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PREFACE

any textbooks have been published on construction

scheduling. Many provide excellent information on

avariety of scheduling subjects. Unfortunately, they
are often limited in their scope, often omitting scheduling
subjects that might be of particular interest to the reader.
This text is written to provide broad coverage on all major
scheduling subjects.

My first employment with a construction contractor
was a summer job in the 1960s. Although I was given many
different assignments, I have vivid memories of the arrow
diagram network that I was asked to draw by hand. Fortu-
nately, I had recently taken a class on the fundamentals of
arrow diagramming, so the scheduling assignment was
reasonably easy for me. A few years later, while working for
a different firm, my primary responsibility was scheduling.
The scheduling effort was largely focused on the coordina-
tion of subcontractors on several different projects, for
which I used the precedence diagramming method. It was
during this period that I developed a strong appreciation for
the value of effective scheduling and the use of precedence
diagrams.

There are many approaches to providing scheduling
information. Some of these are described briefly in Chapter 1.
This textbook is written with a major emphasis on precedence
diagramming, with only the last chapter addressing arrow
diagramming. Although most scheduling is done with prece-
dence diagrams, I also believe that an introduction to arrow
diagramming is appropriate. In academic settings, I have
found that students can grasp arrow diagramming more easily
if they have not already been exposed to precedence diagrams.
For this reason, instructors who plan to lecture on arrow
diagrams should consider jumping to Chapter 16 after the
first two chapters are covered. Chapter 3 explains the funda-
mentals of precedence diagrams. Regardless of the scheduling
technique used, successfully using scheduling information

begins with accurate time estimates for activity durations, as
discussed in Chapter 4.

One topic seldom addressed in scheduling texts, especially
in detail, is that of contract provisions related to scheduling.
This text devotes an entire chapter to this subject (Chapter 5).
Resource leveling and resource allocation are described in
Chapter 6. The impact of scheduling provisions on cash flow is
also addressed (Chapter 7). Manual solutions are described for
solving problems related to resource utilization and cash flow.
Although such problems are often solved by computer, it is
helpful for schedulers to understand the manual process of
arriving at a solution in order to fully comprehend computer
solutions.

Schedules are management tools. It is through the proper
use of schedules that management is able to make informed
decisions about scheduling activities. This use includes updat-
ing the schedules when the schedule information ceases to be
useful for making informed decisions. This process is
described in Chapter 8.

Chapter 9 addresses computer applications. This chapter
is not a user’s manual, nor is it a proponent for any particular
scheduling software. The more widely used software pro-
grams are described, but no endorsement of any particular
product is made. The purpose of the chapter is to familiarize
the reader with some of the basic scheduling concepts that
are addressed by computer software.

Chapter 10 describes earned value concepts. Project
schedules are generally adversely impacted by changes in the
project. Chapter 11 provides information for quantifying
such impacts. Such information is often required when a
claim is prepared. Chapter 12 presents a brief discussion of
the value of schedules in litigation.

The treatment of short-interval schedules in Chapter 13
is far more extensive than any known writings on the subject.
The use of short-interval schedules is vital to the successful
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completion of many construction projects. Although concepts
of their use and application are simple, the subject warrants
a discussion in any serious text on scheduling.

Linear scheduling (discussed in Chapter 14) is a
relatively new scheduling technique used in the construction
industry. Linear scheduling is a viable method for projects
that would otherwise be difficult to schedule. Schedulers
should consider using linear scheduling on projects that lend
themselves to this technique. The use of probabilistic
duration estimates is described in Chapter 15. Although the
use of PERT is perhaps minimal in the construction
industry, the basic concepts should be understood.
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CHAPTER ONE

INTRODUCTION

It’s about time.

lanning can be thought of as determining “what” is
going to be done, “how,” “where,” and by “whom.”

In scheduling, this information is needed in order
to determine “when.” In construction projects, the “plans”
(blueprints) and specifications for the project generally
define both the end product and, often, the general time
frame in which to complete the project. However, they nor-
mally do not specifically identify the individual steps, their
order, and the timing followed to achieve the end product.
Thus, when we discuss planning and scheduling in the con-
struction process, we must address the “how” and, therefore,
the “what,” “who,” “where,” and “when.”

When we discuss scheduling, we are usually interested
in some aspect of the time element of the plan. In essence,
a schedule is a timetable of activities, such as of “what” will
be done or “who” will be working. Such a timetable can be
looked at in two ways: The first is focusing on an activity,
such as determining “when” a certain task will be performed
relative to other activities. The second is concentrating on
a specified time frame and then ascertaining “who” will
be working (or needed) or “what” should be occurring at
a particular time.

HISTORY OF SCHEDULING

Since the early periods of recorded history, civil works
projects were undertaken that required dedication and
effective management skills. Some early projects of consid-
erable scale include the Roman waterworks, the colossal
Egyptian pyramids, and the Great Wall of China. In those
times, the royal architects, priests, or holy men of the soci-
eties were the managers. The major difference between
those earlier projects and ones built today is quite evi-
dent—the ancients were not always worried about a budget
or a schedule. Labor was either slave labor or quite cheap
manual labor, and time was not an issue. Today, owners
want their projects completed within specified time and
budget constraints.

The management of time and cost did not evolve as
a science until after the Industrial Revolution. An early inno-
vator in the management of time and cost was Henry Gantt,

an American engineer who developed the bar chart (also
known as the Gantt chart) in 1917. The Gantt chart was used
as a tool for production control in manufacturing settings.
The chart displayed a number of different activities, but it
did not show the interdependencies or relationships among
them.

The science of “scheduling” is commonly referred to as
the critical path method (CPM), which had its beginning
during 1956-1957. James E. Kelley, Jr., and Morgan R.
Walker developed the algorithms for the arrow diagram-
ming method (ADM), the earliest version of the CPM
scheduling.

As with many other innovations that have shaped the
destiny of the world, CPM scheduling was not initially
developed for immediate application in the construction
industry. In mid-1956, Dupont was faced with the problem
of finding practical uses for its large Remington Rand
UNIVAC I computer. Their computer was the first one to be
installed in a business enterprise and only the third that had
ever been made.

Dupont management decided that addressing prob-
lems related to planning, estimating, and scheduling
seemed to be an appropriate challenge. Morgan Walker
was given the job of figuring out how to put the large
computer to this use. In 1956, Walker and Kelly, a mathe-
matician, led a team to develop this practical application.
On May 7, 1957, at a monumental meeting, in New
Delaware, Dupont and Univac Division of Remington
Rand committed $226,000 toward this effort. The out-
come was that Walker, Kelley, and John Mauchly (also of
Univac) began an intense effort that resulted in the appli-
cation of linear programming mathematics techniques to
the problem at hand. The final product was the ADM. The
technique was subsequently used on plant shutdowns,
and the result was a 25 percent savings for Dupont. Ulti-
mately, in 1959, Dupont management abandoned the
technique, as did Remington Rand. The scheduling tech-
nique was preserved by Mauchly & Associates, a consult-
ing firm formed in 1959 by Mauchly and Kelley, formerly
of Remington Univac.

The program evaluation review technique (PERT)
was developed at about the same time by the U.S. Navy
and Booz Allen Hamilton. The network that was used to
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present the scheduling information was very similar in
appearance to the ADM with the exception that PERT
also considered the problem of uncertainty. Instead of
using a deterministic or fixed value for activity duration
(as in the ADM), PERT utilized an optimistic time (mini-
mum possible time to do a task), a pessimistic time (the
maximum time needed to perform the task), and the most
likely time (best estimate of the time to do the task).
These times were entered into a formula to generate the
best estimated time. Thus, ADM was deterministic and
PERT was probabilistic. Additionally, the PERT team
developed the concept of the critical path, the longest
path from the initial event in a network to the terminal
event in a network. The ADM people called this the main
chain of activities.

The biggest problems faced in 1959 by both the PERT
and the Dupont/Univac teams were that of the cumbersome
size, incredible cost, and slow computing time of the large
mainframes being used at the time. The first shutdown
schedule developed by the Dupont team in ADM had only
300 activities and required 350 hours of computer time for
one update of the schedule and a large amount of storage
space on magnetic tapes.

The advent of a variety of PCs in the 1980s led to
a large number of PC-based scheduling systems both
at the low-cost end (Timeline) and the high-cost end
(Primavera). With the PCs, planning and scheduling could
be performed by anyone who was willing to sit down and
spend a few hours learning a program. It is also interesting
to note that the invention of precedence diagramming
method (PDM) by John Fondahl helped to move the
scheduling profession in another direction. In 1983,
Primavera was founded by Dick Faris, Joel Koppelman,
and Les Seskin. By the late 1980s, Primavera had released a
scheduling platform that could handle a 10,000-activity
schedule. Originally, the platform had both ADM and
PDM capabilities but shortly became PDM only. Then
Primavera purchased MicroTrak, a low-end scheduling
platform. With a few enhancements from Primavera’s
platforms, MicroTrak evolved into Suretrak, which soon
dominated the low- to mid-range markets. By the 1990s,
Primavera maintained its position as the market leader,
and it continues to hold that position.

PLANNING AND SCHEDULING

There is a significant difference between “planning” and
“scheduling,” but there is often a misuse of these terms as
they are commonly used interchangeably. Planning a project
and scheduling a project are quite different actions. Despite
their differences, the construction industry has generally
combined them as if they constitute a single function. This is
extremely misleading, as planning and scheduling are not
the same. Planning can be thought of as determining “what”

is going to be done, including “how,” “where,” and “by
whom.” Scheduling can never be performed effectively
without planning. The information from the planning effort
is needed to perform scheduling, determining “when”
specific tasks are to be performed.

When construction projects are undertaken, the con-
struction documents (blueprints and technical specifica-
tions) will define the end project and, often, the general
time frame in which to complete the project. The con-
struction documents will not normally specifically iden-
tify the individual steps, their order, or the timing to
achieve the end project. Thus, when we discuss planning
and scheduling in the construction process, we must
address the “how” and, therefore, the “what,” “who,”
“where,” and “when.”

When we discuss scheduling in construction, we are
usually interested in some aspect of the time element of the
plan. In essence, a schedule is a timetable of activities,
which provides information on “what” will be done, “by
whom,” and “when” it will occur. The planning portion of
a construction project relates to developing the logic of
how a project will be constructed, while scheduling consists
of integrating that plan with a calendar or a specific time
frame.

We all do planning and scheduling on a regular, albeit
on an informal, basis. For every undertaking, we mentally
determine a plan and schedule, such as what we will do in
the next half hour or how and when we will accomplish
a particular task, such as paying a bill, making a purchase,
and meeting someone. Often it is necessary for us to go a
step beyond this level of detail by creating a “to-do list.” To
ensure that nothing remains undone, some people docu-
ment what needs to be done by writing down the informa-
tion. This is also helpful when coordinating with other
parties. By writing down the list of items, and perhaps
copying and distributing it, we have documented a basis of
agreement. We can also prioritize this list by writing the
items in the order in which they will be done.

As the number of items increases and/or the time frame
expands, we find we have to put our to-do list in the context of
time. Normally, we do this by using a calendar or appointment
book. The objective typically is to avoid forgetting tasks or to
avoid scheduling multiple things at the same time, to ensure
that we allow sufficient time to perform a task.

While planning and scheduling regularly take place in
our daily lives, this is done more extensively and more
formally on construction projects. This begins in the pre-
construction phase of a project with the Notice of Award,
which occurs prior to the initiation of the planning and
scheduling for the project. After the receipt of the Notice of
Award, the superintendent (or other designated person)
must define the details of how to build the project. In this
planning phase, communications take place between
different parties that have already given some thought to the
plan, including the estimator(s), contract administrator,
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and others who have some familiarity with the project. This
plan becomes the road map that will be used to communi-
cate the superintendent’s intentions for the project. The
majority of the work associated with defining how the
project effort will proceed is properly called “planning”
rather than “scheduling”

In planning the construction of the project, the superin-
tendent must identify and describe all the separate tasks that
must be performed, along with the sequencing and relation-
ships among these tasks. Once this is completed, the sched-
uling can be done. Scheduling consists of determining the
time needed for each of the planned tasks and the overall
length of the project schedule. It is obvious that the careful
development of the plan is vital to having an effective sched-
ule, as without a carefully thought-out plan, the scheduling
effort will be of little value.

BAR CHARTS

Henry Gantt developed a method of relating a list of activ-
ities to a timescale in a very effective manner, by drawing
bar charts such as those shown in Figures 1.1 and 1.2.
Activities are represented as bars on the chart, while
across the top or bottom of the chart is a time line. For
each activity, a bar is drawn from the activity’s starting
time until its ending time. The Gantt chart has been
widely used in depicting schedules for construction
projects and has some very useful characteristics.
Its primary advantage is that its simple graphic
representation allows one to grasp schedule information
quickly and easily.

Bar charts are simple presentations that show when
major work activities are scheduled. A major advantage is
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that they are easily prepared as timescaled presentations.
Bar charts are the most commonly employed and readily
recognized scheduling models in use today. In recognition of
their creator, the terms bar chart and Gantt chart are used
interchangeably by many schedulers.

The widespread use of bar charts can best be attributed
to the ease with which they can be understood with only a
cursory examination. The bar chart in Figure 1.1 is a good
example: The activity sequencing is apparent, and one can
surmise easily when each activity is to begin and when it is to
be completed. This simple example shows at a glance how
the different activities relate to each other. Note that the
activities are timescaled and have been superimposed over
a calendar.

With the timescale presentation, a bar chart shows
operations and the time consumed by each operation. In
addition, it can show the scheduled versus actual progress.
This is demonstrated in Figure 1.2. The heavy-dashed
vertical line represents the current date, and the shaded
portions of the activities indicate the amount of work that
has been completed by the current date. It is obvious that
the project is slightly behind schedule. The progress on
the framing activity has not met expectations. Adjustments
to the schedule may be warranted if the delay in project
completion (about 1 week) is not acceptable. In this
simple depiction, it is evident that the project can be com-
pleted on time by accelerating the work effort on framing,
finishing interiors, or both. This information is easy to
grasp from this bar chart, and there is little chance of
misinterpretation.

Shortcomings of Bar Charts

Despite the wide usage and appeal of bar charts, they do
possess some features that make them difficult to use in
certain settings. It is particularly when projects become
more complex that bar charts begin to fail to provide the
type of information that is often so valuable for planning
and scheduling. An example with a bar chart will illustrate
some of these shortcomings. First, consider the simple
schedule shown in Figure 1.1. It can easily be shown in
network form; see Figure 1.3.

It is simple to see the relationship between the bar
chart shown earlier and the same information presented in
network form, in this case as a precedence diagram. This
diagram is not timescaled in that the lengths of the activities
do not correspond to their durations.

The bar chart in Figure 1.4 shows a project overlaid on
a calendar, similar to the bar chart already discussed. Its
additional feature is that several of the activities are shown
as occurring simultaneously. The first general criticism of
bar charts is that they do not show clear dependencies
between activities. In the previous bar chart, most
observers might presume that the activities follow in
sequence, just as shown in Figure 1.3. That is, as soon as the
excavation work is completed, foundation work can begin,
and so forth. A similar deduction might be made for some
of the activities in Figure 1.4. For example, Activities B, C,
and D appear to begin as soon as Activity A is completed. It
also appears as if Activity E is scheduled to begin as soon as
Activities B and D are completed. But what about Activity

Finish
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FIGURE 1.3 Simple Precedence Diagram of a Project Showing Activity Sequences.
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Activity B Activity F
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20% of
Activity C
- 80% of L
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FIGURE 1.5 Precedence Diagram of the Project Shown Earlier in Bar Chart Form.

F? Is the start of Activity F linked to the completion of
Activity B, Activity D, or both? The start of Activity F could
also be linked to Activity C. This cannot be ascertained
from the bar chart. Similar dilemmas exist for Activities G,
H, and I. The failure to show the interrelationships between
activities is a major shortcoming of bar charts, mandating
that more sophisticated scheduling techniques be utilized
on complex projects.

The bar chart shown in Figure 1.4 shows the relative
status of completion. Note that Activity G is ahead of schedule
and Activity F is on schedule, but Activity E is behind schedule
by about a week. While the relative schedule status of each
activity can be determined from the bar chart, the actual
status of the project cannot be readily determined. The big
question for the scheduler would be, “Does the behind-
schedule status of Activity E or C compromise project
completion?” This cannot be determined from the bar chart.
Therein lies another shortcoming of bar charts: Although the
status of individual activities can be readily ascertained, the
overall status of a project cannot be determined when some
activities are not on schedule. This makes it difficult to assess
the need for making scheduling adjustments, and it also
makes it difficult to determine the appropriate activities to
target for acceleration.

Even a change in the logical sequencing of the activities in
a bar chart cannot be readily made, especially when many
activities are involved. The information shown in the bar chart
in Figure 1.4 is shown in the precedence diagram in Figure 1.5.
Note that the relationships of the activities are consistent with
the information shown in the bar chart, but the precedence
diagram could not have been developed, with certainty, solely
from the bar chart. The precedence diagram is not timescaled.
While one can see the relationships between the information
shown in the bar chart and the precedence diagram, it is not
generally necessary to independently develop both types
of schedules. Many of the computer scheduling programs
available today readily enable the conversion (automatic) of
network information into bar charts.

While some of the disadvantages of bar charts have been
noted, the shortcomings are not overwhelming. In fact, bar
charts are the most popular means by which scheduling
information is communicated in the construction industry.
This is even true of projects that are complex and involve
many activities. Figure 1.6 shows a bar chart schedule for the
construction of a metal barn. The level of detail is such that
the general nature of the activities can be readily under-
stood. Many of the interdependencies between the activities,
although not specifically noted, can be surmised with
relative confidence based on the logical relationships that
generally exist between the activities. Of course, one would
need to know more about the project itself to be certain
about some interpretations.

The foregoing shortcomings of bar charts are intended
to apply specifically to traditional or hand-drawn bar charts.
These shortcomings virtually disappear when scheduling
software is used. As already noted, most popular computer-
generated schedules permit easy conversion between
precedence diagrams and bar charts. Consequently, with
scheduling software the changing or updating of schedules is
done on the precedence diagram, with any changes automat-
ically being included in the bar chart. There is another good
feature of computer-generated bar charts that should be
noted. Bar charts can often be displayed with the dependen-
cies also shown; that is, link lines are drawn between the
different bars in the bar chart. Thus, when scheduling soft-
ware is used, the bar charts have essentially no shortcomings
that are of any concern.

The Sports Facility Project

Figure 1.7 depicts a bar chart of a sports facility project. It is
evident that the schedule depicted can be interpreted with
relative ease, even though the specific configuration of the
project is not known. Another bar chart of this project is
shown in Figure 1.8, which shows the bar chart schedule
for the sports facility project as presented by computer
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Activity Description Dur|1|2 (3

28/29/30|31(32(33(34(35/36|37

N

Mobilization

Clearing, grubbing and grading

Site electric
Dig footings, rebar and concrete
Form slab, rebar and concrete

Erect steel framing

Roof framing

Rough electrical

Metal roofing

Metal siding

Exterior doors and windows

Finish electric

Exterior painting

Sidewalk and asphalt paving

OR[N [(A|RWOWO|WIW[O (N[>

Landscape

w

Final inspection and cleanup

FIGURE 1.6 Bar Chart for the Construction of a Metal Storage Barn.

Notes: Dark-shaded activities are critical as they must occur as scheduled or the project duration will be adversely impacted. Light-shaded activities are
not critical as they can be delayed at least 1 day without having an adverse impact on the project duration. The “>” symbols designate days that an

activity duration could be extended, commonly known as free float.

Activity Description Dur|1(2|3|4|5|6|7|8|9|10|11[12|13|14|15/16|17|18|19]20|21{22|23|24|25|26|27|28|29|30|31|32|33|34/35|36| 37|
Mobilization 2
Stock materials 4
Clearing and grubbing 6
Grading for road 7
Finish grade 5
Prefab bleachers 16
Landscape 12
Pave roadway 8
Place tennis court 10
Erect/paint bleachers 7
Curbing 5
Final inspection and cleanup 3

FIGURE 1.7 Bar Chart for the Construction of a Sports Facility.

scheduling software. The similarities between the bar charts
in Figures 1.7 and 1.8 are quite apparent. Note that the
computer-generated bar chart (Figure 1.8) shows “necked-
down” portions of the activities where weekends fall. The
project that is depicted consists of constructing a tennis
court, bleachers, roadway, and landscape. The dependencies
of the activities can be inferred with reasonable confidence
if the nature of the activities is examined. This project will
be used in some of the subsequent chapters to make certain
points and especially to demonstrate different scheduling-
related techniques.

Value of Bar Charts

The broad use of bar charts in the construction industry is
clear evidence that they are a strong communication tool
regarding scheduling information. The value of bar charts

should not be underestimated. Their usefulness is not elimi-
nated by their deficiencies. While bar charts make it difficult
to maintain accurate schedules and make significant schedule
changes, one of their major strengths is the ability to clearly
and quickly present the status of a project. The key to the use
of bar charts is that details and complexity are not readily
compatible with the use of most bar charts. Instead, bar
charts can be used to convey—often to upper management—
the overall status of a project. The details of what is to take
place on a given day are generally of little concern to upper
management. Rather, they want to establish a quick sense of
how a project is doing. The same type of information might
also be conveyed to a subcontractor. The subcontractor may
not be concerned with those activities that are unrelated to
the work in question, but he or she may focus only on the
work related to a particular specialty trade. This might be
shown quite well on a bar chart.
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FIGURE 1.8 Bar Chart of the Sports Facility Project as Presented by a Computer Software
Program (Microsoft Office Project®). (Used with permission from Microsoft.)

The truly wonderful aspect of bar charts is that no
extensive training is required to learn how to extract
information from them. They are in such common use and
present information in such a simple manner that a cursory
inspection of a bar chart is often sufficient for conveying the
desired information to the viewer. The shortcomings of
the bar chart as a scheduling tool are overcome through the
explicit definition of interrelationships among activities and
through the representation of those relationships by drawing
a network of how activities relate to one another.

This approach to developing network schedules that
began in the late 1950s has evolved over the years. Bar charts
have been surpassed by the use of networks as scheduling
tools, especially on larger projects. A network of the activi-
ties that comprise a project represents a model, or plan, of
the project as it is proposed to be undertaken. Estimating
the length of time required to complete each activity in the
network then makes it possible to determine how long the
project will take and when each activity can be expected to
start and finish.

SCHEDULING NETWORKS

Within the construction industry, CPM is the most impor-
tant network modeling technique. In this technique, each
activity is assigned a specific duration, and calculations
through the network provide a single, specific duration for
the project as a whole. Each activity also has times calculated
for it that specify the earliest it can be expected to start and

finish and the latest it can start and finish if the project is to
be completed in some specified amount of time. When
reviewing CPM data, it is important to recognize the distinc-
tion between duration and event. The duration of an activity
is the period of time that will be consumed in completing a
task. An event is the point in time or an instant at which the
status of completion of a project or activity can be defined.
The starting time for an activity, which is also an event,
defines that point in time at which an activity can begin. The
duration of the activity includes the time at which the
activity begins and continues to the point in time at which it
is completed.

CPM identifies those chains of activities (the critical
paths) in the project that control how long the project will
take. There are two variations of CPM. The traditional
technique is called Activity-on-Arrow (A-on-A), or an
arrow diagram, because activities are represented in the
network as arrows or lines. The alternative approach is
Activity-on-Node (A-on-N), more commonly referred to as
the Precedence technique. This method defines the activi-
ties as boxes (nodes in the network), which are connected
together (their relationships identified) by lines (links).
The precedence approach has risen in popularity in
recent years because of the availability of microcomputer
software, which makes it very easy to use and which
represents complicated dependencies between activities
more easily.

PERT can really be thought of as a “generalized” CPM in
which an “expected” duration for each activity is computed.
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As a result the expected project duration is determined. This
expected project duration is that which will be met or bested
50 percent of the time and exceeded 50 percent of the time.
This process is termed probabilistic, as it deals with project
duration and activity start and end times in terms of the
probability that certain dates or times will be reached. In
contrast, CPM is said to be deterministic in that specific
durations, dates, and times are utilized.

PERT was developed and is used primarily in research
and development or other undertakings where insufficient
experience or historical data are available for estimating the
durations of individual activities in a project. It is recognized
that even on construction projects, estimates of activity
durations may not be very reliable. However, even the
greater analytical opportunities afforded by PERT do not
outweigh the much greater data requirements and technical
understanding and interpretation required by the technique.

OTHER SCHEDULING
APPROACHES

Most of the previous paragraphs have discussed bar charts
and precedence diagrams as the primary types of schedules
that are employed in the construction industry. While most
construction personnel will be able to understand a bar chart
and while precedence diagrams are common on almost all
large construction projects, there are other methods that are
employed to schedule and control the construction process.
One such method is the matrix schedule. A matrix schedule is
one in which a spreadsheet is used to show all of the activities
on a particular project. This type of matrix approach is used
most often on housing projects. This approach has some ben-
efits as it assumes that each project (housing unit) will consist
of the same activities. This allows the contractor or developer
to show all of the houses being built on a single matrix. To
each of the major activities, a scheduled date is assigned.
Notes can be made directly on the matrix, or the cell associ-
ated with each activity for a project can be highlighted to
indicate that it is completed. Figure 1.9 shows a portion of a
matrix schedule. There is nothing graphical in the matrix.
Since the activities are very similar from project to project, it
is not essential to include minute details.

The form of the schedule will be dictated to a large
degree by the type of information it is to convey. The matrix
schedule has the potential of providing considerable detail
about the scheduling of a project or a series of projects.
A form of scheduling that shows less detail is the “horse
blanket” schedule. An example of a horse blanket schedule
is shown in Figure 1.10. From this schedule, it is apparent
that this is a very graphical schedule as it shows the relative
levels of effort or time that will be committed to the various
stages of the project as it evolves. It is easy to see at a glance
how much effort is to be expended on a project through its
evolution from planning to final occupation and use. It
shows more than the construction phase, as it can incorpo-
rate the planning phase and be extended to the maintenance

and use phase of a project. The particular needs of the end
user will dictate the types of stages that will be portrayed in
the schedule.

WORK BREAKDOWN
STRUCTURE

When projects are simple, consisting of few defined activi-
ties, it might be possible to grasp the total construction
effort with little difficulty. Unfortunately, most projects for
which formal schedules are prepared tend to be defined with
dozens or even hundreds or thousands of activities.

