the contractor
from responsibility of noting conditions that affect the
"initial set" time of the concrete and, if required in his
judgment, reducing the time interval to one that is
appropriate. |

. The cost of not meeting the contract requirement in this
respect cannot be ignored since "cold-joints" resulting from
concrete not bonding is cause for rejection of the slab, To

_replace a floor slab that has been condemned is a prohibi-

tively expensive operation, due not only to the expense of
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tearing out and replacing but also for the loss of con-
struction time that may extend the project into the penalty
period.

The purpose of Model 3 is to recognize that the "initial
gset" time of concrete in floor slabs is the factor governing
the number of elevators with respect to the lateral dimension
of a building. Model 3 also serves as a restriction on

Model 1.

Basis of Model 3

' The method generelly used to place concrete for a floor
slab waé outlined in the development of Model 2. The suc~
cesegive dumping of fresh concrete along the width of the
formed area creates.a line of hardening concrete called a
pouring front. Thé maximum length that the pouring front

can attain is the maximum dimension of the formed area
measured parallel to the pouring front.

The maintenance of the pouring front within the allow-
able time interval between loads while- also maintaining a
rate of pour equal to the delivery rate of the elevator is

the basis of Model 3.

Development of Economic Model 3

Symbols.

L = a dimension inthe formed area to be poured, in feet
w = width of pour front .expressed as some fraction of L

y = volume of a transport unit, in CY
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d = thickness of concrete floarto'bepoured,:ﬁifeet
Tpf‘= maximum allowable time interval between placing
fresh concrete against previously poured concrete,
in minutes
v = velocity of a transport unit, in feet per minute
n = number of transport units.
For the general case, consider the area to be poured to have
a trapezoidal configuration. PFigure 10 shows the area and .
its dimensions. The analysis that follows is valid for any
square, rectangular, or trapezoidai area where the transport
units follow orthogonal travel patterns. A similar analysis
could be made for circular areas. MNodels using other travel
patterns could be developed, but it is felt that models with
orthogonal travel patterns best simulate actual field

conditionse.

r4

: _W-2
l i?(my) ‘
z @—ﬂ-— - X W z<w

L

Pigure 10. Dimensioned Floor Area with
Orthogonal Travel Pattern
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Maximum distance traveled by a transport unit =

(2)(average distance) from elevator and return.

4 (x + y) dy dx
5 area
% (w + 2)

w—2 P/
L 25 **73
16

- I(w + 2) f f (x +y) dy dx
0 0

2 2
8wL + 4wl + 2w~ + 2wz + 22 _
3w+ 2z) ) (5-16)

For the case of & square area, z = w = L, Equation (5-16) .
becomes 3L; for a rectangle whose width is. 4L, Equation
(5~16) Dbecomes %Lo
Assume for the sake of simplicity that the area.to be
poured is a square such that z = w = L. The maximum distance
traversed by a transport unit is 3L.
3

. . . . . L
Maximum travel time, in minutes, per unit = =

Number of trips/hr one unit can make, assuming no down

. _ 60 _ 20v
‘l:.lme,—.E = =T
v
and, Number of trips/hr n units can make = xlF%?q o (5-17)

‘Each transport unit can place y CY per trip. The length of
the pouring front is L feet. The square feet of f}oor‘area
covered per load is g%x; and, assuming a square area of

coverage for each lcad, the pouring front is reduced by
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an amount ofqlggx for each transport.unit load.
Number of trips required to complete the pouring

- front is then

W

and the number of trips required per hour to maintain the
pourihg front and not exceed the maximum allowable time
is

intgrval Tpf’

- (T%Qf'} (]ZTif) : (5-18)

Equating (5-17) end (5-18) and solving for L gives

L = En)(v)(mpf)]% Bﬂ% : (5-19)

Menipulation of Model 3

The terms v and y maey be considered as constants. If,
for various values of Tpf the value of L is calculated for
various combinations of n and d, the results can be
summarized graphically in useful form. This permits the
determination of the effect of three of these variables on
the fourth variable or the selection of values for some combi-
nation of *these variables that meets a specific requirement.
As an example, the value of L may be fixed and it is desired
to know the number of transport units, n, necessary to megt
some time interval, Tpfo

Computer Program Number 5, Appendix C, was written to
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perform the calculations for a range of values of variables
n, d, and L for various values of Tpfo These calculations
assumed fixed values for v and y. The graphical repre-—

sentation of these relationships are shown by Figures 11(a)

through 11(d).

