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Preface

This book is based on the author’s years of experience in construction, engineering, and
education. The objective of this seventh edition continues to be to guide construction
engineers and construction managers in planning, estimating, and directing construction
operations in a manner that will attain the best possible results. It is believed that the ma-
terial presented is comprehensive enough to serve as the basic text for a variety of con-
struction courses as well as for self-study. For an introductory course, upper-division
college and university-level students should be able to cover the material in one semester.
For more in-depth coverage, the material may be split between two or more courses. Top-
ics may, of course, be omitted or augmented as appropriate to the nature of the course and
the desires of the instructor. In solving the computer problems contained in the end-of-
chapter exercises, it is suggested that students be encouraged to use electronic spread-
sheets and their associated functions in addition to conventional computer programming
languages. Instructors are reminded that an Instructor’s Manual is available from the pub-
lisher. It is strongly recommended that study of the text in an academic environment be
supplemented by visits to construction projects and/or audiovisual material.

Responding to industry developments and user comments, this edition incorporates
new and revised material to reflect current developments in the construction industry. New
and expanded topics include building codes, concrete and masonry construction, con-
struction economics, construction productivity, construction safety, design of concrete
formwork, fuel-resistant asphalt, soil and asphalt compaction, and wood preservation, in
addition to updated text, illustrations, references, and end-of-chapter problems.

It would not be possible to produce a book of this type without the assistance of many
individuals and organizations. The assistance of construction industry associations and
construction equipment manufacturers in providing information and photographs and in per-
mitting reproduction of certain elements of their material is gratefully acknowledged. Where
possible, appropriate credit has been provided. I would also like to express my appreciation
to my colleagues and to my former students for their helpful comments and suggestions. In
addition, particular thanks are due to Charles Patrick, Ph.D., Virginia Polytechnic Institute
and State University, for his assistance with the seventh edition text review.

Comments from readers regarding errors and suggestions for improvement are
solicited. Please send to nunnallysj@juno.com.

S. W. Nunnally
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Introduction

1-1 THE CONSTRUCTION INDUSTRY

The construction industry (including design, new and renovation construction, and the man-
ufacture and supply of building materials and equipment) is one of the largest industries in
the United States, historically accounting for about 10% of the nation’s gross national prod-
uct and employing some 10 million workers (references 2 and 3). Annual U.S. new con-
struction volume has exceeded $800 billion in recent years. Because construction is an
exciting, dynamic process which often provides high income for workers and contractors, it
is an appealing career opportunity. However, the seasonal and sporadic nature of construc-
tion work often serves to significantly reduce the annual income of many workers. In addi-
tion, construction contracting is a very competitive business with a high rate of bankruptcy.

It is widely recognized that construction as a discipline is a combination of art and
science. While understanding the technical aspects of construction is extremely important,
itis also essential that construction professionals have knowledge of the business and man-
agement aspects of the profession. Close observation and participation in actual construc-
tion projects is very valuable in obtaining an understanding of the construction process as
well. Thus, the author encourages those who are studying construction in an academic en-
vironment to take every opportunity to observe and participate in actual construction ac-
tivities. An understanding of the topics presented in the following chapters will provide a
foundation in the methods and management of construction.

While construction has traditionally been a very conservative industry, the increasing
rate of technological development and growing international competition in the industry are
serving to accelerate the development of new construction methods, equipment, materials,
and management techniques. As a result, coming years will see an increasing need for in-
novative and professionally competent construction professionals.

Construction Contractors

Companies and individuals engaged in the business of construction are commonly referred to
as construction contractors (or simply contractors) because they operate under a contract
arrangement with the owner. Construction contractors may be classified as general contractors

1



CHAPTER 1

Figure 1-1 Construction of St. Louis Gateway Arch. (Courtesy of American
institute of Steel Construction)

or specialty contractors. General contractors engage in a wide range of construction activities
and execute most major construction projects. When they enter into a contract with an owner to
provide complete construction services, they are called prime contractors. Specialty contrac-
tors limit their activities to one or more construction specialties, such as electrical work, plumb-
ing, heating and ventilating, or earthmoving. Specialty contractors are often employed by a
prime contractor to accomplish some specific phase of a construction project. Since the spe-
cialty contractors are operating under subcontracts between themselves and the prime contrac-
tor, the specialty contractors are referred to as subcontractors. Thus, the terms “subcontractor”
and “prime contractor” are defined by the contract arrangement involved, not by the work clas-
sification of the contractors themselves. Thus, a specialty contractor employed by an owner to
carry out a particular project might employ a general contractor to execute some phase of the
project. In this situation, the specialty contractor becomes the prime contractor for the project
and the general contractor becomes a subcontractor.

While the number of construction contractors in the United States has been estimated to
exceed 800,000, some 60% of these firms employ three or fewer workers. Contractors em-
ploying 100 or more workers make up less than 1% of the nation’s construction firms but ac-
count for about 30% of the value of work performed. The trend in recent years has been for the
large construction firms to capture an increasing share of the total U.S. construction market.
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Construction Industry Divisions

The major divisions of the construction industry consist of building construction (also called
“vertical construction”) and heavy construction (also called “horizontal construction”™).
The distribution of total U.S. construction volume for a representative year is illustrated in
Figure 1-2. Building construction (Figure 1-3), as the name implies, involves the construc-
tion of buildings. This category may be subdivided into public and private, residential and
nonresidential building construction. While building construction accounts for a majority of
the total U.S. new construction market (see Figure 1-2), many of the largest and most spec-
tacular projects fall in the heavy construction area. Heavy construction (Figure 1-4)includes
highways, airports, railroads, bridges, canals, harbors, dams, and other major public works.
Other specialty divisions of the construction industry sometimes used include industrial
construction, process plant construction, marine construction, and utility construction.

1-2 THE CONSTRUCTION PROCESS

Project Development and Contract Procedures

The major steps in the construction contracting process include bid solicitation, bid prepa-
ration, bid submission, contract award, and contract administration. These activities are de-
scribed in Chapter 18. However, before the bidding process can take place, the owner must
determine the requirements for the project and have the necessary plans, specifications,
and other documents prepared. These activities make up the project development phase of
construction. For major projects, steps in the project development process include:

* Recognizing the need for the project.
* Determining the technical and financial feasibility of the project.
* Preparing detailed plans, specifications, and cost estimates for the project.

* Obtaining approval from regulatory agencies. This involves ascertaining compliance
with zoning regulations, building codes, and environmental and other regulations.

For small projects, many of these steps may be accomplished on a very informal basis.
However, for large or complex projects this process may require years to complete.

How Construction Is Accomplished

The principal methods by which facilities are constructed are illustrated in Figures 1-5 to
1-9. These include:

* Construction employing an owner construction force.
* Owner management of construction.

* Construction by a general contractor.



Figure 1-2 Distribution of U.S.
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Bureau of the Census)
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Figure 1-3 Modern building construction project.
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Figure 1-4 Heavy construction project—Kennedy Space Center launch
complex. (U.S. Air Force photograph)

* Construction using a design/build (turnkey) contract.

« Construction utilizing a construction management contract.

Many large industrial organizations, as well as a number of governmental agencies, pos-
sess their own construction forces. Although these forces are utilized primarily for performing
repair, maintenance, and alteration work, they are often capable of undertaking new construc-
tion projects (Figure 1-5). More frequently, owners utilize their construction staffs to manage
their new construction (Figure 1-6). The work may be carried out by workers hired directly by
the owner (force account), by specialty contractors, or by a combination of these two methods.

Construction by a general contractor operating under a prime contract is probably the
most common method of having a facility constructed (Figure 1-7). However, two newer
methods of obtaining construction services are finding increasing use: design/build (or
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Figure 1-5 Construction
employing owner construction Owner
forces.

Construction
staff

Project
director

Construction
forces

Figure 1-6 Owner-managed
construction. [Either (a) or (b) Owner
or both may be employed.] ]

Construction
staff

Project
director

| : |

Hired labor
force

(a) (b)

Contractor(s)

turnkey) construction and construction utilizing a construction management contract. Un-
der the design/build or turnkey construction concept (Figure 1-8), an owner contracts with
a firm to both design and build a facility meeting certain specified (usually, performance-
oriented) requirements. Such contracts are frequently utilized by construction firms that spe-
cialize in a particular type of construction and possess standard designs which they modify
to suit the owner’s needs. Since the same organization is both designing and building the fa-
cility, coordination problems are minimized and construction can begin before completion
of final design. (Under conventional construction procedures it is also possible to begin con-
struction before design has been completed. In this case, the construction contract is nor-
mally on a cost-reimbursement basis. This type of construction is referred to as fast-track
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Figure 1-7 Construction by
a general contractor. Owner

| I

Design _Iffp_e(it_icz_] > Prime
firm contractor
Sub s) Contractor
ubcontractor(s work force
Figure 1-8 Construction
employing a design/build firm. Owner
Design/build
firm
Design Construction
force force

Subcontractor(s)

construction.) The major disadvantages of the design/build concept are the difficulty of ob-
taining competition between suppliers and the complexity of evaluating their proposals.
Construction of a facility utilizing a construction management contract (Figure 1-9)
is also somewhat different from the conventional construction procedure. Under the usual
arrangement, also known as Agency Construction Management, a professional construction
manager (CM) acts as the owner’s agent to direct both the design and construction of a fa-
cility. Three separate contracts are awarded by the owner for design, construction, and con-
struction management of the project. This arrangement offers potential savings in both time
and cost compared to conventional procedures, as a result of the close coordination between
design and construction. However, opponents of the method point out that the construction
manager (CM) typically assumes little or no financial responsibility for the project and that
the cost of his/her services may outweigh any savings resulting from improved coordination
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Owner

Construction
manager
1

[
o—==b————q
{ |

"3 'l

Design Construction
firm firm(s)

~=— Contractual relation
=== Management relation (owner’s agent)

Figure 1-9 Construction utilizing a construction management contract.

between design and construction. There is another, less common form of construction man-
agement contract known as Guaranteed Maximum Price Construction Management. Under
this arrangement, the construction manager guarantees that the project cost will not exceed
a specified amount. Under this procedure, which entails a certain amount of contractor risk,
the construction contract is also normally held by the construction manager.

1-3 CODES AND REGULATIONS

Projects constructed in most areas of the United States must comply with a number of gov-
ernmental regulations. These include building codes, zoning regulations, environmental
regulations, and contractor licensing laws, among others.

Building Codes

Building codes, which are concerned primarily with public safety, provide minimum design
and construction standards for structural and fire safety. As the name implies, such codes
apply only to the construction of buildings. In the United States, the Board of Fire Under-
writers in 1905 published a Recommended National Building Code, which provided mini-
mum standards for fire protection and structural safety. This code, later known as the
Basic/National Building Code, published by the Building Officials and Code Administra-
tors International, was the only nationally recognized building code for a number of years.
Other major building codes later published include the Uniform Building Code published
by the International Conference of Building Officials and the Standard Building Code
published by the Southern Building Code Congress International. In 1994 these three
model code groups jointly formed the International Code Council (ICC) to publish a single
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set of model construction codes. Some of the International Codes since published include
the International Building Code and the International Residential Code (which governs the
construction of one- and two-family dwellings). A majority of the U.S. states and the Dis-
trict of Columbia have adopted these two building codes. The International Code Council
has also published a number of other International Codes, including a plumbing code, a
mechanical code, and an electrical code. However, most U.S. electrical construction is
commonly governed by NFPA 70: National Electrical Code, published by the National
Fire Protection Association under the auspices of the American National Standards
Institute (ANSI).

Since the national model codes are purely advisory, a building code must be put into
effect by local ordinance. While local building codes are usually based on the model codes,
they often contain local modifications, which may be unnecessarily restrictive. Such re-
strictions, along with delays in updating local codes, result in increased building costs. An-
other problem associated with building codes at the local level is the quality of code
administration. The lack of an adequate number of technically qualified building officials
often leads to cursory inspections using a checklist approach and discourages contractors
from utilizing new materials and procedures.

In most cases, a building permit must be obtained before construction of a building
can begin. After a permit is issued, the local building department will inspect the project at
designated points during construction. The scheduling of these inspections may pose prob-
lems for the contractor and often results in construction delays. When utilities are not avail-
able at the construction site, additional permits may be required for power plants, water
wells, water treatment plants, sewage treatment plants or septic tanks, and similar facilities.

Zoning, Environmental, and Other Regulations

Although building codes apply only to building construction, many other regulations im-
pact both building and heavy construction. Such regulations include zoning regulations, en-
vironmental regulations, safety regulations, labor laws, and others. Transportation
construction (highways, bridges, airports, and ports) falls primarily under the jurisdiction
of state transportation departments. These agencies are responsible for the design, con-
struction, maintenance, and operation of transportation facilities. While much of the design
and most construction is accomplished by private firms under contract to the state, the state
transportation agency establishes design specifications, monitors design and construction,
and operates and maintains the completed facilities.

Zoning regulations, which control land use, limit the size, type, and density of struc-
tures that may be erected at a particular location. Some typical zoning classifications include
commercial, residential (with specified density), industrial, office, recreational, and agricul-
tural. Zoning classifications are normally designated by a combination of letters and numbers.
As an example, the R-4 zoning classification might represent residential housing with a max-
imum density of 4 units per acre. In order to construct a facility not conforming to the current
zoning, it would be necessary to obtain a change in zoning or an administrative exception.

Environmental regulations protect the public and environment by controlling such
factors as water usage, vehicular traffic, precipitation runoff, waste disposal, and preserva-
tion of beaches and wetlands. Large projects, such as new highways and airports, waste
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disposal facilities, major shopping centers, large industrial plants, large housing develop-
ments, and athletic centers, may require preparation and approval of an Environmental Im-
pact Statement (EIS) describing and quantifying the effect the project will have on the
environment. The preparation of an EIS is a complex, time-consuming, and expensive task
which should be undertaken only with the assistance of a professional experienced in such
matters. If municipal utility services are not available at the project site, additional permits
may be required for water treatment plants, wells, sewage treatment, and similar facilities.

Safety regulations are designed to protect both construction workers and the public. In
the United States, almost all industries, including construction, are governed by the Occupa-
tional Safety and Health Act of 1970 administered by the Occupational Safety and Health Ad-
ministration (OSHA). However, states are permitted to adopt more stringent safety regulations
if desired. Construction safety is discussed in more detail in Section 1-5 and in Chapter 19.

The construction profession is also regulated by a number of governmental licensing
and certification procedures. Communities having building departments usually require
construction contractors to have their professional qualifications verified by licensing or
certification. This may be done at the local level or by the state. State certification or li-
censing often requires satisfactory completion of a comprehensive written examination
plus proof of financial capacity and verification of character. A business or occupational li-
cense is also normally required of all contractors. In addition, bonding is often required of
construction contractors to further protect the public against financial loss.

1-4 STATE OF THE INDUSTRY

Construction Productivity

U.S. construction productivity (output per labor hour), which had shown an average annual
increase of about 2% during the period after World War II until the mid-1960s, actually de-
clined between 1965 and 1980. During the same period, inflation in construction costs rose
even faster than inflation in the rest of the economy. However, indications are that con-
struction productivity again increased substantially in the 1980s and 1990s (reference 1).

Concerned about the effects of declining construction industry productivity in the 1970s
on the U.S. economy, the Business Roundtable (an organization made up of the chief execu-
tive officers of some 200 major U.S. corporations) sponsored a detailed study of the U.S. con-
struction industry. Completed in 1982, the resulting Construction Industry Cost Effectiveness
(CICE) Study is probably the most comprehensive ever made of the U.S. construction indus-
try. The study identified a number of construction industry problems and suggested improve-
ments in the areas of project management, labor training and utilization, and governmental
regulation (see references 5 and 8). It concluded that while much of the blame for industry
problems should be shared by owners, contractors, labor, and government, many of the prob-
lems could be overcome by improved management of the construction effort by owners and
contractors with the cooperation of the other parties. Conflicting productivity data for the pe-
riod 1979 through 1998 makes it difficult to determine whether construction productivity has
actually declined, remained constant, or increased since 1979 (reference 9).

Some techniques for improving construction productivity and performance are dis-
cussed in the following sections and in Chapter 20.
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Reducing Construction Costs

Some of the best opportunities for construction cost savings occur in the design process
even before construction begins. Some design factors that can reduce construction costs in-
clude the use of modular dimensions, grouping plumbing and other equipment to minimize
piping and conduit runs, incorporating prefabricated components and assemblies, utilizing
economical materials (eliminating “gold plating”), and employing new technology. Inject-
ing constructability considerations into the design process is one of the advantages claimed
for the use of the construction management contract arrangement.

Some ways in which productivity can be increased and costs minimized during con-
struction include:

» Good work planning.

o Carefully selecting and training workers and managers.

» Efficiently scheduling labor, materials, and equipment.

* Properly organizing work.

+ Using laborsaving techniques, such as prefabrication and preassembly.
* Minimizing rework through timely quality control.

» Preventing accidents through good safety procedures.

1-5 CONSTRUCTION MANAGEMENT

Elements of Construction Management

The term construction management may be confusing since it has several meanings. As ex-
plained earlier, it may refer to the contractual arrangement under which a firm supplies con-
struction management services to an owner. However, in its more common use, it refers to
the act of managing the construction process. The construction manager, who may be a con-
tractor, project manager, superintendent, or one of their representatives, manages the basic
resources of construction. These resources include workers and subcontractors, equipment
and construction plant, material, money (income, expenditure, and cash flow), and time.
Skillful construction management results in project completion on time and within budget.
Poor construction management practices, on the other hand, often result in one or more of
the following:

* Project delays that increase labor and equipment cost and the cost of borrowed funds.

* High material costs caused by poor purchasing procedures, inefficient handling,
and/or loss.

* Increased subcontractor cost and poor contractor-subcontractor relations.

 High insurance costs resulting from material and equipment loss or damage or a poor
safety record.

* Low profit margin or a loss on construction volume.
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Such poor management practices, if long continued, will inevitably lead to contractor failure.

While the principal objectives of every construction manager should be to complete
the project on time and within budget, he or she has a number of other important responsi-
bilities. These include safety, worker morale, public and professional relations, productiv-
ity improvement, innovation, and improvement of technology.

The scope of construction management is broad and includes such topics as con-
struction contracts, construction methods and materials, production and cost estimating,
progress and cost control, quality control, and safety. These are the problems to which the
following portions of this book are addressed.

Quality Management

It has long been recognized that in all construction projects steps must be taken to ensure
that the constructed project meets the requirements established by the designer in the proj-
ect plans and specifications. More recently, the terms quality management (QM) and
quality assurance (QA) have been adopted to include all aspects of producing and accept-
ing a construction project which meets all required quality standards. Quality management
includes such activities as specification development, process control, product acceptance,
laboratory and technician certification, training, and communication. Quality control (QC),
which is a patt of the quality management process, is primarily concerned with the process
control function. Since the contractor has the greatest control over the construction process,
it has been found that quality control is most effective when performed by the contractor.

Regardless of the procedures established, the construction contractor is primarily re-
sponsible for construction quality. Quality assurance inspections and tests performed by an
owner’s representative or government agency provide little more than spot checks to ver-
ify that some particular aspect of the project meets minimum standards. Contractors should
realize that the extra costs associated with rework are ultimately borne by the contractor,
even on cost-type contracts. Poor quality control will result in the contractor gaining a rep-
utation for poor work. The combined effect of increased cost and poor reputation often
leads to construction company failure.

In recent years, there has been an increasing use of statistics-based methods for qual-
ity assurance, particularly in asphalt and concrete pavement construction (see reference 3).
While the details of such procedures are beyond the scope of this book, the following is a
brief explanation of some of the concepts involved.

Since the results of virtually all construction processes are products which vary over
some statistical distribution, statistical methods can be used for such purposes as:

» Ensuring that all elements of the work have an equal chance of being included in
test samples.

¢ Verifying that test samples taken by the contractor and by other parties come from the
same population.

* Analyzing the variations in the test results of material and processes sampled.
* Establishing acceptable levels of variation in sample results.

* Developing a payment schedule which rewards or penalizes the contractor depend-
ing on the level of quality attained in the constructed product.
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Safety and Health

Construction is inherently a dangerous process. Historically, the construction industry has
had one of the highest accident rates among all industries. In the United States, concern
over the frequency and extent of industrial accidents and health hazards led to the passage
of the Occupational Safety and Health Act of 1970, which established specific safety and
health requirements for virtually all industries, including construction. This act is admin-
istered by the Occupational Safety and Health Administration (OSHA). As a result, man-
agement concern has tended to focus on OSHA regulations and penalties. However, the
financial impact of a poor safety record is often more serious than are OSHA penalties.

While specific hazards and safety precautions are presented in succeeding chapters
and described in more detail in Chapter 19, the following construction operations have been
found to account for the majority of serious construction injuries:

» Concrete construction, especially construction of formwork, placing concrete into
formwork, and failure of formwork during construction.

» The erection of prefabricated trusses, precast concrete elements, and structural steel.

» The construction and operation of temporary facilities including scaffolding, con-
struction plants, lifts, and storage facilities.

* Working from elevated positions resulting in falls.

» Construction equipment operations.

Construction managers should give special attention to the control of the safety hazards de-
scribed above.

In the area of worker health, the major environmental hazards likely to be encoun-
tered by construction workers consist of noise, dust, radiation, toxic materials, and extreme
temperatures. Again, these topics are covered in more detail in Chapter 19.

Organization for Construction

There are probably as many different forms of construction company organization as there
are construction firms. However, Figure 1-10 presents an organization chart that reason-
ably represents a medium- to large-size general construction company.

Reasons for Construction Company Failure

Dun & Bradstreet and others have investigated the reasons for the high rate of bankruptcy
in the construction industry. Some of the major factors they have identified include lack of
capital, poor cost estimating, inadequate cost accounting, and lack of general management
ability. All of these factors can be categorized as elements of poor management. Such stud-
ies indicate that at least 90% of all construction company failures can be attributed to in-
adequate management.

Use of Computers

The wide availability and low cost of personal computers have placed these powerful
tools at the disposal of every construction professional. Construction applications of
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President
Administration Engineering Construction S:t?f::‘a'
Accounting Design I Labor relations
Gen. administration  Estimating Project Legal counsel
Payroll Planning manager Safety
Public relations Scheduling
Purchasing 1
Business Engineering Equipment Purchasing S;);(;ifal Superintendent
Accounting Changes Maintenance Expediting Labor relations  Construction
Administration Claims Shop operations  Purchasing Safety forces
Payroll Cost and progress Warehousing
Engineering
Plant design

Figure 1-10 Representative construction company organization chart.

computers are almost unlimited. Construction applications of computers are discussed in
more detail in Chapter 20. Examples of construction applications of personal computers
are presented in the end-of-chapter problems of each chapter.

Perhaps the most exciting development in the construction application of computers
is the wide availability of the Internet (World Wide Web) with its almost unlimited re-
sources, along with electronic mail (e-mail) services. Equipment manufacturers are in-
creasingly engaging in electronic communications with dealers and dealers with
contractors. Contractors exchange information and data among projects and between proj-
ect sites and the home office. Manufacturers are also providing online parts catalogs, as
well as service and repair bulletins to dealers. Equipment warranty service requests are also
being electronically processed. While some manufacturers’ information is available only to
dealers and not to contractors, increasingly such data and services will become available to
contractors. Electronic sales of new and used equipment and parts are also growing rapidly.
In addition, much information of value to contractors is available on the Internet. Appen-
dix C provides addresses for a number of construction Internet resources.

More traditional construction applications of computers include word processing, cost
and time estimating, financial planning, planning and scheduling, project management, and



INTRODUCTION 15

equipment management, among others. With the increasing power and declining cost of com-
puters, more powerful user-friendly construction software is becoming available almost daily.

1-6 CONSTRUCTION TRENDS AND PROSPECTS

Construction Trends

Some of the major trends noted in the construction industry in recent years include in-
creasing international competition, rapid changes in technology, the wide availability of in-
formation via the Internet, increasing speed and ease of communication, and increasing
governmental regulation of the industry, particularly in the areas of safety and environ-
mental protection. As a result of these developments, the larger well-managed construction
firms are capturing an increasing share of the total construction market.

These trends, along with the increasing use of computers for design and management,
have created a growing demand for technically competent and innovative construction
managers. With the increasing automation of construction equipment has come an increas-
ing demand for highly skilled equipment operators and technicians.

Problems and Prospects

In recent years, industry problems of low productivity and high cost have served to reduce
construction’s share of the U.S. gross national product. This problem has been particularly
acute in the building construction industry because the use of larger and more productive
earthmoving equipment has served to keep earthmoving costs relatively stable.

Studies of international competition in design and construction have found that the
U.S. share of the world’s market has declined significantly since 1975. During this pe-
riod, foreign construction firms greatly increased their share of the U.S. domestic con-
struction market. Despite these trends, many observers are confident that the U.S.
construction. industry will, over time, regain its predominant position in the world con-
struction market.

Although high costs have often served to limit the demand for construction, during
times of high demand the U.S. construction industry has actually approached its maximum
capacity. When the demand for construction again peaks, it is probable that new forms of
construction organization and management as well as new construction methods will have
to be developed to meet these demands. In any event, the U.S. construction industry will
continue to provide many opportunities and rewards to the innovative, professionally com-
petent, and conscientious construction professional.

In summary, the future of construction appears as dynamic as does its past. An abun-
dance of problems, challenges, opportunities, and rewards wait for those who choose to en-
ter the construction industry. May the contents of this book provide the reader a firm
foundation on which to build an exciting and rewarding career.
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PROBLEMS

1. Briefly describe at least three likely results of poor construction project management.

. Describe the principal objectives that a construction manager should have when car-

rying out a construction project.
What codes and regulations are likely to apply to a building construction project?

4. Section 1-4 enumerates several ways in which productivity can be improved during

10.

construction. Select two of these items and briefly discuss how their application could
improve productivity and minimize project cost.

. Recognizing the importance of construction quality control, what steps do you suggest

an owner take to assure delivery of a satisfactory facility?

. Briefly explain the difference between construction utilizing a conventional construc-

tion contract and construction utilizing a construction management contract.

. Explain the meaning of the term horizontal construction.
. Identify those construction operations that account for a majority of serious construc-

tion injuries.
What category of construction makes up the largest component of new U.S. construc-
tion volume?

Describe three specific construction applications of a personal computer that you be-
lieve would be valuable to a construction professional.
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Earthmoving and
Heavy Construction






Earthmoving Materials
and Operations

2-1 INTRODUCTION TO EARTHMOVING

The Earthmoving Process

Earthmoving is the process of moving soil or rock from one location to another and pro-
cessing it so that it meets construction requirements of location, elevation, density, mois-
ture content, and so on. Activities involved in this process include excavating, loading,
hauling, placing (dumping and spreading), compacting, grading, and finishing. The con-
struction procedures and equipment involved in earthmoving are described in Chapters 3
to 5. Efficient management of the earthmoving process requires accurate estimating of
work quantities and job conditions, proper selection of equipment, and competent job
management.

Equipment Selection

The choice of equipment to be used on a construction project has a major influence on the
efficiency and profitability of the construction operation. Although there are a number of
factors that should be considered in selecting equipment for a project, the most important
criterion is the ability of the equipment to perform the required work. Among those items
of equipment capable of performing the job, the principal criterion for selection should be
maximizing the profit or return on the investment produced by the equipment. Usually, but
not always, profit is maximized when the lowest cost per unit of production is achieved.
(Chapter 17 provides a discussion of construction economics.) Other factors that should be
considered when selecting equipment for a project include possible future use of the equip-
ment, its availability, the availability of parts and service, and the effect of equipment down-
time on other construction equipment and operations.

After the equipment has been selected for a project, a plan must be developed to ef-
ficiently utilize the equipment. The final phase of the process is, of course, competent job

management to assure compliance with the operating plan and to make adjustments for un-
expected conditions.
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Production of Earthmoving Equipment
The basic relationship for estimating the production of all earthmoving equipment is:
Production = Volume per cycle X Cycles per hour (2-1)

The term “volume per cycle” should represent the average volume of material moved
per equipment cycle. Thus the nominal capacity of the excavator or haul unit must be mod-
ified by an appropriate fill factor based on the type of material and equipment involved. The
term “cycles per hour” must include any appropriate efficiency factors, so that it represents
the number of cycles actually achieved (or expected to be achieved) per hour. In addition
to this basic production relationship, specific procedures for estimating the production of
major types of earthmoving equipment are presented in the chapters which follow.

The cost per unit of production may be calculated as follows:

Equipment cost per hour
Equipment production per hour

Cost per unit of production = 2-2)
Methods for determining the hourly cost of equipment operations are explained in
Chapter 17.

There are two principal approaches to estimating job efficiency in determining the
number of cycles per hour to be used in Equation 2-1. One method is to use the number of
effective working minutes per hour to calculate the number of cycles achieved per hour.
This is equivalent to using an efficiency factor equal to the number of working minutes per
hour divided by 60. The other approach is to multiply the number of theoretical cycles per
60-min hour by a numerical efficiency factor. A table of efficiency factors based on a com-
bination of job conditions and management conditions is presented in Table 2-1. Both
methods are illustrated in the example problems.

Table 2-1 Job efficiency factors for earthmoving operations (From TM 5-3318,
U.S. Department of the Army)

Management Conditions’

Job Conditions™ Excellent Good Fair Poor
Excellent 0.84 0.81 0.76 0.70
Good 0.78 0.75 0.71 0.65
Fair 0.72 0.69 0.65 0.60
Poor 0.63 0.61 0.57 0.52

*Management conditions include:

Skill, training, and motivation of workers.

Selection, operation, and maintenance of equipment.

Planning, job layout, supervision, and coordination of work.
** Job conditions are the physical conditions of a job that affect the production rate (not including the
type of material involved). They include:

Topography and work dimensions.

Surface and weather conditions.

Specification requirements for work methods or sequence.
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2-2 EARTHMOVING MATERIALS

Soil and Rock

Soil and rock are the materials that make up the crust of the earth and are, therefore, the ma-
terials of interest to the constructor. In the remainder of this chapter, we will consider those
characteristics of soil and rock that affect their construction use, including their volume-
change characteristics, methods of classification, and field identification.

General Soil Characteristics

Several terms relating to a soil’s behavior in the construction environment should be un-
derstood. Trafficability is the ability of a soil to support the weight of vehicles under re-
peated traffic. In construction, trafficability controls the amount and type of traffic that can
use unimproved access roads, as well as the operation of earthmoving equipment within the
construction area. Trafficability is usually expressed qualitatively, although devices are
available for quantitative measurement. Trafficability is primarily a function of soil type
and moisture conditions. Drainage, stabilization of haul routes, or the use of low-ground-
pressure construction equipment may be required when poor trafficability conditions exist.
Soil drainage characteristics are important to trafficability and affect the ease with which
soils may be dried out. Loadability is a measure of the difficulty in excavating and loading
a soil. Loose granular soils are highly loadable, whereas compacted cohesive soils and rock
have low loadability.

Unit soil weight is normally expressed in pounds per cubic yard or kilograms per cu-
bic meter. Unit weight depends on soil type, moisture content, and degree of compaction.
For a specific soil, there is a relationship between the soil’s unit weight and its bearing ca-
pacity. Thus soil unit weight is commonly used as a measure of compaction, as described
in Chapter 5. Soil unit weight is also a factor in determining the capacity of a haul unit, as
explained in Chapter 4.

In their natural state, all soils contain some moisture. The moisture content of a soil

is expressed as a percentage that represents the weight of water in the soil divided by the
dry weight of the soil:

. Moist weight — Dry weight
Moisture content (% ) = " Dry weight X 100 (2-3)

If, for example, a soil sample weighed 120 1b (54.4 kg) in the natural state and 100 Ib
(45.3 kg) after drying, the weight of water in the sample would be 20 b (9.1 kg) and the
soil moisture content would be 20%. Using Equation 2-3, this is calculated as follows:

120 — 100
100

[zéﬁ—_@xm:mﬂ

Moisture content = X 100 = 20%

45.3
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2-3 SOIL IDENTIFICATION AND CLASSIFICATION

Soil is considered to consist of five fundamental material types: gravel, sand, silt, clay, and
organic material. Gravel is composed of individual particles larger than about /4 in. (6 mm)
in diameter but smaller than 3 in. (76 mm) in diameter. Rock particles larger than 3 in. (76
mm) in diameter are called cobbles or boulders. Sand is material smaller than gravel but
larger than the No. 200 sieve opening (0.7 mm). Silt particles pass the No. 200 sieve but are
larger than 0.002 mm. Clay is composed of particles less than 0.002 mm in diameter.
Organic soils contain partially decomposed vegetable matter. Peat is a highly organic soil
having a fibrous texture. It is normally readily identified by its dark color, odor, and spongy
feel. It is generally considered unsuitable for any construction use.

Because a soil’s characteristics are largely determined by the amount and type of each
of the five basic materials present, these factors are used for the identification and classifi-
cation procedures described in the remainder of this section.

Soil Classification Systems

Two principal soil classification systems are used for design and construction in the United
States. These are the Unified System and the AASHTO [American Association of State
Highway and Transportation Officials, formerly known as the American Association of
State Highway Officials (AASHO)] System. In both systems, soil particles 3 in. or larger in
diameter are removed before performing classification tests.

The liquid limit (LL) of a soil is the water content (expressed in percentage of dry
weight) at which the soil will just start to flow when subjected to a standard shaking test.
The plastic limit (PL) of a soil is the moisture content in percent at which the soil just be-
gins to crumble when rolled into a thread % in. (0.3 cm) in diameter. The plasticity index
(PI) is the numerical difference between the liquid and plastic limits and represents the
range in moisture content over which the soil remains plastic.

The Unified System assigns a two-letter symbol to identify each soil type. Field clas-
sification procedures are given in Table 2-2. Soils that have less than 50% by weight pass-
ing the No. 200 sieve are further classified as coarse-grained soils, whereas soils that have
more than 50% by weight passing the No. 200 sieve are fine-grained soils. Gradation
curves for well-graded and poorly graded sand and gravel are illustrated in Figure 2-1.

Under the AASHTO System, soils are classified as types A-1 through A-7, corre-
sponding to their relative value as subgrade material. Classification procedures for the
AASHTO System are given in Table 2-3.

Field Identification of Soil (Unified System)

When identifying soil in connection with construction operations, adequate time and labo-
ratory facilities are frequently not available for complete soil classification. The use of the
procedures described here together with Table 2-2 should permit a reasonably accurate soil
classification to be made in a minimum of time.

All particles over 3 in. (76 mm) in diameter are first removed. The soil particles are then
separated visually at the No. 200 sieve size: this corresponds to the smallest particles that can
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be seen by the naked eye. If more than 50% of the soil by weight is larger than the No. 200
sieve, it is a coarse-grained soil. The coarse particles are then divided into particles larger and
smaller than % in. (6 mm) in diameter. If over 50% of the coarse fraction (by weight) is larger
than % in. (6 mm) in diameter, the soil is classified as gravel; otherwise, it is sand. If less than
10% by weight of the total sample is smaller than the No. 200 sieve, the second letter is as-
signed based on grain size distribution. That is, it is either well graded (W) or poorly graded
(P). If more than 10% of the sample is smaller than the No. 200 sieve, the second classifica-
tion letter is based on the plasticity of the fines (L or H), as shown in the table.

If the sample is fine-grained (more than 50% by weight smaller than the No. 200
sieve), classification is based on dry strength and shaking tests of the material smaller than
% in. (0.4 mm) in diameter.

Dry Strength Test

Mold a sample into a ball about the size of a golf ball to the consistency of putty, adding
water as needed. Allow the sample to dry completely. Attempt to break the sample using
the thumb and forefinger of both hands. If the sample cannot be broken, the soil is highly
plastic. If the sample breaks, attempt to powder it by rubbing it between the thumb and fore-
finger of one hand. If the sample is difficult to break and powder, it has medium plasticity.
Samples of low plasticity will break and powder easily.

Shaking Test

Form the material into a ball about % in. (19 mm) in diameter, adding water until the sam-
ple does not stick to the fingers as it is molded. Put the sample in the palm of the hand and
shake vigorously. Observe the speed with which water comes to the surface of the sample
to produce a shiny surface. A rapid reaction indicates a nonplastic silt.

Construction Characteristics of Soils

Some important construction characteristics of soils as classified under the Unified System
are summarized in Table 2—4.

2-4 SOIL VOLUME-CHANGE CHARACTERISTICS

Soil Conditions

There are three principal conditions or states in which earthmoving material may exist:
bank, loose, and compacted. The meanings of these terms are as follows:

e Bank: Material in its natural state before disturbance. Often referred to as “in-place”
or “in situ.” A unit volume is identified as a bank cubic yard (BCY) or a bank cubic
meter (BCM).

« Loose: Material that has been excavated or loaded. A unit volume is identified as a
loose cubic yard (LCY) or loose cubic meter (LCM).

o Compacted: Material after compaction. A unit volume is identified as a compacted
cubic yard (CCY) or compacted cubic meter (CCM).
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Table 2-4 Construction characteristics of soils (Unified System)

Suitability
for Subgrade Suitability
Construction (No Frost for

Soil Type Symbol Drainage Workability Action) Surfacing
Well-graded gravel GW Excellent Excellent Good Good
Poorly graded grave! GP Excellent Good Good to excellent  Poor
Silty gravel GM Poor to fair Good Good to excellent  Fair
Clayey gravel GC Poor Good Good Excellent
Well-graded sand sSw Excellent Excellent Good Good
Poorly graded sand SP Excellent Fair Fair to good Poor
Silty sand SM Poor to fair Fair Fair to good Fair
Clayey sand SC Poor Good Poor to fair Excellent
Low-plasticity silt ML Poor to fair Fair Poor to fair Poor
Low-plasticity clay CL Poor Fair to good Poor to fair Fair
Low-plasticity organic oL Poor Fair Poor Poor
High-plasticity silt MH Poor to fair Poor Poor Poor
High-plasticity clay CH Very poor Poor Poor to fair Poor
High-plasticity organic OH Very poor Poor Very poor to poor  Poor
Peat Pt Poor to fair Unsuitable Unsuitable Unsuitable

Swell

A soil increases in volume when it is excavated because the soil grains are loosened during
excavation and air fills the void spaces created. As a result, a unit volume of soil in the bank
condition will occupy more than one unit volume after excavation. This phenomenon is
called swell. Swell may be calculated as follows:

"Weight/bank volume
Weight/loose volume

Swell (%) = ( 1) X 100 (2-4)

EXAMPLE 2-1

Find the swell of a soil that weighs 2800 Ib/cu yd (1661 kg/m”) in its natural state and 2000
Ib/cu yd (1186 kg/m®) after excavation.

SOLUTION

ol — (2800 400 5
Swell = <2ooo 1) X 100 = 40%  (Eq2-4)

— (1ol _ — 409
[-(1186 1>><100—4OA)]

That is, 1 bank cubic yard (meter) of material will expand to 1.4 loose cubic yards (meters)
after excavation.
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1.0 cubic yard in 1.25 cubic yards 0.90 cubic yard
natural condition == after digging —_ after compaction
(in-place yards) (loose yards) (compacted yards)

Figure 2-2 Typical soil volume change during earthmoving.

Shrinkage

When a soil is compacted, some of the air is forced out of the soil’s void spaces. As a re-
sult, the soil will occupy less volume than it did under either the bank or loose conditions.
This phenomenon, which is the reverse of the swell phenomenon, is called shrinkage. The
value of shrinkage may be determined as follows:

Weight/bank volume 100
Weight/compacted volume

Shrinkage (%) = (1 2-5

Soil volume change caused by excavation and compaction is illustrated in Figure 2-2. Note

that both swell and shrinkage are calculated from the bank (or natural) condition.

EXAMPLE 2-2

Find the shrinkage of a soil that weighs 2800 Ib/cu yd (1661 kg/m?) in its natural state and
3500 Ib/cu yd (2077 kg/m®) after compaction.