When a schedule is being developed, it is important that
the logic be carefully laid out and that all important tasks are
included in the schedule. A person may be inclined to
approach the development of the schedule by starting with
the first task to be performed. After this, the next task or
tasks would be scheduled. This progression would be fol-
lowed until the last task in the project is included in the
schedule. While this may appear to be a straightforward
approach, it is not generally a good one to take, especially
when a project consists of several hundred activities. Under
this approach, some tasks or activities will surely be excluded
from the schedule. This is because the schedule ostensibly
evolves in a logical fashion, but it eventually becomes so
involved that it is virtually impossible to think of every task
that is to be incorporated in it.

When the tasks become numerous, the schedule devel-
opment becomes more haphazard, and omissions are sure to
occur. The saying that “you eat an elephant by taking one
bite at a time” does not really apply here as the smaller tasks
(like bites) must be scheduled in a logical sequence. If one or
a series of activities are left out, the adverse impact on the
schedule could be quite significant. A more logical tactic is
the divide-and-conquer approach.

The schedule consists of tasks that must be performed to
complete the project. Thus, the schedule is dominated by
verbs, things to do, or tasks. The schedule development must
take place without the omission of any major tasks. This can
be virtually assured if the preparation of the schedule is done
in a systematic manner. One such approach is to use a work
breakdown structure (WBS) to describe the entire scope of
work. This will ensure a thorough and complete schedule. The
use of a WBS facilitates the management of the schedule, and
it makes for better control of the construction project.

WBS is a systematic way of describing the components
of a project schedule. For example, in a typical building the
WBS would contain such systems as the site work; structure;
mechanical, electrical, and plumbing (MEP); interior finishes;
and roofing system. Developing the WBS begins with the
definition of the major systems or components of a project.
Then each system is defined in greater and greater detail
until there exists a discrete or measurable piece of work and
a single responsibility. These tasks are work packages.
Each work package is a single discrete scope of work that
is to be performed by a single responsible party. Each work
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Turkey Creek

Unit Number #1 #2 #3 #4 #5 #6 #7
Activities
Plan 2b 3b 3bx 4b 1b 3b 4b

Layout and trench 1-Jul 1-Jul 2-Jul 2-Jul 6-Jul 6-Jul 7-Jul
done done done done done done done

Pour footings 2-Jul 2-Jul 6-Jul 6-Jul 7-Jul 7-Jul 8-Jul
done done done done done done done

Set forms 6-Jul 6-Jul 8-Jul 8-Jul 12-Jul 12-Jul 14-Jul
done done done done done done done

Rough plumbing 8-Jul 8-Jul 12-Jul 12-Jul 14-Jul 14-Jul 20-Jul
done done done done done done done

Inspection 9-Jul 9-Jul 14-Jul 14-Jul 22-Jul 22-Jul 22-Jul
done done done done done done done

Pour slab 13-Jul 14-Jul 15-Jul 16-Jul 26-Jul 27-Jul 28-Jul
done done done done done done done

Rough framing 27-Jul 3-Aug 3-Aug 10-Aug 10-Aug 16-Aug 16-Aug
done done done done done done done

Plumbing top out 3-Aug [ 10-Aug | 10-Aug 16-Aug 16-Aug 23-Aug 23-Aug
done done done done done done done

HVAC rough 10-Aug | 17-Aug | 17-Aug | 23-Aug 23-Aug 30-Aug 30-Aug
done done done done done done done

Electrical rough 13-Aug | 20-Aug | 20-Aug | 31-Aug 2-Sep 6-Sep 13-Sep
done done done done done done done

Roof dry-in 16-Aug | 23-Aug | 23-Aug 2-Sep 6-Sep 13-Sep 20-Sep
done done done done done done started

Siding 18-Aug | 2-Aug | 24-Aug 6-Sep 13-Sep 20-Sep 27-Sep
done done done Done done done

Insulation 24-Aug | 31-Aug | 31-Aug | 13-Sep 20-Sep 27-Sep 4-Oct
done done done done done done

Drywall 31-Aug | 7-Sep 7-Sep 20-Sep 27-Sep 4-Oct 11-Oct
done done done done done started

Paint 13-Sep | 20-Sep | 20-Sep | 29-Sep 4-Oct 11-Oct 18-Oct
done done done started started

Flooring 27-Sep | 4-Oct 4-Oct 11-Oct 11-Oct 18-Oct 2-Oct
done done started

FIGURE 1.9 Partial Matrix Schedule for a Housing Project.

package has a definite starting and ending point. These work
packages can be viewed as mini projects that are contained
within the entire project. If greater detail is desired in the
schedule, the specific tasks required to perform the general

tasks can be identified. The level of detail should be carefully
selected and will depend primarily on the size, type, and
needs of the project. Ultimately, the level of detail that is
needed should be determined on the basis of the level of
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Operation

. Install equipment -

Float

Bid and award

Acquire right-of-way

South loop Overpass Bridge

FIGURE 1.10 “Horse Blanket” Schedule for a Transportation Project.

information needed to properly control the project. The
WBS provides the framework for organizing the tasks to
complete an entire project.

The WBS is not to be developed in a vacuum. Informa-
tion should be provided by various individuals, such as the
project manager, job superintendent, and others. The devel-
opment of the WBS should be from the top down and not
from the bottom up. Consider the project in terms of
phases, components, discipline, functional areas, and so on.
Continue to break down each successive level into more
detailed elements until work packages are clearly identified.
As the information is gathered, also collect cost/budget
information and schedule data.

In essence the WBS divides and subdivides a project into
different components, whether by area, phase, function, or
other descriptive means. The highest level in the WBS may
consist of a single element, the project. At the next level there
may be only five or ten elements or items. Naturally, the fur-
ther one goes down the WBS, the greater the amount of detail.
Regardless of the means used to define the elements, the
schedule activities are to be defined for the lowest level in the
hierarchy or at the greatest level of detail that is required to
adequately manage and control the construction process. The
level of detail will be dictated by the project complexity and
the scheduling needs. Of course, the level of detail desired
may also change with the recipient of the information. For
example, the owner of a house being constructed will be most

interested in the anticipated completion date of the project,
but a drywall subcontractor will be primarily interested in
information related specifically to the drywall in the project.
The needs will vary for different parties involved in the
construction process.

By using the WBS approach, the project will become
easier to comprehend. Otherwise, the schedule is developed
as a large number of tasks, and this effort can become over-
whelming. It should be noted that the WBS will be utilized
throughout the project duration, as it is more than an
approach to organizing a project schedule. The WBS will be
used to provide further definition to the tasks to be
performed. For example, it will serve as the basis for deter-
mining the task durations and to estimate the costs. As
such, the WBS becomes the backbone of the project control
or project tracking system. The WBS ultimately serves as a
benchmark for measuring performance, and it also serves
as the historical database for the project. It will become the
means by which the various parties on the project will
communicate, including workers, accountants, project
managers, superintendents, schedulers, and so on.

At this point, the importance of the WBS should be obvi-
ous. It should be pointed out that if ten different individuals
were to develop a WBS for a project, there might very well be
ten different variations of the WBS. While the general logic of
each approach might be evident and they may all bear some
comparison to each other, some nuances will invariably exist.
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There is no single correct solution. Individuals with different
experiences will simply use different approaches; this does not
present problems as long as the project is properly scoped
with the WBS.

The WBS is an orderly presentation of the tasks that must
be performed to complete a particular project. Remember
that the WBS documents the scope of work involved in the
project but not the plan of how the project will actually be
constructed. That is, the elements of the WBS are not pre-
sented in any chronological sequence. Assume that a WBS is
prepared for a simple project consisting of constructing
a whiteboard fence. While there are various ways to present
the information, the WBS might be represented with the
following major categories:

® Build fence
® Survey work
® (Cleanup

Note that the WBS need not be in any particular order. In
fact, the survey work could be listed first, last, or anywhere
in the WBS, regardless of when this work is actually
done. The WBS should not be confused with the schedule.
The WBS will be utilized to develop the schedule, which
will show the logical sequence of when the various tasks
are to be performed. A breakdown of the major categories
in the WBS shows the tasks to be performed in each
category:

® Survey work
® Establish legal boundary
® Lay out fence line
® Mark post locations
® Build fence
® Dig post holes
® Plumb and set posts
® Attach boards to posts
® DPaint fence

® (Cleanup
® Touch up paint
® Smooth out area along fence line

The above-mentioned example was deliberately formu-
lated as a simple presentation of the WBS. On a typical con-
struction project of a building, it is common for the WBS to
consist of numerous categories, depending on the complexity
of the building. The WBS is used to document the scope of the
various bid packages. While there will be exceptions, some of
the major categories will include the scope of work to be per-
formed by individual specialty contractors. For example,
a major category for a building project might include electrical
work, heating, ventilation, and air conditioning (HVAC),
plumbing systems, sprinkler system, site work, and so on. The
WBS of a relatively small and simple construction project is
shown in Figure 1.11. This is the WBS for a storage facility that
shows the major categories for the work packages.

The above-mentioned WBS will be examined in
slightly greater detail as it pertains to the construction of
this storage facility (see Figures 1.12 and 1.13). For this
project, the systems identified in the WBS might be as
follows:

® Site work

® Drainage

® Grading

® Paving

® Landscaping
® Site security

® Fencing

® Security lights
® Structure

® Exterior
Slab-on-grade
Concrete masonry unit (CMU) walls

Bar joists

Storage facility

Sitework Site security

Structure
[

Interior
]

Slab-on-grade Walls Roof

Roll-up doors

Bar joists

Electrical

Finishes Ceiling

FIGURE 1.11 Graphical Presentation of the Work Breakdown Structure for the Storage Facility Project.
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FIGURE 1.13 Elevation and Section of Storage Buildings.
® Roofing that will take place very early in the project, while the land-

® Roll-up doors
® [nterior
® Interior finish
® Electrical
® Ceiling
The WBS may appear to be somewhat related to the
sequence with which different components will be con-

structed, but closer examination will reveal that this is not
true. For example, the site work will involve grading work

scaping will most likely be done nearer to project completion.
In general terms, the WBS can be viewed as a representation
of the physical breakdown of the work to be performed, and
it scopes out the construction portion of the schedule. Infor-
mation such as procurement activities, preconstruction
efforts, and general conditions is included in the schedule,
but they are generally not represented in the WBS.

As already stated, the WBS is used for various purposes.
The estimate can be prepared from the WBS. Even the task
durations can be computed through the use of the WBS. For
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example, Figure 1.14 shows a work item breakdown of the
grading work that will be scheduled for the storage facility.
Note that this single sheet, entitled the activity data sheet, con-
tains information on the company designated to perform the
work, the activity code (unique number the company will use
for this task in the schedule), the scope-of-work information,
the computation of the task duration, and the cost computa-
tions. Similar information must be prepared for each item of
work that must be performed to construct the storage facility.
It is evident that considerable information will be contained
in these completed documents.

When the WBS is prepared in a systematic manner, con-
siderable information will be compiled. The information of

Activity Data Sheet

interest here is related to the schedule. Since assumptions and
other types of explanations about the work can be added to
the work sheets, the information will serve as a historical
record that will be referenced whenever questions arise.

REASONS FOR PLANNING
AND SCHEDULING IN
CONSTRUCTION

Owners and contractors may use more than one system to
plan and schedule a project. However, most construction
projects are complex enough and the tools (computers and

Project: Storage Facility

Activity: Grading Activity Code: S103
Responsibility: GT&B Grading Specialists — Subcontractor
Scope of Work:

Reference: Site Plan Sheets 1, 2, and 3

Description:

the Specifications

Work Plan and Assumptions:

* Properly obtain a finish grade for the site as shown on the plans and detailed in

* Properly dispose of all waste created during the performance of the work
* Maintain full compliance with the OSHA regulations while on the site
* Responsible for all equipment needed to properly execute the work

There will be no site encumbrances that will impede work during the days that the
grading work is scheduled to be performed.

Duration Calculations:

Total: 64 labor hours needed

Reference:

Two Operators needed—two eight-hour days
Two Laborers needed—two eight-hour days

Cost Calculations:

Labor:

Equipment:

Materials:
None

Total Cost: $5,072

Two operators at 347.00 per hour for 32 hours = $1,504
Two laborers at $34.00 per hour for 32 hours = 31,088

One front-end loader at $85.00 per hour for 16 hours = $1,360
One motor grader at $70.00 per hour for 16 hours = $1,120

FIGURE 1.14 Example of Background Information for WBS Item—Grading.
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software) readily available so that a vast majority of the con-
struction projects would benefit from being planned and
scheduled with the use of network models, namely, CPM.
The reasons for using such a formal method of planning and
scheduling vary from one firm to another and vary between
projects. Moreover, many project contract documents
expressly require contractors to submit a CPM analysis prior
to commencing work. In some cases, a CPM analysis is
required along with the bid.

Historically, CPM has been most widely used in the
planning of projects prior to their construction. Its prepara-
tion requires the owner or contractor to develop a clear idea
of the operations needed and their sequencing and timing.
As the model is developed, it may alert the users to potential
problem areas, such as excessive resource demands, and
allow them to manipulate the schedule to ameliorate these
problems. When completed, the model provides a well-rea-
soned estimate of the project’s duration and schedule of
when individual activities will occur. Thus, coordination of
the various activities and resources can be planned ahead.

Money is always of special importance to those involved
in construction projects. CPM allows the user to examine
the trade-off between the time and cost required to carry out
a project. Knowing the critical path through a network
enables the planner to systematically determine the costs (or
savings!) involved in getting the project done more quickly
than currently scheduled. The prospect of incurring dam-
ages or penalties for late completion of a project or the
receipt of bonuses for completing work ahead of schedule
provides significant incentive to a project manager to care-
fully monitor project progress. The project manager must
evaluate, from a cost perspective, whether it makes sense to
attempt to recover from any delays or otherwise speed up or
slow down production.

Review Questions

1. Describe the disadvantages of scheduling a project with
the use of bar charts.

2. Explain why the use of bar charts is popular in the
construction industry.

3. Why is it often common to use bar charts and prece-
dence diagrams to depict schedules on the same
construction project?

The monitoring and control of projects is now per-
formed more effectively than in the past. Monitoring implies
the recording of actual start and finish dates for activities
while the project is underway, and control relates to the
analysis of the impacts of any schedule deviations and evalu-
ation of what remedial actions, if any, should be taken. Mon-
itoring information on a project may show that some
activities are either ahead of or behind schedule. By accu-
rately monitoring project status, decisions can be made reg-
ularly regarding the viability of the schedule. Once a project
is “off” schedule, the need to update the schedule will be
apparent. This updating must take place frequently if the
project status deviates significantly from the project sched-
ule. Only with an accurate portrayal of the project status can
the schedule be used as a management tool. The implemen-
tation of monitoring and control using a network model
also leads to the ability to employ CPM as an objective
tool in resolving claims and disputes, whether they go into
litigation or not.

Recently, the use of CPM in construction has increased
rapidly, not from changes in the technique but rather from
the proliferation of lower-cost computers and project man-
agement software for carrying out CPM calculations and
procedures. It is now practical for owners and contractors,
large and small, to apply the techniques presented here,
because they can do so much with greater ease and in far
less time than 5 or 10 years ago. This does not mean that
every construction project will benefit from the rigorous
application of the full range of CPM techniques and appli-
cations. However, most parties in the construction process
can benefit from making the use of CPM a routine element
of the management of all of their projects, provided they
apply it in a manner commensurate with the needs of the
project.

4. What is the difference between planning and scheduling?

5. Compare bar charts and precedence diagrams in terms
of the ease with which activities can be added to the
schedule.



CHAPTER TWO

DEVELOPING A
NETWORK MODEL

Well begun is half done.

he development of the network model is perhaps

the most important step in using a network as a

scheduling tool. An ill-prepared model serves no
useful purpose and may compromise construction progress.
The model must present a reasonably accurate portrayal of
the actual steps to be followed in constructing a facility. The
fundamental concept of a network-based planning and
scheduling tool is that the network represents a time-
oriented model of a system, not unlike a physical scale model
of a project. The associations of the various tasks required to
construct a project must be fully understood, and these rela-
tionships must then be clearly conveyed to the user in the
final network. If these requirements are not satisfied in
the network model, it may never be adopted and will soon be
abandoned as a project’s management tool or be subjected to
considerable modification to improve its utility.

A network model can actually be developed in many
ways. Much depends on the experience of the individual
preparing the model. If that scheduler develops the network
model without input from others, he or she can dictate the
steps. If others are involved in the process, the step sequence
will often depend on the input of the various individuals.
Nonetheless, regardless of the order, a number of steps are
required to fully build and employ this model:

STEPS IN BUILDING
A NETWORK MODEL

1. Define activities

N

Order activities

3. Establish activity relationships and draw a network
diagram

Determine quantities and assign durations to activities
Assign resources and costs

Calculate early and late start/finish times

Compute float values and identify the critical path

® NS YR

Schedule activity start/finish times

While these are listed in sequence, the process of network
development is more likely to be iterative. For example, steps 1

through 3 may be performed simultaneously by drawing the
network as activities are defined. This process generally con-
tinues throughout the life of a project; the schedule must be
changed to reflect changes made by the owner and to redefine
the sequencing of activities. These steps can be accomplished
on many scheduling software programs (which are commer-
cially available). It is not unusual (and, in fact, is often advis-
able) to develop the network through all the eight steps with
the expectation of returning to earlier steps, taking into
account all of the constraints that must be reflected in the net-
work. Many of these scheduling constraints may not be recog-
nized until the network has begun to take shape. Chapter 3
discusses the final calculations for activity scheduling (steps 6,
7,and 8). Resources and costs are assigned (step 5) only when
resource utilization and/or cash flow issues are to be addressed,
a step not used by many schedulers.

If one follows these eight basic steps, our final network
should be a reasonable representation of the actual project.
However, the resulting model will be an approximation or best
guess of how the various tasks will be performed on a project.
Many unanticipated incidents may occur that will cause the
project to proceed in a manner not reflected in the model. For
example, the owner may issue changes that must be incorpo-
rated in the network, or, for a wide number of reasons, the pro-
ject might run behind schedule. Whether there are labor
shortages, delays in material deliveries, performance problems
with a subcontractor, or differing site conditions, it is likely that
the schedule will be impacted. Once the model no longer
reflects the actual construction activities, it is prudent to
update the network. This is an important aspect of the sched-
uling process and should follow essentially the same steps used
to develop the initial schedule network.

Defining Activities

Anything that must be accomplished (whether by the owner,
contractor, subcontractor, supplier, inspector, or other party)
in order for the project to be completed may warrant inclu-
sion in the network. One must recognize the different types
of activities that can come into play in a construction project.

Production/Construction: These are activities that

relate directly to the physical effort of creating the project.
These are the most readily understood activities as they

15
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include much of the labor effort that results in the comple-
tion of a facility. These activities use traditional resources of
labor and materials. In most instances, the resource utiliza-
tion will involve labor, but this is not always the case. The
resource of particular interest is time. Thus, the curing of
concrete may be a viable activity to be included in the
network, even though it consumes essentially no resource
other than time. Other activities may very well be dependent
on the curing of concrete before they can begin, justifying
the inclusion of curing concrete as a separate activity.

Procurement: These activities include arranging for the
acquisition of materials, money, equipment, and workforce.
These may include a number of activities that influence
the timing of production activities. Readily available items
generally do not require separately defined procurement activ-
ities. Special-order, long, or uncertain lead-time items should
always have procurement activities incorporated into the net-
work. This permits appropriate analyses to be performed if
changes or delays occur. The inclusion of long lead-time items
will also function as a reminder to take appropriate procurement
actions on selected items before they begin to delay the project.

Management: Support or administrative tasks often
directly impact the project schedule. The scheduler should
always be aware of those required “extra” or management
activities that are not included in the above two categories.
Activities such as preparing inspection reports, processing
shop drawing approvals, tracking submittal approvals,
developing as-built drawings, providing certifications on
factory tests performed, and a variety of similar tasks may
need to be included.

When the model is being developed, a variety of issues
must be considered:

Objective of the Model: If a model is being prepared
simply to satisfy a contract requirement, it probably will not
be used as a management tool. In that case, one would
not need or want to spend the time to model the project in
a lot of detail unless required by the contract. On the other
hand, if one is building a model that will permit him or her
to identify when certain resources or subcontractors will be
needed, the detail must be greater.

1. Users: If the model will be used to show upper
management a general overview of the project, then the
activities will likely be defined in much broader terms than
if the intended users are field personnel performing direct
project management.

2. Frequency of use: The activities must have durations
compatible with the frequency of the project monitoring
being performed. For example, if the model is to be used
to monitor weekly progress on the project, it would not
be prudent to include activities with durations defined in
months. Conversely, monthly monitoring may not warrant
going to the detail of scheduling activities with durations
defined in portions of a day.

3. Products: Some potential products, such as cost
reports or requests for progress payments, dictate that
activities be defined in a way that allows necessary data to
be compiled and reported. For cost reporting, it is necessary
to relate activities to the estimating and/or accounting
system units used for compiling cost estimates. Progress
payments may require that activities relate appropriately to
pay items and permit progress to be measured in a manner
mutually agreeable to owner and contractor. For example,
suppose that prior to the start of construction, the owner
and contractor agreed on the value of a concrete slab as
$20,000. Once the slab is completed, the contractor would
want to quickly submit a request for payment for that work.

But what constitutes an appropriate activity? If a pro-
ject involves building a small shed, is it appropriate to
define an activity as “Frame the walls,” or should there be
four activities, such as “Frame North wall” or how about
“Hammer nail number 574”2 Obviously, the level of detail
in the last activity is not at a usable scale. The activity is far
too short in duration; one could never realistically plan and
schedule at this level of detail. Nor would one want to,
because the complexity of the network would very quickly
overwhelm him or her and the time spent on preparing and
managing the network would not be appropriate. But what
about the definition of “Frame” versus “Frame North
wall”? Is one inherently correct and the other incorrect?
The scheduler must decide.

To determine the appropriate detail, the scheduler
must think about how the model will be used. One must be
careful to develop the model with a clear goal of generating
a schedule that will serve as a management tool rather than
simply a very detailed depiction of how a project will be
assembled.

It is preferable to err on the side of providing too much
detail in the activities rather than too little. With today’s
project management software, it is easy to consolidate
activities into “sub-networks” or “super-activities” by using
simple coding schemes. Thus one can develop an “abstracted”
network for those uses that do not require greater detail. If
the original network activities are too gross, it will require
additional manual effort to break them down into smaller
ones, determine interrelationships, and assign durations,
costs, and resources before obtaining a usable network.
Remember, activities can be aggregated easily, but they
cannot be disaggregated.

Ordering Activities

The sequencing of activities in a schedule is based on the
occurrence of activities relative to other activities. This is
simply a logical progression of the anticipated occurrence of
each activity relative to other activities. For each identified
activity, the following must be determined:

® Which activities must precede it?
® Which activities must follow it?

® Which activities can be concurrent with it?
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Actually, all of these questions can be addressed by
simply identifying, for each activity, all of the immediately
preceding activities (IPAs). If the IPAs of each activity are
considered, the network will automatically address the other
questions, provided no additional constraints will be
imposed on the project. When the IPAs for all of the activi-
ties are described, each activity’s succeeding activities will
have been generated, along with the activities that can occur
at the same time. Thus, the success of the model depends on
defining the set of activities that “control” when each activity
can start, because an activity can only begin if all of its
predecessors are completed. Once the IPA list is completed,
the network can be created.

Ordering activities is not necessarily as straightforward
as it may seem. The reason why two activities must be done
in a particular order can be termed “a constraint.” Without
constraints on a project, all activities can theoretically begin
on the first day of construction. But constraints do exist in
the real world, and they must be considered in order for a
network to be useful. The duration of a construction project
is contractually constrained by the length of time specified
in the contract documents. There are also a number of
other types of constraints that might impact project dura-
tion. These constraints may be imposed on individual activ-
ities, a group of activities, or the entire project. These other
constraints are factors that are an inherent part of the
construction process. A number of different constraints
must be acknowledged by the project team when they are
developing the sequencing and logic planned for a project,
and this precedes the scheduling task. Constraints are of a
variety of types.

Physical Constraints: Some commonsense logic
must be exercised when planning a project. Some portions
of a project will not be able to be installed until other
project components have been completed. For example,
concrete forms must be set before concrete can be placed
in the forms. Similarly, the setting of a transformer on
a concrete pad cannot occur before the concrete pad is
built. Therefore, the construction of the pad is an activity
that must precede the placement or setting of the trans-
former. In this instance, the completion of the concrete
pad is a physical constraint that restrains the setting of
the transformer. There will be many such physical con-
straints on a typical construction project. These are logic
constraints that include those defined by “how” (construc-
tion methods) the project is to be carried out.

Resource Constraints: These constraints are conditions
of limited resource availability that dictate that certain activi-
ties cannot be performed simultaneously. Certain activities
may not be able to be performed at the same time or concur-
rently because of equipment or workforce constraints. For
example, the availability of only one crane for two otherwise
independent activities might require them to be scheduled so
that they do not occur at the same time. Similarly, the
amount of concrete that can be placed in a single day may be

dictated by the production capacity of the concrete batch
plant. For example, trenching for conduit with one trenching
machine will obviously mean that the trench cannot be
excavated at two different locations at the same time.

Safety Constraints: The timing of some activities will be
dictated by safety concerns. For example, temporary lighting
in interior portions of a building may be required before
some types of activities can be performed. This is particularly
true when working split shifts or when utilizing a nighttime
crew. Safety requirements may dictate that activities not
occur simultaneously (e.g., overhead and ground-level work
in the same area and drilling and blasting taking place
concurrently) or that a specified sequence occur (e.g., erection
of safety barriers before allowing work in an area). Safety
considerations may also dictate defining nonworking days for
extremely hot or cold days.

Financial Constraints: Monetary constraints can include
the staggering of high-cost activities to minimize cash require-
ments during construction or the necessity of securing loans
prior to undertaking certain portions of a project. Large cash
flow items might also be scheduled so that they are incurred in
a particular “tax year.”

Environmental Constraints: Environmental constraints
can include the need to carry out mitigation procedures prior
to other activities and may also address restrictions such as not
working in certain areas during such times as spawning season,
fish runs, or eagle nesting.

Management Constraints: These are sequencing
decisions that are purely the decision of the project manager
or superintendent. Sometimes referred to as “arbitrary,”
these can be defined simply as additional constraints not
otherwise categorized here. They may relate to requirements
of supervisory time, consequences of tax strategy decisions,
cash flow needs, or the demands of other projects not
reflected in the network. Management may elect to consider
the days between Christmas and New Year’s Day as holidays.
At any rate, these reflect decisions of management that are
made to provide a reasonable benefit to the company.