Discussion of Cost Coefficients and

Variables Used in Models

The extent to which the three models developed simulate
actﬁal field conditions depends upon the accuracy of the
values selected for the cost coefficients and variables used
in the model. The behavior of the models ismore sensitive to
changes in the values of.some cost coefficients and variables
than others. Reasonable results are, therefore, obtainable
even though the wvalues selected for some cost coefficients

and variables are in error.

Cost Coefficients Cyps Cpo Cyps CO

The determination of apprépriate velues for Cyxs Cps Cyp
and Co is relatively easys Ck is simply the average weekly
rental cost or ownership cost of one elevétor including.an
allowance for maintenance plus the employer's weekly cost of

wages for the hoisting engineer. Rental rates are quoted
as the sum of the costs of the basic unit plus the cost per
linear foot of tower, cable, ahd accessories:as spécified°
Accessories would include concrete bucket, attachment,

hoppér, tripping devices, etc. Co is the weekly. operating
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cost assuming full time operation for forty hours per week.
The modei accounts for the percentage of time the elevator
- is not operating. It is obviously necessary to know the
- | ‘ price of fuel required-—whether naturel gas, gasoline, or
diesel—or, if electric, power rates. Good estimates-of
fuel consumption are available so that the value of éo shou}d
be without appreciable error. ‘
The value of both Cy and .C, may vary among time periodso
Provision is made in Computer Program No. 1, as part of the
input, to permit this varigbilityu Cm is merely the
employer's cost of hourly wages for transport unit operators.
Cy is the rental, or ownership, cost per hour of a transport
unit. Zrtshouldﬂélso include the cost of runways and the |

men necessary to relocate them.

. . ]
Cost Coefficients Cwi, Cwi

.

i _
Fortunately the behavior of the model is not too sensitive

Determining a value for C, is admittedly difficult.

to changes in Cw thereby permitting a margin of error in
i L] .t
the choice of Cy. without invalidating the results. Note
i ‘
from Figure 4 that for a value of ¢ = 0.5, an error fifteen

times the true value of C;i’ C;£;£C%?¥xi?_?an be ipcu?red
5befqr§fthe}qptimum'Qumhgr'oﬁ_e;evators changes from one to two.
Cwi is the composite ﬁéekly cost incurred by not having
material on-station as required to maintain continuous and
uninterrupted work. Not all materials scheduled to be

lifted during a weekly time period will contribute to the
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value of Cwi since a delay in their on-station arrival date
will not interrupt the work,

It is, therefore; necessary to determine which activi-
ties are critical in the time period. The material, tools,
equipment, etc., required by these activities must then be
evaluated in terms of the cost incurred by their delay.

A portion of this delay cost would obviously be the cost of
wages for the men waiting for the material, This cost is -
easily determined. However, there are other costs involved
that are not so readily evaluated. Costs associated with
general overhead, job.overhead, investment, idled equipment,
penalties, reduced performence bond capacity, to mention a
few, should be considered. Although not precise, a "quick
and dirty" approach to evaluating the latter costs is to

sum the average weekly general overhead assigned to the
project, weekly project overhead, interest on average weekly
investment, appropriate charges for any equipment on the
project idled as a result of the delay in material, and
weekly penalty for exceeding the contract time. Actually,
this approach is not as bad as it may at first seem. Since
only those activities that are critical are being considered
as candidates to contribute to Cwi, it is reasonable to
expect the project to be delayed by an amount corresponding
to the delay in these critical activities. |

A value of Cwi must be specified for each 3t time
period for Computer Program No. 1 since the value of Cw.

\ : i
may not be the same for each time period.
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Variables

The volume, y, of a transport unit depends on the size
of unit selected. Popular sizes that are not motorized have
volumes of six cubic feet and nine cubic feet. It may not
always be good practice to consider a unit fully loaded
although the assumption in these calculations is that the
value of y is nine cubic feet and fully loaded.

The value of v has been observed to vary from ten feet
per minute to forty feet per minute. This variance can be
attributed to the transport unit operators and the condition
of the runways. Wide, stable runways designed to be easily
relocated can noticeably increase the value of v. The
value for v of ten feet per minute assumed in these
calculations gives a very conservative result.

