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Preface

Construction Equipment Management for Engineers, Estimators, and Owners is intended to be
a reference book for construction project managers, estimators, construction equipment fleet
managers, and professional engineers. The book also contains information relevant to both
the public and private sectors. It contains a great deal of “hands-on, how-to” information
about equipment management based on the authors’ personal construction experiences
throughout the world. It is written as a guide for individuals who need to estimate the cost
of equipment on a given project and do not have data at their fingertips because their routine
business does not involve a lot of equipment-related construction. The authors also hope that
their book will be useful to the public agency equipment manager whose need is to minimize
equipment costs rather than to maximize the profit earned by the equipment.

The book is useful to all parties in the architecture, engineering, and construction indus-
tries as well as to project owners. The first chapter describes the evolution of construction
equipment and serves to set the stage for the following chapters that provide specific up-to-
date information on the state of art in the area. The chapters on estimating equipment
ownership and operating costs and determining economic life and replacement policy will
be of great value to construction estimators. The chapters on determining the optimum mix of
equipment and estimating the equipment productivity show the estimator how to maximize
the profit of an equipment-intensive construction project. The chapter on scheduling demon-
strates how to convert a linear schedule into a precedence diagram for use in a project that has
a mandated scheduling methodology. This information has not been published before to the
best of our knowledge and demonstrates to the equipment manager how to ensure that a
production-driven, equipment-intensive project can be scheduled to achieve target production
rates and hence target equipment-related unit costs and profits.

The book also shows managers and engineers how to avoid making costly common
mistakes during project equipment selection. It contains a matrix that will help the novice
equipment manager select the proper piece of equipment based on the requirements of the
project. It is full of detailed examples of the types of calculations made to allow both public
and private equipment-owning organizations to determine an optimum equipment utilization
plan for any project regardless of their levels of experience. Finally, the equipment safety
chapter describes how to develop an Occupational Safety and Health Administration
(OSHA) job safety analysis for an equipment-intensive project, thus making this onerous
and essential task easier for the equipment manager.

This book is the brainchild of Dr. Calin Popescu of the University of Texas and flows
from an early work undertaken to support his graduate civil engineering class in construction
equipment management. Dr. Popescu’s focus was on equipment used for heavy-civil projects.
Professor Richard Ryan of the University of Oklahoma blended much of his work on
managing construction equipment in building construction for his construction science
undergraduate class on construction equipment into Dr. Popescu’s outline to produce a
reference that for the first time treats both horizontal and vertical construction projects.
Dr. Doug Gransberg added his research on optimizing equipment fleet size and composition
as well as his experience in applying engineering economics and simulations to produce a
comprehensive treatise on this subject that ranges from the rigorous mathematical analysis of
equipment operations to the pragmatic discussion of the equipment maintenance programs
needed to guarantee the production assumed in a cost estimate. The authors hope that the



combination of both the analytical and practical aspects will result in a reference document
that will be of value to a wide range of individuals and organizations within the architecture,
engineering, and construction industries.

Douglas D. Gransberg
Calin M. Popescu
Richard C. Ryan
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1 Evolution of Heavy
Construction Equipment

1.1 INTRODUCTION

Buildings are connected to the earth by foundation systems to achieve stability. Utilities are
located underground so that they are not visible and not placed in the way of other systems.
Building sites are shaped to drain water away from the structure to a safe place. Bridges
spanning rivers and valleys or tunnels through mountains provide suitable safe surfaces for
travel. Refineries provide fuel for cars traveling on our highways and bridges. Dams are built to
change the face of the earth, harness to change natural power, and provide an essential resource
to our existence, namely water. Construction of these projects requires heavy equipment or “‘big
iron” to assist many of the work activities. At the start of the 21Ist century, construction
accounted for approximately 10% of the U.S. gross national product and employed approxi-
mately 4.5 million people. Heavy construction equipment is one of the primary reasons
construction has reached this status. In fact, the role of heavy construction equipment today
is “mission critical” and indirectly influences the quality of our lives everyday.

Heavy construction work typically requires high-volume or high-capacity equipment.
These requirements are typically driven by the large amount of work to be done and the
amount of time to complete it. This work can further be classified by whether the construction
is vertical or horizontal. Vertical construction typically requires less surface work, earth
moving, and excavating and more lifting. Horizontal construction typically requires more
surface work and limited lifting.

1.2 ROLE OF HEAVY CONSTRUCTION EQUIPMENT

Today contractors undertake many types of construction activities that require different
types, sizes, and groupings of equipment for earth moving, excavating, and lifting. There is
a piece of equipment for practically any work activity, large or small. Construction equipment
today is specifically designed by the manufacturer to perform certain mechanical operations
that accomplish a work activity. Working capacity is a direct function of the size of the
machine and the power of the motor. These simple relationships exist — the larger the
machine, the more power required for the operation, the greater the production capacity,
and the greater the cost to own and operate.

The dependency and need for heavy construction equipment have grown with the size and
complexity of construction projects. The development of automated heavy construction
equipment for earthmoving, excavating, and lifting occurred in the last two centuries. Oper-
ating and mechanical principles for most types of equipment are basically the same as when
they first evolved many centuries ago. It should be noted that mechanical operations are
typical for most basic classifications of equipment. For example, most front-end loaders work
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TABLE 1.1

Level of Equipment Use by Type of Construction

Types of Level

Construction of Use Work Activities

Residential Light Finish site work, foundation excavation, ground material moving, up to three-story

lifting, pneumatic assembly tools

Commercial ~ Moderate Rough and finish site work, stabilizing and compacting, multiple story material and
man lifting, ground and on-structure material moving, miscellaneous types of
assembly and support equipment

Industrial Heavy Large volume rough and finish site work, stabilizing and compacting, ground
and on-structure material moving, multiple story heavy lifting and precision placing,
numerous miscellaneous special types of equipment for assembly and support

Highway Intense Mass dirt and material excavating and moving, stabilizing and compacting, ground
material moving and hoisting, concrete and asphalt paving and finishing,
miscellaneous special types of equipment for support

Specialty Intense Pipeline, power, transmission line, steel erection, railroad, offshore, pile driving,
logging, concrete pumping, boring and sawing, many others

the same way mechanically. They scoop at ground level, carry the load, hoist the load, and
dump the bucket forward. Caterpillar front-end loaders basically work the same way as
Samsung or Case front-end loaders.

Today it is assumed that if equipment does not exist to perform a necessary task, it can be
designed and built. Heavy construction equipment manufacturers are very responsive to
market needs and feedback from users. Quite simply, design development of heavy construc-
tion equipment is driven and evolves from the needs of the user market. Table 1.1 lists the
major types of construction, the levels of typical equipment use, and examples of the work
activities performed in the various types of construction.

Whether self-performing or subcontracting the work, it is the job of the project planner,
estimator, and field superintendent to match the right type of machine or combinations of
machines to the work to be performed. How effectively this is done will greatly influence the
success of a construction project. The selection of a piece of heavy construction equipment a
buyers considers today is similar to selection of a car models and accessories. There are many
models of each type of equipment. The operator’s cab can include air-conditioning and
special ergonomic seats and controls. These are not exactly luxury amenities, but most
equipment is bought for dirty outdoor work and has the basic amenities. Different selections
can be made for the motor, transmission, controls, wheels, buckets, blades, and numerous
other items. There are accessories and attachments for most types of work.

1.3 TOOLS TO MACHINES

Development of tools started with humans. Hands and teeth were the first tools. They were
used to pick, dig, break, scrape, and shape. They were used to make other tools and shelter.
Simple tools were eventually used to create a better living environment. As the tools im-
proved, the amount and speed with which construction work could be done increased.
Therefore the scale and complexity of construction projects increased. This same development
cycle continues today. A very important point to remember is that the evolution limitations
for heavy construction equipment lie within the construction market that is serviced.
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Why use the term “‘evolution”? As with all inventions, dramatic steps are the results of
development and testing. This is very true for the evolution of heavy construction equipment.
Most major heavy construction equipment advances have been made in the last 175 years.
Where we are today is not the result of one single invention, but a culmination of numerous
mechanical and operating advancements. Heavy construction machines used today are the
result of improvement after improvement based on the need to work more efficiently, effect-
ively, and safely. Simply put, the design and development goal is always to reduce cost, increase
speed, and enhance safety.

In parallel with equipment development, the study of productivity and cost for equipment
have also become more sophisticated. Machines are designed to be extensions of the oper-
ators. Manufacturers are able to provide tested and documented technical and operating
information to better help users understand impacts on their work production. Very import-
antly, they are able to communicate best practices to increase production and promote safe
operation.

Many fundamental mechanical and operating principles for earth moving, excavating,
compacting, and lifting equipment were proven and documented well before 1800. The
challenge was to mechanize crude man-, horse-, mule-, or ox-drawn construction equipment
that had evolved over several centuries of design enhancement. Finding a greater and more
reliable power source and mechanizing the operation were key motivators for design change.

Discussion in this book will focus on the time period beginning in the early 1800s. At the
turn of the 19th century, the power source for heavy construction equipment was changing
from man or livestock power to steam. ““One of the earliest steam-powered dredges was one
recorded working in 1796 for the Port of Sunderland, England” [3]. Waterways, canals, and
ports were the main modes of transporting goods so it makes sense that floating equipment
powered by steam would be developed for maintenance and new construction. The first
primitive roads were constructed for horse-, mule-, and ox-drawn carriages and wagons.
While crude roads were constructed, perhaps as importantly, merchants were realizing that
newly constructed railroads were faster and more reliable than canals for transporting large
amounts of goods. The push for railroad construction in the mid-1800s was a huge catalyst for
the development of land-operating earthmoving, excavating, and lifting machines.

Historians point to the late 19th century as the era of turning-point developments in construction
equipment, when industry was responding to America’s growing needs. At that time, three main
elements to construction equipment emerged — the power system, the carriage system and the on-
board operating system. These systems were developed essentially in response to the needs of the
railroad industry [2].

The availability of Cyrus McCormick’s reaper in 1831 opened a new era for the develop-
ment of mechanized equipment [4]. Figure 1.1 shows McCormick’s invention that started the
transition from tools to machines. His reaper was a mechanized land-operating unit pulled by
a horse. The turning wheel on the reaper supplied power to operate a reciprocating knife that
cut the grain. The primary reason for the huge success of this machine was that two people
could do the job of 14 men with reaping hooks. The benefits were obvious. The ability to
perform the work of many people is one of the primary reasons for the development of heavy
equipment today.

McCormick was a pioneer in the use of customer-based business practices for his equip-
ment sales too. He guaranteed coverage of 15 acres a day or the customer’s money back. He
allowed farmers to buy on credit and pay for purchases using an installment plan by which
payment could be made over time. He educated his customers with demonstrations and
training and advertised using satisfied customer testimonials. He set a fixed price for his
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FIGURE 1.1 Cyrus McCormick’s reaper. (Photo Courtesy of Wisconsin Historical Society Collection.)

reaper, removing the uncertainty of pricing. He developed interchangeable replacement parts
and stocked them for immediate installation. He trained mechanics and traveling salesmen to
service his customers. Equipment manufacturers use these business practices today as part of
their marketing strategies in an ever-increasing competitive market.

1.4 DEVELOPMENT OF EARTHMOVING, EXCAVATING,
AND LIFTING MACHINES

The need to lower excavation costs for railroad construction led to the development of the
first steam-powered single-bucket land excavator designed by William S. Otis in 1835 shown
in Figure 1.2. The shovel was rail-mounted and depended on tracks for mobility. This is
perhaps the first manufactured piece of self-powered, land-operating heavy construction
equipment.

Over the next several decades, the development of other tools that could be towed or
pushed created a need for an equipment to replace livestock or humans as the sources of
power. The first engine-powered farm tractor, the steam-powered Garrett 4CD, was intro-
duced in 1868. Development of this tractor formally started the evolution of heavy construc-
tion equipment. Tractors ran on steel tires and soon began to be manufactured in different
sizes. Numerous accessories were developed for use with a tractor. Blades were attached to the
tractor front to push dirt around. Buggies pulled by tractors were used to transport excavated
soil. Tractors were used for a long time as the power components for many different types of
construction equipment. It was not until the mid-1900s that manufacturers started developing
integrated machines designed as one unit.

The Holt Manufacturing Company manufactured the first steam-crawler tractor in 1904.
It is shown in Figure 1.3. This started a new direction for industry as the back wheels were
replaced with tracks. The front wheel is called a tiller wheel.

The tractor loader shown in Figure 1.4 was manufactured in the 1920s and included a
cable-operated bucket attached to the front. Dirt was loaded into the bucket by propelling the
tractor into a dirt pile.

Because of the market-driven nature of the development of construction equipment,
historical events played a major role in creating the need for larger capacities and faster
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FIGURE 1.2 Otis steam excavator. (Photo Courtesy of Keith Haddock Collection.)

and safer operating equipment. The mass production of the Model T automobile in 1913 was
perhaps one of the greatest indirect influences on the evolution of heavy construction
equipment. The demand for roadways created a huge need for greater capacity and more
powerful earth moving and excavating equipment. Ever since the enactment of the first

o ¥ .l . o o i s A ¥ # P

FIGURE 1.3 Holt steam crawler. (Photo Courtesy of Caterpillar Inc. Corporate Archives.)
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FIGURE 1.4 Fordson tractor loader. (Photo Courtesy of Keith Haddock Collection.)

Federal Aid Road Act in 1916, the federal aid highway system has created more need for
heavy construction equipment than any other sector of the economy.

Both world wars placed demands on heavy construction equipment manufacturers for
different types and more versatile machines. The boom after World War II saw hydraulics
replace cables as a means of equipment control. In the 1950s engines, transmissions and tires
evolved into predictable efficient and maintainable components of heavy construction equip-
ment.

Figure 1.5 depicts the major stages of infrastructure development along a time line showing
first implementations of commercially available earth moving and excavating construction
equipment [3,5].

With the completion of the expansion of the railroad system and dam construction, the
1960s saw an increasing amount of work in crowded urban areas. This setting brought on a
new set of safety and operating considerations. The 1960s saw tremendous advances in
construction techniques and associated technology for high-rise construction. The 1970s
became the decade of steel-frame skyscraper construction in metropolitan areas. Develop-
ment efforts were focused on building mechanized cranes with safer and more reliable control
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systems that could serve greater heights and capacities. It became obvious that the ability to
lift greatly influenced the efficiency of building higher structures. Figure 1.6 depicts the major
stages of infrastructure development along a time line showing first implementations of
commercially available lifting equipment [1].

Public attention and funding were also focused on designing and building mass-transit
systems, water supply and treatment facilities, and utility and communications facilities. The
Occupational Safety and Health Administration (OSHA) was created in 1971. Ensuring safe
and healthful working conditions for working men and women included ensuring the safety of
construction equipment. Protective cab enclosures, automatic safety devices, noise, vibration,
and dust control were only a few of the issues concerning construction equipment that OSHA
included in its regulations.

1.5 HEAVY CONSTRUCTION EQUIPMENT TODAY

Today there are an estimated 1.3-million off-highway machines operating in the United States
alone. Civil, highway, and building construction companies are the largest users. Table 1.2 to
Table 1.4 show major heavy construction equipment manufacturers located around the
world. An “x” in a column denotes the production of this type of earthmoving, excavating,
compacting, or lifting equipment by the specific manufacturer. The largest equipment pro-
ducer in the world is Caterpillar.

Standard Industrial Classification (SIC) categories are used by the Department of Labor —
OSHA to classify manufacturers. Statistical data related to the manufacture of equipment
used in the construction industry can be found in the two SIC categories listed below [6].

* Construction Machinery and Equipment — SIC 3531: This category includes “estab-
lishments primarily engaged in manufacturing heavy machinery and equipment of a
type used primarily by the construction industries.”

¢ Industrial Trucks, Tractors, Trailers, and Stackers — SIC 3537: This category includes
“establishments primarily engaged in manufacturing industrial trucks, tractors, trailers,
stackers (truck type), and related equipment, used for handling materials on floors and
paved surfaces in and around industrial and commercial plants, depots, docks, airports,
and terminals.”

1.6 FUTURE OF HEAVY CONSTRUCTION EQUIPMENT

The physical needs to perform construction work have not changed very much. The work to
be done changes based on the type of project, but the activities that have to be performed are
similar for all projects. Activities include site work, the base or foundation, structure, and
associated parts or connections. It could be a building, highway, dam, or refinery. The
amount and types of machines required may vary, but the need for heavy construction
equipment will always exist.