Contractual Constraints: The owner may impose
constraints on the construction process. An example of this
type of constraint would be a project where the owner
requires the work in one physical location to be completed
before the work in another area could begin. This is often true
on road projects or airfield projects where project “phasing” is
dictated in the contract or in multiple building projects such
as a medical complex or school or college campus complex.
The owner of a condominium project may require that a par-
ticular phase of the project be fully completed and occupied
prior to beginning construction of the next phase. On a
remodeling project, the owner may require that construction
noise or dust be kept to a minimum if a portion of the facility
will remain occupied and in operation.



18 CHAPTER TWO

Productivity Constraints: On a road-widening
project, if both sides of the highway are being widened, the
project manager would choose to go from point A to point
B on the east side of the road and then do the west side by
just crossing the road at point B and paving the west side
from that point back to the area across from point A. The
project manager could increase productivity and save
setup and mobilization time instead of going back to point
A and crossing the road to the other side to pave back
toward point B.

Regulatory Constraints: Governmental agencies are
also known to impose constraints on the construction
process. These include regulations that are enforced by such
federal agencies as the Environmental Protection Agency,
land-use restrictions that might be imposed by a municipal
government, and other regulations enacted at the municipal,
county, state, or federal levels. Some of these constraints
would also be included among the environmental con-
straints. When the mosaic of these constraints is overlaid on
the project constraints of budget, time, and quality require-
ments, the plan will ultimately be the one best plan that the
superintendent feels will minimize delays, increase produc-
tivity, give maximum profitability, and provide the owner
the most construction for their budget. Sound planning
ensures a good schedule.

The same type of planning must take place during
the construction phase when field management performs a
monthly schedule update and determines that the project has
gotten too far behind schedule. A decision might be made to
modify the schedule so that time can be “made up” in order
for the project to still be completed by the anticipated comple-
tion date. This rescheduling must be driven by the same
degree of sound planning as that which was used to develop
the original baseline schedule.

In the initial definition of a network, it is desirable to
minimize the number of constraints introduced into the
network during the ordering of activities. This is because

the introduction of excessive constraints in network logic
can have the following impacts on a project:

Reduce scheduling flexibility
Lengthen project duration
Generally increase project cost

Confuse basic scheduling logic

If the logic of a network is not questioned, the imposi-
tion of constraints tends to result in a linear ordering
of activities. Such a network will tend to have fewer activi-
ties running parallel to each other, leading to longer chains
of activities and making the project longer and more
costly.

Only physical constraints should be entered during the
early development stage of the project model. Other con-
straints can be deferred until the actual scheduling of activi-
ties, at which time the network should be inspected to
determine, first, if the constraint is not met by the calculated
schedule and, second, if it can be addressed by the shifting of
activities within their available “float” times. Any constraints
not handled in this way can be addressed in another itera-
tion of the network development process.

Once the basic network is completed, the constraints
should be imposed in some sequence. Since this will gen-
erally be done with scheduling software, the impact of
particular constraints can be readily evaluated. When the
impact of a particular constraint is especially severe, the
scheduler will probably reassess the need for the particular
constraint. If the constraint is unavoidable, the logic of the
network itself may come under close scrutiny. In many
instances, a change in scheduling logic may accommodate
a constraint without seriously compromising construction
progress.

[lustrated in Figure 2.1 is a sample activity list and
associated list of IPAs. Notice that procurement activities
(“Purchase steel reinforcement” and “Order concrete”) tend
not to have predecessors because normally they can be done

Sample Activity List with IPAs
Project to Construct
Concrete Footing

Activity
Label

Activity

Description IPAs

Lay Out Foundation —
Dig Foundation A
Place Formwork B
Place Concrete
Purchase Steel Reinforcement —
Cut and Bend Steel Reinforcement E

Place Steel Reinforcement CF
Order Concrete —

T OTMHOOW >

FIGURE 2.1 Sample Activity List with IPAs.
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without anything preceding them. Note that this does not
mean that all of the materials will be procured at the very
beginning of the project. It simply means that procurement
of materials can be scheduled for the very beginning of
a project. At this point only the logic of the process is being
defined.

Drawing the Network Diagram

There is one commonly used type of network diagram, the
precedence diagram. In the 1960s and 1970s, there was also
a considerable use of arrow diagrams, but such diagrams are
used very little today. Most popular software that is currently
used for computer scheduling supports only precedence
diagrams. For this reason and some inherent disadvantages
of arrow diagrams, they are no longer used extensively in the
construction industry. Precedence diagrams and arrow
diagrams present the same basic information about the
sequence of activities that must take place to complete a
project. While this text addresses primarily precedence
diagrams, those interested in arrow diagrams are directed to
Chapter 16, which provides a description of arrow diagrams
and their use.

The precedence diagram depicts activities as nodes with
logic link lines that depict the dependencies that exist
between the activities (see Figure 2.2). The relationships of

the activities in a precedence diagram are conveyed with
relative simplicity by the use of the logic link lines.

The precedence diagram is “read” from left to right. With
the logic link lines shown in the precedence diagram, it is
a simple procedure to show the proper sequence of activities
to construct a project or a component within a project. In
Figure 2.3, it is readily observed that the first activity is “Lay
out foundation.” Once this has been completed, the “Dig
foundation” activity can begin. It is important to recognize
that every activity consumes time and generally other
resources as well, while the link lines consume no time or
resources. Events also do not consume time, but merely
describe the project status at a point in time. For example, the
point at which a building is “dried in” would be considered an
event, and the point in time at which the project is completed
is also an event.

The metal storage barn project that was depicted as
a bar chart in Figure 1.6 is shown in Figure 2.4 in a prece-
dence diagram format. This diagram does not depict
the durations of the activities as was the case in the bar
chart, but the precedence network clearly shows the
dependencies of the different activities, and the durations
could be easily shown on each activity in the precedence
diagram.

One must recognize that activities consume time, and
events simply occur at a point in time. The point in time at

_ Logic link line
I

Place rebar
cage

Tie rebar

Place

Erect wall
forms

concrete

Check wall
forms

FIGURE 2.2 Simple Example of a Precedence Diagram for Erecting a Concrete Wall.

Obtain
concrete
Layout Dig Place Place
foundation foundation formwork concrete
Obtain Cut and Place
rebar bend rebar rebar

FIGURE 2.3 Example of a Precedence Diagram for Constructing a Concrete Footing.
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FIGURE 2.4 Precedence Diagram for the Construction of a Metal Storage Barn.

which an activity can start may be considered an event.
The point in time or instant at which an activity is com-
pleted can also be considered an event. For most activities,
the simple computation of the start and finish times of
activities is sufficient for a scheduler to effectively manage
a project. In some instances it is important to identify
events of interest or milestone occurrences. A milestone
event might occur when a building has been “dried in” or
when a building has “topped out.” It could also consist of
the receipt of a permit such as a construction permit,
blasting permit, or dumping permit. While events are not
included in many networks, their value should not be
underestimated.

Assigning Durations to Activities

The duration of an activity is the estimated time that will be
required to complete it. Typically, in construction, the unit
of time is days, and it is assumed that work is performed on
a continuous and uniform basis within the standard
workday and workweek. Time might also be measured in
months, weeks, shifts, or even hours. Defining durations, as
in defining the activities themselves, is less of a science than
it is an art, largely due to the range of variables that can
impact a construction project and progress on it. The time
unit appropriate for a project depends on the duration of the
project and the nature of the work. Hours would typically be
used for shorter projects lasting only several days. For
example, on shutdown or turnaround projects that might be
completed within a few hours, days, or weeks, it is common
to schedule the work in hours. This is largely necessitated
because these types of projects frequently have a large

number of workers on the project and the work is performed
in shifts, with work being performed continuously (7 days
a week) until the project is completed. For long-term
projects that last for several years, days, weeks, or even
months may be more appropriate.

Activity durations frequently are tied directly to the
resources applied to them (e.g., crew size and equipment)
and the productivity of these resources. Consequently,
durations can frequently be directly related to labor cost
estimates for the tasks. Cost estimates may be developed as
follows:

quantity of work $

= $ labor cost

qty/crew-hour crew-hour

Given this formula, the duration of the activity is clearly
assumed to be as follows:

quantity of work crew-hour

= crew-hours or = days

qty/crew-hour hour/day

The primary issue here is the reliability of the produc-
tivity factor (quantity/crew-hour). These factors may be
based on standard published rates (e.g., from R. S. Means
publications), perhaps adjusted by regional or project-
specific factors. Many people discount the accuracy of
such “standard” rates, however, because they are simply
“averages” of widely varying numbers. Furthermore, some
activities do not involve performing large quantities of
work and, therefore, do not lend themselves to productivity
rate analysis.

Whether or not durations are developed from produc-
tivity rates, an alternative is to use historical data, meaning
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quantitative data from actual projects that the firm has
undertaken previously. Even if such data are available, the
activity must be carefully examined to determine whether
the data can be applied to it, as it may be felt that the project
being planned is atypical and thus the historical data are not
comparable.

In the absence of sound quantitative data, the sched-
uler often “guesstimates” activity durations based on his or
her experience. Someone with extensive experience in
comparable projects may be able to establish very reliable
durations, while younger, less experienced persons are
ill-suited to the challenge. Such persons may need to seek
the professional or experienced counsel of others through
interviews.

Larger owners, such as public agencies, and contractors
involved in a large number of similar projects may also find it
possible to develop automated algorithms (procedures) for
estimating activity durations. Dealing with many similar
types of projects over a period of time allows these schedulers
to establish, first, a “template” network (standard model) for
their projects, and, second, a relationship between project
characteristics and the durations of individual activities
within the network.

Assigning Resources and Costs

Frequently, critical path method (CPM) analyses include
the evaluation of the temporal (time) distribution of
resources and costs. This associates each activity with the
amount of resources (labor, equipment, and materials) it
requires and its associated costs. Such information should
be derivable directly from the estimating process, as costs
for the project depend upon the quantity of materials and
amount and type of labor and equipment resources
applied. The major requirement for the effective assign-
ment of resources and costs to individual activities is a
clear description of the relationship between the CPM
activities and the units or phases of work by which the
estimate is developed.

In simplest terms, using CPM with resources and costs
permits the amount of each resource needed during speci-
fied time periods to be examined. Beyond this, there are a
number of analytical techniques associated with evaluating,
altering, and attempting to “optimize” the distributions. (See
Chapters 6, “Resource Allocation and Resource Leveling,”
and 7, “Money and Network Schedules,” for discussions of
these techniques.)

Calculating Early and Late Start/Finish Times

Steps 1 through 4 must be completed (limited computer
solutions are possible without step 4) in order for calcula-
tions to be made on the network. The initial computations
that are of particular interest include the early and late
start and finish times of an activity. The early start time of

an activity is the earliest time that the activity can begin
based on the relationships that exist in the schedule. The
late start time is the latest that an activity can start without
adversely impacting the date of project completion. Simi-
larly, the early finish time is the earliest that an activity is
expected to be completed, and the late finish time is the
latest that an activity can be completed. If the late finish
date is exceeded (runs over), the project duration can be
expected to be increased by the same number of days that
the activity is completed beyond the late finish time. If the
early and late start times differ, the activity is said to have
flexibility, or “float.”

Identify the Critical Path

If the early and late start dates of an activity are the same, it
is evident that the activity has no flexibility, or “float.” In
other words, if the activity starts later than the assigned date
or if the activity takes longer to complete than the assigned
duration, the project completion date will be extended by
the same amount of time. When an activity start date is fixed
in this way, the activity is said to have no float. Such activities
are said to be “critical,” meaning that any delay in the start
date or completion date will extend the project duration.
The critical path is the path from the beginning of the
network to the end of the network on which all activities
are critical. (These concepts will be discussed in considerable
detail in subsequent chapters.)

Scheduling Activity Start/Finish Times

Once the calculations have been made to further define
the network activities, the management process can
begin. The network and the information generated for
each of the activities will be useful for management to
execute the project requirements. Management decisions
essentially revolve around the use of any flexibility or
float that the activities possess. The key is that the sched-
uling information must be used in order for the network
to be a management tool.

FINAL COMMENTS

The development of a network model consists of the com-
pletion of several fundamental steps. While some steps
occur in sequence, others may take place concurrently. The
nature of the activities and their relationships to other
activities dictate the sequencing of the steps to a consider-
able extent. Although some steps can take place in a
dependent fashion, others are performed independently.
The step sequence depends on the preference of the sched-
uler and the extent to which computerized scheduling is
being utilized. The accuracy or quality of the network
model determines whether it can serve as an effective
scheduling tool.
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CHAPTER TWO

Review Questions

1.
2

What is the difference between an activity and an event?

Give examples of two different types of constraints that
might have an adverse impact on a scheduling network.

. What is the fundamental difference between an arrow

diagram and a precedence diagram?

Why should many of the constraints be imposed on
a network after the basic logic network has been com-
pleted, rather than incorporating them as the network is
being developed?

. Describe two different network schedules that might be

generated for the same project. Explain why.

10.

Give an example of a procurement activity that might
be a valuable inclusion in a network. Conversely, give an
example of a procurement activity that has little merit
for inclusion in a network.

Why should the initial schedule be viewed as a best
guess of how a project will be constructed rather than a
definitive statement about how it will be done and when
it will be completed?

Describe potential users of a construction schedule.

Give an example of a safety constraint that might be
imposed in a schedule.

Describe factors that might impact the level of detail
used in a schedule.



PRECEDENCE DIAGRAMS

If you can’t afford to do it right the first time, you won’t be
able to afford to do it twice.

PRECEDENCE (ACTIVITY-
ON-NODE) NETWORKS

The most common type of network schedule in use today is
the precedence diagram. Because of the popularity of prece-
dence diagrams as opposed to arrow diagrams, this text is
focused primarily on the use of precedence diagrams (arrow
diagrams are discussed in Chapter 16). Also, most schedul-
ing software in use today requires the user to input the infor-
mation in the form of a precedence diagram. In precedence
diagrams, activities are represented by nodes. The nodes are
linked by lines that show the relationships that exist between
the activities. The basic elements can be described as follows:

Nodes: These represent “Activities” and may be drawn
in any desired shape. Often they are drawn as circles,
boxes, or other common geometric shapes (see Figure
3.1). While the diagram presents only basic information
about the construction of a pole barn, the logic should be
apparent. The diagram is read from left to right, and the
link lines show clear dependencies between the various
activities.

Lines: Lines represent “Activity links,” which are used to
represent the dependencies between activities. Links are
interpreted from left to right to indicate the dependency
relationship. There is one link in the network to denote each
dependency between an activity and one of its immediately
preceding activities (IPAs).

The precedence diagram consists of a series of nodes
with lines (links) connecting them to illustrate the activities
to be executed and the sequence in which they must be done.
The normal convention in the use of the precedence tech-
nique is that an activity can be started after all links drawn to
its left (starting) side have been “traversed.” This occurs
when each of an activity’s predecessors has been completed.
After the activity is completed, all links leaving from its
right-hand (finish) side can be traversed. Most of the discus-
sion on the use of precedence diagrams will assume that all

relationships between activities are finish-to-start (FS) in
nature. In an FS relationship, once an activity is finished, its
successor can start. For manual solutions, this dramatically
simplifies the computations. Naturally, computer programs
using the precedence diagram approach can easily make the
various computations for whatever types of relationships are
indicated. While most of the discussion on activity relation-
ships will be focused on the FS relationship, the other types
of relationships should be well understood.

Normally, the traversing of a link does not require any
time, but shows the dependency between activities. How-
ever, it is possible to assign a time to a link to indicate that
the following activity cannot be started until this specified
amount of time after the preceding activity has passed. This
time will be referred to as lead time. A link line can consume
no resource other than time.

ACTIVITY RELATIONSHIPS

In the past, relationships between activities were defined
as being finish-to-start (FS), whereby the preceding
activity must be finished before the succeeding activity can
start. This assumption makes it much easier and simpler to
develop schedules by manual means. This type of relation-
ship was assumed to exist in the schedule shown in
Figure 3.1. Since most scheduling is now done with the aid
of computers, this limitation no longer poses a constraint
or concern. Other types of relationships are also encoun-
tered, namely, start-to-start (SS), finish-to-finish (FF), and
start-to-finish (SF). The use of these various types of
relationships between activities makes it possible for
schedules to be prepared that accurately portray the true
relationships between activities. The limitations of the
scheduling software will dictate the restrictions to be
placed on defining the relationships between activities.
These relationships are used to organize activities that
overlap to some degree or that have a delay time of some
sort between them.

In a finish-to-start relationship, the start of each
activity depends on the completion of its preceding activity.
That is, if an activity depends on another, it will not be able
to start until the preceding activity has been completed. For
example, a doorjamb must be installed before the door can
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Layout pole Dig holes and
locations set poles
Activity Activity link

FIGURE 3.1 Precedence Diagram of a Simple Pole Barn.

be hung. Similarly, footing excavation must be completed
prior to placing concrete for the footing. For many activity
relationships, this assumption is accurate or adequate. For
manual computations on networks, this assumption is
essentially necessary. While this finish-to-start relationship
between activities is generally viable, these other types of
relationships are also encountered. In various instances, the
finish-to-start relationship is convenient for illustration
purposes, but it may not be an accurate portrayal of
the actual relationship that exists between two variables.
Examples of these other types of relationships will be
described briefly.

A series of examples have been developed to show how
different relationships might be encountered in a project
schedule. The actual site conditions must be evaluated in
virtually every instance to determine the appropriate
relationship between any two activities. In some instances
there will be more than one way to portray the activity rela-
tionships. Consider the simple series of tasks that involve
placing concrete in forms, curing the concrete, and stripping
the forms, shown in Figure 3.2. These activities and their
durations are shown with the traditional finish-to-start
relationship.

At first glance, this sequence seems quite logical. The
activity “Cure concrete” is typically one that does not entail
the use of resources, other than time itself. With only time
being consumed, the use of the activity “Cure concrete” is
simply a means of putting a delay activity between placing
the concrete and stripping the forms. These activities (placing
concrete and stripping forms) might also be shown as being
related by finish-to-start with a delay. Note that the start of
stripping forms depends on the completion of the place-
ment of the concrete followed by a designated delay. This is
shown in Figure 3.3. Rather than creating the delay as a
separate activity, it is made a component of the finish-to-start

Place Cure Strip
concrete concrete concrete forms
1 day 28 days 2 days

FIGURE 3.2 A Typical Sequence of Finish-to-Start
Relationships.

Set trusses Install
and roof frame roofing
Install
siding
Place Strip
concrete concrete forms
1 day FS/28 2 days

FIGURE 3.3 A Finish-to-Start Relationship with a 28-Day
Delay.

relationship; namely, the concrete forms can be stripped
28 days after the concrete has been placed. The logic remains
the same, but the presentation of the relationship is slightly
modified.

While manual computations would be cumbersome
with this type of delay, many scheduling software programs
now have the capabilities of handling such situations
with ease. Other types of relationships occasionally encoun-
tered in construction may also be readily handled by such
programs.

One type of relationship that might be encountered on
occasion is the finish-to-finish relationship, in which two
activities are related by the fact that they must both be com-
pleted at the same time. Assume a simple task of setting a
flagpole. The task will consist of digging a hole for the pole,
setting the pole in the hole, positioning the pole in the hole,
and backfilling the hole with the excavated materials. Note
that the pole must be held in position until the backfilling is
completed. Thus, the backfilling task and the positioning the
pole task will be finished at the same time, as shown in
Figure 3.4.

Consider a portion of a building construction project in
which masonry work is performed on the exterior of
the building. A few windows are also to be included in the

Position
flagpole
Dig hole Set in the hole
for flagpole
flagpole in the hole FF
Backfill
hole

FIGURE 3.4 Simple Task Showing the Finish-to-Finish
Relationship.
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Construct Masonry Install
brick work around exterior
facade windows trim
Install
windows

FIGURE 3.5 Sequence of Finish-to-Start Relationship for
Window Installation.

exterior walls of the building. When windows are installed in
the masonry walls, additional masonry work must be
performed around the window frames to complete the
installation. In a conventional finish-to-start relationship,
this would be depicted as shown in Figure 3.5. Essentially,
the bricklaying activity is broken into two distinct activities
in order to demonstrate the need to delay some bricklaying
work until after the windows have been installed.

These activities may be reasonably close to describing
the actual work sequence. The level of detail of the
activity “Masonry work around windows” may not be
consistent with the more general descriptions used for the
other activities. While this may be suitable for most
schedulers, consideration might be given to describing
the activities as a finish-to-finish with a delay relationship.
This might be accomplished with the representation
shown in Figure 3.6.

Note that the “Install windows” activity is now associ-
ated with the finish of the “Construct brick facade” activity.
The exterior trim work cannot begin until both of these
activities are completed, but there is an added stipulation
that the window installation must be completed a certain
amount of time before the brickwork is completed. It is
during this delay period that the necessary masonry work
around the windows would take place.

Move in Erect old
paint

Sand
and prep
wood

Remove /

Paint

Construct Install
brick exterior
facade trim
FF with delay
Install
windows

FIGURE 3.6 Sequence of Finish-to-Finish with a Delay
Relationship.

In Figure 3.7, the network shows where a series of
activities have finish-to-finish with a delay relationships. The
removal of the old paint must be completed 1 day prior to
the completion of the activity involving sanding and prep-
ping the wood. In addition, the wood sanding and prepping
must be completed 2 days prior to the completion of the
painting activity.

The start-to-start relationship is another type of activity
relationship that is encountered during construction opera-
tions. Let’s consider the task of putting in a new tile floor in
the foyer of a commercial building. Some of the activities to
accomplish this are shown in Figure 3.8. In this example, one
key activity is to spread grout on the floor to receive the tiles,
and the other activity of interest is to set the floor tiles.
Because of the short set time of the grout, there is essentially
no delay between applying the grout and setting the tiles;
that is, tiles must be set in the fresh grout. While the tile-
setting task must wait a few moments for the grout to be
initially applied, for all practical purposes, they must begin
at the same time.

Another relationship that occurs in construction is the
start-to-start with a delay. First, consider the construction
of a simple stud wall that will receive insulation and dry-
wall (for simplicity, it is assumed there is no plumbing or
electrical wiring in the walls). Suppose several rooms are

FF/2
| Inspect | |Disassemble| | Move
work scaffolding out

wood

FIGURE 3.7 Activities with Finish-to-Finish with a Delay Relationships.
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FIGURE 3.8 Activities with a Start-to-Start Relationship.

being constructed for an office building. The conventional
finish-to-start relationship might show the activities as in
Figure 3.9.

These activities show that the insulation must be
started before the drywall installation can begin. However,
once the insulation work has begun, the drywall installa-
tion can also begin. Note that it is assumed that the
insulation installation requires considerably less time than
the drywall installation. That is, once the insulation work
begins, it is assumed that this work will easily outpace or
stay ahead of the drywall installation. The above logic
might also be presented as a start-to-start with a delay as
depicted in Figure 3.10.

With this depiction, it can be seen that the drywall
installation can begin a stipulated amount of time after the
wall insulation has begun. Since several offices are being
constructed, it is assumed that after the insulation is
installed in the walls of one office the drywall can be
installed. The specifics of the particular offices involved are
not shown in the schedule, as this might be regarded as
needless detail.

Figure 3.11 shows the activities of a simple painting
project of erecting scaffolding, removing old paint, prepar-
ing wood for repainting, painting wood, inspecting the
work, and disassembling the scaffolding. The three activities
of primary interest are removing the old paint, preparing

Construct Begin wall Complete
stud wall insulation . walll
insulation
Install
drywall

FIGURE 3.9 Sequence of Finish-to-Start Relationship for

Wall Construction.

the wood for repainting, and painting the wood. There is a
start-to-start relationship with a 1-day delay between
removing the old paint and preparing the wood for repaint-
ing. There is also a start-to-start relationship with a 2-day
delay between preparing the wood for repainting and paint-
ing the wood.

The information in Figure 3.11 might be shown in yet
another manner. Figure 3.12 shows these same activities, but
with their relationships shown as combinations of both
start-to-start (SS) and finish-to-finish (FF) relationships,
perhaps the most realistic portrayal of the actual relation-
ships between these activities. While quite realistic, this is
not a very common way of actually presenting these activity
relationships. Activities that have SS and FF relationships
must be carefully paced in order that all criteria can be satis-
fied. Some computer software programs can recognize all of
these relationships, although showing a combination of SS
relationships and FF relationships for the same two activities
is not as common in the available software. In this example,
the start-to-start relationship might be preferred if the three
activities in question have progressively longer activity dura-
tions. On the other hand, the finish-to-finish relationship
might be preferred if the successive activities normally have
shorter durations.

Another type of relationship that might exist is the
start-to-finish sequence. At first, this type of relationship
might appear to be illogical or even irrational. However,
there are numerous situations for which the start-to-finish
(typically with a delay) relationship is appropriate to illustrate

Install
Construct wall
stud wall . )
insulation

SS with
delay

Install
drywall

FIGURE 3.10 Sequence of Start-to-Start with a Delay
Relationship.
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FIGURE 3.11 Activities with Start-to-Start with a Delay Relationships.
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FIGURE 3.12 Activities with Start-to-Start and Finish-to-Finish Relationships.

the relationships between different activities. In reality, this
is actually a fairly common relationship that exists between
many activities. A few of these types of relationships will be
shown to demonstrate how common they really are. Con-
sider the traditional finish-to-start relationships depicted
in Figure 3.13. From this information, it is evident that the
concrete forms are set prior to tying the reinforcing steel
and that the concrete is placed after the rebar has been tied
and the concrete has been ordered from the supplier. This
information may appear to be logical, but it is not entirely
accurate. For example, the ordering of the concrete is not
dependent on setting the concrete forms.

A more realistic portrayal of the information would be
created if the start-to-finish relationship with a delay was

used, as shown in Figure 3.14. It is assumed that the local con-
crete supplier has stipulated that orders for ready-mix con-
crete should be made at least 5 days prior to the day the
concrete is to be delivered. That is, the concrete placement will
start 5 days after the concrete has been ordered. Between the
ordering of the concrete and the concrete placement activities
is a finish-to-start with a delay. It should be apparent that the
concrete order should be placed prior to the concrete place-
ment, but one might be tempted to order the concrete after
the rebar has been tied. Note that this might delay the actual
concrete placement due to the 5-day lag between ordering the
concrete and having the concrete delivered.

Of the different types of relationships, perhaps the
least used in the past was the start-to-finish relationship.

FIGURE 3.13 Sequence of Finish-to-Start Relationship for
Concrete Placement.

Set Tie Place Set Tie Place
concrete rebar concrete concrete rebar concrete
forms in forms forms in forms
Order Order SF/5
concrete concrete
from supplier from supplier

FIGURE 3.14 Sequence of Start-to-Finish with a Delay
Relationship for Concrete Placement.
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(c) Start-to-finish relationship involving training

FIGURE 3.15 Examples Demonstrating the Use of Start-to-Finish with a

Delay Relationships.