Selection of appropriate values for n, Tpf’ and d have

either already been explained or are self-explanatory.
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CHAPTER VI
APPLICATION OF THE ECONOMIC MODELS

From the construction schedule, the number of weeks
required for construction and the type and quantity of
material by floofs'for each week is obtained. ZEach materiel
is translated into the effective loed capacity of the
elevator so that the number of trips per week required to
1ift that material can be determined. The total number of
trips per week reéuired to 1ift all materials scheduled for

th

that week is the value of Ay for the i time period where

a time period is one week's duration.

The average time required per trip is the value & for

the assumption of exponential service time. This time is
the sum of the loading time, travel time, and unloading

time for each elevator load. The travel time is given by

distance
velocity

point of departure to the point of delivery and from the

where distance is the sum of the distances from the

point of delivery to the point of return. The load time is
the time to place the material on-the elevator platform
assuming the material to.be at or near the elevator thres-
hold. The unloading time is the time required to remove the
material from the elevator platform onto the landing.

The value of M, the service rate, may be regarded as

76
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the output of the elevator over the time period divided by
the portion of the time period that the elevator is
actually in operation° Expressed another way, u is the
number of trips per week an elevator could make each week
if continuously operated. Thé calculation of p for a time

period of one week is:

_ £ trips made in time period i
Mi ¥ T Time Tor each trip expressed as a °
fraction of a week

In testing the model, it was found convenient to
prepare the data in tabular form by recording for each time
period the material to be lifted énd the floor to which
delivery was to be made. The form used for this purpose was
designed as shown in Figﬁre 12, The information shown on
this form was summarized on a form designed as shpwn in
Figure 13. Alsé included on this second form were the
number of trips and time per trip, in minutes, for each
material for each time period. Data cards can then be
readily keypunched using the code sheet shown in Appendix A.
One data card is required for each material to be liftea
during a time period. This is the extent of the daﬁa
required for Computer Program No. 1.

Computer Progrém No. 1 (Appendix A) calculates, by time
period, the following: total time in minutes fhat elevator

is used in time period, A, w, W, D, W and P,. The calcu~

q
lations are repeated for the number of elevators specified.
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DATA RECORDING FORM SHOWING
PERIOD ACTIVITY BY FLOORS

DATE:

PROJECT NO._______ TIME PERIOD _ | WEEK
TRANSPORTABLE ITEMS
PERIOD fcon] coN] DR [BLD [MAS|DUR|mAS | AC |PNT|CEI [FLR|PMB{PMB
COL| SLBIFMBE| TIL |UNT |WAL|[MOR]UNT SYS |[COV |RGHIFIN
| 2
2 3 2 2
3 4 3 2 2 2 2 3
4 5 4 2 2 4
5 6 | 5 2 2 5
6 7 6 3 3 3 3 2 6
7 8 7 3 3 2 7
8 9 8 3 3 2 8
9 10 9 q 4 4 4 3 2 9 2
10 10 4 4 10
|| 4 4 3
12 5 5 5 5 q 3 3
13 5 5 4
14 5 5 4
15 6 6 6 6 5 4 4
16 6 6
|7 6 6 5
18 7 7 7 7 6 5 5
19 7 7 6
20 7 7 6
2 8 8 8 | 8 7 6 6
22 8 8
23 8 8 7
24 9 9 9 9 8 7 7
25 9 9 8
26 9 9 8 .
27 0 |10 10 |10 9 8 8
28 10 10
29 10 10 9
30 FLOOR DESTINATION—" o | 9 9
31 10
32 10
33 10 10
34
35
REVISED: .._YES —_NO" UPDATENO.: . SHEET OF

Figure 12. Data Recording Form Showing Period
Activity By Floors
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DATA SUMMARY FORM OF PERIOD
ACTIVITY BY FLOORS