Development and evolution of heavy construction equipment is predictable in many ways.
If we need bigger, we build bigger. If we need something new, we build it. Tempered by
economic reality, equipment will be refined with necessity driving the design and development
just as it has from the beginning. That is the past and the future for heavy construction
equipment development.
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TABLE 1.2
Heavy Equipment Manufacturers (Earth moving)

Motor

Tractor Bulldozer Grader Scraper

Aichi

Allmand

Alitec

Al-Jon X
American

Ammann

ASV

Badger

Bitelli

Bomag

Bobcat

Broderson

Bronto

Carelift

Case X X X
Caterpillar X X X X
Champion

Daewoo

Deere X X X X
Demag/Terrex

Ditch Witch

Dresser X

Dynapac

Galion X
Gehl

Genie

Gradall

Grove

Halla

Hamm

Hitachi

Hypac

Hyster

Hyundai X
Ingersoll-Rand

JLG

JCB

Kawasaki

Kobelco

Komatsu X X
Kroll

Kubota X

Little Giant

Letourneau

Liebherr X

Wheel
Loader

Front-End
Loader

Truck

Continued
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TABLE 1.2 (Continued)
Heavy Equipment Manufacturers (Earth moving)

Motor Wheel Front-End
Tractor Bulldozer Grader Scraper Loader Loader Truck

Link Belt

Lull

Manlift

Manitex

Manitowoc

Marklift

Mitsubishi X X X X
Moxy X
Mustang X

National

New Holland X X X X X

Parsons

Pettibone

Potain

Rammax

Sakai

Samsung

Schaeff/Terex X

SDM (Russian) X X X X X
Sellick

Shuttlelift

Simon

Sky Trac

Snorkle

Starlifter

Stone

Sumitomo

Superpac

Takeuchi

Terex X X X X
Terramite

Tesmec

Toyota

Upright

Wabco X

Wacker

Waldon X X

Vermeer X

Volvo X X X X
Yuchai X

It is interesting to note that earthmoving, excavating, compacting, and lifting mechanical
principles incorporated into today’s designs will probably not change much in the future.
These principles have not changed since man started developing tools. Perhaps the definition
of “earthmoving” will be changed to include surface material from another planet. The work
environment, power source, and operator may change drastically to something that we have
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TABLE 1.3
Heavy Equipment Manufacturers (Excavating and Compacting)

Excavating Compacting

Excavator Backhoe Trencher Soil Asphalt Pneumatic Landfill

Aichi

Allmand X

Alitec X

Al-Jon X
American

Ammann X

ASV

Badger X

Bitelli X X X
Bomag X X X X
Bobcat X X

Broderson

Bronto

Carelift

Case

Caterpillar X X X X X X X
Champion

Daewoo X

Deere X X

Demag/Terrex

Ditch Witch X

Dresser X

Dynapac X X X
Galion

Gehl X

Genie

Gradall X

Grove

Halla X

Hamm X X X
Hitachi X

Hypac X X X
Hyster

Hyundai X

Ingersoll-Rand X X X X X
JLG

JCB X X

Kawasaki

Kobelco X X

Komatsu

Kroll

Kubota

Little Giant

Letourneau

Liebherr X X X

Link Belt X

Continued
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TABLE 1.3 (Continued)
Heavy Equipment Manufacturers (Excavating and Compacting)

Excavating Compacting

Excavator Backhoe Trencher Soil Asphalt Pneumatic

Lull

Manlift

Manitex

Manitowoc X

Marklift

Mitsubishi

Moxy

Mustang X

National

New Holland X X

Parsons X

Pettibone

Potain

Rammax

Sakai X X X
Samsung X

Schaeff/Terex
SDM (Russian)
Sellick
Shuttlelift
Simon

Sky Trac
Snorkle
Starlifter

Stone X X

Sumitomo X

Superpac X X X
Takeuchi

Terex X X X X

X
X
X
X

Terramite

Tesmec X

Toyota

Upright

Wabco

Wacker X X
Waldon

Vermeer X X

Volvo X X

Yuchai

Landfill

not imagined or not yet discovered. As long as big structures are assembled and rest on

surfaces, there will be a need for heavy construction equipment.

Several notable trends are emerging in the design and manufacturing of these machines.
Application of computer technology will provide the most significant changes in equipment
design and use. Computer control of equipment systems is used to regulate and control fuel
delivery and efficiency, exhaust emissions, hydraulic systems, power transfer, load sensing,
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TABLE 1.4

Heavy Equipment Manufacturers (Lifting)

Aichi
Allmand
Alitec
Al-Jon
American
Ammann
ASV
Badger
Bitelli
Bomag
Bobcat
Broderson
Bronto
Carelift
Case
Caterpillar
Champion
Daewoo
Deere
Demag/Terrex
Ditch Witch
Dresser
Dynapac
Galion
Gehl

Genie
Gradall
Grove
Halla
Hamm
Hitachi
Hypac
Hyster
Hyundai
Ingersoll-Rand
JLG

JCB
Kawasaki
Kobelco
Komatsu
Kroll
Kubota
Little Giant
Letourneau
Liebherr
Link Belt

Mobile Mobile
Tires Tracks Tower Forklift
X
X
X
X
X
X
X
X X
X
X
X
X
X X
X X
X
X X
X
X
X X X X
X X

Personnel
Lift

X

Continued
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TABLE 1.4 (Continued)
Heavy Equipment Manufacturers (Lifting)

Mobile Mobile
Tires Tracks Tower Forklift

Lull X

Manlift

Manitex X X
Manitowoc X X

Marklift

Mitsubishi X
Moxy

Mustang X
National X

New Holland X

Parsons

Pettibone X

Potain X X

Rammax

Sakai

Samsung

Schaeff/Terex

SDM (Russian) X
Sellick X

Shuttlelift

Simon

Sky Trac X

Snorkle

Starlifter X

Stone

Sumitomo

Superpac

Takeuchi

Terex X X X

Terramite

Tesmec

Toyota X
Upright

Wabco

Wacker

Waldon X
Vermeer

Volvo

Yuchai

Personnel
Lift

and operation tracking, recording, and regulating. Wireless technologies will increase mon-
itoring and controlling features for equipment fleet management and production, eventually

making remote operation of equipment a commercially available reality.

Lighter weight and stronger components made possible by advances in development of
composite materials and alloys are making it possible for manufacturers to make smaller
equipment units with greater power and productivity characteristics. These advancements
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reinforce the trend to reduce construction equipment size and increase its capability and
versatility.

Environmental considerations and mandates will play a larger role in the development of
construction equipment. This will always remain an important consideration for equipment
design. As with vehicles, incorporation of pollution control systems and sensing equipment
will become more prevalent as environmental concerns become greater. As new power
solutions such as alternate cleaner performing fuels, electric power, and hydrogen fuel cells
are developed and incorporated into automobiles, they will probably be developed to power
heavy construction equipment too.

Equipment models will incorporate more operator amenities. Ergonomic features such as
customizable seats, user-friendly controls and foot pedals, noise control, and optimal cab
orientation will become standard features.

Several notable trends are expected in the construction industry. The equipment rental
and leasing markets for construction equipment will continue to grow. The minimization of
cost and liability for contractors needing specific equipment for short durations drives this
industry. The used equipment market has found a home on the Internet. It is the ideal
medium for advertising and communicating to the worldwide market. The ability to conveni-
ently sell and purchase used equipment has reduced the liability of ownership arising when
contractors might purchase a piece of equipment for a specific project and sell it at the
project’s end.

The public works and infrastructure construction market should be consistent due to
necessary replacement in the next few decades. Rehabilitation of road surfaces and bridge
repair will be a large segment of this market, placing consistent demands on civil contractors.
The amount of local, state, and federal funding for these projects will obviously influence
the amount of work. Environmental cleanup has a potential to create a small boom in the
construction equipment and employment market. These types of risky construction activities
will see the development of robotics and remote systems. Residential, commercial, and
industrial markets will continue to fluctuate based on the changing economic climate.

A major challenge for the U.S. construction equipment industry will be adjustment to the
emerging and dynamic global economy. U.S. companies are faced with increasing competi-
tion from foreign manufacturers in countries like South Korea, Japan, Germany, and the
U.K. The number of companies manufacturing construction machinery, industrial trucks,
and tractors has decreased in the last 20 years. This trend will likely continue as large
companies absorb smaller companies to minimize competition and offer more diverse ranges
of equipment.

The following statement sums up the impact of construction equipment on our past and
probably on our future:

In a period of less than 50 years, American engineering and construction delivered such colossal
feats as the skyscraper and the interstate highway system. None of these would have been possible
in such a historically short period of time without the aid of construction equipment. Construc-
tion equipment and machinery were, in effect, great inventions which became the instruments that
turned other great ideas and designs into reality [2].
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), Cost of Owning
and Operating Construction
Equipment

2.1 INTRODUCTION

A thorough understanding of both estimated and actual costs of operating and owning
equipment drives profitable equipment management. This chapter develops that understand-
ing in detail and helps the reader understand the calculations that go into determining the
fundamental costs for an equipment-intensive project.

Plant, equipment, and tools used in construction operations are priced in the following
three categories in the estimate:

1. Small tools and consumables: Hand tools up to a certain value together with blades, drill
bits, and other consumables used in the project are priced as a percentage of the total
labor price of the estimate.

2. Equipment usually shared by a number of work activities: These kinds of equipment
items are kept at the site over a period of time and used in the work in progress.

3. Equipment used for specific tasks: These are capital items and used in projects such as
digging trench or hoisting material into specified slots. This equipment is priced directly
against the take-off quantities for the Project it is to be used on. The equipment is not
kept on-site for extended periods like those in the previous classification, but the
equipment is shipped to the site, used for its particular task, and then immediately
shipped back to its original location. Excavation equipment, cranes, hoisting equip-
ment, highly specialized, and costly items such as concrete saws fall into this category.

This chapter’s focus is on estimating the cost of owning and operating construction
equipment of the third category. For contractors in the heavy civil construction industry,
the cost of owning and operating equipment is a key part of doing business in a profitable
manner. Failing to properly estimate equipment cost has led many contractors into hardship.
Without knowing the actual equipment ownership costs, contractors might report higher-
than-justified paper profits due to inaccurate accounting practices that do not factor the cost
of idle equipment into the company’s overall profit picture. Then at the end of the year, they
find that they had not accounted for the incurred costs of idle equipment impacting the actual
profit margin. This situation is particularly dangerous in a declining market where the
contractor’s annual volume is lower than normal due to fewer projects getting executed. It
can also happen in growing companies that have not yet developed a mature database to
estimate actual equipment costs.

19
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Total equipment costs comprise two separate components: ownership costs and operating
costs. Except for the one-time initial capital cost of purchasing the machine, ownership costs
are fixed costs that are incurred each year, regardless of whether the equipment is operated or
idle. Operating costs are the costs incurred only when the equipment is used. Each cost has
different characteristics of its own and is calculated using different methods. None of these
methods will give exact costs of owning and operating equipment for any given set of
circumstances. This is because of the large number of variables involved, which is because
of the uncertain nature of the construction business. One should consider these estimates as
close approximations while calculating ownership and operating costs.

2.2 OWNERSHIP COST

Ownership costs are fixed costs. Almost all of these costs are annual in nature and include:

* Initial capital cost

* Depreciation

¢ Investment (or interest) cost
* Insurance cost

* Taxes

» Storage cost

2.2.1 INnmAL Cost

On an average, initial cost makes up about 25% of the total cost invested during the
equipment’s useful life [1]. This cost is incurred for incurred for getting equipment into the
contractor’s yard, or construction site, and having the equipment ready for operation. Many
kinds of ownership and operating costs are calculated using initial cost as a basis, and
normally this cost can be calculated accurately. Initial cost consists of the following items:

* Price at factory + extra equipment + sales tax
 Cost of shipping
¢ Cost of assembly and erection

2.2.2 DEPRECIATION

Depreciation represents the decline in market value of a piece of equipment due to age, wear,
deterioration, and obsolescence. Depreciation can result from:

* Physical deterioration occurring from wear and tear of the machine
* Economic decline or obsolescence occurring over the passage of time

In the appraisal of depreciation, some factors are explicit while other factors have to be
estimated. Generally, the asset costs are known which include:

e Initial cost: The amount needed to acquire the equipment
* Useful life: The number of years it is expected to be of utility value
* Salvage value: The expected amount the asset will be sold at the end of its useful life

However, there is always some uncertainty about the exact length of the useful life of the asset
and about the precise amount of salvage value, which will be realized when the asset is
disposed. Any assessment of depreciation, therefore, requires these values to be estimated.
Among many depreciation methods, the straight-line method, double-declining balance
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method, and sum-of-years’-digits method are the most commonly used in the construction
equipment industry [2] and will be discussed below. At this point, it is important to state that
the term depreciation as used in this chapter is meant to represent the change in the assets
value from year to year and as a means of establishing an hourly “rental” rate for that asset.
It is not meant in the same exact sense as is used in the tax code. The term ‘“‘rental rate” is the
rate the equipment owner charges the clients for using the equipment, i.e., the project users
“rent”” the equipment from its owner.

In calculating depreciation, the initial cost should include the costs of delivery and start-
up, including transportation, sales tax, and initial assembly. The equipment life used in
calculating depreciation should correspond to the equipment’s expected economic or useful
life. The reader can consult the references at the end of this chapter for a more thorough
discussion of the intricacies of depreciation.

2.2.2.1 Straight-Line Depreciation

Straight-line depreciation is the simplest to understand as it makes the basic assumption that
the equipment will lose the same amount of value in every year of its useful life until it reaches
its salvage value. The depreciation in a given year can be expressed by the following equation:

IC-S-TC
D)y=—— 2.1
- .

where D, is the depreciation in year n, IC the initial cost ($), S the salvage value (§), TC the
tire and track costs ($), N the useful life (years), and D} = Dy = --- = D,,.

2.2.2.2 Sum-of-Years’-Digits Depreciation

The sum-of-years’-digits depreciation method tries to model depreciation assuming that it is
not a straight line. The actual market value of a piece of equipment after 1 year is less than the
amount predicted by the straight-line method. Thus, this is an accelerated depreciation
method and models more annual depreciation in the early years of a machine’s life and less
in its later years. The calculation is straightforward and done using the following equation:

_ (year “n” digit)

= IC-S-T 2.2
I+254NC57TO (22)

n

where D, is the depreciation in year 7, year n digit is the reverse order: # if solving for D; or 1
if solving for D,,, IC the initial cost ($), S the salvage value ($), TC the tire and track costs ($),
and N the useful life (years).

2.2.2.3 Double-Declining Balance Depreciation

The double-declining balance depreciation is another method for calculating an accelerated
depreciation rate. It produces more depreciation in the early years of a machine’s useful life
than the sum-of-years’-digits depreciation method. This is done by depreciating the ““book
value” of the equipment rather than just its initial cost. The book value in the second year
is merely the initial cost minus the depreciation in the first year. Then the book value in
the next year is merely the book value of the second year minus the depreciation in the
second year, and so on until the book value reaches the salvage value. The estimator has to
be careful when using this method and ensure that the book value never drops below the
salvage value:
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2
D, = =BV, —TC) (2.3)

where D, is the depreciation in year n, TC the tire and track costs ($), N the useful life (years),
BV,,_; the book value at the end of the previous year, and BV,,_; > S.

Example 2.1 Compare the depreciation in each year of the equipment’s useful life for each of
the above depreciation methods for the following wheeled front-end bucket loader:

e Initial cost: $148,000 includes delivery and other costs
¢ Tire cost: $16,000

o Useful life: 7 years

* Salvage value: $18,000.

A sample calculation for each method will be demonstrated and the results are shown in
Table 2.1.

Straight-line method: From Equation 2.1, the depreciation in the first year D, is equal to
the depreciation in all the years of the loader’s useful life:

_ $148,000 — $18,000 — $16,000
N 7 years

1 = $16,286/year

Sum-of-years’-digits method: From Equation 2.2, the depreciation in the first year D; and the
second year D, are:

7

D, = 11213547576+ 7(313148,000 — $18,000 — $16,000) = $28,500
6

D, ($148,000 — $18,000 — $16,000) = $24,429

T 14+2+3+4+4516+7

Double-declining balance method: From Equation 2.2, the depreciation in the first year D is
2
D, = ?($148,000 — $16,000) = $37,714

and the “book value” at the end of Year 1 = $148,000 — $16,000 — $37,714 = $94,286.
However, in Year 6, this calculation would give an annual depreciation of $7,012 which

when subtracted from the book value at the end of Year 5 gives a book value of $17,531 for

Year 6. This is less than the salvage value of $18,000; therefore, the depreciation in Year 6 is

TABLE 2.1
Depreciation Method Comparison for Wheeled Front-End Loader

Year
Method 1 2 3 4 5 6 7
SL (D,) $16,286 $16,286 $16,286 $16,286 $16,286 $16,286 $16,286
SOYD (D,) $28,500 $24,429 $20,357 $16,286 $12,214 $8,143 $4,071
DDB (D,) $37,714 $26,939 $19,242 §$13,744 $9,817 $6,543 $0

DDB (BV) $94,286 $67,347 $48,105 $34,361 $24,543 $18,000 $18,000
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reduced to the amount that would bring the book value to be equal to the salvage value or
$6,543, and the depreciation in Year 7 is taken as zero, which means that the machine was
fully depreciated by the end of Year 6.