Consider the start-to-finish relationships shown in Figure 3.15.
These SF relationships are shown with delays, but similar
examples could just as well exist without delays. For exam-
ple, the purchase of materials that require no lead time
would be typical SF relationships without delays. Training
could be shown as an SF relationship without a delay, but
this would give the training personnel no flexibility in sched-
uling the training session.

By examining the examples in Figure 3.15, it should be
apparent that a distinct difference exists in the start-to-
finish relationships than in the other types of relationships.
One apparent difference is that the activity that must be
finished first is generally not associated with any other
activity in the network; that is, the essence of the relation-
ship is that the activity is linked specifically to one activity.
In Figure 3.15 (a), the example shows that setting the pre-
fabricated trusses can start after the trusses have been
ordered 45 days earlier. This lag will ensure that the truss
manufacturer has the necessary time to fabricate the
trusses, assuming that 45 days is the stipulated lead time. In
Figure 3.15 (b), concrete rebar is inspected, but only after
the inspection has been requested 3 days earlier. In this case,

inspectors are not on-site every day, and they will conduct
an inspection only when they are given 3 days’ advance
notice. Naturally, the request for the inspection is not
directly linked to any other activity, so the start-to-finish
relationship is appropriate. This figure also shows that the
concrete placement can start 7 days after the concrete deliv-
ery has been requested. It is common for concrete deliveries
to be scheduled in advance. In this instance, a 7-day advance
notice of the delivery is required. It should be understand-
able why the placing of the order for the concrete is not
directly linked to the satisfactory inspection but rather to
the placement of the concrete. Figure 3.15 (c) shows that
scaffold erection can begin 10 days after the necessary scaf-
fold erection training has been completed. In this instance,
the 10 days may not be a necessary requirement, but this
might allow the company sufficient time to schedule the
training with its own personnel.

There may be numerous activities on a single project
that involve the purchase of materials. If they are included in
a precedence diagram, they might be best presented in the
form of a start-to-finish with a delay. Figure 3.16 demon-
strates how several different start-to-finish relationships
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FIGURE 3.16 Sequence of Start-to-Finish with a Delay Relationship for Vault Work.

might be encountered in a single network. Note that, before
the layout work will be done in the vault, a training session
will be held on confined space entry work. Prior to the deliv-
ery and installation of the equipment, the equipment must
be ordered, possibly with a long lead time. Finally, before the
vault area is inspected, the inspection must be scheduled,
typically with a few days’ advance notice.

The finish-to-start with a delay, finish-to-finish with
a delay, start-to-start with a delay, and start-to-finish with a
delay are commonplace in computer programs. While no
manual approaches will be presented for computing infor-
mation for such relationships, popular computer programs
have little difficulty performing this task.

Basics about Precedence Diagrams

Precedence diagrams are easy to draw, and it is a simple pro-
cedure to add an activity to a network. When viewing a
precedence network diagram, it is important to avoid con-
fusing the link lines with activities. The link lines represent
dependencies only. Delays between two successive activities
can be represented on the link lines. In the examples in this
text, unless clearly noted otherwise, the assumed link line
delay values are 0.

Note that the nodes or precedence activities can be
denoted simply by a single character. The nodes can be iden-
tified in considerably more detail, as shown in Figure 3.17.
The format for node designation is not standardized, so one
need only adopt a format that is comfortable for a particular
application. The incorporation of all of the details shown

Act. |.D. # Activity Description Activity Cost
SS Activity Duration SF
FS Activity Resources FF
ES LS EF LF
FF TF Int. F Ind. F

FIGURE 3.17 Example Node Designation that Contains
Considerable Activity Detail.

in Figure 3.17 on a precedence diagram would make the
diagram quite unwieldy.

While the node designations should not be too com-
plex, it is still common for them to show various items of
information. The node depicted in Figure 3.18 is perhaps
fairly typical of that used in most computer schedules.
These can generally be customized to the user’s conve-
nience, so the format can be adjusted to suit the specific
needs of the scheduler. In this node, the activity identifi-
cation is most prominent. Immediately below this (in the
center of the node) is the duration of the activity. Along the
left side of the node is information on the early-start (ES)
date and the early-finish (EF) date of the activity. The ES of
an activity is the earliest that the activity can begin, and the
EF is the earliest that the activity can be completed. The
right side of the node shows information on the late-start
(LS) date and the late-finish (LF) date of the activity. The LS
of an activity is the latest that the activity can begin, and the
LF is the latest that the activity can be completed. Immedi-
ately below the duration is information on the free float
(FF) and total float (TF) of the activity. As will be described
later, the FF and TF values relate to the flexibility that an
activity has relative to the scheduling of that activity. Other
than the duration, all of this information must be computed
on the precedence diagram. These concepts and how their
values are computed will be explained in the remaining
portion of this chapter. This will be vital information to
obtain in order for field personnel to understand the
scheduled occurrence times for all of the activities in the
precedence diagram.

The procedures for creating a precedence network have
already been discussed, namely, identify activities, order
them, draw the network, and assign durations. A prelimi-
nary or rough network can be generated by positioning each

Activity

Duration LS

FF TF LF

FIGURE 3.18 A Simplified Yet Informative Format for a
Precedence Activity.
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activity (denoted as a box, circle, or other shape) relative to
other activities and then drawing lines between each set of
related activities. Link lines may cross in order to accurately
depict activity relationships. The diagram can then be
redrawn to better place the activities to minimize crossing
lines and other clutter. It is even possible to draw a time-
scaled version of the precedence diagram, in which the geo-
metric shapes are elongated to coincide with the timescaled
durations of the activities.

Alternatively, a more systematic approach using
sequence steps can be employed. Each activity is assigned to
a particular sequence step. Activities in a chain are assigned
to different sequence steps. All activities without predeces-
sors are said to be on step 0. Activities immediately following
step 0 activities are on sequence step 1 and so on. The use of
sequence steps in laying out a precedence diagram assures an
orderly and structured presentation of the schedule logic.

The following list of activities and their IPAs are
presented as an example for determining sequence steps and
drawing a precedence diagram (see Figure 3.19). The prece-
dence diagram depicting these activities and their relation-
ships is shown in Figure 3.20.

The precedence diagram in Figure 3.20 shows a network
with three starting activities. This is certainly one way to present
the project logic. Many schedulers would prefer to have a net-
work beginning with a single activity. If a single starting activity
is added at the beginning of the network, the project start date
need only be defined for that starting activity. This will ensure
that all activities are somehow associated, either directly or
through a sequence of activities, with the project start date.

Activity IPAs Sequence Step
A - 0

I G m m O O @
O W =2 O A~ N =

FIGURE 3.19 Activities and Their Immediate Preceding
Activities (IPAs).

Computations using the precedence technique involve
straightforward calculations through a network (which will
be described). Information of particular interest for each
activity will be the early start date (ES), the late start date
(LS), the early finish date (EF), and the late finish date (LF).
Information on free float (FF) and total float (TF) is often
computed as well.

Lag is time associated with a link line. It indicates the
difference between the early finish of the activity preceding
the link and the early start of the activity following the link.
Thus, it indicates how much delay, if any, can occur in the
preceding activity before the start of the following activity is
affected. Link lags are used to calculate free float and total
float, and these values clearly indicate which relationships
control the start time of an activity. Note that lag is not the
same as lead time or delay assigned to a link. Thus, links will
often be coded to indicate whether a link line has a positive
lag or whether it is 0. If a link line is on the critical path, a
different designation may be employed (see Figure 3.21).
The examples that appear later in this chapter use this form
of notation for the nodes, but the link lines will not use the
designations as shown in Figure 3.21, primarily because
simple networks can be readily understood without showing
this representation. As described later in this chapter, inde-

Sequence step

0 1 2 3 4
A B @

E F G

H D

FIGURE 3.20 Activities Organized in a Network with
Sequence Steps.
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FIGURE 3.21 Link Line Notation to Indicate Relevant Scheduling Information.



Precedence Diagrams 31

pendent and interfering float values can be determined for
each activity in the precedence diagram, but these values will
not be shown or computed.

As will become apparent, link lag values are useful in
determining the free float and total float of an activity, but
the link lag values should not be confused with float. This is
often a common misconception about link lags. Note that
free float and total float are assigned to activities. The link
lines themselves are not activities, but merely provide a
means of showing the association of one activity to another;
that is, lag values are associated with link lines, not the activ-
ities they link.

CALCULATIONS ON A
PRECEDENCE NETWORK

The most tedious, yet most important, aspect of network
models is that they permit the planner/scheduler to calcu-
late the total time that a project is projected to take and the
times at which each activity can and must start in order
for the project to be completed in the estimated amount
of time. While, in practice, most calculations are now
performed by scheduling software programs, it is still
important for the scheduler to have a thorough under-
standing of the specific nature of the computations that are
performed in determining the schedule information.
Developing a manual solution of the network information
will help considerably in understanding how these values
are derived. Several terms are used to describe the scheduling
information.

Early Activity Start (ES): The earliest time that an
activity can start as determined by the latest of the early
finish times of all IPAs.

Early Activity Finish (EF): The earliest time that an
activity can finish. It is determined by adding the duration
of the activity to the early start time of that activity
(EF = ES + duration).

Late Activity Start (LS): The latest time that an activity
can start without delaying the project completion. It is deter-
mined by subtracting the duration of the activity from its
late finish (LS = LF — duration), and it can also be com-
puted by adding the total float of an activity to the early start
of the activity or (LS = ES + TE).

Late Activity Finish (LF): The latest time that an activ-
ity can be finished without delaying the entire project
completion. It is equal to the earliest of the late starts of the
immediately succeeding activities. It is computed by adding
the total float to the early finish date (LF = EF + TF).

Early Event Occurrence Time: The earliest that an
event can occur, determined by the latest of the early finish

times of those activities that immediately precede the event.
Remember that events do not consume time, but they exist
at a point in time.

Late Event Occurrence Time: The latest that an event
can occur, determined by the earliest of the late start times of
those activities that immediately follow the event.

Free Float: The amount of time that an activity can be
delayed before it impacts the start of any succeeding activity.
It is computed as the smallest link lag value of all link lines
that occur immediately after the activity.

Total Float: The amount of time that an activity can be
delayed before it impacts the completion date of the project.
Computations are simplified by setting the total float of the
last activity in the network to 0. The total float of any activity
is determined as being the sum of the total float of the fol-
lowing activity and the associated link lag value. If more
than one activity follows, the smallest sum value is deter-
mined to be the total float.

LAG: The amount of time that exists between the early
finish of an activity and the early start of a specified succeed-
ing activity (LAGxg = ESg — EF,).

To illustrate the computations on a precedence
diagram, a simple schedule will be utilized. This is shown in
Figure 3.22. Since this is being solved manually, all relation-
ships are assumed to be finish-to-start relationships.

Early Times (Early Start [ES] and Early Finish [EF])

1. Assign 1 as the early start date of the first
activity (using the beginning-of-day convention). Note
that the early start could be assigned as 0, meaning
that the end-of-day convention would be used. For
simplicity, this text will use only the beginning-of-day
convention.

2. Calculate the early finish time for the activity
(EF = ES + duration). Note that if the first activity is
assigned an early start time of Day 1 and has a duration
of 1 day, the early finish will be Day 2. Since the
beginning-of-day convention is being used, this means
that the activity will be completed on the beginning of
Day 2, which is the same as being completed at the end of
Day 1. Note that most computer programs will show the
start times of activities with the beginning-of-day
convention, and the finish times are reported with the
end-of-day convention. It is only when performing
manual solutions that the convention being used must
be kept in mind.

3. The early start of activities (other than the first
activity or activities) will be determined by the early finish
times of their preceding activities. The ES and the EF of the
activities in the network are determined by beginning at the
first activity and proceeding to the immediately following
activities. This procedure is followed until the ES and EF of
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Activity EF = ES + Duration
ES = Latest EF of immediately preceding activity or activities
ES |Duration| LS
EF|FF[TF [LF
- Remove Install Install P
Mobilize old cabinets new flooring new cabinets Demobilize
1 [Dur=1 2 |Dur=9 11 [Dur=5 16 |Dur=4 20 |Dur=1
2 | 11 | 16 | 20 | 21 |

Buy materials

Hang wallpaper

Touch-up paint

2

Dur=5

7

Dur=4

11

Dur=6

7

11

17

FIGURE 3.22 Network for a Simple Remodeling Project Showing ES and EF for Each Activity.

the last activity are determined. The ES of an activity is
computed as the EF of the IPA. If an activity is preceded by
more than one activity, its ES will be computed as the latest
of the EF times of the IPAs, as all preceding activities must
be completed before the activity can begin. If lead time is
specified for a link, then the ES of the succeeding activity
for that link would be the EF of the preceding activity plus
the LT (lead time) of the link. In Figure 3.22, note how the
ES of “Install New Flooring” is determined. Since the new
flooring cannot be installed until both its preceding
activities are completed, the ES of “Install New Flooring” is
11, the latest EF of the preceding activities of “Remove Old
Cabinets” and “Buy Materials.” A similar computation is
made for “Install New Cabinets,” which is preceded by

two activities.

4. Repeat steps 2 and 3 for each activity in the network
until the ES and EF have been determined for the last
activity.

Free Float (FF)

5. Calculate lags for each link by determining the
difference between the early start of each activity that
follows a link line and the early finish of the activity that
precedes it (LAGag = ESg — EF,). The link lag values will
be either 0 or some positive number, because link lag values
cannot be negative. Note that the sum of the durations and
link lag values of all paths between the starting and ending
activities will be the same sum total. Note that the nonzero
link lag values are shown in Figure 3.23. Note that the ES of
“Install New Flooring” is 11 and the EF of “Buy Materials”
is 7, so the link lag value for the link line between these
activities is 4. While the link lag values of 0 can be shown
directly on the link lag lines, this is not essential for simple
networks. It should be noted that every activity has at least
one preceding link line that has a value of 0, so if an activity
has only one link line connecting it to a preceding activity,
the link lag value will be 0.

Activity FF = Smallest link lag value of link lines following an activity
ES |Duration| LS
EF|FF[TF [LF
. Remove Install Install o
Mobilize old cabinets new flooring new cabinets Demobilize
1 [Dur=1 2 |Dur=9 11 |Dur=5 16 |Dur=4 20 [Dur =1
210] 11] 0] 16] 0 | 20] 0] 21| 0]

FIGURE 3.23 Network for a Simple Remodeling Project Showing ES, EF, and FE

Buy materials

Hang wallpaper

Touch-up paint

2

Dur=5

7

Dur=4

11

Dur=6

7

0|

11

0]

17
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6. Determine the free float of an activity as being
equal to the smallest lag value of all links leaving from that
activity node. Each activity will be followed by at least one
link line (the last activity in the network is the only
exception, as it has no link line following it). The free float
of each activity is computed as the smallest link lag value
among those link lines that follow it (those that emanate
from it). The FF of the last activity in the network has no
real meaning as it has no succeeding activity or link line,
so its FF is set at 0. The determination of the free float
(FF) values for all the activities in the example network is
shown in Figure 3.23. For this project, only one activity
(“Touch-up Paint”) has an FF value that is not 0.

Total Float (TF)

7. Assign a value of 0 total float (TF) to the last activity
in the network.

8. The total float values for the activities in the
network can now be determined. Beginning with the last
activity, a backward pass is made through the network, in
which the total float of the last activity (assigned as 0) is
added to the link lag value of the link line between the last
activity and an IPA to derive the TF of the IPA. This sum of
the TF of the following activity and the link lag value of the
link line that connects them is computed for all activities
in the network.

9. Proceed in a backward-pass fashion until you have
computed the TF for all activities. When an activity is
connected to two or more activities that follow it, you will
compute several sums of the TF and link lag values. Always
assign the smallest sum as the TF for the activity in question.
The determination of the TF of all the activities in the
example network is shown in Figure 3.24. Note that “Hang
Wallpaper” is followed by two activities, namely, “Install New
Cabinets” and “Touch-up Paint.” The TF for “Hang Wallpaper”
is determined to be 3, the lesser value of sums computed as 5
(link lag value plus TF associated with “Install New Cabinets”)

and 3 (link lag value plus TF associated with “Touch-up
Paint”). Note that there is a string of activities between the first
and the last activity for which the TF values are all 0. There
must be at least one such string of 0 TF activities in every
network, assuming that the TF for the last activity is set at 0.

Late Times (Late Start [LS] and Late Finish [LF])

10. This step consists of determining the late start
times for all of the activities. This is a simple matter since
the total float values have already been determined. The
total float value is added to the early start of each activity to
determine the late start of each activity. Make these compu-
tations for all activities in the network (LS = ES + TF).

11. Similarly, the total float is added to the early finish
of each activity to determine the late finish time of each
activity. Add the TF to the EF of each activity to determine
the LF of each activity (LF = EF + TF). The LF of an
activity can also be computed by adding the activity
duration to the LS of the activity. The determination of the
LS and the LF of all the activities in the example network is
shown in Figure 3.25.

Once the early and late start times, early and late finish
times, free float, and total float of all the activities have been
determined, the calculations are completed. The information
is shown in Figure 3.25. Of particular interest will be the
identification of the critical path, that sequence (or
sequences) of activities for which the total float of each activ-
ity in the path is 0. In the sample network, it can be quickly
established that there is a single critical path consisting of five
activities: “Mobilize,” “Remove Old Cabinets,” Install New
Flooring,” “Install New Cabinets,” and “Demobilize.” The
“Buy Materials” activity can be delayed for up to 3 days before
the delay would impact the project duration, but any delay
would impact the start time of “Hang Wallpaper.” The “Hang
Wallpaper” activity can be delayed up to 3 days before it will
impact the project duration, but any delay will impact the
start date of “Touch-up Paint.” The “Touch-up Paint” activity

Activity TF =TF of immediately following activity + the link lag value that connects them
(if an activity is followed by more than one activity, the TF is the smallest sum
ES |Duration| LS that is computed)
EF|FF[TF |[LF
. Remove Install Install o
Mobilize old cabinets new flooring new cabinets Demobilize
1 |Dur=1 2 |Dur=9 11 [Dur=5 16 | Dur=4 20 | Dur =1
2]ofo 1100 1600 20/o0]o0 21/ 0] o0

FIGURE 3.24 Network for a Simple Remodeling Project Showing ES, EF, FF, and TE.
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Activity LS of an activity = ES of the activity + TF of the activity
LF of an activity = EF of the activity + TF of the activity
ES |Duration| LS
EF|FF[TF [LF
o Remove Install Install -

Mobilize old cabinets new flooring new cabinets Demobilize
1 |Dur=1][1 2 |Dur=9|2 11 | Dur=5 |11 16 |Dur=4 |16 20 |Dur=120
2]o]o |2 11/ 0] o [11 16/ 0] 0 [16 20/ 0] 0 |20 21|/ 0] o0 |2t

4 5 3

Buy materials

Hang wallpaper

Touch-up paint

2 [Dur=5]|5 7

Dur=4

10 11 |Dur=6[14

7]lo][3 [10 11

03

14 17 20

33

FIGURE 3.25 Network for a Simple Remodeling Project Showing ES, EF, FE, TE, LS, and LE.

can be delayed up to 3 days before the project duration is
impacted and before any other activity is impacted.

Since this is a relatively simple network, it is easy to under-
stand the general relationships that exist between the different
activities. A quick computation can be made of the durations
of the activities that fall on the critical path to determine the
project duration. This sum is 20. Note that the computed early
finish and late finish of the project was determined to be 21.
This is because the beginning-of-day convention is being used.
That means that the project will be completed at the beginning
of the workday on Day 21. This is the same as completing the
project by the end of Day 20. When performing manual com-
putations, it is important to fully understand the starting-day

convention that is being used. Most computer programs that
generate scheduling information use the beginning-of-day
convention for starting activities and the end-of-day conven-
tion for completing them.

The steps that have been outlined in this example illus-
trate the basic computations associated with precedence
diagrams. These steps are followed in a similar manner for
actual projects, regardless of the network complexity or size.
Note that the calculations for relationships other than
finish-to-start require adjustments to these procedures.

A slightly more involved project is shown in Figure 3.26.
It shows the precedence diagram for constructing a tennis
court facility.

Stock materials 5 Finish grade Place tennis court
3 4 3 9 5 15 14 10 20
7loJo 7 14/ 0]6 [20 24| 66 [30
2
6
Prefab bleachers
Erect/Paint
7| 16 |7 bleachers
23/ 0[]0 [23 23] 7 |23
- Clearing and 14 30/ 010 30 Final inspection/
Mobilize grubbing | Clean up
1 2 1 3 6 7 30 3 30
3003 9]oJ4]13 33/ 0[]0 [33
Landscape
9 12 13
21/ 0] 4 |25
4
Grading for road Pave roadway Curbing
3
3 7 10 10 8 17 21 5 25
10/ 07 [17 18] 3 [7 [25 264 [ 4 [30

FIGURE 3.26 of Computed Values on a Tennis Court Project.
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INDEPENDENT FLOAT AND
INTERFERING FLOAT

While total float and free float are the most commonly used
types of float, there is merit in at least having some knowl-
edge of two other forms of float, namely, independent float
and interfering float. While these are seldom used, some
scheduling software programs do make the computations
for their values.

Independent float is float that is “owned” exclusively by
one activity. As such, the independent float of one activity is
not available for use by any other activity. It can be said that
this float of an activity is “independent” of the late finish
times of preceding activities and the early start times of
succeeding activities. Thus, independent float, also called
“safe” float, is flexibility that is ascribed to the specific use by
one activity. The independent float of an activity will not be
jeopardized by the float of any other activity being used. An
activity can have independent float only if it has free float
(Harris, 1978; Pilcher, 1992; Stevens, 1990). Figure 3.27
shows an activity, “Install Gates,” with independent float.
The independent float of an activity can be computed with
the following general equation:

Independent ﬂoatActivityA = ESSuccessor — LFpredecessor
— durationyyity A

An examination of the simple network in Figure 3.27
will show that all activities are critical with the exception of
one, namely “Install Gates.” Furthermore, the independent
float value of “Install Gates” is 18, the same value as its free
float and total float.

Independent float of Activity “Install Gates”
= ES of “Clean Up Area” — LF of “Buy Materials” —
duration of “Install Gates”

=22 — 2 — 2 =18 days

Interfering float (also called shared float) is the float an
activity might have that is subject to use by other activities.

Thus, interfering float is held in common by at least two or
more activities. Essentially, the interfering float of an activity is
that portion of the total float of that activity that is shared with
other activities. The interfering float of an activity is the amount
of time that its early start can be delayed without delaying the
project completion but which will delay at least one other suc-
ceeding activity. When a chain of noncritical activities is
encountered in a network, they will all have the same total float
value and, except for the last activity in the chain, will all have
the same value of interfering float. The interfering float of an
activity is the difference between its total float and its free float
(Harris, 1978; Horowitz, 1967; Stevens, 1990).

Interfering floaty, = TF, — FF,

A network will be used to illustrate information about
interfering float and total float. The project is a simple one in
which a hedge is to be planted on one side of a sidewalk lead-
ing up to a house and an existing whiteboard fence is to be
repaired and repainted on the other side of the sidewalk. The
durations are noted in hours. The network is as shown in
Figure 3.28.

Note that two activities, “Repair Board Fence” and
“Paint Board Fence,” have positive total float values of two
hours. In addition, “Paint Board Fence” is the only activity
with any free float, also two hours. Since the interfering float
of an activity is the difference between the total float and the
free float of that activity, the interfering float of “Repair
Board Fence” is 2 and of “Paint Board Fence” is 0.

Interfering Float of Activity “Repair Board Fence”

= Tl:Repair board fence FFRepair board fence
2—-0=2

Interfering Float of Activity “Paint Board Fence”

= TFPaint board fence FFPaint board fence
=2—-2=0

Since “Repair Board Fence” has two hours of interfering
float, it means that the total float of “Repair Board Fence” is

2 | Dur=2 |20

4 |18]18 [22

. Dig holes and .
Buy materials set posts Install fencing Cleanup area
1 | Dur=1]1 2 [Dur=15| 2 17 | Dur=5 [17 22 | Dur=1 |22
2]l ofo ]2 17/ 0o [17 2 0]o |22 23/ 0] o |23
18
Install gates Activity

ES | Duration [LS
EF|FF|TF [LF

FIGURE 3.27 Simple Network to Determine Independent Float.
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Buy plapts Repair board fence Paint board fence Cleanup sidewalk
and paint 5
1 [Dur=2| 1 3 |Dur=2|5 5 | Dur=31|7 10 | Dur=1 |10
3]/olo]s 5 o2 |7 8 2]2 10 11] 0] o |11
Plant hedge plants Activity

3 | Dur=7 |3

10/ 0o [10

ES | Duration [LS
EF | FF|TF [LF

FIGURE 3.28 Simple Network to Determine Interfering Float.

shared with “Paint Board Fence.” If “Repair Board Fence” is
delayed by one hour, this will “interfere” with the scheduled
start time of “Paint Board Fence” by one hour, but the pro-
ject will still finish on time.

From the various start and finish times provided in
Figure 3.25, the independent and interfering float values can
be determined. Note that activities “Hang Wallpaper” and
“Touch-up Paint” are the only activities for which these
computations will be made. From the values shown, the
independent float and interfering float values are deter-
mined as follows:

For Activity “Hang Wallpaper”
Independent Float of Activity “Hang Wallpaper”

= ESTouch—up paint LFBuy materials duratiOnHang wallpaper
= 11 — 10 — 4 = —3 days(reported as0)
Interfering Float of Activity “Hang Wallpaper”

= TFHang wallpaper 1:FHang wallpaper
=3 — 0 = 3 days
For Activity “Touch-up Paint”

Independent Float of Activity “Touch-up Paint”

= ESpemobilize — LFHang wallpaper — durationTouch»up paint
20 — 14 — 6 = 0 days

Interfering Float of Activity “Touch-up Paint”

TFTouch—up paint FFTouch—up paint
=3 — 3 =0 days

Note that the interfering float for activity “Hang Wall-
paper” is determined to be 3 days, and its independent float
is —3days. While this is the accurate computation, the
concept of negative days of independent float is perhaps
illogical. It is generally suggested that negative independent

float days be interpreted as zero independent float days. For
activity “Touch-up Paint,” the interfering float and indepen-
dent float values are computed as being 0.