79

' DATE e .
PROJECT NO. —— TIME PERIOD
PE TRANSPORTABLE ITEMS
Rlo CON | CON DR BLD | MAS | DUR | MAS AC PNT | CElI | FLR |PMB |PMB
Dl COL | SLB [FMBE| TIL | UNT | WAL | MOR | UNT SYS | COV | RGH | FIN
Y
2 ?0 ol|2 7l50 b4 334
3 223917, 0| 232 2| a2’ Z2|Z,. 10 "9
4 |[Ps7°°[137°° 33 33 10 40 ¢
5 |8y 7770 §33 " 533" : 33 ¢
"6 2332915, P08 7 _2F : '%72 3677 Z5" §67°
7 _lz 33 #15226 367/% %035 ) 0 ¢
8 9513'0' i 150 * ;BN K ﬁzlo Z B %2334
9 3%33“’ 0o Y to0 i0 ¢ : 0 :g 267'°1533° ; 67: 533°
19} $34°Y 72.0°° 7 fo . 43.0
| l Q 50 267
12 33" F,gjs D23 c1333"° o'°l3ez® pe?’
13 2.3 2330140 ¢
l 4 233I4 .é.l!lo 430 °
[ g Y067 IEZ.SZ: [ 5.67_’{:; To33°|%0 ° fio
! 67
7 367’7 5 €67 73.33 - 5
18 fo0® 1(30°° Al fo67 1233 1133
9 I 018 572
20 io ” %Ql Gez°
21 fa33® na%sﬁ?z 233" gzal’z foPl&er% fe2°
22 :
24 Bg_f__;;_sv % e7°|367° $34% [00® 20 °
25 3 6%° | 2913235
26 2s7° /o 33"
2; 1% 67 30;: 8.0 190 ;z f/ﬂm f033° 733°
2 40 0
29 20 "l A% 7P 267 | . -
30 / f 12 07 Z 267 |
31 FLOOR DESTINATION — M 1By °
32 NUMBER OF TRIPS 12 00°
33 TIME (IN MINUTES) PER TRIP oo’ %o ®
34
35
REVISED: —_YES _—_NO UPDATE NO. SHEET OF

Figure 13. Data Summary Form of Period Activity By
Floors
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Computer Program No. 1 calculates and accumulates the
TCi's° The output will include a plot of the Cumulative
Tci's, one curve for each elevator specified. This plot
will show the time period during which two elevators dre as
economica; as one. The zTCi‘s for the project duration time
ig the estimated cost of elevator service level indicated,
provided the restrictions imposed on Model 1 by Models 2 and
3 have not been violated.

The restriction placed on the system by Model 2 should
now be checked. From the data used todetermine )‘i’ one may find
the Kid where d is the day scheduled for the concrete pour.
If all trips not connected with the concrete pour are sub-

tracted from A4, the resulting value is the value of r..

i
C o
With a value of U, and the values of (EE) and (EE) s read
N ' b b

the value of

]

B

from the appropriate chart, Figures 8{a) through 8(d). With

the value of r and

i?

&
Cp

Cn)
“Cb
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read the value of gx from the chart, Figure 9. If this
value of g» exceeds the distance to the extreme point of
the pouring area as measured along the runways, then this
restriction has been violated. A violation indicates the
need of an additional elevator or supplementary equipment
for that time period. |
Not all time periods have concrete pours scheduled

since the majority of concrete work is scheduled in the
early time periods. Therefore, a comparison should be made
of the cost of providing supplementary‘equipment for only
those time periods'with scheduled concreté pours and the
cost of providing two elevators for the entire project
duration time.* The analysis for this procedure was
explaiﬁéd on pages 36, 38 and 39, Chapter V.

| The Second regstriction on Model 1 is that represented
by Model 3. Again, v and y are considered constantse.
Knowing 4 and Tpfp enter the appropriate chart, Figures 1i(a)
through 11(d), and select that value of L given by the number
of transport units, n; to be used. If the value of L
obtained exceeds the L value for the building under con-

sideration, the "cold-joints" restriction has been violated.

*The presumption is that no other material would affect
the behavior of Model 2. as does that of concrete. Model 2
can easily be used for any material other than concrete. 1In
the case of masonry, for instance, r would be the number of
masonry units per hour, y would be the number of masonry
units per load, Cy would be the cost per hour for the
conveyance used to transport the masonry units. The other
terms would remain the same.
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The analysis for judging whether to provide a second
elevator or bring in supplementary equipment as needed is
the same as that explained for Model 2.

If the configuration of the building is such that the

p”~\\re§trictions of Model 2 and Model 3 are satisfied by one
elevator but Model 1 indicates two elevators are required,
it is bossible by examining the p; values (more specifically,
the oy values) for each time period to eliminate the second
elevator by the use of.supplementary eéuipment on certain
days at reduced cost. This analysis can be accomplished
by follbwing the procedure outlined on pages 36, 38 and 39,
Chapter V.

If a resource leveling technique is used in conjunction
with the CPM network, the advantage of "Smoothing of Demand"
discussed in Chapter V will be realized. However, in the
event that delays are éxperieﬁced in the course of the job,
the demand should be reviewed.