Selecting a depreciation method for computing ownership cost is a business policy
decision. Thus, this book will method any particular. The U.S. Internal Revenue Service
publishes a guide that details the allowable depreciation for tax purposes, and many com-
panies choose to follow this in computing the ownership costs. As stated before, the purpose
of calculating the depreciation amount is to arrive at an hourly rental rate so that the
estimator can use this figure out the cost of equipment-intensive project features of work,
and not to develop an accounting system that serves to alter a given organization’s tax
liabilities. While this obviously impacts a company’s ultimate profitability, this book separ-
ates tax costs from tax consequences, leaving the tax consequences of business policy de-
cisions for the accountants rather than the estimators.

2.2.3  INVESTMENT (OR INTEREST) COST

Investment (or interest) cost represents the annual cost (converted into an hourly cost) of
capital invested in a machine [2]. If borrowed funds are utilized for purchasing a piece of
equipment, the equipment cost is simply the interest charged on these funds. However, if the
equipment is purchased with company assets, an interest rate that is equal to the rate of return
on company investment should be charged. Therefore, investment cost is computed as the
product of interest rate multiplied by the value of the equipment, which is then converted into
cost per hour of operation.

The average annual cost of interest should be based on the average value of the equipment
during its useful life. The average value of equipment may be determined from the following
equation:

_ IC(n+1)

P
2

2.4)

where IC is the total initial cost, P the average value, and n the useful life (years).

This equation assumes that a unit of equipment will have no salvage value at the end of its
useful life. If a unit of equipment has salvage value when it is disposed of, the average value
during its life can be obtained from the following equation:

_ICm+ D)+ S — 1)

P
2n

2.5)

where IC is the total initial cost, P the average value, S the salvage value, and n the useful life
(years).

Example 2.2 Consider a unit of equipment costing $50,000 with an estimated salvage value
of $15,000 after 5 years. Using Equation (2.5), the average value is

50,0005 + 1) + 15,000(5 — 1)
B 2(5)

300,000 + 60,000

- 10

= $36,000

P
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2.2.4 INSURANCE TAX AND STORAGE COSTS

Insurance cost represents the cost incurred due to fire, theft, accident, and liability insurance
for the equipment. Tax cost represents the cost of property tax and licenses for the equipment.
Storage cost includes the cost of rent and maintenance for equipment storage yards, the wages
of guards and employees involved in moving equipment in and out of storage, and associated
direct overhead.

The cost of insurance and tax for each item of equipment may be known on an annual
basis. In this case, this cost is simply divided by the hours of operation during the year to yield
the cost per hour for these items. Storage costs are usually obtained on an annual basis for the
entire equipment fleet. Insurance and tax costs may also be known on a fleet basis. It is then
necessary to prorate these costs to each item. This is usually done by converting the total
annual cost into a percentage rate, then dividing these costs by the total value of the
equipment fleet. By doing so, the rate for insurance, tax, and storage may simply be added
to the investment cost rate for calculating the total annual cost of investment, insurance, tax,
and storage [2].

The average rates for interest, insurance, tax, and storage found in the literature are listed
in Table 2.2 [2-5]. These rates will vary according to related factors such as the type of
equipment and location of the job site.

2.3 TOTAL OWNERSHIP COST

Total equipment ownership cost is calculated as the sum of depreciation, investment cost,
insurance cost, tax, and storage cost. As mentioned earlier, the elements of ownership cost are
often known on an annual cost basis. However, while the individual elements of ownership
cost are calculated on an annual cost basis or on an hourly basis, total ownership cost should
be expressed as an hourly cost.

After all elements of ownership costs have been calculated, they can be summed up to
yield total ownership cost per hour of operation. Although this cost may be used for
estimating and for charging equipment cost to projects, it does not include job overhead or
profit. Therefore, if the equipment is to be rented to others, overhead and profit should be
included to obtain an hourly rental rate.

Example 2.3 Calculate the hourly ownership cost for the second year of operation of a 465
hp twin-engine scraper. This equipment will be operated 8 h/day and 250 days/year in average
conditions. Use the sum-of-years’-digits method of depreciation as the following information:

e Initial cost: $186,000
e Tire cost: $14,000
» Estimated life: 5 years

TABLE 2.2

Average Rates for Investment Costs

Item Average Value (%)
Interest 3-9

Tax 2-5
Insurance 1-3

Storage 0.5-1.5
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o Salvage value: $22,000

* Interest on the investment: 8%
* Insurance: 1.5%

» Taxes: 3%

» Storage: 0.5%

* Fuel price: $2.00/gal

o Operator’s wages: $24.60/h

4
Depreciation in the second year = E( 186,000 — 22,000 — 14,000) = $40,000

40,000
~8(250)

= $20.00/h

Investment cost, tax, insurance, and storage cost:

Cost rate = investment + tax, insurance, and storage = 8 + 3 + 1.5 + 0.5 = 13%

186,000 =+ 22,000
2(3)

Average investment = = $20,800

84,000(0.18)

000 = 37-56/h

Investment, tax, insurance, and storage =

Total ownership cost = 16.53 + 7.56 = $24.09/h

2.4 COST OF OPERATING CONSTRUCTION EQUIPMENT

Operating costs of the construction equipment, which represent a significant cost category
and should not be overlooked, are the costs associated with the operation of a piece of
equipment. They are incurred only when the equipment is actually used. The operating costs
of the equipment are also called “variable” costs because they depend on several factors, such
as the number of operating hours, the types of equipment used, and the location and working
condition of the operation.

The operating costs vary with the amount of equipment used and job-operating condi-
tions. The best basis for estimating the cost of operating construction equipment is the use of
historical data from the experience of similar equipment under similar conditions. If such data
is not available, recommendations from the equipment manufacturer could be used.

2.4.1  MAINTENANCE AND RePAIR CosT

The cost of maintenance and repairs usually constitutes the largest amount of operating
expense for the construction equipment. Construction operations can subject equipment to
considerable wear and tear, but the amount of wear varies enormously between the different
items of the equipment used and between different job conditions. Generally, the maintenance
and repair costs get higher as the equipment gets older. Equipment owners will agree that
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TABLE 2.3
Range of Typical Lifetime Repair Costs from the Literature [2,5,6]

Initial Cost without Tires (%)

Operating Conditions

Equipment Type Favorable Average Unfavorable
Crane 40-45 50-55 60-70
Excavator crawler 50-60 70-80 90-95
Excavator wheel 75 80 85
Loader track 80-85 90 100-105
Loader wheel 50-55 60-65 75
Motor grader 45-50 50-55 55-60
Scraper 85 90-95 105
Tractor crawler 85 90 95
Tractor wheel 50-55 60-65 75
Truck, off-highway 70-75 80-85 90-95

good maintenance, including periodic wear measurement, timely attention to recommended
service and daily cleaning when conditions warrant it, can extend the life of the equipment
and actually reduce the operating costs by minimizing the effects of adverse conditions. All
items of plant and equipment used by construction contractors will require maintenance and
probably also require repairs during the course of their useful life. The contractor who owns
the equipment usually sets up facilities for maintenance and engages the workers qualified to
perform the necessary maintenance operations on the equipment.

The annual cost of maintenance and repairs may be expressed as a percentage of the
annual cost of depreciation or it may be expressed independently of depreciation. The hourly
cost of maintenance and repair can be obtained by dividing the annual cost by its operating
hours per year. The hourly repair cost during a particular year can be estimated by using the
following formula [2]:

year digit lifetime repair cost
sum-of-years’-digits hours operated

Hourly repair cost = (2.6)

The lifetime repair cost is usually estimated as a percentage of the equipment’s initial cost
deducting the cost of tires. It is adjusted by the operating condition factor obtained from
Table 2.3.

Example 2.4 Estimate the hourly repair cost of the scraper in Example 2.3 for the second
year of operation. The initial cost of the scraper is $186,000, tire cost $14,000, and its useful
life is 5 years. Assume average operating condition and 2000 h of operation per year.

Lifetime repair cost factor = 0.90
Lifetime repair cost = 0.90(186,000 — 14,000) = $154,800

Hourly repair cost = 2 (154,800
urly ep - 2000

3 ) =$10.32/h
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TABLE 2.4
Range of Typical Tire Life from the Literature [2,5]

Average Tire Life (h)

Operating Conditions

Equipment Type Favorable Average Unfavorable
Loader wheel 3200-4000 2100-3500 1300-2500
Motor grader 5000 3200 1900
Scraper single engine 4000-4600 3000-3300 2500
Scraper twin engine 36004000 3000 2300-2500
Scraper elevating 3600 2700 2100-2250
Tractor wheel 3200-4000 2100-3000 1300-2500
Truck, off-highway 3500-4000 2100-3500 1100-2500

2.4.2 Tire Cost

The tire cost represents the cost of tire repair and replacement. Because the life expectancy of
rubber tires is generally far less than the life of the equipment on which they are used on, the
depreciation rate of tires will be quite different from the depreciation rate of the rest of the
vehicle. The repair and maintenance cost of tires as a percentage of their depreciation will also
be different from the percentage associated with the repair and maintenance of the vehicle.
The best source of information in estimating tire life is the historical data obtained under
similar operating conditions. Table 2.4 lists the typical ranges of tire life found in the most
recent literature on the subject for various types of equipment.

Tire repair cost can add about 15% to tire replacement cost. So, the following equation
may be used to estimate tire repair and replacement cost:

cost of a set of tires ($)
expected tire life (h)

Tire repair and replacement costs = 1.15 x 2.7

2.4.3 ConNsumabLE CosTs

Consumables are the items required for the operation of a piece of equipment that literally
gets consumed in the course of its operation. These include, but are not limited to, fuel,
lubricants, and other petroleum products. They also include filters, hoses, strainers, and other
small parts and items that are used during the operation of the equipment.

2.4.3.1 Fuel Cost

Fuel consumption is incurred when the equipment is operated. When operating under
standard conditions, a gasoline engine will consume approximately 0.06 gal of fuel per
flywheel horsepower hour (fwhp-h), while a diesel engine will consume approximately 0.04
gal/fwhp-h. A horsepower hour is a measure of the work performed by an engine.

The hourly cost of fuel is estimated by multiplying the hourly fuel consumption by the unit
cost of fuel. The amount of fuel consumed by the equipment can be obtained from the
historical data. When the historical data is not available, Table 2.5 gives approximate fuel
consumption (gal/h) for major types of equipment.
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TABLE 2.5
Average Fuel Consumption Factors (gal/h/hp) [2,5]

Working Conditions (gal/h/hp)

Equipment Type Favorable Average Unfavorable
Loader track 0.030-0.034 0.040-0.042 0.046-0.051
Loader wheel 0.020-0.024 0.027-0.036 0.031-0.047
Motor grader 0.022-0.025 0.029-0.035 0.036-0.047
Scraper single engine 0.023-0.026 0.029-0.035 0.034-0.044
Scraper twin engine 0.026-0.027 0.031-0.035 0.037-0.044
Tractor crawler 0.028-0.342 0.037-0.399 0.046-0.456
Tractor wheel 0.020-0.028 0.026-0.038 0.031-0.052
Truck, off-highway 0.017-0.029 0.023-0.037 0.029-0.046
Truck, on-highway 0.014-0.029 0.020-0.037 0.026-0.046

Example 2.5 Calculate the average hourly fuel consumption and hourly fuel cost for a twin-
engine scraper in Example 2.3. It has a diesel engine rated at 465 hp and fuel cost $2.00/gal.
During a cycle of 20 s, the engine may be operated at full power, while filling the bowl in
tough ground requires 5 s. During the balance of the cycle, the engine will use no more than
50% of its rated power. Also, the scraper will operate about 45 min/h on average. For this
condition, the approximate amount of fuel consummated during 1 h is determined as follows:

Rated power: 465 hp

Engine factor: 0.5

Filling the bowl, 5 /20 s cycle = 0.250

Rest of cycle, 15/20 x 0.5 = 0.375

Total cycle = 0.625

Time factor, 45 min/60 min = 0.75

Operating factor, 0.625 x 0.75 = 0.47

From Table 2.5: use “unfavorable” fuel consumption factor = 0.040
Fuel consumed per hour: 0.47(465)(0.040) = 8.74 gal

Hourly fuel cost: 8.74 gal/h ($2.00/gal) = $17.48/h.

2.4.3.2 Lubricating Oil Cost

The quantity of oil required by an engine per change will include the amount added during the
change plus the make-up oil between changes. It will vary with the engine size, the capacity of
crankcase, the condition of the piston rings, and the number of hours between oil changes. It
is a common practice to change oil every 100 to 200 h [6].

The quantity of oil required can be estimated by using the following formula [6]:

_ 0006(hp)() | ¢

74 (2.8)

where ¢ is the quantity consumed (gal/h), hp the rated horsepower of engine, ¢ the capacity of
crankcase (gal), f'the operating factor, ¢ the number of hours between changes, the consump-
tion rate 0.006 1bs/hp-h, and the conversion factor 7.4 lbs/gal.
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The consumption data or the average cost factors for oil, lubricants, and filters for their
equipment under average conditions are available from the equipment manufacturers.

2.4.4 MosiLizATION AND DemoBILIZATION CosT

This is the cost of moving the equipment from one job site to another. It is often overlooked
because of the assumption that the previous job would have already paid for it. Regardless of
these calculations, the costs of equipment mobilization and demobilization can be large and
are always important items in any job where substantial amounts of equipment are used.
These costs include freight charges (other than the initial purchase), unloading cost, assembly
or erection cost (if required), highway permits, duties, and special freight costs (remote or
emergency). For a $3-million earthmoving job, it is not unusual to have a budget from
$100,000 to $150,000 for move-in and move-out expenses. The hourly cost can be obtained
from the total cost divided by the operating hours. Some public agencies cap the maximum
amount of mobilization that will be paid before the project is finished. In these instances, the
estimator must check the actual costs of mobilization against the cap. If the cap is exceeded,
the unrecovered amount must be allocated to other pay items to ensure that the entire cost of
mobilization is recovered.

2.4.5 EQUIPMENT OPERATOR COST

Operator’s wages are usually added as a separate item and added to other calculated
operating costs. They should include overtime or premium charges, workmen’s compensation
insurance, social security taxes, bonus, and fringe benefits in the hourly wage figure. Care
must be taken by the companies that operate in more than one state or that work for federal
agencies, state agencies and private owners. The federal government requires that prevailing
scale (union scale) of wages be paid to workers on its project regardless of whether the state is
a union state or not. This is a requirement of the Davis Bacon Act [7] and most federal
contracts will contain a section in the general conditions that details the wage rates that are
applicable to each trade on the project.

2.4.6 SpeciaL ITems Cost

The cost of replacing high-wear items, such as dozer, grader, and scraper blade cutting and
end bits, as well as ripper tips, shanks, and shank protectors, should be calculated as a
separate item of the operating cost. As usual, unit cost is divided by the expected life to
yield cost per hour.

2.5 METHODS OF CALCULATING OWNERSHIP AND OPERATING COST

The most common methods available are the caterpillar method, Association of General
Contractors of America (AGC) method, the Equipment Guide Book (EGB) method, the
dataquest method, the Corps of Engineers method, and the Peurifoy method. Each method is
described below and three examples are given in Appendix A.

2.5.1 CATERPILLAR METHOD

The Caterpillar method is based on the following principles [8]:

1. No prices for any items are provided. For reliable estimates, these must always be
obtained locally.
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2. Calculations are based on the complete machine. Separate estimates are not necessary
for the basic machine, dozer, control, etc.

3. The multiplier factors provided will work equally well in any currency expressed in
decimals.

4. Because of different standards of comparison, what may seem a severe application to
one machine owner may appear only average to another. Therefore, in order to better
describe machine use, the operating conditions and applications are defined in zones.

2.5.1.1 Ownership Costs

Ownership costs are calculated as a sum of costs incurred due to depreciation, interest,
insurance, and taxes. Usually depreciation is done to zero value with the straight-line method,
which is not based on tax consideration, but resale or residual value at replacement may be
included for depreciation or tax incentive purposes. Service life of several types of equipment is
given in the Caterpillar Performance Handbook [8]. Acquisition or delivered costs should
include costs due to freight, sales tax, delivery, and installation. On rubber-tired machines,
tires are considered as a wear item and covered as an operating expense. Tire cost is subtracted
from the delivered price. The delivered price less the estimated residual value results in the value
to be recovered through work, divided by the total usage hours, giving the hourly cost to project
the asset’s value. The interest on capital used to purchase a machine must be considered,
whether the machine is purchased outright or financed. Insurance cost and property taxes can
be calculated in one of the two ways.

2.5.1.2 Operating Costs

Operating costs are based on charts and tables in the handbook. They are broken down as
follows:

Fuel

Filter, oil, and grease (FOG) costs
Tires

Repairs

Special items

Operator’s wages

Sk W=

The factors for fuel, FOG, tires, and repairs costs can be obtained for each model from
tables and charts given in the Caterpillar Performance Handbook [8)]. Tire costs can be
estimated from previous records or from local prices. Repairs are estimated on the basis of
a repair factor that depends on the type, employment, and capital cost of the machine. The
operator’s wages are the local wages plus the fringe benefits. Table 2.6 is an example of the
application of this method for a truck-mounted crane.