COMPUTATIONS FOR
DIFFERENT-ACTIVITY
RELATIONSHIPS

The different types of activity relationships were described
earlier in the chapter. While the computations for the deter-
mination of early/late start times and early/late finish times
were provided for only the finish-to-start relationships,
calculations can also determine the scheduling information
for other-activity relationships. This will be demonstrated
through the use of a very simple network involving three
activities. A simple finish-to-start relationship of this
network, consisting of Activities [, J, and K, is shown in
Figure 3.29. As a quick review, the determination of the
early/late start times and the early/late finish times will be
given. The values of interest are the early start/finish times,
which are computed by conducting a forward pass through
the network; late start/finish times are computed by
conducting a backward pass through the network. The
computations are made as follows:
Basic forward-pass calculations:

ES] = EFI EF] = ES] + duration]

Basic backward-pass calculations:
LS] = LF] - duration] LF] = LSK

The simple network is made slightly more complicated
when the subject of lag is introduced to the activity

Iagij =0 Iagik =0

Activity | Activity J Activity K

FIGURE 3.29 Simplified Precedence Relationships with No
Lag Values.
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Iagij — Iagjk
Activity J

Activity | Activity K

FIGURE 3.30 Finish-to-Start Activity Precedence Relation-
ships with Lag Values.

relationships. The addition of lag to the relationships is
shown in Figure 3.30. While the computations will be
impacted on whether the lag values are positive or negative,
the formulas remain the same. The computations for an fin-
ish-to-start relationship with the incorporation of lag val-
ues are as follows:

ES] = EFI + lagH

EF; = ES; + duration;

LSy = LFj — durationy

LFI = LSK - lag]K
If activities I, J, and K were described by start-to-start
relationships, the activities could be depicted as shown in
Figure 3.31. Lag values might also exist, and these could be
either positive or negative in value. The lag notations on the
figures (direction of the link lines with arrows) indicate the

conditions for which the lag values would be positive. The
computations would be as follows:

ES; = ES; + lagy
EF; = ESj + duration;
LSy = LS — lagyk
LF; = LS; + duration;

If finish-to-finish relationships existed between activities I, J,
and K, the network could be as shown in Figure 3.32. As in

Activity |

lag.

i Activity J

lag,, Activity K

FIGURE 3.31 Start-to-Start Precedence Relationships with
Lag Values.

lag.

Activity | \u

Activity J lag,

Activity K

FIGURE 3.32 Finish-to-Finish Activity Precedence Relation-
ships with Lag Values.

Activity |

lag.

i

Activity J

Iagik

Activity K

FIGURE 3.33 Start-to-Finish Activity Precedence Relation-
ships with Lag Values.

all activity relationships, the lag values could be positive,
negative or zero. The primary computations for the schedul-
ing variables would be as follows:

ES; = ES; + lagyy — duration; = EF; — duration;
EF; = EF; + lagy

LSy = LFx — lagjx — duration; = LF; — duration;
LF; = LFg — lag

For start-to-finish activity relationships between activities I,
J, and K, the activities are depicted in Figure 3.33. The basic
computations for the scheduling information would be as
follows:

ES; = ES; + lagy; — duration; = EFj — duration;
EF] = ESI + lagU
LSI = LFK - lag]K

LF; = LFg — lagjx + duration; = LS; + duration;

With the common usage of computer programs, manual
computations are rarely performed to determine the
early/late start times or the early/late finish times, regardless
of the activity relationships. Nonetheless, it is important to
understand the basic concepts of how the scheduling infor-
mation is actually derived.

FINAL COMMENTS

The network type of choice of many construction profes-
sionals is the precedence diagram. Once the logic is worked
out, the values of early start, early finish, late start, late fin-
ish, total float, and free float for each activity are easily com-
puted. These values serve as the basis for making various
types of management decisions. With this information, pro-
jects can be monitored and controlled. With the detailed
scheduling information about each activity, informed deci-
sions can be made when the need arises to accelerate the
schedule, make changes in the network, or redefine the
scheduling logic.
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Review Questions

1. The following network shows a precedence diagram for a reroofing project. Using the steps outlined in this chapter, solve
the network for the basic scheduling information. For each activity, show the computed values of early start, early finish,
late start, late finish, total float, and free float.

Set up scaffold Remove roof New roofing
7 9 4
I I I
Mobilize Shut off electric Fill dumpster Final clean
1 | 4 6 2
I I I I
Activity Pay dump fees Trash to landfill
ES| Dur |LS 6 5
EF|FF[TF [LF [ [

2. Draw the precedence diagram for the following project.

Activity List for an Apartment Project

Activity Description Duration Days Predecessors.
1 Building layout 2
2 Set forms 3 1
3 Plumbing R-I 3 1
4 Electrical R-I 2 1
5 Beam trench 3 3,3 FF/1, 4 FF/1
6 Fine grade and screed 1 5
7 Visqueen 1 6
8 Rebar 2 7
9 Pour/finish concrete 4 8
10 Strip forms 1 9/2
11 Frame 1Ist floor 5 10
12 Plumb R-I Ist floor 3 11
13 Joist 2nd floor 2 11
14 Deck 2nd floor 1 12,13
15 Frame 2nd floor 6 14
16 Plumb R-I 2nd floor 3 15
17 Pour Lt Wt 2nd floor 2 22,16
18 Electrical R-1 1st floor 3 19
19 HVAC duct Ist floor 3 14
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Activity Description

Duration Days

Predecessors*

20 Roof trusses

21 Fascia

22 Roof deck

23 Fireplaces

24 Gyprock 1st floor

25 Gyprock 2nd floor

26 Electrical R-1 2nd floor
27 HVAC duct 2nd floor
28 Telephone and TV R-1
29 Build stairs

30 Set patio doors

31 Set windows

32 Roofing and sheet metal
33 Furr downs Ist floor
34 Siding and exterior trim
35 Exterior doors

36 Soffitt

37 Balcony rails

38 Steel stair rails

39 Insulation

40 Drywall

41 Tape and float

42 Texture and acoustic
43 Ceramic tile

44 Heater door and trim
45 Paint interior

46 Paint exterior

47 Masonry

48 Prefinish shelves

49 Threshold and W.S.
50 Wallpaper

51 Prefinish cabinets

52 Prefinish doors

53 Prefinish base

54 Mirrors

55 Paint touch up

56 Finish hardware

57 Vinyl tile

58 Finish HVAC

59 Finish TV

60 Appliances

W DU R RN = W W W =N WY = R0 W W RN = RN R U R WD W W W NN WD W

15

20

21

20

11

15

27

17

20

14

24, 25FF/2
24, 25FF/3
22,23

14, 19SS/1
30, 31

34

34

34

29

18, 26, 28, 32
29, 35, 33, 39SS5/1, 70
40 FF/1

41

51 FF/1
42

44 SS/1
35, 36, 37, 38
46 SS/1

45

45

43

45

57 SS/2

52

50

48,53, 49
52 SS/1

50

57 SS/2

57

57 FF/1

(continued)
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Activity Description

Duration Days

Predecessors*

61 Finish electrical
62 Finish plumbing
63 Carpet

64 Clean up

65 Drapes

66 Turn on utilities
67 Punchout

68 Corrections

69 Final inspection

70 Furr downs 2nd floor

ST SR SR SR SR SR T TN

60 SS/1
60 SS/1

54,55, 58,59, 61, 62

47, 56, 63FF/1
64 SS/1

63

66, 64 SS/1
67, 65 FE/1
68

17,27

“Under Predecessors, the following notation is used:

x/#: Activity x must finish # days before this activity can begin.
xSS/#: The # of days after activity x starts that this activity can begin.
xFF/#: This activity cannot finish until # days after x is completed.

Activity List for Reroofing Project

. Draw the precedence diagram for the following project.

Activity Description

Duration Days

>*
Predecessors

Move in
Set up scaffolds
Tear off old shingles

Inspect roof truss and deck

Purchase new shingles
Install new shingles

Clean up

" m o Hg0 %>

Move out

Remove old shingles to recycling yard

D W Ul = W N W W N

A

B/1

C SS/1
CFF/2
G SE/2
CD

“Under Predecessors, the following notation is used:

x/#: Activity x must finish # days before this activity can begin.
xSS/#: The # of days after activity x starts that this activity can begin.
xFF/#: This activity cannot finish until # days after x is completed.

XSF/#: This activity must finish # days before x can start.
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4. Solve for the scheduling data for the following site development project. Compute the relevant information and include
the information on the figure.

Security fence Set flagpole
Activity I7 \ I2
ES| Dur [LS
EF[FF[TF [LF Bk
ui
Spread sand playground
3 10
I I
. Pave
Move in Layout work Demo shed parking lot Move out
1 4 5 6 2
I I I I I
Bring in fill Finish grade
6 5
I I
Cut trees/Brush
7
I

5. Solve for the scheduling data for the following site improvement project. Compute the relevant information and include
the information on the figure.

r?;g‘\,lgy Compact road
Activity sla \ (|3
ES| Dur [LS
EF|FF[TF [LF
Set culvert Set entry gate
8 10
I I
Purchase .
materials Layout work Stretch wire Move out
1 | 4 8 2
I I | I
Finish grade Dig post holes Set posts
8 | 7 | 12
I I I

Remove trees
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6. Solve for the scheduling data for the following barn addition project. Compute the relevant information and include the
information on the figure.

Activity
ES| Dur [LS
EF[FFITF |LF Set support
beam
[ 1 ]
[ [ |
Mobilize Remove siding Set rafters Install roof Move out
1 B 4 [ 4 [ [ 6 [ M [ 2 ]
I I [ [ | [ [ | [ [ |
Install windows Finish trim
5) 4
I I
Excavate/ - L
Baritn GBS Place slab Stud walls up Install siding Paint siding
[ 7 | [ 4 | [ 6 | [ 4 [ [ [ 2 |
[ T 1 [ [ | [ [ | [ [ | [ [ |

7. Solve for the scheduling data for the following housing development project. Compute the relevant information and
include the information on the figure.

Store Slab Slab ;
Job setup materials | | building #1 | | building #2 Sidewalks
5 8 10 10 8
I I I I I
. . Frame Frame
Site clearing building #1 building #2 Landscape
12 8 7 18
I I I I
Interior
building #2 Punchout
16 N 4
[ I
Activity
ES| Dur |LS -
Interior
EF|FFITF [LF building #1

20
I
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8. Solve for the scheduling data for the following sewer repair project. Compute the relevant information and include the
information on the figure. Note that time units are in hours.

Call inspector

Inspect repair

Finish work

1 2
I [
Night lights | [Traffic control
2 I i
Mobilize l l
1
| Set Cut fill/
e u ; Backfill
barricades pavement Excavate gl Repave
1 B 3 | | 3 2 6
I I I I I
Haul off
Activity debris
ES Duration|LS 4
EF[FF[TF [LF [

9. Schedule the precedence diagram for the following project. This problem is to be solved using a scheduling software
program.

Activity List for a Board Fence Project

Activity Description Duration Days Predecessors.
1 Mobilize 1
2 Clearing and grubbing 3 1
3 Lay out fence alignment 1 2
4 Deliver posts to site 3 3 SS/1
5 Auger post holes 7 4 8S§/2
6 Set posts in holes 7 5 SS/0
7 Backfill and plumb posts 10 6 SS/1
8 Install boards for fence 5 7 FF/1
9 Deliver boards for fence 3 8 SF/7
10 Paint board fence 12 8 SS§/2
11 Plant shrubs along fence 7 10 SS/8
12 Final inspection 1 8,10/2,11
13 Demobilize 1 12

“Under Predecessors, the following notation is used:

x/#: Activity x must finish # days before this activity can begin.

xSS/#: The # of days after activity x starts that this activity can begin.
xFF/#: This activity cannot finish until # days after x is completed.
XSF/#: This activity must finish # days before x can start.
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10. Schedule the precedence diagram for the following project. This problem is to be solved using a scheduling software

11.

program.

Activity List for Constructing a Planter

Activity Description Duration Days Predecessors’
1 Mobilize 1
2 Install security fence 1 1
3 Excavate planter foundation 2 1
4 Set forms 4 2,3
5 Set rebar 1 4 S8S/1
6 Place concrete 1 4,5
7 Order concrete 1 6 SE/7
8 Strip forms 2 6/1
9 Construct masonry planter 12 8
10 Deliver bricks to site 1 9 SF/1
11 Place soil in planter 1 9
12 Remove security fence 2 11 FF/1
13 Cleanup 1 11
14 Demobilize 1 13

“Under Predecessors, the following notation is used:
x/#: Activity x must finish # days before this activity can begin.

xSS/#: The # of days after activity x starts that this activity can begin.

xFF/#: This activity cannot finish until # days after x is completed.
XSF/#: This activity must finish # days before x can start.

Schedule the precedence diagram for the following project. This problem is to be solved using a scheduling software

program.

Activity List for a Reroofing Project

Activity Description Duration Days Predecessors
1 Mobilize 1
2 Set up scaffolding 2 1
3 Construct security barricades 1 2S85/1
4 Strip off old roofing 3 2,3
5 Repair damaged decking 2 4 §§/1
6 Repair damaged cant strip 1 4,5
7 Replace sheet metal 1 58S/1
8 Install felt roofing 1 6,7
9 Hot mop roof 2 8
10 Inspect roofing 1 9
11 Call for inspection 1 10 SF/3
12 Remove scaffolding 2 10
13 Haul off roofing materials 2 6,7
14 Demobilize 1 12 FF/1, 13 FF/1

“Under Predecessors, the following notation is used:
x/#: Activity x must finish # days before this activity can begin.

xSS/#: The # of days after activity x starts that this activity can begin.

xFF/#: This activity cannot finish until # days after x is completed.
XSF/#: This activity must finish # days before x can start.



DETERMINING ACTIVITY
DURATIONS

Once you plan your work, you must work your plan.

he development and use of schedules relies heavily

on activity durations. Without carefully assigning

durations to the various activities, the value of the
schedules will be greatly diminished. It is therefore impera-
tive that the durations of the various activities be developed
with a certain amount of accuracy. The accuracy and useful-
ness of the schedule will be directly related to the accuracy
that is inherent in the individual activity durations. There
are several ways that these activity durations can be obtained
or derived. Some degree of uncertainty is always present
whenever project durations are developed. Despite this, a
reasonable effort should provide results that will be accept-
able. Some of these methods will be described.

ESTIMATING

To determine the probable cost of the project, construction esti-
mates are prepared before a project is constructed. Thus, an
estimate is, at best, a close approximation of the actual cost.
There are many variations in the cost of materials, equipment,
and labor from one locality to another and from one point in
time to another. Therefore, the cost estimate of a project, even
when compared to other similar projects, is unique to that pro-
ject. To determine the cost accurately, the estimator should have
an accurate estimate of the quantities of material, equipment
hours, and labor hours required to complete a given project.
The estimator then applies the proper unit costs to these items.

The soundness of the completed estimate depends on
the following two factors: (1) the accuracy of the quantity
take-off and (2) the judicious selection of the unit costs and
production rates to be used.

TYPES OF ESTIMATES

Construction estimates may be divided into at least two
different types, depending on the purposes for which they
are prepared: conceptual estimates and detailed estimates.

Conceptual Estimates

Conceptual estimates are generally used by the prospective
owner of a project to determine the approximate cost of a
project before making a final decision to construct it. In

some instances, an agency, whether public or private, will
need to know the approximate cost of a project before spe-
cific actions can be initiated. A public agency may require
this information prior to holding a bond election. Private
owners will need this information in order to know the
extent of financing that will be required or the amount of
capital that must exist for a project to be feasible. Conceptual
estimates are rough approximations of the anticipated costs
and are generally prepared by architects, engineers, or other
consultants. The preparation of conceptual estimates
requires a clear understanding of what an owner wants and a
good “feel” for the probable costs.

Detailed Estimates

Detailed estimates are generally prepared by contractors
prior to submitting bids on competitively bid contracts or
when entering lump-sum or fixed-price contracts. A detailed
cost estimate includes the costs of materials, labor, equip-
ment, subcontracted work, overhead, and profit. To prepare
a detailed estimate for a project, the estimator conducts
a breakdown of the proposed project into the necessary
operations required to complete the project. To some extent,
the operations or items appear in the estimate in the order
that they will be performed in the project. This reduces the
danger of omitting the costs of one or more operations.

CONDUCTING A DETAILED
ESTIMATE

The process of conducting a detailed estimate begins with a
thorough analysis of the various physical quantities that
must be incorporated in the final project. This information
is obtained through a detailed quantity take-off. The quan-
tity take-off is generally recorded on a standard sheet that
includes information about the various items (numeric
designation, description, and quantity). This quantity take-
off is then used to develop a detailed cost estimate for the
prospective project. Costs are generally captured separately
for materials, equipment, labor, and subcontracted items.
By separating the cost items, it is easier to check to verify
that all cost categories have been included. During con-
struction, this level of breakdown affords greater control of
expenditures.

45
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A project is made up of many activities. Separate take-offs
are made for each job item, and the take-offs, in general, follow
the same sequence as used to perform the activities. The
primary elements of work required to complete each activity
are tabulated and collected in an orderly and systematic man-
ner. Since virtually all of the take-offs are double-checked, the
estimator should use care in writing all numbers and notes
clearly and legibly. (Of course, much of the estimating effort is
performed with the use of computers.)

After the estimate is complete, it is a good practice to
check the take-off to ensure that no job quantities have been
overlooked and that no other obvious errors have been
made. For unit price contracts, this verification includes
a comparison with the quantities provided in the bid
proposal. However, it is not wise to rely too heavily on these
listed quantities. Unit price contracts may include work that
must be done but for which there is no specific pay item. For
example, extensive scaffolding may be required to construct
a project, but the owner will probably not allow scaffolding
to be used as a pay item.

To develop a detailed estimate, well-defined costs must
be linked to each of the items in the quantity take-off. These
costs are easily defined for those activities that will be
subcontracted. The costs of most materials can also be deter-
mined with some accuracy, as many suppliers quote specific
prices for items that are purchased by a given date. The costs
of labor and equipment, however, are not as simple to deter-
mine. A clear understanding is required of how many units

of material can be put in place in a specified time period;
that is, the productivity of labor and equipment for each
take-off item must be estimated with accuracy. These values
of productivity may be derived from prior projects com-
pleted by a contractor. In some cases, the estimator may
develop the productivity rates by discussing relevant factors
about a work item with superintendents, project managers,
and other experienced personnel. The estimator may also
decide to obtain rough values of productivity from
published sources. Whenever reference is made to another
source for production values, the estimator should take care
to make appropriate modifications to reflect the anticipated
conditions.

Once the quantities have been priced, an estimate must
be made for the job overhead and the home-office overhead.
The job site overhead includes all of those costs that cannot
be attributed to a specific work activity, but that must be
incurred to successfully complete the project. Examples
include the cost of maintaining a job pickup truck, the salary
of the superintendent, and the cost of an electric generator.
Note that these are examples of costs that will continue for
the duration of the project and that a longer project dura-
tion means that higher overhead costs will be incurred for
these items. Some overhead items are “one-time” cost items.
Examples of such cost items include the cost of a layout
survey, security fence, signs, and mobilization. Of course,
even these may not be one-time costs in all instances. Refer
to Table 4.1 for examples of job site overhead items.

Table 4.1 Examples of Job Site Overhead

rSaIaries D
Project manager Superintendent Assistant superintendent
Office manager Payroll clerk Safety director

Project engineer
Timekeeper
Party chief

Equipment Costs
Trucks Automobiles

Field engineer
Security watch
Quality control personnel

Cranes

Computers

Fax machines
Mobilization ($/mile)
Water truck
Welding machine

Temporary Facilities Costs

Job office trailer
Storage sheds
Tool bins

Lights
Lavatories

Fence

Safety nets
Alarm system
Safety rails
Rain protection

Photocopiers
Project pickup

Air compressors
Electric generators
Forklift

Architect’s field office
Electric service
Security fence
Temporary toilets

File cabinets

Temporary Protection and Safety Requirements

Canopies
Security services
Noise control
Winter protection
Tree protection

Hoists
Scaffolding
Water pumps

Janitor service
Water service
Signs
Carpenter shed

Barricades
Vandalism/theft
Fire extinguishers
Summer protection
Safety equipment
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Table 4.1 (continued)

Engineering Support Services
Site survey

Soil borings
Reporting Expenses
CPM schedules

Photography

Testing and Inspection
Concrete
Load

Job Cleanup
Cutting and patching

Dewatering

Taxes and Insurance
Truck and auto
Special risk
Performance bond

Communications Costs

Project layout
Field survey

Progress reports

Masonry

Watertight testing

General housekeeping
Dumpster fees

Public liability
Sales tax
Social security

Road layout

Certified payrolls

Steel

Disposal and dump charges

Builder’s risk
Workers’ compensation

Telephone/telegraph Loudspeaker Radios
Telephone service

Permits
Building Demolition Sidewalk
Blasting Water and sewer fees

Expendables (Tools and Consumables Costing Less Than $500)
Hammers Blades Bits
Shovels Bars Cutters
Clamps Fuels Lubricants
Welding rods

Supplies
Stationery File folders Plans
Specifications As-built drawings Postage
Drinking water Ice Dispensers
First aid supplies Cups

Other
Travel Storage fees Job sign
Ads (help wanted) Data processing Petty cash

Job parties

Temporary roads

Community education

Home-office overhead must also be allocated to each
project in some manner. This includes all costs incurred at
the home office that cannot be attributed easily to one
project. (See Table 4.2 for examples of this type of overhead.)
There are a variety of philosophies on how these costs are to
be charged to a project. Whatever means are employed, the
home-office overhead charged to all of the company projects
must be a reasonable approximation of the actual costs
incurred at the home office. The allocation of home-office
overhead begins with a separate estimate, at the corporate
level, of the anticipated cost to maintain the home office.
This cost determination is crucial to any system of overhead
allocation. One method of allocation of home-office over-
head to a project is to charge it in proportion to the total
value of all projects undertaken within the period of 1 year.

For example, assume the home-office overhead is $1,000,000
for 1 year and the total value of all contracts that year is
$100,000,000. If the value of one project being bid is
$20,000,000, then the home-office overhead charged to the
project is $200,000. More sophisticated allocation methods
can be devised that take into account the extent that the
home office will be involved in a project, such as the number
of worker hours required, or the duration of the project.

For many overhead items, it is essential that an accurate
estimate be made of the project duration. Thus, it is impor-
tant that some effort be expended on scheduling a project as
the quantity estimate is performed. It is indeed foolish for a
contractor to prepare an estimate without preparing a sched-
ule. Since many of the costs of a project are a direct function
of the amount of time required to complete the project, a
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Table 4.2 Examples of Home-Office Overhead

Receptionist

Equipment Costs
Computers

Photocopiers
Company vehicles
Idle equipment in the yard

Building or Office Costs
Rent, lease, or mortgage costs

Furniture and fixtures
Insurance

Supplies
Stationery

General office supplies

Operating Expenses
Electric

Telephone

Insurance: liability, etc.
Radio

Legal and consulting fees
Custodial services

Study courses

Travel

Other
Lost plan deposits

Charitable donations

Political donations

Company picnic

Supervisory training expenses

(Salaries
Owners President
Officers Estimator
Engineers Accountant
Secretarial staff Clerical

Roving or general superintendent

Typewriters

Fax machines

Vehicle operation (gasoline, oil, and maintenance)
Yard and maintenance shop

Building maintenance
Real estate taxes

Company forms

Water and sewer

Postage

Landscape maintenance
Business taxes and licenses
Sales promotion, entertainment
Site investigation costs
Contractor association dues
Conventions

Interest expense/finance charges

Goodwill expenditures

Licensing fees

Lost interest on retainage

Manuals (software, estimating guides, etc.)

reasonably accurate estimate should be made of the project
duration. This can be accomplished by preparing a schedule
with sufficient detail to give meaningful information.

The example on the following pages consists of a
relatively simple evaluation of a basement to be constructed.
The job items are as follows:

Mobilization
Excavation

Construct wall footing
Place granular fill
Finish grade (fill)
Erect form wall

Place concrete wall
Place concrete slab
Backfill

Cleanup

These job items are sufficiently detailed for a quantity
take-off to be conducted. However, they do not reflect with
sufficient accuracy the work tasks actually required to
complete the project. It should be evident from the
following activity listing that the estimator has assumed
that a prescribed sequence of job activities will occur.
For example, it is assumed that the slab will be placed
after the concrete walls are completed, as no provision has
been included for the costs of forms for the edge of the slab.
Thus, it is obvious that the walls will be placed prior to the
slab and that the concrete walls will function as concrete
forms. Other sequences may also be identified.

For scheduling purposes, the following list of job activities
gives a clearer idea of how the work will be done:

® Mobilization
® Excavation
® Wall footing
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Install formwork
Set rebar
Place concrete

Strip forms

® DPlace granular fill

® Finish grade

® Concrete wall

Form one side of form on the N and E walls
Place rebar in N and E walls

Form second side of form on the N and E walls
Place concrete for N and E walls

Strip forms from N and E walls

Form one side of form on the S and W walls
Place rebar in S and W walls

Form second side of form on the S and W walls

Place concrete for S and W walls
® Strip forms from S and W walls
® Concrete slab
® Set rebar
® Place concrete
® Backfill
® (Cleanup

Note that the pricing of rebar will not vary whether the
rebar is placed in a sequence of one wall at a time or if it is
placed in all four walls at the same time. This decision will
have an impact, however, on other costs. For example, if all
four walls are formed at the same time, there is no possibility
for reusing the forms on this project.

From the quantities that have been estimated, it is possi-
ble to determine an anticipated duration for each of the
work items. To determine such durations requires that the
productivity estimates are reasonably accurate. The follow-
ing pages give examples of how the duration may be derived
from the quantity estimate when productivity values are
known. While activity durations can be established without
a detailed estimate, it is not prudent to do so without at least
considering the basic assumptions that were made about
how the construction operations would be accomplished.
Basically, the estimate should form the foundations on
which the schedule is actually based. Ignoring the estimating
assumptions may very well result in inaccuracies in the
computed durations.

ESTIMATING DURATIONS

To a large extent, the method used to establish the duration
of an activity will depend on the size, in terms of time
consumption, of the activity and the amount of accuracy
that is required. For example, the excavation of 375,000
cubic yards of material on a large dam would be considered
a significant activity as considerable resources would be
involved. Such an activity would warrant considerable
investigation. Even some seemingly minor alterations in

the work plan could result in considerable cost and time
savings. While some schedulers with a significant amount of
relevant experience might be able to make a good guess
about the amount of time required to perform the work,
most of them opt to analyze the operation in detail. The
duration of such an excavation activity might take several
days or even weeks, but this can only be determined with
accuracy and confidence with a close look at the operation
and the quantities involved.