A weekly review of the progress of the job is recom-
mended. This may permit rescheduling lifting requirements
in a manner that will not exceed the service capacity level
of available equipment. If not, supplementary equipment

can be scheduled.
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CHAPTER VII
SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

The vertical transportation of materials as discrete
entities by a sequence of scheduled activities has been
idealized as mathematical models to represent a system, and
the flow of the material has been described as a function of
several parameters which determine the flow rate or pro-
ductivity of the system in terms of the productivity of the
individual components. Calculations have been made to
analyze the behavior of the system in response to changes in
the parameters. The values of the parameters used for each
of the calculations were representative of the range in
values most likely to be encountered in practice for con-
struction of high-rise buildings.

Confliects among desirable attributes of a vertical
material handling system for high-rise construction were
presented to show why construction managers exhibit in-
decision in the selection of a system for a specific project.
Various equipment suitable for lifting has been delineated
by type into "families" according to the particular lifting
service provided. TFrom the "family" of hoists, elevatocrs
were seiected to be studied and evaluated since they are 4

assumed to be the basic lifting machines for vertical

83
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transportation systems in high—risé construction.

The problem of deterﬁining the type and quantity of
materials susceptible to transport by an elevator resulted
in defining a term Yeffective load capacity." The effective
load capacity of an elevator identifies those materials, and
the quantity of each, that can be transported by one
trip-load.

Eight observations were made of current practice in
high-rise construction establishing the basic problem of this
study. A discussion of these observations demonstrated the
value of waiting-line theory as an approach to the solution
of the problem. )

The waiting-line process as it applies to building
construction procedures was outlined. The input sources
were described and the queue discipline defined in accordance
with construction practice. On the basis of a description
of the arrival of material for service and the servicing
procedure, an explanation was given for the assumption of
probability distributions used in the study, that bf Poisson
arrivals and exponential services

Waiting=line theory is a useful method for analyzing
the effect. of fluctuations in demand on material handling
Systems that operate at varying per cent utilizations of
capacity. Although waiting-line models are not necessarily
precise predictors, they can be regarded as a framework in
which to identify the basic functional relationship between

variables of a problem.
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Using measures of cost associated with states of the

gsystem and the concept of state‘probability varying with

load 2nd other system parameteré, it has been demonstrated

for concrete construction that

1a

20

30

To

The optimal range of service capacity for one

or two elevators can be determined.

The effect, on this optimal range, of changes in
the system parameters dan be evaluated.

The total cost for a vertical transportation
system, inciuding supplementary equipment, can

be egtimated for bidding purposes. |

The vertical transportation requirements can be
updated and the need for and the cost of supple-
mentary equipﬁent, if indicated, can be predicted
in advance.

The smoothing of demand for service may reduce
the cost of the vertical tranéportation.systemo
The maximum economic height that can be served by
elevators is limited by the floor area and con-
figuration of the building.

The solution given by Model 1 is not sensitive to
the cost coefficients; therefore, the estimate of
Cw need not be a precise one.

Much of the information required to use the
methéds presented in this study is repetitive

from job to job.

The results obtained through this study can be used to
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evaluate the contribution to a vertical transportation
system of one or two elevators. However, when the demand

on such a system exceeds the capécity of two elevators, it
is this writer's opinion that systems articulated in other
ways should be considered. The contributibn of othef
"families" of equipment, or cbmbinations,'to a vertical
transportation system should be studied to obtain eventually
the "best" line-up of equipment at the least cost.

FPuture studies of cost coefficients would also be
fruitful since the reluétance to evaluate a cost-of~waiting
has beeﬁ a deterrent innthe use of many economic waiting-
line models. The similarities of high-rise construction
projects and of their associated costs should serve as a
challenge to arrive at a fairly narrow range of standard
values of cost coefficients that could be used, with slight
modification, in any geographical location.

Both the designers of vertical tramsportation systems
handling materials as discrete entities and the manu-
facturers of the building materials these systems handle
must face the problem of packaging. Frequently, identical
material, but from different manufacturers, will be
packaged in different sizes and shapes. Future studies
could profitably be conducted with the purpose of standard- ,
izing the packaging of many materials used in building

construction.
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APPENDIX A
COMPUTER PROGRAM NO. 1
Instructions for Computer Program No. 1

Arrangement

Following is an ordered listing of the necessary control
cards; source deck, "Tape" subroutine decks, binary sub-.
routine deck, and data deck, for the Oklahoma State Uni-.

versity IBM 7040 System.