2.5.2 Corps OF ENGINEERS METHOD

This method is often considered as the most sophisticated method for calculating equipment
ownership costs because it not only covers economic items but also includes geographic
conditions. This method generally provides hourly use rates for construction equipment
based on a standard 40-h workweek. The total hourly use rates include all costs of owning
and operating equipment except operator wages and overhead expenses. The ownership
portion of the rate consists of allowances for depreciation and costs of facilities capital cost
of money (FCCM). Operating costs include allowances for fuel, filter, oil, grease, servicing the
equipment, repair and maintenance, and tire wear and tire repair [9].
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TABLE 2.6
Caterpillar Method Example for 150 Ton Truck Crane

Truck-mounted crane 150 ton w/260 Estimated annual use in hours = 1590 h
Total expected use in hours = 20,000 h
Useful life = 20,000/1590 = 12.58 years

Tires front = $3520

Lattice boom

Equipment horsepower: 207;
carrier horsepower 430

Average conditions of use

Calculation of Depreciation Value

—_

. Delivered price (including taxes, freight, and installation)
List price
Discount: at 7.5%

Sales tax: at 8.7%

Freight: 1913 cwt ($3.08/cwt)

58]

. Less tire replacement costs
Front: $3520
Drive: $7040

. Delivered price less tires

B oW

. Net value for depreciation
Ownership Cost

S. Depreciation = [net value)/[depreciation period in hours]
= $1,193,277.00/20,000
6. Interest, insurance, taxes: interest = 6.75%; insurance = 3%; taxes = 2%

[(12.58 + 1)/2(12.58)](1,193,277)(0.12) _

Interest: 1590 =$27.44/h
Insurance: [12:58 + 1/2(12.58))(1,193.277)(0.03) _ $12.20/h
1590

Taxes: [12:58+ 1)/2(12@2;)3(17193,277)(0.02) _$8.13/h

7. Total hourly ownership cost
Operating Cost

8. Equipment Factor (hp)(fuel cost per gallon)

Equipment (0.038)(207)(2.00) = $15.73
Carrier (0.006)(430)(2.00) = $5.16
9. FOG cost
10. Tires

(Replacement cost)/(Estimated life in hours) = 10,560/2500
11. Repairs: [Factor (delivered price less tires)]/1590 = 0.07(1,193,277)/1590
12. Total hourly operating cost
13. Operators hourly wage = $25.90
14. Total Ownership and Operating Cost

Summary

Ownership cost per hour
Operating cost per hour
Operator wage per hour
Total cost per hour

Less

Tires drive = $7040

Fuel cost = $2.00/gal

Sales tax = 8.7%

Factor = factor taken from
the reference
manual [4]

= $1,197,389.00
= $89,804.00

Subtotal = $1,107,585.00

= $96,360.00

Subtotal = $1,203,945.00

= $5892.00
= $1,203,837.00

= $10,560.00
= $1,193,277.00
= $1,193,277.00

= $59.66

= $47.77
= $107.43

= $20.89

= $4.22
= $52.53
= §77.64

= $210.97

= §107.43
= $77.64
= $25.90
= $210.97

Source: W.S Lambie, Methods of deciding overhaul or replacement. In Handbook of Construction Management and Organization 2nd

ed., New York, Van Nostrand Reinhold Co., 1980, pp. 160-166. With permission.
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The standby hourly rate is computed from the average condition by allowing the full
FCCM hourly cost plus one half of the hourly depreciation.

2.5.2.1 Ownership Costs

The Corps of Engineers method operates on the following principles:

1. Depreciation: It is calculated by using the straight-line method. The equipment cost
used for depreciation calculation is subtracted by tire cost at the time the equipment
was manufactured. Another cost that has to be subtracted is salvage value. It is
determined from the Handbook of New and Used Construction Equipment Values
(Green Guide) and advertisements of used equipment for sale displayed in current
engineering and construction magazines [3]. The expected life span of the equipment is
designated from the manufacturers’ or equipment associations’ recommendations.

2. FCCM: The Department of the Treasury adjusts the cost of money rate on or about 1Ist
January and 1st July every year. This cost is computed by multiplying the cost of
money rate, determined by the Secretary of the Treasury, by the average value of
equipment and prorating the result over the annual operating hours. It is normally
presented in terms of FCCM per hour.

It should be noted that licenses, taxes, storage, and insurance cost are not included in this
computation. Instead, they are considered as indirect costs.

2.5.2.2 Operating Costs

1. Fuel costs: Fuel costs are calculated from records of equipment consumption, which is
done in cost per gallon per hour. Fuel consumption varies depending on the machine’s
requirements. The fuel can be either gasoline or diesel.

2. FOG costs: FOG costs are usually computed as percentage of the hourly fuel costs.

3. Maintenance and repair costs: These are the expenses charged for parts, labor, sale
taxes, and so on. Primarily, maintenance and repair costs per hour are computed by
multiplying the repair factor to the new equipment cost, which is subtracted by tire
cost, and divided by the number of operating hours.

4. Hourly tire cost: This is the current cost of new tires plus the cost of one recapping and
then divided by the expected life of new tires plus the life of recapped tires. It has been
determined that the recapping cost is approximately 50% of the new tire cost, and that
the life of a new tire plus recapping will equal approximately 1.8 times the ““useful life”
of a new tire.

5. Tire repair cost: This cost is assumed to be 15% of the hourly tire wear cost.

Table 2.7 is an example of how this method is applied to the same piece of equipment as
in Table 2.6.

2.5.3 AssoCIATED GENERAL CONTRACTORS OF AMERICA (AGC) MEeTHOD

This method enables the owner to calculate the ownership and operating costs to determine
capital recovery [10]. Rather than dealing with the specific makes and models of the machines,
the equipment is classified according to capacity or size. For example, this method computes
the average annual ownership expense and the average hourly repair and maintenance
expense as a percentage of the acquisition costs.
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TABLE 2.7
Corps of Engineers Method Example for 150 Ton Truck Crane
Truck-mounted crane 150 ton w/260 Tires front = $3520
Lattice boom Tires drive = $7040
Equipment horsepower: 207; Fuel cost = $2.00/gal
carrier horsepower 430 Sales tax = 8.7%
Average conditions of use Factor = factor taken from the reference manual [5]

Estimated annual use in hours = 1590h
Total expected use in hours = 20,000 h
Useful life = 20,000/1590 = 12.58 years

Factors for Calculations

1. Hourly expense calculation factors
Economic key
Condition
Discount code: B = 7.5% or S = 15% use the lower
Life in hours
Salvage value percentage
Fuel factor (equipment)
Fuel factor (carrier)
FOG factor
Tire wear factor (front)
Tire wear factor (drive)
Repair cost factor
Labor adjustment factor

Calculate Depreciation Value

2. Delivered price (at year of manufacture)
Discount: $1,197,389.00(0.075) Less
Subtotal
Sales tax: $1,107,585.00(0.087)
Subtotal
Freight: 1913 cwt ($3.08/cwt)
Total equipment value for depreciation
3. Depreciation period
20,000 h/1590 h/year

Ownership Cost

4. Depreciation
Tire cost index (Appendix A)
(TCI for year of equipment manufacture)/(TCI for year of equipment use)
2373/2515 = 0.944
Depreciation value (hourly)
[[TEV(1 — SLV)] — [TClI(tire cost)])/life in hours
[[$1,203,837.00(1 — 0.20)] — [0.944($10,560)]]/20,000

5. Facilities capital cost of money
Average value factor
[(useful life — 1)(1.0 + SLV)] + 2.0]/[2(useful life)]
[(12.58 — 1)(1.0 + 0.20)] + 2.0]/[2(12.58)] = 0.632
FCCM
TEV(AVF)(adjusted cost of money)/annual hours use
$1,203,837.00(0.632)(0.034)/1590

6. Total hourly ownership cost

=20

= average
= 0.075
= 20,000
= 0.20
= 0.026
= 0.005
= 0.276
=097
= 0.78
= 0.90
= 0.88

= §$1,197,389.00
= $89,804.00

= $1,107,585.00
$96,360.00
$1,203,945.00
$5892.00

= §1,203,837.00

= 12.58 years

= $47.90

= $16.35
= $64.25

Continued
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TABLE 2.7 (Continued)
Corps of Engineers Method Example for 150 Ton Truck Crane

Operating Cost

7. Fuel costs Factor (hp)(fuel cost per gallon)
Equipment  (0.026)(207)(2.00) = $10.76/h

Carrier (0.005)(430)(2.00) = $4.30/h
Total hourly fuel cost = $15.06
8. FOG cost: FOG factor(fuel cost)(labor adjustment factor)
Equipment (0.276)($10.76)(0.88) = $2.61/h
Carrier (0.276)($4.30)(0.88) = $1.04/h
Total hourly FOG cost = $3.65

9. Repair cost:
Economic adjustment factor (Appendix E)
Economic index for year of manufacture/economic index for year of use
EAF = 5729/5310 = 1.079
Repair factor: RCF(EAF)(LAF) = 0.90 (1.079)(0.88) = 0.855
Repair cost [TEV — (TCI)(tire cost)](RF)/life
[$1,203,837.00 — (0.944)($10,560.00)][0.855]/20,000
Total hourly repair cost = $51.29
10. Tires
Tire wear cost
[1.5(tire cost)]/[1.8(wear factor)(tire life in hours)]

Front tires: [1.5(83520)]/[1.8(0.97)(2500)] = $1.21
Drive tires: [1.5(87040)]/[1.8(0.78)(2500)] = $3.01
Total hourly tire wear cost = $4.22
Tire repair cost = $0.56

[1.5(tire wear cost)(LAF)]
[1.5(4.22)(0.88)]
Total hourly tire repair cost

11. Sum 7-10
12. Total hourly operating cost = $69.17
13. Operators hourly wage = $25.90
14. Total Ownership and Operating Cost = $101.47
Summary
Ownership cost per hour = $64.25
Operating cost per hour = $69.17
Operator wage and fringes per hour = $25.90
Total cost per hour = $159.32

Source: From D. Atcheson. Earthmoving Equipment Production Rates and Costs. Venice, FL: Norseman Publishing Co., 1993. With
permission.

2.5.3.1 Ownership Cost

The ownership costs considered in this method are the same as described in the Caterpillar
method; however, replacement cost escalation is also considered. Depreciation is calculated
by the straight-line method and includes purchase price, sales tax, freight, and erection cost,
with an assumed salvage value of 10%. Average economic life in hours and average annual
operating hours are shown for each size range. Replacement cost escalation of 7% is designed
to augment the capital recovery and to offset inflation and machine price increase. Interest on
the investment is assumed to be 7%, whereas taxes, insurance, and storage are taken as 4.5%.

2.5.3.2 Operating Costs

Maintenance and repair costs are calculated based on an hourly percentage rate times the
acquisition cost. It is a level rate regardless of the age of the machine. This expense includes
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TABLE 2.8
AGC Method Example for 150 Ton Truck Crane
Truck-mounted crane 150 ton w/260 Tires front = $3520
Lattice boom Tires drive = $7040
Equipment horsepower: 207; carrier horsepower 430 Fuel cost = $2.00/gal
Sales tax = 8.7%
Average conditions of use Factor = factor taken from the reference manual [4]

Estimated annual use in hours = 1590h
Total expected use in hours = 20,000 h
Useful life = 20,000/1590 = 12.58 years

Factors for Calculations

1. Depreciation = 15.00%
Replacement cost escalation = 7.00%
Interest on investment = 7.00%
Taxes, insurance, and storage = 4.50%
Total ownership expense = 33.50%
Repair and maintenance expense = 19.40%
Salvage value = 10.00%

Ownership Cost
2. Acquisition cost = (list price — tire cost)(1 — SV)
= ($1,203,837.00 — $10,560)(1.0 — 0.1) = $1,083,453
3. Average hourly
Ownership expense = total ownership
expense/annual use = 33.5%/1590h = 0.0211
Average hourly ownership cost = 0.0211(81,083,453)/100 = $228.61
Operating Cost

4. Repair and maintenance expense rate = 19.4%/1590 = 0.0122

Average hourly repair and maintenance cost = 0.0122($1,083,453)/100 = §$132.18

S. Total hourly operating cost = $132.18
6. Operators hourly wage = $25.90

7. Total Ownership and Operating Cost = $386.69

Summary

Ownership cost per hour = §$228.61

Operating cost per hour = §$132.18
Operator wage per hour = $25.90

Total cost per hour = $386.69

Source: J. Douglas. Equipment costs by current methods. Journal of Construction Division ASCE 104(C02), 1978, 191-225. With
permission.

field and shop repairs, overhaul, and replacement of tires and tracks, etc. The FOG costs and
operator’s wages are not considered in this method. Table 2.8 shows how the AGC method is
applied to the crane example.

2.5.4 PEURIFOY/SCHEXNAYDER METHOD

R.L. Peurifoy is considered by many to be the father of modern construction engineering. His
seminal work on the subject, now in its sixth edition [6], set the standard for using rigorous
engineering principles to develop rational means for developing cost estimates based on
equipment fleet production rates. These methods will be discussed in detail in Chapter 5 of
this book. Therefore, it is important that his particular approach to determining equipment
ownership costs be included in any discussion of the subject.
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TABLE 2.9

Peurifoy/Schexnayder Method Example for 150 Ton Truck Crane
Truck-mounted crane 150 ton w/260’ Tires front = $3520
Lattice boom Tires drive = $7040

Equipment horsepower: 207; carrier horsepower 430 Fuel cost = $2.00/gal
Sales tax = 8.7%
Average conditions of use Factor = factor taken from the reference manual [6]
Estimated annual use in hours = 1590 h
Total expected use in hours = 20,000 h
Useful life = 20,000/1590 = 12.58 years

Factors for Calculations

1. Interest = 6.75% Equipment under load 30% of the operating time
Taxes, insurance, and storage = 3.75% Carrier under load 10% of the operating time
Salvage value = 20% Use 50-min productive hour

Repair and maintenance = 37% depreciation cost
Tire repair cost = 16% of straight-line depreciated tire cost
Ownership Cost

2. Initial cost = (list price — tire cost)
From Table 2.7, line 2 = ($1,203,837.00 — $10,560) = $1,083,453
Equivalent uniform annual cost of IC = A;c=IC[i(1 + i)"/[(1 + i)"—1]]
$1,083,453[0.0675(1 + 0.0675)'2%/[(1 + 0.0675)'%38—1]] = $143,749/year
Equivalent uniform annual cost of SV = Agy=SVI[i(1 + i)"—1]]
0.20($1,083,453) [0.0675/[(1 + 0.0675)'>*—1]] = $12,752/year

3. Hourly ownership cost = (A4;c — Asy)/annual use

Hourly ownership cost = ($143,749/year — $12,752/year)/1590 = $82.39
Hourly taxes, insurance, and storage cost = 0.0375(51,083,453)/1590 = $22.55
Total hourly ownership cost = $107.94

Operating Cost

4. Fuel cost = combined factor(consumption)(hp)(cost per gallon)

Equipment load factor: Lifting = 1.00(0.30) = 0.30

Return = 0.75(0.70) = %
Carrier load factor : Running = 1.00(0.10) = 0.10

Idle =0.50(0.90) = %

Time factor: 50 min/60 min = 0.83
Equipment combined factor = (0.83)(0.83) = 0.69
Equipment fuel cost = 0.69(0.03 gal/hp-h)(207 hp)($2.00/gal) = $8.57/h
Carrier combined factor = (0.83)(0.55) = 0.46
Carrier fuel cost = 0.46(0.04 gal/hp-h)(430 hp)($2.00/gal) = $15.82/h

Combined hourly fuel cost = 0.85(8.57) + 0.15(15.82) = $9.66
Hourly repair and maintenance cost = 0.37($82.39/h) = $30.48
FOG cost = use Table 2.7, line 8 = $3.65

Tire use cost = $10,560/2500h = $4.22/h
Tire repair cost = [$10,560/2500 h](0.16) = $0.68/h

Total tire cost = $4.90
5. Total hourly operating cost = $48.69
6. Operators hourly wage = $25.90
7. Total Ownership and Operating Cost = $182.53
Summary
Ownership cost per hour = $107.43
Operating cost per hour = $48.69
Operator wage per hour = $25.90
Total cost per hour = $182.53

Source: R.L Peurifoy and C.J Schexnayder Construction Planning, Equipment and Methods, 6th ed. New York: Mc Graw-Hill, 2002.
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2.5.4.1 Ownership Cost

This method assumes the straight-line method for depreciation. The value of the equipment
is depreciated to be zero at the end of the useful life of the equipment. The ownership costs
are based on an average investment cost that is taken as 60% of the initial cost of the equipment.
Usually equipment owners charge an annual fixed rate of interest against the full purchase cost
of the equipment. This gives an annual interest cost, which is higher than the normal. As the
cost of depreciation has already been claimed, it is more realistic to base the annual cost of
investment on the average value of equipment during its useful life. This value can be obtained
by taking an average of values at the beginning of each year that the equipment will be used, and
this is the major difference between the Peurifoy method and the other methods. The cost of
investment is taken as 15% of the average investment.