The determination of the duration of a small task might
be made with confidence with only a limited evaluation. For
example, suppose a schedule is being developed for a small,
three-story office building. How might the duration be
determined for the clearing and grubbing on the site?
Assume the development lot is about an acre in area, with no
trees, debris, or other significant vegetation on the site. How
might the duration of the clearing and grubbing be deter-
mined? First of all, perhaps the activity will include the
equipment mobilization, along with the actual clearing and
grubbing activity. The scheduler might very well decide to
allocate 4 days to the duration of the activity based on the
assumption that it might take 2 days to get the equipment
moved to the site. It is assumed that the actual clearing and
grubbing will take slightly more than 1 day to complete.
Thus, much of the duration has to do with preparation and,
in this case, mobilization. For an activity such as clearing and
grubbing, the total cost will generally be fairly modest, but
each site should be evaluated separately.

Suppose the activity on this same small building project
is the installation of wallpaper on one accent wall in the
reception area. Since the wall is a small flat area with no
penetrations and a minimum of electric wall outlets, it is
assumed that the work can be done in a matter of hours. The
scheduler might very well allow a minimum of 1 day to do
the work, both to allow time to prepare the work area and to
fully mobilize for the work. Essentially no detailed analysis
of this work would be performed.

On small commercial buildings and residential struc-
tures, most of the activities will take only a few days. For
example, the roofing on a building can be estimated with
considerable accuracy. The scheduler might determine that
the new roofing system can be installed in 2.5 days. The first
reaction might be to round up the computed value of the
duration to about 3 or even 4 days. This added time might be
needed to accommodate the mobilization of the roofing crew,
include the installation of the roofing materials, and allow for
cleanup/demobilization.

The scheduler could also think about productivity
performances on past projects and thus make the duration
estimates without actually performing any detailed analysis.
For example, the drywall installation duration might be
determined with minimal computations. This might be
done if the scheduler can visualize the work actually being
done at a given pace. Perhaps the drywall on a prior project
was installed by a work crew at a rate of four rooms per day.
If the proposed building is similar to the past project being
referenced, a rough estimate might be made about the
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duration. If the new building has 30 rooms, the duration
might logically be stated as being about 8 days (30/4 = 7.5).
An increase in crew size can result in shorter durations just
as reductions in the crew size will result in longer durations.

On the short duration activities just described, a signifi-
cant percentage of the time was devoted to allowances for
mobilization. While mobilization may not be a major task
for the members of some trades, they must still arrive on the
job site at the appropriate time. Most building projects
involve many subcontractors. It would not be realistic to
expect each subcontractor to be on the job site at a precisely
designated time. If a subcontractor is told to be on site
at noon on a particular day but is unable to begin work
because another crew has not yet completed its work, that
subcontractor’s crews are unlikely to wait while other sub-
contractors finish their tasks. What is even worse, that
subcontractor’s crews may not be assigned to show up the
next day. It is costly for a subcontractor to be on a project at
a stated time and then not be able to begin work. Thus, it is
generally a good idea to allow some time to transition
smoothly from one activity to another, especially when
different specialty contractors are involved. This will allow
time to contact the subcontractors to inform them of the
specific needs of the project for their services.

But how is the duration determined if the scheduler has
no experience with a particular work item? Probably the first
step that most would take is to ask someone with experience.
For example, the scheduler can talk with the estimator or the
job superintendent. The job superintendent should have a very
good idea of how the work plan is to be put into effect. The
only note of caution here is that superintendents are often very
optimistic about what they can accomplish in a given period of
time. They often fail to include the transition time between
activities. With experience, one can assess the need for modify-
ing or adjusting the duration estimates provided by others.

If the firm has no individuals to contact concerning the
duration of a specific activity, one might use reference guides
that give productivity estimates for various tasks. Use refer-
ence guides with some degree of caution. These guides are
generally conservative in their estimates, but they can be
very helpful if no other resources are available. Note that
each project has unique characteristics and that the reference
guides cannot be expected to anticipate all the nuances that
exist in project differences. One contractor stated that if a
bid were prepared solely with the use of costs derived from
reference guides, the firm would never win a contract. This
may reflect the conservative nature of reference cost data.

Before using published reference materials, it is best to
explore company files for relevant information. The histori-
cal data on past company projects can be a very valuable
resource for the scheduler. Where detailed information is
desired, this is perhaps the scheduler’s best resource.

When historical data are used, the information of
primary interest will be the productivity rates. That is, the
scheduler will want to know the number of units of work
accomplished in a given unit of time (generally hours). A
couple of examples will help demonstrate how the scheduler

can use this information to determine the duration. In the
first example, assume the work task involves hand excavation
on a relatively small project with no viable means of using
heavy equipment. The volume of material to be excavated
consists of 9 cubic meters (11.8 cubic yards). The budgeted
amount and the hourly costs are known, and from this, the
minimum duration can be determined. If the duration is
exceeded, the cost of the activity will also overrun the bud-
get. The calculation of the duration is as follows:

Quantity of excavation = 9m? (determined in the estimate)
Budgeted amount = $950 (provided in the budget)

Hourly cost per worker: $33.20 (includes general
conditions and overhead ~ 50 percent)

Cost rate = budgeted cost/quantity of earth = $950/9 m’
= $105.56/m’

Production rate = cost rate/hourly cost
= $105.56/m’/$33.20/hr = 3.18hr/m’

Excavation time = production rate X quantity
= 3.18hr/m®> X 9m® = 28.6hr

If one worker is employed, duration = 3.6 days (use 4 days)
If two workers are employed, duration = 1.8days (2 days)

In this example, the production rate was determined
from the estimated quantity of material, the amount
budgeted, and the cost of labor. Obviously, if the estimated
values were in error, the production rates would also be in
error. Presumably, the estimator used the production rates to
derive the appropriate costs to be used in the estimate or
budget.

The scheduler might use the production rates directly
rather than determine the production rates that must be
achieved to finish an activity within the budget. The follow-
ing example assumes that the production rates for erecting
47 square meters (506 sq. ft.) of concrete formwork are well
documented. In this example, the budgeted amount is not
essential to deriving a duration.

Quantity of forming = 47 m?
Production rate = 1.8 hr/m? (obtained from historical data)

Forming time = production rate X quantity
= 1.8hr/m* X 47m* = 84.6hr

If one worker is employed, duration = 10.6 days (use 11 days)
If two workers are employed,duration = 5.3 days (5 or 6 days)
If three workers are employed, duration = 3.5 days (4 days)

If four workers are employed, duration = 2.6 days (3 days)

Note that durations are generally recorded in terms of
whole days. This need not be done, especially with the use of
computers, which can readily handle fractions of days.
Rounding up to whole integer values does add some conser-
vatism to the duration estimate and is often preferred. Some
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judgment must be exercised whenever activity durations are
determined.

SCHEDULING ISSUES

While determining activity durations is important, it is also
important to consider the actual scheduling of the activities.
When using a schedule to control a project, a decision must
be made about the use of float. Float is the leeway that is
assigned to various activities in a network. This leeway may
be effectively manipulated by a project manager. A very basic
approach is to use either an “early start” or a “late start”
schedule. In an early-start schedule, all of the available float
of each activity remains controllable, while in a late-start
schedule, the float of each activity has been reduced to 0. In a
late-start schedule, all activities are critical.

An early-start schedule has obvious advantages in that
many activities are not critical. In a late-start schedule, on
the other hand, all flexibility has been removed from the net-
work. In spite of the shortcomings of the late-start schedule,
contractors may be inclined to use them. This is particularly
true if the owner is perceived as “owning” the float. The
early-start schedule has a disadvantage in that resources may
not be consumed in a uniform fashion on the project. The
same disadvantage exists on late-start schedules. The obvi-
ous ideal solution probably lies in a compromise between
the two types of schedules. By starting with an early-start
schedule, problems might be identified that can be resolved
simply by making use of available float.

The early-start and the late-start schedules may be used
to predict the cash flow requirements on the project. In a
cash flow diagram, one would see that the area between the
early-start schedule and the late-start schedule forms an
envelope of money over a period of time. This “lazy S-curve”
presents the full range of options open to the project
manager. The S-curve could also contain actual cost data as
compared to the predicted. This would show at a glance the
magnitude of the various costs that are being incurred. It
must be kept in mind that the expenditure of money does
not necessarily imply that progress is being made or that a
specific amount of profit has been earned. It is merely an
indication of total project expenditures.

Once a schedule has been developed, the scheduling of
certain activities should be examined. For example, major
activities should be examined to determine the time of the
year in which they are scheduled to occur. This helps man-
agement anticipate the need for certain precautionary
measures, including those guarding against the effects of
rain, snow, temperature extremes, high winds, and poor soil
problems. To respond to this information, management may
decide to winterize a portion of the project in order to stay
on schedule. The schedule may also help the project
manager anticipate problems caused by delayed shop draw-
ing approvals, delays in material deliveries, the expiration of
labor agreements, and deficiencies in the cash position on
the project. A poor cash position may be handled by sched-
uling particularly expensive noncritical activities as late as

possible to defer the large payment for the item. The project
manager should also try to anticipate some rework and the
loss of some time due to inspections. Efforts may be
expended to minimize these adverse impacts.

FACTORS INFLUENCING
CHOICE OF ACTIVITY
SCHEDULES

Scheduling should satisfy various constraints that may
be imposed by the contract or by specific needs of the
firm. As noted earlier, the sequencing of activities depends
on a variety of constraints or considerations. In developing
the network logic, primary focus is placed on physical
constraints. Other constraints (resource, environmental,
management, safety, etc.) are not necessarily used to order
the activities. Instead, these constraints are simply noted and
left to be introduced at a later stage of the planning and
scheduling process.

To the extent possible, activity start times are estab-
lished such that the resulting schedule reflects these noted
constraints. For example, if two activities require the same
piece of equipment and have similar start times, it may be
possible to set the scheduled start times of the two activities
so that they do not overlap. Of course, the opportunities for
accommodating these constraints are subject to available
float and the implications of start times presented earlier.
A more detailed discussion of scheduling procedures is pre-
sented in the chapter on resource allocation and leveling.

An additional consideration is that of materials delivery
and storage. Staggering deliveries can reduce job site conges-
tion and simplify coordination efforts on site. Delaying
material deliveries can also take the pressure off when there
is limited storage space. In most cases, it is wise to base the
material inflow rate on the available storage space and the
rate of installation. The schedule should reflect any signifi-
cant concerns related to materials.

In other situations the scheduler may be faced with
balancing the relative uncertainties inherent in any con-
struction project. While one can anticipate these problems
to occur during the life of a construction project, it is
nonetheless desirable to develop as realistic a schedule as
possible. Arrangements made for materials’ deliveries, sub-
contractor start dates, contract-specified milestone dates,
and the like suggest that the initial schedule is important.

Selecting scheduled dates, therefore, may include a consid-
eration of the likelihood that the assumptions of the network
model will not hold true. An activity may, for example, be
considered likely to experience problems that will extend its
duration. In such a case, this activity might be scheduled
toward its early start to minimize the chance of project delay.
Subsequent activities might be set to later-scheduled starts so
that arrangements made for the start of these activities would
be less likely to be altered. An alternative, of course, would be
to increase the duration of the initial activity to account for
the amount of delay that might be expected.
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Weather and the Schedule

Weather considerations or other contingencies may be
incorporated into a schedule in the manner just described.
The weather-dependent activity would be scheduled earlier
and succeeding activities later. Alternatively, the durations of
weather-dependent activities could be increased prior to
proceeding with the network calculations. The amount by
which the activity’s duration would be increased would be
based on the likelihood that a delay would occur as well as
the extent of the delay. For example, if history indicated that
rainfall could be expected 10 percent of the time (1 out of 10
days) during the period this activity would occur, then the
duration would be increased by 10 percent. This activity
weighting to accommodate adverse weather conditions is
often a preferred approach. It should be noted that weather
is a more serious consideration for the scheduler when the
contract stipulates that the contract duration reflects the
impact of adverse weather.

Another method of weather inclusion is to insert one or
more specific activities into the network labeled as weather
delays. These activities would be inserted into activity chains
that contain weather-dependent activities. One drawback of
this technique is that schedule monitoring is made more
difficult because the extra activities make the schedule
appear to be artificially tight (containing less float). If a
weather activity is added to the network, should this appear
early or late in the project? The decision of the actual place-
ment of the weather activity is not a trivial or arbitrary one.
A stronger case can probably be made for placing the
weather activity at the end of the network. In this way, if no
adverse weather is encountered, the schedule remains intact

and the project can be completed with fewer revisions of the
network. If the weather activity is early in the schedule,
essentially all activities will be scheduled later than they
would normally occur. That is, the accuracy of the schedule
will probably suffer if the weather activity is inserted early
and no adverse weather occurs; that is, early start times for
activities will be scheduled as if it is certain that the adverse
weather will occur early in the project.

One other weather-related scheduling consideration
is whether the contract is administered on the basis of
working days or calendar days and how weather affects
the definition of working days. (This issue of how weather
is handled in contracts is addressed further in the next
chapter.)

Uncertainty in Duration Estimates

When most network schedules are developed, the activity
durations are assumed to be fixed at a particular duration
estimate. While this approach is a standard practice, there is a
fundamental flaw with this method of activity duration
estimation. The flaw is not fatal and is certainly defendable in
that any other approach would make the solution of the
network very unwieldy. Nonetheless, it is important to
have a good appreciation of the true meaning of a duration
estimate, which requires at least a rudimentary understanding
of probability and statistics.

Table 4.3 gives information on the probabilities associ-
ated with certain estimates as defined in terms of standard
deviation. The values in the table show the amount of the
area under the bell-shaped curve that extends to the right of
the mean a specified number of standard deviations. When

Table 4.3 Area Under a Standard Normal Curve

(x = the number of standard The area under the curve (as shown
deviations to the right of in the table) always includes the
the mean portion containing the mean.

X
X 0 1 2 3 4 5 6 7 8 9
0.0 .5000 .5040 .5080 .5120 .5160 .5199  .65239  .5279  .5319  .5359
0.1 5398 .5438 .5478 .5517 .5557 .5596 .5636 .5675 .5714  .5754
0.2 5793 5832  .5871 5910 5948 5987 .6026 .6064 .6103  .6141
03 6179 .6217 .6255 .6293 .6331 .6368 .6406 .6443 .6480 .6517
0.4 6554 .6591 .6628 .6664 .6700 .6736 .6772 .6808 .6844  .6879
05 6915 6950 .6985 .7019 .7054 .7088 .7123 .7157 .7190 .7224
0.6 .7258 .7291 7324 7857 7389 7422 7454 7486 .7518 .7549
0.7 .7580 .7612 .7642 .7673 .7704 7734 7764 7794 7823 .7852
0.8 .7881 7910  .7939 7967 .7996 .8023  .8051 .8078 .8106  .8133
09 8159 .8186 .8212 .8238 .8264 .8289 .8315 .8340 .8365 .8389
1.0 8413 .8438  .8461 .8485  .8508  .8531 .85564 8577  .8599  .8621
1.1 8643 8665 .8686 .8708 .8729 .8749 8770 .8790 .8810  .8830
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Table 4.3 (continued)

b's 0 1 2 3 4 5 6 7 8 9
1.2 8849 .8869 .8888 .8907 .8925 .8944 .8962 .8980 .8997 .9015
1.3 9032 .9049 9066 .9082 .9099 .9115 9131 .9147 9162 .9177
1.4 9192 9207 9222 9236 .9251 .9265 .9279 .9292 .9306 .9319
1.5 9332 9345 9357 .9370 .9382 .9394 .9406 .9418 .9429  .9441
1.6 .9452 9463 9474 9484 9495 9505 9515 .9525 9535 .9545
1.7 9554 9564 9573 .9582  .9591 9599 9608 9616 .9625 .9633
1.8 9641 9649 9656 .9664 9671 .9678 .9686 .9693 .9699 .9706
1.9 9718 9719 9726 9732 9738 9744 9750 .9756 .9761 .9767
20 9772 9778 9783 9788 .9793 9798 .9803 .9808 .9812  .9817
21 9821 9826 .9830 .9834 .9838 9842 .9846 .9850 .9854  .9857
2.2 .9861 9864  .9868  .9871 9875 .9878  .9881 .9884  .9887  .9890
23 9893 9649 .9898  .9901 9904 9906  .9909  .9911 9913  .9916
24 9919 9920 .9922 9925 .9927 9929 .9931 .9932 .9934  .9936
25 9938 .9940 .9941 9943 .9945 9946 .9948 9949 .9951  .9952
2.6 9953 9955 9956 .9957 .9959 .9960 .9961 .9962 .9963  .9964
2.7 9965 9966 .9967 .9968 .9969 .9970 .9971 9972  .9973  .9974
28 9974 9975 9976  .9977 9977 9978 9979 9979 .9980  .9981
29 .9981 19982 9982 9983 .9984 9984 9985 9985 .9986 .9986
3.0 .9987 .9987 .9987 .9988 .9988 .9989 .9989  .9989 .9990  .9990

the mean is selected, the number of standard deviations to
the right of the mean is 0.0 and the area to the left of this
point is 0.5, or 50 percent of the total area. If the area is
sought for a point that is one standard deviation to the right
of the mean, the area is determined to be 84.13 percent of
the total area (see Table 4.3). Thus, it can be said that with a
duration estimate of one standard deviation beyond the
mean, there is an 84.13 percent chance of completion in the
allotted time. With two standard deviations, the estimate of
the area to the left is found to be 97.72 percent of the total
area. Examine Table 4.3 and develop a clear understanding
of the way the above-mentioned percentages were derived.
Let’s first consider what is meant by the value that is
assigned to an activity duration. This will be demonstrated
by considering the time durations for two different

subcontracted activities on a building project. One of the
activities is related to the masonry work, and the other
relates to laying carpet. Both subcontractors were asked to
estimate the time to allow for their work. The estimate from
the masonry contractor was 28 days, and the estimate from
the carpet installer was 23 days. When asked how they
arrived at these durations, both said that they had data on
seven prior projects that were similar to the one being
constructed. The masonry contractor considered such
factors as the number of bricks, the number of window
openings, the number of doorways, the number of corners
in the structure, and various other features. The carpet
installer considered room regularity, size of rooms, access to
the work areas, and other features. The specific project data
that they used to make their estimates are shown as follows:

Masonry Data
Project#  Duration (Dur) (Dur-Mean)?
1 14 36
2 17 9
3 27 49
4 16 16
5 18 4
6 25 25
7 23 9
Sum; = 140 Sum, =
Mean; = 20 (Sum,/n—1)"? =

Std. Dev. = 5 (approx.) n

Carpet Data
Duration (Dur) (Dur-Mean)?

18 4

21 1

19 1

22 4

17 9

22 4

21 1
148 Sum; = 140 Sum, = 24
4.97 Mean; = 20 (Sum,/n—1)"? =2

=7 Std. Dev. = 2
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Note that the average duration of performing the work
on previous projects was 20 days for both specialty contrac-
tors. Yet the average value is not the duration they quoted. To
use the average duration would mean that the estimated dura-
tion would be too small in many instances. So how did these
firms come up with the duration estimates of 28 days and 23
days? This is where the standard deviation about past project
data is helpful. In this example, let’s assume that the subcon-
tractors would want to give an estimate that will not be under-
stated in 95 percent of the cases, meaning that we want a high
level of confidence that the estimate is not too small. If the
estimate of 20 days had been given, the contractors would
have a level of confidence of 50 percent that sufficient time
had been allowed to perform the work (see Table 4.3). If the
masonry contractor’s estimate had been 25 days (essentially
one standard deviation beyond the mean), the confidence
would increase to 84 percent. To be 95 percent confident that
the duration will not be too small, the estimate must be 1.645
standard deviations beyond the mean, or about 28 days for the
masonry work (20 + 1.645 X 5 = 28.2). Similarly, the
carpet installer used the same logic and came up with a
duration of 23 days (20 + 1.645 X 2 = 23.3). The carpet
installer had less scatter in the past project durations, as is
evidenced by the smaller standard deviation of 2. The desired
estimate should bear a realistic value of the duration that does
not generally understate the duration. This is where statistics
can be valuable.

The most relevant information needed to make an
estimate with confidence is the mean and the standard
deviation. The standard deviation implies the amount of
variability that exists in a collection of numbers. In our case,
the average was 20 days for both contractors, and the
standard deviations were 5 days and 2 days, respectively.
In our example, we assumed that the various estimates are
essentially normally distributed, similar to a bell curve. If
either subcontractor’s estimate had been 20 days, it should
be apparent that there is only a 50 percent chance of achiev-
ing this duration. These are not desirable odds. On the other
hand, if 98 percent confidence was desired, the duration
estimates would be about 30 and 24 days, respectively, for
the masonry and carpet work.

Consider another similar problem. The amount of time to
set the flatwork (sidewalk) forming on a project is to be deter-
mined. The data on past projects indicate that the duration has
a mean of 130 worker hours and a standard deviation of 9
hours. What estimate should be used if we are to have a 95 per-
cent confidence that the estimated duration will not be

Review Problems

1. Scaffolding is to be constructed on all faces of a six-story
building in order for major masonry rehabilitation
work to be performed. The exposed surface area of the
exterior walls of the building has been estimated to be
432,000 sq. ft. Historical records of the company show

exceeded? Referring to Table 4.3, find the number of standard
deviations that include 95 percent of the area under the curve.

From the table, it can be interpolated that the number
of standard deviations is 1.645 for a confidence of 95 per-
cent. Thus, the estimate that we would be well advised to use
is 144.8 or 145 hours (130 + 1.645 [9 hours]).

While contractors may not generally go through this
rigorous type of statistical approach, the essence of their
logic is essentially the same. Contractors must compute a
realistic duration or have a very good intuitive sense of the
appropriate estimate to be used.

When the durations for the various activities are consid-
ered from the perspective of probability and statistics, it
should be clear that the durations attached to many activities
represent best guesses. A contractor will view an activity
with a duration of 8 days as being one that will be completed
in the vicinity of 8 days, but it is recognized that the duration
could be more or less. Owners may view durations a bit dif-
ferently. The owner on a project may view the duration of 8
days as implying that the duration will not exceed 8 days.
While these viewpoints may not seem to be drastically differ-
ent, they could be the source of much conflict on a project.
For example, the issue of float ownership becomes a serious
matter on some projects. If the owner owns the float, an
activity with a duration of 8 days had best not exceed that
duration. If the contractor exceeds that duration, there may
be a cost associated with it. Contractors may very well argue
that, since the durations are “fuzzy,” it is inappropriate for
the owner to seize the float. The contractor likes to utilize
float without the owner’s interference.

FINAL COMMENTS

The duration estimates for activities can be determined by
various methods. At the root of many of these estimates is
the quantity take-off. Another key piece of information is
the production rate associated with the installation of those
quantities. The quantity take-off is project specific, while the
production rate is relatively constant for that particular type
of activity. Despite the computations associated with the
activity durations, it must be recognized that these are essen-
tially best guesses and should not be regarded as absolute
values. Some deviation from the estimated durations is to be
expected. Allowances may have to be made for the impact of
adverse weather conditions and for other factors, such as the
accommodation of small tasks that are not specifically
included in the schedule.

that for this simple type of structure, the production
rate for erecting scaffolding is 0.002 hours per square
foot of building surface area. If 10 workers (working
8-hour days) are assigned to do the entire scaffolding
erection, what duration (in working days) should be
used for this activity? Round up your answer to the
nearest whole integer day.
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2. Tiles (6" by 6”) can be installed at a rate of 50 per worker

hour. The floor of a large lobby area (80" by 40") is to be
covered with these tiles. If three workers are assigned to
this task, what duration (to the nearest whole day)
should be assigned to this activity?

. Historic records show that the mean duration of an

activity is expected to be 8 days with a standard devia-
tion of 2.4 days. What duration should be used if there
is to be a 95 percent confidence that the duration will
not be exceeded? What is the probability that the dura-
tion will actually exceed 10 days?

. The task of framing a building has been estimated to
take an average of 25 days with a standard deviation of
4 days. What duration should be used if there is to be a
90 percent confidence that the duration will not be
exceeded? What is the probability that the duration will
actually exceed 23 days?

5. A masonry facade consisting of 3,800 square feet is to

be constructed for a building. The total cost per
worker hour is estimated to be $31.50, and the total
estimated cost of the labor for this task is $10,500.
Assuming 8-hour work days and a crew of six workers,
how many days should be allowed to complete this
task? What is the production rate that the crew must
attain to keep the project on schedule and within the
budget?

. Based on historical weather data, a particular project is

expected to be impacted by six adverse weather days.
Using one of the procedures described in this chapter,
make the appropriate allowance for adverse weather and
solve the network for the basic scheduling information.
For each activity, show the computed value of early
start, early finish, late start, late finish, total float, and
free float.
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TIME IN CONTRACT
PROVISIONS

If it weren’t for the last minute, nothing would ever get done.

Ithough the contractor has specific needs for plan-

ning the overall sequence of activities for a project,

decisions about project sequences and the contrac-
tor’s approach in undertaking a project are impacted by the
contractual language. A variety of provisions undoubtedly
influence the contractor as he or she plans a project. First of
all, the contract includes provisions that relate directly to the
project’s duration. Still other provisions address the timing
of the owner’s cash disbursements to the contractor. Some
provisions may even stipulate the scheduling technique that
must be used on a project. It is important that the contractor
evaluate all contract provisions. Some may present inherent
risks for the contractor; others may be regarded as reducing
the contractor’s risk. The degree of risk should logically be
reflected in the amount of the bid.

This chapter provides various provisions as examples
of how risk can be alleviated or imposed on a contractor.
These provisions come from actual contract documents;
however, some modifications were made when appropri-
ate. For example, an effort was made to eliminate the use
of masculine pronouns. While not all contracts contained
masculine pronouns, this is still a reasonably widespread
practice. Provisions were also rewritten so that they
use only the terms Owner and Contractor. Contracts that
have been customized for particular owner agencies tend
to use terms that specifically identify the owner. The
provisions were modified to the extent that they use only
the term Owner while the source document may have used
such terms as Agency, Authority, City, Department, District,
or Highway Administration. Similarly, only the term
Owner’s Representative has been used in the provisions,
while the actual contract documents used such terms as
Chief Engineer, Engineer, Director, District Engineer, Resi-
dent Engineer, Architect, Consultant, and Owner’s Agent.
The provisions have been fully indented to distinguish
them from text.

TIME IS OF THE ESSENCE

It is imperative to most owners that all parties to the con-
tract consider time as an elemental aspect of the contract.
This emphasis on time gives greater validity to the inclusion

of liquidated damages provisions, and it also allows owners
to pursue claims for breach of contract when contractors do
not fulfill the time requirements stipulated in the contract.
The issue of time is emphasized by such provisions as the
following:

Time shall be strictly of the essence of the contract. The
Contractor shall promptly begin the work under the
contract and all portions of the project made the subject
of the contract shall be begun and so prosecuted with
necessary plant, equipment, procedures, and overtime
that they shall be completed and ready for full use in the
time stated in the special conditions.