SOLUTION

. _{, _ 2800 o
Shrinkage = (1 ——3500) X 100 = 20% (Eq 2-5)

—(q - le6l — 209
[-(1 2077)><100—20A:]

Hence 1 bank cubic yard (meter) of material will shrink to 0.8 compacted cubic yard (me-
ter) as a result of compaction.

Load and Shrinkage Factors

In performing earthmoving calculations, it is important to convert all material volumes to
a common unit of measure. Although the bank cubic yard (or meter) is most commonly used
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for this purpose, any of the three volume units may be used. A pay yard (or meter) is the
volume unit specified as the basis for payment in an earthmoving contract. It may be any
of the three volume units.

Because haul unit and spoil bank volume are commonly expressed in loose measure,
it is convenient to have a conversion factor to simplify the conversion of loose volume to
bank volume. The factor used for this purpose is called a load Jactor. A soil’s load factor
may be calculated by use of Equation 2-6 or 2-7. Loose volume is multiplied by the load
factor to obtain bank volume.

Weight/loose unit volume
Weight/bank unit volume

Load factor = (2-6)

or

1
1 + swell

Load factor = 2-7)

A factor used for the conversion of bank volume to compacted volume is sometimes
referred to as a shrinkage factor. The shrinkage factor may be calculated by use of Equa-
tion 2-8 or 2-9. Bank volume may be multiplied by the shrinkage factor to obtain com-
pacted volume or compacted volume may be divided by the shrinkage factor to obtain bank

volume.
Shrinkage factor = Weight/ bank unit v.olume 2-8)
- Weight/compacted unit volume
or
Shrinkage factor = 1 — shrinkage 2-9)
EXAMPLE 2-3

A soil weighs 1960 Ib/LCY (1163 kg/LCM), 2800 1b/BCY (1661 kg/BCM), and 3500
Ib/CCY (2077 kg/CCM). (a) Find the load factor and shrinkage factor for the soil. (b) How
many bank cubic yards (BCY) or meters (BCM) and compacted cubic yards (CCY) or me-
ters (CCM) are contained in 1 million loose cubic yards (593 300 LCM) of this soil?

SOLUTION
(a) Load factor = %g% =070 (Eq2-6)
[ = i—ég—i - 0.70]
Shrinkage factor = %8 = 0.80 (Eq 2-8)

- 1661 _
[‘ 2077 0'80]
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(b) Bank volume = 1,000,000 X 0.70 = 700,000 BCY

[ = 593 300 X 0.70 = 415310 BCM]
Compacted volume = 700,000 X 0.80 = 560,000 CCY
= [415310 X 0.80 = 332248 CCM]

Typical values of unit weight, swell, shrinkage, load factor, and shrinkage factor for some
common earthmoving materials are given in Table 2-5.

Table 2-5 Typical soil weight and volume change characteristics*

Unit Weight [Ib/cu yd (kg/m®
gnt[ yd (kg/m)] Swell Shrinkage Load  Shrinkage

Loose Bank Compacted (%) (%) Factor Factor
Clay 2310 (1370) 3000 (1780) 3750 (2225) 30 20 0.77 0.80
Common earth 2480 (1471) 3100 (1839) 3450 (2047) 25 10 0.80 0.90
Rock (blasted) 3060 (1815) 4600 (2729) 3550 (2106) 50 -30* 0.67 1.30*
Sand and
gravel 2860 (1697) 3200 (1899) 3650 (2166) 12 12 0.89 0.88

*Exact values vary with grain size distribution, moisture, compagction, and other factors. Tests are required to determine
exact values for a specific soil.
*Gompacted rock is less dense than is in-place rock.

2-5 SPOIL BANKS

When planning and estimating earthwork, it is frequently necessary to determine the size
of the pile of material that will be created by the material removed from the excavation. If
the pile of material is long in relation to its width, it is referred to as a spoil bank. Spoil
banks are characterized by a triangular cross section. If the material is dumped from a fixed
position, a spoil pile is created which has a conical shape. To determine the dimensions of
spoil banks or piles, it is first necessary to convert the volume of excavation from in-place
conditions (BCY or BCM) to loose conditions (LCY or LCM). Bank or pile dimensions
may then be calculated using Equations 2-10 to 2-13 if the soil’s angle of repose is known.

A soil’s angle of repose is the angle that the sides of a spoil bank or pile naturally form
with the horizontal when the excavated soil is dumped onto the pile. The angle of repose
(which represents the equilibrium position of the soil) varies with the soil’s physical char-
acteristics and its moisture content. Typical values of angle of repose for common soils are
given in Table 2-6.
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Table 2-6 Typical values of angle of repose of
excavated soil

Material Angle of Repose (deg)
Clay 35
Common earth, dry 32
Common earth, moist 37
Gravel 35
Sand, dry 25
Sand, moist 37

Triangular Spoil Bank

Volume = Section area X Length

1
_ v 2

B_<L>< tanR)

_ B X tan R

H 2

where B = base width (ft or m)
H = pile height (ft or m)
L = pile length (ft or m)
R = angle of repose (deg)
V = pile volume (cu ft or m>)

Conical Spoil Pile

Volume = % X Base area X Height
1
_[7.64V\3
b= tan R)
H= % X tan R

where D is the diameter of the pile base (ft or m).

EXAMPLE 2-4
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(2-10)

(2-11)

(2-12)

(2-13)

Find the base width and height of a triangular spoil bank containing 100 BCY (76.5 BCM)
if the pile length is 30 ft (9.14 m), the soil’s angle of repose is 37°, and its swell is 25%.
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SOLUTION

Loose volume = 27 X 100 X 1.25 = 3375 cu ft

[ =765 X 1.25 = 95.6 m’]
4 X 3375 )l

2 = o
0% ) = 44Tt (Eq2-10)

( 4x956 \3_
[ - <9.14 X tan 37°> =745 m}

Height = %2‘—4 X tan37° = 9.2ft  (Eq2-11)

[=l£><tan37° =2.80m:|

Base width = (

2

EXAMPLE 2-5

Find the base diameter and height of a conical spoil pile that will contain 100 BCY (76.5
BCM) of excavation if the soil’s angle of repose is 32° and its swell is 12%.

SOLUTION

Loose volume = 27 X 100 X 1.12 = 3024 cu ft
[ =765 X 1.12 X 85.7 m3]

1
. _[7.64 X 3024\3 _
Base diameter = <————-—tan 320 ) = 3331t (Eq 2-12)
- i
_(7.64x85.7\5_
i = (————tan 300 ) = 10.16 m}
. 33.3 o
Height = > X tan 32° = 10.4 ft (Eq 2-13)
- 1—0‘5%6 X tan 32° = 3.17 m}

2-6 ESTIMATING EARTHWORK VOLUME

When planning or estimating an earthmoving project it is often necessary to estimate the
volume of material to be excavated or placed as fill. The procedures to be followed can be
divided into three principal categories: (1) pit excavations (small, relatively deep excava-
tions such as those required for basements and foundations), (2) trench excavation for util-
ity lines, and (3) excavating or grading relatively large areas. Procedures suggested for each
of these three cases are described in the following sections.
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The estimation of the earthwork volume involved in the construction of roads and air-
fields is customarily performed by the design engineer. The usual method is to calculate the
cross-sectional area of cut or fill at regular intervals (such as stations [100 ft or 33 m]) along
the centerline. The volume of cut or fill between stations is then calculated, accumulated,
and plotted as a mass diagram. While the construction of a mass diagram is beyond the
scope of this book, some construction uses of the mass diagram are described in Section 2—7.

When making earthwork volume calculations, keep in mind that cut volume is nor-
mally calculated in bank measure while the volume of compacted fill is calculated in

compacted measure. Both cut and fill must be expressed in the same volume units before
being added.

Pit Excavations

For these cases simply multiply the horizontal area of excavation by the average depth of
excavation (Equation 2-14).

Volume = Horizontal area X Average depth (2-14)

To perform these calculations, first divide the horizontal area into a convenient set of
rectangles, triangles, or circular segments. After the area of each segment has been calcu-
lated, the total area is found as the sum of the segment areas. The average depth is then cal-
culated. For simple rectangular excavations, the average depth can be taken as simply the
average of the four corner depths. For more complex areas, measure the depth at additional
points along the perimeter of the excavation and average all depths.

EXAMPLE 2-6

Estimate the volume of excavation required (bank measure) for the basement shown in
Figure 2-3. Values shown at each corner are depths of excavation. All values are in feet (m).

30.0 ft
6.0 (9.15m) 8.2
(1.8m) (2.5m)
25.0 ft
(7.63m)
5.8 7.6
(1.8m) (2.3m)

Figure 2-3 Figure for Example 2-6.
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SOLUTION
Area = 25 X 30 = 750 sq ft
[ =7.63 X 9.15 = 69.8 m’]
Average depth = 60+ 8.2 I 76+358 _ 6.9 ft
_18+25+23+18 .,
4
Volume = 750—;;9'—9 = 191.7 BCY

[ =69.8 X 2.1 = 146.6 BCM]

Trench Excavations

The volume of excavation required for a trench can be calculated as the product of the
trench cross-sectional area and the linear distance along the trench line (Equation 2-15).
For rectangular trench sections where the trench depth and width are relatively constant,
trench volume can be found as simply the product of trench width, depth, and length. When
trench sides are sloped and vary in width and/or depth, cross sections should be taken at fre-
quent linear intervals and the volumes between locations computed. These volumes are
then added to find total trench volume.

Volume = Cross-sectional area X Length 2-15)

EXAMPLE 2-7

Find the volume (bank measure) of excavation required for a trench 3 ft (0.92 m) wide, 6
ft (1.83 m) deep, and 500 ft (152 m) long. Assume that the trench sides will be approxi-
mately vertical.

SOLUTION

Cross-sectional area = 3 X 6 = 18 sq ft
[ =092 X 1.83 = 1.68 m’]

Volume = Q%SOQ = 333 BCY

[ = 1.68 X 152 = 255 BCM]
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Large Areas

To estimate the earthwork volume involved in large or complex areas, one method is to di-
vide the area into a grid indicating the depth of excavation or fill at each grid intersection.
Assign the depth at each corner or segment intersection a weight according to its location
(number of segment lines intersecting at the point). Thus, interior points (intersection of four
segments) are assigned a weight of four, exterior points at the intersection of two segments
are assigned a weight of two, and corner points are assigned a weight of one. Average depth
is then computed using Equation 2-16 and multiplied by the horizontal area to obtain the vol-
ume of excavation. Note, however, that this calculation yields the net volume of excavation
for the area. Any balancing of cut and fill within the area is not identified in the result.

Sum of products of depth X Weight

Average depth = Sum of weights

(2-16)

EXAMPLE 2-8

Find the volume of excavation required for the area shown in Figure 2—4. The fi gure at each

grid intersection represents the depth of cut at that location. Depths in parentheses repre-
sent meters.

60 (1.83) 58 (1.77) 52 (1.59) 46 (1.40) 34 (1.04)
1
55 | (1.68) 5.0 | (1.52) 4.6 | (1.40) 42 | (1.28) 3.0 | (0.92)
300 ft
(91.4 m)
48 | (1.49) 49 | (1.49) 40 | (122) 36 | (1.10) 28 | (0.85)
4.0 | (1.22) 4.8 | (1.46) 3.5 | (1.07) 3.0 | (0.92) 2.0 \
, 400 , (061)
f (121.9 m) g

Figure 2-4 Figure for Example 2-8.
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SOLUTION

Corner points = 6.0 + 3.4 + 2.0 + 40 = 154 ft
=1.83 + 1.04 + 0.61 + 1.22 = 470 m]
Border points = 5.8 + 5.2 + 4.6 + 3.0 + 2.8 + 3.0
+35+48 +48+55=430f1t
1.77 + 1.59 + 1.40 + 0.92 + 0.85 + 0.92
+ 1.07 + 1.46 + 1.46 + 1.68 = 13.12 m]
Interior points = 5.0 + 4.6 + 42 + 49 + 4.0 + 3.6 = 263 ft
[ =152+ 140+ 1.28 + 1.49 + 1.22 + 1.10 = 8.01 m]

15.4 + 2(43.0) + 4(26.3)

—

—
I

Average depth = 57 =397ft
470 + 2(13.12) + 4(8.01)
= ) =12lm

Area = 300 X 400 = 120,000 sq ft
[ =914 X 1219 = 11142 m?]

120,000 X 3.97
27

[ = 11142 X 1.21 = 13,482 BCM]

Volume = = 17,644 BCY

2-7 CONSTRUCTION USE OF THE MASS DIAGRAM

A mass diagram is a continuous curve representing the accumulated volume of earthwork
plotted against the linear profile of a roadway or airfield. Mass diagrams are prepared by
highway and airfield designers to assist in selecting an alignment which minimizes the
earthwork required to construct the facility while meeting established limits of roadway
grade and curvature. Since the mass diagram is intended as a design aid, it is not normaily
provided to contractors as part of a construction bid package. However, the mass diagram
can provide very useful information to the construction manager, and it is usually available
to the contractor upon request. A typical mass diagram and corresponding roadway profile
are illustrated in Figure 2-5.

Characteristics of a Mass Diagram

Some of the principal characteristics of a mass diagram include the following.

« The vertical coordinate of the mass diagram corresponding to any location on the road-
way profile represents the cumulative earthwork volume from the origin to that point.
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Figure 2-5 A mass diagram.

* Within a cut, the curve rises from left to right.
* Within a fill, the curve falls from left to right.
* A peak on the curve represents a point where the earthwork changes from cut to fill.

* A valley (low point) on the curve represents a point where the earthwork changes
from fill to cut.

When a horizontal line intersects the curve at two or more points, the accurmulated

volumes at these points are equal. Thus, such a line represents a balance line on the
diagram.

Using the Mass Diagram

Some of the information which a mass diagram can provide a construction manager in-
cludes the following.

* The length and direction of haul within a balanced section.
 The average length of haul for a balanced section.

* The location and amount of borrow (material hauled in from a borrow pit) and waste
(material hauled away to a waste area) for the project.
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Figure 2-6 Construction use of a mass diagram.

The following explanation of methods for obtaining this information from a mass di-
agram will be illustrated using Figure 2~6.

1. For a balanced section (section 1 on the figure), project the end points of the section
up to the profile (points A and B). These points identify the limits of the balanced
section.

2. Locate point C on the profile corresponding to the lowest point of the mass diagram
within section 1. This is the point at which the excavation changes from fill to cut.
The areas of cut and fill can now be identified on the profile.

3. The direction of haul within a balanced section is always from cut to fill.
4. Repeat this process for sections 2, 3, and 4 as shown.

5. Since the mass diagram has a negative value from point D to the end, the ordinate at
point E (— 50,000 BCY or — 38,230 BCM) represents the volume of material which
must be brought in from a borrow pit to complete the roadway embankment.

6. The approximate average haul distance within a balanced section can be taken as the
length of a horizontal line located midway between the balance line for the section
and the peak or valley of the curve for the section. Thus, the length of the line F-G
represents the average haul distance for section 1, which is 1800 ft or 549 m.
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PROBLEMS

1. Calculate the volume of excavation in bank measure required for the basement shown
in Figure 2-7. Excavation depths are in feet (meters).

82 (2.50) 66 (2.01)
28.0'
(8.54 m)
45.0'
(18.7m)
6.9 (2.10) 6.0
(1.83)
7.4 | (2.26) 6.8 | (2.07)
< 26.0' 24.0'
(7.93m) (7.32m)
Figure 2-7

2. A 1000-ft (305-m)-long pipeline requires an excavation 4 ft (1.2 m) wide to an aver-
age depth of 5 ft (1.5 m). If the soil is dry common earth, what size spoil bank will be
created by the excavation?

3. In making a field identification test of a soil, you find that less that 50% by weight of
the coarse fraction is less than % in. (6mm) in size. The fine fraction of the soil exhibits
low dry strength and gives a medium speed reaction to the shaking test. How would
you classify this soil under the Unified System?

4. Arectangular ditch having a cross-sectional area of 24 sq ft (2.2 m?) is being excavated
in clay. The soil’s angle of repose is 35° and its swell is 30%. Find the height and width
of the triangular spoil bank that will result from the trench excavation.
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. How many truckloads of trucks hauling an average volume of 6 LCY (4.6 LCM)

would be required to haul 1 million CCY (764 600 CCM) of the soil of Problem 7 to a
dam site?

. Using Table 21, how many working minutes per hour would you expect to achieve on

a project whose job conditions and management conditions are both rated poor?

. Use the profile and mass diagram of Figure 2—6 to find the following values.

a. The total volume of (1) cut, (2) fill, (3) waste, and (4) borrow.
b. The average length of haul for section 3.

. Asoil weighs 2500 Ib/cu yd (1483 kg/m>) loose, 3100 Ib/cu yd (1839 kg/m®) in its nat-

ural state, and 3650 Ib/cu yd (2106 kg/m®) compacted. Find this soil’s load factor and
shrinkage factor.

A sample of gravel from a stockpile weighs 15 1b (6.80 kg). After oven drying, the sam-
ple weighs 14.2 Ib (6.44 kg). Calculate the moisture content of the sample.

Write a computer program to determine the height and base width (feet or meters) of
the triangular spoil bank that will result from a rectangular trench excavation. Input
should include the ditch width and depth (feet or meters) as well as the soil’s angle of
repose (degrees) and swell (%). Solve Problem 4 using your program.
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Excavating and Lifting

3-1 INTRODUCTION

Excavating and Lifting Equipment

An excavator is defined as a power-driven digging machine. The major types of excava-
tors used in earthmoving operations include hydraulic excavators and the members of the
cable-operated crane-shovel family (shovels, draglines, hoes, and clamshells). Dozers,
loaders, and scrapers can also serve as excavators. In this chapter we focus on hydraulic
excavators and the members of the crane-shovel family used for excavating and lifting op-
erations. Operations involving the dozer, loader, and scraper are described in Chapter 4.
Special considerations involved in rock excavation are discussed in Chapter 8.

Excavators and Crane-Shovels

In 1836, William S. Otis developed a machine that mechanically duplicated the motion
of a worker digging with a hand shovel. From this machine evolved a family of cable-
operated construction machines known as the crane-shovel. Members of this family include
the shovel, backhoe, dragline, clamshell, mobile crane, and pile driver.

While hydraulic excavators (Figure 3—1) have largely replaced the cable-operated
crane-shovel family, functionally similar hydraulic machines are available including the
front shovel and backhoe. The advantages of hydraulic excavators over cable-operated ma-
chines are faster cycle time, higher bucket penetrating force, more precise digging, and eas-
ier operator control. Hydraulic telescoping-boom mobile cranes are also available. The
major remaining cable-operated machines based on the original crane-shovel are the
dragline and the mobile lattice-boom crane.

Some of many attachments for the hydraulic excavator and their uses include:

Arms, extendible: Replaces the standard stick to provide extra reach.
Auger: Drills holes for poles, posts, soil sampling, and ground improvement.
Booms: Extended booms used for long-reach applications.

41
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Figure 3-1 Hydraulic excavator. (Courtesy of Volvo Construction Equipment North America, Inc.)

Breaker/hammer: Vibratory hammer used to break up concrete and rock.

Bucket, 4-in-1: Also called a multipurpose bucket or multisegment bucket. Simi-
lar to the loader bucket shown in Figure 4-16. Such buckets are capable of per-
forming as a clamshell, dozer, or scraper, as well as a conventional excavator
bucket.

Bucket, articulating clam: A hydraulic clamshell bucket with full rotation.

Bucket, cemetery: Used for digging straight wall trenches.

Bucket, clamshell: Performs like the clamshell described in Section 3-5.

Bucket, ditch cleaning: Wide, shallow, and smooth-edged bucket; may be perfo-
rated for drainage.
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Bucket, drop center: Used for trenching. The drop center excavates for pipe bedding
while the sides excavate to the required trench width.

Bucket, general purpose: Standard excavator bucket.
Bucket, muck: Used for excavating mud and muck; usually perforated for drainage.

Bucket, pavement removal: A forked bucket used for removing and loading pave-
ment slabs.

Bucket, ripper: The bucket sides and bottom are lined with ripper teeth to break up
hard soil or soft rock.

Bucket, rock: A heavy-duty bucket designed for loading rock.

Bucket, sand: Has a flat bottom and tapered sides to reduce the chance of soil
cave-in.

Bucket, side tilting: Can be tilted for grading slopes and for ditching.

Compaction plate/tamper: See Section 5-2 and Figure 5-9.

Compaction wheel: See Section 5-2 and Figure 5-8.

Coupler, quick: Permits rapid exchange of attachments.

Cutter/processor: Power jaws primarily used for crushing concrete.

Drill, rock: Mounted on the end of the stick to drill blast holes.

Grapple: Equipped with tong—type arms for handling rock, logs, and other materials.
Pile driver/extractor: Used for driving and extracting piles; see Section 10-3.
Shear: Primarily used for processing scrap metal but also used for demolition.

Thumb, bucket: Attached to bucket to provide a hook capability. It can be retracted
when not needed.

Excavators and crane-shovels consist of three major assemblies: a carrier or
mounting, a revolving superstructure containing the power and control units (also
called the revolving deck or turntable), and a front-end assembly. Carriers available in-
clude crawler, truck, and wheel mountings, as shown in Figure 3—2. The crawler mount-
ing provides excellent on-site mobility, and its low ground pressure enables it to operate
in areas of low trafficability. Crawler mountings are widely used for drainage and
trenching work as well as for rock excavation. Truck and wheel mountings provide
greater mobility between job sites but are less stable than crawler mountings and re-
quire better surfaces over which to operate. Truck mountings use a modified truck chas-
sis as a carrier and thus have separate stations for operating the carrier and the revolving
superstructure. Wheel mountings, on the other hand, use a single operator’s station to
control both the carrier and the excavating mechanism. Truck mountings are capable of
highway travel of 50 mi/h (80 km/h) or more, whereas wheel mountings are usually lim-
ited to 30 mi/h (48 km/h) or less.

In this chapter, we discuss the principles of operation, methods of employment, and
techniques for estimating the production of shovels, backhoes, clamshells, and draglines.

Cranes and their employment are also discussed. Pile drivers and their employment are cov-
ered in Chapter 10.
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Table 3-1 Bucket-capacity rating methods

Machine Rated Bucket Capacity
Backhoe and shovel
Cable Struck volume
Hydraulic Heaped volume at 1:1
angle of repose
Clamsheli Plate line or water
line volume
Dragline 90% of struck volume
Loader Heaped volume at 2:1

angle of repose

Excavator Production

To utilize Equation 2-1 for estimating the production of an excavator, it is necessary to know
the volume of material actually contained in one bucket load. The methods by which exca-
vator bucket and dozer blade capacity are rated are given in Table 3—1. Plate line capacity
is the bucket volume contained within the bucket when following the outline of the bucket
sides. Struck capacity is the bucket capacity when the load is struck off flush with the bucket
sides. Water line capacity assumes a level of material flush with the lowest edge of the
bucket (i.e., the material level corresponds to the water level that would result if the bucket
were filled with water). Heaped volume is the maximum volume that can be placed in the
bucket without spillage based on a specified angle of repose for the material in the bucket.

Since bucket ratings for the cable shovel, dragline, and cable backhoe are based on
struck volume, it is often assumed that the heaping of the buckets will compensate for the
swell of the soil. That is, a 5-cu-yd bucket would be assumed to actually hold 5 bank cu yd of
material. A better estimate of the volume of material in one bucket load will be obtained if the
nominal bucket volume is multiplied by a bucket fill factor or bucket efficiency factor. Sug-
gested values of bucket fill factor for common soils are given in Table 3—2. The most accurate
estimate of bucket load is obtained by multiplying the heaped bucket volume (loose measure)
by the bucket fill factor. If desired, the bucket load may be converted to bank volume by mul-
tiplying its Ioose volume by the soil’s load factor. This procedure is illustrated in Example 3—1.

Table 3-2 Bucket fill factors for excavators

Material Bucket Fill Factor
Common earth, loam 0.80-1.10
Sand and gravel 0.90-1.00
Hard clay 0.65-0.95
Wet clay 0.50-0.90
Rock, well-blasted 0.70-0.90

Rock, poorly blasted 0.40-0.70
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EXAMPLE 3-1

Estimate the actual bucket load in bank cubic yards for a loader bucket whose heaped ca-
pacity is 5 cu yd (3.82 m?). The soil’s bucket fill factor is 0.90 and its load factor is 0.80.

SOLUTION

Bucket load = X 0.90 = 4.5LCY X 0.80 = 3.6 BCY
[ =3.82 X090 =344 1.CM X 0.80 = 2.75 BCM]

3-2 HYDRAULIC EXCAVATORS

Operation and Employment

The original and most common form of hydraulically powered excavator is the hydraulic
excavator equipped with a hoe front end. This machine is also called a kydraulic hoe or hyd-
raulic excavator-backhoe. A backhoe (or simply hoe) is an excavator designed primarily for
excavation below grade. As the name implies, it digs by pulling the dipper back toward the
machine. The backhoe shares the characteristics of positive digging action and precise lat-
eral control with the shovel. Cable-operated backhoes exist but are largely being replaced
by hydraulic models because of their superior speed of operation and ease of control. Back-
hoe attachments are also available for loaders and tractors.

The components of a hydraulic excavator are illustrated in Figure 3-3. In this ma-
chine, the boom and dipper arms are raised and lowered by hydraulic cylinders. In addition,
the dipper is pivoted at the end of the dipper arm so that a wrist-like action is provided.

Stick or
dipper arm _ Bucket or
cylinder N dipper cylinder

Stick or
dipper arm

Attachment hoist
cylinder

Dipper or
bucket

Figure 3-3 Components of a hydraulic excavator-backhoe.
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When the dipper is filled, the dipper is curled up to reduce spillage, and the boom is raised
and swung to the unloading position. The load is then dumped by swinging the dipper up
and away from the machine.

The backhoe is widely utilized for trenching work. In addition to excavating the
trench, it can perform many other trenching functions, such as laying pipe bedding, plac-
ing pipe, pulling trench shields, and backfilling the trench. In trench excavation the best
measure of production is the length of trench excavated per unit of time. Therefore, a dip-
per width should be chosen which matches the required trench width as closely as possible.
For this reason, dippers are available in a wide range of sizes and widths. Side cutters are
also available to increase the cutting width of dippers. Other suitable backhoe applications
include excavating basements, cleaning roadside ditches, and grading embankments.

A special form of hydraulic excavator which utilizes a rigid telescoping boom in place of
the boom and dipper arm of a conventional hydraulic backhoe is shown in Figure 3-4. Because
of their telescoping boom and pivoting bucket, these machines are very versatile and capable of
ditching, sloping, finishing, cleaning ditches, ripping, and demolishing as well as trenching.

The use of compact or “mini” excavating equipment is a growing trend in the con-
struction equipment industry. Such equipment includes the skid steer loader and the com-
pact loader described in Section 4-3 as well as hydraulically powered mini-excavators. The
advantages of such equipment include compact size, hydraulic power, light weight, ma-
neuverability, and versatility. A typical mini-excavator is illustrated in Figure 3-5. These
machines are available in sizes from about 10 to 60 hp (7.5-45 kW) with digging depths

Figure 3-4 Telescoping-boom hydraulic excavator. (Courtesy of JLG
Industries, Inc.)
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Figure 3-5 Mini-excavator. (Courtesy of JCB Inc.)

from about 7 to 15 ft (2.1-4.6 m). Some machines are as narrow as 29 in. (0.74 m) making
them very useful for excavating in confined spaces. The mini-excavator’s ability to operate
with a full 360-degree swing, their hydraulic power, and their low ground pressure have re-
sulted in their replacing backhoe/loaders in some applications. When equipped with dozer
blade, they may also be employed in leveling, grading, backfilling, and general job cleanup.

Production Estimating

No production tables have been prepared for the hydraulic excavator. However, production
may be estimated by using Equation 3-1 together with Tables 3-3 and 3-4, which have
been prepared from manufacturers’ data.

Production LCY/h) = C X S X VX BXE 3-1)

where C = cycles/h (Table 3-3)
S = swing-depth factor (Table 3-4)
V = heaped bucket volume (LCY or LCM)
B = bucket fill factor (Table 3-2)
E = job efficiency

In trenching work a fall-in factor should be applied to excavator production to ac-
count for the work required to clean out material that falls back into the trench from the
trench walls. Normal excavator production should be multiplied by the appropriate value
from Table 3-5 to obtain the effective trench production.
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Table 3-3 Standard cycles per hour for hydraulic excavators
Machine Size
Small Medium Large
Excavator: Excavator: Excavator:
1yd (0.76 m®) 1%-2% yd Over 2% yd
Type of Material Wheel Tractor or Less (0.94-1.72 m®) (1.72 m°)
Soft 170 250 200 150
(sand, gravel, loam)
Average 135 200 160 120
(common earth, soft clay)
Hard 110 160 130 100
(tough clay, rock)
Table 3-4 Swing-depth factor for backhoes
Angle of Swing (de
Depth of Cut 9 g (deg)
(% of Maximum) 45 60 75 90 120 180
30 1.38 1.26 1.21 1.15 1.08 0.95
50 1.28 1.21 1.16 1.10 1.03 0.91
70 1.16 1.10 1.05 1.00 0.94 0.83
90 1.04 1.00 0.95 0.90 0.85 0.75
EXAMPLE 3-2

Find the expected production in loose cubic yards (LCM) per hour of a small hydraulic ex-
cavator. Heaped bucket capacity is % cu yd (0.57 m?). The material is sand and gravel with
a bucket fill factor of 0.95. Job efficiency is 50 min/h. Average depth of cut is 14 ft (4.3 m).
Maximum depth of cut is 20 ft (6.1 m) and average swing is 90.

SOLUTION

Cycle output = 250 cycles/60 min (Table 3-3)
Swing-depth factor = 1.00 (Table 3—4)
Bucket volume = 0.75 LCY (0.57 LCM)

Bucket fill factor = 0.95

Job efficiency = 50/60 = 0.833
Production = 250 X 1.00 X 0.75 X 0.95 X 0.833 = 148 LCY/h
[ =250 X 1.00 X 0.57 X 0.95 X 0.833 = 113 LCM/h]




50

CHAPTER 3

Table 3-5 Adjustment factor for trench

production
Type of Material Adjustment Factor

Loose 0.60-0.70
(sand, gravel, loam)

Average 0.90-0.95
(common earth)

Firm 0.95-1.00

(firm plastic soils)

Job Management

In selecting the proper excavator for a project, consideration must be given to the maximum
depth, working radius, and dumping height required. Check also for adequate clearance for
the carrier, superstructure, and boom during operation.

Although the excavator will excavate fairly hard material, do not use the bucket as a
sledge in attempting to fracture rock. Light blasting, ripping, or use of a power hammer may
be necessary to loosen rock sufficiently for excavation. When lifting pipe into place do not
exceed load given in the manufacturer’s safe capacity chart for the situation.

3-3 SHOVELS

Operation and Employment

The hydraulic shovel illustrated in Figure 3-6 is also called a front shovel or hydraulic
excavator-front shovel. Its major components are identified in Figure 3-7. The hydraulic
shovel digs with a combination of crowding force and breakout (or prying) force as illus-
trated in Figure 3-8. Crowding force is generated by the stick cylinder and acts at the bucket
edge on a tangent to the arc of the radius from point A. Breakout force is generated by
the bucket cylinder and acts at the bucket edge on a tangent to the arc of the radius through
point B. After the bucket has penetrated and filled with material, it is rolled up to reduce
spillage during the swing cycle.

Both front-dump and bottom-dump buckets are available for hydraulic shovels. Bottom-
dump buckets are more versatile, provide greater reach and dump clearance, and produce
less spillage. However, they are heavier than front-dump buckets of equal capacity, result-
ing in a lower bucket capacity for equal bucket weight. Hence front-dump buckets usually
have a slight production advantage. In addition, front-dump buckets cost less and require
less maintenance.

Although the shovel has a limited ability to dig below track level, it is most efficient
when digging above track level. Other excavators (such as the hydraulic excavator and
dragline) are better suited than the shovel for excavating below ground level. Since the
shovel starts its most efficient digging cycle at ground level, it can form its own roadway
as it advances—an important advantage. The shovel is also able to shape the sides of its cut



Figure 3-6 Hydraulic shovel. (Courtesy of Kobelco Construction Machinery
America LLC)
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Figure 3-7 Components of a hydraulic shovel.
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Figure 3-8 Digging action of a hydraulic shovel.
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Figure 3-9 Shovel approach methods.

and to dress slopes when required. Material dug by the shovel can be loaded into haul units,
dumped onto spoil banks, or sidecast into low areas.

The shovel should have a vertical face to dig against for most effective digging. This
surface, known as the digging face, is easily formed when excavating a bank or hillside.
When the material to be excavated is located below ground level, the shovel must dig a
ramp down into the material until a digging face of suitable height is created. This process
is known as ramping down. Once a suitable digging face has been obtained, the cut is typ-
ically developed by using one of the two basic methods of attack (or a variation of these)
illustrated in Figure 3-9. The frontal approach allows the most effective digging position
of the shovel to be used, since the shovel can exert the greatest digging force in this posi-
tion. This is an important consideration in digging hard materials. Trucks can be located on
either or both sides of the shovel with a minimum swing, usually no greater than 90°. The
parallel approach permits fast move-up of the shovel as the digging face advances, and it
permits a good traffic flow for hauling units. This approach is often used for highway cuts
and whenever space is limited.

Production Estimating

Production for hydraulic shovels may be estimated using Equation 3-2 together with
Table 3-6, which has been prepared from manufacturers’ data.

Production (LCY/h) or (LCM/h) = C X S X VX B X E 3-2)

where C = cycles/h (Table 3-6)
S = swing factor (Table 3-6)
V = heaped bucket volume (LCY or LCM)
B = bucket fill factor (Table 3-2)
E = job efficiency



EXCAVATING AND LIFTING 53
Table 3-6 Standard cycles per hour for hydraulic shovels
Machine Size
Small Medium Large
Under 5 yd (3.8 m®) 5-10 yd (3.8-7.6 m®) Over 10 yd (7.6 m°)
Bottom Front Bottom Front Bottom Front

Material Dump Dump Dump Dump Dump Dump
Soft 190 170 180 160 150 135

(sand, gravel,

coal)
Average 170 150 160 145 145 130

(common earth,

soft clay,

well-blasted rock)
Hard 150 135 140 130 135 125

(tough clay,

poorly blasted

rock)

Adjustment for Swing Angle
Angle of Swing (deg)
45 60 75 90 120 180

Adjustment factor 1.16 1.10 1.05 1.00 0.94 0.83
EXAMPLE 3-3

Find the expected production in loose cubic yards (LCM) per hour of a 3-yd (2.3-m>) hy-
draulic shovel equipped with a front-dump bucket. The material is common earth with a
bucket fill factor of 1.0. The average angle of swing is 75° and job efficiency is 0.80.

SOLUTION

Standard cycles = 150/60 min (Table 3-6)
Swing factor = 1.05 (Table 3-6)
Bucket volume = 3.0 LCY (2.3 LCM?)
Bucket fill factor = 1.0
Job efficiency = 0.80

Production = 150 X 1.05 X 3.0 X 1.0 X 0.80 = 378 LCY/h
[= 150 X 1.05 X 2.3 1.0 X 0.80 = 290 LCM/h]
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For cable-operated shovels, the PCSA Bureau of CIMA has developed production tables
that are widely used by the construction industry.

Job Management

The two major factors controlling shovel production are the swing angle and lost time dur-
ing the production cycle. Therefore, the angle of swing between digging and dumping po-
sitions should always be kept to a minimum. Haul units must be positioned to minimize the
time lost as units enter and leave the loading position. When only a single loading position
is available, the shovel operator should utilize the time between the departure of one haul
unit and the arrival of the next to move up to the digging face and to smooth the excavation
area. The floor of the cut should be kept smooth to provide an even footing for the shovel
and to facilitate movement in the cut area. The shovel should be moved up frequently to
keep it at an optimum distance from the working face. Keeping dipper teeth sharp will also
increase production.

3-4 DRAGLINES

- Operation and Employment

The dragline is a very versatile machine that has the longest reach for digging and dump-
ing of any member of the crane-shovel family. It can dig from above machine level to sig-
nificant depths in soft to medium-hard material. The components of a dragline are shown
in Figure 3-10.

Bucket teeth and weight produce digging action as the drag cable pulls the bucket
across the ground surface. Digging is also controlled by the position at which the drag chain
is attached to the bucket (Figure 3~11). The higher the point of attachment, the greater the
angle at which the bucket enters the soil. During hoisting and swinging, material is retained

Hoist cable

Boom hoist cable
Boom

Bucket

Drag cable

C_"‘—ﬁ Fairiead

Figure 3-10 Components of a dragline.
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b

L Hoist cable

Dump cable

Drag chain

Figure 3-11 Dragline bucket.

in the bucket by tension on the dump cable. When tension on the drag cable is released, ten-
sion is removed from the dump cable, allowing the bucket to dump. Buckets are available
in a wide range of sizes and weights, solid and perforated. Also available are archless buck-
ets which eliminate the front cross-member connecting the bucket sides to provide easier
flow of material into and out of the bucket.

While the dragline is a very versatile excavator, it does not have the positive digging
action or lateral control of the shovel. Hence the bucket may bounce or move sideways dur-
ing hard digging. Also, more spillage must be expected in loading operations than would
occur with a shovel. While a skilled dragline operator can overcome many of these limita-
tions, the size of haul units used for dragline loading should be greater than that of those
used with a similar-size shovel. The maximum bucket size to be used on a dragline depends
on machine power, boom length, and material weight. Therefore, use the dragline capacity
chart provided by the manufacturer instead of the machine’s lifting capacity chart to deter-
mine maximum allowable bucket size.

Production Estimating

The Association of Equipment Manufacturers [formerly the Construction Industry Manufac-
turers Association (CIMA)], through its PCSA Bureau, has made studies of cable-operated
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dragline operations and has developed production tables that are widely used by the con-
struction industry. Tables 3-7 to 3-9 are based on PCSA data. Note, however, that these ta-
bles are applicable only to diesel-powered, cable-operated draglines.

To estimate dragline production using the tables, determine the ideal output of the
dragline for the machine size and material (Table 3-7), then adjust this figure by multiply-
ing it by a swing-depth factor (Table 3-9) and a job efficiency factor, as shown in Equation
3-3. Notice the conditions applicable to Table 3-7 given in the table footnote.

Expected production = Ideal output X Swing-depth factor X Efficiency 3-3)

To use Table 3-9 it is first necessary to determine the optimum depth of cut for the
machine and material involved from Table 3-8. Next, divide the actual depth of cut by the
optimum depth and express the result as a percentage. The appropriate swing-depth factor
is then obtained from Table 3-9, interpolating as necessary. The method of calculating ex-
pected hourly production is illustrated in Example 3-4.

EXAMPLE 3-4

Determine the expected dragline production in loose cubic yards (LCM) per hour based on
the following information.
Dragline size = 2 cu yd (1.53 m>)
Swing angle = 120°
Average depth of cut = 7.9 ft (2.4 m)
Material = common earth
Job efficiency = 50 min/h
Soil swell = 25%

SOLUTION
Ideal output = 230 BCY/h (176 BCM/h) (Table 3-7)
Optimum depth of cut = 9.9 ft (3.0 m) (Table 3-8)
Actual depth/optimum depth = 7.9/9.9 X 100 = 80%
[= 2.4/3.0 X 100 = 80%]
Swing-depth factor = 0.90 (Table 3-9)
Efficiency factor = 50/60 = 0.833
Volume change factor = 1 +0.25 = 1.25
Estimated production = 230 X 0.90 X 0.833 X 1.25 = 216 LCY/h
[= 176 X 0.90 X 0.833 X 1.25 = 165 LCM/h]
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Table 3-9 Swing-depth factor for draglines. (This is a modification of data published in
Technical Bulletin No. 4, Power Crane and Shovel Association, Bureau of CIMA, 1968.)