2.5.4.2 Operating Costs

As the tire life is different from that of the equipment, its costs are treated differently. The
maintenance cost is taken as 50% of the annual depreciation, the fuel and the FOG costs are
included, whereas the operator wages are not included. Table 2.9 finishes by showing how this
method is applied to the crane example.

2.5.5 CompARISON OF Costs CALCULATED BY DIFFERENT METHODS

It is interesting to note that each method arrives at a different hourly rental rate for the same
piece of equipment. This illustrates the statement made earlier in this chapter that the method
used to arrive at a number is largely a business policy decision rather than a technical
decision. Table 2.10 is a summary of the four previous examples and furnishes an interesting
comparison of the business decisions made by each group.

The first notable aspect is that the AGC method yields the highest rental rate. Perhaps this
is because the AGC is a trade organization for construction contractors and as a result, there
is a bias to be conservative in the published method for calculating an equipment rental rate.
Pursuing that line of reasoning, the rate obtained by using Corps of Engineers method is the
lowest. The Corps is a large public owner who may have a bias to keeping the cost of
equipment on its projects as low as possible. The remaining two fall somewhere in the middle
as each really has no constituency to protect. In actuality, each equipment-owning organiza-
tion will have its own internal method for arriving at these rates that will satisfy the financial
accounting needs of that company. These published methods are primarily used in negoti-
ations between a owner and a contractor as a means to determine if the contractor’s internal
equipment rates are fair and reasonable.

2.6 SUMMARY

This chapter has provided information and data to allow the estimator who does not already
have an internal method to calculate the cost of owning and operating a piece of construction

TABLE 2.10

Summary of Different Methods for Calculating Equipment Ownership and Operating Costs
Item Caterpillar Corps of Engineers AGC Peurifoy/Schexnayder
Ownership cost per hour $107.43 $64.25 $228.61 $107.43
Operating cost per hour $77.64 $69.17 $132.18 $48.69
Operator wage per hour $25.90 $25.90 $25.90 $25.90

Total cost per hour $210.97 $159.32 $386.69 $182.53
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equipment. The information can be used in several ways. First, it could be used as a reference
for setting an internal standardized method for calculating equipment rental rates. Second, it
could be used to perform an independent estimate of rates that are proposed for a given
project to determine if they appear to be fair and reasonable. Finally, it can be used as a
mutually agreed standard for calculating these types of rates during contract or change order
negotiations. In any event, the estimator must strive to use the best numbers available at the
time and to ensure that all the costs of both owning and operating the equipment are included
in the final rate.
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3 Equipment Life
and Replacement Procedures

3.1 INTRODUCTION

Once a piece of equipment is purchased and used, it eventually begins to wear out and suffers
mechanical problems. At some point, it reaches the end of its useful life and must be replaced.
Thus, a major element of profitable equipment fleet management is the process of making the
equipment replacement decision. This decision essentially involves determining when it is
no longer economically feasible to repair a broken piece of machinery. Thus, this chapter
presents the three components of the economics of equipment management decision making:

» Equipment life: Determining the economic useful life for a given piece of equipment

e Replacement analysis: Analytical tools to compare alternatives to replace a piece of
equipment that has reached the end of its useful life

* Replacement equipment selection: Methods to make a logical decision as to which alter-
native furnishes the most promising solution to the equipment replacement decision.

This chapter will also provide standard definitions for equipment life in terms of both
theoretical and practical replacement methods as well as introduce and review several options
for replacement analysis and replacement equipment selection.

Equipment life can be mathematically defined in three different ways: physical life, profit
life, and economic life. All the three aspects must be defined and calculated when considering
equipment life because they furnish three important means to approach replacement analysis
and ultimately to make an equipment replacement decision. The concepts of depreciation,
inflation, investment, maintenance and repairs, downtime, and obsolescence are all integral to
replacement analysis and will be explained in this chapter with examples to demonstrate the
use of the economic calculations. Combination of these concepts and processes allows the
equipment manager to properly perform replacement analysis and to make reasonable
equipment replacement decisions.

The economic life, alternative selection, and replacement timing of equipment can be
determined using replacement analysis. The methods can be categorized as either theoretical
replacement methods or practical replacement methods. The theoretical replacement methods
include:

¢ Intuitive method that can be used by owners of small equipment fleets

e Minimum cost method that can be used by public agencies with large equipment fleets

* Maximum profit method that can be used by construction contractors and others who
own large equipment fleets

» Payback period method, which is based on engineering economics and can be generally
applied

39
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* Mathematical modeling method, which furnishes a theoretical basis for developing
some of the equipment cost input for computer simulations, used to optimize equipment
fleet size and composition.

While most of the above methods are taken from academic journals and text books, they
provide an excellent theoretical foundation and act as a base for understanding the empirical
methods used in the industry. These practical replacement methods are used both in the
public and private sectors. The replacement methods used by state departments of transporta-
tion in Texas, Montana, and Louisiana are detailed later in this chapter as examples of public
sector methods. Regardless of the category, each method considers a number of variables to
perform the replacement analysis and to logically make the equipment replacement decision.
Finally, sensitivity analysis is sometimes required and included in some of the methods.

3.2 EQUIPMENT LIFE

Construction equipment life can be defined in three ways: physical life, profit life, and
economic life. Figure 3.1 shows graphically how these different definitions relate to the life
cycle of a typical piece of an equipment [1]. One can see in the graph that over the physical life
of the machine, it takes sometime for the new machine to earn enough to cover the capital
cost of its procurement. It then moves into a phase where the equipment earns more than it
costs to own, operate, and maintain, and finishes its life at a stage when the costs of its
maintenance are greater than what it earns during the periods when it is in operation.

3.2.1 PHysicAL LiFe

Physical life is the age at which the machine is worn out and can no longer reliably produce.
At this point, it will usually be abandoned or scrapped. As construction equipment ages,

Economic life
+ |
-
Profit life
0 _______________
&
p2]
5 P Physical life
o «
[ [ [ [ [ [ [
2 4 6 8 10 12 14

Age at replacement (years)

FIGURE 3.1 Equipment life definitions after Douglas. (From J. Douglas. Construction Equipment
Policy, New York: McGraw-Hill, 1975, pp. 47-60.)
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maintenance and operating costs increase. The length of a piece of equipment’s physical life
and the rate at which its operating costs rise are affected by the care it receives while in use,
the nature of the job it is doing, and the quality of the maintenance it receives [1]. The axiom
holds that regular expenditure of small amount of money for preventive maintenance abro-
gates the need to spend a large amount of money to replace major operating components.
Thus, two completely identical pieces of equipment could in fact have widely varying physical
lives depending on their maintenance and the severity of their operating conditions.

3.2.2 Prort Lire

Profit life is the life over which the equipment can earn a profit. The retention beyond that
point will create an operating loss [1]. This essentially is the point where the machine
seemingly spends more time in the repair shop than it does on the project site. Increasingly
costly repairs exacerbate profit life as major components wear out and need to be replaced.
Thus, the equipment manager must be able to identify when a particular machine is nearing
or has reached this point and plan to replace it with a new machine while the major
components are still functional.

3.2.3 EconNowmic LiFe

Economic life equates to the time period that maximizes profits over the equipment’s life.
Equipment owners constantly strive to maximize production while minimizing the cost of
production. Thus, selecting economic life span as the metric to make the equipment replace-
ment decision is in fact optimizing production with respect to profit. Figure 3.1 illustrates how
the economic life of equipment is shorter than the physical life and ends when the profit
margin associated with a given machine reaches its highest point. Therefore, the proper
timing of equipment replacement prevents an erosion of profitability by the increased cost
of maintenance and operation as the equipment ages beyond its economic life. Owners can
determine the most economical time to replace the equipment by keeping precise records of
maintenance and repair costs. Determination of the appropriate timing to replace a piece of
equipment requires that its owner include not only ownership costs and operating costs, but
also other costs that are associated with owning and operating the given piece of equipment
[1, 2]. These include depreciation, inflation, investment, maintenance, repair, downtime, and
obsolescence costs.

3.2.3.1 Depreciation Costs and Replacement

The dictionary defines depreciation as “‘a decrease in the value of property through wear,
deterioration, or obsolescence” [3]. In terms of equipment, the depreciation is the loss in value
of equipment from the time it is purchased to the time it is out of service or replaced. Table 3.1
is a generalized analysis of the life of a hypothetical piece of equipment and shows how to
arrive at an hourly cost resulting from depreciation and the need for replacement. In this case,
the book value is the actual amount to be realized on a trade-in and assumes that the annual
increase of the average cost of construction equipment is approximately 5% per year. One can
see from the table that the average hourly cost of depreciation is not linear and actually
decreases as the equipment hours over which it is applied increases.

3.2.3.2 Inflation

Like every product, equipment replacement costs are affected by economic and industrial
inflation. Economic inflation is defined as the loss in buying power of the national currency,
and industrial inflation is the change in construction costs due to long- and short-term
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TABLE 3.1

Depreciation and Replacement Costs

End of Replacement Loss on Cumulative Cumulative Cost
Year Cost Book Value Replacement Use (h) per Hour
0 30,000 30,000 0 0 0

1 31,500 22,500 9,000 2,000 4.50

2 33,000 18,000 15,000 4,000 3.75

3 34,500 15,100 19,400 6,000 3.23

4 36,000 12,800 23,200 8,000 2.90

5 37,500 10,600 26,900 10,000 2.69

6 39,000 9,100 29,900 12,000 2.49

7 40,500 7,900 32,600 14,000 2.33

8 42,000 6,800 35,200 16,000 2.20

fluctuations in commodity pricing. For example, the consumer price index is a widely
reported inflation index that seeks to model the purchasing power of the U.S. consumer
dollar. It acts as a measure of economic inflation because it measures inflation across the
general economy. The unprecedented rise in the price of steel during 2004-2005 would be an
example of industry inflation because it is specific to the construction industry. While the
inflation should always be considered in equipment replacement decision making, its effects
can be ignored if the equipment manager uses a comparative analytical method because it can
be assumed to affect all alternatives equally [4].

3.2.3.3 Investment Costs

Investment costs include interest, insurance, taxes, and license fees beyond the initial acqui-
sition cost of equipment. Investment cost can be reduced to a percentage of initial equipment
cost as shown in Table 2.2. Table 3.2 continues the hypothetical example and illustrates how
hourly investment cost can be calculated. In accordance with the typical values shown in
Table 2.2, the investment cost in this example is assumed to be 15% per year.

TABLE 3.2
Investment Costs
Cumulative Cumulative
Investment Investment Investment Investment Cumulative Cost
Year  Start of Year  Depreciation  End of Year Cost Cost Use (h) per Hour
1 30,000 7,500 22,500 4,500 4,500 2,000 2.25
2 22,500 4,500 18,000 3,375 7,875 4,000 1.97
3 18,000 2,900 15,100 2,700 10,575 6,000 1.76
4 15,100 2,300 12,800 2,265 12,840 8,000 1.61
5 12,800 2,200 10,600 1,920 14,760 10,000 1.48
6 10,600 1,500 9,100 1,590 16,350 12,000 1.36
7 9,100 1,200 7,900 1,365 17,715 14,000 1.27
8 7,900 1,100 6,800 1,185 18,900 16,000 1.18
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3.2.3.4 Maintenance and Repair Costs

Maintenance and repair costs are the crux of the equipment replacement decision and result
from the cost of labor and parts used to maintain and repair the given piece of equipment.
This is an incredibly dynamic system and can be affected by the following factors:

* Type of equipment

* Age of the equipment

* Operating conditions

¢ Operating skill of the operator

 Daily care by the operator

e Maintenance department

* Frequency and level of preventive maintenance.

As a result, it is very important to keep accurate cost records to estimate maintenance and
repair costs. Table 3.3 illustrates an example of how to calculate hourly maintenance and repair
costs [5].

3.2.3.5 Downtime

Downtime is the time when equipment does not work due to repairs or mechanical adjustments
[1]. Downtime tends to increase as equipment usage increases. Availability, the portion of the
time when equipment is in actual production or is available for production, is the opposite of
downtime. For example, if the equipment’s downtime is 10%, then its availability is 90%.

The downtime cost includes the ownership cost, operating cost, operator cost, and
productivity loss caused by the loss of equipment availability. Table 3.4 shows a method to
calculate the hourly downtime cost. In the table, the direct cost of productivity loss is not
computed because it is not easily quantified as a dollar value. However, it is described as a
weight factor where maximum availability is held equal to 1.0 and proportionate loss in
availability carries a weightage less than 1.0. Productivity is a measure of the equipment’s
ability to produce at the original rate. The productivity decrease results in the increase in
production cost because the operating time of the equipment should be extended or more
equipments should be deployed to get the same production rate. As shown in Table 3.4, if
the cumulative costs per hour are calculated and the productivity factors are known, the

TABLE 3.3
Maintenance and Repair Costs
Annual Cumulative
Maintenance Cumulative Cumulative Cost
Year and Repair Cost Cost Use (h) per Hour
1 970 970 2,000 0.49
2 2,430 3,400 4,000 0.85
3 2,940 6,340 6,000 1.06
4 3,280 9,620 8,000 1.20
5 4,040 13,660 10,000 1.37
6 4,430 18,090 12,000 1.51
7 5,700 23,790 14,000 1.70
8 6,290 30,080 16,000 1.88
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TABLE 3.5
Obsolescence Costs per Hour for the Life of the Equipment
Equipment  Obsolescence  Obsolescence Cumulative
Obsolescence  Cost per Cost per Cost per Cumulative  Cumulative Cost per

Year Factor Hour Hour Year Cost Use (h) Hour

1 0.00 7.00 0.00 0 0 2,000 0.00

2 0.06 7.00 0.42 840 840 4,000 0.21

3 0.11 7.00 0.77 1,540 2,380 6,000 0.40

4 0.15 7.00 1.05 2,100 4,480 8,000 0.56

5 0.20 7.00 1.40 2,800 7,280 10,000 0.73

6 0.26 7.00 1.82 3,640 10,920 12,000 0.91

7 0.32 7.00 2.24 4,480 15,400 14,000 1.10

8 0.37 7.00 2.59 5,180 20,580 16,000 1.29

productivity-adjusted, cumulative cost per hour can be found by dividing the cumulative cost
per hour by the productivity factor.

3.2.3.6 Obsolescence

Obsolescence is the reduction in value and marketability due to the competition between
newer and more productive models [4]. Obsolescence can be subdivided into two types:
technological and market preference. Technological obsolescence can be measured in terms
of productivity. Over the short term, technological obsolescence has typically occurred at a
fairly constant rate. Market preference obsolescence occurs as a function of customers’ taste.
This is much less predictable, although just as real, in terms of lost value. The market
preference obsolescence is not considered in Table 3.5 due to the difficulty in quantifying
its value.

Obsolescence is an extremely important factor to be considered in the highly competitive
construction industry. Owning the latest technology equipment gives a contractor an edge
over the competition in that enhanced technology generally equates with increased rates of
production, translating into decreased production costs. Thus, holding onto older pieces of
equipment, even though they are functioning perfectly well, can in fact reduce the contractor’s
ability to submit competitive bid prices simply because the older equipment fleet cannot
produce at the same rates as the competitors’ newer equipment. Chapter 7 explains in great
detail on how to compute the hourly rental rate used for estimating equipment costs and
shows that the cost is a direct function of the equipment’s productivity. Table 3.5 shows the
cost increase resulting from retaining old equipment that might be replaced with newer ones,
which can produce at higher rates and result in lower unit costs.

3.2.3.7 Summary of Costs

Assuming a constant dollar value, the costs for each component discussed in the previous
sections can be accumulated and the piece of equipment’s economic life can be measured by
identifying the year in which the minimum cost per hour occurs. This is shown in Table 3.6.
Table 3.7 takes this idea one step further by calculating the loss incurred at each year in the
equipment life assuming that it is replaced in each given year. Through these analyses,
it can be concluded that the minimum cost is $6.82/h and the economic life of the
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TABLE 3.6
Summary of Cumulative Costs per Hour
Year

Item 1 2 3 4 5 6 7 8

Depreciation 4.5 3.75 3.23 2.9 2.69 2.49 2.33 2.2
and replacement ($/h)

Investment ($/h) 2.25 1.97 1.76 1.61 1.48 1.36 1.27 1.18

Maintenance 0.49 0.85 1.06 1.2 1.37 1.51 1.7 1.88
and repairs ($/h)

Downtime (productivity 0.21 0.32 0.44 0.55 0.65 0.76 0.86 0.97
adjusted) ($/h)

Obsolescence ($/h) 0 0.21 0.4 0.56 0.73 0.91 1.1 1.29

Total ($/h) 7.45 7.10 6.89 6.82 6.92 7.03 7.26 7.52

equipment is the fourth year. Therefore, the acquisition of the new equipment should be
considered in the fourth year.

Now the reader can see the logic behind the determination of a piece of equipment’s
economic life. Various methods for determining the optimum replacement timing will be
discussed in subsequent sections.

3.3 REPLACEMENT ANALYSIS

Replacement analysis is a tool with which equipment owners time the equipment replacement
decision. Through this analysis, the cost of owning the present equipment is compared with
the cost of owning potential alternatives for replacing it. The following sections explain both
theoretical and practical methods to accomplish this important equipment management task.