REQUIREMENTS FOR
PROJECT COORDINATION

To ensure a smooth progression of work on a project, the
owner will often stipulate that the major parties involved
discuss the project’s overall organization at a meeting prior
to the commencement of any construction work. The
following provision demonstrates the basic intent of such
meetings:

Within ten days following award of the contract, a
preconstruction conference will be held in the Owner’s
office. The Contractor shall be represented at the meet-
ing by the job superintendent or foreman. All aspects of
the job will be discussed and representatives of various
agencies with interest in the project will be present to
answer questions.

The provision for a preconstruction conference may
also be more specific. The following provision stipulates that
specific tasks be performed by the contractor in preparation
for the conference:

Before commencing with any construction work, the
Contractor shall meet with the Owner’s Representative for
a preconstruction conference. At this time the Contractor
shall submit. . . .

A progress schedule showing the order in which the
Contractor proposes to carry out the work and the con-
templated dates on which the Contractor and any Sub-
contractors will start and finish each of the salient

57
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features of the work, including any scheduled period of
shutdown. The schedule shall also indicate any antici-
pated periods of multiple-shift work.

A list showing anticipated dates for procurement of
materials and equipment, the ordering of articles of spe-
cial manufacture, the furnishing of plans, drawings, and
other data required under this contract and for any other
events such as inspection of structural steel fabrication.

A list showing all proposed subcontractors and
material suppliers. . . .

When it comes to cooperation, the issue cannot be unilat-
eral: Both parties must be responsible. Subcontractors need to
know when their services are needed, and the subcontractors
must respond at the appropriate time so the construction
effort progresses smoothly. This mutual need is addressed in
the following subcontract provision:

Schedule.

Contractor shall verbally notify Subcontractor at least
seven (7) days prior to the date Subcontractor is to
commence work and shall provide immediate notification
of any changes affecting the start date. Subcontractor shall
commence work immediately on the date given with
notice to proceed. Subcontractor shall provide adequate
supplies of materials and necessary equipment together
with competent full-time on-site supervision and a com-
petent and adequately sized work force working diligently
to complete the Work in a timely manner in accordance
with the project schedule as periodically revised as well as
the direction of the Contractor’s Project Superintendent.
The updated schedule shall always be available to the
Subcontractor in the Contractor’s on-site project office.
Subcontractor shall cooperate with the Contractor and
other Subcontractors at all times to facilitate the sched-
uled completion date set forth in the Main Contract,
including attendance at coordination meetings on the site.

COOPERATION

Depending on the nature of the construction project, the pro-
ject site may be used by parties other than the contractor. This
use may be related to other contractors who have contracts
with the owner or to employees of the owner. If such dual
occupancy or use of the facility is anticipated, it is prudent to
include a provision that stipulates that the contractor is to
cooperate with these other parties. Naturally, it is also impor-
tant for the owner to try to convey the specific nature of the
work being performed by the other parties. This would best be
conveyed in the special conditions. The following is a provision
that addresses the general nature of the need for the contractor
to cooperate with other parties on the site:

The Owner, or other contractors performing work on
behalf of the Owner, shall be at liberty to enter upon the
site of the work with workers and materials to do work,
and the Contractor shall afford any such workers all

reasonable facilities and cooperation to the satisfaction
of the Owner’s Representative. . . . Any conflict arising
between the Contractor and any other contractor
employed by the Owner, or between the Contractor and
the workers of the Owner with regard to their work,
shall be submitted to the Owner’s Representative for a
decision on the matter. If the work of the Contractor is
delayed because of any acts or omissions of any other
contractor or of the Owner, the Contractor may claim
for extensions of time and/or compensation in accor-
dance with the contract.

PROGRESS SCHEDULE

The owner of a project has a specific need for the completed
facility. The time in which this project is ready for occupancy
by the owner is of considerable interest. Decisions will be
made based on the anticipated delivery date of the completed
project. Because of the importance of the delivery date, own-
ers want to make their own judgments about project comple-
tion dates, so they often independently monitor projects to
evaluate adherence with the schedule. One way to have a rea-
sonably reliable schedule is to monitor the project with a
schedule to which both the owner and the contractor have
agreed. In some cases owners prepare the schedules and have
the contractors make suggestions for modifications. It is more
typical for the contractor to prepare the schedule for the
owner’s approval. The requirements for the “project schedule”
may vary considerably from project to project or owner to
owner. Many contract documents do not include require-
ments for a project schedule. Other documents vary in the
level of detail that is required. The following provisions pro-
vide a basic sampling of different project schedule provisions:

When required by the special provisions, the Contractor
shall submit to the Owner’s Representative a practicable
progress schedule within 20 working days of approval of
the contract, and within ten working days of Owner’s
Representative’s written request at any other time. The
form of the schedule shall be the Contractor’s choice,
unless the Owner’s Representative furnishes a specific
form to be used. If the Owner’s Representative furnishes a
form, the Contractor may be requested, on or before the
last day of each month, to indicate the status of work
actually completed during the preceding estimate period.

The schedule shall show the order in which the
Contractor proposes to carry out the work, the dates on
which the several salient features of the work will start
(including procurement of materials, plant, and equip-
ment), and the contemplated dates for completing the said
salient features. The progress schedule submitted shall be
consistent in all respects with the time and order of work
requirements of the contract. Subsequent to the time that
submittal of a progress schedule is required in accordance
with these specifications, no progress payments will be
made for any work until a satisfactory schedule has been
submitted to the Owner’s Representative.
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While the above provision may provide some latitude
for the contractor, it does stipulate that no progress
payments will be authorized until a satisfactory schedule has
been submitted. The following provision is more generic
and essentially includes no sanctions for the contractor for
failing to submit the schedule in a specific format. Indeed,
the contractor could submit a bar chart or even a list of
activities in order to comply with the provision.

Prior to beginning construction operations, the Con-
tractor shall submit to the Owner’s Representative a
chart or brief outlining the manner of prosecution of
the work that is intended to be followed in order to
complete the contract within the allotted time. The
Contractor shall begin the work to be performed under
the contract within 30 days after the date of the autho-
rization to begin work and shall continuously prosecute
same with such diligence as will enable the Contractor
to complete the work within the time limit specified.

The following provision is more specific than the
preceding one. It establishes the schedule as a monitoring
and communication tool to be used by the contractor and
owner during the course of the project.

After the award of the contract and prior to starting
work, the Contractor shall submit to the Owner’s
Representative a satisfactory progress schedule or criti-
cal path schedule which shall show the proposed
sequence of work, and how the Contractor proposes to
complete the various items of work within the number
of working days set up in the contract or on or before
the completion date specified in the contract.

This schedule shall be used as a basis for establishing
the controlling item of construction operations and for
checking the progress of the work. The controlling item
shall be defined as the item which must be completed
either partially or completely to permit continuation of
progress. It shall be the responsibility of the Contractor
to show the intended rate of production for each con-
trolling item listed on the schedule during the period
such item is controlling.

The Contractor shall confer with the Owner’s
Representative at regular intervals in regard to the pros-
ecution of the work in accordance with the progress
schedule or critical path schedule.

Another provision with similar intent is as follows:

The Contractor shall submit a progress schedule on an
approved form within 15 days after the execution of the
contract showing how the work is to be prosecuted. If
the Contractor’s operations are materially affected by
changes in the plan or in the amount of the work or if
there is a failure to comply with the approved schedule,
the Contractor shall submit a revised progress schedule,
if requested by the Owner’s Representative, which
schedule shall show how the balance of the work is to be
prosecuted. The Contractor shall submit the revised

progress schedule within ten days after the date of the
request. The Contractor shall incorporate into every
progress schedule submitted, any contract requirements
regarding the order of performance of each portion of
the work. All practicable means shall be used to make
the progress of the work conform to that shown on the
progress schedule that is in effect. No payment will
be made to the Contractor while delinquent in the sub-
mission of a progress schedule. Should the prosecution
of the work, for any reason, be discontinued, the
Contractor shall notify the Owner’s Representative at
least 24 hours in advance of resuming operations.

Note that the following provision, which is similar to
the one above, specifically outlines items or activities that are
to be shown in the project schedule.

A contract schedule, reflecting all engineering, equipment
and material procurement, fabrication and shipping,
mobilization, and construction activities required for the
orderly performance and completion of work, shall be
prepared by the Contractor and submitted for Owner’s
Representative’s approval within 30 calendar days from
and after Contractor’s receipt of written Notice of Award
and before work is commenced. Approval of the contract
schedule by the Owner’s Representative shall be a condi-
tion precedent to making any payment to the Contractor.
Contractor shall submit separate written justification for
any changes that are made to the schedule submitted. The
schedule shall be a time-scaled plan, CPM network, or bar
chart for implementing and completing work and shall
include but not be limited to (a) all activities that have a
duration of four weeks or longer, (b) dates of order and
delivery of all major items of equipment and/or material
when supplied by the Contractor, (c) milestone dates,
(d) restraints, (e) interfaces with other contractors or
subcontractors, and (f) proposed weighted values for each
category of work, reflecting that category as a percentage
of the total scope of work.

The following provision is more specific in its require-
ments. The contract may require that the schedule be in the
form of a critical path schedule or a “similar method.” (It is not
clear what a similar method is.) This provision includes a
requirement for updating the schedule and for submitting
periodic reports. Note that payments will be delayed for failure
to submit an approved schedule. Additionally, the owner is
specifically relieved of any responsibility that the contractor
may wish to confer on the owner through the schedule.

Immediately after being awarded a contract, the
Contractor shall submit a progress schedule to the
Owner’s Representative. This schedule and any supple-
mental schedule shall show: (1) completion of all work
within the specified contract time, (2) the proposed
order of work, and (3) projected starting and comple-
tion times for major phases of the work and for the
total project. If the contract requires, the schedule shall
be developed by the critical path method or a similar
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method. The Contractor shall provide sufficient material,
equipment, and labor to meet the completion times in
this schedule.

As the work proceeds, the Contractor shall submit
supplemental progress schedules. These shall reflect
any changes in the proposed order of the work, any
construction delays, or other conditions that may
affect the progress of the work. The original and all
supplemental progress schedules shall not conflict
with any time and order-of-work requirement in the
contract.

No progress payments will be issued to the Con-
tractor until a progress schedule has been submitted
and approved. If the Owner’s Representative deems that
the original and any necessary supplemental progress
schedule is not satisfactory, the Owner may withhold
progress payments until a satisfactory schedule has been
submitted by the Contractor and approved by the
Owner’s Representative.

The Owner’s Representative’s approval of any
schedule shall not transfer any of the Contractor’s
responsibility to the Owner. The Contractor alone shall
remain responsible for adjusting forces, equipment, and
work schedules to ensure completion of the work
within the time(s) specified in the contract.

The contract may dictate the level of detail to be
embodied in the schedule. This may apply to the duration of
the activity as follows:

Duration of any activity shall not exceed 30 days except
2% of the activities may exceed this limit without prior
written approval of the Owner.

The constraints may also extend to the amount to be
paid to the contractor for each activity. For example, one
public agency contract had the following provision:

The value for any one activity shall not exceed $50,000
except 2% of the total Contract Sum may exceed this
limit without the Owner’s prior written approval.

One contract placed limitations on the float by stating:

No more than 30% of the monetary value of the Project
activities shall have float of less than seven days and no
more than 20% of the monetary value of the Project
shall have zero float without prior written authorization
of the Owner.

The last provision is apparently included to ensure that
the contractor does not submit a late start schedule, one that
would result in no float for any activities.

The following provision specifically requires the use of
the critical path method and that a computer be employed to
perform the computations. Requirements are stipulated for
quarterly reporting and updating. Updating may be more
frequent. The receipt of each progress payment may be jeop-
ardized by failing to submit a satisfactory schedule or to
properly update the schedule.

After execution of the contract and before the first
progress payment is prepared, the Contractor shall sub-
mit, for approval by the Owner’s Representative, a
graphic and tabular construction schedule prepared by
a critical path method of analysis. The construction
schedule shall be prepared from estimates of the
required duration and sequence of each item of work
and function to be performed.

Tabulation and analysis of the work schedule shall
be performed by computer using a commercially avail-
able critical path program. The graphic and tabulated
construction schedule shall be updated and resubmitted
quarterly, before every third monthly progress payment.
The quarterly schedule submittals shall be prepared in
the same format as the initial schedule submittal.
Progress payments may be withheld until an acceptable
schedule is submitted.

The Contractor shall supplement the quarterly
construction schedule with monthly narrative-type
reports covering progress on all major structures, high-
lighting any areas or items that are over one month
behind on the latest schedule. Substantial changes may
be grounds for an immediate updating of the construc-
tion schedule at the Owner’s Representative’s discretion.

If the Contractor fails to adhere to the accepted
construction schedule as modified by any extension of
time, the Owner may at any time withhold the
Contractor’s progress payment or any portion thereof.
When the contractor regains adherence to the accepted
construction schedule, amounts so withheld will be
released and paid to the Contractor.

Another contract stipulated that updating of the sched-
ule would occur monthly. It stated:

The Contractor shall submit monthly updates of the
schedule and reports with the monthly request for pay-
ment. This update shall report the actual construction
progress by updating the mathematical analysis of the
Owner-approved percentage completion of each activity.

The provision also stated that the most recent submittal
was to highlight the adjustments that were made in the sched-
ule. It stated that the contractor was to submit a separate list-
ing of all revisions and/or data entries made since the last report.
This listing was to include information on logic changes,
duration changes, and the actual start and finish dates.

The following provision shows that the owner will pre-
pare a schedule, but the contractor is encouraged to submit a
schedule for approval. If the contractor does not submit such
a schedule, the owner’s schedule will become the controlling
document for the project.

The Owner will furnish a form that will show the distrib-
ution of the contract. This form will show the total
contract time allowed for completion of all work on the
project, a list of the various operations to be performed on
the project, and a schedule of time estimates during which
the Owner suggests each operation can be performed.
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At the preconstruction meeting, the Contractor
shall present for approval by the Owner’s Representative
a detailed construction schedule showing completion of
all work at or before the time allowed by the contract.
This schedule shall show all sequencing and all other
aspects of how work on the project will be scheduled
and performed.

If the schedule is accepted without change in writing
by the Owner’s Representative, it will be considered the
official schedule for all purposes, including, but not lim-
ited to, the calculation of liquidated damages and the
computation of time used in proving all claims filed. If
the schedule is not accepted in writing or if no schedule is
presented for approval at the preconstruction meeting,
the schedule contained in the contract will be the official
schedule for all purposes, as stated above. The decision by
the Owner’s Representative is final and binding.

The project schedule should be prepared with diligence
and care. In the following provision, it is clear that progress
will be monitored carefully with the project schedule. Should
the contractor fail to stay on schedule, the owner has the con-
tractual power to order an increase in the workforce and the
addition of other resources, all at no added cost to the owner.

Contractor shall submit for Owner’s Representative’s
approval, a progress schedule showing rate of progress
expected for the various phases of work. The schedule
shall show percentage of work completed at any time,
anticipated monthly payments by Owner, as well as signif-
icant dates (such as completion of excavation, concrete,
foundation work, underground lines, superstructure,
roughing-in, enclosure, hanging of fixtures, etc.), which
shall serve as checkpoints to determine compliance with
the approved schedule. There will be no payment of any
periodic estimate until the list of subcontractors and
suppliers; progress and payment schedule; and the break-
down of the Contractor’s proposal have been approved.

... Should the Contractor fail in any respect to
adhere to the approved schedule, the Owner’s
Representative may require that additional workers,
plant, and equipment be placed on the work or require
that hours in addition to regular hours be worked until
progress is as scheduled, with no additional cost to
Owner.

While most provisions stipulate a project schedule, the
following provisions address short-interval schedules. These
are required on a weekly basis. An additional clause of inter-
est is that any changes in the work activities that require
additional staff members of the owner on the project may
not be implemented for ten days. In other words, sudden
changes in the work that will impact inspection require-
ments may be delayed.

At a mutually convenient location and time, the
Contractor shall meet weekly with the Owner’s
Representative to discuss construction activities; however,
some meetings may be waived if mutually agreed to, due

to weather conditions, work progress, or for other reasons.
At these meetings, the Contractor shall provide the
Owner’s Representative with a detailed, written schedule
of major construction activities and phases of work for
the forthcoming two-week period. This written schedule
shall detail the start and anticipated completion dates of
major phases of work as well as indicate the status of
major ongoing activities. Minutes of the weekly meetings
will be kept by the Owner’s Representative and a copy
given to the Contractor. Failure to provide an accurate,
appropriate schedule may be grounds for the suspension
of the work.

Schedule changes requiring an increase in the
Owner’s personnel will not be put into effect for ten
days after the submission of weekly schedules detailing
such activities, or until the Owner’s Representative has
made arrangements for additional personnel, whichever
is the shorter time.

Should construction progress differ significantly
from the progress schedule presented at the preconstruc-
tion conference, the Owner’s Representative may request
that the Contractor submit a revised progress schedule
and anticipated completion dates of the major phases of
work remaining and the anticipated completion date of
the work.

The following provision concerns the requirement for a
short-interval schedule. This provision was extracted from a
document that also contained provisions for a critical path
method (CPM) project schedule.

A construction two-week schedule shall be prepared in
a format approved by the Owner’s Representative and
submitted for approval on a weekly basis by 11:30 a.M.
on Thursday of each week. Each shall be a detailed plan
of the activities and resources, for the coming two
weeks, to meet the 90-day schedule. Input to these
schedules shall be by use of the same activity codes as
established for the pay items. The Contractor shall
adjust this schedule as directed by the Owner’s
Representative to meet changing project requirements.

The 90-day schedule mentioned is an intermediate form
of schedule that shows more detail than the project schedule.
On larger projects, the 90-day schedule would have particular
utility for project management personnel.

OWNERSHIP OF FLOAT

The subject of float is increasingly addressed in construction
contracts. The specific issue associated with float concerns
the party that has entitlement to the float. The specific lan-
guage regarding the ownership of float should be carefully
examined in every contract. With no contract language on
the subject, the contractor will probably assume that the
float associated with any activity is available for the sole use
of the contractor. The rationale behind this assumption is
that the schedule is an approximation of how the project will
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be constructed and that the float is needed to make adjust-
ments in the schedule. Some owners take exception to this
line of thinking and regard any float to be completely at the
disposal of the owner or that it is available to the party that
uses it first. The impact on the schedule can be significant.
For example, if the owner makes a change on a portion of
the project that is not critical (e.g., activities containing
float), the owner will be reluctant to grant any time exten-
sions to the contractor. The contractor will want a time
extension, as the change that consumes the available float
will result in limited flexibility to the contractor. With these
added restrictions, the contractor has fewer options and will
want to receive compensation for the added constraints.

It could be argued that if the owner takes possession of
the float, then the owner has, in fact, directly interfered with
the contractor’s control of the methods, means, techniques,
sequences, and procedures. If a court might agree with this
assessment, the owner could find it a costly decision to take
ownership of any float. Fondahl (1975) suggested that it
would be interesting to evaluate the legal effect of a specific
activity—added near the end of the network and on the crit-
ical path—that had the label “estimated time allowance for
non-excusable delays” (p. 18).

The issue of float ownership is a very real concern in
many contracts. In one early (1970s) contract, a provision
essentially stated the following:

The positive float existing in the progress schedule at any
time is not considered to be “owned” by either the Owner
or the Contractor. The amount of positive float and its
relative position within the overall progress schedule will
be factors to be considered during negotiations to resolve
time extensions.

While this is one of the earlier provisions on float owner-
ship to be found in contracts, it is not overtly onerous as on
the surface. Note that the provision indicates that the status
of the project must be taken into account to determine if the
owner might have the right of such ownership. The inference
seems to be that the owner cannot have float ownership if
certain project criteria are not met.

The following provision, taken from a U.S. federal con-
struction contract, addresses the ownership of float but limits
the provision to addressing total float only. The total float is
essentially owned by the first party that requires it, a distinct
advantage to owners. Note that extensions of time would
generally not be granted under this provision as long as only
total float is being utilized by the delay.

Float or slack is defined as the amount of time between
the early start date and the late start date, or the early
finish date and the late finish date, of any of the activi-
ties in the schedule. Float is not time for the exclusive
use or benefit of either the Owner or the Contractor.
Extensions of time for performance required under the
contract clauses entitled Changes, Differing Site
Conditions, Termination for Default, Damages for
Delay, Time Extensions, or Suspension of Work will be

granted only to the extent that equitable time adjust-
ments for the activity or activities affected exceed the
total float or slack.

Another contract provision, taken from a contract for
the construction of a public school, defines float as being
owned by both the owner and the contractor. This is a
harsher provision in that it defines total float to include the
difference between the contractually mandated completion
date and contractor’s scheduled (conceivably earlier) com-
pletion date. Thus, changes mandated by the owner could
delay the contractor’s completion of the project, but no
compensation is allowed as long as the contractor essentially
completes the project by the contractually established date.
Most U.S. government contracts restrict float-related
contract provisions to the float as determined from the con-
tractor’s schedule. The following provisions grant consider-
able control of float to the owner:

Any float time, including time between the Contractor’s
anticipated completion date and the end of the contract
time, shall be deemed to be for the joint use of the Owner
and the Contractor provided, however, that, in the event
of any conflicting need for or overlapping use of any float
time, the Owner shall have priority for the use of such
float time, and the Contractor shall not be entitled to any
adjustment in the Contract Time, the Progress Schedule,
or the Contract Sum, or to any additional payment of any
sort by reason of the Owner’s use of any float time.

Contractors would prefer to work on projects where
the float ownership remains with the contractor. Clearly,
with certain contract provisions this right is lost. One
mechanism employed by some contractors to avoid the
adverse impact of such provisions is to submit late-start
schedules to the owner. This has been done successfully by
several contractors. Should the owner contest such a sched-
ule? Should the owner mandate an early start schedule? The
possibility is very real that such owner intervention could
result in a legal interpretation that the owner has assumed
control over the methods, means, techniques, sequences,
and procedures.

NOTICE TO PROCEED

The notice to proceed is the document that typically marks
the beginning of the actual construction duration. Most
documents make reference to the notice to proceed. The
following are examples of this:

Example A: Within five days after the execution of the
contract by the Owner, written notice to proceed will be
given by the Owner to the Contractor. The Contractor may
expect the Owner to execute the contract within five days
of the Owner’s receipt of the Contractor’s executed
contract. Notwithstanding any other provision of the
contract, the Owner shall not be obligated to accept or to
pay for any work furnished by the Contractor prior to
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delivery of notice to proceed whether or not the Owner
has knowledge of the furnishing of such work. The
Contractor shall not be allowed on the site of the work
until the contract bonds and evidence of insurance
comply with all contract requirements.

Example B: The Contractor agrees to commence work on
the date the “Notice to Proceed” is received from the
Owner, and the entire work shall be completed within the
number of consecutive calendar days stated in the Special
Conditions. While time is of the essence of each and every
portion of this contract, liquidated damages for delay in
completion of the work as such are not prescribed.

Before the Contractor will be permitted to begin work,
there must be in the hands of the Owner the following
properly executed instruments: contract, performance
bond, and certificate or policies of required insurance.
Within 10 days after Contractor’s receipt of the Notice to
Proceed, Contractor shall submit to the Owner for
approval a progress and payment schedule, and a com-
plete breakdown of the Contractor’s proposal. No pay of
any periodic estimate will be made until the Contractor
has received approval of these submitted materials.

Example C: The Contractor shall commence with work
within ten calendar days after receipt of the Notice to
Proceed and will be completed by (specified date) unless
the period for completion is extended in accordance with
the methods provided therefor in the contract and further
agrees to pay the Owner as liquidated damages the sum
of $ for each day thereafter, excluding Sundays and
Holidays.

Note that liquidated damages may be stipulated in the
provisions or they may be specifically omitted from the
contract.

TIME OF COMPLETION

The contract duration is typically stated in terms of the total
number of working days or the total number of calendar
days allotted for completion. Sometimes, specified comple-
tion dates are given. Fully indented text in this chapter has
been taken from various construction contracts.

The Contractor shall commence work under this
contract on the date the “Notice to Proceed” is received
from the Owner, and shall fully complete the project
within consecutive calendar days.

This provision states the total amount of time permitted
for project completion and also stipulates the day on which
the days will begin to be counted. Note that in the above
provision the days start to be counted on the date the notice
to proceed is received. Some contracts state that the counting
will begin on the date specified in the notice to proceed or in
a given number of days after the notice to proceed is
received.

UNITS OF TIME: WORKING
DAYS OR CALENDAR DAYS

When setting durations, some consideration must be given
to the units of time used. Most typical construction sched-
ules use days. Shorter time periods might be preferred on
some projects. For example, in turnaround work, where a
contractor is to make significant modifications to a facility
while normal operations are shut down for a short period of
time, the durations might be set in terms of shifts or even
hours. If the schedule is conceptual in nature, the durations
might very well be stated in longer time units such as weeks,
months, or even years. The time units must be matched to
the detail required of the project needs.

While many different units of time might be used, most
construction schedules are defined in terms of days, but even
this is not a simple matter. What is a day? There is a big
difference between working days and calendar days. Many
job tasks will automatically be given in working days, repre-
senting all days with the exclusion of weekends and holidays.
For example, if wall framing is estimated to take 6 days, there
is little doubt that these are all working days. A working day
is a logical unit to use on most jobs, but what about those
durations that are not restricted to weekdays? There
certainly are a variety of such activities. The curing of
concrete will take place over the weekends whether or not
any workers are on site. Even the material requisitions will
include materials that will be en route over weekends. How
can these differences be handled? While some computer
programs address these differences, using a single unit may
avoid confusion. Note that some computer programs offer
considerable sophistication in defining durations. For exam-
ple, some programs accept such information as electricians
working 40 hours one week and working 32 hours every
other week (4 days in alternate weeks). Some crafts might
recognize holidays that are not recognized by others. Some
crews may be scheduled to work 6-day workweeks while
others work the traditional 5-day workweeks. These are all
nuances that can be addressed by several of the current
scheduling software programs.