Depth of Cut Angle of Swing (deg)
(% of Optimum) 30 45 60 75 90 120 150 180
20 1.06 0.99 0.94 0.90 0.87 0.81 0.75 0.70
40 1.17 1.08 1.02 0.97 0.93 0.85 0.78 0.72
60 1.25 1.13 1.06 1.01 0.97 0.88 0.80 0.74
80 1.29 1.17 1.09 1.04 0.99 0.90 0.82 0.76
100 1.32 1.19 1.11 1.05 1.00 0.91 0.83 0.77
120 1.29 1.17 1.09 1.03 0.98 0.90 0.82 0.76
140 1.25 1.14 1.06 1.00 0.96 0.88 0.81 0.75
160 1.20 1.10 1.02 0.97 0.93 0.85 0.79 0.73
180 1.15 1.05 0.98 0.94 0.90 0.82 0.76 0.71
200 1.10 1.00 0.94 0.90 0.87 0.79 0.73 0.69

Job Management

Trial operations may be necessary to select the boom length, boom angle, bucket size and
weight, and the attachment position of the drag chain that yield maximum production. As
in shovel operation, maximum production is obtained with a minimum swing angle. In gen-
eral, the lightest bucket capable of satisfactory digging should be used, since this increases
the allowable bucket size and reduces cycle time. It has been found that the most efficient
digging area is located within 15° forward and back of a vertical line through the boom
point, as illustrated in Figure 3—12. Special bucket hitches are available which shorten the
drag distance necessary to obtain a full bucket load. Deep cuts should be excavated in lay-
ers whose thickness is as close to the optimum depth of cut as possible.

/

Figure 3-12 Most efficient digging area for a dragline.
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Figure 3-13 Components of a clamshell.

3-5 CLAMSHELLS

When the crane-shovel is equipped with a crane boom and clamshell bucket, it becomes an
excavator known as a clamshell. The clamshell is capable of excavating to great depths but
lacks the positive digging action and precise lateral control of the shovel and backhoe.
Clamshells are commonly used for excavating vertical shafts and footings, unloading bulk
materials from rail cars and ships, and moving bulk material from stockpiles to bins, hoppers,
or haul units. The components of a cable-operated clamshell are identified in Figure 3-13.
Clamshell attachments are also available for the hydraulic excavator.

A clamshell bucket is illustrated in Figure 3—14. Notice that the bucket halves are
forced together by the action of the closing line against the sheaves. When the closing line
is released, the counterweights cause the bucket halves to open as the bucket is held by the
holding line. Bucket penetration depends on bucket weight assisted by the bucket teeth.
Therefore, buckets are available in light, medium, and heavy weights, with and without
teeth. Heavy buckets are suitable for digging medium soils. Medium buckets are used for
general-purpose work, including the excavation of loose soils. Light buckets are used for
handling bulk materials such as sand and gravel.

The orange peel bucket illustrated in Figure 3-15 is principally utilized for under-
water excavation and for rock placement. Because of its circular shape, it is also well suited
to excavating piers and shafts. It operates on the same principle as does the clamshell.

Production Estimating

No standard production tables are available for the clamshell. Thus production estimation
should be based on the use of Equation 2—1. The procedure is illustrated in Example 3-5.

EXAMPLE 3-5

Estimate the production in loose cubic yards per hour for a medium-weight clamshell ex-
cavating loose earth. Heaped bucket capacity is 1 cu yd (0.75 m?>). The soil is common earth
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~~ Holding line

Closing line

Counterweights

Figure 3-14 Clamshell bucket.

with a bucket fill factor of 0.95. Estimated cycle time is 40 s. Job efficiency is estimated at

50 min/h.
SOLUTION
. 3600 .50 _
Production = 0 X 1 X095 % 60 71 LCY/h
B=~'36£ X 0.75 X 0.95 X 20 = 53 LCM/hR

40 60
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Figure 3-15 Orange peel
bucket. (Courtesy of ESCO
Corporation)

Job Management

The maximum allowable load (bucket weight plus soil weight) on a clamshell should be ob-
tained from the manufacturer’s clamshell loading chart for continuous operation. If a clamshell
loading chart is not available, limit the load to 80% of the safe lifting capacity given by the
crane capacity chart for rubber-tired equipment or 90% for crawler-mounted equipment. Since
the machine load includes the weight of the bucket as well as its load, use of the lightest bucket
capable of digging the material will enable a larger bucket to be used and will usually increase
production. Tests may be necessary to determine the size of bucket that yields maximum pro-
duction in a particular situation. Cycle time is reduced by organizing the job so that the dump-
ing radius is the same as the digging radius. Keep the machine level to avoid swinging uphill
or downhill. Nonlevel swinging is hard on the machine and usually increases cycle time.

3-6 TRENCHING AND TRENCHLESS TECHNOLOGY

The use of backhoes and other excavators for digging trenches was discussed earlier in this
chapter. In addition, there is a growing demand for methods of installing utility systems be-
low the ground with minimum open excavation. Some methods available for achieving this
goal include specialized trenching machines and plows as well as trenchless technology
(also called trenchless excavation). Safety considerations in trenching operations are dis-
cussed in Section 10-6.
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Figure 3-16 Chain trencher. (© Vermeer Manufacturing Company, All Rights
Reserved)

Trenching Machines and Plows

Some of the types of trenching machines available include chain trenchers, ladder trenchers,
and bucket wheel trenchers. Figure 3—16 shows a large chain trencher capable of digging 14-
to 36-in.-(356-914-mm-) wide vertical-sided trenches to a depth of 10 ft (3.1 m). Ladder
trenchers are similar to chain trenchers but are larger. They are capable of digging trenches
up to 101t (3.1 m) wide and 25 ft (7.6 m) deep. Bucket wheel trenchers use a revolving bucket
wheel to cut a trench up to 5 ft (1.5 m) wide and 9 ft (2.7 m) deep.

Plows can be used to cut a narrow trench and simultaneously insert a small diameter
cable or pipeline in most soils. Vibratory plows such as those shown in Figure 3-17 deliver

a more powerful cutting action than static plows and can be used to insert utility lines in
hard soil or soft rock.
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Figure 3-17 Hydrostatic vibratory plow. (Courtesy of Vermeer Manufacturing
Company, All Rights Reserved)

Trenchless Technology

While a number of different techniques are used in trenchless technology, the principal cat-
egories include pipe jacking, horizontal earth boring, and microtunneling.

The process of pipe jacking (Figure 3—18) involves forcing pipe horizontally through
the soil. Working from a vertical shaft, a section of pipe is carefully aligned and advanced
through the soil by hydraulic jacks braced against the shaft sides. As the pipe advances,
spoil is removed through the inside of the pipe. After the pipe section has advanced far
enough, the hydraulic rams are retracted and another section of pipe is placed into position
for installation. The process often requires workers to enter the pipe during the pipe jacking
operation.

In horizontal earth boring a horizontal hole is created mechanically or hydraulically
with the pipe to be installed serving as the casing for the hole. Some of the many installa-
tion methods used include auger boring, rod pushing (thrust boring), rotational compaction
boring, impact piercing, horizontal directional drilling, and fluid boring. A track-mounted
thrust boring machine with percussive hammer action is shown in Figure 3-19. Many of
these technologies utilize lasers and television cameras for hole alignment and boring con-
trol. A number of types of detectors are available to locate the drill head and ensure that the
desired alignment and depth are being maintained. The use of a pneumatic piercing tool to
create a borehole for a utility line is illustrated in Figure 3-20. After the bore has been com-
pleted, several methods are available to place pipe into the borehole. In one method, pipe
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Figure 3-18 Installing a utility line by pipe jacking.

Figure 3-19 Grundodrill & Thrust boring machine with percussive action.
(Courtesy of TT Technologies, Inc.)
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Figure 3-20 Installing a utility line by horizontal earth boring.

is pulled through the bore using the tool’s air hose or a steel cable pulled by the air hose.
Another method uses the piercing tool to push the pipe through the borehole. A third method
uses a pipe pulling adapter attached to the piercing tool to advance the pipe at the same time
as the piercing tool advances the bore.

Microtunneling or utility tunneling is similar to the conventional tunneling described
in Section 81 except for the tunnel size and use. Since the tunnels are used for utility sys-
tems rather than for vehicle passage, they are normally smaller than road or rail tunnels.
They differ from other trenchless methods in their use of a conventional tunnel liner instead
of using the pipe itself as a liner. Small moles (see Section 8-1) are frequently used in cre-
ating such tunnels.

Repair and Rehabilitation of Pipelines

The repair and rehabilitation of existing pipelines without excavation is another form of
trenchless technology. While a number of methods exist, most involve the relining of the
existing pipeline or the bursting of the existing pipe while inserting a new pipe.

The relining of a pipeline is accomplished by pulling a new plastic pipe into the ex-
isting pipe or by inserting a liner into the existing pipe. When a new pipe is used to reline
the pipe, the resulting pipe must be slightly smaller than the original pipe. Another relining
technique involves pulling a folded liner into the existing pipe, expanding the liner, treat-
ing the liner with an epoxy, and curing it in place.

Pipe bursting (Figure 3-21) uses a high-powered hydraulic or pneumatic piercing
tool equipped with a special bursting head to shatter the existing pipe and enlarge the open-
ing. A new, often larger, pipe is then pulled into the opening by the piercing head.

3-7 CRANES

Cranes are primarily used for lifting, lowering, and transporting loads. They move loads
horizontally by swinging or traveling. Most mobile cranes consist of a carrier and super-
structure equipped with a boom and hook as illustrated in Figure 3-22. The current trend
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Figure 3-21 Schematic of pneumatic pipe bursting method. (Courtesy of Earth

Tool Company LLC)

Figure 3-22 Components of Boom tip extension (jib)
a crane.
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A./Crawier mounting

toward the use of hydraulically operated equipment includes hydraulically powered tele-
scoping boom cranes. The mobile telescoping boom crane shown in Figure 3-23 is capa-
ble of lifting loads to the top of a 24-story building. Some specialized types of lifting
equipment used in steel construction are described in Chapter 14.

The major factor controlling the load that may be safely lifted by a crane is its
operating radius (horizontal distance from the center of rotation to the hook). For other than
the horizontal jib tower cranes to be described later in this section, this is a function of boom

length and boom angle above the horizontal. Some of the other factors influencing a crane’s
!
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Figure 3-23 Large mobile
hydraulic crane with telescoping
boom. (Courtesy of Grove Worldwide)

safe lifting capacity include the position of the boom in relation to the carrier, whether or
not outriggers (beams that widen the effective base of a crane) are used, the amount of
counterweight, and the condition of the supporting surface. Safety regulations limit maxi-
mum crane load to a percentage of the tipping load (load that will cause the crane to actu-
ally begin to tip). Crane manufacturers provide charts, such as that shown in Figure 3-24,
giving the safe load capacity of the machine under various conditions. Notice that hook
blocks, slings, spreader bars, and other load-handling devices are considered part of the
load and their weight must be included in the maximum safe load capacity calculation.
Electronic load indicators are available that measure the actual load on the crane and pro-
vide a warning if the safe capacity is being exceeded.

A standard method of rating the capacity of mobile cranes has been adopted by the
PCSA Bureau of the Association of Equipment Manufacturers [which incorporates the
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Figure 3-24 Crane load capacity chart. (Courtesy of Grove Worldwide)
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Figure 3-24 (continued)

former Construction Industry Manufacturers Association (CIMA)]. Under this system, a
nominal capacity rating is assigned which indicates the safe load capacity (with outriggers
set) for a specified operating radius [usually 12 ft (3.6 m) in the direction of least stabil-
ity]. The PCSA class number following the nominal rating consists of two number sym-
bols. The first number indicates the operating radius for the nominal capacity. The second
number gives the rated load in hundreds of pounds at a 40-ft (12.2-m) operating radius us-
ing a 50-ft (15.2-m) boom. Thus the crane whose capacity chart is shown in Figure 3-24
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Figure 3-25 Large crawler-mounted lattice-boom mobile crane. (Courtesy of
Manitowoc Cranes, Inc.)

has a nominal capacity of 22 tons (19.9 t) at a 10-ft (3-m) operating radius. Therefore, this
crane should be able to safely lift a load of 22 tons (19.9 t) at a radius of 10 ft (3 m) and a
load of 8000 Ib (3629 kg) at an operating radius of 40 ft (12.2 m) with a 50-ft (15.2-m)

boom. Both capacities require outriggers to be set and apply regardless of the position of
the boom relative to the carrier.

Heavy Lift Cranes

Cranes intended for lifting very heavy loads are usually crawler-mounted lattice-boom
models such as that shown in Figure 3-25. The crane shown has a maximum lifting capac-
ity of 230 tons (209 t) and a maximum lifting height of 371.5 ft (113.3 m).
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Boom pivot

Ring track

Figure 3-26 Crane with ring attachment. (Courtesy of Manitowoc Cranes
Group)

To lift even heavier loads, several cranes can be used together or the crane can be
modified to allow the use of extra counterweight. When a modified counterweight is used,
some method must be provided to support the counterweight when there is no load on the
hook. One method of accomplishing this is to remove the crane from its mounting and sup-
port the counterweight and boom butt on a circular track called a ring mount. Such an
arrangement is illustrated in Figure 3-26. Such an attachment for the crane shown in Figure
3-23 can boost the maximum capacity to 600 tons (544 t).



EXCAVATING AND LIFTING 73

Figure 3-27 Tower crane on a building site. (Courtesy of Potain Tower
Cranes, Inc.)

Tower Cranes

Another special type of crane is the fower crane, illustrated in Figure 3-27. The tower crane
is widely used on building construction projects because of its wide operating radius and al-
most unlimited height capability. Major types of tower cranes include horizontal jib (or saddle
Jib) cranes, luffing boom cranes, and articulated jib cranes as illustrated in Figure 3-28.

The majority of tower cranes are of the horizontal jib type shown in Figure 3-27. The
terminology for this type of crane is illustrated in Figure 3-29. However, luffing boom (in-
clined boom) models (see Figure 14-8) have the ability to operate in areas of restricted hor-
izontal clearance not suitable for horizontal jib cranes with their fixed jibs and
counterweights. Articulated jib cranes are able to reposition their hinged jibs to convert ex-
cess hook reach into added hook height. Thus, such cranes can be operated in either the hor-
izontal or luffed position.
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Horizontal jib Luffing boom Articulated jib

Figure 3-28 Major types of tower cranes.

Types of tower crane by method of mounting include static (fixed mount) tower cranes,
rail-mounted tower cranes, mobile tower cranes, and climbing cranes. Climbing cranes are sup-
ported by completed building floors and are capable of raising themselves from floor to floor
as the building is erected. Most tower cranes incorporate self-raising masts. That is, they can
raise themselves section by section until the mast or tower reaches the desired height. A typical
procedure is as follows (refer to Figure 3—30). The crane lifts an additional tower section to-
gether with a monorail beam and trolley (a). The monorail beam is fastened to the crane’s
turntable base and the new section is trolleyed close to the tower. The turntable base is unbolted
from the tower. The climbing frame’s hydraulic cylinders lift the climbing frame and the new
section is inserted into the climbing frame using the monorail beam trolley (b). The climbing
frame is then lowered and the new section is bolted to the tower and the turntable base (c).

As always, tower crane capacity depends on the operating radius, amount of coun-
terweight, and the mounting used. The lifting capacity of a representative horizontal jib
tower crane is shown in Table 3-10. The weight of the hook block has been incorporated
into Table 3—-10. However, the weight of all other load handling devices must be included
in the calculated weight of the load.

Job Management

A number of attachments besides the basic hook are available to assist the crane in per-
forming construction tasks. Several of these attachments are illustrated in Figure 3-31.
Among these attachments, concrete buckets, slings, special hooks, and load dropping tools
(weights) are most often used in construction applications. The skull cracker (wrecking
ball) is a heavy weight that is hoisted by the crane and then swung or allowed to drop free
to perform like a huge sledge hammer. It is used to break up pavement and for demolition
work. The simplest form of pile driver, a drop hammer, uses a similar action to drive piles.
The hammer is hoisted and then dropped onto the pile cap to hammer the pile into the soil.
Pile drivers are discussed in more detail in Section 10-3.

High-voltage lines present a major safety hazard to crane operations. U.S. Occupational
Safety and Health Act (OSHA) regulations prohibit a crane or its load from approaching closer
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Figure 3-29 Terminology of a horizontal jib tower crane. (Courtesy of Potain Tower
Cranes, Inc.)
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Figure 3-30 Self-raising tower crane mast. (Courtesy of FMC Construction
Equipment Group)

than 10 ft (3 m) to a high-voltage line carrying 50kV or less. An additional 0.4 in. (1 cm) must
be added for each kilovolt over 50 kV. These safety clearances must be maintained unless the
line is deenergized and visibly grounded at the work site or unless insulating barriers not at-
tached to the crane are erected which physically prevent contact with the power line.

Crane accidents occur all too frequently in construction work, particularly when lift-
ing near-capacity loads and when operating with long booms. In an effort to reduce U.S.
crane accidents by ensuring that crane operators are fully qualified, a National Commission
for the Certification of Crane Operators has been formed. The purpose of the commission
is to establish and administer a nationwide program for the certification of crane operators.
Some suggestions for safe crane operations include the following:

* Carefully set outriggers on firm supports.

 The crane base must be level. Safe crane capacity is reduced as much as 50% when the
crane is out of level by only 3° and operating with a long boom at minimum radius.

» Use a communications system or hand signals when the crane operator cannot see the
load at all times. Make sure that all workers involved in the operation know the hand
signals to be used.
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Table 3-10 Maximum capacity vs. lift radius for a tower crane
[pounds (kilograms)]

Boom Length (maximum hook radius)—ft (m)

Lift
Radius 260 230 200 170 140 110
ft (m) (79.2) (70.1) (61.0) (51.8) (42.7) (33.5)
110 (33.5) 21564 23607 28458 34857 39680 39680
(9781) (10708)  (12908) (15811)  (18000)  (18000)
120 (36.6) 19584 21465 25938 31842 38097
(8883) 9737)  (11765) (14444)  (17281)
130 (39.6) 17802 19548 23652 29124 34920
(8075) (8867)  (10729) (13211)  (15840)
140 (42.7) 16380 18018 21861 26982
(7430) (8173) (9916) (12239)
150 (45.7) 15057 16596 20196 24984
(6830) (7528) (9161) (11333)
160 (48.8) 13699 15143 18534 24705
(6214) (6869) (8407) (11206)
170 (51.8) 12654 14012 17214 23037
(5740) (6356) (7808) (10450)
180 (54.9) 11818 13119 16160
(5361) (5951) (7330)
190 (57.9) 10468 11666 14450
(4748) (5292) (6555)
200 (61.0) 9700 10811 12440
(4400) (4904) (5643)
210 (64.0) 9092 10156
(4124) (4607)
220 (67.1) 8208 9215
(3723) (4180)
260 (79.2) 7334
(3327)

Minimum lift radius = 12.0 ft (3.6 m)

* Provide tag lines (restraining lines) when there is any danger caused by swinging loads.
* Ensure that crane operators are well trained and know the capability of their machines.

* Check safe-lifting-capacity charts for the entire range of planned swing before start-
ing a lift. Use a load indicator if possible.
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DIGGING TOOLS HOOKS GRABS BULK MATERIAL TOOLS
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Figure 3-31 Crane boom attachments. [Permission to reproduce this material has been
granted by the Power Crane & Shovel Assn. (PCSA), a bureau of the Construction Industry
Manufacturers Assn. (CIMA). Neither PCSA nor CIMA can assume responsibility for the accuracy
of the reproduction.]

PROBLEMS

1. A2-yd (1.53-m>) dragline is being used to excavate a canal in common earth. The av-
erage swing angle is 70°, the average depth of cut is 8.9 ft (2.7 m), and job efficiency
is 50 min/h. Estimate the dragline’s hourly production in loose measure.

2. A3.5-yd (2.68 m>, heaped) hydraulic shovel with a bottom dump bucket is excavating
tough clay. The swing angle is 120°, and job efficiency is 75%. Estimate the shovel’s
hourly production in bank measure.

3. How can a contractor verify that the desired alignment and depth are being maintained
while performing horizontal earth boring?

4. Estimate the time required to load 400 cu yd (306 m?) of gravel into trucks using a
clamshell having a heaped bucket capacity of 1 cu yd (0.75 m?). Estimated cycle time
is 25s. Job efficiency is estimated to be 80%.

5. What is the maximum net load that can be safely lifted over a 360° swing by the crane
of Figure 3-24 under the following conditions? The crane is equipped with a 23- to 38-
ft telescoping jib (stowed) with a 15-ton, two-sheave hook block, the boom length is
52 ft (15.9 m), and the operating radius is 25 ft (7.6 m). What restrictions must be ob-
served in order to safely lift this load?

6. The tower crane whose capacity chart is shown in Table 310 is equipped with a 260-
ft (79.2-m) boom. The crane is preparing to lift a load weighing 10,000 1b (4536 kg).
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10.

The weight of slings and the spreader bar to be used is 1200 1b (544 kg). What is the
maximum safe lift radius for this load?

. A small hydraulic excavator will be used to dig a trench in hard clay (bucket fill factor

= 0.80). The minimum trench size is 26 in. (0.66 m) wide by 5 ft (1.53 m) deep. The
excavator bucket available is 30 in. (0.76 m) wide and has a heaped capacity of % cu
yd (0.57 m*). The maximum digging depth of the excavator is 16 ft (4.9 m). The aver-
age swing angle is expected to be 85°. Estimate the hourly trench production in linear
feet (meters) if job efficiency is 70%.

A hydraulic excavator-backhoe is excavating the basement for a building. Heaped
bucket capacity is 1.5 cu yd (1.15 m?). The material is common earth with a bucket fill
factor of 0.90. Job efficiency is estimated to be 50 min/h. The machine’s maximum
depth of cut is 24 ft (7.3 m) and the average digging depth is 13 ft (4.0 m). Average
swing angle is 90°. Estimate the hourly production in bank measure.

. Identify the two basic approach methods available for a shovel excavating a cut. Which

of these methods permit the shovel to exert the greatest digging force?

Write a computer program to estimate the production of a hydraulic shovel based on
Equation 3-2 and Table 3-6. Input should include rated shovel size, type of material,
angle of swing, heaped bucket capacity, bucket fill factor, soil load factor, and job ef-
ficiency. Output should be in bank measure if the soil load factor is input; otherwise,
it should be in loose measure.
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Loading and Hauling

4-1 ESTIMATING EQUIPMENT TRAVEL TIME

In calculating the time required for a haul unit to make one complete cycle, it is customary
to break the cycle down into fixed and variable components.

Cycle time = Fixed time + Variable time “4-1)

Fixed time represents those components of cycle time other than travel time. It includes
spot time (moving the unit into position to begin loading), load time, maneuver time, and
dump time. Fixed time can usually be closely estimated for a particular type of operation.

Variable time represents the travel time required for a unit to haul material to the un-
loading site and return. As you would expect, travel time will depend on the vehicle’s
weight and power, the condition of the haul road, the grades encountered, and the altitude
above sea level. This section presents methods for calculating a vehicle’s resistance to
movement, its maximum speed, and its travel time. Methods for estimating fixed times are
given in Sections 4-2 to 4-5, which describe specific types of hauling equipment.

Rolling Resistance

To determine the maximum speed of a vehicle in a specific situation, it is necessary to de-
termine the total resistance to movement of the vehicle. The resistance that a vehicle en-

counters in traveling over a surface is made up of two components, rolling resistance and
grade resistance.

Total resistance = Grade resistance + Rolling resistance 4-2)

Resistance may be expressed in either pounds per ton of vehicle weight (kilograms per met-
ric ton) or in pounds (kilograms). To avoid confusion, the term resistance factor will be used
in this chapter to denote resistance in Ib/ton (kg/t). Rolling resistance is primarily due to tire
flexing and penetration of the travel surface. The rolling resistance factor for a rubber-tired
vehicle equipped with conventional tires moving over a hard, smooth, level surface has been
found to be about 40 Ib/ton of vehicle weight (20 kg/t). For vehicles equipped with radial
tires, the rolling resistance factor may be as low as 30 1b/ton (15 kg/t). It has been found that
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Table 4-1 Typical values of rolling resistance factor

Rolling Resistance Factor

Type of Surface Ib/ton kgt
Concrete or asphalt 40 (30)* 20 (15)
Firm, smooth, flexing slightly under load 64 (52) 32 (26)
Rutted dirt roadway, 1-2 in. penetration 100 50
Soft, rutted dirt, 3—4 in. penetration 150 75
Loose sand or gravel 200 100
Soft, muddy, deeply rutted 300-400 150-200

*Values in parentheses are for radial tires.

the rolling resistance factor increases about 30 Ib/ton (15 kg/t) for each inch (2.5 cm) of tire
penetration. This leads to the following equation for estimating rolling resistance factors:

Rolling resistance factor (Ib/ton) = 40 + (30 X in. penetration) 4-34)
Rolling resistance factor (kg/t) = 20 + (6 X cm penetration) (4-3B)

The rolling resistance in pounds (kilograms) may be found by multiplying the rolling re-
sistance factor by the vehicle’s weight in tons (metric tons). Table 41 provides typical val-
ues for the rolling resistance factor in construction situations.

Crawler tractors may be thought of as traveling over a road created by their own
tracks. As a result, crawler tractors are usually considered to have no rolling resistance
when calculating vehicle resistance and performance. Actually, of course, the rolling re-
sistance of crawler tractors does vary somewhat between different surfaces. However, the
standard method for rating crawler tractor power (drawbar horsepower) measures
the power actually produced at the hitch when operating on a standard surface. Thus the
rolling resistance of the tractor over the standard surface has already been subtracted from
the tractor’s performance. Although a crawler tractor is considered to have no rolling re-
sistance, when it tows a wheeled vehicle (such as a scraper or compactor) the rolling re-
sistance of the towed vehicle must be considered in calculating the total resistance of the
combination.

Grade Resistance

Grade resistance represents that component of vehicle weight which acts parallel to an in-
clined surface. When the vehicle is traveling up a grade, grade resistance is positive. When
traveling downhill, grade resistance is negative. The exact value of grade resistance may be
found by multiplying the vehicle’s weight by the sine of the angle that the road surface
makes with the horizontal. However, for the grades usually encountered in construction, it
is sufficiently accurate to use the approximation of Equation 4—4. That is, a 1% grade (rep-
resenting a rise of 1 unit in 100 units of horizontal distance) is considered to have a grade
resistance equal to 1% of the vehicle’s weight. This corresponds to a grade resistance fac-
tor of 20 Ib/ton (10 kg/t) for each 1% of grade.
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Grade resistance factor (Ib/ton) = 20 X grade (%) (4-4A)
Grade resistance factor (kg/t) = 10 X grade (%) (4-4B)

Grade resistance (Ib or kg) may be calculated using Equation 4-5 or 4-6.

Grade resistance (Ib) = Vehicle weight (tons) X Grade

resistance factor (Ib/ton) 4-54)
Grade resistance (kg) = Vehicle weight (t) X Grade resistance factor (kg/t) (4-5B)
Grade resistance (Ib) = Vehicle weight (Ib) X Grade 4-64)
Grade resistance (kg) = Vehicle weight (kg) X Grade (4-6B)

Effective Grade

The total resistance to movement of a vehicle (the sum of its rolling resistance and grade
resistance) may be expressed in pounds or kilograms. However, a somewhat simpler
method for expressing total resistance is to state it as a grade (%), which would have a grade
resistance equivalent to the total resistance actually encountered. This method of express-
ing total resistance is referred to as effective grade, equivalent grade, or percent total re-
sistance and is often used in manufacturers’ performance charts. Effective grade may be
easily calculated by use of Equation 4-7.

Rolling resistance factor (Ib/ton)

Effective grade (% ) = Grade (%) + >0 (4-7A)
. Rolling resistance factor (kg/t)
Effective grade (%) = Grade (%) + T (4-7B)

EXAMPLE 4-1

A wheel tractor-scraper weighing 100 tons (91 t) is being operated on a haul road with a tire
penetration of 2 in. (5 cm). What is the total resistance (Ib and kg) and effective grade when
(a) the scraper is ascending a slope of 5%; (b) the scraper is descending a slope of 5%?

SOLUTION

Rolling resistance factor = 40 + (30 X 2) = 100 lb/ton (Eq 4-34)
[=20 + (6 X5) = 50(kg/t)]  (Eq4-3B)
Rolling resistance = 100 (Ib/ton) X 100 (tons) = 10,000 Ib
[ =50 (kg/t) X 91 (t) = 4550 kg]
(a) Grade resistance = 100 (tons) X 2000 (Ib/ton) X 0.05  (Eq 4-6A)
= 10,000 Ib
[= 91(t) X 1000 (kg/t) X 0.05 = 4550 kg] (Eq 4-6B)
Total resistance = 10,000 Ib + 10,000 1b = 20,000 Ib (Eq 4-2)
[= 4550 kg + 4550 kg = 9100 kg]
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Effective grade = 5 + —12%9 =10% (Eq4-74)
(b) Grade resistance = 100 (tons) X 2000 (Ib/ton) X (—0.05)  (Eq 4-6A)
= —10,000 ib

[=91 (t) X 1000 (kg/t) X (—0.05) = —4550kg] (Eq 4-6B)
Total resistance = —10,0001b + 10,0001b = 0 1b
[= —4550kg + 4550kg = 0kg] (Eq4-2)

Effective grade = —5 + "12—0*09 =0% (Eq4-74)

[= 5+ -f—g = 0%] (Eq 4-7B)

EXAMPLE 4-2

A crawler tractor weighing 80,000 Ib (36 t) is towing a rubber-tired scraper weighing
100,000 1b (45.5 t) up a grade of 4%. What is the total resistance (Ib and kg) of the combi-
nation if the rolling resistance factor is 100 1b/ton (50 kg/t)?

SOLUTION
100,000 (1b)
2000 (1b/ton)
[=45.5(t) X 50 (kg/t) = 2275 kg]
Grade resistance = 180,000 X 0.04 = 72001b  (Eq4-6A)
[=81.5 X 1000 kg/t X 0.04 = 3260kg] (Eq4-B)
Total resistance = 5000 + 7200 = 12,2001b  (Eq 4-2)
[=2275 + 3260 = 5535 kg]

Rolling resistance (neglect crawler) = X 100 (Ib/ton) = 5000 Ib

Effect of Altitude

All internal combustion engines lose power as their elevation above sea level increases be-
cause of the decreased density of air at higher elevations. There is some variation in the per-
formance of two-cycle and four-cycle naturally aspirated and turbocharged diesel engines.
However, engine power decreases approximately 3% for each 1000 ft (305 m) increase in
altitude above the maximum altitude at which full rated power is delivered. Turbocharged
engines are more efficient at higher altitude than are naturally aspirated engines and may
deliver full rated power up to an altitude of 10,000 ft (3050 m) or more.

Manufacturers use a derating factor to express percentage of reduction in rated ve-
hicle power at various altitudes. Whenever possible, use the manufacturer’s derating table
for estimating vehicle performance. However, when derating tables are not available, the
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derating factor obtained by the use of Equation 4-8 is sufficiently accurate for estimating
the performance of naturally aspirated engines.

_ Altitude (ft) — 3000

Derating factor (%) = 3 X 1000 (4-84)
) Altitude (m) — 915"

Derating factor (%) = 100 4-8B)

The percentage of rated power available is, of course, 100 minus the derating factor. The use
of derating factors in determining maximum vehicle power is illustrated in Example 4-3.

Effect of Traction

The power available to move a vehicle and its load is expressed as rimpull for wheel vehicles
and drawbar pull for crawler tractors. Rimpull is the pull available at the rim of the driving
wheels under rated conditions. Since it is assumed that no slippage of the tires on the rims will
occur, this is also the power available at the surface of the tires. Drawbar pull is the power
available at the hitch of a crawler tractor operating under standard conditions. Operation at in-
creased altitude may reduce the maximum pull of a vehicle, as explained in the previous para-
graph. Another factor limiting the usable power of a vehicle is the maximum traction that can
be developed between the driving wheels or tracks and the road surface. Traction depends on
the coefficient of traction and the weight on the drivers as expressed by Equation 4-9. This
represents the maximum pull that a vehicle can develop, regardless of vehicle horsepower.

Maximum usable pull = Coefficient of traction X Weight on drivers 4-9)

For crawler tractors and all-wheel-drive rubber-tired equipment, the weight on the drivers
is the total vehicle weight. For other types of vehicles, consult the manufacturer’s specifi-
cations to determine the weight on the drivers. Typical values of coefficient of traction for
common surfaces are given in Table 4-2.

Table 4-2 Typical values of coefficient of traction

Rubber
Type of Surface Tires Tracks
Concrete, dry 0.90 0.45
Concrete, wet 0.80 0.45
Earth or clay loam, dry 0.60 0.90
Earth or clay loam, wet 0.45 0.70
Gravel, loose 0.35 0.50
Quarry pit 0.65 0.55
Sand, dry, loose 0.25 0.30
Sand, wet 0.40 0.50
Snow, packed 0.20 0.25
Ice 0.10 0.15

*Substitute maximum altitude for rated performance, if known.
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EXAMPLE 4-3

A four-wheel-drive tractor weighs 44,000 1b (20,000 kg) and produces a maximum rimpull
of 40,000 1b (18160 kg) at sea level. The tractor is being operated at an altitude of 10,000
ft (3050 m) on wet earth. A pull of 22,000 Ib (10,000 kg) is required to move the tractor and
its load. Can the tractor perform under these conditions? Use Equation 4-8 to estimate al-
titude deration.

SOLUTION
1 —_
Derating factor = 3 X 10,000 — 3000 =21% (Eq4-84)
1000
3050 —915 _ ..,
l:— BT 21 A):| (Eq 4-8B)

Percent rated power available = 100 — 21 = 79%
Maximum available power = 40,000 X 0.79 = 31,600 1b
[=18160 X 0.79 = 14346 kg]
Coefficient of traction = 0.45  (Table 4-2)
Maximum usable pull = 0.45 X 44,000 = 19,8001b  (Eq 4-9)
[=0.45 X 20000 = 9000 kg]
Because the maximum pull as limited by traction is less than the required pull, the tractor
cannot perform under these conditions. For the tractor to operate, it would be necessary to

reduce the required pull (total resistance), increase the coefficient of traction, or increase
the tractor’s weight on the drivers.

Use of Performance and Retarder Curves

Crawler tractors may be equipped with direct-drive (manual gearshift) transmissions. The
drawbar pull and travel speed of this type of transmission are determined by the gear se-
lected. For other types of transmissions, manufacturers usually present the speed versus
pull characteristics of their equipment in the form of performance and retarder charts. A
performance chart indicates the maximum speed that a vehicle can maintain under rated
conditions while overcoming a specified total resistance. A retarder chart indicates the
maximum speed at which a vehicle can descend a slope when the total resistance is nega-
tive without using brakes. Retarder charts derive their name from the vehicle retarder,
which is a hydraulic device used for controlling vehicle speed on a downgrade.

Figure 4-1 illustrates a relatively simple performance curve of the type often used for
crawler tractors. Rimpull or drawbar pull is shown on the vertical scale and maximum ve-
hicle speed on the horizontal scale. The procedure for using this type of curve is to first cal-
culate the required pull or total resistance of the vehicle and its load (Ib or kg). Then enter
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Figure 4-1 Typical crawler tractor performance curve.

the chart on the vertical scale with the required pull and move horizontally until you inter-
sect one or more gear performance curves. Drop vertically from the point of intersection to
the horizontal scale. The value found represents the maximum speed that the vehicle can
maintain while developing the specified pull. When the horizontal line of required pull in-
tersects two or more curves for different gears, use the point of intersection farthest to the
right, because this represents the maximum speed of the vehicle under the given conditions.

EXAMPLE 4-4

Use the performance curve of Figure 4-1 to determine the maximum speed of the tractor
when the required pull (total resistance) is 60,000 Ib (27,240 kg).

SOLUTION

Enter Figure 4-1 at a drawbar pull of 60,000 1b (27,240 kg) and move horizontally until you
intersect the curves for first and second gears. Read the corresponding speeds of 1.0 mi/h
(1.6 km/h) for second gear and 1.5 mi/h (2.4 km/h) for first gear. The maximum possible
speed is therefore 1.5 mi/h (2.4 km/h) in first gear.
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Figure 4-2 Wheel scraper performance curve. (Courtesy of Caterpillar Inc.)

Figure 4-2 represents a more complex performance curve of the type frequently used
by manufacturers of tractor-scrapers, trucks, and wagons. In addition to curves of speed
versus pull, this type of chart provides a graphical method for calculating the required pull
(total resistance). To use this type of curve, enter the top scale at the actual weight of the
vehicle (empty or loaded as applicable). Drop vertically until you intersect the diagonal
line corresponding to the percent total resistance (or effective grade), interpolating as nec-
essary. From this point move horizontally until you intersect one or more performance
curves. From the point of intersection, drop vertically to find the maximum vehicle speed.
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When altitude adjustment is required, the procedure is modified slightly. In this case,
start with the gross weight on the top scale and drop vertically until you intersect the total
resistance curve. Now, however, move horizontally all the way to the left scale to read the
required pull corresponding to vehicle weight and effective grade. Next, divide the required
pull by the quantity “1 — derating factor (expressed as a decimal)” to obtain an adjusted re-
quired pull. Now, from the adjusted value of required pull on the left scale move horizon-
tally to intersect one or more gear curves and drop vertically to find the maximum vehicle
speed. This procedure is equivalent to saying that when a vehicle produces only one-half of
its rated power due to altitude effects, its maximum speed can be found from its standard
performance curve by doubling the actual required pull. The procedure is illustrated in
Example 4-5.

EXAMPLE 4-5

Using the performance curve of Figure 4-2, determine the maximum speed of the vehicle
if its gross weight is 150,000 1b (68,000 kg), the total resistance is 10%, and the altitude de-
rating factor is 25%.

SOLUTION

Start on the top scale with a weight of 150,000 Ib (68,000 kg), drop vertically to intersect the
10% total grade line, and move horizontally to find a required pull of 15,000 1b (6800 kg) on
the left scale. Divide 15,000 Ib (6800 kg) by 0.75 (1 — derating factor) to obtain an adjusted
required pull of 20,000 1b (9080 kg). Enter the left scale at 20,000 Ib (9080 kg) and move
horizontally to intersect the first, second, and third gear curves. Drop vertically from the
point of intersection with the third gear curve to find a maximum speed of 6 mi/h (10 km/h).

Figure 4-3 illustrates a typical retarder curve. In this case, it is the retarder curve for
the tractor-scraper whose performance curve is shown in Figure 4-2. The retarder curve is
read in a manner similar to the performance curve. Remember, however, that in this case the
vertical scale represents negative total resistance. After finding the intersection of the vehi-
cle weight with effective grade, move horizontally until you intersect the retarder curve.

Drop vertically from this point to find the maximum speed at which the vehicle should be
operated.

Estimating Travel Time

The maximum speed that a vehicle can maintain over a section of the haul route cannot be
used for calculating travel time over the section, because it does not include vehicle ac-
celeration and deceleration. One method for accounting for acceleration and deceleration
is to multiply the maximum vehicle speed by an average speed factor from Table 4-3 to
obtain an average vehicle speed for the section. Travel time for the section is then found
by dividing the section length by the average vehicle speed. When a section of the haul
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Figure 4-3 Wheel scraper retarder curve. (Courtesy of Caterpillar Inc.)