3.3.1 THEORETICAL METHODS

Dr. James Douglas, professor emeritus at Stanford University, wrote a seminal work on this
subject in his 1975 book, Construction Equipment Policy [1]. In that work, he posited four
different theoretical approaches to establishing an equipment replacement policy based on a

TABLE 3.7
Losses Resulting from Improper Equipment Replacement

Cumulative
Replaced at Cumulative Cost per Minimum Cost Extra Cost
End of Year Use (h) Hour per Hour per Hour Total Loss
1 2,000 7.45 6.82 0.63 1,256
2 4,000 7.10 6.82 0.28 1,125
3 6,000 6.89 6.82 0.07 400
4 8,000 6.82 6.82 0.00 0
5 10,000 6.92 6.82 0.10 1,005
6 12,000 7.03 6.82 0.20 2,439
7 14,000 7.26 6.82 0.44 6,134
8 16,000 7.52 6.82 0.70 11,125
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rigorous and rational analysis of cost, time, and production. Douglas’ theoretical methods for
performing replacement analysis include the intuitive method, the minimum cost method,
maximum profit method, and the mathematical modeling method. The value in these differ-
ent approaches lies in the fact that each method can be applied to a different type of
equipment owner. The intuitive method acts as a baseline against which other methods can
be compared. It is simply the application of common sense to decision making. The minimum
cost method fits very nicely into a public construction agency’s equipment management policy
as the focus on replacing equipment at a point in time where the overall cost of operating and
maintaining a given piece of equipment is minimized and hence the strain on the taxpayer is also
reduced. The maximum profit method furnishes a model for construction contractors and other
entities that utilize their equipment in a profit-making enterprise to make the replacement
decision with an eye on their bottom line. Finally, the mathematical modeling method fulfills a
need for a rigorous analytical approach to this decision for those who will eventually utilize
computer-based simulations to assist in optimizing equipment fleet size and composition for
large equipment-intensive projects. Thus, these will be discussed first and a discussion of the
payback period method [6], a method drawn from engineering economics, will also be included.
The following example will be used for better understanding of the intuitive method, minimum
cost method, maximum profit method, and payback period method. These methods will be
demonstrated using the following example with current equipment pricing drawn from the
Corps of Engineers Equipment Ownership Manual EP 1110-1-8 [7].

Example 3.1 An aggregate producing company presently owns a fleet of 7.5 cubic yard on-
highway dump trucks that cost $65,000 each. These trucks are currently 1-year-old and the
annual maintenance and operating cost is $30,000 per truck for the first year and increases by
$2000 each year. The revenue of each truck is $70,000 for the first year and decreases by about
$1750 per year thereafter. The owner of the company visits a national equipment show and
after talking to one of the salespersons at the show comes back and asks his equipment fleet
manager to take a look at replacing the current dump trucks with a new model that employs a
new technology, which will reduce maintenance expenditure. The new proposed replacement
trucks are of the same size and cost $70,000 each. The annual maintenance and operating cost
is $30,000 per truck for the first year but only increases by $1500 per year thereafter. The
revenue of each truck is the same as for current model truck. This company uses the double-
declining balance method for calculating depreciation. The trucks currently in use will be
called as the “current trucks’ and the new model trucks will be called as the “proposed truck™
in the tabular examples that follow.

3.3.1.1 Intuitive Method

Intuitive method is perhaps the most prevalent one for making replacement decisions due to
its simplicity and reliance on individual judgment. This method mainly depends on profes-
sional judgment or an apparent feeling of correctness to make replacement decisions. Equip-
ment is often replaced when it requires a major overhaul or at times at the beginning of a new
equipment-intensive job. In addition to these situations, availability of capital is often a
decisive factor because no reserve has been built up in anticipation of replacement. However,
none of these judgmental decisions has a sound economic basis to be used as a criterion for an
orderly, planned replacement program.

Even though the example can be solved with the intuitive method, there is no rational
answer for the economic life of both types of trucks. This means superficially that retaining
the current trucks seems to be better in sense that they are only 1 year old, earning revenues at
the same rate as the new trucks. As the potential reduction in maintenance costs does not
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seem to be particularly dramatic, the owner will probably choose to keep using the current
trucks that cost $5000 less than the proposed trucks. In this case, it is clearly seen that long-
term maintenance and operating cost is overlooked by “professional judgment™ [1].

3.3.1.2 Minimum Cost Method

Minimizing equipment costs is always an important goal for equipment owners. However,
it is paramount to public agencies that own large and small fleets of construction equip-
ment, as they have no mechanism to generate revenue to offset their costs. To achieve this
goal, the minimum cost method focuses on minimizing equipment costs based on not only
cost to operate and maintain (O&M costs) a piece of equipment but also the decline in its
book value due to depreciation. This is quite straightforward and furnishes a rational
method to conduct the objective comparison of alternatives rather than the intuitive method’s
professional judgment. For the sake of simplicity, the example shown in this chapter of
minimum cost method does not include many of the costs discussed in Chapter 2, and the
reader will need to determine which of the following it will include when implementing this
equipment replacement decision-making methodology: penalty costs for downtime, obso-
lescence cost, labor cost, tax expenses (consideration of depreciation methods available),
and inflation. Table 3.8 and Table 3.9 show how the economic life of each alternative is
determined.

The economic life of a machine is determined by the year in which the average annual
cumulative cost is minimized. This will result in the lowest cost over a long period of time. It is
observed that this occurs at the end of the eighth year for the current truck in Table 3.8 and
ninth year for the proposed truck in Table 3.9. This means that the minimum average annual
costs for the current trucks and proposed trucks are $44,989 and $43,699, respectively. Table
3.10 shows the comparison of cumulative average annual costs of both types of trucks side by
side. It allows the analyst to make a direct comparison of not only the projected annual cost
for the current equipment but also a comparison on an annual basis of the average annual
costs for each alternative.

TABLE 3.8
Average Annual Cumulative Costs of the Current Trucks
Annual Average Annual
End of Annual Book Depreciation Annual Cost Cumulative ~ Cumulative Cost
Year (1) O&M Cost (2) Value Expense (3) 4 = @2)+@3) Cost (5) 6) = (5)/(1)
1 $30,000 $39,000 $26,000 $56,000 $56,000 $56,000
2 $32,000 $23,400 $15,600 $47,600 $103,600 $51,800
3 $34,000 $14,040 $9,360 $43,360 $146,960 $48,987
4 $36,000 $8,424 $5,616 $41,616 $188,576 $47,144
5 $38,000 $5,054 $3,370 $41,370 $229,946 $45,989
6 $40,000 $3,033 $2,022 $42,022 $271,967 $45,328
7 $42,000 $1,820 $1,213 $43,213 $315,180 $45,026
8 $44,000 $1,092 $728 $44,728 $359,908 $44,989
9 $46,000 $655 $437 $46,437 $406,345 $45,149
10 $48,000 $393 $262 $48,262 $454,607 $45,461
11 $50,000 $236 $157 $50,157 $504,764 $45,888
12 $52,000 $141 $94 $52,094 $556,859 $46,405
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TABLE 3.9
Average Annual Cumulative Costs of the Proposed Trucks
Annual Average Annual
End of Annual O&M Depreciation Annual Cost Cumulative  Cumulative Cost
Year (1) Cost (2) Book Value Expense (3) @ =2+ @03 Cost (5) 6) = (5)/(1)
1 $30,000 $42,000 $28,000 $58,000 $58,000 $58,000
2 $31,500 $25,200 $16,800 $48,300 $106,300 $53,150
3 $33,000 $15,120 $10,080 $43,080 $149,380 $49,793
4 $34,500 $9,072 $6,048 $40,548 $189,928 $47,482
5 $36,000 $5,443 $3,629 $39,629 $229,557 $45,911
6 $37,500 $3,266 $2,177 $39,677 $269,234 $44.872
7 $39,000 $1,960 $1,306 $40,306 $309,540 $44,220
8 $40,500 $1,176 $784 $41,284 $350,824 $43,853
9 $42,000 $705 $470 $42,470 $393,295 $43,699
10 $43,500 $423 $282 $43,782 $437,077 $43,708
11 $45,000 $254 $169 $45,169 $482,246 $43,841
12 $46,500 $152 §102 $46,602 $528,848 $44,071

In Douglas’ minimum cost method, the decision to replace equipment is made when the
estimated annual cost of the current machine for the next year exceeds the minimum average
annual cumulative cost of the replacement. In this example, the current truck’s estimated
annual cost for next year (i.e., end of Year 2) is $47,600 and the minimum average annual
cumulative cost of the proposed truck is $43,853. Thus, if the object is to minimize costs, this
analysis leads to a decision to replace the current-year old trucks with the newer model. Again
looking at Table 3.10, one can see that comparing the average annual cumulative costs of the
two trucks, the proposed model begins to have lower costs in Year 5. However, to achieve
that benefit, the company must buy the new trucks.

TABLE 3.10
Comparison of Average Annual Cumulative Costs

Average Annual Cumulative Cost

End of Year Annual Cost Current Trucks Proposed Trucks
1 56,000 56,000 58,000
2 47,600 51,800 53,150
3 43,360 48,987 49,793
4 41,616 47,144 47,482
5 41,370 45,989 45,911
6 42,022 45,328 44,872
7 43,213 45,026 44,220
8 44,728 44,989 43,853
9 46,437 45,149 43,699
10 48,262 45,461 43,708
11 50,157 45,888 43,841

—_
N9

52,094 46,405 44,071
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TABLE 3.11

Average Annual Cumulative Profits of the Current Trucks

End of Annual Annual Annual Profit Cumulative Average Annual
Year (1) Revenue (2) Cost (3) 4 =2)-@3) Profit (5) Cumulative Profit (6) = (5)/(1)
1 $70,000 $56,000 $14,000 $14,000 $14,000

2 $68,250 $47,600 $20,650 $34,650 $17,325

3 $66,500 $43,360 $23,140 $57,790 $19,263

4 $64,750 $41,616 $23,134 $80,924 $20,231

5 $63,000 $41,370 $21,630 $102,554 $20,511

6 $61,250 $42,022 $19,228 $121,783 $20,297

7 $59,500 $43,213 $16,287 $138,070 $19,724

3.3.1.3 Maximum Profit Method

This method is based on maximizing equipment profit. The method should be used by the
organizations that are able to generate revenue and hence profits from their equipment. It
works very well if the profits associated with a given piece of equipment can be isolated and
clearly defined. However, it is not often easy to separate annual equipment profit from entire
project or equipment fleet profit. When it proves impossible, the minimum cost method
should be used to make the replacement decision. The example used in the previous section
will be continued in the following tables and paragraphs. Table 3.11 and Table 3.12 illustrate
how to determine the economic life of the two alternatives using profit as the metric to make
the replacement decision.

Table 3.11 and Table 3.12 show the necessity to calculate the economic lives of the
alternatives in the example using the maximum profit method. The economic life of equip-
ment is the year in which the average annual cumulative profit is maximized. This results in
higher profits over a long period of time. In Table 3.11, the economic life of the current trucks
is at the end of the fifth year because the average annual cumulative profit is maximized in
that year by $20,511. The maximum average annual cumulative profit of $24,486 is in the
fourth year for the proposed trucks in Table 3.12. The proposed trucks should replace the
current trucks because the maximum average annual cumulative profit of the proposed
trucks, $24,486, is more than that of the current trucks, $20,511.

TABLE 3.12

Average Annual Cumulative Profits of Proposed Trucks

End of Annual Annual Annual Profit Cumulative Average Annual Cumulative
Year (1) Revenue (2) Cost (3) @ =@2-03) Profit (5) Profit (6) = (5)/(1)
1 $70,000 $48,300 $21,700 $21,700 $21,700

2 $68,250 $43,080 $25,170 $46,870 $23,435

3 $66,500 $40,548 $25,952 $72,822 $24,274

4 $64,750 $39,629 $25,121 $97,943 $24,486

5 $63,000 $39,677 $23,323 $121,266 $24,253

6 $61,250 $40,306 $20,944 $142,210 $23,702

7 $59,500 $41,284 $18,216 $160,426 $22,918

8 $57,750 $42,470 $15,280 $175,705 $21,963
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The next issue in this method is to identify the proper timing of the replacement. This
occurs when the estimated annual profits of the current equipment for the next year falls
below the average annual cumulative profit of the proposed replacement. In this example, the
current trucks’ estimated annual profits never exceed $24,486, which is the average annual
profit of the proposed model so that they should be replaced immediately.

3.3.1.4 Payback Period Method

The payback period is the time required for a piece of equipment to return its original
investment by generating profit [6]. The capital recovery is calculated using the total of net
savings on an after-tax basis and the depreciation tax benefit disregarding financing costs. This
method furnishes a metric that is based on time rather than money and allows the comparison
of alternatives based on how long it takes for each possible piece of equipment to recover its
investment. The payback period method is useful when it is hard to forecast equipment cash
flow due to market instability, inherent uncertainty, and technological changes. This method
springs from classical engineering economic theory and thus does not seek to identify the
economic life of the equipment or economic effects beyond the payback period. Therefore, it
is recommended that this method be used in conjunction with other analysis methods to furnish
another slant on the view optimizing the equipment replacement decision. Again, the previous
example will be utilized to demonstrate the mechanics of this method.

For the current trucks in Example 3.1, the payback method is calculated as follows:

Initial cost of the current truck = $65,000

Cumulative profits for the first 3 years = $57,790

Difference = $65,000 — $57,790 = $7210

Profit of the fourth year = $23,134

Proportional fraction of the third year = $7210/$23,134 = 0.31
Payback period for the current trucks = 3.31 years.

For the proposed trucks, the payback method is calculated as follows:

Initial cost of the proposed truck = $70,000

Cumulative profits for the first 2 years = $46,870

Difference = $70,000 — $46,870 = $23,130

Profit of the third year = $25,952

Proportional fraction of the third year = $23,130/$25,952 = 0.89
Payback period for the proposed trucks = 2.89 years.

As shown in the above calculation, the 2.89-year payback period of the proposed replace-
ment trucks is shorter than that of the 3.31-year payback period of the current trucks. This tells
the analyst that the proposed replacement equipment will return its investment to the owner 5
months faster than the current fleet. Therefore, replacement is once again indicated. Combining
this knowledge with the previous analysis involving cost and profit makes a clear case for
replacing the current fleet with the new model equipped with the latest technology. These three
methods combine to provide a powerful set of analytical tools for making this critical decision.

3.3.1.5 Mathematical Modeling Method

The advent of computer application for construction management problems has furnished a
simple and accurate means to solve problems related to complex interrelated systems containing
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dozens of input parameters. Modeling construction equipment systems is both appropriate
and efficient as it provides the estimator or project manager the ability to control the level of
complexity of the input and tailor the output to meet the needs of organization. Utilizing a
computer model to furnish the output to assist in making the all-important equipment
replacement timing and selection decision allows for more than technical accuracy to be
achieved. It also creates a continuity of institutional equipment management policy that can
be carried from one manager to the next without a loss in institutional knowledge. It serves
as a means to codify business decision making based on a rigorous engineering economic
analysis. Again, the early work done by Douglas will be reviewed and discussed as it
provides a solid foundation of theoretical basis on which to build a model tailored specif-
ically for its own organization. The model developed at Stanford University’s Construction
Institute in 1970s is conceptually very simple and can be best described as a discounted cash
flow model [1]. It models revenues and costs as exponential functions. The latter are
subtracted from the former and discounted to their present values to yield the present
worth of profits after taxes.

A mathematical model is a function or group of functions comprising a system. Douglas
specifies that the model must include the following factors [1]:

* Time value of money

¢ Technological advances in equipment (obsolescence)

« Effect of taxes (depreciation techniques, etc.)

* Influence of inflation, investment credit, gain on sale

¢ Increased cost of borrowing money

* Continuing replacements in the future

* Increased cost of future machines

 Effect of periodic overhaul costs and reduced availability

Other factors important to revenue are increased productivity (productivity obsolescence),
availability of machines (maintenance policy), and deterioration of the machine with age.
Additionally in this model, revenues and costs may be classified as follows:

* Revenues from the service of the machines

e Maintenance and operating costs, including annual fixed costs, penalties, and overhead

 Capital costs, including interest on investment, depreciation charges, and interest on
borrowed funds

* Discrete costs such as engine, track, and final drive overhauls

¢ Income and corporation taxes, considering depreciation method, recapture of income
on sale, and investment credit [1]

The goal of this method is to maximize the difference between revenue and the expected value
of the cost. At this point, the reader can consult references at the end of the chapter for the
complex mathematical details of Douglas’ model itself.

3.3.2 PracTicAL METHODS

Public and private equipment owners have developed their own policies for making equip-
ment management decisions. They are typically based on empirical data as well as past
experience. The reader can learn a lot by studying these methods and can develop an
understanding of what is behind each of the systems. These methods represent a wealth
of knowledge built from decades of equipment management experience. By seeking to
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understand these methods and combining that knowledge with the analytical methods dis-
cussed in the previous section, equipment managers effectively enlarge the toolbox with which
they can deal with the day-to-day issues of managing a fleet of construction equipment.