$ID

$J0B

$IBJOB

$IBFTC  MAIN.

fi“MAIN" PROGRAM FORTRAN DECK

$IBFTIC TAPE

('"TAPE" SUBROUTINE FORTRAN DECK

$IBFTIC  PRTOUT

89
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/k"PRTOUT" SUBROUTINE FORTRAN DECK

(rBINARY SUBROUTINE DECK

$ENTRY
First Data Card "“"Control Card®

d
DATA CARD DECK

$END
$IBSYS

First Data Card “Control Card"

By punching the word CARD in columns 15-18, the deck of
input data cards will be read and then written on Tape
Unit # 4. This tape can be saved and used for future runs.
When using tape input from a previous run, punchingvthe word
TAPE will read data card images from TAPE UNIT # 4.

Other control information that appears on the First
Data Card is as followss

Columns 1-3 Maximum number of weeks per period

specifies various lengths of time

periods
Columng- 4-6 Maximum number of elevators to be tested
Coluiins 7-9 Starting number of week per period

(used only for discontinuous runs)
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Columns 10-12 Starting number of elevators

Columns 15-18 The word CARD or TAPE. If a rerun,
instruct computer operator to mount
tape containing card imageé on tape
drive # 4. Mount scratch tapes on tape
drives 0, 1, and 2.

Columns 20-28 Number of floors

Special Restrictionéwbnggata Deck

A1l data cards pertaining to one time period must be
placed together and the time periods must be sorted and
arranged into ascending order. If there is only one card
for éhe gggj time period, it must be followed by another
cerd with the same time period and the balance of the columng

blenk., The cost coefficients Cwi, C,, and cki are punched

o?
into columns 31-60 of the first card of the set of car’s for
each time périod. Any values punched into these columns on
the other cards of a set will be ignored.

The card format for entering Cwi, C,s and Cki on;the
first card of the set of cards for each time period is as
follows:

Column 31-40 Co punch anywhere in field with decimal

' point

Column 41-50 Cw_ punch anywhere in field with decimal
i

point
Column 51-60 ck_i punch anywhere in field with decimal

point
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For multiple -time period analysis (two or more time
periods taken as one) the cost coefficient‘is averaged over
the periods. 1In the‘précess of reading in the data cards
‘and writing them on tape the cards are checked to be sure
that the period is in ascending sequence. If a card is
found to be out of sequehce the following message is
printed: |

WPERIOD OUT OF SEQUENCE" (card image of out—of-sequc)ence
_ card).

This card image may be of the card following the actual out-
of-sequence card if two cards are interchanged. After this
message the program continued to cheék the balance of the
data deck end after the last card is reed and there was &
sequence error, this message is printed:

WPERIOD SEQUENCE ERROR~-JOB TERMINATED"
Following this message a CALL EXIT is executed since out-of-
sequence eardé would give erronéous results.

The_test on UTIL (utilization factor, rho) is for 0.98
and all operations involved are set to zero on output when

UTIL exceeds this value.

The FACTL(K) Function Subprogram

This program yields answers of K! for arguments in the
range greater than or equal to zero tc K = 33. For arguments
in the range 1 to 20 the method is table lookup. O is
treated as a special case. Fdr arguments in the rangé 21 to
33 the method is arithmetic expansion, starting with the
table value for K = 20. For arguments gréater than 33,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



93

floating point overflow will occur becausevK! becomes so
Llarge. The argument is a fixed point quantity and the result

is floating point.
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READ FIRST
DATA CARD

WRITE TIME %

CALL TAPE
SUBROUTINE

$ END

@ RETURN
CARD : PRINT

@ IFREQ. TAB-

READ —|LE Fg‘JM

DATA CARDS #

Q _\WRITE CARDS ON READ \ &
TAPE # 4 FROM TAPE
_ : #

READ DATAFROM/
TAPE # 4

CALCULATE
UTILIZATION
SUM TIME FACTOR, P
AND TRIPS
PER FLOOR
PER PER!OD
l CALCULATE
SUM TOTAL PROBABILITY
TIME AND P
TRIPS PER
PERIOD
CALCULATE
CALCULATE WAITING TIME
A& pu IN SYSTEM, W.