Table 4-3 Average speed factors

Lengtelltc:): aul Starting from 0 Increasing Maximum Decreasing Maximum
or Coming Speed from Speed from
ft m to a Stop Previous Section Previous Section
150 46 0.42 0.72 1.60
200 61 0.51 0.76 1.51
300 92 0.57 0.80 1.39
400 122 0.63 0.82 1.33
500 153 0.65 0.84 1.29
700 214 0.70 0.86 1.24
1000 305 0.74 0.89 1.19
2000 610 0.86 0.93 1.12
3000 915 0.90 0.95 1.08
4000 1220 0.93 0.96 1.05
5000 1525 0.95 0.97 1.04

90
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route involves both starting from rest and coming to a stop, the average speed factor from
the first column of Table 43 should be applied twice (i.e., use the square of the table value)
for that section.

A second method for estimating travel time over a section of haul route is to use the
travel-time curves provided by some manufacturers. Separate travel-time curves are prepared
for loaded (rated payload) and empty conditions, as shown in Figures 44 and 4-5. As you
see, travel time for a section of the haul route may be read directly from the graph given sec-
tion length and effective grade. However, travel-time curves cannot be used when the effec-
tive grade is negative. In this case, the average speed method must be used along with the
vehicle retarder curve. To adjust for altitude deration when using travel-time curves, multiply
the time obtained from the curve by the quantity “1 + derating factor” to obtain the adjusted
travel time.

The use of both the average speed and the travel-time curve method is illustrated in
the example problems of this chapter.

4-2 DOZERS

Tractors and Dozers

A tractor equipped with a front-mounted earthmoving blade is known as a dozer or
bulldozer. A dozer moves earth by lowering the blade and cutting until a full blade load of
material is obtained. It then pushes the material across the ground surface to the required
location. The material is unloaded by pushing it over a cliff or into a hopper or by raising
the blade to form a spoil pile.

Both rubber-tired (or wheel) dozers and crawler (or track) dozers are available. Because
of their excellent traction and low ground pressure (typically 6 to 9 Ib/sq in.; 41 to 62 kPa),
crawler dozers (Figure 4-6) are well suited for use in rough terrain or areas of low traffica-
bility. Low-ground-pressure models with extra-wide tracks are available having ground pres-
sures as low as 3 Ib/sq in. (21 kPa). Crawler dozers can operate on steeper side slopes and
climb greater grades than can wheel dozers. Wheel dozers, on the other hand, operate at higher
speed than do crawler dozers. Wheel dozers are also capable of operating on paved roads
without damaging the surface. While the wheel tractor’s dozing ability is limited somewhat
by its lower traction and high ground pressure (25 to 35 Ib/sq in.; 172 to 241 kPa), its high
ground pressure makes it an effective soil compactor.

Either rubber-tired or crawler tractors may be equipped with attachments other than
dozer blades. These include rakes used for gathering up brush and small fallen trees, and
plows, rippers, and scarifiers, which are used to break up hard surfaces. Tractors are also
used to tow many items of construction equipment, such as compactors, scrapers, and wag-
ons. Towing applications are discussed in succeeding chapters.

Dozers may be equipped with direct-drive, power-shift, or hydrostatic transmissions.
Hydrostatic transmissions utilize individual hydraulic motors to drive each track. There-
fore, the speed of each track may be infinitely varied, forward or reverse. As a result, it is

possible for a dozer equipped with a hydrostatic drive to turn in its own length by moving
one track forward while the other track moves in reverse.
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Figure 4-6 Crawler tractor dozer. (Courtesy of New Holland Construction)

Dozer Blades

A number of types of dozer blades are available, and the four most common types are il-
lustrated in Figure 4-7. The three types of adjustments that may be made to dozer blades
are illustrated in Figure 4-8. Tilting the blade is useful for ditching and breaking up frozen
or crusty soils. Pitching the blade forward reduces blade penetration and causes the loos-
ened material to roll in front of the blade, whereas pitching the blade backward increases
penetration. Angling the blade is helpful when side-hill cutting, ditching, and moving ma-
terial laterally. All the blades shown in Figure 4-7 may be tilted except the cushion blade.
However, only the angle blade may be angled.

The two indicators of potential dozer performance are based on the ratio of tractor
power to blade size. These indicators are horsepower per foot of cutting edge and horsepower
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Straight blade Angle blade
Universal blade Cushion blade

Figure 4-7 Common types of dozer blades.

ey 4 B

Tilting Pitching Angling

Figure 4-8 Dozer blade adjustment.

per loose cubic yard. A blade’s horsepower per foot of cutting edge provides a measure of
the blade’s ability to penetrate hard soils. The horsepower per loose cubic yard rating
provides an indication of the blade’s ability to push material once the blade is loaded.

The wings on the universal blade (Figure 4-7) enable it to push a large volume of ma-
terial over long distances. However, its low horsepower per foot of cutting edge and per cu-
bic yard limit its ability to penetrate hard soils or to move heavy materials. The straight blade
is considered the most versatile dozer blade. Its smaller size gives it good penetrating and
load pushing ability. The ability of angle blades to angle approximately 25° to either side
makes them very effective in sidehill cutting, ditching, and backfilling. They may also be
used for rough grading and for moving material laterally. The cushion blade is reinforced and
equipped with shock absorbers to enable it to push-load scrapers. It may also be used for
cleanup of the loading or dumping areas and for general dozing when not push-loading
scrapers. Other available types of dozer blades include light-material U-blades, special clear-
ing blades, and ripdozer blades (blades equipped with ripper shanks on each end).
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Estimating Dozer Production

The basic earthmoving production equation (Equation 2—1) may be applied in estimating
dozer production. This method requires an estimate of the average blade load and the dozer
cycle time. There are several methods available for estimating average blade load, includ-
ing the blade manufacturer’s capacity rating, previous experience under similar conditions,
and actual measurement of several typical loads. A suggested method for calculating blade
volume by measuring blade load is as follows:

« Doze a full blade load, then lift the blade while moving forward on a level surface un-

til an even pile is formed.

« Measure the width of the pile (W) perpendicular to the blade and in line with the in-
side of each track or wheel. Average the two measurements.

« Measure the height (H) of the pile in a similar manner.
¢ Measure the length of the pile parallel to the blade.
* Calculate blade volume using Equation 4-10.

Blade load (LCY) = 0.0139 X H (ft) X W (ft) X L (ft) (4-104)
Blade load (LCM) = 0.375 X H (m) X W (m) X L (m) (4-10B)

Total dozer cycle time is the sum of its fixed cycle time and variable cycle time. Fixed cy-
cle time represents the time required to maneuver, change gears, start loading, and dump.
Table 4-4 may be used to estimate dozer fixed cycle time. Variable cycle time is the time

Table 4-4 Typical dozer fixed cycle times

Operating Conditions Time (min)
Power-shift transmission 0.05
Direct-drive transmission 0.10
Hard digging 0.15

Table 4-5 Typical dozer operating speeds

Operating Conditions Speeds
Dozing
Hard materials, haul 100 ft (30 m) or less 1.5 mi/h (2.4 km/h)
Hard materials, haul over 100 ft (30 m) 2.0 mi/h (3.2 km/h)
Loose materials, haul 100 ft (30 m) or less 2.0 mi/h (3.2 km/h)
Loose materials, haul over 100 ft (30 m) 2.5 mith (4.0 km/h)
Return
100 ft (30 m) or less Maximum reverse speed in second range

(power shift) or reverse speed in gear
used for dozing (direct drive)
Over 100 ft (30 m) Maximum reverse speed in third
range (power shift) or highest
reverse speed (direct drive)
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required to doze and return. Since the haul distance is relatively short, a dozer usually re-
turns in reverse gear. Table 4-5 provides typical operating speeds for dozing and return.
Some manufacturers provide dozer production estimating charts for their equipment.

EXAMPLE 4-6

A power-shift crawler tractor has a rated blade capacity of 10 LCY (7.65 LCM). The dozer
is excavating loose common earth and pushing it a distance of 200 ft (61 m). Maximum re-
verse speed in third range is 5 mi/h (8 km/h). Estimate the production of the dozer if job ef-
ficiency is 50 min/h.

SOLUTION

Fixed time = 0.05 min (Table 4-4)
Dozing speed = 2.5 mi/h (4.0km/h)  (Taple 4-5)

200
25 X 88

61 _ .
[— IX167 - 0.91 mm:|

Note: 1 mi/h = 88 ft/min; 1 km/h = 16.7 m/min
200
5 X 88

6l .
L— SX 167 0.45 mm:I

Cycle time = 0.05 + 0.91 + 0.45 = 1.41 min

Dozing time = = 0.91 min

Return time = = 0.45 min

Production = 10 X 15% = 355LCY/h
=765 x 20 = 71 LCM/hﬁ
T T i

Job Management

Some techniques used to increase dozer production include downhill dozing, slot dozing, and
blade-to-blade dozing. By taking advantage of the force of gravity, downhill dozing enables
blade load to be increased or cycle time to be reduced compared to dozing on the level. Slot
dozing utilizes a shallow trench (or slot) cut between the loading and dumping areas to in-
crease the blade capacity that can be carried on each cycle. Under favorable conditions, slot
dozing may increase dozer production as much as 50%. The slot dozing technique may be ap-
plied to the excavation of large cut areas by leaving uncut sections between slots. These uncut
sections are removed after all other material has been excavated. Blade-to-blade dozing
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involves two dozers operating together with their blades almost touching. This technique
results in a combined blade capacity considerably greater than that of two single blades.
However, the technique is not efficient for use over short dozing distances because of the extra
maneuvering time required. Mechanically coupled side-by-side (S X S) dozers equipped with
a single large blade are available and are more productive than are blade-to-blade dozers.

Undercarriages (including track, rollers, idlers, and drive sprockets) are high wear
items on all tracked equipment. They are also expensive to buy and maintain. Some oper-
ating suggestions for reducing undercarriage wear include the following.

 Make a daily equipment inspection with special attention to the undercarriage. Check
the items described in Section 19-6 under PM Indicators.

« Avoid spinning the track by reducing track speed until slippage is minimized.

« Don’t operate the equipment at high speed, especially over rough ground or when op-
erating in reverse.

« Use rubber track or rubber track pads when operating on concrete or other hard surfaces.

« During operation, minimize turns. Also, attempt to balance left and right turns and op-
eration up- and down-slope. Alternate directions when it is necessary to traverse slopes.

4-3 LOADERS

A tractor equipped with a front-end bucket is called a loader, front-end loader, or bucket loader.
Both wheel loaders (Figure 4-9) and track loaders (Figure 4-10) are available. Loaders are
used for excavating soft to medium-hard material, loading hoppers and haul units, stockpiling
material, backfilling ditches, and moving concrete and other construction materials.

Wheel loaders possess excellent job mobility and are capable of over-the-road move-
ment between jobs at speeds of 25 mi/h or higher. While their ground pressure is relatively
low and may be varied by the use of different-size tires and by changing inflation pres-
sures, they do not have the all-terrain capability of track loaders. Most modern wheel load-
ers are articulated. That is, they are hinged between the front and rear axles to provide
greater maneuverability.

Track loaders are capable of overcoming steeper grades and side slopes than are
wheel loaders. Their low ground pressure and high tractive effort enable them to operate in
all but the lowest trafficability soils. However, because of their lower speed, their produc-
tion is less than that of a wheel loader over longer haul distances.

Attachments available for the loader include augers, backhoes, crane booms, dozer
and snow blades, and forklifts in addition to the conventional loader bucket. Some models
of wheel loader are designed as a combination backhoe and loader. This piece of equipment,
often called a backhoe loader, is illustrated in Figure 4-11.

Tool Carriers

Tool carriers are similar to wheel loaders but are more versatile because they are equipped
with quick coupling devices to accommodate a wide range of attachments or tools. Some
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Figure 4-9 Articulated wheel loader with articulated hauler. (Courtesy of Volvo
Construction Equipment North America, Inc.)

of the many attachments available include buckets, forks, blades, material handling arms,
rotary brooms, asphalt cutters, hooks, augers, and hydraulic hammers.

Skid-Steer Loaders

Askid-steer loader (Figure 4-12) is a small wheel loader having rigid axles. It steers by brak-
ing the wheels or tracks on one side of the machine while applying power to the other side.
A compact track loader is shown in Figure 4—13. These machines usually weigh less than
10,000 1b (4536 kg), have 17 to 115 hp (13 to 86 kW), and have lift capacities of 600 to
6300 1b (272 to 2858 kg). While rubber-tired machines predominate, track machines are also
available for operating in muddy or loose soils and on steep slopes. In recent years, skid-steer
loaders have become increasingly popular because of their small size, hi gh productivity, and
versatility. Like the tool carrier, they can accommodate a number of attachments in addition
to the basic loader bucket. Some of the many available attachments include:

augers buckets, dirt
broorns buckets, utility

buckets, general-purpose buckets, light-material
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Figure 4-10 Track loader. (Courtesy of John Deere Construction & Forestry
Company)

buckets, multipurpose
cold planers

forks

hammers

landscape rake

Material Handlers

rakes

stump grinders

tillers

trenchers

vibratory compactors

Cranes and wheel loaders are often used to move materials around a construction site. How-
ever, specialized machines called material handlers or rough-terrain forklifts have been de-
veloped for this purpose. The material handler shown in Figure 4-14 has a maximum lift
capacity of 9,000 Ib (4082 kg) and a lift height of 40 ft (12 m). Other machines are avail-
able which have a maximum lift greater than 60 ft (18 m).
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Figure 4-12 Skid-steer loader with backhoe attachment. (Courtesy of the
Bobcat Company)
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Figure 4-13 Compact track loader. (Courtesy of the Bobcat Company)

Estimating Loader Production

Loader production may be estimated as the product of average bucket load multiplied by
cycles per hour (Equation 2-1). Basic cycle time for a loader includes the time required for
loading, dumping, making four reversals of direction, and traveling a minimum distance
(15 ft or less for track loaders). Table 4-6 presents typical values of basic cycle time for
wheel and track loaders. While manufacturers’ performance curves should be used when-
ever possible, typical travel-time curves for wheel loaders are presented in Figure 4-15.

Federal Highway Administration (FHWA) studies have shown little variation in basic
cycle time for wheel loaders up to a distance of 80 ft (25 m) between loading and dumping po-
sition. Therefore, travel time should not be added until one-way distance exceeds this distance.

Loader bucket capacity is rated in heaped (loose) volume, as shown in Table 3-1.
Bucket capacity should be adjusted by a bucket fill factor (Table 3-2) to obtain the best es-
timate of actual bucket volume.
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Figure 4-14 Material handler. (Courtesy of JLG Industries, inc.)

Table 4-6 Basic loader cycle time

Basic Cycle Time (min)

Articulated
Loading Conditions Wheel Loader Track Loader
L.oose materials 0.35 0.30
Average material 0.50 0.35
Hard materials 0.65 0.45

EXAMPLE 4-7

Estimate the hourly production in loose volume (LCY and LCM) of a 3%-yd (2.68-m>)
wheel loader excavating sand and gravel (average material) from a pit and moving it to a
stockpile. The average haul distance is 200 ft (61 m), the effective grade is 6%, the bucket
fill factor is 1.00, and job efficiency is 50 min/h.
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Figure 4-15 Travel time, wheel loader (haul + return).

SOLUTION

Bucket volume = 3.5 X 1 = 3.5 LCY (2.68 LCM)
Basic cycle time = 0.50 min  (Table 4-6)

Travel time = 0.30 min  (Figure 4-14)

Cycle time = 0.50 + 0.30 = 0.80 min

Production = 3.5 X % = 219LCY/h

_ 50 _
[— 2.68 X og = 168 LCM/h:l

Job Management

Some considerations involved in choosing a loader for a project have already been pre-
sented. Cutting of tires is a major problem when loading shot rock with a wheel loader. Type
L-5 tires (rock, extra deep tread) should be used to increase tire life when loading rock. The
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Figure 4-16 Multisegment loader bucket.

pit must be kept well drained, because water acts as a lubricant to increase the cutting ac-
tion of rock on rubber tires.

Because of tipping load limitations, the weight of the material being handled may limit
the size of the bucket that may be used on a loader. In selection of a loader, consideration
must also be given to the clearances required during loading and dumping. Like excavators,
optimum positioning of the loader and haul units will minimize loading, maneuver, and
dump times. Multisegment buckets, also called 4-in-1 buckets and multipurpose buckets
(Figure 4-16), are capable of performing as a clamshell, dozer, or scraper, as well as a con-
ventional loader. Such buckets are often more effective than are conventional buckets in han-
dling wet, sticky materials. Blasting or ripping hard materials before attempting to load them
will often increase loader production in such materials.
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Figure 4-17 Twin-engine all-wheel drive scraper. (Courtesy of Caterpillar Inc.)

4-4 SCRAPERS

Operation and Employment

Scrapers are capable of excavating, hauling, and dumping material over medium- to long-
haul distances. However, only the elevating scraper and the pull-scraper are capable of
achieving high efficiency in loading without the assistance of a pusher tractor or another
scraper. Loading procedures are discussed later in this section. The scraper excavates (or
cuts) by lowering the front edge of its bowl into the soil. The bowl front edge is equipped
with replaceable cutting blades, which may be straight, curved, or extended at the center
(stinger arrangement). Both the stinger arrangement and curved blades provide better
penetration than does a straight blade. However, straight blades are preferred for finish
work.

Although there are a number of different types of scrapers, principal types include single-
engine overhung (two-axle) scrapers, three-axle scrapers, twin-engine all-wheel-drive scrap-
ers, elevating scrapers, auger scrapers, push-pull or twin-hitch scrapers, and pull-scrapers.
Two-axle or overhung scrapers utilize a tractor having only one axle (Figure 4-17). Such an
arrangement has a lower rolling resistance and greater maneuverability than does a three-
axle scraper that is pulled by a conventional four-wheel tractor. However, the additional sta-
bility of the three-axle scraper permits higher operating speeds on long, relatively flat haul
roads. All-wheel-drive scrapers, as the name implies, utilize drive wheels on both the trac-
tor and the scraper. Normally, such units are equipped with twin engines. The additional
power and drive wheels give these units greater tractive effort than that of conventional
scrapers. Elevating scrapers (Figure 4-18) utilize a ladder-type elevator to assist in cutting
and lifting material into the scraper bowl. Elevating scrapers are not designed to be push-
loaded and may be damaged by pushing. Auger scrapers are self-loading scrapers that use a
rotating auger (similar to a posthole auger) located in the center of the scraper bowl to help
lift material into the bowl. Push-pull or twin-hitch scrapers (Figure 4-19) are all-wheel-drive



Figure 4-19 Twin-hitch scraper loading. (Courtesy of CMI Terex Corporation)
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Figure 4-20 Pull scraper. (Courtesy of Deere & Company)

scrapers equipped with coupling devices that enable two scrapers to assist each other in
loading. Their operation is described later in this section. Pull-scrapers (Figure 4-20) utilize
one or more scraper pans towed by a tractor. One of the earliest types of scraper, these scrap-
ers had largely fallen out of construction use but are now finding renewed construction
application. When towed by a tractor having high-flotation tires, these units can operate
under adverse soil conditions and are capable of loading without pusher assistance in sandy
and sandy-clay soils. Such a combination has a lower initial price and lower operating cost
than does a conventional scraper but can be even more productive on medium hauls in suit-
able soils. Pull-scrapers can also be connected in tandem as shown in Figure 4-21.

Estimating Scraper Production

Scraper cycle time is estimated as the sum of fixed cycle time and variable cycle time. Fixed
cycle time in this case includes spot time, load time, and maneuver and dump time. Spot time
represents the time required for a unit to position itself in the cut and begin loading, including
any waiting for a pusher. Table 4-7 provides typical values of fixed cycle time for scrapers.

Variable cycle time, or travel time, includes haul time and return time. As usual, haul
and return times are estimated by the use of travel-time curves or by using the average-
speed method with performance and retarder curves. It is usually necessary to break a haul
route up into sections having similar total resistance values. The total travel time required
to traverse all sections is found as the sum of the section travel times.

In determining the payload per scraper cycle, it is necessary to check both the rated
weight payload and the heaped volume capacity. The volume corresponding to the lesser of
these two values will, of course, govern. The method of estimating production is illustrated
in Examples 4-8 and 4-9.
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Figure 4-21 Tandem Pull-Scrapers. (Courtesy of Deere & Company)

Table 4-7 Scraper fixed time (min)

Spot Time
Conditions Single Pusher Tandem Pusher
Favorable 0.2 0.1
Average 0.3 0.2
Unfavorable 05 0.5
Load Time
Single Tandem Elevating
Conditions Pusher Pusher Scraper Auger Push-Pull*
Favorable 0.5 0.4 0.8 0.7 0.7
Average 0.6 0.5 1.0 0.9 1.0
Unfavorable 1.0 0.9 1.5 1.3 1.4

Maneuver and Dump Time

Conditions Single Engine Twin Engine
Favorable 0.3 0.3
Average 0.7 0.6
Unfavorable 1.0 0.9

*Per pair of scrapers.



110 CHAPTER 4

EXAMPLE 4-8

Estimate the production of a single engine two-axle tractor scraper whose travel-time
curves are shown in Figures 4—4 and 4-5 based on the following information.

Maximum heaped volume = 31 LCY (24 LCM)

Maximum payload = 75,000 1b (34020 kg)
Material: Sandy clay, 3200 1b/BCY (1898 kg/BCM),
2650 Ib/LCY (1571 kg/LLCM), rolling resistance 100 Ib/ton (50 kg/t)
Job efficiency = 50 min/h

Operating conditions = average

Single pusher

Haul route:
Section 1. Level loading area
Section 2. Down a 4% grade, 2000 ft (610 m)
Section 3. Level dumping area
Section 4. Up a 4% grade, 2000 ft (610 m)
Section 5. Level turnaround, 600 ft (183 m)

SOLUTION
Load per cycle:

Weight of heaped capacity = 31 X 2650 = 82,150 ib
[ = 24 X 1571 = 37794 kg]

Weight exceeds rated payload of 75,000 1b (34,020 kg), therefore, maximum capacity is
75,000

Load = 3200 23.4 BCY/load
|:= 3f égéo =179 BCM/load]
Effective grade:
Haul = —4.0 + 12909 =+1%
[= —40 + 51—3 - +1%J
Return = 4.0 + —IQ%Q = +9%

_ 50 _ g0
[mso 8= o]
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Turnaround = 0 + 100 _ 5%
20
[= 0+ 30 = +5%J
Travel time:
Section 2 = 1.02 min (Figure 4-4)
Section 4 = 1.60 min (Figure 4-5)
Section 5 = 0.45 min (Figure 4-5)

Total = 3.07 min
Fixed cycle (Table 4-7):

Load spot = 0.3 min
Load = 0.6 min
Maneuver and dump = 0.7 min
Total = 1.6 min
Total cycle time = 3.07 + 1.6 min = 4.67 min

Estimated production = 23.4 X Z% = 251 BCY/h

- 0 _
[— 179 X 7= = 192 BCM/h}

EXAMPLE 4-9

Solve the problem of Example 4-8 using the average-speed method and the performance
curves of Figure 4-2.

SOLUTION
Payload = 23.4 BCY (17.9 BCM) from Example 4-8
Effective grades from Example 4-8:
Haul = + 1.0%

Return = + 9.0%
Turnaround = + 5.0%

Maximum speed (Figure 4-2):
Haul = 32 mi/h (52 km/h)

Return = 16 mi/h (26 km/h)
Turnaround = 28 mi/h (45 km/h)
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Average speed factor (Table 4-3):

Haul = 0.86 X 0.86 = 0.74
Return = 0.86
Turnaround = 0.68

Average speed:

Haul = 32 X 0.74 = 24 mi/h (38 km/h)
Return = 16 X 0.86 = 13 mi/h (22 km/h)
Turnaround = 28 X 0.68 = 19 mi/h (31 km/h)

Travel time:

2000

Haul = 74 % 88 = (.95 min
[ 610 ]
_— X167 0.95 mm_
2000 .
Return = 3x88 1.75 min
[ 610 |
_— X167 - 1.75 mm_
600 .
Turnaround = 0% 88 0.36 min
[ 183 ]
| T3UX 167 0.36 i
Total = 3.06 min
Fixed cycle = 1.6 min (Example 4-8)
Total cycle time = 4.66 min
Estimated production = 23.4 X 156% = 251 BCY/h

50
|:— 17.9 X 366 192 BCM/h:|
Note: The travel-time curves of Figures 4—4 and 4-5 assume acceleration from an initial
velocity of 2.5 mi/h (4 km/h) upon leaving the cut and fill and deceleration to 2.5 mi/h
(4 km/h) upon entering the cut and fill. The result of adding together the travel times for
several sections will, because of an excessive allowance for acceleration and decelera-
tion, yield a travel time greater than that obtained by the use of the average-speed
method. The time estimate obtained by the use of the average-speed method should be
more realistic.
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Figure 4-22 Methods of push-loading scrapers.

Push-Loading

Except for elevating, pull-scrapers, and push-pull scrapers, wheel scrapers require the as-
sistance of pusher tractors to obtain maximum production. The three basic methods of push-
loading scrapers are illustrated in Figure 4-22. The back-track method is most commonly
used since it permits all scrapers to load in the same general area. However, it is also the
slowest of the three methods because of the additional pusher travel distance. Chain load-
ing is suitable for a long, narrow cut area. Shuttle loading requires two separate fill areas
for efficient operations.

- A complete pusher cycle consists of maneuver time (while the pusher moves into po-
sition and engages the scraper), load time, boost time (during which the pusher assists in
accelerating the scraper out of the cut), and return time. Tandem pushing involves the use
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Figure 4-23 A load growth curve.

of two pusher tractors operating one behind the other during loading and boosting. The use
of tandem pushers reduces scraper load time and frequently results in obtaining larger
scraper loads. The dual tractor described in Section 4-2 is a more efficient pusher than tan-
dem tractors because the dual tractor is controlled by a single operator and no time is lost
in coordination between two operators.

Optimum Load Time

In field studies performed by Caterpillar Inc., it was found that the scraper loading time
which yielded maximum scraper production in a given situation was usually less than the
loading time required to obtain the maximum scraper load. Caterpillar called the loading
time which yielded maximum production the optimum load time. A simple method for de-
termining the optimum load time is described below.

To determine the optimum load time it is first necessary to plot the volume of scraper
load versus loading time. To do this, the scraper must be loaded for controlled periods of
time and weighed each time after loading. The load weight is then converted into scraper
volume and plotted as a load growth curve (see Figure 4-23). As you recognize, the slope
of the load growth curve at any loading time corresponds to the rate of loading at that time.

A simple graphical method for determining the optimum load time is illustrated in
Figure 4-24. First, extend the horizontal axis of the load growth curve to the left of the ori-
gin. Next, locate a point (A) on this axis whose distance from the origin represents “total
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Figure 4-24 Finding the optimum load time.

Table 4-8 Typical pusher cycle time (min)

Loading Method Single Pusher Tandem Pusher
Back-track 1.5 1.4
Chain or shuttle 1.0 0.9

cycle time less loading time.” Finally, draw a tangent to the load growth curve from Point A
intersecting the curve at Point B. The loading time (C) corresponding to Point B is the opti-
mum load time. To prove this, realize that the distance A—C represents total scraper cycle
time and B-C represents the corresponding volume per cycle. The slope of the line A-B thus
represents production (volume) per unit of time. When the slope of A-B is at a maximum,
the scraper production per unit of time is maximized.

Calculating the Number of Pushers Required

The number of scrapers that can theoretically be handled by one pusher without a scraper
having to wait for a pusher can be calculated by the use of Equation 4-11. The number of
pushers required to fully service a given scraper fleet may then be determined from Equa-
tion 4-12. It is suggested that the result obtained from Equation 4-11 be rounded down to
one decimal place for use in Equation 4-12. The result obtained from Equation 4—12 must
be rounded up to the next whole number to ensure that scrapers do not have to wait for a
pusher. Methods for estimating scraper cycle time have already been presented. Table 4-8
may be used for estimating pusher cycle time.



116 CHAPTER 4

Scraper cycle time

Number of scrapers served = 4-11)

Pusher cycle time

Number of scrapers

Number of pushers required = 4-12)

Number served by one pusher

When the number of pushers actually used is less than the number required to fully serve the

scraper fleet, expected production is reduced to that obtained using Equation 4-13. In per-

forming this calculation, use the precise number of pushers required, not the integer value.
No. of pushers

. _ _No.olpushers _ % .
Production Required number X No. of scrapers X Production per scraper 4-13)

EXAMPLE 4-10

The estimated cycle time for a wheel scraper is 6.5 min. Calculate the number of pushers
required to serve a fleet of nine scrapers using single pushers. Determine the result for both
back-track and chain loading methods.

SOLUTION
Number of scrapers per pusher (Eq 4-11):

Back-track = 6> =43

Chain = —= = 6.5

Number of pushers required (Eq 4-12):

o

.3=2.1=3

N
Cha1n—6‘5— 14=2

Back-track =

o

EXAMPLE 4-11

Find the expected production of the scraper fleet of Example 4-10 if only one pusher is
available and the chain loading method is used. Expected production of a single scraper as-
suming adequate pusher support is 226 BCY/h (173 BCM/h).

SOLUTION
Number of pushers required to fully serve fleet = 1.4
Production = 1—{‘: X 9 X 226 = 1453 BCY/h (Eq 4-13)
1

[z-ﬁ X 9 X 173 = 1112 BCM/h:| (Eq4-13)
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Push-Pull Loading

In push-pull or twin-hitch scraper loading, two all-wheel-drive scrapers assist each other to load
without the use of pusher tractors. The scrapers are equipped with special push blocks and cou-
pling devices, as shown in Figure 4-19. The sequence of loading operations is as follows:

1. The first scraper to arrive in the cut starts to self-load.

2. The second scraper arrives, makes contact, couples, and pushes the front scraper to
assist it in loading.

(%)

When the front scraper is loaded, the operator raises its bowl. The second scraper then
begins to load with the front scraper pulling to assist in loading.

4. The two scrapers uncouple and separate for the haul to the fill.

Although there are a number of advantages claimed for this method of loading, basically it
offers the loading advantages of self-loading scrapers while retaining the hauling advan-
tages of standard scrapers. No pusher tractor or its operator is required. There is no problem
of pusher-scraper mismatch and no lost time due to pusher downtime. However, scrapers
must operate in pairs so that if one scraper breaks down, its partner must be diverted to a dif-
ferent operation. Conditions favoring push-pull operations include long, straight hauls with
relatively easy to load materials. An adequate number of spreading and compacting units
must be available at the fill, since two scrapers dump almost simultaneously.

Job Management

The type of scraper that may be expected to yield the lowest cost per unit of production is a
function of the total resistance and the haul distance, as shown in Figure 4-25. Elevating
scrapers can use their self-loading ability effectively for short hauls. However, their additional
weight puts them at a disadvantage on long hauls. Of the conventional scrapers, single-engine
overhung units are best suited to medium distances on relatively flat haul roads where
maneuverability is important and adequate pusher power is available. Three-axle units are
faster on long hauls and uneven surfaces. All-wheel-drive tandem-powered units are favored
for conditions of high total resistance at all but the shortest haul distances. Notice that push-
pull or twin-hitch scrapers overlap the entire all-wheel-drive zone of Figure 4-25 and extend
into the elevating and conventional zones.
Some techniques for maximizing scraper production include:

* Use downhill loading whenever possible to reduce the required pusher power and
load time.

*» Use chain or shuttle loading methods if possible.

* Use rippers or scarifiers to loosen hard soils before attempting to load.

* Have pushers give scrapers an adequate boost to accelerate units out of the cut.

* Keep the cut in good condition by using pushers during their idle time or by employ-
ing other equipment. Provide adequate drainage in the cut to improve trafficability.

* Maintain the haul road in the best possible condition. Full-time use of a motor grader
on the haul road will usually pay off in increased scraper production.

* Make the haul road wide enough to permit high-speed hauling without danger. One-
way haul roads should be utilized whenever possible.
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Figure 4-25 Scraper application zones.

* Keep the fill surface smooth and compacted to minimize scraper time in the fill.
* Boost scrapers on the fill if spreading time is excessive.

Supervisors must carefully control operations in the cut, on the haul road, and in the fill to
maximize production. Scrapers must be kept evenly spaced throughout their cycle to avoid
interference between units. Scrapers that break down or cannot maintain their place in the
cycle must be repaired promptly or replaced by standby units.

4-5 TRUCKS AND WAGONS

Operation and Employment

Because hauling (or the transportation of excavation) is a major earthmoving activity, there
are many different types of hauling equipment available to the constructor. In addition to the
dozer, loader, and scraper already described, hauling equipment includes trucks, wagons, con-
veyor belts, and trains. Most of the belt-type conveyors used in construction are portable units
used for the movement of bulk construction materials within a small area or for placing con-
crete. However, conveyors are capable of moving earth and stone relatively long distances at
high speed. Their ability to move earth for highway construction has been demonstrated in
Great Britain. In the United States, they have been utilized on a number of large construction
projects, such as dams. Their application is primarily limited by their large capital cost.
Conventional freight trains may be used to haul earth or rock over long distances
when tracks are located near the excavation and fill areas. However, most construction
applications involve narrow-gauge rail lines built in the construction area. This type of
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equipment is often used to remove the spoil from tunneling. Special rail cars are available
for hauling plastic concrete. Although not usually thought of as a piece of earthmoving
equipment, a dredge is capable of excavating soil and fractured rock and transporting it
through pipelines in the form of a slurry.

Trucks and wagons are still the most common forms of construction hauling equip-
ment. The heavy-duty rear-dump truck is most widely used because of its flexibility of use
and the ability of highway models to move rapidly between job sites. There are a wide va-
riety of types and sizes of dump truck available. Trucks may be powered by diesel or gaso-
line engines, have rear axle or all-wheel drive, have two or three axles, be equipped with
standard or rock bodies, and so on. Trucks used for hauling on public highways are limited
by transportation regulations in their maximum width, gross weight, and axle load. There is
a growing trend toward the use of off-highway models that can be larger and heavier and
carry payloads up to several hundred tons. Figure 4-26 shows a 41-ton rear-dump truck be-
ing loaded by a shovel. The all-wheel-drive articulated dump truck illustrated in Figure 4-27
(also called an articulated hauler) is finding increasing usage because of its ability to carry
large loads over low-trafficability soils.

Figure 4-26 41-ton rear-dump truck. (Courtesy of Volvo Construction
Equipment North America, Inc.)
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Figure 4-27 All-wheel-drive articulated dump truck. (Courtesy of CMI Terex
Corporation)

Wagons are earthmoving trailers pulled by tractors or truck-tractors. They are some-
times referred to as pure haulers because they have many characteristics of tractor-scrapers,
but they are designed for hauling only. They are available in bottom-dump, end-dump, and
side-dump models. Bottom-dump models are often preferred for moving earth and crushed
rock because of their ability to dump and spread while moving at a relatively high speed.
Dump gates are available as either longitudinal flow gates or cross-flow gates. Longitudinal
flow dumping is desirable for windrowing and stockpiling while cross-flow dumping permits
better spreading of base materials and aggregates. Some wagons are capable of either cross-
flow or longitudinal-flow spreading. Although wagons are independent pieces of equipment,
some are especially designed to work with a particular make and model of tractor. A 70-ton,
bottom-dump wagon equipped with two longitudinal-flow gates is shown in Figure 4-28.

Determining the Number of Haul Units Needed

The components of the truck or wagon cycle are similar to those of the scraper described
in Section 4—4. Thus total cycle time is the sum of the fixed time (spot, load, maneuver, and
dump) and the variable time (haul and return). The fixed time elements of spot, maneuver,
and dump may be estimated by the use of Table 4-9. Loading time, however, should be cal-
culated by the use of Equation 4-14 or 4-15.

Haul unit capacity
Loader production at 100 % efficiency
Load time = Number of bucket loads X Excavator cycle time 4-15)

(4-14)

Load time =
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Figure 4-28 Bottom-dump wagon. (Courtesy of CMI Terex Corporation)

Table 4-9 Spot, maneuver, and dump time for
trucks and wagons (min)

Conditions Bottom Dump Rear Dump
FFavorable 1.1 05
Average 1.6 1.1
Unfavorable 2.0 25

The reason for using an excavator loading rate based on 100% excavator efficiency in
Equation 4--14 is that excavators have been found to operate at or near-100% efficiency
when actually loading. Thus the use of the 100% efficiency loading rate is intended to en-
sure that an adequate number of trucks is provided so that the excavator will not have to
wait for a truck. Either bank or loose measure may be used in Equation 4—14, but the same
unit must be used in both numerator and denominator.
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The number of trucks theoretically required to keep a loader fully occupied and thus
obtain the full production of the loader may be calculated by the use of Equation 4-16. Al-
though this method gives reasonable values for field use, it should be recognized that some
instances of the loader waiting for haul units will occur in the field when this method is used.
This is due to the fact that some variance in loader and hauler cycle time will occur in the
real-world situation. More realistic results may be obtained by the use of computer simula-
tion techniques or the mathematical technique known as queueing theory (see reference 5).

Haul unit cycle time
Load time

Number of haulers required (N) = (4-16)

The result obtained from Equation 4-16 must be rounded up to the next integer. Using this
method, the expected production of the loader/hauler system is the same as though the ex-
cavator were simply excavating and stockpiling. Reviewing the procedure, system output
is assumed to equal normal loader output, including the usual job efficiency factor. How-
ever, the number of haul units required is calculated using 100% loader efficiency.

If more than the theoretically required number of trucks is supplied, no increase in
system production will occur, because system output is limited to excavator output. How-
ever, if less than the required number of trucks is supplied, system output will be reduced,
because the excavator will at times have to wait for a haul unit. The expected production in
this situation may be calculated by the use of Equation 4-17. In performing this calcula-
tion, use the precise value of N, not its integer value.

Expected production _ Actual Number of units _ Excavator
(no. units less than N) ~ N production 4-17)

EXAMPLE 4-12

Given the following information on a shovel/truck operation, (a) calculate the number of
trucks theoretically required and the production of this combination; (b) calculate the ex-
pected production if two trucks are removed from the fleet.
Shovel production at 100% efficiency = 371 BCY/h (283 BCM/h)
Job efficiency = 0.75
Truck capacity = 20 BCY (15.3 BCM)

Truck cycle time, excluding loading = 0.5 h

SOLUTION

(@)

Load time = % = 0.054h (Eq 4-14)

153
[— S55 = 0054 h:i
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Truck cycle time = 0.5 + 0.054 = 0.554 h

0.554
0.054

Expected production = 371 X 0.75 = 278 BCY/h
[=283 X 0.75 = 212 BCM/h]
(b) With nine trucks available,

Number of trucks required = =103 =11 (Eq 4-16)

Expected production = T§—3 X 278 = 243 BCY/h (Eq 4-17)

-9 _ :
[_ o3 X 212=186 BCM/hJ

Job Management

An important consideration in the selection of excavator/haul unit combinations is the effect
of the size of the target that the haul unit presents to the excavator operator. If the target is too
small, excessive spillage will result and excavator cycle time will be increased. Studies have
found that the resulting loss of production may range from 10 to 20%. As a rule, haul units
loaded by shovels, backhoes, and loaders should have a capacity of 3 to 5 times excavator
bucket capacity. Because of their less precise control, clamshells and draglines require larger
targets. A haul unit capacity of 5 to 10 times excavator bucket capacity is recommended for
these excavators. Haul units that hold an integer number of bucket loads are also desirable.
Using a partially filled bucket to top off a load is an inefficient operation.

Time lost in spotting haul units for loading is another major cause of inefficiency. As
discussed under excavator operations, reducing the excavator swing angle between digging
and loading will increase production. The use of two loading positions, one on each side of
the excavator, will reduce the loss of excavator production during spotting. When haul units
are required to back into loading position, bumpers or spotting logs will assist the haul unit
operator in positioning his vehicle in the minimum amount of time.

Some other techniques for maximizing haul unit production include:

* If possible, stagger starting and quitting times so that haul units do not bunch up at
the beginning and end of the shift.

* Do not overload haul units. Overload results in excessive repair and maintenance.