3.3.2.1 Public Agency Methods

As previously stated, public agencies do not have a profit motive when it comes to setting
equipment replacement policy. Thus, their decision criterion must in some way relate to
minimizing the costs of owning, operating, and maintaining the fleets of equipment that
they manage. Additionally, public agencies often must make their equipment purchasing
decisions based on not only routine equipment requirements but also ensuring that equipment
on hand has sufficient capacity to be used in emergency situations such as floods, landslides,
and other natural disasters. As a result, they may own pieces of equipment that are not
technically matched to the work for which they are routinely assigned. This obviously will
have an impact on the annual amount of usage and in the case of undersized equipment, the
severity of the conditions in which they may be used. Thus, public agencies have evolved an
equipment management strategy that is based largely on empirical terms that flow from the
experiences of public equipment managers. This is often translated to a specified fixed
amount of usage in terms of mileage or engine hours that defines the equipment’s economic
life regardless of the actual O&M costs that are incurred on a given piece of equipment. Some
agencies also select cost points for equipment O&M costs that are defined in terms of a
percentage of book value of the machine at which replacement is directed. Most agencies
employ schedules or benchmarks for classes of equipment based on the criteria of age and
usage, and included life repair costs as well as the equipment’s condition. To give the reader a
good cross section of public agency methods, the methods used by the Texas, Montana, and
Louisiana departments of transportation (DOTs) are reviewed in the following sections.

3.3.2.1.1 Texas Department of Transportation

The Texas Department of Transportation (TxDOT) has equipment replacement criteria that
are based on age, usage (miles or hours), and estimated repair costs. It is the most complex of
the methods adopted by the three DOTs reviewed in this section and thus is presented first.
TxDOT’s equipment fleet is quite large comprising approximately 17,000 units. This fleet is
used to furnish in-house road maintenance and small construction on the state’s 301,081 total
miles of roads and highways. With a fleet this large, the annual disposal program involves the
replacement of approximately 10% of the total fleet [7]. There are 25 subordinate districts
in TxDOT that each manage their own portion of the TxDOT fleet. The evaluation of the
existing equipment for replacement is done at the district level subjectively using input from
equipment, maintenance, and field personnel. This input is then combined with objective
equipment performance data that includes age, miles (or hours) of operation, downtime, as
well as operating and maintenance costs, to arrive at the final decision on which units to keep
and which ones need to be replaced. The replacement decision is made 1 year before a given
piece of equipment hits its target age, usage, and repair cost level to allow sufficient time for
the procurement of the replacement model.

In 1991, the department fielded the TXDOT equipment replacement model (TERM) to
identify fleet candidates for equipment replacement. The model was based on research of
other DOT policies and an analysis of actual equipment costs incurred by TxDOT prior to
that date. The logic of the model is expressed in the following terms:

...each equipment item reaches a point when there are significant increases in repair costs.Re-
placement should occur prior to this point. Ad hoc reports were developed and are monitored
annually to display historical cost information on usage and repairs to identify vehicles for
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replacement consideration. From this historical information, standards/benchmarks for each
criteria [sic] are established for each class of equipment [7].

Input data for the TERM comes from TxDOT’s equipment operations system (EOS), which
has historical equipment usage and cost data dating back to 1984. EOS captures an extensive
amount of information on all aspects of equipment operation and maintenance. Using the
model’s logic is relatively simple. First, the EOS historical cost data is processed against three
benchmarks for each identified equipment class on an annual basis. The three criteria to be
checked are

p—

Equipment age

2. Life usage expressed in miles (or hours)

3. Inflation adjusted life repair costs expressed as a percentage of original purchase cost
which has been adjusted to its capital value

Next, when a given piece of equipment exceeds all of the above criteria, it is identified as a
candidate for replacement. Finally, the owning district makes the subjective evaluation of the
given item of equipment including downtime, condition of existing equipment, new equip-
ment needs, identified projects, and other factors. A final decision on whether or not to
replace is then made. TERM is not meant to replace the knowledge of the equipment
manager. It does furnish a good tool to assist in the decision-making process.

3.3.2.1.2 Montana Department of Transportation

Like TxDOT, the Montana Department of Transportation (MDT) evaluates its equipment
fleet annually to make a decision on which pieces of its equipment fleet should be replaced. It
uses the expected annual costs of new equipment as the metric against which current
equipment is measured. In calculating this cost, the following factors are considered:

* The expected annual costs of the existing equipment
* The purchase price of the new equipment

* Its depreciation

« Its expected life

To be classified as a potential replacement alternative, the new equipment must meet the
following criteria: the total costs of owning the equipment for its useful life is equal to the
total loss in value for its useful life plus the total costs of operating the equipment over a
specified number of years. Time value of money is accounted for using classical engineering
economic theory for the single present worth (SPW) and uniform capital recovery (UCR)
mathematical equations. The replacement analysis of MDT uses three equations:

* Equivalent annual costs of new equipment
* Salvage value
* Annual cost of an existing unit

The decision criterion for equipment replacement is that the equivalent annual ownership cost
of the new equipment must be less than the annual cost of the current equipment. Thus, this
method is able to first identify economical candidates to serve as alternatives against which
the current equipment can be assessed and an objective criterion on which the replacement
decision can be made [2].
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3.3.2.1.3 Louisiana Department of Transportation and Development

Louisiana Department of Transportation and Development (LaDOTD) invested in a research
project conducted at Louisiana State University as a means of determining optimal equipment
replacement policy [8]. The project specified the following decision criteria:

disallow the application of maintenance funds for major repairs to equipment that has reached 80
percent of its economic life or if the repair cost will exceed 50 percent of the book value of the
equipment.

The report uses the same definitions for economic life as were proposed by Douglas [1] and were
discussed in the earlier sections of this chapter. It was anticipated that net savings would be
obtained after a 4-year period by increasing capital investment to decrease the cost of equipment
operations, assuming the use of economic predictions. Accumulated costs for each unit were
compared with the limits of the repair costs in order to identify “uneconomical’ equipment that
needs critical repairs. This critical repair method was very effective in verifying the optimum
time for changing each unit. The method successfully calculated the optimum replacement point
with 96% of certainty, and allowed the LaDOTD to set up the priority ranking of replacement
needs. As a result, available funds can be allocated and used effectively [2, 8].

3.3.3  SENSITIVITY ANALYSIS ON THEORETICAL METHODS

Construction equipment fleet managers must make an assumption to predict future costs. In
doing this, variables are introduced into the computations that can influence the outcome of
the equipment replacement decision. Therefore, it is important to understand the dynamics
of the equipment replacement decision method. This understanding is gained through
sensitivity analysis. Riggs and West [6] define sensitivity analysis as “‘a second look at an
economic evaluation.” Its purpose is to highlight those assumptions for input variables that
could most easily change the decision if the assumption used for their value is off. By
methodically evaluating the sensitivity of each input variable, the analyst gains an insight
that gives confidence with which the final decision can be made. In other words, if the outcome
is found to be highly sensitive to a given variable and the assumption for that variable’s value is
not made with strong historical back up, the confidence in the output’s correctness drops
dramatically. Conversely, if the outcome of the method is found to be insensitive to variations
in the input values, then confidence in the answer’s correctness is high.

For example, the actual value of fuel costs and operator costs strongly affects the
predicted value of future operating costs. Due to inherent fluctuations in the oil market and
labor market, these are difficult to predict for the short term. Equipment replacement
methods require that these estimates be made for the long-term economic life of the piece
of equipment under analysis. Therefore, to increase the confidence in the results, a sensitivity
analysis is performed. This involves the following steps:

* Listing the parameters most likely to affect the estimated future cost figures

* Determining a probable range over which these parameters may vary

¢ Determining the effect on the estimated future cost figures of the parameters ranging
over their probable range

When a future cost is significantly affected by the ranging variable, the cost estimate is said to
be very sensitive to that variable [6]. The sensitivity analyses are preformed on the equipment
replacement analysis methods proposed by Douglas [1] using the information supplied in
Example 3.1.
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TABLE 3.13
Average Annual Cumulative Costs of the Current Trucks (20% Depreciation)
Annual Average Annual
End of Annual Depreciation Annual Cost Cumulative  Cumulative Cost
Year (1) O&M Cost (2)  Book Value Expense (3) 4 = (2) +@3) Cost (5) 6) = (5)/(1)
1 $30,000 $52,000 §$13,000 $43,000 $43,000 $43,000
2 $32,000 $41,600 $10,400 $42,400 $85,400 $42,700
3 $34,000 $33,280 $8,320 $42,320 $127,720 $42,573
4 $36,000 $26,624 $6,656 $42,656 $170,376 $42,594
5 $38,000 $21,299 $5,325 $43,325 $213,701 $42,740
6 $40,000 $17,039 $4,260 $44,260 $257,961 $42,993
7 $42,000 $13,631 $3,408 $45,408 $303,369 $43,338
8 $44,000 $10,905 $2,726 $46,726 $350,095 $43,762
9 $46,000 $8,724 $2,181 $48,181 $398,276 $44,253

3.3.3.1 Sensitivity Analysis on Minimum Cost Method

In Table 3.8, showing the average annual cumulative costs of the current trucks, the annual
depreciation rate of 40% was used to calculate the annual depreciation expenses. Also, the
annual maintenance and operating cost is $30,000 per truck for the first year and increases
by $2000 each year. For performing the sensitivity analysis on the minimum cost method,
two input parameters, the annual depreciation rate and the annual maintenance and
operating cost, are selected on equipment replacement decision analysis for the current
trucks. First, the annual depreciation rate is changed to 20% and then 60% fixing the annual
maintenance and operating costs. The results are shown in Table 3.13 and Table 3.14,
respectively.

When the depreciation rate is decreased to 20%, the average annual cumulative cost is
the minimum of $42,573 in the third year from the ninth year with the original 40%
depreciation assumption. When the assumption is taken to be 60%, the economic life is at
the end of the eighth year (the lowest average annual cumulative cost of $45,120 will occur
over a period of eighth year). Thus, this method is found to be sensitive to the depreciation
assumption.

TABLE 3.14
Average Annual Cumulative Costs of the Current Trucks (60% Depreciation)
Annual Average Annual
End of Annual Depreciation Annual Cost Cumulative  Cumulative Cost
Year (1) O&M Cost (2) Book Value Expense (3) @ = @)+ @3 Cost (5) 6) = (5)/(1)
1 $30,000 $26,000 $39,000 $69,000 $69,000 $69,000
2 $32,000 $10,400 $15,600 $47,600 $116,600 $58,300
3 $34,000 $4,160 $6,240 $40,240 $156,840 $52,280
4 $36,000 $1,664 $2,496 $38,496 $195,336 $48,834
5 $38,000 $666 $998 $38,998 $234,334 $46,867
6 $40,000 $266 $399 $40,399 $274,734 $45,789
7 $42,000 $106 $160 $42,160 $316,894 $45,271
8 $44,000 $43 $64 $44,004 $360,957 $45,120
9 $46,000 $17 $26 $46,026 $406,983 $45,220
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TABLE 3.15
Average Annual Cumulative Costs of the Current Trucks (O&M at $1000)
Annual Average Annual
End of Annual Depreciation Annual Cost Cumulative  Cumulative Cost
Year (1) O&M Cost (2)  Book Value Expense (3) 4 = (2) +(3) Cost (5) 6) = (5)/(1)
1 $30,000 $39,000 $26,000 $56,000 $56,000 $56,000
2 $31,000 $23,400 $15,600 $46,600 $102,600 $51,300
3 $32,000 $14,040 $9,360 $41,360 $143,960 $47,987
4 $33,000 $8,424 $5,616 $38,616 $182,576 $45,644
5 $34,000 $5,054 $3,370 $37,370 $219,946 $43,989
6 $35,000 $3,033 $2,022 $37,022 $256,967 $42,828
7 $36,000 $1,820 $1,213 $37,213 $294,180 $42,026
8 $37,000 $1,092 $728 $37,728 $331,908 $41,489
9 $38,000 $655 $437 $38,437 $370,345 $41,149
10 $39,000 $393 $262 $39,262 $409,607 $40,961
11 $40,000 $236 $157 $40,157 $449,764 $40,888
12 $41,000 $141 $94 $41,094 $490,859 $40,905

Second, it is assumed that the annual maintenance and operating cost increases by $1,000
instead of $2,000, fixing the annual depreciation rate of 40%. As a result, the minimum
average annual cumulative cost changed from $44,989 at the end of the eighth year as shown
in Table 3.8 to $40,888 at the end of the 11th year as shown in Table 3.15.

If the increase in annual operating and maintenance cost is changed to $3,000, the lowest
average annual cumulative cost is $47,828 in the sixth year as shown in Table 3.16. Thus, the
method is found to be sensitive to this parameter as well.

Given the outcome of the sensitivity analysis on the minimum cost method, the equipment
manager should ensure that the values that are used for both the depreciation cost and the
O&M costs are the best numbers possible based on historical records. The lesson here is that
arbitrarily making an assumption without fundamental information on which to base that
assumption can yield vastly different answers from what may indeed be the actual numbers.

TABLE 3.16
Average Annual Cumulative Costs of the Current Trucks (O&M at $3000)
Annual Average Annual
End of Annual Depreciation Annual Cumulative  Cumulative Cost
Year (1) O&M Cost (2) Book Value Expense (3) Cost (4) = (2) + (3) Cost (5) 6) = (5)/(1)
1 $30,000 $39,000 $26,000 $56,000 $56,000 $56,000
2 $33,000 $23,400 $15,600 $48,600 $104,600 $52,300
3 $36,000 $14,040 $9,360 $45,360 $149,960 $49,987
4 $39,000 $8,424 $5,616 $44.616 $194,576 $48,644
5 $42,000 $5,054 $3,370 $45,370 $239,946 $47,989
6 $45,000 $3,033 $2,022 $47,022 $286,967 $47,828
7 $48,000 $1,820 $1,213 $49,213 $336,180 $48,026
8 $51,000 $1,092 $728 $51,728 $387,908 $48,489
9 $54,000 $655 $437 $54,437 $442,345 $49,149
10 $57,000 $393 $262 $57,262 $499,607 $49,961
11 $60,000 $236 $157 $60,157 $559,764 $50,888
12 $63,000 $141 $94 $63,094 $622,859 $51,905
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3.3.3.2 Sensitivity Analysis on Maximum Profit Method

In the maximum profit method, the average annual cumulative profits of the two alternative
trucks are driven by the decrease rate of the annual revenue and the change in annual cost as
shown in Table 3.10. In this table, the annual cost is related to the annual depreciation rate,
and the maintenance and operating cost. Therefore, the sensitivity analysis on the current
trucks for this method will be done using three parameters: the annual depreciation rate, the
maintenance and operating cost, and annual revenue. First, as in the previous section, the
annual depreciation rate is varied at 20% and then 60% while the annual O&M cost increase
rate and the annual revenue decrease rate are fixed to allow a judgment to be made regarding
the sensitivity of the output to the change in this particular assumption. Next, O&M cost
increase rate is varied at $1000/year and $3000/year to check its sensitivity. Finally, with the
depreciation rate and O&M cost rate fixed, the decrease rate in annual revenues is varied at
$875/year and $2625/year for the last sensitivity check. Table 3.17 reports the results of the
three sensitivity analyses.

Looking first at the sensitivity to the depreciation rate assumption, one can see that
varying this rate has a huge impact on the economic life of the truck when defined by
maximizing the average annual cumulative profits with the greatest effect, as seen at the
low end of the spectrum. The O&M and revenue rate assumptions also have an impact but are
not as great as the depreciation assumption as they only change the economic life by 1 year.

3.3.4 CoOMPARISON AND DiscusSION OF SENSITIVITY ANALYSIS RESULTS

It is interesting to note the change in sensitivities as one moves from the minimum cost
method to the maximum profit method. However intuitively, there should be some difference
as the maximum profit method has one additional parameter, and the introduction of the
additional parameter would be expected to change the mathematical dynamics of the analysis.
From the sensitivity analysis on the minimum cost method, it can be concluded that the
increase in the rate of the annual maintenance and operation costs is more sensitive than the
depreciation rate. In other words, the replacement analysis based on the minimum cost
method can be more affected by the change of the rate of annual increase of the maintenance
and operating cost than that of the annual depreciation rate. Sensitivity analysis output can
be described visually through the use of a tornado diagram. Figure 3.2 is the tornado diagram
for this analysis. The amount of change in parameter value shifts the output value from its
centroid, which is based on the expected values of the varying parameters, implies the level of
sensitivity. Thus, the length of the output range that is produced by the change in input
variable is roughly proportional to the level of sensitivity. So, as the range bar for O&M costs
is longer than the one for depreciation rate, as shown in Figure 3.2, the average minimum
annual cost is most sensitive to this parameter.