é) FOR CONTINUATION,

SEE NEXT PAGE

Figure 14. Flowchart for Program No. 1, Calculations
. ‘ of A, 4, W, _p» Wq .and P,
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CALCULATE
WAITING TIME
IN QUEUE, Wq
Q WRITE VALUES L
ON TAPE ELEVATORS
#2 USED

CALL DATM
(DATE & TIME)

a READ TAPE # 2
Ap WP,

Wy R

READ TAPE #¢ . :]:
TIME AND :

TRIPS ADD ‘ ADD
ONE WEEK ONE ELEV.

é;) PERIOD =
' ONE WEEK

CALL EXIT

Figure 14. (Continued)
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Project Number:

Time Period:

DATA CARD CODE SHEET

Date:

96

Update No.:

Revised: - yes no No. of Cards:
Initial Final No. of Item Remarks
Column Column Columns
1 6 6 Material Alphameric
7 8 2 Blank
. Right
9‘ ] 11 3 Tlme.Period Justified
12 13 2 Blank
Right
14 15 2 Floor Justified
16 17 2 Blank
_ : Right
18 20 3 Number of Trips Fustified
21 22 2 Blank
23 o8 6 Time per Trip, Decimal Point
in minutes in Column 26
THE FOLLOWING PUNCHED ON FIRST CARD ONLY
OF SET OF TINE PERIOD CARDS
31 40 10 CostcCoeffi01ent, In field
' o
41 50 10 CostCoefficient,| 1y fiela
. - l .
: 51 60 10 Costyloefficlent,| mm riela
2

Figure 15. Data Card Code Sheet
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APPENDIX B
COMPUTER PROGRAM NO. 2
Explanation of Computer Program No. 2

Equation (5-1), page 28, states the expression for

average delay time (average time waiting in queue) as

k

B -

P
" T 01 - w2 Lo

where
P — - — 1

o~ [k-1 °
IRT/\ R I 7\ e TR
n! \p k! \w/ kuy~- 2

Equation (5-10), page 33, includes the term Wq in the

following form

c
Wy 1

Cp. . 8 (pW. = uW. )
k, 1T gy Uy

which was obtained by expressing the average time spent in
the system, W, as a multiple, f, of the average service time
1 o 1
— = =w -]
m such that f pqu + 1 since W q + m

97
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The expression for wq can be restated in the following

_1(p>0 P >0
wq-uﬁ or Wiy = %——3—1{1_9

ooy - [eﬁew]

It can be seen that the average delay expressed as a multiple

form

where

i=0

of the average service time is a function of p. only for
various values of k.

Computer Program-No.izwcomputes values for qu as a
function of p in the mammer indicated by the flowchari which

follows.
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START

LOOP FOR k=
NO.OF ELEVATORS
FROM k=I TO k=6
DO 150 k=1,6

COMPUTE(K !)-(1-P)
TWO = (FLOAT

(FACTL (K)) %
R=00 . FOUR)

NOTE: THE
FUNCTION
FACTL (k)
COMPL'JTES
k!

coﬁﬂ?ﬁ:g?xg OF COMPUIE
TIMES THE INCRE- _i(ﬂﬁ)__
MENTOT%SIRSADDBD (k1) < (1-p)

DO 150 J=1,22 THREE =
ONE/TWO

SET UP LOOP FOR
SUMMATION OF

[I—'l-(-ﬁ-)l] FROM

_ ®
\ I1=0 TO (k=)
> 0! :
compare R2093 DO 100 II=ik
R<0.93 o
R=R-0.04 11 GOES
FROM [ TO K,
. I GOES FROM
R=R+0.05 ¢ TO k-1
1=11-1
COMPUTE L-p | - COMPUTE Pk
FOUR =10-R SUM= R %
FLOAT (k)
COMPUTE (pk)¥ | ;
Pyl COMPUTE (pk)
FLOAT(K)) % % k SUM x POWER ALPIIe FOR

? . (1,SUM)

Figure 16. Flowchart for Program No. 2, pwq as a Function
of p '
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1
compuTe LE 1
SUM = SUM/

FLOAT (];FACT
(1))

ADD THIS TERM
OF THE
SUMMATION TO
THE TOTAL.

TOTAL = TOTAL
+SUM

COMPUTE

° (PK)EY, [ (PKIK
(2 PT_I? )’(’k;.(l-p))
Ry= THREE/ TOTAL
+ THREE

COMPUTE  NEXT

VALUE OF MUWG=
R

KA STORING

THE VALUES IN

MATRIX MUWG

{(k,j)

MUWG (k,j) =

PO/(FLOAT(k)

* FOUR

©

Figure 16,

100

@Rn‘e HEADlN(@ .