* Maintain haul roads in good condition to reduce travel time and minimize equip-
ment wear.

* Develop an efficient traffic pattern for loading, hauling, and dumping.
* Roads must be wide enough to permit safe travel at maximum speeds.

* Provide standby units (about 20% of fleet size) to replace units that break down or
fail to perform adequately.

* Do not permit speeding. It is a dangerous practice; it also results in excessive equip-
ment wear and upsets the uniform spacing of units in the haul cycle.
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In unit price earthmoving contracts, payment for movement of soil or rock from cut
to fill that exceeds a specified distance is termed overhaul. Overhaul can be minimized by
selection of an optimum design surface elevation (grade) and by use of borrow and waste
areas at appropriate locations.

PROBLEMS

1. The load growth data for a scraper are given here. The scraper’s total cycle time minus
load time is 3.5 min. Find the scraper’s optimum load time.

Average Load

Load Time (min) BCY BCM
0.2 10.8 8.3
0.4 17.8 13.6
0.6 21.6 16.5
0.8 23.6 18.0
1.0 24.8 19.0
1.2 255 19.5
1.4 25.8 19.8

2. Apower-shift crawler tractor is excavating tough clay and pushing it a distance of 95 ft
(29 m). Maximum reverse speeds are: first range, 3 mi/h (4.8 km/h); second range,
5 mi/h (8.1 km/h); and third range, 8 mi/h (12.9 km/h). Rated blade capacity is 10 LCY
(7.65 LCM). Estimate dozer production if the job efficiency factor is 0.83.

3. Using the data of Problem 7, calculate the expected production and unit cost of loading
and hauling if the truck fleet consists of five trucks.

4. The scraper whose performance curve is shown in Figure 4-2is operating at an altitude
at which the derating factor is 10%. The scraper is operating up a grade of 3% over a
haul road having a rolling resistance factor of 100 Ib/ton (50 kg/t). What is the maxi-
mum speed of the scraper when carrying its rated load?

5. How many hours should it take an articulated wheel loader equipped with a 4-yd
(3.06-m>) bucket to load 3,000 cu yd (2294 m°) of gravel from a stockpile into rail cars
if the average haul distance is 300 ft (91.5 m) one way? The area is level with a rolling
resistance factor of 120 Ib/ton (60 kg/t). Job efficiency is estimated at 50 min/h.

6. The tractor-scraper whose travel-time curves are shown in Figures 4-4 and 4-5 hauls
its rated payload 4000 ft (1220 m) up a 5% grade from the cut to the fill and returns
empty over the same route. The rolling resistance factor for the haul road is 120 Ib/ton
(60 kg/t). Estimate the scraper travel time.

7. A hydraulic shovel will be used to excavate sandy clay and load it into 12-BCY
(9.2-BCM) dump trucks. The shovel’s production at 100% efficiency is estimated to
be 300 BCY/h (229 BCM/h), and job efficiency is 0.80. Truck travel time is estimated
to be 8.0 min, and truck fixed-cycle time (excluding loading) is estimated to be 2.0 min.
Equipment costs for the shovel and trucks are $40/h and $20/h, respectively.
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a. How many trucks are theoretically required to obtain maximum production?

b. What is the expected production of the system in bank measure using this number
of trucks?

c. What is the expected unit loading and hauling cost ($/BCY or $/BCM)?

A wheel tractor-scraper whose weight on the driving wheels is 38,720 1b (17,563 kg)
has a gross weight of 70,400 1b (31,933 kg). If the road surface is dry earth with a
rolling resistance factor of 100 1b/ton (50 kg/t), what is the maximum grade the scraper
could ascend?

- What is a pull-scraper? What advantages does it have over conventional scrapers?
10.

Write a computer program to calculate the number of pushers required to service a
specified scraper fleet. Input should include scraper cycle time, method of push-loading,
and whether single or tandem pushers will be used. Using your program, verify the so-
lution given in Example 4-10.
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Compacting and Finishing

5-1 PRINCIPLES OF COMPACTION

The Compaction Process

Compaction is the process of increasing the density of a soil by mechanically forcing the soil
particles closer together, thereby expelling air from the void spaces in the soil. Compaction
should not be confused with consolidation, which is an increase in soil density of a cohesive
soil resulting from the expulsion of water from the soil’s void spaces. Consolidation may re-
quire months or years to complete, whereas compaction is accomplished in a matter of hours.

Compaction has been employed for centuries to improve the engineering properties of
soil. Improvements include increased bearing strength, reduced compressibility, improved
volume-change characteristics, and reduced permeability. Although the compaction principles
are the same, the equipment and methods employed for compaction in building construction
are usually somewhat different from those employed in heavy and highway construction. Some
of the building construction characteristics producing these differences include the limited dif-
ferential settlement that can be tolerated by a building foundation, the necessity for working in
confined areas close to structures, and the smaller quantity of earthwork involved.

The degree of compaction that may be achieved in a particular soil depends on the soil’s
physical and chemical properties (see Chapter 2), the soil’s moisture content, the compaction
method employed, the amount of compactive effort, and the thickness of the soil layer being com-
pacted (lift thickness). The four basic compaction forces are static weight, manipulation (or
kneading), impact, and vibration. Although all compactors utilize static weight to achieve com-
paction, most compactors combine this with one or more of the other compaction forces. For ex-
ample, a plate vibrator combines static weight with vibration. Manipulation of soil under
pressure to produce compaction is most effective in plastic soils. The forces involved in impact
and vibration are similar except for their frequency. Impact or tamping involves blows delivered
atlow frequencies, usually about 10 cycles per second (Hz), and is most effective in plastic soils.
Vibration involves higher frequencies, which may extend to 80 cycles per second (Hz) or more.
Vibration is particularly effective in compaction of cohesionless soils such as sand and gravel.
The selection and employment of compaction equipment is discussed in Section 5-2.

127
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Optimum Moisture Content

Although soil moisture content is only one of the five factors influencing compaction re-
sults, it is a very important one. As a result, a standard laboratory test called a Proctor test
has been developed to evaluate a soil’s moisture-density relationship under a specified com-
paction effort. Actually, there are two Proctor tests which have been standardized by the
American Society for Testing and Materials (ASTM) and the American Association of State
Highway and Transportation Officials (AASHTO). These are the Standard Proctor Test
(ASTM D 698, AASHTO T-99) and the Modified Proctor Test (ASTM D 1557, AASHTO
T-180). Characteristics of these two tests are given in Table 5-1. Since the modified test was
developed for use where high design loads are involved (such as airport runways), the com-
pactive effort for the modified test is more than four times as great as for the standard test.

To determine the maximum density of a soil using Proctor test procedures, com-
paction tests are performed over a range of soil moisture contents. The results are then plot-
ted as dry density versus moisture content as illustrated in Figure 5-1. The peak of each
curve represents the maximum density obtained under the compactive effort supplied by
the test. As you might expect, Figure 5-1 shows that the maximum density achieved under
the greater compactive effort of the modified test is higher than the density achieved in the
standard test. Note the line labeled “zero air voids” on Figure 5-1. This curve represents

Table 5-1 Characteristics of Proctor compaction tests

Test Details Standard Modified

Diameter of mold

in. 4 4

mm 102 102
Height of sample

in. 5 cut to 4.59 5 cut to 4.59

mm 127 cutto 117 127 cutto 117
Number of layers 3 5
Blows per layer 25 25
Weight of hammer

Ib 55 10

kg 25 45
Diameter of hammer

in. 2 2

mm 51 51
Height of hammer drop

in. 12 18

mm 305 457
Volume of sample

cu ft Yo Yho

I 0.94 0.94

Compactive effort
ft-Ib/cu ft 12,400 56,200
kd/m® 592 2693
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the density at which all air voids have been eliminated; that is, all void spaces are com-
pletely filled with water. Thus it represents the maximum possible soil density for any spec-
ified water content. Actual density will always be somewhat less than the zero air voids
density because it is virtually impossible to remove all air from the soil’s void spaces.

The moisture content at which maximum dry density is achieved under a specific com-
paction effort is referred to as the optimum moisture content of the soil. Referring to Figure 5-1,
we see that for the Standard Proctor Test the optimum moisture content for this soil is about
20% of the soil’s dry weight. Notice, however, that the optimum moisture content for the
modified test is only about 15%. This relationship is typical for most soils. That is, a soil’s
optimum moisture content decreases as the compactive effort is increased. If tests are run at
several different levels of compactive effort, a line of optimum moisture contents may be
drawn as shown in Figure 5-1 to illustrate the variation of optimum moisture with com-
pactive effort. The effect of soil type on compaction test results is illustrated in Figure 5-2.
While most soils display a similar characteristic shape, notice the rather flat curve obtained
when compacting uniform fine sands (curve 5). The compaction curve for heavy clays (curve 7)
is intermediate between that of uniform fine sands and those of the more typical soils.

The importance of soil moisture content to field compaction practice can be demonstrated
using Figure 5-1. Suppose that specifications require a density of 100 Ib/cu ft (1.6 g/em®)
for this soil and that the compactive effort being used is equal to that of the Standard Proctor
Test. From Figure 5-1 it can be seen that the required density may be achieved at any
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Figure 5-1 Typical compaction test results.
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Figure 5-2 Modified Proctor Test results for various soils. (Courtesy of
Dr. Harvey E. Wahls)

moisture content between 13 and 24%. However, a density of 105 Ib/cu ft (1.68 g/em?®)
can only be achieved at a moisture content of 20%. Relationships among field and
laboratory results for various soils, different types of equipment, and varying levels of
compactive effort are discussed in Section 5-2.

Compaction Specifications

Compaction specifications are intended to ensure that the compacted material provides the
required engineering properties and a satisfactory level of uniformity. To ensure that the re-
quired engineering properties are provided, it is customary to prescribe the characteristics of
the material to be used and a minimum dry density to be achieved. If the natural site mate-
rial is to be compacted, only a minimum density requirement is needed. The Proctor test is
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widely used for expressing the minimum density requirement. That is, the specification will
state that a certain percentage of Standard Proctor or Modified Proctor density must be ob-
tained. For the soil of Figure 5-1, 100% of Standard Proctor density corresponds to a dry
density of 105 Ib/cu ft (1.68 g/cm®). Thus a specification requirement for 95% of Standard
Proctor density corresponds to a minimum dry density of 99.8 Ib/cu ft (1.60 g/cm?).

Typical density requirements range from 90% of Standard Proctor to 100% of Modi-
fied Proctor. For example, 95% of Standard Proctor is often specified for embankments,
dams, and backfills. A requirement of 90% of Modified Proctor might be used for the support
of floor slabs. For the support of structures and for pavement base courses where high wheel
loads are expected, requirements of 95 to 100% of Modified Proctor are commonly used.

A lack of uniformity in compaction may result in differential settlement of structures
or may produce a bump or depression in pavements. Therefore, it is important that uniform
compaction be obtained. Uniformity is commonly controlled by specifying a maximum
variation of density between adjacent areas. Compaction specifications may range from
performance specifications in which only a minimum dry density is prescribed to method
specifications that prescribe the exact equipment and procedures to be used. (See Section
18-4 for a discussion of specifications.)

Measuring Field Density

To verify the adequacy of compaction, the density (soil or asphalt) actually obtained in the
field must be measured and compared with the specified density. (Compaction of asphalt
pavements is further discussed in Section 8-2.) The methods available for performing in-
place density tests include a number of traditional methods (liquid tests, sand tests, etc.),
nuclear density gauges, nonnuclear density gauges, and equipment-mounted compaction
measurement systems. All of the traditional test methods involve removing a material sam-
ple, measuring the volume of the hole produced, and determining the dry weight of the ma-
terial removed. Compacted density is then found as the dry weight of material removed
divided by the volume of the hole.

Liquid tests measure the volume of material removed by measuring the volume of lig-
uid required to fill the hole. A viscous fluid such as engine oil is poured from a calibrated
container directly into the hole when testing relatively impermeable soils such as clays and
silts. A method used for more permeable materials involves forcing water from a calibrated
container into a rubber balloon inserted into the hole. Sand tests involve filling both the hole
and an inverted funnel placed over the hole with a uniform fine sand. The volume of the
hole and funnel is found by dividing the weight of sand used by its density. The volume of
the funnel is then subtracted to yield the hole volume.

Nuclear density devices measure the amount of radioactivity from a calibrated source
that is reflected back from the compacted material to determine both material density and
moisture content. When properly calibrated and operated, these devices produce accurate re-
sults in a fraction of the time required to perform traditional density tests. The increasing size
and productivity of earthmoving and paving equipment have greatly increased the need for
rapid determination of the soil or asphalt density being achieved. As a result, the use of nu-
clear density devices is becoming widespread.

Nonnuclear density gauges that measure asphalt density, temperature, and moisture
content are also available. Nonnuclear devices are safer, lighter, and easier to transport than
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nuclear devices. When properly calibrated, such devices claim to be as accurate as nu-
clear devices.

Responding to the need for rapid measurement of compaction results, equipment-
mounted compaction measurement and control systems are being offered by a number of
compaction equipment manufacturers. In addition to measuring and recording the material
density actually achieved, some systems control the energy being delivered by the compactor
to avoid over- or undercompaction of the material. Some systems also record the temperature
of the asphalt being compacted. Measurement systems which provide a continuous record of
compaction results over the entire area covered by the roller are valuable for providing proof
of the compaction actually achieved.

5-2 COMPACTION EQUIPMENT AND PROCEDURES

Types of Compaction Equipment

Principal types of compaction equipment include tamping foot rollers, grid or mesh rollers,
vibratory compactors, smooth steel drum rollers, pneumatic rollers, segmented pad rollers,
and tampers or rammers (see Figure 5-3).

Tamping foot rollers utilize a compaction drum equipped with a number of protruding
feet. Tamping foot rollers are available in a variety of foot sizes and shapes, including the
sheepsfoot roller. During initial compaction, roller feet penetrate the loose material and sink
to the lower portion of the lifts. As compaction proceeds, the roller rises to the surface or
“walks out” of the soil. All tamping foot rollers utilize static weight and manipulation to
achieve compaction. Therefore, they are most effective on cohesive soils. While the sheeps-
foot roller produces some impact force, it tends to displace and tear the soil as the feet enter
and leave the soil. Newer types of tamping foot rollers utilize a foot designed to minimize dis-
placement of soil during entry and withdrawal. These types of rollers more effectively utilize
impact forces. High-speed tamping foot rollers may operate at speeds of 10 mi/h (16 km/h)
or more. At these speeds they deliver impacts at a frequency approaching vibration.

Grid or mesh rollers utilize a compactor drum made up of a heavy steel mesh. Be-
cause of their design, they can operate at high speed without scattering the material being
compacted. Compaction is due to static weight and impact plus limited manipulation. Grid
rollers are most effective in compacting clean gravels and sands. They can also be used to
break up lumps of cohesive soil. They are capable of both crushing and compacting soft
rock (rock losing 20% or more in the Los Angeles Abrasion Test).

Vibratory compactors are available in a wide range of sizes and types. In size they
range from small hand-operated compactors (Figure 5-4) through towed rollers to large
self-propelled rollers (Figure 5-5). By type they include plate compactors, smooth drum
rollers, and tamping foot rollers. Small walk-behind vibratory plate compactors and vibra-
tory rollers are used primarily for compacting around structures and in other confined areas.
Vibratory plate compactors are also available as attachments for hydraulic excavators. The
towed and self-propelled units are utilized in general earthwork. Large self-propelled
smooth drum vibratory rollers are often used for compacting bituminous bases and pave-
ments. While vibratory compactors are most effective in compacting noncohesive soils,
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Figure 5-3 Major types of compaction equipment. (Reprinted by permission of
Caterpillar inc. © 1971)
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Figure 5-4 Walk-behind vibratory plate compactor. (Courtesy of Wacker Corp.)

they may also be effective in compacting cohesive soils when operated at low frequency
and high amplitude. Many vibratory compactors can be adjusted to vary both the frequency
and amplitude of vibration.

Steel wheel or smooth drum rollers are used for compacting granular bases, asphaltic
bases, and asphalt pavements. Types available include towed rollers and self-propelled
rollers. Self-propelled rollers include three-wheel (two-axle) and two- and three-axle tan-
dem rollers. The compactive force involved is primarily static weight.

Rubber-tired or pneumatic rollers are available as light- to medium-weight multitired
rollers and heavy pneumatic rollers. Wobble-wheel rollers are multitired rollers with wheels
mounted at an angle so that they appear to wobble as they travel. This imparts a kneading
action to the soil. Heavy pneumatic rollers weighing up to 200 tons are used for dam con-
struction, compaction of thick lifts, and proof rolling. Pneumatic rollers are effective on al-
most all types of soils but are least effective on clean sands and gravels.

Segmented pad rollers are somewhat similar to tamping foot rollers except that they
utilize pads shaped as segments of a circle instead of feet on the roller drum. As a result,
they produce less surface disturbance than do tamping foot rollers. Segmented pad rollers
are effective on a wide range of soil types.
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Figure 5-5 Vibratory tamping foot compactor. (Courtesy of BOMAG (USA))

Rammers or tampers are small impact-type compactors which are primarily used for
compaction in confined areas. Some rammers, like the one shown in Figure 5-6, are clas-
sified as vibratory rammers because of their operating frequency.

Compaction in Confined Areas

The equipment available for compaction in confined areas such as trenches and around
foundations includes small vibratory plate compactors (Figure 5-4), tampers or rammers
(Figure 5-6), walk-behind static and vibratory rollers (Figure 5-7), and attachments for
backhoes and hydraulic excavators.



Figure 5-6 Small vibratory
rammer. (Courtesy of Wacker
Corp.)

Figure 5-7 Walk-behind
vibratory roller with remote
control. (Courtesy of Wacker
Corporation)

136



COMPACTING AND FINISHING 137

Figure 5-8 Compaction
wheel mounted on hydraulic
excavator. (Courtesy of
American Compaction
Equipment, Inc.)

Compactors which mount on the boom of backhoes and excavators include com-
paction wheels and vibratory plate compactors. Such compactors are highly maneuverable
and are especially useful for compacting the material in deep excavations such as trenches.
Due to their long reach, these compactors often eliminate the safety hazard involved in hav-
ing a compactor operator down in the trench.

Compaction wheels (Figure 5-8) are small compactors similar in design to tamping
foot rollers. They are normally mounted on the boom of backhoes or hydraulic excavators.

Vibratory plate attachments (Figure 5-9) are small vibratory plate compactors which
are powered by the hydraulic system of the equipment to which they are attached.

Characteristics of typical compactors for confined areas are given in Table 5-2.

Selection of Compaction Equipment

The proper selection of compaction equipment is an important factor in obtaining the re-
quired soil density with a minimum expenditure of time and effort. The chart in Figure 5-10
provides a rough guide to the selection of compaction equipment based on soil type.



Figure 5-9 Vibratory plate compactor attachment for excavator. (Courtesy of
Ingersoll-Rand Tramac)

Table 5-2 Compactors for confined areas

Weight Power Freq Force Width
Type [ib(kg)] [hp(kW)] [vpm] [Ib(kN)] [in.(cm)]
Rammer/tamper 108-235 3-5 550-700 1850-5900 4-16"
(49-107) (2-4) (8.2-26.2) (10-41)
Vibratory plate 99-1335 3-14 25806325 1320-15000 12-32"
(45-606) (2-10) (5.9-66.7) (30-81)
Vibratory roller 1000-3400 7-24 1800—4200 3400-16000 4-43
(454-1542) (5-32) (15.1-71.2) (10—-109)
Excavator Attachments
Compaction wheel 600-5155 NA NA NA 4-46
(272-2338) (10-117)
Vibratory compactor 825-2250 NA 1700-2400 6400-22000 19-35"
(374-1021) (28.5-97.9) (48-89)

*Extensions available
*Narrow trench attachments available
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Material Steel Pneumatic Vibratory Tamping Grid
wheel foot

Rock ® O ® o | O

Gravel, clean
or silty . O ‘ . .

Gravel, clayey . e O . O

S e O O o | ®

2;nd, clayey O e e . O

Clay, sandy
or silty O ' e . QD

Clay, heavy O . O . O

. Recommended
Q Acceptable
O Marginal

Figure 5-10 Compaction equipment selection guide.

Compaction Operations

After selecting appropriate compaction equipment, a compaction plan must be developed.
The major variables to be considered include soil moisture content, lift thickness, number
of passes used, ground contact pressure, compactor weight, and compactor speed. For vi-
bratory compactors, it is also necessary to consider the frequency and amplitude of vibra-
tion to be employed.

The general concepts of optimum moisture content as related to compaction effort
and soil density have been discussed in Section 5~1. However, it must be recognized that
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Figure 5-11 Variation of optimum moisture content with roller type. (From
reference 6)

the compactive effort delivered by a piece of compaction equipment will seldom be exactly
the same as that of either the standard or modified compaction test. As a result, the field op-
timum moisture content for a particular soil/compactor combination will seldom be the
same as the laboratory optimum. This is illustrated by Figure 5-11, where only one of the
four compactors has a field optimum moisture content close to the laboratory optimum. For
plastic soils it has been observed that the field optimum moisture content is close to the lab-
oratory Standard Proctor optimum for pneumatic rollers. However, the field optimum is ap-
preciably lower than laboratory optimum for tamping foot rollers. For nonplastic soils, the
field optimum for all nonvibratory equipment appears to run about 80% of the laboratory
Standard Proctor optimum. The vibratory compactor appears to be most effective in all
types of soil when the field moisture is appreciably lower than laboratory optimum.

Lifts should be kept thin for most effective compaction. For all rollers, except vibra-
tory rollers and heavy pneumatic rollers, a maximum lift thickness of 5to 8 in. (15 10 20 cm)
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Figure 5-12 Typical effect of number of passes.

is suggested. Lift thicknesses of 12 in. (30 cm) or more may be satisfactory using heavy
pneumatic rollers. However, precompaction with a light roller may be required to prevent
rutting when heavy pneumatic rollers are used on thick lifts. The maximum lift thickness for
effective vibratory compaction depends on the static weight of the compactor. Appropriate
lift thicknesses for clean granular soils may range from 8 in. (20 cm) for a 1-ton compactor
to 48 in. (122 cm) for a 15-ton (13.6 t) compactor. Heavy vibratory rollers have successfully
compacted rock using lift thicknesses of 7 ft (2.1 m).

The compaction achieved by repeated passes of a compactor depends on the
soil/compactor combination utilized. For some combinations (such as a tamping foot roller
compacting a clayey gravel), significant increases in density may continue to occur beyond
50 passes. However, as shown in Figure 5-12, the increase in density is relatively small af-
ter about 10 passes for most soil/compactor combinations.

Ground contact pressure may vary from 30 Ib/sq in. (207 kPa) for a pneumatic roller
to 300 1b/sq in. (2070 kPa) or more for a tamping foot roller. Within these ranges it has been
found that total roller weight has a much more pronounced effect on the compaction
achieved than does contact pressure. Thus increasing the foot size on a tamping foot roller
while maintaining a constant contact pressure will increase both the soil density and the sur-
face area covered in one pass. Likewise, increasing the weight of a pneumatic roller at con-
stant tire pressure will increase the effective depth of compaction. The use of excessive
ground contact pressure will result in shearing and displacement of the soil being compacted.
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If a tamping foot roller fails to “walk out” to within 1 in. (2.5 cm) of the surface af-
ter about five passes, it usually indicates that either the contact pressure or the soil moisture
content is too high.

Tests have shown little relationship between compactor travel speed and the com-
paction achieved, except for vibratory compactors. In the case of vibratory equipment,
travel speed (at a fixed operating frequency) determines the number of vibrations that each
point on the ground surface will receive. Therefore, when using vibratory equipment, tests
should be performed to determine the compactor speed that results in the highest compactor
productivity. For conventional equipment the highest possible speed should be utilized that
does not result in excessive surface displacement.

For compaction wheels, typical lift thickness ranges from 24 to 48 in. (61-122 cm)
for excavators to 18 to 30 in. (46-76 cm) for backhoes. Compaction to 90% relative den-
sity is usually achieved in 5 to 6 passes of the wheel. It is recommended that a minimum
cover over pipe of 3 ft (91 cm) be maintained for excavators and 2 ft (61 cm) for backhoes.

Estimating Compactor Production

Equation 5-1 may be used to calculate compactor production based on compactor speed,
lift thickness, and effective width of compaction. The accuracy of the result obtained will
depend on the accuracy in estimating speed and lift thickness. Trial operations will usually
be necessary to obtain accurate estimates of these factors. Typical compactor operating
speeds are given in Table 5-3.

163X WXSXLXE

Production (CCY/h) = P (5-14)
Production (CCM/h) = 0X WX S X L X E (5-1B)

P

where P = number of passes required
W = width compacted per pass (ft or m)
S = compactor speed (mi/h or km/h)
L = compacted lift thickness (in. or cm)
E = job efficiency

The power required to tow rollers depends on the roller’s total resistance (grade plus rolling
resistance). The rolling resistance of tamping foot rollers has been found to be approxi-
mately 450 to 500 Ib/ton (225-250 kg/t). The rolling resistance of pneumatic rollers and the
maximum vehicle speed may be calculated by the methods of Chapter 4.

Job Management

After applying the principles explained above, trial operations are usually required to deter-
mine the exact values of soil moisture content, lift thickness, compactor weight, and vibrator
frequency and amplitude that yield maximum productivity while achieving the specified soil
density. The use of a nuclear density device to measure the soil density actually being obtained



COMPACTING AND FINISHING 143

Table 5-3 Typical operating speed of compaction equipment

Speed
Compactor mi/h km/h

Tamping foot, crawler-towed 3-5 5-8
Tamping foot, wheel-tractor-towed 5-10 8-16
High-speed tamping foot

First two or three passes 3-5 5-8

Walking out 8-12 13-19

Final passes 10-14 16-23
Heavy pneumatic 3-5 5-8
Multitired pneumatic 5-15 8-24
Grid roller

Crawler-towed 3-5 5-8

Wheel-tractor-towed 10-12 16—-19
Segmented pad 5-15 8-24
Smooth wheel 2-4 3-6
Vibratory

Plate 0.6-1.2 1-2

Roller 1-2 2-3

during compaction is strongly recommended. Do not use boom-mounted compactors such as
compaction wheels to trim trench walls, pull backfill into the trench, or to lift heavy objects.

Traffic planning and control is an important factor in compaction operations. Haul-
ing equipment must be given the right-of-way without unduly interfering with compaction
operations. The use of high-speed compaction equipment may be necessary to avoid con-
flicts between hauling and compacting equipment.

5-3 GROUND MODIFICATION

The process of giving natural soils enough abrasive resistance and shear strength to ac-
commodate traffic or design loads is called ground modification or soil stabilization. Meth-
ods available include mechanical methods, hydraulic methods, reinforcement methods, and

physiochemical methods. Some techniques falling under each of these categories are shown
in Table 5-4.

Mechanical Methods

As you see, the compaction process discussed in the preceding sections of this chapter is a
form of mechanical stabilization. Additional mechanical stabilization methods include dy-
namic or deep compaction and vibratory compaction.
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Table 5-4 Soil stabilization methods

Mechanical Hydraulic Reinforcement Physiochemical
Compaction Drainage Confinement Admixtures
Deep compaction Preloading Inclusions Freezing
Vibroflotation Electroosmosis Minipiles Grouting

Soil nailing Heating

Stone columns

Dynamic compaction, or deep compaction, involves dropping a heavy weight from a
crane onto the ground surface to achieve soil densification. Typically, drop weights of 10
to 40 tons (9-36 t) are used with a drop height of 50 to 100 ft (15-30 m) to produce soil
densification to a depth of about 30 ft (9 m). The horizontal spacing of drop points usually
ranges from 7 to 25 ft (2-8 m).

Vibratory compaction, also called vibroflotation and vibrocompaction, is the
process of densifying cohesionless soils by inserting a vibratory probe into the soil. After
the probe is jetted and/or vibrated to the required depth, the vibrator is turned on and the
device is slowly withdrawn while the soil is kept saturated. Clean, granular material is
added from the surface as the soil around the probe densifies and subsides. The process
is repeated in a pattern such that a column of densified soil is created under each footing
or other load. The process is quite effective on granular soils having less than 15% fines
and often allows bearing capacities up to 5 tons/sq ft (479 kPa) or more. In such cases,
vibratory compaction will usually be less expensive than installing piles. However, the
process can also be used in conjunction with pile foundations to increase pile capacity. A
related technique for strengthening cohesive soils is called vibratory replacement, vibro-
replacement, or stone column construction. The process is similar to vibratory com-
paction except that the fill added as the probe is withdrawn consists of crushed stone or
gravel rather than sand. The resulting stone column is vibrated to increase its density and
interaction with the surrounding soil. Stone column capacities of 10 to 40 tons (9-36 t)
are typically developed.

Hydraulic Methods

Saturated cohesive soils are particularly difficult to densify since the soil grains cannot be
forced closer together unless water is drained from the soil’s void spaces (see Section 5-1).
Surcharging, or placing additional weight on the soil surface, has long been used to densify
cohesive soils. However, this is a very-long-term process (months to years) unless natural
soil drainage can be increased. Sand columns consisting of vertical drilled holes filled with
sand have often been used for this purpose. A newer technique that provides faster drainage
at lower cost involves forcing wicks, or plastic drain tubes, into the soil at intervals of a few
feet. Electroosmosis employs electrical current to speed up the drainage of cohesive soils.
It is explained in more detail in Section 10-7.
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Reinforcement Methods

These include confinement, inclusions, minipiles, soil nailing, and stone columns. Soil re-
inforcement is described in Section 10-5. Stone column construction, also called vibratory
replacement or vibro-replacement, is a technique for strengthening cohesive soils. The
process, described just previously, is similar to vibratory compaction.

Physiochemical Methods

While soil stabilization technically includes all the techniques described above, in common
construction usage the term soil stabilization refers to the improvement of the engineering
properties of a soil by use of physical or chemical admixtures.

The principal physiochemical admixtures used for soil stabilization include granular
materials, portland cement, lime and asphalt. Table 5-5 lists these materials along with the
applicable soil, typical percentage employed, and their curing time. Some considerations
involved in the use of these admixtures are described below. In addition, it has been found
that the addition of fly ash will generally increase the strength of stabilized soil. Also, the
addition of 0.5 to 1.5 percent by weight of calcium chloride will increase the early strength
of portland cement or lime stabilization.

Granular Admixtures
Soil blending with granular material is often used to produce a well-graded mixture, with-
out excessive fines, which is suitable for compaction.

Table 5-5 Common stabilization materials

Quantity Curing
Material Soil (% by weight) Time
Granular admixtures Various Varies None
Portland cement* Gravel 34 24h
Sand 3-5
Silt/clayey silt 4-6
Clay 6-8
Lime*
Hydrated Clayey gravel 2-4 7 days
Silty clay 5-10
Clay 3-8
Quicklime Clayey gravel 2-3 4h
Silty clay 3-8
Clay 36
Asphalt Sand 5-7
Silty or clayey
sand 6-10 1-3 days

*May be combined with fly ash.
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Portland Cement

The effectiveness of portland cement as an admixture diminishes rapidly as the soil’s plas-
ticity index exceeds 15. The soil-cement mixture may need to be placed in multiple lifts to
obtain depths greater than about 8 in. (20 cm).

Lime
The use of quicklime results in much faster strength gain than does hydrated lime. How-
ever, quicklime is hazardous to handle.

Asphalt
Asphalt admixtures are generally not effective in soils having more than about 30% fines
by weight or a plasticity index greater than about 10.

Some techniques for employing physiochemical admixtures include surface mixing,
placing layers of admixture in embankments, and deep mixing methods. Some considera-
tions in the use of these techniques include:

o Surface mixing. This is probably the most widely used procedure. While the usual
depth of mixing is about 6 to 10 in. (15-25 cm), the mixing depth can go as high as
40 in. (1 m) with special mixing equipment.

o Embankment layers. One such field application successfully used 2-in. (5-cm) lay-
ers of quicklime confined by filter fabric separated by 28 to 48 in. (7 1-119 cm) of
compacted cohesive soil.

o Deep mixing methods. These consist of several related techniques which provide in-
place (in situ) soil treatment. A stabilizing admixture, usually cementitious, is
blended into the soil using hollow rotating drill shafts equipped with cutting tools and
mixing paddles or augers at the tip. Admixture materials may be in either wet (grout)
or dry form. Mixing may occur using rotary action only or may be combined with jet
action. Mixing action may take place only near the end of the tool or it may extend
some distance along the tool when the shaft is equipped with multiple augers or pad-
dles. An early application of deep mixing involved the lime column technique in
which lime is augered into a plastic soil to form a strengthened soil column which
aids in transferring loads to deeper soils.

5-4 GRADING AND FINISHING

Grading is the process of bringing earthwork to the desired shape and elevation (or grade).
Finish grading, or simply finishing, involves smoothing slopes, shaping ditches, and bring-
ing the earthwork to the elevation required by the plans and specification. Finishing usu-
ally follows closely behind excavation, compaction, and grading. Finishing, in turn, is
usually followed closely by seeding or sodding to control soil erosion. The piece of
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Figure 5-13 Modern motor grader. (Courtesy of John Deere Construction &
Forestry Company)

equipment most widely used for grading and finishing is the motor grader (Figure 5-13).
Grade trimmers and excavators are frequently used on large highway and airfield projects
because their operating speed is greater than that of the motor grader.

In highway construction, the process of cutting down high spots and filling in low spots
of each roadway layer is called balancing. Trimming is the process of bringing each roadway
layer to its final grade. Typical tolerances allowed for final roadway grades are % in. per
10 £t (1.25 cm/3m) for subgrades and subbases and % in. per 10 ft (0.3 cm/3m) for bases. Typ-
ical roadway components are illustrated in Figure 5-14.

Finishing is seldom a pay item in a construction contract because the quantity of
earthwork involved is difficult to measure. As a result, the planning of finishing operations

is usually rudimentary. However, studies have shown that the careful planning and execu-
tion of finishing operations can pay large dividends.

Motor Grader

The motor grader is one of the most versatile items of earthmoving equipment. It can be
used for light stripping, grading, finishing, trimming, bank sloping, ditching, backfilling,
and scarifying. It is also capable of mixing and spreading soil and asphaltic mixtures. It is
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Figure 5-14 Typical roadway components.

used on building construction projects as well as in heavy and highway construction. It is
frequently used for the maintenance of highways and haul roads.

The blade of a motor grader is referred to as a moldboard and is equipped with re-
placeable cutting edges and end pieces (end bits). The wide range of possible blade po-
sitions is illustrated in Figure 5-15. The pitch of the blade may be changed in a manner
similar to dozer blades. Pitching the blade forward results in a rolling action of the exca-
vated material and is used for finishing work and for blending materials. Pitching the
blade backward increases cutting action but may allow material to spill over the top of
the blade. Blade cutting edges are available in flat, curved, or serrated styles. Flat edges
produce the least edge wear, but curved edges are recommended for cutting hard materi-
als and for fine grading. Serrated edges are used for breaking up packed gravel, frozen
soil, and ice.

Motor graders are available with articulated frames that increase grader maneuver-
ability. The three possible modes of operation for an articulated grader are illustrated in
Figure 5-16. The machine may operate in the conventional manner when in the straight
mode (Figure 5-16A). The articulated mode (Figure 5-16B) allows the machine to turn in
a short radius. Use of the crab mode (Figure 5-16C) permits the rear driving wheels to be
offset so that they remain on firm ground while the machine cuts banks, side slopes, or
ditches. The front wheels of both conventional and articulated graders may be leaned from
side to side. Wheels are leaned away from the cut to offset the side thrust produced by soil
pressure against the angled blade. Wheel lean may also be used to assist in turning the
grader.

Graders are available with automatic blade control systems that permit precise
grade control. Such graders utilize a sensing system that follows an existing surface,
string line, or laser beam to automatically raise or lower the blade as required to achieve
the desired grade. Scarifiers are used to loosen hard soils before grading and to break up
asphalt pavements and frozen soil. Their operation is similar to that of the ripper de-
scribed in Chapter 6. However, scarifiers are not intended for heavy-duty use as are rip-
pers. While rippers are available for graders, their ripping ability is limited by the weight
and power of the grader. Grader rippers are usually mounted on the rear of the machine.
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A B C

Figure 5-16 Articulated grader positions.

Grade Excavators and Trimmers

Grade excavators or trimmers are machines that are capable of finishing roadway and airfield
subgrades and bases faster and more accurately than can motor graders. Many of these ma-
chines also act as reclaimers. That is, they are capable of scarifying and removing soil and old
asphalt pavement. Trimmers and reclaimers are usually equipped with integral belt convey-
ors that are used for loading excavated material into haul units or depositing it in windrows
outside the excavated area. The large grade trimmer/reclaimer shown in Figure 5-17 is also
capable of compacting base material, laying asphalt, or acting as a slipform paver.

While grade trimmers lack the versatility of motor graders, their accuracy and high
speed make them very useful on large roadway and airfield projects. Their large size often
requires that they be partially disassembled and transported between job sites on heavy
equipment trailers.

Estimating Grader Production

Grader production is usually calculated on a linear basis (miles or kilometers completed per
hour) for roadway projects and on an area basis (square yards or square meters per hour)
for general construction projects. The time required to complete a roadway project may be
estimated as follows:

(5-2)

Time (h) = Number of passes X Section length (mi or km) 1
ime (h) = | 2, Average speed for section (mi/h or km/h) Efficiency

Average speed will depend on operator skill, machine characteristics, and job conditions.
Typical grader speeds for various types of operations are given in Table 5-6.
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Figure 5-17 Large grade trimmer/reclaimer/paver. (Courtesy of Terex
Roadbuilding)

Table 5-6 Typical grader operating speed

Speed
Operation mi/h km/h
Bank sloping 2.5 4.0
Ditching 25-4.0 4.0-6.4
Finishing 4.0-9.0 6.5-14.5
Grading and road maintenance 4.2-6.0 6.4-9.7
Mixing 9.0-20.0 14.5-32.2
Show removal 12.0-20.0 19.3-32.3
Spreading 6.0-9.0 9.7-145

EXAMPLE 5-1

Fifteen miles (24.1 km) of gravel road require reshaping and leveling. You estimate that six
passes of a motor grader will be required. Based on operator skill, machine characteristics, and
job conditions, you estimate two passes at 4 mi/h (6.4 km/h), two passes at 5 mi/h (8.0 km/h),
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and two passes at 6 mi/h (9.7 km/h). If job efficiency is 0.80, how many grader hours will be
required for this job?

SOLUTION

2x 15 2><15+2><15>>< L _ya1n g5

Time (h) =< 20 T7s50 t760 )*080

(2x241  2x241  2x241\, 1 _
[‘( 64 ' 89 97 )X 080~ 21 h}

Job Management

Careful job planning, the use of skilled operators, and competent supervision are required
to maximize grader production efficiency. Use the minimum possible number of grader
passes to accomplish the work. Eliminate as many turns as possible. For working distances
less than 1000 ft (305 m), have the grader back up rather than turn around. Grading in re-
verse may be used for longer distances when turning is difficult or impossible. Several
graders may work side by side if sufficient working room is available. This technique is es-
pecially useful for grading large areas.

PROBLEMS

. What type of compactor would you expect to be most suitable for compacting a clean

sand?

. Estimate the production in compacted cubic yards (meters) per hour of a self-propelled

tamping foot roller under the following conditions: average speed = 5 mi/h (8.0 km/h),
compacted lift thickness = 6 in. (15.2 cm), effective roller width = 10 ft (3.05 m), job
efficiency = 0.75, and number of passes = 8.

. List the four principal methods for achieving ground modification or soil stabilization.

Provide one example of each.

. a. What is a compaction wheel?

b. What is the typical lift thickness for an excavator-mounted compaction wheel?
c. State the minimum pipe cover that should be used when compacting with an
excavator-mounted compaction wheel.