Figure 3.3 is the tornado diagram for the maximum profit method, and it clearly shows
that the annual depreciation rate is the most sensitive of the input parameters. Thus, if the
equipment owners want to maximize the average annual cumulative profit, they need to find
the ways of controlling the annual depreciation rate, which will be more effective than to try
preventing annual revenue from decreasing. Sensitivity analysis gives the equipment owner a
“feeling” for how accurate the estimates that are made in this important step can be. It adds
objective analytical information to the process and in doing so, decreases uncertainty while
increasing confidence in the final solution.

Therefore, it can be seen that there is a wide range of choice in equipment replacement
decision-making methods. Thus, equipment owners should carefully decide which methods
they can use in this process and which parameters they can control to either minimize cost or
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FIGURE 3.2 Tornado diagram for minimum cost sensitivity analysis on the current trucks.

maximize profits. They can then back up this by considering the results of a sensitivity
analysis done on the assumptions that were made in the chosen method, and thereby feel
more confident that they have indeed made the correct decision based on the available facts.

3.4 REPLACEMENT EQUIPMENT SELECTION

Picking the right piece of equipment to replace an existing one is a complicated decision that
involves more than running the numbers to see if the new model will add value to the bottom
line. With the seemingly exponential growth in machine technology as well as information
technology that supports the construction industry, making the wrong replacement can be a
costly mistake not only in terms of higher than expected ownership costs due to lower than
expected production, but also in the loss of market share that occurs when a company’s

20% 40% 60%
Depreciation rate
$19,836 $27,000 |
$3,000 $2,000 $1,000 :
O&M rate i
| $18,731 $22,797 |
| s2625 $1,750  $875 |
: Revenue :
| rate |
: $18,919 $22,485 :
I i
$18,731 $20,511 $27,000

FIGURE 3.3 Tornado diagram for maximum profit sensitivity analysis on the current trucks.
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operating costs exceed the industry norms. Therefore, the remainder of this chapter will be
devoted to discussing the qualitative issues that should also be considered after the math-
ematical models are complete and the economic answers are on the table.

3.4.1 RepLACEMENT DECISION MAKING

Replacing equipment involves more than just upgrading to the latest model. Timing the
replacement is a difficult question that requires a thorough examination of company strat-
egies and policies regarding cost of capital and capital budgeting. The previous methods
furnish a great starting point, but they are inherently simplified, disregarding many important
factors that cannot be generally modeled like tax status, the effect of owning capital equip-
ment on the company’s balance sheet, and on its stock price. Thus, when developing a process
for equipment replacement policy, laying the foundations for decision making, which involves
both qualitatively and quantitatively examining alternatives and selecting a means in which to
make the investment decision, is the key to success.

3.4.1.1 Decision-Making Foundations

Every equipment management group should have a clear procedure to help it make equip-
ment replacement decisions in a consistent manner every time the topic must be addressed.
The fundamental foundation for equipment replacement decision making includes the fol-
lowing factors:

* Identify the decision-maker
* Define the defender (the current equipment) and the challengers (potential replacements)
« List the qualitative and quantitative decision factors

First, it is imperative that investment decisions are made by one or more persons who have
been entrusted with the responsibility and authority to procure equipment as required by the
organization’s mission. This entity will be termed the ‘“decision-maker” in the following
discussion. The knowledge of financial management, accounting, procurement, equipment,
and operations is essential to decision-makers. The decision-makers must be vested with the
authority to buy and sell in accordance with current operational needs and the organization’s
strategy for future growth. To avoid suboptimizing the equipment fleet’s capacity, the
decision-makers should be able to make their choices from an unlimited set of potential
pieces of replacement equipment and not be saddled with a requirement to only buy from
specific manufacturers.

Industrial engineers like to use the term “defender—challenger analysis” when methodic-
ally comparing alternatives using engineering economic theory [6]. This term works very well
in equipment replacement decision making, and hence for the purpose of the following
discussion, the existing piece of equipment will be called the “defender” and the potential
replacement candidates will be called the ““challengers.” It is important to define exactly what
these alternatives are and what each consists of in terms of technology, capacity, productivity,
and safety before starting the analysis. It may be expedient to take a given base model of
equipment and develop several challengers that have different components and qualities. In
this way, a logical analysis of the different “bells and whistles” can be accomplished and each
can be compared to the defender to determine if adding a given optional component actually
adds value to the equipment as it adds cost.

Finally, a means for evaluating qualitative factors should be developed and used after the
quantitative analysis is complete. The qualitative factors can be used in several ways. First,
they can be considered only as a “tiebreaker.” In other words, if two alternatives were very
close together quantitatively, the alternative that furnishes the greatest number of qualitative
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advantages would be selected. The second way would be to assign some form of numerical
weighting to each qualitative factor and incorporate an evaluation of those factors into the
quantitative analysis using utility theory [6] or some other analytic method to quantify the
inherently qualitative feature of an alternative. Finally, the qualitative factors can be separated
into two groups: factors that are required and factors that are merely desired. A required factor
on a new dump truck might be a factory-installed global positioning system (GPS) unit to allow
the company to track the location of its vehicles using a previously purchased GPS system that
is currently in operation. A desired factor might be a preference for a given manufacturer’s
vehicle based on that company’s good reputation for service. In this case, a challenger that did
not have all the required factors would be eliminated at the outset of the analysis as unaccept-
able. Then the desired factors would be used as the tiebreaker in the same fashion as the first
method. Examples of qualitative factors include the availability of a given replacement, its
strategic value for potential growth and expansion in the company, and the ability to take
advantage of market opportunities for preferred financing and other perquisites.

3.4.1.2 Examination of Alternatives

When a piece of equipment is determined as needing replacement, five different alternatives
that need to be considered are:

* Overhaul the existing equipment

* Rent a new piece of equipment

* Lease a new piece of equipment

¢ Purchase a new piece of equipment
¢ Purchase a used piece of equipment

The benefits and costs of each alternative should be considered throughout the decision
process. Each alternative should be weighed on a common scale for both quantitative and
qualitative factors.

3.4.1.3 Decision to Invest

The final decision to invest (or not invest) in a replacement should be made within the
framework of capital budgeting decisions and include a quantitative analysis of cost and
the time value of money. Equally as important in the decision process are qualitative factors
and their impact on the firm. As a final check, the decision-maker should insure that the
decision passes the common sense test by including all important decision factors and
answering the following questions such as:

* Is it a worthwhile thing to do?
* Is it the best way to do it?
* Is this the best period of time over which to do it?

3.4.2 GEeNEerAL FACTORS

Once the decision to buy new equipment is made, the equipment manager should consider the
following four factors [5]:

e Machine productivity

¢ Product features and attachments
* Dealer support

¢ Price
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3.4.2.1 Machine Productivity

Every equipment owner wants to buy the optimum size and the best quality equipment at the
lowest cost. It is important to select the size of machine that will deliver the best productivity
for a given job. Chapter 5 furnishes several analytical methods that help to make this decision.
Additionally, the owner’s past experience is very good factor for supporting the mathematical
output. The equipment dealer should have the latest data on machine capability under
various operating conditions, which can then be used in the models shown in Chapter 5.
Additionally, before purchasing, the equipment manger should differentiate the primary
usage of the machine from its secondary usage. For example, a tracked excavator is primarily
used to dig trenches and other excavations. However, when used on a pipe installation crew, it
can also serve secondarily as the means for picking the pipe off a truck and placing them in
the trench. Focusing on the major required function of the machine makes it easier to
determine the proper size or capacity and as well as any required machine attachments.

When purchasing large pieces of equipment, factors, such as transportability between
work sites and the legal restrictions to movement, must also be considered. Finally, as new
technology is procured, training for operators must be available in a timely manner and
should not be cost-prohibitive.

3.4.2.2 Product Features and Attachments

Selecting the right equipment with the adequate attachments not only increases productivity
but also decreases downtime. For example, wheel-loader production can be increased by
adding automatic bucket controls, special-purpose buckets, and optional counterweights [5].
The equipment manager should be careful not to add special attachments that do not enhance
the economics of the overall system. Qualitative factors such as safety must also be considered
when considering attachments and special product features. Factors such as mechanical
compatibility with other types of equipment that enhance the ability of the maintenance
crew to perform its duties often payoff in reduced downtime and reduced spare parts costs.

3.4.2.3 Dealer Support

Dealer support determines the ability of a piece of equipment to achieve its prescribed
production rates. The ability to get spare parts in a timely manner, the availability of service
facilities and qualified technicians, and the transparency of the dealer’s web site all play an
important part in ensuring maximum equipment availability. From the day the equipment is
purchased until the day it is traded-in on a new piece, it is the performance of the dealer that
determines whether that machine will perform as anticipated. The dealer’s reputation for
user-friendly support and customer-oriented action is a qualitative factor that can ultimately
make or break a fleet of heavy construction equipment’s profitability. Thus, this factor should
be given special priority in the final equipment purchase decision.

3.4.2.4 Price

The equipment replacement decision-making methods detailed in earlier sections of this
chapter require a purchase price and a salvage value as input. While this might be the final
factor considered in machine selection, it becomes the fundamental factor that will drive the
final decision. Resale price, maintenance and repair costs, and the cost of special features and
attachments should be factored into the decision as well. A life cycle cost mentality should be
used when looking at prices. A machine may cost less initially, but it could be more expensive
to operate and maintain, quickly wiping out any initial savings. A purchase price should be
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coupled with satisfactory performance as well as dealer parts and service support to ensure
that actual equipment availability meets the assumptions made in the analysis. When all the
factors have been weighed, then the equipment manager is ready to arrive at the best decision.
In an excellent work on equipment management, Bonny and Frein summed up the price issue
in the following quotation:

The total cost of owning and operating a machine, and not the machine price, should be the
decision maker in equipment selection [5].

3.5 SUMMARY

This chapter defined and discussed three types of equipment life: physical life, profit life, and
economic life. It explained on the concepts of depreciation and replacement, inflation,
investment, maintenance and repairs, downtime, and obsolescence that impacted the equip-
ment replacement decision. Replacement analysis was introduced by demonstrating theoret-
ical replacement methods by a continuing example, and practical replacement methods were
also described. The concept of sensitivity analysis was applied to two of the theoretical
methods to demonstrate gain accuracy and confidence in the output of the analyses. Finally,
the decision-making process for replacement equipment selection was introduced in a step-by-
step fashion and the four general factors, which should be considered after replacement
decision is made, was explained.
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4 Earthmoving, Excavating,
and Lifting Equipment Selection

4.1 INTRODUCTION

The crux of equipment selection lies in finding the right tool for a given job. It means ensuring
that the given piece of equipment is configured in a manner that allows it to maximize its
production potential as well as minimize downtime. As such, there are a number of basic
considerations for selecting the right piece of equipment for any given task.

4.2 BASIC CONSIDERATIONS FOR EQUIPMENT SELECTION

Equipment costs rank second to labor costs in terms of uncertainty and in their effect on the
outcome of anticipated profit for a construction project. Selection of the right piece of
equipment, like the right man for the job, affects field productivity. Productivity directly
influences profitability. Using a machine that does not have enough capacity will slow down
productivity. Using a machine with too large capacity might increase productivity to some
extent, but will ultimately negatively affect profitability, because of the cost of operation of
the oversized machine. Pairing machines with mismatched capacities are not efficient and will
not yield the optimum unit price for the work.

The first equipment selection step involves matching the right machine to the work
activity (see Table 4.5). The work activity includes all factors associated with the specific
physical task. Each piece of construction equipment is specifically designed by the manufac-
turer to perform certain mechanical operations that accomplish the work activity. Mechanical
operations are typical for each classification of earthmoving, excavation, and lifting equip-
ment. For instance, all front-end loaders work in the same way. They are built to scoop at
ground level, carry the load, hoist the load, and dump the bucket forward. Whether a
Caterpillar, Case, or JCB loader, they all mechanically operate similarly. Using a front-end
loader to excavate a deep hole would not be a proper use of the machine. Failure to match the
machine to the work task usually results in operating inefficiency and placing the machine at
risk due to improper use. The same can be said for a Manitowoc, Grove, or Link Belt mobile
crane. They all basically work the same and are designed to lift and swing loads.

Two types of failure can occur for all equipment. Structural or mechanical failure occurs
when the machine is overloaded or stressed beyond the physical capabilities of its compon-
ents. This could mean a lattice boom buckling when lifting a load that is too heavy or a loader
with an oversized bucket working too many repetitions in the heat of the day and the motor
locking. Stability failure occurs when the machine is overloaded or placed in a situation where
it cannot remain balanced and upright. This could mean a crane hoisting an unbalanced load
causing it to overturn, though the boom remained intact or a loader traveling on an uneven
surface with a dense load too high, causing the machine to nose-dive on the uneven surface,
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though all parts of the machine are intact and still operable. Using machines matched to the
task will greatly increase the chance of avoiding failures and should be a primary goal of
equipment selection.

One of the most important considerations when selecting a piece of equipment is the
availability of the right machine with proper and timely service, maintenance, and repair. The
right machine must not only match mechanical functions, but also power, capacity, and
control requirements. Equipment discussed in this book is considered standard equipment
with parts and service readily available. Dealer or rental agency location proximity and staff
competency will influence downtime and turnaround for service.

The physical properties of clay, gravel, organic matter, rock, sand, or silt to be moved or
excavated has a direct influence on the type and capacity of equipment selected for a specific
work activity. The ease or difficulty of removing and handling soil or any material directly
influences the amount of machine productivity. This will also determine capacities and types
of buckets, blades, and attachment or accessories. How the soil breaks apart or sticks together
will influence how much can be put in a bucket, blade, bowl, or bed. A front-end loader
bucket will hold more slightly wet sandy clay soil than dry sand. The composition of the soil
and the amount of moisture in the soil influence the heaped capacity that the bucket can hold
or the blade can push.

Soil type and stability are also important to the engineer because the size of the particles,
physical properties, and behavior when the moisture content is changed greatly influences the
site and foundation design. Sometimes the soil must even be replaced or stabilized using other
types of soils or additives. These decisions influence the types and capacities of the equipment
needed by the contractor for the site work and ultimate construction of the foundation system.

The type and condition of the working surface and the distance to be traveled affect the
choice of tires or tracks. This will be discussed in more detail in an upcoming section in this
chapter. Desired productivity is also a major influence on earthmoving, excavating, and
lifting equipment selection. Meeting the schedule for the quantity of work to be accomplished
is the goal. The required hourly production of a piece of machinery is primarily determined by
the amount of work to be done and how fast it has to be done. The amount of time the
contractor wants to spend or has to spend on excavation or earthmoving will greatly influence
the size of machinery chosen for the work. If there is a large volume of dirt that needs to be
moved quickly, a large piece of machinery will probably be most efficient. If there is a small
amount of dirt to be excavated, a smaller piece of machinery makes more sense. Lifting
production is heavily dependent on ground and on-structure craft support efficiency. Lifting
capacity and vertical hoist speed are the primary equipment influences on lifting production.

The following basic relationships exist for equipment selection:

* As equipment productivity increases so does the initial purchase price, operating, and
maintenance costs.

* As equipment capacity increases, so does the hourly production.

* As equipment productivity increases, the unit cost ($/cubic yard, $/square foot, $/ton,
$/10oad) for the work decreases.

Equipment selection demands attention to all of these considerations and others. As effi-
ciency is achieved, the unit cost decreases. Therefore the contractor can bid more competi-
tively for large quantities of work. The objective is to match the right piece of machinery with
the most optimal working capacity to the desired budget and schedule. Whether owning or
renting, to be profitable equipment must earn more money than it costs. Consideration of
equipment needed for the construction during the design phase and proper equipment
selection for bidding and construction are vital elements to a successful project. Profitability



Earthmoving, Excavating, and Lifting Equipment Selection 67

for the user is most influenced by the ability to keep the equipment busy and maintain it
properly. Typically equipment, like a car, does not appreciate in value over time. The more
the equipment is operated, the more maintenance it requires.

Equipment selection is typically company-specific and directly influenced by specific
project and financial considerations. Equipment needs are further influenced by the complex-
ity and uniqueness of a specific work activity. Contractors typically stretch the versatility of a
piece of equipment by using it for multiple types of work. The goal is always to match the best
hourly cost to the required production for the work activity.

4.3 EARTHMOVING AND EXCAVATING CONSIDERATIONS

Whether the working equipment moves on tracks or tires has a major influence on product-
ivity (how much dirt can be moved or excavated in a certain amount of time or how fast
material can be transported). Both types of movements offer advantages and disadvantages
based on working and surface conditions.

4.3.1 Tracks AND TIRES

Usable force available to perform work depends on the coefficient of traction of the work
surface and the weight (Ibs) carried by the running gear or wheels. The amount of tractive
force necessary to push or pull a load is important for sizing the right machine. Manufactur-
ers provide rimpull or drawbar pull tables for most of their equipment models showing
tractive power that can be delivered at specified operating speeds. This information can be
used to verify a machine’s ability or capacity to work in specified job conditions (primarily
rolling or surface resistance and grade resistance) and achieve the desired production.

Coefficients of traction vary based upon the travel surface. They measure the degree of
traction between the wheel or track and travel surface. Slick surfaces have lower coeffic