-/ SET UP LOOP TO
STEP R THROUGH
SAME VALUES AS
BEFORE

‘WRITE R, (MUWG MATRI)D

@___'__

(Continued)

{ CALL EXIT )
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DATA STATEMENT
LOADS I! TO 20!
INTO F(1)TO

F(20).

k=g
NO

k>2¢

NO

FACTL =
F(k)

( RETURN )

YES

5001 FacT

YES

C R.‘ETURN‘)

600

AzF(2¢)

< DO _605 >,_ —
I=21,k _

605

AzA %
FLOAT(I)

FACTL=
A

Figure 17. Flowchart for FACTL(K)
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APPENDIX C
COMPUTER PROGRAMS NOS. 3, 4 AND 5
Explanation ¢f Computer Programs Nos. 3, 4 and 5

Computer Program No. 3

For various values of Cyer Cy» Cm and Cb’ a range of

C C
values for.5£ and EE were calculated. Using the values of
b b _ :

these ratios, values of

-
Cy

C

U= + 1
Cp .

can be calculated for values of U = 0.5, 0.6, 0.7, 0.8, 0.9
and 1.0. Computer Program No. 3 performs these calculations

in the manner indicated by the flowchart, page 104.

Computer Program No. 4

With the values of

2|

Cy

C .

U EE) + 1
b

Ce -

102
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obtained from Computer Program 3, values of LT—Z and L;_3
were calculated for various values of r. Computer Program

No. 4 was written to perform these calculations according to

the flowchart, page 105.

Computer Program No. 5

Equation (5-19), page 67, is stated as follows:

L= L, [

Computer Program No. 5 was written to perform calculations
for e range of values of the variables n, 4 and L for various
values of Tpf° These calculations assumed.fixediyalues for
v and y. The procedure the program follows is indicated by

the flowchart, page 106.
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(f' START ) TERM(K) =

RKB/Ux RMB(k)
+1

SET ¥=0.33
V=10.0

GENERATE VALUES
OF RMB FROM
05T0 10
STEPS OF 0.5
STORE IN RMB(1) TERM (k)

Ur =
FLOAT(JUMIO.

WRITE HEADINGS
ON
NEXT PAGE

JRKB = 5,250,

RKB=
FLOAT(JRKB)/10.

Figure 18. Flowchart forProgram No. 3, Calculations of
for Various Values of (U) ~

c‘ol éﬂ c‘ol Pi‘o
j‘+ .
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( smrtT )

|SET v=033
v=j0,0 TERM =

FLOAT(J TERM)/I0.

COMPUTE
Fr-2, *2-3

WRITE
HEADINGS

CALL °
EXIT

Flowchart for Program No. 4, Calculation
of # for Various Values of r

Figure 19.
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DECLARE N
AND L(9)TO

BE REAL
VARIABLES

SET Y=0.33
v=10.0 D=JD

L(JD)=SQRT(.3

DO I5 % N%V%TPF-
JTPF=15, 60,15 ¥SQRT (3. % Y/
(D/12.)))

TPF=
JTPF

WRITE WRITE VALUES
HEADINGS OF N, L

CALL
EXIT

'Figure 20. Flowchart for Program No. 5,
Calculations of L.and n for
Various Values of Tpf
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Engineering degree from Auburn University in 1946;
completed requirements for the Doctor of Philosophy
degree in May, 1968. .

Professional experience: Employed by Lousiville and
Nashville Railroad, Cincinnati, Ohio, from June,
1944, to May, 1945, as senior instrumentman;
employed by Polglaze & Basenberg, Consulting
Engineers, from June, 1946, to May, 1951; formed
"construction firm in June, 1951, and served as
president to May, 1961; employed by Auburn Uni-
versity as Assistant Professor of Building Con-
struction in September, 1961; presently Associate
Professor of Industrial Engineering, Auburn
University.

Professional activities: Member of: American Society
_of Civil Engineers; Florida Engineering Society;

Registered Professional Engineer (Alabama); Phi
Kappa Phi, Tau Beta Pi; Chi Epsilon; Charter
Member of Central Florida Section of Associated
General Contractors of America; Board Member and
Officer of Central Florida Section of Associated
General Contractors, 1955-1959,
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