. List the types of compactors that are available for compaction in confined areas.
. Ahighway contractor has opened a cut in a fine silty sand (SM). Because of the cut lo-

cation and lack of drainage, surface water has drained into the cut, leaving the material
very wet. Rubber-tired scrapers are hauling material from the cut to an adjacent fill.
The material is being placed in the fill in 8- to 10-in. (20- to 25-cm) lifts and compacted
by a heavy sheepsfoot roller towed by a crawler tractor. It is apparent that the specified
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compaction (95% of standard AASHTO density) is not being attained. The sheepsfoot
roller is not “walking out,” and the scraper tires are causing deep rutting and displace-
ment of the fill material as they travel over it. What is causing the compaction prob-
lem? What would you suggest to the constructor to improve the compaction process?

7. Twelve miles (19.2 km) of gravel road require reshaping and leveling. You estimate
that a motor grader will require two passes at 3 mi/h (4.8 km/h), two passes at 4 mi/h
(6.4 knv/h), and one pass at 5 mi/h (8.0 knv/h) to accomplish the work. How many
grader hours will be required for this work if the job efficiency factor is 0.83?

8. Why might the laboratory and field optimum moisture contents vary for a particular soil?

9. The data in the accompanying table resulted from performing Modified Proctor Tests
on a soil. Plot the data and determine the soil’s laboratory optimum moisture content.
What minimum field density must be achieved to meet job specifications that require
compaction to 90% of Modified AASHTO Density?

Dry Density
ib/cu ft g/cm® Moisture Content (%)
109 1.746 10
112 1.794 12
116 1.858 14
115 1.842 16
110 1.762 18
106 1.698 20

10. Write a computer program to calculate the time required (hours) for a motor grader to
perform a finishing operation. Input should include section length, number of passes at
each expected speed, and job efficiency. Solve Problem 7 using your computer program.
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Rock Excavation

6-1 INTRODUCTION

Rock Characteristics

Rock may be classified as igneous, sedimentary, or metamorphic, according to its origin.
Igneous rock formed when the earth’s molten material cooled. Because of its origin, it is
quite homogeneous and is therefore the most difficult type of rock to excavate. Examples
of igneous rock are granite and basalt. Sedimentary rock was formed by the precipitation of
material from water or air. As a result, it is highly stratified and has many planes of weak-
ness. Thus it is the most easily excavated type of rock. Examples include sandstone, shale,
and limestone. Metamorphic rock originated as igneous or sedimentary rock but has been
changed by heat, pressure, or chemical action into a different type of rock. Metamorphic
rock is intermediate between igneous rock and sedimentary rock in its difficulty of exca-
vation. Examples of metamorphic rock include slate, marble, and schist.

The difficulty involved in excavating rock depends on a number of factors in addi-
tion to the rock type. Some of these factors include the extent of fractures and other planes
of weakness, the amount of weathering that has occurred, the predominant grain size,
whether the rock has a crystalline structure, rock brittleness, and rock hardness.

Rock Investigation

Relative hardness is measured on Moh'’s scale from 1 (talc) to 10 (diamond). As a rule, any
rock that can be scratched by a knife blade (hardness about 5) can be casily excavated by
ripping or other mechanical methods. For harder rock, additional investigation is required
to evaluate the rock characteristics described above. The principal methods for investigat-
ing subsurface conditions include drilling, excavating test pits, and making seismic meas-
urements. Drilling may be used to remove core samples from the rock or to permit visual
observation of rock conditions. Core samples may be visually inspected as well as tested in
the laboratory. Observation in a test pit or inspection by TV cameras placed into drilled
holes will reveal layer thickness, the extent of fracturing and weathering, and the presence
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Geophones

Sound source

Upper layer

2nd layer

Figure 6-1 Schematic representation of seismic refraction test.
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Figure 6-2 Graph of refraction test data.

of water. Use of the refraction seismograph permits a rapid determination of rock sound-
ness by measuring the velocity at which sound travels through the rock.

In performing a seismic refraction test, a sound source and a number of receivers (geo-
phones) are set up, as illustrated in Figure 6-1. The time required for a sound wave to travel
from the sound source to each receiver is measured and plotted against the distance from the
sound source, as illustrated in Figure 6-2. In this plot the slope of each segment of the curve
represents the sound velocity in the corresponding subsurface layer. This velocity has been
found to range from about 1000 f/s (305 m/s) in loose soil to about 20,000 ft/s (6100 m/s)
in sound rock. Since the relationship between the angle of incidence and the angle of re-
fraction of a sound wave crossing the interface of two rock layers is a function of their re-
spective sound velocities, the seismic refraction test method may also be used to determine
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the thickness of rock layers. Equation 6-1 may be used to determine the thickness of the
upper layer when the sound velocity increases with layer depth, that is, when the velocity
in the top layer is less than the velocity in the second layer, which is the usual case in the

field.
_ Dl V2 - Vz- l/z
= |:VS + V. €-1)

where H, = thickness of upper layer (ft or m)
D, = distance from sound source to first intersection of lines on time-distance
graph (ft or m) (point A, Figure 6-2)
V, = velocity in upper layer (ft/s or m/s)
V, = velocity in second layer (ft/s or m/s)

EXAMPLE 6-1

Find the seismic wave velocity and depth of the upper soil layer based on the following re-
fraction seismograph data:

Distance from Sound
Source to Geophone

ft m Time (ms)
10 3.05 5
20 6.10 10
30 9.15 15
40 12.20 20
50 15.25 22
60 18.30 24
70 21.35 26
80 24.40 28
SOLUTION
Plot time of travel against distance from sound source to geophone as shown in Figure 6-3.
__40-0 _
V, = 0020=0 " 2000 ft/s
_122-0
[‘ 0.020 = 0 ~ 610m/ S]
_ 80 —40
V2= 5028 ~0.020 ~ O000ft/s

_ 244122 _
[‘ 0.028 0020 _ 3B ™ S}
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Figure 6-3 Graph of refraction test data, Example 6-1.
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Rock-Handling Systems

The process of rock moving may be considered in four phases: loosening, loading, hauling,
and compacting. The methods employed for rock compacting are discussed in Chapter 5.
Therefore, this discussion of rock-handling systems will be limited to the phases of loos-
ening, loading, and hauling. The principal methods and equipment available for accom-

plishing each of these phases are listed in Table 6-1.

The traditional method for excavating rock involves drilling blastholes in the rock,
loading the holes with explosives, detonating the explosives, loading the fractured rock
into haul units with power shovels, and hauling the rock away in trucks or wagons. Newer
alternatives include the use of tractor-mounted rippers to loosen rock, the use of wheel

Table 6-1 Principal rock-handling systems

Operation Equipment and Process
Loosen Drill and blast
Rip
Load Shovel
Wheel loader
Haul Truck
Wagon

Load and haul Reinforced scraper
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Figure 6-4 Large tunneling machine. (Courtesy of The Robbins Company)

loaders to load fractured rock into haul units, and the use of reinforced (or “special appli-
cation”) scrapers to both load and haul fractured rock. The equipment and procedures uti-
lized are explained in Sections 6-2 to 6-4. The selection of the rock-handling system to be
employed in a particular situation should be based on maximizing the contractor’s profit
from the operation.

Tunneling

Tunneling in rock is a specialized form of rock excavation that has traditionally been ac-
complished by drilling and blasting. Recently, however, tunneling machines or mechanical
moles equipped with multiple cutter heads and capable of excavating to full tunnel diameter
have come into increasing use. The tunneling machine shown in Figure 6-4 weighs 285 tons
(258 t), produces a thrust of 1,850,000 1b (8229 kN), and drills a 19-ft (5 .8-m)—diameter hole.

Some of the specialized terms used in tunneling include jumbos, hydraulic Jjumbos, and
mucking machines. A jumbo is a large mobile frame equipped with platforms at several
elevations to enable drills and workers to work on the full tunnel face at one time. The
hydraulic jumbo illustrated in Figure 6-5 is a self-propelled machine equipped with a num-
ber of hydraulic drills, each mounted on its own hydraulic boom. Such a machine is capable
of drilling blastholes across the full tunnel face at one time. A mucking machine is a form of
shovel especially designed for loading fractured rock into haul units during tunnel excavation.
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Figure 6-5 Hydraulic jumbo. (Courtesy of Atlas Copco)

6-2 DRILLING

Drilling Equipment

Common types of drilling equipment include percussion drills, rotary drills, and rotary-
percussion drills, as listed in Table 6-2. Percussion drills penetrate rock by impact action
alone. While the bits of these drills rotate to assist in cleaning the hole and to provide a fresh
surface for each impact, rotation takes place on the upstroke. Thus no cutting is accom-
plished during rotation. Common types of percussion drills include the hand-held rock drill
(or jackhammer); the drifter, which is mounted on a frame or column; the wheel-mounted
wagon drill; and the crawler-mounted track drill. Wagon drills are basically large drifter
drills mounted on wheels for mobility. They have been used extensively for construction
and quarry drilling but are largely being displaced by track drills. Track drills (Figure 6-6)
are large, self-propelled, crawler-mounted drills usually equipped with a hydraulically
powered boom for positioning the drill feed.

Rotary drills (Figure 6-7) cut by turning a bit under pressure against the rock face.
Rotary-percussion drills combine rotary and percussion cutting action to penetrate rock
several times as fast as a comparable percussion drill. Downhole drills (Figure 6-8) utilize
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Table 6-2 Typical characteristics of rock drilling equipment

Maximum Drill Maximum
Diameter Depth
Type of Drill in, cm ft m
Percussion drill
Jackhammer 2.5 6.3 20 6.1
Drifter 45 11.4 15 4.6
Wagon drill 6.0 15.2 50 15.3
Track drill 6.0 15.2 50 15.3
Rotary drill 72 183 1000+ 305+
Rotary-percussion 6.0 15.2 150 46

a percussion drilling device mounted directly above the drill bit at the bottom of the hole.
Downhole drills have several advantages over conventional percussion drills: drill rod life
is longer, because drill rods are not subjected to impact; less air is required for cleaning the
hole, because drill exhaust may be used for this purpose; noise level is lower, for the same
reason; and there is little loss of energy between the drill and the bit. Although downhole
drills are available for track drills, they are usually mounted on rotary drilling machines,
since relatively large diameter holes are necessary to provide sufficient space for the down-
hole drill body. The combination of a rotary drill mechanism and a downhole drill permits
such a machine to function as a rotary drill, a percussion drill, or a rotary-percussion drill.

Drilling rate (rate of penetration) depends on rock hardness, drill type and energy, and
the type of drill bit used. Table 6-3 provides representative drilling rates for common
drilling equipment.

Increased air pressure at the drill will result in increased drill production (penetra-
tion/h) as shown in Figure 6-9. However, for safety, pressure at the drill must not exceed
the maximum safe operating pressure specified by the drill manufacturer. In addition, the
use of increased air pressure will also shorten the life of drills, drill steel, and bits, as well
as increase drill maintenance and repair costs. Thus, field tests should be run to determine
the drilling pressure that results in minimum cost per unit of rock excavation.

Increasingly, large-diameter vertical and inclined holes are being drilled for rescue of
miners, to create blastholes for spherical charges in mining operations, and for construct-
ing penstocks and other shafts. In addition to the use of large-diameter downhole and ro-
tary drills, raise boring machines have been used to drill vertical shafts over 20 ft (6 m) in
diameter. Raise boring is a drilling technique in which the large-diameter hole is drilled up-
ward from the bottom. The procedure is as follows. First, a pilot hole is drilled from the sur-
face into a mine or other underground cavity. Next, a large reaming head is attached to the
lower end of a raise boring machine drill string which has been lowered into the mine. The
large-diameter hole is then created as the reaming head is rotated and raised by the raise
boring machine sitting on the surface. Raise boring machines are capable of creating an up-

ward thrust of 1 million pounds (44.5 MN) or more and a torque exceeding 400,000 ft-1b
(542 kN m).



Figure 6-6 Hydraulic track drill. (Courtesy of Atlas Copco)
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Figure 6-7 Rotary blast hole
drill. (Courtesy of Ingersoll-Rand
Company)

Figure 6-8 Downhole drill
mounted on a rotary drill.
(Courtesy of Ingersoll-Rand
Company)
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Table 6-3 Representative drilling rates (carbide bit)

Bit Size Hand Drill Wagon Drill Crawler Drill Hydraulic Drill
in. cm ft/h m/h fi/h m/h ft/h m/h fi/h m/h
1% 41 1424  43-73
1% 44 11-21 3464
2 51 10-19 3.1-5.8 25-50 7.6-15.3 125-290 38.1-88.5 185-425 56.4-129.6
2% 6.4 19-48 5.8-14.9 80-180 24.4-549 120-280 36.6-85.4
3 7.6 18-46 55-14.0 75-160 22.9-48.8 100-240 30.5-73.2
4 10.2 10-35 3.1-10.7 50-125 15.3-31.1 80-180 24.4-54.9
6 15.2 20-50 6.1-15.3 30-75 9.2-22.9
250
200 -
&
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2
B
% 150+
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g Typical drifter drill
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Pressure at drill

Figure 6-9 Drill penetration versus air pressure.
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Figure 6-10 Major types of
rock drill bits.

a. 4-point cross-type bit b. Button bit
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Rock drills have traditionally been powered by compressed air. However, the current
trend is toward the use of hydraulically powered drills (Figure 6-6). Hydraulic drills pene-
trate faster and consume less energy than do comparable compressed air drills. Hydraulic
drills also produce less noise and dust than do compressed air drills.

Drill Bits and Steel

Major types of rock drill bits are illustrated in Figure 6-10. Principal percussion drill bits
include cross-type bits (Figure 6-10a), X-type bits, and button bits (Figure 6-10b). X-type
bits differ from cross-type bits only in that the points of the X-type bits are not spaced at
90° angles but rather form the shape of an X. X-type bits tend to drill straighter holes than
do cross-type bits. Both types of bits are available with either solid steel or tungsten car-
bide cutting edges. Since tungsten carbide bits cut faster and last longer than do solid steel
bits, carbide bits are more widely used. Button-type bits have a higher penetration rate than
X or cross-type bits and are less likely to jam in the hole. Button bits do not normally re-
quire grinding or sharpening. Bits used with rotary-percussion drills are similar to X-type
percussion drill bits but utilize special designs for the cutting edges.

Common types of bits for rotary drills include coring bits (Figure 6—10c) and rolling
cutter or cone bits (Figure 6-10d). Coring bits are available as diamond drill bits and shot
drill bits. Diamond drill bits utilize small diamonds set in a matrix on the bit body as the
cutting agent to achieve rapid rock penetration. Diamond bits are also available in other
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shapes, such as concave bits, to drill conventional holes. The shape of a shot drill coring bit
is similar to that of the diamond coring bit. However, chilled steel shot fed into the hole
around the bit replaces diamond as the cutting agent. The lower end of the shot drill bit is
slotted to assist in retaining the shot between the bit and rock as the bit rotates. Rolling cut-
ter bits use several cutters (usually three) shaped like gears to penetrate the rock as the drill
bit rotates.

The steel rod connecting a percussion drill and its bit is referred to as drill steel or sim-
ply steel. Drill steel is available in sections % in. (2.2 cm) to 2 in. (5.1 cm) in diameter and 2 ft
(0.61 m) to 20 ft (6.1 m) in length. Drill steel sections are fitted with threaded ends so that sec-
tions may be added as the bit penetrates. Sections are hollow to allow air flow to the bit for hole
cleaning. The drill rod used for rotary drilling is called a drill pipe. It is available in length in-
crements of 5 ft (1.5 m) starting with 10 ft (3.1 m) and threaded on each end. Drill pipe is also
hollow to permit the flow of compressed air or drilling fluid to the bottom of the hole.

Drilling Patterns and Rock Yield

The choice of hole size, depth, and spacing, as well as the amount of explosive used for
each hole, depends on the degree of rock break desired, rock type and soundness, and the
type of explosive utilized. In general, small holes closely spaced will yield small rock par-
ticles while large holes widely spaced will yield large rock particles. Although equations
have been developed for estimating hole spacing based on rock strength and explosive pres-
sure, test blasts are usually necessary to determine optimum hole spacing and quantity of
explosive per hole. Table 64 indicates typical drill hole spacing.

The two principal drilling patterns used for rock excavation are illustrated in Figure 6-11.
‘While the rectangular pattern is most widely used, the staggered pattern reduces the amount of
oversized rock produced. For a rectangular pattern the volume of blasted rock produced per hole
may be computed by the use of Equation 6-2. The effective depth of a blast hole is the average
depth of the excavation area after the blast, not the original hole depth.

Table 6-4 Typical drill hole spacing (rectangular pattern) [ft (m)]

Hole Diameter [in. (cm)]

2% 2% 3 3% 4 4% 5 5%
Rock Type (5.7) (6.4) (7.6) (8.9) (10.2) (11.4) (12.7) (14.0)
Strong rock (granite, basalt) 4.5 5.0 6.0 7.0 8.5 9.0 10.0 11.0
(1.4) (1.5) (1.8) 2.1) (26) (2.7 3.00 (34
Medium rock (limestone) 5.0 6.0 7.0 8.0 9.0 10.0 11.5 12.5
(1.5) (1.8) (2.1) 24) (270 (3.0 (3.5) (3.8)
Weak rock (sandstone, shale) 6.0 6.5 8.0 10.0 11.0 12.0 135 15.5

(1.8) (20) (24 (30) (34) (B7) (@1 @7
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Figure 6-11 Principal drilling
patterns.

b. Staggered pattern

S X H

Volume/hole (cu yd) = 77

(6-24)

Volume/hole (m*) = $* X H (6-2B)

where S = pattern spacing (ft or m)
H = effective hole depth (ft or m)

Effective hole depth should be determined by trial blasting. However, effective depth has
been found to average about 90% of original hole depth.

The rock produced per hole may be divided by the original hole depth to yield rock
volume per unit of hole drilled:

Volume per hole (cu yd)
Drilled hole depth (ft)

Volume/ft of hole = (6-3A)

Volume per hole (m?)
Drilled hole depth (m)

Volume/m of hole = (6-3B)
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The amount of drilling required to produce a unit volume of blasted rock may then be cal-
culated as the reciprocal of the volume per unit of drilled depth.

EXAMPLE 6-2

Trial blasting indicates that a rectangular pattern of drilling using 3-in. (7.6-cm) holes
spaced on 9-ft (2.75-m) centers, 20 ft (6.1 m) deep will produce a satisfactory rock break
with a particular explosive loading. The effective hole depth resulting from the blast is
18 ft (5.5 m). Determine the rock volume produced per foot (meter) of drilling.

SOLUTION
2
Volume/hole = 22>1% = S4cuyd  (Bq6-24)
[=2.75* X 5.5 = 41.6m’]  (Eq6-2B)
. 54
Volume/unit depth = 0= 2.7 cu yd/ft (Eq 6-3A)

[z“;—f = 6.8 m3/m:| (Eq 6-3B)

6-3 BLASTING

Explosives

The principal explosives used for rock excavation include dynamite, ammonium nitrate,
ammonium nitrate in fuel oil (ANFO), and slurries. For construction use dynamite has
largely been replaced by ammonium nitrate, ANFO, and slurries because these explosives
are lower in cost and easier to handle than dynamite. Ammonium nitrate and ANFO are
the least expensive of the explosives listed. ANFO is particularly easy to handle because
it is a liquid that may simply be poured into the blasthole. However, ammonium nitrate ex-
plosives are not water resistant, and they require an auxiliary explosive (primer) for deto-
nation. Slurries are mixtures of gels, explosives, and water. They may also contain
powdered metals (metalized slurries) to increase blast energy. Slurries are cheaper than dy-
namite but are more expensive than the ammonium nitrate explosives. Water resistance
and greater power are their principal advantages over ammonium nitrate explosives. Slur-
ries are available as liquids or packaged in plastic bags. Slurries also require a primer for
detonation.

Detonators used to initiate an explosion include both electric and nonelectric caps.
Electric blasting (EB) caps are most widely used and are available as instantaneous caps or
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with delay times from a few milliseconds up to several seconds. For less-sensitive explo-
sives such as ammonium nitrates and slurries, caps are used to initiate primers, which in
turn initiate the main explosive. Primers may be small charges of high explosives or prim-
acord, which is a high explosive in cord form.

The amount of explosive required to produce the desired rock fracture is usually ex-
pressed as a powder factor. The powder factor represents the weight of explosive used per
unit volume of rock produced (Ib/BCY or kg/BCM). Except in specialized applications,
blastholes are usually loaded with a continuous column of explosive to within a few feet of
the surface. Stemming (an inert material used to confine and increase the effectiveness of
the blast) is placed in the top portion of the hole above the explosive. A primed charge is
placed near the bottom of the hole for blast initiation.

Electric Blasting Circuits

Electric blasting caps may be connected in series, parallel, or parallel-series circuits, as il-
lustrated in Figure 6-12. The types of insulated wires used to make up these circuits include
legwires, buswires, connecting wires, and firing lines. Legwires are the two wires that form
an integral part of each electric blasting cap. Buswires are wires used to connect the leg-
wires of caps into parallel or parallel-series circuits. Connecting wires, when used, are wires
that connect legwires or buswires to the firing line. The firing line consists of two parallel
conductors that connect the power source to the remainder of the blasting circuit. Note the
use of a “reverse hookup” for the buswires shown in Figure 6-12. In the reverse hookup the
firing lines are connected to opposite ends of the two buswires. Such a hookup has been
found to provide a more equal distribution of current to all caps in the circuit than would
be the case if the firing lines were connected to the same ends of the two buswires. Power

Connecting wire

Firing line Caps

Power
source -

a. Series circuit

L Buswire
Firing line
Power —e’
source N Caps

b. Parallel circuit

Buswire

Firing line

Power
source

Caps

»

c. Parallel series circuit

Figure 6-12 Types of electric blasting circuits.
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Table 6-5 Representative current requirements for firing electric blasting caps

Minimum Current (A)

Normal Leakage
Type of Circuit dc ac dc ac Maximum Current
Single cap 0.5 0.5 —_ —_ —
Series 1.5 2.0 3.0 4.0 —
Parallel 1.0/cap 1.0/cap — — 10/cap
Parallel-series 1.5/series 2.0/series 3.0/series 4.0/series —

sources include ac and dc power lines and blasting machines. Blasting machines are small
dc generators or capacitive discharge (CD) units designed especially for firing electric cap
circuits.

‘When designing or analyzing an electric blasting circuit, it is necessary to determine
the total circuit resistance and the current required to safely fire all caps. Recall that in a se-
ries circuit the same current flows through all elements of the circuit, whereas in a parallel
circuit the current in the main (firing) line is the sum of the currents in all the parallel
branches. Ohm’s law (Equation 6-4) may then be used to find the power source voltage re-
quired to safely detonate all caps.

Voltage (volts) = Current (amperes) X Resistance (ohms) (6-4)

or
E=IR

Conversely, if the power source voltage and circuit resistance are known, Equation 6—4
may be used to determine whether sufficient current will be produced to fire the blast. Rep-
resentative current requirements for firing electric blasting caps are given in Table 6-5. No-
tice that a maximum current per cap is specified to prevent arcing of parallel circuits. Arcing
results when excessive heat is produced in a cap by high current. Arcing may result in mis-
fires or erratic timing of delay caps and, therefore, must be avoided.

If the same number and type of caps are used in each series, the resistance of the cap
circuit may be calculated as follows:

_ Number of caps/series X Resistance/cap
c Number of parallel branches

(6-5)

Representative values of individual cap resistance are presented in Table 6-6. Note
that cap resistance depends on the length of cap legwire used. Caps are normally available
with legwires ranging from 4 to 100 ft (1.2 to 30.5 m). Caps with longer legwires are avail-
able on special order. Each legwire of a cap in a series must be long enough to extend from
the bottom of the hole to the surface and then half the distance to the adjacent hole. Mini-
mum legwire length may be calculated on this basis. Buswire, connecting wire, and firing-
line resistance may be calculated using the resistance factors of Table 6-7. The effective
length of buswire to be used in resistance calculations may be taken as the distance along
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Table 6-6 Representative resistance of electric blasting caps

Legwire Length

ft m Nominal Resistance (Q)
4 1.2 1.5
6 1.8 1.6
8 2.4 1.7

10 3.1 1.8

12 37 1.8

16 4.9 1.9

20 6.1 21

24 7.3 23

28 8.5 2.4

30 9.2 2.2

40 12.2 2.3

50 15.3 2.6

60 18.3 2.8

80 24.4 3.3

100 30.5 3.8

Table 6-7 Resistance of solid copper wire

American Wire
Gauge Number Ohms/1000 ft (305 m)
6 0.395
8 0.628
10 0.999
12 1.59
14 2.53
16 4.02
18 6.38
20 10.15

the wire from the firing-line end of one buswire to the center of the cap pattern and from
there to the firing-line end of the other buswire.

The steps in performing a blasting circuit analysis are listed below. This procedure is
illustrated by Example 6-3.

1. Determine the resistance of the cap circuit.
2. Determine the resistance of buswires and connecting wires.

3. Determine the resistance of the firing line.
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4. Compute the total circuit resistance as the sum of cap, buswire, connecting wire, and
firing-line resistance.

5. Determine the minimum total current requirement (and maximum, if applicable).

6. Solve Equation 6-4 for required power voltage. If the power source voltage is known,
solve Equation 64 for the circuit current and compare with the values in step 5.

EXAMPLE 6-3

Analyze the cap circuit shown in Figure 6-13 to determine circuit resistance and the mini-
mum power source current and voltage necessary to fire the blasts. Caps are equipped with
30-ft (9.2-m) legwires. Assume normal firing conditions.

SOLUTION

3x222

Ry ==—3""-=2200 (Eq6-5)

Effective length of buswire (A — B) + (C — D) = 80 ft (24.4 m)
80 X 638

Rbus = 1000 = (.51 Q
2 X 1000 X 1.59
Rﬁring line = 1000 =3.1840

R = 220 + 0.51 + 3.18 = 5.89 O
1.5A  (Table 6-5)
15A
Required current in firing line = 3 X 1.5 = 45 A
Minimum voltage for power source = 4.5 X 5.80 =265V (Eq 6-4)

Minimum current per cap

I

Minimum current per series

The current leakage conditions indicated in Table 65 may exist when legwire insulation is
damaged or bare connections are allowed to touch wet ground. To test for current leakage
conditions, use a blasting ohmmeter to measure the resistance from one end of the circuit
to a good ground (metal rod driven into wet earth). If resistance is less than 10,000 Q , use
the current-leakage conditions values of Table 6-5.

Nonelectric Blasting Circuits

There has long been an interest in developing a blasting system which combines the safety
of nonelectric explosives with the precise timing and flexibility of electric blasting systems.
Several such nonelectric systems have been put on the market in recent years. Although a
number of proprietary systems exist, most of these fall into one of the three categories to
be described next. With all of these systems, two firing paths are normally used to ensure
firing of all charges in the event of a break in the firing circuit.
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Firing line #12
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Figure 6-13 Circuit for Example 6-3.

The first and most conventional type of system utilizes detonating cord, either con-
ventional or low energy, for the trunkline (main firing line), branch lines, and downlines
(lines extending into individual blast holes). When using conventional detonating cord
downlines, special primer assemblies that accept variable-delay detonator inserts are placed
on the downline at one or several depths. Thus several charges having differing delays may
be placed at different depths into a single blast hole. However, in this case, cap-insensitive
explosives must be used to avoid premature detonation of charges by the detonating cord
itself. When low-energy detonating cord is used for downlines, a separate downline with an
in-hole delay detonator is used for each charge. Due to the low sensitivity of low-energy
detonating cord, special starter detonators must be used to fire the cord and propagate the
explosion between trunklines and downlines. Although detonating cord firing circuits are
easy to check visually, no positive circuit check can be made prior to firing. In addition,
such systems may not be compatible with all types of explosives.

Asecond type of system uses a special shock/signal tube in lieu of detonating cord to
initiate in-hole delay detonators. The hollow plastic shock/signal tube used may be un-
charged or may contain a small thread of explosive. The tubes permit sharp bends and kinks
without misfiring. The trunkline may consist of conventional detonating cord or shock/
signal tubes. Shock/signal tubes that incorporate delay detonators are used for downlines.
Special connectors are required to connect shock/signal tubes to each other or to conven-
tional detonating cord. The use of shock/signal tubes for both trunklines and downlines re-
sults in a noiseless initiation system but leaves a residue (plastic tubing) that must be
removed after the blast. Again, no positive circuit check is possible prior to firing.

The third type of system utilizes a firing circuit (trunklines and downlines) made up
of inert plastic tubing, manifolds, tees, and connectors. Immediately prior to use, the sys-
tem is charged with an explosive gas mixture. The gas mixture is then ignited to initiate in-
hole delay detonators or conventional detonating cord. The firing circuit may be checked
prior to firing using a pressure meter in a manner similar to the blasting galvanometer check
of an electric blasting circuit. This is the only nonelectric blasting system that permits such
a positive circuit check prior to firing. However, the requirement for specialized tubing, fit-
tings, and test equipment, together with the use of hazardous gases makes the system more

complex than other nonelectric blasting systems. Plastic tubing residue must be removed
after the blast.
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Controlled and Secondary Blasting

Secondary blasting is blasting used to break up boulders and oversized fragments resulting
from primary blasting. The two principal methods of secondary blasting are block holing
and mud capping. Block holing utilizes conventional drilling and blasting techniques to fur-
ther fragment the rock. A hole is drilled to the center of the rock, an explosive charge is in-
serted, the hole is stemmed, and the charge is detonated. Mud capping utilizes an explosive
charge placed on the surface of the rock and tamped with an inert material such as mud (wet
clay). While mud capping requires 10 to 15 times as much explosive as block holing, the
time and expense of drilling are eliminated.

Nonexplosive techniques for breaking up boulders and oversized rock fragments in-
clude rock splitting and the use of percussion hammers. Rock splitters are hydraulically
powered devices which are expanded inside a drilled hole to shatter the rock. Percussion
hammers available for fragmenting rock include pneumatic handheld paving breakers and
larger hydraulically powered units that may be attached to backhoes or other machines.
Hydraulic hammers such as that shown in Figure 6-14 are increasingly popular for use in
all types of demolition. Mechanical methods of rock breaking eliminate the safety hazards
and liability problems associated with blasting.

Controlled blasting is utilized to reduce disturbance to nearby structures, to reduce
rock throw, to obtain a desired fracture line, or to reduce the cost of overbreak (fracture of
rock beyond the line required for excavation). The principal controlled blasting technique
is called presplitting. Presplitting involves drilling a line of closely spaced holes, loading
the holes with light charges evenly distributed along the hole depth, and exploding these
charges before loading and shooting the main blast. Typical presplitting procedures in-
volve 2/%- to 3-in. (5.4- to 7.6-cm) —diameter holes spaced 18 to 30 in. (45.7 to 76.2 cm)
apart. Detonation of the presplitting charges results in a narrow fracture line that serves to
reflect shock waves from the main blast and leaves a relatively smooth surface for the fi-
nal excavation.

A related technique for producing a smooth fracture line is called line drilling. In this
technique, a single row of closely spaced unloaded holes [4 to 12 in. (10 to 30 cm) on cen-
ter] is drilled along the desired fracture line. In preparing the main blast, blastholes adja-
cent to the line drilling holes are moved close together and loaded lighter than usual. The
line drilling technique normally produces less disturbance to adjacent structures than does
presplitting. However, drilling costs for line drilling are high and the results can be unpre-
dictable except in very homogeneous rock formations.

Blasting Safety

Blasting is a dangerous procedure that is controlled by a number of governmental regula-
tions. Following are a few of the major safety precautions that should be observed.

« Storage magazines for explosives should be located in isolated areas, properly
marked, sturdily constructed, and resistant to theft. Detonators (caps) must be stored
in separate containers and magazines from other explosives.

*» Electrical blasting circuits should not be connected to the power source and should
be kept short-circuited (except for testing) until ready to fire.
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Figure 6-14 Hydraulic
demolition hammer.
(Courtesy of Allied
Construction Products, Inc.)

Permit no radio transmission in the vicinity of electric blasting circuits, and discon-
tinue work if there is evidence of an approaching electrical storm.

* Protect detonators and primed charges in the work area from all physical harm.

¢ Check blastholes before loading, because hot rock or a piece of hot drill steel in the
hole can cause an explosion.

* Do not drop or tamp primed charges or drop other charges directly on them.
* Use only nonmetallic tools for tamping.

* Employ simple, clear signals for blasting, and ensure that all persons in the work area
are familiar with the signals.

* Make sure that the blasting area is clear before a blast is fired.

* Misfires are particularly dangerous. Wait at least 1 h before investigating a misfire.
Allow only well-trained personnel to investigate and dispose of misfires.
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6-4 ROCK RIPPING

Employment of Rippers

Rippers have been utilized since ancient times to break up hard soils. However, only since
the advent of the heavy-duty tractor-mounted ripper has it become feasible to rip rock. The
availability of powerful heavy tractors such as the one shown in Figure 615 now makes
it possible to rip all but the toughest rock. Where ripping can be satisfactorily employed,
it is usually cheaper than drilling and blasting. Additional advantages of ripping over
drilling and blasting include increased production, fewer safety hazards, and reduced in-
surance cost.

Ripping Equipment

Although other types of rippers are available, most modern rippers are of the adjustable par-
allelogram type, shown in Figure 6-16. This type of ripper maintains a constant angle with
the ground as it is raised and lowered. However, the upper hydraulic cylinder permits the
tip angle to be varied as desired to obtain optimum results. The tip angle that produces the
best surface penetration is usually different from the tip angle that produces optimum rock
breakage after penetration. Automatic ripper control systems are available that control rip-
ping depth and automatically vary tip angle as the ripper is raised or lowered.

Impact rippers utilize a hydraulic mechanism to impart a hammering action to a sin-
gle shank ripper. As a result, impact rippers are able to effectively rip tougher rock than can
conventional rippers and usually produce a significant increase in ripper production. Some

Figure 6-15 Heavy-duty crawler-mounted ripper. (Courtesy of Caterpillar Inc.)
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Figure 6-16 Adjustable parallelogram
ripper.

typical values for the increased performance provided by impact rippers include a 5 to 15%
increase in the maximum seismic velocity for rippability and a 10 to 45% increase in hourly
ripper production.

Ripper shanks and tips are available in several different styles and in a variety of
lengths for use in different types of material. Shank protectors, which fit on the front of the
ripper shank immediately above the tip, are used to reduce wear on the shank itself. Both
tips and shank protectors are designed to be easily replaced when necessary.

Ripper Production

The seismic velocity of a rock formation (Section 6-1) provides a good indication of the
rock’s rippability. Charts such as the one shown in Figure 6-17 have been prepared to pro-
vide a guide to the ripping ability of a particular tractor/ripper combination in various types
of rock over a range of seismic velocities. When ripping conditions are marginal, the use of
two tractors to power the ripper (tandem ripping) will often produce a substantial increase
in production and reduce unit excavation cost.

Equation 6-6 may be used to predict ripper production when effective ripping width,
depth, and speed can be established. Trial operations are usually required to accurately es-

timate these values unless such data are available from previous operations under similar
conditions.

22 XDXWXLXE

Production(BCY/h) = T (6-64)
Production(BCM/h) = 60 X D X ]YV XLXE (6-6B)

where D = average penetration (ft or m)
W = average width loosened (ft or m)
L = length of pass (ft or m)
E = job efficiency factor
T = time for one ripper pass, including turn (min)



178 CHAPTER 6

D9H RIPPER PERFORMANCE ESTIMATED
BY SEISMIC WAVE VELOCITIES
Multi or Single Shank No. 9 Series D Ripper

9 3 2 3 4

Yelocity in Maters Per Second x 1000 L =
Valocity in Feet Per Second x 1000 o 1 2 3 4 s [ 7 8 9 0 11 12 13 14 s
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Figure 6-17 Ripper performance vs. seismic velocity. (Courtesy of Caterpillar Inc.)

Considerations in Ripping

Ripping speed and depth, spacing of ripper passes, and the number of shanks to be used for
maximum ripper production depend on rock type and soundness, and tractor power. The
presence and inclination of laminations will also affect ripping procedures. In general, rip
downhill to take advantage of gravity. However, when ripping laminated material, it may
be necessary to rip uphill to enable the ripper teeth to penetrate under the layers. The num-
ber of shanks to be used in a ripper should be the number that yields the desired penetra-
tion without straining the tractor. Depth of ripping will depend on the number of shanks
used and the tractor power. In stratified material, try to match ripping depth to layer thick-
ness. Ripping speed should be kept low to reduce wear on ripper teeth and shanks. First gear
is usually used when ripping tough materials. The spacing of ripper passes will depend on
rock hardness and the degree of fracture desired.

When loading ripped material, always leave a thin layer of material on the surface to
provide a good working surface for the tractor. When ripping extremely hard rock, production
may be increased and unit cost lowered if the rock is loosened by light blasting before ripping.
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6-5 ESTIMATING PRODUCTION AND COST

The procedure for estimating rock excavation production and cost for a typical project is il-
lustrated by Examples 6-4 and 6-5. Example 6—4 employs conventional drilling and blast-
ing procedures for rock loosening, while Example 6-5 employs a tractor-mounted ripper.

EXAMPLE 6-4

Estimate the hourly production and the unit cost of the rock excavation involved in prepar-
ing an industrial building site by drilling and blasting. The site is 300 ft (91.4 m) by 400 ft
(121.9 m) and must be excavated an average depth of 12 ft (3.658 m). The material to be
excavated is a thinly laminated shale with a sonic velocity of 4000 ft/s (1220 m/s). The
drilling equipment to be used will consist of an air-powered track drill and air compres-
sor. The average drilling rate, including steel changes, moves, and delays, is estimated at
100 ft/h (30.5 m/h).

Trial blasting indicates that 3-in. (7.6-cm) holes drilled in a 12-ft (3.658-m) rectan-
gular pattern will provide adequate fracturing. A hole depth of 13.5 ft (4.115 m) must be
drilled to yield a 12-ft (3.658-m) effective depth. The blasting agent is ANFO. One-half
pound (0.23 kg) of primer with an electric blasting cap will be used in each hole. The pow-
der factor is 0.5 Ib/BCY (0.297 kg/BCM).

A labor force of one drill operator and one compressor operator will be used for
drilling. One blaster and one helper will be employed in blasting.

Cost information:
Labor: Blaster = $18.00/h
Helper = $15.00/h
Drill operator = $17.50/h
Compressor operator = $18.00/h
Equipment: Track drill and compressor = $63.00/h
Material: ANFO = $0.32/1b ($0.705/kg)
Primer, cap, and stemming = $3.00/hole
SOLUTION

(a) Production

300 X 400 X 12
27
[=91.4 X 121.9 X 3.66 = 40778 BCM]

_122%x 12

Yield Ty = 64.0 BCY /hole

[=(3.658)> X 3.658 = 48.9 BCM/hole]

Drilling yield = %‘2 = 4.74 BCY/ft

Total volume = = 53,333 BCY
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_ 489 _
li——————4.115 = 11.88 BCM/m:I

Production = 4.74 BCY/ft X 100 ft/h = 474 BCY/h
[=11.88 X 30.5 = 362.3 BCM/h]

. ., 53333BCY _
Time required = 474BCY/h =1125h
_40778 _
[— 3623 112.5 h}

(b) Drilling cost
Labor = $35.50/h
Equipment = $63.00/h

Drilli 1 = M = $0.208/BCY
rilling cost/volume = 27ABCY/h 0 /
$98.50
[——362.3 = $O.272/BCM:|

(c) Blasting cost
Material:

ANFO = 0.51b/BCY X 64 BCY X $0.32/lb = $10.24/hole
[ = 0.297 X 48.9 X 0.705 = $10.24/hole]

Prime, cap, and stemming = $3.00/hole
$13.24

oy = 30.207/BCY
$13.24

[ 80 " $O.271/BCM:|

Labor:

Uni _ 33300/ $0.070/BCY

nit cost = 74BCYh 0 /
_$33.00 _
[— 03 $0.091/BCM:|

Total blasting = $0.207 + $0.070 = $0.277/BCY
[ = $0.271 + $0.091 = $0.362/BCM]

@ Total cost = $0.208 + $0.277 = $0.485/BCY
[ = $0.272 + $0.362 = $0.634/BCM]
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EXAMPLE 6-5

Estimate the hourly production and the unit cost of rock excavation by ripping for the prob-

lem of Example 6—4. Field tests indicate that a D7G dozer with ripper can obtain satisfactory

rock: fracturing to a depth of 27 in. (0.686 m) with two passes of a single ripper shank at 3-ft

(0.914-m) intervals. Average speed, including turns, is estimated at 82 ft/min (25 m/min).
Cost information:

Labor (operator) = $20.00/h

Equipment (D7G with ripper,
including ripper tips,
shanks, and shank
protectors) = $75.00/h

SOLUTION

(a) Production

Volume = 53,333 BCY (40778 BCM)
222 X 225 X 3 X L X 50/60

ion = Eq 6-6
Production IX L% (Eq 6-6)
= 512BCY/h
_ 60 X 0.686 X 0.914 X L X 50/60
B 2 X L/25
= 392 BCM/h
. . 53333BCY _
Time required = 512 BCY/h = 104 h
40778
[——392 = 104 h}
(b) Cost
Labor = 20.00/h
Equipment = 75.00/h
Uni _ 500 _ 0.186/BC
nit cost = S12BCY/h - /BCY

_95.00 _
[————392 = O.242/BCM}
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PROBLEMS

1. Trial blasting operations indicate that a rectangular pattern with holes 24 ft (6.4 m)
deep spaced on 10-ft (3.05-m) centers will yield a satisfactory rock break with an ef-
fective depth of 219 ft (5.8 m). Determine the rock volume produced per foot (meter)
of drilling.

2. A tractor-mounted ripper will be used for excavating a limestone having a seismic ve-
locity of 6000 ft/s (1830 my/s). Field tests indicate that the ripper can obtain satisfac-
tory rock fracturing to a depth of 2 ft (0.61 m) with one pass of a single ripper shank
at 3-ft (0.91-m) intervals. Average ripping speed for each 400-ft (122-m) pass is 1.5 mi/h
(2.4 knmy/h). Maneuver and turn time at the end of each pass averages 0.3 min. Job ef-
ficiency is estimated at 0.70. Machine cost, including the operator, is $130/h. Estimate
the hourly production and unit cost of excavation.

3. A parallel series electric blasting circuit consists of five branches of six caps each. Holes
are spaced 10 ft. (3.1 m) apart in a rectangular pattern. Cap legwire length is 24 ft (7.3 m).
Each side of the cap circuit is connected by a No. 16 gauge bus wire 40 ft (12.2 m) long.
The lead wires are No. 12 gauge 1200 ft (336 m) long. Find the minimum current and volt-
age required to safely fire this blast under normal conditions.

4. What effect does increased air pressure at the drill have on drill production? What lim-
itations must be observed in using increased air pressure and what are the disadvan-
tages of using increased air pressure?

5. Using the seismograph test data in the table, find the seismic wave velocity and the

depth of the upper layer.
Distance
ft m Time (ms)
10 3.05 10.0
20 6.10 20.0
30 9.15 23.3
40 12.20 26.7
50 15.25 30.0
60 18.3 33.3
70 21.25 35.0
80 24.4 36.7

6. Estimate the hourly production and unit cost of rock excavation by drilling and blast-
ing. The rock is a limestone having a seismic velocity of 6000 ft/s (1830 m/s). Trial
blasting indicates that 3%-in. (8.9-cm) holes drilled in an 8-ft (2.44-m) rectangular pat-
tern will provide the desired fracturing. A hole depth of 20 ft (6.1 m) yields an effective
depth of 18 ft (5.5 m). The average drilling rate is estimated to be 70 ft/h (21.4 m/h). A
powder factor of 1 1b/BCY (0.59 kg/BCM) of ANFO will be used.



oW BT D

ROCK EXCAVATION 183

10.

Cost information:

Labor: Drilling crew = $40.00/h
Blasting crew = $42.00/h

Drilling equipment: = $70.00/h

Material: ANFO = $0.40/1b ($0.88/kg)
Primer, caps, and stemming = $4.00/hole

. You measure a seismic velocity of 8500 ft/s (2593 m/s) in limestone. Would you ex-

pect this rock to be rippable by a D9H tractor equipped with a ripper (Figure 6-17)? If
so, would you recommend using a single, tandem, or impact ripper in this situation?
Explain your recommendation.

A parallel series electric blasting circuit consists of six branches of eight caps each.
Holes are spaced 10 ft (3.1 m) apart in a rectangular pattern. Cap legwire length is
28 ft (8.5 m). Each side of the cap circuit is connected by a No. 16 gauge bus wire
50 ft (15.3 m) long. The lead wires are No. 14 gauge 1000 ft (305 m) long one way.
Find the minimum dc current and voltage required to safely fire this blast under cur-
rent leakage conditions.

. Develop a computer program to estimate hourly production and unit cost of rock ex-

cavation by ripping. Input should include length of each pass, average ripper speed, ef-
fective depth of ripping, spacing of passes, turning time at the end of each pass, job
efficiency, hourly operator cost, and hourly machine cost, including ripper tips, shanks,
and shank protectors. Solve problem 2 using your computer program.

Develop a computer program to estimate hourly production and unit cost of rock ex-
cavation by drilling and blasting. Input should include hole spacing, drilled hole depth,
effective depth, average drilling rate, including job efficiency, hourly labor and equip-
ment cost, powder factor, unit cost of primary explosive, and cost per hole for primers,
caps, and stemming. Solve problem 6 using your computer program.
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Production of Aggregate,
Concrete, and Asphalt Mixes

The production of high-quality concrete and asphalt mixes requires a supply of aggregate
(gravel, sand, and mineral filler) meeting the specified gradation and other requirements.
Most commonly, such aggregate is produced by crushing rock or gravel and blending it
with sand and other minerals as required. Other construction operations which require
crushed stone include highway and airfield base courses, drainage facilities, asphalt surface
treatments, bedding for pipelines, and railroad ballast. The following sections describe the
major steps in the production of aggregate, concrete mixes, and asphalt mixes.

7-1 PRODUCTION OF AGGREGATE

To produce quality aggregate, rock or gravel must be excavated, loaded, and transported to
an aggregate processing plant (crushing plant) such as that shown in Figure 7-1. Here the
raw material is washed if necessary, crushed, screened, sorted, and blended if necessary,
and stored or loaded into haul units. Sands are not crushed but often require washing and
dewatering before use.

Rock Crushers

Rock crushers such as the one shown in Figure 7-2 utilize mechanical action to reduce rock
or gravel to a smaller size. The principal types of rock crushers and their characteristics are
shown in Table 7-1 and include jaw crushers, impact crushers, cone or gyratory crushers,
and roll crushers.

Jaw crushers (Figure 7-3a) utilize a fixed plate and a moving plate to crush stone be-
tween the two jaws. Jaw crushers are principally used as primary crushers. Impact crush-
ers (Figure 7-3b) use breakers or hammers rotating at high speed to fracture the input stone.
There are various types of impact crushers including impact breakers, horizontal and ver-
tical shaft impactors, hammermills, and limemills. Cone or gyratory crushers (Figure 7-3c¢)
use an eccentrically rotating head to crush stone between the rotating head and the crusher
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Figure 7-1 Aggregate processing plant. (Courtesy of Cedarapids, Inc.)

body. Roll crushers (Figure 7-3d) produce fracturing of stone by passing the material be-
tween two or more closely spaced rollers. Limemills are similar to hammermills but are de-
signed to produce a fine product from limestone.

The gradation of crusher output depends on crusher type and size, crusher setting,
feed size, crusher speed, and other operating conditions. The best estimate of the gradation
of a particular crusher output will be obtained from the crusher manufacturer’s data or pre-
vious experience. However, Tables 7-2 and 7-3 present representative output gradations
for jaw and roller crushers respectively. These tables will be used in the examples and prob-
lems which follow. Notice that a significant fraction of crusher output is larger than the se-
lected crusher closed side setting.

The crusher which first receives raw stone is known as the primary crusher. If the
product is passed to another crusher, this crusher is known as a secondary crusher. Simi-
larly, if yet another stage of crushing is required, the third crusher in line is known as a
tertiary crusher. Screens are used to sort crusher output and feed oversize material back for
recrushing. If the material makes a single pass through the crusher and none is fed back to
the crusher, this is classified as open circuit crushing. When some material is fed back to
the crusher for recrushing, the crusher is operating in closed circuit.



Table 7-1 Principal types of rock crushers and their characteristics

Figure 7-2 Portable cone crusher. (Courtesy of Kolberg-Pioneer, Inc., and
Johnson Crushers International)

Maximum Reduction Crushing

Crusher Type Feed Size Ratio Product Size Stage
Jaw crusher 50 (1270 mm) 61to 1 3”7 -20” (76-508 mm) Primary
Impact breakers 60 (1524 mm) 20to 1 2-16 (51-406 mm) Primary
Horizontal secondary 16 (406 mm) 6-8to1 3/4 -4 (19-102 mm) Secondary/

impactor Tertiary
Standard head cone 14 (356 mm) 12to 1 3/4 -4 (19-102 mm) ”
Hammermill 8 (203 mm) 20to 1 #4-1%" (4.8-38 mm) ”
Fine head cone 8 (203 mm) 4-61to 1 1/4 -2 (6.4-51 mm)
Triple roll 8 (203 mm) 4-510 1 1/4 -2 (6.4-51 mm)
Dual roli 6 (152 mm) 225101 1/4 -3 (6.4-76 mm) "
Limemill 4 (101 mm) 20to 1 #10-#4 (1.7-4.8 mm) ”
Vertical shaft impactor 3 (76 mm) 4-8to 1 3/8"-1%" (9.5-38 mm) ”
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Figure 7-3 Major types of rock crushers.
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Feeders and Screens

Feeders (Figure 7—4) are used to supply gravel or stone to a crusher. Types of feeders in-
clude apron feeders, reciprocating plate feeders, vibrating feeders, and belt feeders. An
apron feeder consists of a hopper box mounted above a plate feeder which operates like a
conveyor to feed stone into a crusher. Apron feeders often incorporate a grizzly to remove
oversize stone from the crusher input. A grizzly is simply a set of widely spaced bars or rods
which serve to remove oversized material which might jam the crusher. A reciprocating
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Figure 7-4 Apron feeder.

Figure 7-5 Three-deck
vibrating screen.

plate feeder is somewhat similar to an apron feeder but is smaller and used mainly to feed
secondary or tertiary crushers. A reciprocating motion rather than the conveyor action of
the apron feeder is used to move material into the crusher. A vibrating feeder uses vibratory
action to move material from the receiving hopper into the crusher. Belr feeders combine a
receiving hopper with a conveyor belt to move material to the crusher.

Screens (Figure 7-5) are used at a number of points in the aggregate processing cycle to
separate aggregate by size for storage, blending, or recrushing. There are a number of types of
screens including horizontal and inclined vibrating screens and rotating screens. Screens are of-
ten placed into a deck consisting of two or more screens placed one above the other. A scalping
screen is simply a screen used to remove oversized particles from the aggregate stream.

The capacity of a screen is determined by a number of factors including screen size
and screen opening size; slope of the screen; position in the deck; amount of oversize and
half-size material; and material condition, shape, and weight factors. Due to the complexity
of the problem of estimating screen capacity, the methods used are largely empirical. One
method for estimating both permissible total feed (oversize plus undersize) to the screen and
the passing capacity of the screen is presented in Figure 7-6 and illustrated in Example 7-1



_Basic Screen Capacity f? R R

_ ';fsumpenama.zses oversize, 40% halfsize, - )
{90% efficiency, 100% _gmshed rock or gravel )
(4% orless moisture . Cl)

Modifying Factors
Deck factor Halfsize factor Oversize factor
Factor

% Feed less % Feed larger Passing Total
Position Factor than halfsize Factor than opening screen feed
Top 1.0 0 0.4 0 1.05 0.95
Second 0.9 20 0.6 20 1.02 0.97
Third 0.8 40 1.0 40 0.95 1.10
Fourth 0.7 60 14 60 0.85 1.30
80 1.8 80 0.70 2.00

Weight Factor

Weight (Ib/cu ft)
= 100

Weight (kgm3>
W= 1600

Fisure 7-6 Estimating screen capacity. -
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EXAMPLE 7-1

A jaw crusher is producing 250 tons/h (227 t/h) of crushed gravel and discharging it onto a
3-screen deck. The top screen in the deck is a 1’4 in. (38-mm) screen. The gradation of
crusher output shows 100% passing 3 in. (76 mm), 92% passing 1/4 in. (38 mm), and 80%
passing % in. (19 mm). Material weight is 115 Ib/cu ft (1842 kg/m3). Find the minimum size
of the 1’4 in. (38-mm) screen to be used. Check both total screen load and screen passing
capacity.

SOLUTION

Basic capacity (Figure 7-6):
Total feed = 6.5 tons/h/sq ft (62 t/h/m?)
Passing screen = 3.5 tons/h/sq ft (34 t/h/m?)

Deck position factor (top) = 1.0
Halfsize factor (80%) = 1.8
Oversize factor (8%):

Total feed = 0.96  Passing screen = 1.04

. 115 _
Weight factor = 100 = 1.15

1842 _
[ 1600 115]

Total feed = 250 tons/h (227 t/h)

Passing screen = 250 X 0.92 = 230 tons/h (209 t/h)

Total feed capacity = 6.5 X 1.0 X 1.8 X 0.96 X 1.15 = 12.9 tons/h/sq ft
[= 62X 10X 1.8X096 X 1.15 = 123 t/h/m?]

250
129

227
[ 13- 185m]

Passing capacity = 3.5 X 1.0 X 1.8 X 1.04 X 1.15 = 7.5 tons/h/sq ft
[=34X1.0X18X%X1.04X115 = 73 h/t/m?]

Required screen area for total feed = = 194 sq ft

Required screen area for passing = —273—2 = 30.7 sq ft

_209 _ 2
|:~ 73 —2.9m}

Therefore, the minimum screen area required for this screen is determined by the
screen passing capacity and is equal to 30.7 sq ft (2.9 m?).
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Figure 7-7 Aggregate flow through crushers.

The Crushing Cycle

A typical flow of stone through a primary jaw crusher and a secondary roll crusher is illus-
trated in Figure 7-7. Notice that the output of the primary crusher is separated by screen-
ing and the larger stone is sent to the roll crusher. The output of both crushers is further
screened to divide the stone into the desired size ranges.

Estimating the production of an aggregate plant for a specific output is complex since
it depends on many factors. Estimates are usually based on manufacturer’s data and previ-
ous experience. However, computer programs, such as that presented in reference 5, have
been developed to assist in making production estimates.

EXAMPLE 7-2

A primary jaw crusher with a closed setting of 4 in. (102 mm) is producing 200 tons/h
(181 t/h). The crusher output is to be screened into the following sizes: 2 in. (51 mm) and
over, 1% in. (32 mm) to 2 in. (51 mm), %in. (13 mm) to 1% in. (32 mm), and under % in.
(13 mm). A three-deck vibrating screen will be used to separate the stone. Jaw crusher out-
put which does not pass the 2-in. (51-mm) screen will go toa roll crusher set at 2 in. (51 mm).
The output from the roll crusher will be fed back over the 2-in. (51-mm) screen. Determine
the output of this plant in tons per hour (t/h) for each of the following sizes:

1%to 2 in. (32-51 mm)
% to 1% in. (1332 mm)
under % in. (<13 mm)
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SOLUTION
Distribution of primary crusher output (Table 7-2):
Size Output
inches mm tons per hour[t/h]
>2 > 51 (100-0.39) X 200 = 122.0 [111.0] to roll
1% to 2 32-51 (0.39-0.25) X 200 = 28.0 [25.0]
%10 1% 13-32 (0.25-0.11) X 200 = 28.0 [25.0]
<% <13 (0.11) X 200 = 22.0 [20.0]

Distribution of roll crusher output (Table 7-3):
Crusher load required to yield 122 tons/h (111 t/h) passing 2-in. (51-mm)

122
screen = (= = 158.4 tons/h (143.7 t/h)
Size Output

inches mm tons per hour[t/h]
>2 > 51 (1.00-0.77) X 158.4 = 36.4 [33.1] recycle
1% to 2 32-51 (0.77-0.49) X 158.4 = 44.4 [40.2]
%to 1% 13-32 (0.49-0.22) x 158.4 = 42.8 [38.8]

< % <13 (0.22) X 158.4 = 34.8 [31.6]

Combined output:

Size Output
inches mm tons per hour[t/h]
>2 > 51 0
1%to2 32-51 28.0 +44.4=72.4[65.7)
%to 1% 13-32 28.0 + 42.8 =70.8 [64.2]

<% <13 22.0 + 34.8 = 56.8 [51.5]

Total = 200.0 [181.4]

Notice that the total feed to the roll crusher is the sum of the jaw crusher output larger
than 2 in. (51 mm) plus the oversized stone from the roll crusher which is fed back to the
roll crusher. Thus, the total roll crusher feed is 122.0 tons/h (111.0 t/h) plus 36.4 tons/h (33.1 t/h)
or 158.4 tons/h (144.1 t/h). Initially the plant output will be somewhat less than 200 tons/h (1814
t/h) but will soon reach a steady-state output of 200 tons/h (181.4 t/h).
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Washers and Other Equipment

Aggregates often require washing to remove silt, clay, or organic material prior to process-
ing and sorting. Common types of washing equipment include scrubber drums, wet screens,
log washers, sand dehydrators, and classifying tanks. Scrubber drums consist of an inclined
revolving drum equipped with agitator fins and water spray nozzles. Undesirable material
is removed as the aggregate is mixed with water and agitated while moving down the drum.
Wet screens are essentially vibrating screens equipped with water spray bars to remove un-
desirable material as the aggregate is screened. Log washers utilize revolving auger pad-
dles immersed in a tub of water to wash off undesirable material as the aggregate is moved
through the tub by the auger blades. Sand dehydrators consist of rotating auger screws
mounted in an inclined trough. Water and material to be cleaned are piped into the bottom
of the trough. As the aggregate is moved up through the trough by the screw conveyors, the
lighter undesirable material overflows into a flume and is drained off. Classifying tanks are
essentially settling tanks which float off undesirable material while allowing clean aggre-
gate to settle to the tank bottom where it can be removed.

The other major piece of aggregate processing equipment is the belt conveyor.
Portable or stationary belt conveyors are used to move aggregate between crushers, screens,
washers, and stockpiles, and to load the processed material into haul units. A radial stacker
is a form of belt conveyor which pivots about a base point so that the conveyor discharges
its output to form a semicircular stockpile.

7-2 PRODUCTION OF CONCRETE

Concrete is produced by mixing portland cement, aggregate, and water. In addition, a fourth
component, an additive, may be added to improve the workability or other properties of the
concrete mix. The construction operations involved in the production of concrete include
batching, mixing, transporting, placing, consolidating, finishing, and curing. The produc-
tion and transporting of plastic concrete are described in this section. The placing, consol-
idating, finishing, and curing operations are described in Chapter 8 for pavements and in
Chapter 12 for building construction.

To meet design requirements while facilitating construction, it is important that con-
crete possess certain properties. Hardened concrete must meet design strength requirements
and be uniform, watertight, durable, and wear-resistant. Desirable properties of plastic con-
crete include workability and economy. All of these properties are influenced by the con-
crete components and mix design used as well as by the construction techniques employed.

Types of Concrete

Concrete is classified into several categories according to its application and density.
Normal-weight concrete usually weighs from 140 to 160 Ib/cu ft (2243 to 2563 kg/m?),
depending on the mix design and type of aggregate used. A unit weight of 150 Ib/cu ft
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(2403 kg/m®) is usually assumed for design purposes. Typical 28-d compressive strength
ranges from 2000 to 4000 psi (13 790 to 27 580 kPa). Structural lightweight concrete has
a unit weight less than 120 Ib/cu ft (1922 kg/m®) with a 28-d compressive strength greater
than 2500 Ib/sq in. (17 237 kPa). Its light weight is obtained by using lightweight aggre-
gates such as expanded shale, clay, slate, and slag. Lightweight insulating concrete may
weigh from 15 to 90 Ib/cu ft (240 to 1442 kg/m®) and have a 28-d compressive strength
from about 100 to 1000 Ib/sq in. (690 to 6895 kPa). As the name implies, such concrete is
primarily utilized for its thermal insulating properties. Aggregates frequently used for such
concrete include perlite and vermiculite. In some cases, air voids introduced into the con-
crete mix in foam replace some or all of the aggregate particles.

Mass concrete is concrete used in a structure such as a dam in which the weight of the
concrete provides most of the strength of the structure. Thus little or no reinforcing steel is
used. Its unit weight is usually similar to that of regular concrete. Heavyweight is concrete
made with heavy aggregates such as barite, magnetite, and steel punchings; it is used prima-
rily for nuclear radiation shielding. Unit weights may range from 180 to about 400 Ib/cu ft
(2884 to 6408 kg/m>). No-slump concrete is concrete having a slump of 1 in. (2.5 cm) or less.
Slump is a measure of concrete consistency obtained by placing concrete into a test cone fol-
lowing a standard test procedure (ASTM C143) and measuring the decrease in height (slump)
of the sample when the cone is removed. Applications of no-slump concrete include bedding
for pipelines and concrete placed on inclined surfaces.

Refractory concrete is concrete that is suitable for high-temperature applications such
as boilers and furnaces. The maximum allowable temperature for refractory concrete de-
pends on the type of refractory aggregate used. Precast concrete is concrete that has been
cast into the desired shape prior to placement in a structure. Architectural concrete is con-
crete that will be exposed to view and therefore utilizes special shapes, designs, or surface
finishes to achieve the desired architectural effect. White or colored cement may be used in
these applications. Surface textures may include exposed aggregates, raised patterns pro-
duced by form liners, sandblasted surfaces, and hammered surfaces. Architectural concrete
panels are often precast and used for curtain walls and screens.

Concrete Components

The essential components of concrete are portland cement, aggregate, and water. Another
component, an admixture or additive, is often added to impart certain desirable properties
to the concrete mix. The characteristics and effects of each of these components on the con-
crete are discussed in the following paragraphs.

Cement

There are five principal types of portland cement, classified by the American Society for
Testing and Materials (ASTM) as Types I to V, used in construction. Type I (normal) port-
land cement is a general-purpose cement suitable for all normal applications. Type II (mod-
ified) portland cement provides better resistance to alkali attack and produces less heat of
hydration than does Type I cement. It is suitable for use in structures such as large piers and
drainage systems, where groundwater contains a moderate level of sulfate. Type III (high
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early strength) cement provides 190% of Type I strength after 1 day of curing. It also pro-
duces about 150% of the heat of hydration of normal cement during the first 7 d. It is used
to permit early removal of forms and in cold-weather concreting. Type IV (low heat) cement
produces only 40 to 60% of the heat produced by Type I cement during the first 7 d. How-
ever, its strength is only 55% of that of normal cement after 7 d. It is produced for use in
massive structures such as dams. Type V (sulfate-resistant) cement provides maximum re-
sistance to alkali attack. However, its 7-d strength is only 75% of normal cement. It should
be used where the concrete will be in contact with soil or water that contains a high sulfate
concentration.

In addition to these five major types of cement, ASTM has established standards for
a number of special cement types. Types IA, ITA, and IIIA are the same as Types I, II, and
111, with the addition of an air-entraining agent. Type IS is similar to Type I except that it is
produced from a mixture of blast-furnace slag and portland cement. Type IS-A contains an
air-entraining agent. Types IP, IP-A, P, and P-A contain a pozzolan in addition to portland
cement. Because of their reduced heat of hydration, pozzolan cements are often used in
large hydraulic structures such as dams. Types IP-A and P-A cements also contain an air-
entraining agent. White portland cement (ASTM C150 and C175) is also available and is
used primarily for architectural purposes.

Aggregates

Aggregate is used in concrete to reduce the cost of the mix and to reduce shrinkage. Be-
cause aggregates make up 60 to 80% of concrete volume, their properties strongly influ-
ence the properties of the finished concrete. To produce quality concrete, each aggregate
particle must be completely coated with cement paste and paste must fill all void spaces be-
tween aggregate particles. The quantity of cement paste required is reduced if the aggregate
particle sizes are well distributed and the aggregate particles are rounded or cubical. Ag-
gregates must be strong, resistant to freezing and thawing, chemically stable, and free of
fine material that would affect the bonding of the cement paste to the aggregate.

Water

Water is required in the concrete mix for several purposes. Principal among these is to pro-
vide the moisture required for hydration of the cement to take place. Hydration is the chem-
ical reaction between cement and water which produces hardened cement. The heat that is
produced by this reaction is referred to as heat of hydration. If aggregates are not in a sat-
urated, surface-dry (SSD) condition when added to a concrete mix, they will either add or
subtract water from the mix. Methods for correcting the amount of water added to a con-
crete batch to compensate for aggregate moisture are covered in this chapter. The amount
of water in a mix also affects the plasticity or workability of the plastic concrete.

It has been found that the strength,watertightness, durability, and wear resistance of
concrete are related to the water/cement ratio of the concrete mix. The lower the
water/cement ratio, the higher the concrete strength and durability, provided that the mix
has adequate workability. Thus the water/cement ratio is selected by the mix designer to
meet the requirements of the hardened concrete. Water/cement ratios normally used range
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from about 0.40 to 0.70 by weight. In terms of water quality, almost any water suitable
for drinking will be satisfactory as mix water. However, organic material in mix water
tends to prevent the cement paste from bonding properly to aggregate surfaces. Alkalies
or acids in mix water may react with the cement and interfere with hydration. Seawater
may be used for mixing concrete, but its use will usually result in concrete compressive
strengths 10 to 20% lower than normal. The use of a lower water/cement ratio can com-
pensate for this strength reduction. However, seawater should not be used for pre-
stressed concrete where the prestressing steel will be in contact with the concrete. When
water quality is in doubt, it is recommended that trial mixes be tested for setting time
and 28-d strength.

Additives
A number of types of additives or admixtures are used in concrete. Some of the principal
types of additives used are air-entraining agents, water-reducing agents, retarders, acceler-
ators, pozzolans, and workability agents. Air-entrained concrete has significantly increased
resistance to freezing and thawing as well as to scaling caused by the use of deicing chem-
icals. Entrained air also increases the workability of plastic concrete and the watertightness
of hardened concrete. For these reasons, air-entrained concrete is widely used for pave-
ments and other structures exposed to freezing and thawing.

Water-reducing agents increase the slump or workability of a concrete mix. Thus with
a water-reducing agent the amount of water in the mix may be reduced without changing the
coricrete’s consistency. However, note that some water-reducing agents also act as retarders.
Retarders slow the rate of hardening of concrete. Retarders are often used to offset the effect
of high temperatures on setting time. They are also used to delay the setting of concrete when
pumping concrete over long distances. The use of retarders to produce exposed-aggregate
surfaces is discussed in Section 12-1. Accelerators act in the opposite manner to retarders.
That is, they decrease setting time and increase the early strength of concrete. Since the most
common accelerator, calcium chloride, is corrosive to metal, it should not be used in con-
crete with embedded prestressing steel, aluminum, or galvanized steel.

Pozzolans are finely divided materials, such as fly ash, diatomaceous earth, volcanic
ash, and calcined shale, which are used to replace some of the cement in a concrete mix.
Pozzolans are used to reduce the heat of hydration, increase the workability, and reduce the
segregation of a mix. Workability agents or plasticizers increase the workability of a mix.
However, air-entraining agents, water-reducing agents, pozzolans, and retarders will also
increase the workability of a mix.

Mix Design

The concrete mix designer is faced with the problem of selecting the most economical con-
crete mix that meets the requirements of the hardened concrete while providing acceptable
workability. The most economical mix will usually be the mix that uses the highest ratio

of aggregate to cement while providing acceptable workability at the required water/
cement ratio.
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Table 7-4 Maximum water-cementitious material ratios and minimum design strengths for
various exposure conditions (Courtesy of Portland Cement Association)

Maximum water-cementitious Minimum design
material ratio by mass for compressive

Exposure condition concrete strength f, MPa (psi)
Concrete protected from exposure to Select water-cementitious material Select strength based

freezing and thawing, application of ratio on basis of strength, on structural

deicing chemicals, or aggressive workability, and finishing needs requirements

substances
Concrete intended to have low permeability

when exposed to water 0.50 28 (4000)
Concrete exposed to freezing and thawing

in a moist condition or deicers 0.45 31 (4500)
For corrosion protection for reinforced

concrete exposed to chlorides from deicing

salts, salt water, brackish water, seawater,

or spray from these sources 0.40 35 (5000)

Adapted from ACI 318 (1999).

Table 7-5 Recommended slumps for various types of construction (Courtesy of Portland
Cement Association)

Slump, mm (in.)

Concrete construction Maximum* Minimum
Reinforced foundation walls and footings 75 (3) 25 (1)
Plain footings, caissons, and substructure walls 75 (3) 25 (1)
Beams and reinforced walls 100 (4) 25 (1)
Building columns 100 (4) 25 (1)
Pavements and slabs 75 (3) 25 (1)
Mass concrete 75 (3) 25 (1)

*Many be increased 25 mm (1 in.) for consolidation by hand methods, such as rodding and spading.
Plasticizers can safely provide higher siumps.
Adapted from ACI 211.1

A suggested mix design procedure is to first select a water/cement ratio that satisfies
requirements for concrete strength, durability, and watertightness. (Table 7-4 gives maxi-
mum water/cement ratios recommended by the American Concrete Institute for various ap-
plications.) Next, select the workability or slump required (see Table 7-5). The third step
is to mix a trial batch using a convenient quantity of cement at the selected water/cement
ratio. Quantities of saturated, surface-dry fine, and coarse aggregate are then added until the
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desired slump is obtained. After weighing each trial mix component, the yield of the mix
and the amount of each component required for a full-scale batch may be calculated by the
method to be described.

Batching and Mixing

The process of proportioning cement, water, aggregates, and additives prior to mixing
concrete is called batching. Since concrete specifications commonly require a batching
accuracy of 1 to 3%, depending on the mix component, materials should be carefully
proportioned by weight. Central batching plants that consist of separate aggregate and
cement batching units are often used for servicing truck mixers and for feeding central
mixing plants. In such batching plants cement is usually handled in bulk. The addition
of water to the mix may be controlled by the batching plant or it may be accomplished
by the mixer operator. Batching for small construction mixers is accomplished by loading
the required quantity of cement and aggregate directly into the skip (hopper) of the mixer.
Water is added by the mixer operator. Cement for such mixers is usually measured by the
sack (94 1b or 42.6 kg).

A standard classification system consisting of a number followed by a letter is used
in the United States to identify mixer type and capacity. In this system, the number indi-
cates the rated capacity of the mixer in cubic feet (0.028 m?) of plastic concrete. Satisfac-
tory mixing should be obtained as long as the volume of the mix does not exceed the
mixer’s rated capacity by more than 10%. The letter in the rating symbol indicates the mixer
type: S is a construction mixer, E is a paving mixer, and M is a mortar mixer. Thus the sym-
bol “34E” indicates a 34-cu ft (0.96-m”) paving mixer, “16S” indicates a 16-cu ft (0.45-m>)
construction mixer, and so on.

Construction mixers are available as wheel-mounted units, trailer-mounted units,
portable plants, and stationary plants. Mixer drums may be single or double, tilting or
nontilting. Mixer capacities range from 3% cu ft (0.1 m>) to over 12 cu yd (9.2 m?). The
wheel-mounted 16—cu ft (type 16S) construction mixer is often used on small construc-
tion projects where ready-mixed concrete is not available. Large central mix plants are
used to supply concrete for projects such as dams, which require large quantities of
concrete.

Truck mixers or transit mix trucks (Figure 7-8) are truck-mounted concrete mixers
capable of mixing and transporting concrete. The product they deliver is referred to as
ready-mixed concrete. The usual procedure is to charge the truck mixer with aggregate, ad-
ditives, and cement at a central batch plant, then add water to the mix when ready to begin
mixing. Truck mixers are also capable of operating as agitator trucks for transporting plas-
tic concrete from a central mix plant. A truck mixer used as an agitator truck can haul a
larger quantity of concrete than it is capable of mixing. While a unit’s capacity when used
as an agitator truck is established by the equipment manufacturer, agitating capacity is gen-
erally about one-third greater than mixer capacity. Standard truck mixer capacity ranges
from 6 cu yd (4.6 m?) to over 15 cu yd (11.5 m%).

Paving mixers are self-propelled concrete mixers especially designed for concrete
paving operations. They are equipped with a boom and bucket which enable them to place
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Figure 7-8 Truck mixer. (Courtesy of Kenworth Truck Company)

concrete at any desired point within the roadway. With the increasing use of slipform
pavers, paving mixers are now most often used to supply slipform pavers or to operate as
stationary mixers. Dual-drum paving mixer production is almost double that of a single-
drum mixer. When operated as a stationary plant, a type 34E dual-drum paving mixer is ca-
pable of producing about 100 cu yd (76.5 m®) of concrete per hour.

A minimum mixing time of 1 min plus % min for each cubic yard (0.76 m®) over
1 cu yd (0.76 m>) is often specified for concrete mixers. However, the time required for
a complete mixer cycle has been found to average 2 to 3 min. A mixing procedure that
has been found to help clean the mixer drum and provide uniform mixing is to add 10%
of the mix water before charging the drum, 80% during charging, and the remaining 10%
when charging is completed. Timing of the mixing cycle should not begin until all solid
materials are placed into the drum. All water should be added before one-fourth of the
mixing time has passed. Standards of the Truck Mixer Manufacturers Bureau require
truck mixers to mix concrete for 70 to 100 revolutions at mixing speed atter all ingredi-
ents, including water, have been added. Any additional rotation must be at agitating
speed. Concrete in truck mixers should be discharged within 1 h after the start of mix-
ing and before the drum has revolved 300 times.
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Estimating Mixer Production

After a concrete mix design has been established, the volume of plastic concrete produced
by the mix may be calculated by the absolute-volume method. In this method the volume
of one batch is calculated by summing up the absolute volume of all mix components. The
absolute volume of each component may be found as follows:

Vol i) = Weight (1b) 1A
olume (cu ft) = 62.4 X specific gravity (7-14)
Weight (kg)
3 =
Volume (m’) 1000 X specific gravity

(7-1B)

When calculating the absolute volume of aggregate using Equation 7-1, aggregate
weight must be based on the saturated, surface-dry (SSD) condition. Such aggregate will
neither add nor subtract water from the mix. If aggregate contains free water, a correction
must be made in the quantity of water to be added to the mix. Example 7-3 illustrates these
procedures.

EXAMPLE 7-3

(a) Calculate the volume of plastic concrete that will be produced by the mix design
given in the table.

Quantity
Component Specific Gravity Ib kg
Cement 3.15 340 154
Sand (SSD) 2.65 940 426
Gravel (SSD) 2.66 1210 549
Water 1.00 210 95

(b) Determine the actual weight of each component to be added if the sand contains
5% excess moisture and the gravel contains 2% excess moisture.

(¢) Determine the weight of each component required to make a three-bag mix and
the mix volume. ‘

SOLUTION

340
3.15 X 624

154 ,
[_ 315 x 1000 ~ 09 m:]

(a) Cement volume = = 17cuft
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Sand volume = _2__6—59—19852 =57cuft
- ﬁ 0.16 m{l
Gravel volume = ﬁ%%ﬁ =173
_=F65>i<t9—1(—)—0—6 = 0.21 mﬂ
Water volume = 100%52 =34cuft

9% - 3
[‘ 1,00 x 1000 % m]

Mix volume = 1.7+5.7+73+3.4=18.1cuft
[ =005 + 0.16 + 021 + 0.09 = 0.51 m3]

(b) Excess water in sand = 940 X 0.05 = 47 1b
[ = 426 X 0.05 = 21kg]
Excess water in gravel = 1210 X 0.02 =24 1b
[ = 549 X 0.02 = 11kg]
Total excess water = 47 +24 =71 1b
[ = 21 + 11 = 32kg]
Field mix quantities:
Water = 210 — 71 = 1391b
[ = 95—32 = 63kg]
Sand = 940 + 47 = 987 1b
[ = 426 + 21 = 447kg]
Gravel = 1210 + 24 = 1234 1b
[ = 549 + 11 = 560kg]

(c) Adjusting to a three-bag mix:
Cement = 3 X 94 = 282 1b

[=3 X 42.6 = 127.8 kg]

282 e
Sand = 340 X 987 = 819 1b

1278 B
[_——154 X 447 = 370 ng
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_m _
Gravel = 340 X 1234 = 1023 1b

}% X 560 = 464 kgjl
Water = 32—% X 139 = 115 Ib
}% X 63 = 52 kgjl
Mix volume = % X 18.1 = 15.0cu ft
[=1—12$ X 051 = 0.42 m3]

After the batch volume has been calculated, mixer production may be estimated as follows:

Mizxer production (cu yd/h) = w (7-24)
Mixer production (m*/h) = 6—0X—7‘,/2<—£ (7-2B)

where V = batch volume (cu ft or m?)
T = cycle time (min)
E = job efficiency

Transporting and Handling Concrete

A number of different items of equipment are available for transporting concrete from the
mixer to its place of use. Some equipment commonly used includes transit mixer trucks,
agitator trucks, dump trucks, conveyors, pumps, and cranes with concrete buckets. Special
rail cars designed for transporting plastic concrete are also available, but seldom used ex-
cept on mass concrete projects such as concrete dams.

Regardless of the equipment used, care must be taken to avoid segregation when han-
dling plastic concrete. The height of any free fall should be limited to 5 ft (1.5 m) unless
downpipes or ladders are used. Downpipes having a length of at least 2 ft (0.6 m) should
be used at the end of concrete conveyors. When using nonagitator trucks for hauling con-
crete, specifications may limit the truck speed and maximum haul distance that may be
used. Temperature, road condition, truck body type, and mix design are the major factors
that influence the maximum safe hauling distance that may be used. Other considerations
in transporting and handling plastic concrete are described in Section 12-2.



206 CHAPTER 7

7-3 PRODUCTION OF ASPHALT MIXES

Asphalt and Other Bituminous Materials

Bituminous materials include both asphalt and tar. Although asphalt is the type of bituminous
material most frequently used in surfacing roads and airfields, road tars are sometimes used.
Most properties of asphalt and tar are similar, except that tars are not soluble in petroleum
products. As a result, tar surface treatments and tar seal coats are often used when the pave-
ment is likely to be subjected to spills of petroleum fuels—for example, on airfield aprons and
taxiways and in gasoline stations. A major disadvantage of tar is its tendency to change con-
sistency with small variations in temperature. Tar also has a different coefficient of expansion
than does asphalt. Thus, when a tar seal coat is applied to protect an asphalt pavement from pe-
troleum spills, the difference in their coefficients of expansion can result in severe cracking of
the seal coat within a few years. Such cracking will allow fuel spills to penetrate into the as-
phalt pavement, with resulting damage to the asphalt pavement. However, there are also fuel-
resistant asphalts available as described next. Since asphalt predominates in construction, the
words bituminous and asphalt are often used interchangeably in construction practice.
Bituminous surfaces (pavements and surface treatments) are used to provide a road-
way wearing surface and to protect the underlying material from moisture. Because of their
plastic nature, bituminous surfaces are often referred to as flexible pavements, in contrast
to concrete pavements, which are identified as rigid pavements. Bituminous surfaces are
produced by mixing solid particles (aggregates) and a bituminous material. Since the bitu-
minous material serves to bond the aggregate particles together, it is referred to as binder.
The aggregate in a bituminous surface actually provides the load-carrying ability of
the surface. The aggregate also resists the abrasion of traffic and provides skid resistance to
the travel surface. In addition to the coarse aggregate (gravel) and fine aggregate (sand) used
in concrete mixes, asphalt mixes often contain a third size of aggregate called fines. Fines,
also called mineral filler or mineral dust, consist of any inert, nonplastic material passing
the No. 200 sieve. Material used as fines includes rock dust, portland cement, and hydrated
lime. Aggregates used in asphalt mixes should be angular, hard, durable, well graded, clean,
and dry, in order to provide the required strength to the mix and to bond with the binder.
Asphalt cement, the solid form of asphalt, must be heated to a liquid state for use in bi-
tuminous mixes. Asphalt cements have traditionally been viscosity-graded based on their ab-
solute viscosity measured at 60°C and 135°C and range from AC-2.5 (soft) to AC-40 (hard).
A grading system based on a penetration test is also sometimes used. In this system, the pen-
etration (in hundredths of a centimeter) which occurs in 5 s is measured for a standard nee-
dle under a 100-g load with the asphalt temperature at 25°C. Penetration grades range from
soft (penetration numbers 200 to 300) to hard (penetration numbers 40 to 50). More recently,
in order to implement the Superpave™ asphalt pavement design and construction system de-
scribed in Section 8-2, a Performance Graded Asphalt Binder classification system has been
developed. Under this classification system, asphalt binder Performance Grades range from
PG 46-46 to PG 82-34. Note that this is classified as an “asphalt binder” specification since
it is intended to apply to both modified and unmodified asphalts. In this system, the first two
digits indicate the average 7-d maximum pavement design temperature (in degrees Celsius),
and the last two digits indicate the minimum pavement design temperature (in minus degrees
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Celsius). Some of the laboratory tests and procedures which are required to classify asphalt
binder under the Performance Graded (PG) system include the following:

The Rotational Viscometer, which indicates asphalt binder handling and pumping
properties at high temperatures.

The Dynamic Shear Rheometer, which provides a measure of the permanent defor-
mation and fatigue cracking of asphalt binder at high and intermediate temperatures.

The Bending Beam Rheometer and the Direct Tension Tester, which provide a meas-
ure of low temperature asphalt binder cracking.

The Rolling Thin Film Oven and the Pressure Aging Vessel, which measure asphalt
binder aging and hardening characteristics.

Fuel-resistant asphalt, often based on a polymer modified asphalt (PMA), is available
and has demonstrated high resistance to rutting and cracking as well as to petroleum fuels.
Some such asphalts can sustain less than 1% material loss after 24 h of immersion in jet fuel.

An asphalt cutback, which is liquid at room temperature, is created when petroleum
distillates are mixed with asphalt cement. Asphalt cutbacks are classified as medium-
curing (MC) or rapid-curing (RC), depending on the type of solvent used in their produc-
tion. Road oils or slow-curing (SC) asphalt may be residual asphalt oils or may be pro-
duced by blending asphalt cement with residual oils. The classification symbol used for
cutbacks and road oils includes a number that indicates the viscosity of the mixture. Vis-
cosity grades range from 30 (viscosity similar to water) to 3000 (barely deforms under its
own weight).

Asphalt emulsions contain particles of asphalt dispersed in water by means of emul-
sifying agents. Asphalt emulsions have several important advantages: they can be applied
to wet aggregates and they are not flammable or toxic. Asphalt emulsions are classified as
rapid setting (RS), medium setting (MS), or slow setting (SS).

Road tars are designated by the symbol RT plus a number indicating viscosity.
Twelve grades are available, ranging from RT-1 (low viscosity) to RT-12 (solid at room
temperature). Two tar cutback grades, RTCB-5 and RTCB-6, are also available.

Handling Bituminous Materials

When cutbacks are heated for mixing or spraying, they are usually above their flash point. The
flash point of aliquid is the temperature at which it produces sufficient vapor to ignite in the
presence of air and an open flame. Since the flash point is reached at a temperature below that
at which the liquid would normally burn, extreme care must be taken when heating cutbacks
or when handling the heated material. No open flame or spark-producing equipment should
be allowed near the hot liquid. Use only equipment specifically designed for the purpose when
heating, storing, mixing, or spraying cutbacks. Adequate fire-extinguishing equipment must
be readily available together with personnel properly trained in its use. Proper precautions
must also be taken to prevent burns when working with hot materials. Hot surfaces must be
conspicuously marked or guarded to protect workers against contacting them. Gloves and
other protective clothing must be used by workers handling hot equipment.
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Asphalt Plants

While cold asphalt mixes may be produced using asphalt cutbacks or emulsions, asphalt
plants are primarily used to produce hot-mix asphalt (HMA) from asphalt cement. The
principal types of asphalt plants are batch plants and drum-mix plants. The batch plant il-
lustrated in Figure 7-9 uses a cold feed hopper and cold feed belt conveyor to feed aggre-
gate into the dryer. From the dryer, hot aggregate is moved by a hot elevator into an
aggregate batcher. Here the hot aggregate is separated by screening and placed into bins by
size. Calibrated feeders provide a supply of aggregate and mineral filler in the required
quantities to the pugmill (mixer). Asphalt is injected into the pugmill and the mixture is
mixed for the required time. The batch of hot-mix asphalt is then deposited into a haul unit.

In recent years the drum-mix plant illustrated in Figure 7-10 has become quite popu-
lar and has largely replaced the older continuous-flow plant. As you see, both drying and
mixing take place in the drum. The process eliminates the separate aggregate batcher, hot el-
evator, and pugmill of the batch plant. The dust emitted by the dryer is also less than that
emitted by the batch plant dryer because the liquid asphalt tends to trap fines inside the drum.
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This reduces the amount of pollution control equipment needed. Some recent innovations
such as dual-drum mixers and counterflow air systems have further increased these plants’
efficiencies. The high production capability, efficiency, economy, and portability of these
plants make them attractive to asphalt producers.

Frequent sampling and testing of asphalt plant mixes is required to ensure adequate
quality control. Insulated storage bins such as that shown in Figure 7—11 are available to
store plant output when hauling capacity is limited or uncertain. Loading and hauling must
be carefully conducted to prevent degradation of the mix. Trucks should be clean and dry
before loading. Insulated or heated trucks may be required to ensure that the mix is deliv-
ered to the job site at the specified temperature.

Estimating Asphalt Plant Production

An asphalt mix is composed of asphalt, coarse aggregate (gravel), fine aggregate (sand),
and mineral filler (or fines). The amount of asphalt in a mix is expressed as a percentage of
total mix weight. Aggregate is heated in the dryer to permit bonding with the hot asphalt.
Since fines are largely lost as the aggregate passes through the dryer, mineral filler is usu-
ally added directly to the pugmill along with the asphalt and hot aggregate.

Dryer capacity, which depends on aggregate moisture content, is normally the con-
trolling factor in asphalt plant capacity. Thus, the maximum hourly plant capacity may be
calculated from the dryer capacity and the percentage of asphalt and fines in the mix. The
procedure is illustrated in Example 7-4. Notice that the calculations are based on dry
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Figure 7-11 |Insulated hot-
mix asphalt storage bin with
skip hoist. (Courtesy of Terex
Road Building)

aggregate weights. The weight of coarse aggregate and sand must be corrected for moisture
to obtain the actual field weight of these materials required to feed the dryer. Additional in-
formation on asphalt plant calibration is contained in reference 2.

EXAMPLE 7-4

(a) Calculate the maximum hourly production of an asphalt plant based on the data
in the following list.

(b) Find the required feed rate (ton/h) for each mix component to achieve this
production.

Mix composition:

Asphalt = 6%

Aggregate composition:
Coarse A = 42%
Coarse B = 35%
Sand = 18%
Mineral filler =5%

Aggregate moisture = 8%

Dryer capacity at 8% moisture removal = 110 ton/h
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SOLUTION

Dryer capacity X 10*
(100 — asphalt % )(100 ~ fines %)
110 x 10*

(a) Plant capacity =

= = 123 ton/h 7-3
(100 — 6)(100 — 5) on/ 7-3)
(b) Feed rate (ton/h):
Component Fraction Total Rate
Asphait 0.06 123.0 7.4
Aggregate (dry) 0.94 123.0 1156
1.00 123.0 123.0
Aggregate components (dry weight)
Coarse A 0.42 115.6 48.5
Coarse B 0.35 115.6 40.5
Sand 0.18 115.6 20.8
Mineral filler 0.05 115.6 5.8
1.00 115.6 115.6

PROBLEMS

1. What are the characteristics of a Performance Grade PG 58-10 asphalt binder?

2. Determine the actual field weight (1b or kg) required to charge a 34E mixer with a 10%

overload using the mix proportions given here. The field excess moisture content of
the sand is 6% and that of the gravel is 2%.

Component Weight Ib (kg) Specific Gravity
Cement 94 (42.6) 3.15
Gravel 415 (188.2) 2.66
Sand 235 (106.6) 2.65
Water 54 (24.5) 1.00

3. Calculate the cold feed rate in tons per hour (tons/h) for a drum-mix asphalt plant under
the following conditions.

Asphalt content =6%

Aggregate composition:
Coarse A =50%
Coarse B =20%
Sand =24%
Mineral filler =6%

Field moisture content of gravel and sand = 6%
Drum capacity at required moisture removal = 140 tons/h (127 t/h)
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4. Calculate the hot feed required per batch for an asphalt batch plant producing 3 tons

(2.7 t) per batch under the following conditions:

Asphalt content =5%

Aggregate composition:
Coarse A =45%
Coarse B =35%
Sand =15%
Mineral filler =5%

. Develop a computer program to calculate the feed rate for an asphalt plant. For drum-

mix plants, output the cold feed rate in tons per hour (t/h) of coarse and fine aggregate,
mineral filler, and asphalt cement. For batch plants, output the dry weight in tons (t)
per batch for aggregates, mineral filler, and asphalt cement. Input should include the
type of plant, the aggregate composition, asphalt content, field aggregate moisture, and
drum capacity at the required moisture removal. Solve Problem 4 using your program.

. a. Determine the water-cement ratio of the mix of Problem 9.

b. What difficulties might result from lowering the water-cement ratio of the mix and
how might these be overcome?

. Select the crusher settings for a primary jaw crusher and a secondary roll crusher to

produce 150 tons/h (136 t/h) of aggregate meeting the following specifications. Indi-
cate the output in tons per hour (t/h) and in percentage for each of the specified size

ranges.

Screen Size in. (mm) Percent Passing
2% (6.4) 100

1(25) 50-60

7% (6) 15-30

. The output from a closed-circuit jaw crusher is shown below. A three deck horizontal

vibrating screen is to be used to separate the aggregate output. The stone weighs
100 Ib/cu ft (1602 kg/m3). If 25% of the feed to the % (13 mm) screen is smaller than
% in. (6 mm), determine the minimum size required for the -in (13-mm) screen.

Screen Size in. (mm) Screen Load tons/h (t/h)  Passing tons/h (t/h)

2% (64) 83.0 (75.3) 56.4 (51.2)
1% (38) 56.4 (51.2) 37.3 (33.8)
% (13) 37.3 (33.8) 16.1 (14.6)

. A one-sack trial mix that meets specification requirements has the proportions shown

here. Determine the quantity of each ingredient by weight required to batch a 16S
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10.

mixer with no overload using an integer number of sacks of cement. Assume that the
aggregate is saturated, surface-dry, and allow a 10% overload.

Weight Specific
Component Ib kg Gravity
Cement 94 42.6 3.15
Gravel 395 179.2 2.66
Sand 215 97.5 2.65
Water 50 227 1.00

Develop a computer program to calculate the field batch weight of each component for
a specified concrete mix and mixer capacity. Input should include the rated mixer ca-
pacity, percent overload to be used, and mix proportions. For each mix component, in-
put the SSD weight for the component, the specific gravity, and the field excess
moisture. Solve problem 2 using your computer program.
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Paving and Surface Treatments

Pavements and surface treatments are used to provide a roadway wearing surface and to
protect the underlying material from moisture. Both concrete and asphalt mixes are used
to construct pavements. Because of their plastic nature, asphalt pavements are often re-
ferred to as flexible pavements in contrast to concrete pavements, which are identified as
rigid pavements. Surface treatments, on the other hand, are produced by applying liquid
asphalt or some other bituminous material to a roadway surface, with or without the addi-
tion of aggregate. The construction of concrete and asphalt pavements and asphalt surface
treatments is described in the following sections.

8-1 CONCRETE PAVING

Form-Riding Equipment

The frequent use of concrete for paving highways and airfields has led to the development
of specialized concrete paving equipment. While slipform pavers that do not require the use
of forms are becoming increasingly popular, paving is still accomplished using metal forms
to retain the plastic concrete while it is placed and finished. Since much of this equipment
is designed to ride on the concrete forms, the equipment is often referred to as form-riding
equipment. The pieces of equipment used to perform the operations of mixing, placing, fin-
ishing, and curing are often referred to as a paving train, because they travel together in
series along the roadway.

Standard metal paving forms are 10 ft (3 m) long and 8 to 12 in. (20 to 30 cm) in height.
Metal pins are driven into the ground through holes in the form, and the form ends are locked
together to hold them in alignment. Form-riding subgraders similar to the grade excavator
described in Chapter 5 are available to bring the pavement subgrade or base to precise ele-
vation before concrete is poured. Concrete is placed within the forms by a paving mixer or
by truck mixers. A form-riding concrete spreader is used to spread, strike off, and consoli-
date the concrete. Combination placer/spreader units equipped with conveyor belts are avail-
able which are capable of operating with either form-riding or slipform paving equipment.

215
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Finishing follows concrete placing and spreading. Form-riding equipment often in-
cludes both a transverse and a longitudinal finisher. The transverse finisher is used to bring
the surface to final elevation and provide initial finishing. The longitudinal finisher pro-
vides final machine finishing. Hand finishing may follow, employing a form-riding finish-
ing bridge to permit workers to reach the entire surface of the pavement. Finishers may be
followed by an automatic curing machine equipped with a power spray that applies curing
compound.

When constructing large slabs and decks, concrete may be placed by chutes, buckets,
or side discharge conveyors. Mechanical finishing may be supplied by roller finishers,
oscillating strike-off finishers, large power floats, or other types of finishers.

Slipform Paving

A slipform paver is capable of spreading, consolidating, and finishing a concrete slab without
the use of conventional forms. The concrete develops sufficient strength to be self-supporting
by the time it leaves the paver, as shown in Figure 8-1. Since the paver’s tracks completely
span the pavement slab, reinforcing steel may be placed ahead of the paver. Typical slipform
pavers are capable of placing slabs up to 10 in. (25.4 cm) thick and 24 ft (7.3 m) wide at speeds

Figure 8-1 Large slipform paver in operation. (Courtesy of Terex Roadbuilding.)
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Figure 8-2 Slipform paver for
curbs and gutters. (Courtesy of
GOMACO Corporation)

up to 20 ft/min (6 m/min). Other paving equipment, such as tube finishers and curing ma-
chines, may be used in conjunction with a slipform paver.

Small slipform pavers such as the one shown in Figure 8-2 are widely used for pour-
ing curbs and gutters. Some machines are combination grade trimmers and pavers, capable
of both preparing the subgrade and placing the curb and gutter. Slipform pavers have placed
over 1 mi (1.6 km) of curb and gutter per day, although typical production is about one-half
of that amount. Small slipform pavers are also capable of constructing sidewalks, highway
median barriers (Figure 8-3), and similar structures.

Concrete saws equipped with diamond or abrasive blades are often used to cut joints
in concrete slabs to control shrinkage cracking. The depth of control joints should be about
one-fourth of the slab thickness, but not less than the maximum size of the aggregate used.
Sawing should be done when the concrete is still green but has hardened sufficiently to pro-
duce a clean cut. This is usually 6 to 30 h after the concrete has been placed.

Roller Compacted Concrete

Roller compacted concrete (RCC) is a relatively new form of concrete construction. First
used in the early 1970s for the construction of concrete dams, its use has spread to pavements
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Figure 8-3 Slipform paver placing median barrier. (Reprinted Courtesy of
Caterpillar Inc.)

and other structures. Basically the process involves dumping and spreading zero-slump con-
crete onto a prepared base and then compacting the mixture with vibratory or rubber-tired
rollers. The construction technique has the advantages of speed, economy, and simplicity. In
one case of dam construction, it has been reported that the cost using RCC construction was
only about one-third that of conventional concrete construction.

In pavement construction, modified asphalt pavers or concrete placer-spreader units
can be used to place the RCC in the desired thickness. Compaction of the RCC should take
place as soon as possible but not more than 10 min after placing. Vibratory rollers are com-
monly used for primary compaction. This is often followed by a heavy pneumatic roller to
help seal surface cracks and joints. A light smooth-wheel static roller may be employed for
final rolling to provide surface smoothing. The rolling pattern commonly used for RCC is
similar to that described in Section 8-2 for asphalt pavements. However, when an adjacent
lane is to be placed before the first lane has hardened, it is suggested that an uncompacted
strip about 1 ft (300 mm) wide be left on the adjoining side until the adjacent lane is placed.
After the adjacent lane is placed, the strip and joint between the lanes is compacted. Before
placing a cold joint, the edge of the existing pavement should be cut off to form a vertical
surface. Continuous moist curing by ponding, water spray, or a wet mat is suggested for the
first 24 h, followed by a curing membrane spray.
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8-2 ASPHALT PAVING AND SURFACE TREATMENTS

The properties of bituminous materials (asphalt and tar), the production of hot-mix asphalt
(HMA), and some safety precautions to be observed in handling bituminous materials were
described in Section 7-3.

The Bituminous Distributor

The bituminous or asphalt distributor illustrated in Figure 84 is used to apply liquid bitu-
minous materials. It is utilized in almost all types of bituminous construction. The rate of
liquid bituminous application is expressed in gallons per square yard (liters per square me-
ter). The rate at which the bituminous material is applied by a distributor depends on spray
bar length, travel speed, and pump output. Spray bar length may range from 4 ft (1.2 m) to
24 ft (7.3 m). Travel speed is measured by a bitumeter calibrated in feet per minute (meters
per minute). Pump output is measured by a pump tachometer calibrated in gallons per
minute (liter per minute). Since standard asphalt volume is measured at a temperature of
60°F (15.5° C), a volumetric correction factor must be applied to convert asphalt volume at
other temperatures to the standard volume (see Table 8-1).

For a particular spray bar length, the road speed (bitumeter reading), and pump out-
put (tachometer reading) needed to obtain a specified application rate can be found in the
tachometer chart supplied by the distributor manufacturer. If a tachometer chart is not avail-
able, the necessary road speed can be found by using Equation 8-1.

9XP

S = WX R ft/min (8-14)
S = —P~m/min (8-1B)
W X R )
POWER DRIVEN PUMP VALVE CONTROL BURNERS

BAFFLE PLATE

BITUMETER

WHEEL SPRAY BAR

Figure 8-4 Bituminous distributor components. (Courtesy of The Asphalt Institute)
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Table 8-1 Volumetric correction factor for asphalt”

Temperature
To Obtain Standard Volume,
°F °C Multiply Measured Volume by:
60 16 1.0000
80 27 0.9931
100 38 0.9862
120 49 0.9792
140 60 0.9724
160 71 0.9657
180 82 0.9590
200 93 0.9523
220 104 0.9458
240 116 0.9392
260 127 0.9328
280 138 0.9264
300 149 0.9201
320 160 0.9138
340 171 0.9076

"Specific gravity above 0.966. Applicable to all grades of asphalt cement and liquid asphalt grades
250, 800, and 3000.

where S = road speed (ft/min or m/min)
P = pump output (gal/min or £/min)
W = spray bar width (ft or m)
R = application rate (gal/sq yd or £/m?)

Bituminous Surface Treatments

Bituminous surface treatments are used to bond old and new surfaces, to seal and rejuve-
nate old pavements, or to provide a fresh waterproofing and wearing surface. A wide vari-
ety of bituminous surface treatments are available, including prime coats, tack coats, dust
palliatives, seal coats, single-pass surface treatments, and multiple-pass surface treatments.

A prime coat is a coating of light bituminous material applied to a porous unpaved
surface. The purpose of the prime coat is to seal the existing surface and to provide a bond
between the existing surface and the new bituminous surface. Bituminous materials com-
monly used for prime coats include RT-1, RT-2, RT-3, RC-70, RC-250, MC-30, MC-70,
MC-250, SC-20, and SC-250. The usual rate of bituminous application varies from 0.25 to
0.50 gal/yd® (1.1 t0 2.3 ¢/m?). All liquid bituminous should be absorbed within 24 h and it
should cure in about 48 h.

A tack coat is a thin coating of light bituminous material applied to a previously paved
surface to act as a bonding agent. Bituminous materials commonly used for tack coats in-
clude RC-70, RC-250, RS-1, RS-2, RT-7, RT-8, and RT-9. The usual rate of application is
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0.1 gal/yd (0.45 €¢/m®) or less. The tack coat must be allowed to cure to a tacky condition
before the new surfacing layer is placed.

A dust palliative is a substance applied to an unpaved surface to reduce the amount of
dust produced by vehicular traffic and wind. Bituminous dust palliatives are designed to
penetrate and bond particles in the unpaved surface and provide some waterproofing. Bitu-
minous materials commonly employed include MC-30, MC-70, and diluted slow-setting
emulsions. Other agents used as dust palliatives include water, acrylic copolymer, pine resin,
magnesium chloride, calcium chloridem, lignosulfonate, and petroleum resins. While water
is effective in reducing dust, under very dry conditions it must be applied almost continu-
ously. The other agents previously named are usually effective for 30 d or more.

A fog seal is a light application of a slow-setting asphalt emulsion diluted by 1 to 3
parts of water. It is used to seal small cracks and voids and to rejuvenate old asphalt sur-
faces. The usual application rate is 0.1 to 0.2 gal/yd® (0.4 to 0.9 €/m?).

An emulsion slurry seal is composed of a mixture of slow-setting asphalt emulsion,
fine aggregate, mineral filler, and water. Usual mixtures contain by weight 20 to 25%
asphalt emulsion, 50 to 65% fine aggregate, 3 to 10% mineral filler, and 10 to 15% water.
The slurry is placed in a layer % in. (0.6 cm) or less in thickness using hand-operated
squeegees, spreader boxes, or slurry seal machines.

A sand seal is composed of a light application of a medium-viscosity liquid asphalt
covered with fine aggregates. Bituminous materials commonly used include RT-7, RT-8,
RT-9, RC-250, RC-800, MC-250, MC-800, RS-1, and SS-1. The rate of application varies
from 0.10 to 0.15 gal/yd* (0.45 to 0.68 €/m?). Fine aggregate is applied at a rate of 10 to
15 Ib/yd® (5.4 to 8.1 kg/m?).

Single- and Multiple-Pass Surface Treatments

Single-pass and multiple-pass surface treatments, sometimes called aggregate surface treat-
ments, are made up of alternate applications of asphalt and aggregate. Aggregate surface
treatments are used to waterproof a roadway and to provide an improved wearing surface.
Such surface treatments are widely used because they require a minimum of time, equip-
ment, and material. They also lend themselves to stage construction; that is, successive ap-
plications are repeated over a period of time to produce a higher level of roadway surface.

A single-pass surface treatment is constructed by spraying on a layer of asphalt and
covering it with a layer of aggregate approximately one stone in depth. Hence the thickness
of the finished surface is approximately equal to the maximum diameter of the aggregate
used. A typical single surface treatment consists of 25 to 30 Ib/yd® (13 to 16 kg/m?) of %-in.
(1.3-cm) or smaller aggregate covering 0.25 to 0.30 gal/yd® (1.1 to 1.4 €/m?) of binder. The
type and quantity of binder selected will depend on ambient temperature, aggregate ab-
sorbency, and aggregate size.

The sequence of operations involved in placing a single surface treatment is as follows:

. Sweep the existing surface.

N

Apply prime coat and cure, if required.
Apply binder at the specified rate.

w2
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4. Apply aggregate at the specified rate.
5. Roll the surface.

6. Sweep again to remove loose stone.

Rotary power brooms are most often used for cleaning the existing surface, but blow-
ers or water sprays may be used. The prime coat and binder are applied with an asphalt dis-
tributor. Spreading of aggregate must follow immediately after binder application. Since
binder temperature has been found to drop to ambient surface temperature in about 2 min,
every effort must be made to apply aggregate within 2 min after binder application. Major
types of aggregate spreaders, including whirl spreaders, vane spreaders, hopper spreaders,
and self-propelled spreaders, operate in conjunction with dump trucks. Spreaders must ap-
ply aggregate uniformly and at the specified rate. After the application of aggregate the sur-
face is rolled to embed the aggregate in the binder and to interlock aggregate particles. Either
pneumatic or steel wheel rollers may be used for compaction, but pneumatic rollers are pre-
ferred because they produce less bridging action and their contact pressure can be easily var-
ied to prevent aggregate crushing. After compaction, the surface is again swept to remove
loose stone that might cause damage when thrown by fast vehicles.

Multiple-pass surface treatments consist of two or more single surface treatments
placed on top of each other. The construction sequence is the same as that shown above ex-
cept that steps 3 to 5 are repeated as required. Thus a double surface treatment consists of
two binder/aggregate layers, a triple surface treatment consists of three binder/aggregate
layers, and so on. The maximum size of aggregate used in each layer should be about one-
half the size used in the underlying layer.

Asphalt Paving

The principal types of asphalt pavements include penetration macadam and pavements con-
structed from road mixes and plant mixes. Paving mixes may be either hot mixes or cold
mixes. Hot mixes are used in producing high-type pavements for major highways and air-
fields. Cold mixes are employed primarily for roadway patching but may also be used for
paving secondary roads.

Penetration macadam, while usually classified as a pavement, is constructed using
equipment and procedures very similar to those employed for constructing aggregate sur-
face treatments. Penetration macadam may be used as a base as well as a pavement. To con-
struct penetration macadam, a single layer of coarse aggregate, which may be 4 in. (10 cm)
or more in thickness, is placed. This layer is then compacted and interlocked by rolling
with a pneumatic or steel wheel roller. Binder is then applied followed immediately by an
application of an intermediate size aggregate (“key” aggregate). The pavement is then
rolled again to compact the key stone and force it into the binder. Another application of
binder and smaller key stone may follow. The surface is swept after completion of rolling.

Road mixes or mixed-in-place construction are produced by mixing binder with ag-
gregate directly on the roadway. This mix is then spread and compacted to form a pave-
ment. Road mixes may be produced by motor graders, rotary mixers, or travel plants. To
produce a road mix using the motor grader, aggregate is spread along the roadway and
binder is applied by a distributor. The materials are then mixed by moving them laterally
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grader, spread to the required depth, and compacted. Rotary mixers use a pulverizing rotor
and a spray bar to mix aggregate and binder in one operation. Travel plants pick up aggre-
gate from a windrow on the roadway, mix it with binder, and deposit the mix back on the
roadway or into a finishing machine. Problems often encountered in mixed-in-place con-
struction include difficulty in obtaining aggregate moisture control, lack of uniformity in
the mix, and difficulty in obtaining uniform spreading of the mix. As a result, the quality of
road mixes is generally substantially inferior to that of plant mixes.

Hot- and Cold-Mix Asphalt Paving

Hot-mix asphalt (HMA) pavement is considered the highest form of asphalt pavement. It
is suitable for use on airport runways, as well as highways and streets. Since they require
no curing, hot-mix asphalt pavements may be put in use as soon as the pavement has cooled
to the ambient temperature. After compaction and cooling, such pavements are very stable
and resist damage caused by moisture or frost. Cold-mix pavements are constructed in gen-
erally the same way as are hot-mix pavements. Cold mixes have certain advantages in that
they can be transported long distances, stockpiled if necessary, and used only in the quan-
tity needed. However, they have the disadvantages of requiring curing, having low initial
stability, and being difficult to compact adequately in cold weather. Since hot mixes pre-
dominate in flexible pavement construction, only their construction will be described here.

Hot-mix paving operations involve the delivery of the asphalt mix, spreading of the
mix, and compacting the mix. Spreading and initial compaction of the mix is accomplished
by the asphalt paver or finishing machine shown in Figure 8-5. In operation, the paver en-
gages the material supply truck, couples the two units together, and pushes the truck as the
mix is unloaded and the pavement placed. The two principal parts of an asphalt paver are
the tractor unit and the screed unit. The tractor unit propels the paver, pushes the dump truck
delivering the mix, and pulls the screed unit. The screed unit strikes off the mix at the proper
elevation and provides initial compaction to the mix. Pavers can be fed by a material trans-
fer vehicle as shown in Figure 8-6. The mobile transfer vehicle serves as a transfer bin,
which separates the delivery truck from the paver. The transfer vehicle permits continuous
paving by providing an uninterrupted delivery of mix to the paver. Most pavers provide an
automatic control system which uses a laser, fixed stringline, ski, shoe, or traveling string-
line as an elevation reference to automatically control the screed elevation.

Towed pavers are also available for use on small paving jobs. Another type of paver
is the shoulder paver. This is a small paver with a maximum paving width of about 10 ft
(3.1 m), which is used for paving highway shoulders or for widening existing pavements.
These machines are available as attachments for motor graders or self-propelled machines.
Items to be checked during paver operation include grade and tolerance of the finished
surface, appearance and temperature of the mix, weight of mix applied per square yard
(meter), and average thickness of mix actually obtained.

Hot mix asphalt paving requires large quantities of asphalt mix per hour. For exam-
ple, an asphalt paver laying a 3-in. (76-mm)-thick pavement 12 ft (3.6 m) wide at a speed
of 50 ft/min (15.2 m/min) requires 600 ton/h (544 t/h) of hot mix. Thus, storage, handling,
and hauling of the plant mix must be carefully planned and controlled. The use of insulated
tanks such as shown in Figure 87 for storing the hot mix at the job site may be necessary
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Figure 8-5 Asphalt paving machine in operation. (Courtesy of Cedarapids, Inc.)

when hauling capacity is limited or uncertain because of traffic conditions or other uncer-
tainties. Insulated and heated trucks are also available for hot-mix hauling.

Compacting or rolling of the mix should begin immediately after it is placed by the
paver. The usual sequence of rolling involves breakdown rolling, intermediate rolling, and
final or finish rolling. Vibratory steel wheel rollers are now frequently used for rolling as-
phalt pavements as shown in Figure 8-8. Joints (transverse and longitudinal) and the outside
pavement edge should be rolled before the remainder of the pavement is rolled. Static steel
wheel or vibratory rollers are commonly used for breakdown rolling. Steel wheel rollers hav-
ing a single-drive wheel should roll with the drive wheel forward, particularly during initial
rolling, to prevent displacement of the mix. Pneumatic-tired rollers are often used for inter-
mediate rolling because they provide a more uniform contact pressure than do steel wheel
rollers, and they improve the amount of surface sealing obtained during rolling. Two-axle or
three-axle tandem steel wheel rollers are commonly used for finish rolling. However, two-
drum vibratory rollers are increasingly being employed for all phases of rolling.

The temperature of the asphalt mat can be critical with some asphalt mixes. Rutting or
shoving may result from rolling a mix that is too hot, whereas rolling a mix that is too cool
may result in ineffective compaction.

It is important to determine whether the required density has been obtained in the com-
pacted pavement. Rapid measurement of pavement density can be made with a nuclear
density device, nonnuclear density gauge, or an equipment-mounted measuring system as
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Figure 8-6 Material transfer vehicle feeding an asphalt paver. (Courtesy of
Roadtec, Inc.)

described in Section 5-1. Many of these devices also measure the temperature of the asphalt
pavement to insure that rolling is taking place at the optimum temperature.

Before rolling operations are begun, carefully check the condition of the rollers. Items
to be checked during rolling include the adequacy of compaction, surface smoothness, the
use of proper rolling patterns and procedures, and the condition of joints and edges.

Superpave™

Concerned about accelerated failure of asphalt pavements under growing traffic loads on
the interstate highway system, the U.S. Congress authorized a Strategic Highway Research
Program (SHRP). Research and tests under this program have led to a new asphalt pavement



Figure 8-7 Hot mix
asphalt storage bins.
(Courtesy of Terex
Roadbuilding)

Figure 8-8 Rolling an asphalt pavement with vibratory roller. (Courtesy of
BOMAG [USA))
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design and construction system known as Superpave™. This system differs from conven-
tional hot mix asphalt pavement construction in that it employs stiffer asphalt mixes with
lower asphalt content, uses smaller, less rounded crushed aggregate, and utilizes asphalt op-
timized for local climatic conditions.

Contractors have experienced problems in achieving the specified compaction of
Superpave™ mixes because of the stiffness of the mix, particularly when employing a
polymer-modified binder. Three surface temperature zones have been identified in an HMA
pavement mat: an upper temperature zone between laydown temperature and 240° F
(116° C), an intermediate zone between 240 and 190° F (116-88° C), and a lower zone be-
tween 190 and 160° F (88-71° C). A “tender mix” which displaces or shoves under com-
paction has been found to exist at certain mix temperatures. This temperature is usually in
the intermediate temperature zone. The mix is usually stable under compaction in either the
upper or lower temperature zones. Thus, breakdown rolling should be completed before the
surface temperature of the mat falls below 250° F (121° C), intermediate rolling should be
completed before the surface temperature reaches 210° F (99° C), and finish rolling should
be completed before the surface temperature falls below 175° F (79° C). Using a lift thick-
ness of four times the maximum nominal aggregate size will make it easier to achieve the
required density without employing an excessively high mix temperature.

Several different roller compaction schemes have been successfully employed on
Superpave™ pavements. Using only two double-drum vibratory rollers operating in eche-
lon (almost side-by-side) in the upper temperature zone have sometimes been sufficient to
provide the required compaction. Another scheme uses one double-drum vibratory roller
operating in the upper temperature zone, followed by a rubber-tired roller operating in the
middle temperature zone, and a static steel-wheeled roller operating in the lower tempera-
ture zone. For very stiff mixes containing high levels of polymer, pneumatic rollers have
been used for breakdown rolling, followed closely by a double-drum vibratory roller. No
finish rolling was required with this combination.

8-3 PAVEMENT REPAIR AND REHABILITATION

Concern over the declining condition of the U.S. highway system has caused the U.S.
Federal-Aid Highway Act to expand the definition of highway construction to include resur-
facing, restoration, rehabilitation, and reconstruction. Within the transportation industry,
these categories of work are often identified as 4R construction. The use of pavement man-
agement systems to maintain pavements in satisfactory condition at the lowest possible cost
is becoming widespread. Such computer-based systems require continuing data collection
and evaluation to permit a timely decision on the maintenance strategy to be employed.
Resurfacing may involve surface treatments or overlays of asphalt or concrete.
Restoration and rehabilitation are broad terms that include any of the work required to re-
turn the highway to an acceptable condition. One technique that has grown in popularity is
the mechanical removal of the upper portion of the pavement by planing or milling fol-
lowed by a new pavement overlay. Often, the material removed is recycled and used as a
portion of the aggregate for the new overlay. In addition to reducing cost, recycling reduces
the demand for new aggregate sources as well as the problems associated with disposal of



228

CHAPTER 8

the old material. Restoration or rehabilitation may also require that subgrades or base
courses (Section 5-3) be strengthened by soil stabilization or drainage improvements.
Reconstruction refers to complete removal of the old pavement structure and construction
of a new pavement.

Bridge management systems are also being developed to improve bridge life and
lower costs by optimum bridge maintenance. Bridge decks often require resurfacing or re-
construction as a result of the corrosion of the concrete reinforcing steel due to salt pene-
tration into the concrete. The use of epoxy-coated reinforcing steel, chemical sealing of the
pavement surface, and the use of chemical additives in the concrete mix all show promise
in reducing deterioration of bridge decks.

The need to repair concrete highway pavements usually requires the closure of one or
more traffic lanes. Since the cost of traffic delays often exceeds the actual cost of
repair, increased interest is being paid to the use of rapid-hardening materials which permit
the pavement to be reopened to traffic within a few hours instead of several days. To meet
this demand, a number of material manufacturers are producing prepackaged, rapid-
hardening concrete. Some of these materials can produce a concrete compressive strength
as great as 3000 psi (20,685 kPa) within 1 h. Asphalt pavements repaired with hot-mix
materials can be reopened as soon as the mix has cooled sufficiently so that it is not rutted
by traffic.

Work zone safety, or the prevention of accidents while traffic is maintained during
highway repair, is receiving increasing attention from contractors, highway officials, and
the Occupational Safety and Health Administration (OSHA). See Chapter 19 for additional
information on construction safety.

Recycling of Pavements

In recent years there has been a significant increase in the recycling of pavements.
Recycling consists of the demolition of old pavement, recrushing of the pavement material,
and reusing it in new asphalt or concrete mixes. In addition to saving energy and sometimes
scarce aggregate, recycling reduces the volume of waste which must go into landfills or
other disposal areas.

0ld concrete pavements are commonly broken up by hydraulic hammers and loaded
into haul units for transporting to a recycling plant. Here reinforcing steel is removed and
the concrete recrushed for reuse as aggregate.

Asphalt pavements are most often removed by milling, cold planing, or profiling as
shown in Figure 8-9 and loaded into haul units for processing in a recycling plant.
A portable recycled asphalt crushing plant is shown in Figure 8-10.

The specifications for the use of reclaimed asphalt pavement (RAP) in hot-mix as-
phalt (HMA) paving show a wide variation among the various U.S. states as indicated in
the following list.

Maximum allowable RAP content:
Base course: 15 to 100%
Binder course:  None to 100%



PAVING AND SURFACE TREATMENTS 229

Figure 8-9 Pavement profiler removing old asphalt pavement. (Courtesy of CMI
Terex Corporation)

Surface course:  None to 70%
Maximum size of RAP: 1 to 2 in. (25-51 mm)
Allow blended stockpile of RAP: some states
Recycling agent allowed:
Asphalt concrete only: all states
AJC plus additives: some states
Another way in which old asphalt pavements are recycled is illustrated in Figure 8—11.
Here old asphalt is removed by a planer, resized, mixed with a rejuvenating agent, and de-
posited in a windrow ready for placing as a cold-mix pavement.
Milling, cold planing, or profiling can also be used to remove only the upper portion

of an existing asphalt or concrete pavement. This provides a smooth, sound base for the
placement of a new surface course.
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Figure 8-10 Portable recycled asphalt crushing plant. (Courtesy of Kolberg
Pioneer, Inc., and Johnson Crushers International)

Figure 8-11 Traveling asphalt recycling plant. (Courtesy of Caterpillar Inc.)
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PROBLEMS

1. Find the asphalt application rate obtained if the volume of asphalt used (standard con-
ditions) was 700 gal (2650 €), asphalt temperature was 200° F (93° C), the spray bar
length was 18 ft (5.5 m), and the length of road section sprayed was 1000 ft (305 m).

2. Why have asphalt emulsions largely replaced asphalt cutbacks in road construction and
maintenance work in recent years?

3. How does a slipform paver produce the desired concrete shape without the use of
forms?

4. Identify the three surface temperature zones encountered when compacting an HMA
pavement. In which of these zones are compaction problems likely to occur?

5. Find the bituminous distributor pump output required to obtain an application rate of
0.2 gal/sq yd (0.91 €/m?), when the spray bar length is 20 ft (6.1 m) and road speed is
450 ft/min (137.3 m/min).

6. Briefly explain the rolling sequence for a hot-mix asphalt (HMA) pavement.

7. What methods are available for rapidly determining the density of a compacted HMA
pavement?

8. Describe the major steps in the recycling of an asphalt pavement. What are the princi-
pal advantages and disadvantages of recycling such pavements?

9. Explain the difference between a tack coat and a prime coat.

10. Develop a computer program to determine the actual rate of application (standard con-
ditions) of a bituminous distributor. Input should include tank readings before and after

application, the asphalt temperature, the length of the spray bar, and the length of road-
way treated.
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