Why are some schedules planned in working days and
others in calendar days? The question is not trivial. In
general, if a project is vulnerable to the weather or if weather
can dramatically impact work progress, scheduling with
working days is most common. Projects designed by
engineers (e.g., dams, highways, bridges, canals, airports,
and utility line installations) tend to be those in which site
work is a significant component of the project and suscepti-
ble to adverse weather. Projects that are not as susceptible to
adverse weather are generally scheduled in terms of calendar
days. These projects tend to be those designed by architects
(e.g., schools, office buildings, retail stores, warehouses, and
high-rise buildings). To a considerable extent, the use of
working days or calendar days may be guided by the
contract. Public owners tend to use working days to define
project duration while private owners tend to use calendar
days. Thus, calendar days are the most common.
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Project durations may be defined by a specific com-
pletion date in which the substantial completion of the
project is linked to a specific calendar date or milestone
date. Such dates are preferred by owners who have specific
dates on which their projects are to be functional. For
example, a retail store, in an attempt to capture significant
revenues from Christmas shoppers, should open prior to
Thanksgiving. An apartment building near a university
will ideally be completed prior to the beginning of the fall
term. A school building should be completed prior to the
start of classes in the fall. Completion dates on some
buildings are dictated by the ending date on the lease of a
currently occupied building. When completion dates are
established in the contract, owners tend to be reluctant to
grant time extensions for delays. The stipulation of a
specific completion date for a project would appear to fix
the project duration. While project completion dates do
establish when a project will be completed, they do not
generally establish exact starting dates. The contractor
must recognize that project start is linked to the notice to
proceed, but it is not a date that is known on bid day; the
contract must be awarded and then signed by both parties
before the notice to proceed is issued.

Many projects requiring calendar days can be converted
to working days. For example, if concrete is to cure for
28 days, this is obviously stated in calendar days. This could
be converted to working days with little difficulty. The cur-
ing of the concrete could be stated as requiring 20 working
days (5/7 of 28 days). If the lead time on a material delivery
is stated as being 40 calendar days, it could similarly be
shown on the schedule as requiring 29 working days (5/7
of 40). These conversions are not difficult to make, and they
do not compromise schedule accuracy. However, this con-
version may present problems if the project work schedule
subsequently is changed to a 6-day workweek or if the
project work schedule changes to four-10s (four 10-hour
days per week).

Working-day schedules are perhaps the more complex
ones with which to plan activities. If the work progresses
as scheduled, there is essentially no difference between the
use of working days and calendar days. If work does not
progress as scheduled, the working-day schedules may
present additional challenges to the contractor. Assume
that a project scheduled in working days is about 50
percent complete but is slightly behind schedule. In an
attempt to get the project back on track, the contractor
considers working on Saturdays. To the contractor’s
dismay, the owner on this project will count any day that is
worked as a working day, including weekends and
holidays. The owner justifies this practice on the grounds
that the owner will have to staff the project on all days that
are worked. Thus, the contractor cannot get caught up on
such a project by working weekends. Under such circum-
stances, the contractor may instead be well advised to
work overtime. The contractor must evaluate the owner’s
practices prior to making key changes in the work
schedule. The following provision, found in a federal

construction contract, defines the workday and further
places restrictions on overtime work.

Unless otherwise specified, the Contractor will be per-
mitted to do the work between the hours of 7:45 A.M. and
4:30 .M., Monday through Friday. Federal holidays
(New Year’s Day, Martin Luther King, Jr’s Birthday,
Presidents’ Day, Memorial Day, Independence Day, Labor
Day, Columbus Day, Veterans Day, Thanksgiving Day,
Christmas Day) that fall within the workweek will not be
considered workdays. Prior to the Contractor performing
any work during hours other than those specified, the
Contractor shall submit an overtime request to the
Owner’s Representative for review and approval. Over-
time requests shall be submitted no less than 24 hours
prior to the time the Contractor desires to work.

As mentioned, working days are commonly used on
projects that are particularly susceptible to adverse weather.
While building-type projects are susceptible to adverse
weather, this impact is generally restricted to the early phases
of the construction work. When working days are used to
define project duration, the contractual duration of the
project generally includes an allowance for delays resulting
from normally anticipated weather. Thus, time extensions
are not generally granted if the delays are caused by normally
anticipated weather. A problem often faced by contractors is
that many contracts do not define “normally anticipated
weather” In those instances in which normally anticipated
weather is defined, reference is often made to climatological
data that are collected nearby. If no effort is made to
contractually define the weather, the contractor may assume
considerable risk. For example, the local climatological data
may show that for a given metropolitan area there are, on
average, 8 rain days in March. The inference is that 9 rain
days during March would entitle the contractor to a 1-day
time extension, and 10 rain days during the month would
entitle the contractor to a 2-day time extension. While this
may appear equitable, the contractor may benefit substan-
tially if all of the rain days occurred on the weekends.
Similarly, the contractor is adversely impacted if all of the
rain days occur on weekdays. The following provision is an
example of one in which the weather data source is specifically
mentioned.

U.S. Weather Bureau meteorological data for the general
area are included as an attachment to this contract.
Complete weather records and reports may be obtained
from the local U.S. Weather Bureau Office nearest to the
work site. The Contractor shall evaluate unique hazards
that are likely to arise from weather conditions during
the construction period.

At first, it might appear that a working day is any weekday
other than holidays. This definition is too simple for most con-
tracts. Remember, the use of working days to define project
duration essentially assumes that weather may adversely
impact the project duration. Under these circumstances, the
definition of working day may need to be further defined. For
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example, working days may be more broadly defined to
exclude weekends, holidays, and those days on which no work
can be performed. What constitutes a day on which no work
can be performed? This, too, should be clearly addressed prior
to entering the construction contract. The practices vary
considerably on this definition, but the spirit of the definition
tends to be consistent. Some owners will define a nonworking
day as one in which weather conditions reduce the work effi-
ciency by more than 50 percent on critical work tasks. Others
define the workday in terms of the percentage of the workforce
that cannot be put to work or is absent as a result of the
weather. Still others define the workday in terms of the
percentage of the day that can actually be worked. The actual
percentages used may vary by owner on these measures, but
the intent is to objectively define each working day.

It is obviously important for the contractor to be clear on
how to address weather delays. This, too, is often addressed in
the contract. Practices vary considerably on this issue. Some
contracts will stipulate that adverse impacts of the weather be
reported at each occurrence, weekly, monthly, or at the end of
the contract. With such diverse requirements, the contractor
must be careful to examine the requirements in detail to ensure
that legitimate time extensions are not denied.

LIQUIDATED DAMAGES—
DAMAGES FOR LATE
COMPLETION

The use of liquidated damages provisions in construction
contracts is common. There is little difference between the
liquidated damages provisions encountered in the industry.
The following provision is typical:

Damages for avoidable delay as set forth in this contract
shall be in the amount of $ per day.

Some exceptions do exist. The following paragraph not
only does not include a liquidated damages provision but
also specifically states that such liquidated damages are not
prescribed. Instead, the contractor will be liable for the
actual damages incurred by the owner. This type of provi-
sion will probably result in more litigation as the contractor
may take issue with the manner in which the owner decides
to compute the actual damages.

Example D: Time is expressly declared to be of the
essence in completion of the work covered by these
specifications, and the Contractor shall be liable for actual
damages for delay in completion of work, but liquidated
damages as such for delay in completion of work are not
prescribed.

Example E: For each and every day that any portion of the
work remains unfinished after the time fixed for completion
in the contract documents as modified by any extension of
time, damage will be sustained by the Owner. Because of
the difficulty in computing the actual material loss and
disadvantages to the Owner, it is determined in advance and

agreed by the parties thereto that the Contractor will pay the
Owner the amount of damages set forth as liquidated
damages, an amount representing a reasonable forecast of
the actual damages that the Owner will suffer by the failure
of the Contractor to complete the work within the stipulated
time. The execution of the agreement shall constitute
acknowledgment and agreement by the Contractor that the
Owner will actually suffer damages in the amount herein
fixed for each and every day during which the completion of
the work is avoidably delayed beyond the stipulated
completion date.

The following liquidated damages provision is similar
to the one above; however, this provision specifically states
that the liquidated damages are not to be regarded as a
penalty. Instead, the amount reflects a best estimate of the
actual losses expected for late completion of the project.
Additionally, provided the contractor has made a concerted
effort to complete the project within the contract time, a
limit is placed on the total amount of liquidated damages to
be charged against the contractor for late completion. Such
limitations are not common.

For each and every day that any portion of the project
remains unfinished after expiration of the contract
time, the Contractor shall pay the Owner, not as a
penalty but as liquidated damages, the amount of $ per
day or part of a day. Because of the difficulty in comput-
ing the actual damages that will result, the amount of
liquidated damages as set forth is hereby estimated,
agreed upon, and determined in advance by the parties
hereto as a reasonable forecast of the actual damages
that the Owner will suffer by the failure of the
Contractor to complete the work within the agreed
contract time. The Owner may retain from any monies
due the Contractor after the time fixed in the contract
documents for completion of the work such amount as
may be necessary to pay said liquidated damages.
Should such amount due to the Contractor not be
sufficient to pay such damages, the contractor shall
immediately pay the deficiency to the Owner. By execut-
ing the contract, the Contractor hereby acknowledges a
full understanding of the liquidated damages provision
and has estimated and ascertained and agrees that the
Owner will actually suffer damages in the amount
herein fixed for each and every day that the project
completion is delayed beyond the contract time.

The Owner shall not assess liquidated damages
under this contract in an amount in excess of 20 percent
of the contract price unless the Contractor’s failure to
complete the project within the contract time is due to
willful and intentional neglect.

WEATHER

Construction work is often sensitive to weather conditions.
This is particularly true of earthwork projects, civil works, or
portions of building projects in which site work (clearing,
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paving, excavation, etc.) is performed. The following provi-
sion shows that the owner not only acknowledges this but
that the contractor is not to compromise performance as a
consequence of adverse weather.

During unfavorable weather and other conditions, the
Contractor shall pursue only such portions of the work
as shall not be damaged thereby. No portions of the work
whose satisfactory quality or efficiency will be affected
by any unfavorable conditions shall be constructed while
those conditions occur, unless by special means or
precautions acceptable to the Owner’s Representative,
the Contractor shall be able to overcome them.

USE OF COMPLETED
PORTIONS OF THE WORK

Some projects are undertaken in operating facilities in which
the owner or the owner’s employees will have a continuing
presence. In other projects the owner may wish to begin
using portions of a project that have been completed. If such
use is anticipated, a specific contractual provision to that
effect is required. The contractor must then anticipate the
impact that such use or occupancy by the owner’s personnel
will have on the construction operations. The following
examples are provisions that must be assessed carefully by
the contractor:

Example F: The Owner shall have the right to take
possession of and use any completed or partially completed
portions of the work, even if the time for completing the work
or such portion may not have expired, but such taking
possession and use shall not be deemed an acceptance of
any part of the work. If such prior possession or use
increases the cost of the work, the Contractor shall be
entitled to claim for extra compensation within five days of
each occurrence. The amount of extra compensation shall
be in accordance with the terms of this contract. The
Contractor shall not, however, be entitled to claim extra
compensation for portions of the work that are specifically
required by the contract to be placed into use or operation
before completion of all work under this contract.

Example G: Contractor agrees that Owner, upon advance
notification to Contractor, in writing, will be permitted to
occupy and use any completed or partially completed portions
of the project notwithstanding time for completion of the entire
work. If such prior occupancy increases the cost of the work or
delays its completion, provided that the same occur prior to
the completion date fixed by the “Notice to Proceed,” the
Contractor shall be entitled to extra compensation or
extension of time, or both. However, such claims shall be
made in writing prior to such partial occupancy and must be
substantiated with supporting data satisfactory to the Owner
or Owner’s Representative, and no such claim shall be
honored in the event the time for completion has expired prior
to such partial occupancy.

Note that both of the above provisions stipulate that the
contractor shall be entitled to added compensation if war-
ranted. Sufficient caveats exist in each provision so that the
contractor cannot dismiss these provisions. In Example F, the
contractor must assess the possible cost impact of an owner’s
occupancy of a portion of a project within 5 days of such occu-
pancy. In Example G, the contractor must make a claim that is
considered satisfactory to the owner, and it must be made prior
to occupancy or use by the owner. Fairness from the owner
may be questioned by a contractor in a claim situation.

SUBSTANTIAL COMPLETION

The project duration is typically marked or ended with the
substantial completion of a project. The project is consid-
ered substantially complete when it reaches the point that
the owner can begin to occupy and utilize the facility for its
intended purpose. At that point the only contractor tasks
that remain on the project itself (disregarding demobiliza-
tion, etc.) consist of addressing the punch list items. These
items are minor aspects of the project that require the
contractor’s attention. On building projects, these typically
consist of cosmetic corrections. Examples of punch list items
include paint on the carpet, missing cover plates on an
electrical outlet, smudges on the wall, caulking on a window
pane, or a nick in the trim. The following is a general provi-
sion regarding substantial completion:

A project shall be deemed to have reached substantial
completion on that date, as certified by the Owner’s
Representative, when the construction of the project or
a specified part thereof is sufficiently completed, in
accordance with the contract documents, so that the
project or specified part can be utilized for the purposes
for which it is intended.

NOTICE OF DELAYS

With time being of the essence in most construction
contracts and with the project duration clearly defined, it is
also important to define those conditions under which the
duration might be extended. This is relevant particularly in
the area of delays. The following outlines procedures that are
to be followed when delays occur:

Whenever the Contractor foresees any delay in the prose-
cution of the work, and in any event immediately upon
the occurrence of any delay that the Contractor regards as
unavoidable, the Contractor shall notify the Owner’s
Representative in writing of the probability of the
occurrence of such delay and its cause in order that the
Owner’s Representative may take immediate steps to
prevent, if possible, the occurrence or continuance of the
delay or, if this cannot be done, may determine whether
the delay is to be considered avoidable or unavoidable,
how long it continues, and to what extent the prosecution
and completion of the work are to be delayed thereby. It
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will be assumed that any and all delays that have occurred
in the prosecution and completion of the work have been
avoidable delays, except such delays as shall have been
called to the attention of the Owner’s Representative at
the time of their occurrence and found to have been
unavoidable. The Contractor shall make no claims that
any delay not called to the attention of the Owner’s
Representative at the time of its occurrence has been an
unavoidable delay.

AVOIDABLE DELAYS

While most owners grant time extensions for legitimate
delays in the work, some contracts specifically outline delays
that are not to be considered grounds for time extensions.
The following stipulates examples of avoidable delays for
which time extensions are not to be granted:

Avoidable delays in the prosecution or completion of the
work shall include all delays which, in the opinion of the
Owner’s Representative, could have been avoided by:
the exercise of care, prudence, foresight, and diligence on
the part of the Contractor or the Subcontractors. Delays
in the prosecution of parts of the work that may in them-
selves be unavoidable but do not necessarily prevent or
delay the prosecution of other parts of the work or the
completion of the whole work within the time herein
specified; reasonable loss of time resulting from the neces-
sity of submitting samples of materials and drawings to
the Owner’s Representative and from making of tests of
materials, measurements, and inspections; loss of time or
interference with construction schedules due to rejection
of unacceptable materials or products; and reasonable
interference of other contractors employed by the Owner
that do not necessarily prevent the completion of the
whole work within the time agreed upon shall constitute
avoidable delays within the meaning of this contract.
Delays in delivery of equipment or material purchased by
the Contractor or any subcontractors or suppliers shall be
considered avoidable delays. The Contractor shall be
fully responsible for the timely ordering, scheduling,
expediting, delivering, and installing of all equipment and
materials.

UNAVOIDABLE DELAYS

Time extensions are typically granted for unavoidable delays.
Such extensions are not always automatically granted. The
contractor must carefully document information related to
delays and request extensions in accordance with the contract
provisions. Following is one such provision that specifically
addresses the issue of weather delays not constituting
grounds for time extensions:

Unavoidable delays in the prosecution or completion of
the work shall include all delays that in the opinion of
the Owner’s Representative result from causes beyond

the control of the Contractor or the subcontractors and
suppliers and that could not have been avoided by the
exercise of care, prudence, foresight, and diligence on
the part of the Contractor or the subcontractors and
suppliers. Delay in completion due to contract modifi-
cations ordered by the Owner’s Representative and
unforeseeable delays in the completion of work of other
contractors employed by the Owner will be considered
unavoidable delays insofar as they interfere with the
Contractor’s completion of the work. Delays due to
adverse weather conditions, except for Acts of God, that
prevent the Contractor from proceeding with the
controlling item on the accepted critical path schedule
will not be regarded as unavoidable delays. The contract
time specified allows for delays due to normal adverse
weather conditions.

EXTENSION OF TIME
(AVOIDABLE DELAYS)

While time extensions are typically restricted to unavoidable
delays, the following makes allowance for a possible excep-
tion. Note that while the time extension may be granted, the
contractor may still be asked to pay for any added costs that
the owner may incur as a result of the time extension.

In case the work is not completed in the time specified,
including such extensions of time as may have been
granted for unavoidable delays, the Contractor will be
assessed damages for delay in accordance with the
liquidated damages provisions of this contract. The
Owner, however, shall have the right to grant an exten-
sion of time for avoidable delays if it is deemed in the
Owner’s best interest to do so. During such extension
of time, the Contractor may be charged for engineering
and inspection services and other costs, but will not be
assessed liquidated damages.

EXTENSION OF TIME
(UNAVOIDABLE DELAYS)

The occurrence of unavoidable delays will typically have a
less-adverse impact on the contractor as time extensions
are often automatic when certain procedures are followed.
Note that of the following provisions, in Example H the
delay will result in a time extension only if “the unavoid-
able delay involves the controlling item on the critical
path.” From this it may be inferred that the owner will
essentially take possession of any float that activities may
have. If activities have float, they are not generally regarded
as “controlling activities.” These provisions must be care-
fully evaluated to determine the extent that risk is placed
on the contractor.

Example H: For delays that the Owner’s Representative
considers to be unavoidable, the Contractor shall, pursuant
to a written request, be allowed an extension of time beyond
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the time herein set forth, proportional to such delay or
delays, in which to complete the contract. During such
extension of time, neither extra compensation for
engineering and inspection shall be charged to the
Contractor. Time extensions will be granted only if the
unavoidable delay involves the controlling item on the
critical path. Time extensions granted as a result of a
change order shall not be duplicated or otherwise deemed
to cause further extensions within the terms of this
provision.

Example I: All time limits stated in the contract documents
are of the essence of the contract. However, if the
Contractor is delayed at any time in the progress of the work
by any act or neglect of the Owner or the Owner’s
Representative or by changes ordered in the work, or by
strikes, lockouts, fire, or other causes, not limited to the
kinds mentioned, beyond the Contractor’s reasonable
control, or by delay authorized by the Owner, then the time
of completion may be extended for a reasonable time and to
such date as certified by the Owner’s Representative;
provided further that the Contractor shall, within seven days
from beginning of any such delay, notify the Owner’s
Representative in writing of the cause of the delay, and the
Owner’s Representative shall ascertain the facts and extent
of the delay and notify the Contractor within a reasonable
time of the decision in the matter.

Example J: If the Contractor is delayed at any time in the
progress of the work by an act or neglect of the Owner or the
Owner’s Representative, or by any separate contractor
employed by the Owner, or by changes ordered in the work,
or by strike, lockouts, fire, unusual delay in transportation,
unavoidable causalities, or any causes beyond the
Contractor’s control, or by delay authorized by the Owner’s
Representative, or by any cause that the Owner’s
Representative shall decide to justify the delay, the time of
completion shall be extended for such reasonable time as the
Owner’s Representative may decide.

Some documents go to considerable lengths to spell out
exactly which causes of delays constitute grounds for exten-
sion of the contract time. Many causes are for time extensions
only, and the delay in the project does not give any grounds
for the contractor to claim for damages or for additional
costs, expenses, overhead, profit, or other compensation.
Examples of such causes for time extensions are as follows:

® Floods, fire, strikes, lockouts, labor disputes, pickets, war,
acts of the public enemy, and acts of God

® (Change orders

® Acts of performance or delays in performance caused by
persons other than the Contractor and other than per-
sons acting for and on behalf of the Contractor

® Causes beyond the control of the Contractor, the delays
from which could not have been avoided through the exer-
cise of reasonable care, prudence, foresight, and diligence
on the Contractor’s part and that of the subcontractors

SUBMITTALS

Submittals constitute a major component of the pro-
curement of materials and equipment incorporated in most
construction projects, although submittals may be required
on items other than materials and equipment. Without
proper approval of submittals on materials, the contractor is
well advised to defer the delivery of such materials. This
may cause a delay in the delivery of materials, which must
be anticipated well in advance. Consequently, contractors
should prepare documents for submittal early in the
project. Following are examples of provisions that address
submittals:

Example K: The Contractor shall furnish all drawings,
specifications, descriptive data, certificates, samples, tests,
methods, schedules, and manufacturer’s instructions as
specifically required in the specifications, and all other
information as may be reasonably required to demonstrate
fully that the materials and equipment to be furnished and the
methods of work comply with the provisions and intent of the
specifications and drawings . .. The Contractor shall ensure
coordination of submittals among all related -crafts.
Information shall be submitted in time to allow one month to
review and return to the Contractor without interfering with
the accepted construction schedule . . . If the review and
checking indicates limited corrections are required, copies
will be returned marked “MAKE CORRECTIONS NOTED” and
the Contractor may begin immediately to incorporate the
material and equipment covered by the corrected submittal
into the work ... If the review and checking indicates
insufficient or incorrect data have been submitted, copies will
be returned marked “AMEND AND RESUBMIT.” No work may
begin on incorporating the material and equipment covered
by this submittal into the work until the submittal is revised,
resubmitted, and returned marked either “NO EXCEPTIONS
TAKEN” or “MAKE CORRECTIONS NOTED.” . . . Similarly, no
work may begin on submittals marked “REJECTED” and
such work cannot begin on incorporating the material and
equipment covered by this submittal into the work until the
submittal is revised, resubmitted, and returned marked either
“NO EXCEPTIONS TAKEN” or “MAKE CORRECTIONS
NOTED.”

Example L: Contractor shall submit samples of materials
at least 20 days before materials are required to be
ordered for scheduled delivery to site. Materials delivered
prior to receipt of Owner’s Representative’s approval are
subject to rejection and immediate removal from site.
Contractor shall schedule submittal of shop drawings to
Owner’s Representative so that no delays will result in
delivery of materials and equipment, advising Owner’s
Representative of priority for checking drawings, but a
minimum of two weeks shall be provided for this purpose.
All shop drawings must be submitted prior to the receipt
of the third partial payment request. After the second
payment has been made, no further payments will be
made until all shop drawings have been submitted.
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PROGRESS PAYMENTS

It is common for payments in the construction industry to be
made on a periodic basis, most commonly, on a monthly
basis. This payment arrangement alleviates financial hardship
that the contractor would assume if payment was not made
until project completion. These payment conditions must be
carefully established in order to avoid any misunderstandings.
The following is a typical payment provision:

The Contractor shall, within ten days of receipt of notice
to proceed, submit a complete breakdown of the contract
price showing the value assigned to each part of the work
including an allowance for profit and overhead. Upon
acceptance of the breakdown of the contract price by the
Owner’s Representative, it shall be used as one of the
bases for all requests for payment. The Contractor shall
also submit a schedule of payments that are anticipated
to be earned during the course of the work.

While front-end loading of billings may be expected
and even permitted by some owners, others prefer that the
contractor request payment for work that bears a reasonable
comparison to the true value of work put in place. While the
contractor may still wish to front-end load on billings to
some degree, provisions such as the following send the
contractor a clear notice to avoid this:

An unbalanced breakdown estimate, providing for over-
payment of the Contractor on items of work that would
be performed first under the lump sum item of contract,
will not be accepted and shall be revised and resubmitted
until acceptable to the Owner’s Representative.

The Owner’s Representative will, by the 15th day of
the month, prepare a request for payment for materials
furnished and work completed during the previous
payment period. The first request for payment will be
the value of the work done, purchase value of delivered
equipment and material, and the value of work done
on undelivered manufactured items and equipment
since the Contractor shall have begun the performance
of the contract. Every subsequent request for payment,
except the final one, shall be the value of the work
done, purchase value of delivered equipment and mate-
rial, and the value of work done on undelivered manu-
factured items and equipment since the last request
was made.

Payment for mobilization, bond, and insurance
costs will be made when the monthly partial payment
estimate of the amount earned, not including the
amount earned for mobilization, bonds, and insurance,
is five percent or more of the original contract amount.
Progress payment for mobilization, bond, and insur-
ance costs will be limited to five percent of the original
contract amount. If the amount bid for mobilization,
bonds, and insurance costs exceeds five percent of the
original contract amount, the remaining amount will be
paid at the time the final payment is made.

Delivered equipment and material shall be suitable
for permanent incorporation in the work and suitably and
safely stored at the site of the work or in a bonded ware-
house in the vicinity of the work. Payment requests for
delivered equipment and material must be accompanied
with certified invoices from the supplier when requested
by the Owner’s Representative. Payment for delivered
equipment and material shall not exceed 50 percent of the
purchase value until the Contractor has delivered to the
Owner’s Representative five sets of acceptable manufac-
turer’s operating and maintenance instructions covering
that item of equipment or equipment assembly provided
in this contract. The operating and maintenance instruc-
tions, also referred to as operating and maintenance
manuals, shall include the following:

An itemized list of all data provided.

. Name and location of the manufacturer, the manu-
facturer’s local representative, the nearest supplier,
and spare parts warehouse.

3. Accepted submittal information applicable to oper-
ation and maintenance.

4. Recommendation for installation, adjustment, start-
up, calibration, and troubleshooting procedures.

5. Recommendation for lubrication and an estimate
of yearly quantity needed.

6. Recommendation for step-by-step procedures for
all modes of operation.

7. Complete internal and connection wiring diagrams.

8. Recommendation for preventive maintenance pro-
cedures and schedule.

9. Complete parts lists, by generic title and identifica-
tion number, with exploded views of each assembly.

10. Recommended spare parts.

11. Disassembly, overhaul, and reassembly instructions.

12. Completion, as applicable, of operating and mainte-

nance instruction transmittal forms and summary

sheets required by this contract.

N

No later than the first day of each calendar month, Con-
tractor shall submit a request of partial payment to the
Owner by mailing or delivering same to the Owner’s
Representative.

All statements shall be subject to approval of the
Owner’s Representative, after which the Owner will pre-
pare its standard payment form and submit same to the
Contractor for signature. Payment of voucher will be
made by the Owner within 15 days after voucher has
been returned properly executed.

In making such partial (monthly) payments, there
shall be retained ten percent of the estimated amounts
until final completion and acceptance of all work cov-
ered by the contract. The Owner’s Representative, with
the Owner’s approval, may at any time after 50 percent
of the work has been completed, if satisfactory progress
is being made and with written consent of surety, rec-
ommend that any of the remaining partial payments be
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paid in full. Any amount previously retained shall be
held by the Owner until completion of the contract.

The payment provisions must be carefully evaluated.
The contractor will want assurances that monthly payments
will be made. In addition, there may be considerable interest
in the payment policy for materials delivered but not
installed and in the payment policy concerning mobiliza-
tion, insurance, and bonds. The retainage to be withheld will
also be of considerable interest to the contractor.

PAYMENT FOR MATERIALS

While the periodic payment provision may address the
payment of materials delivered but not installed, some docu-
ments may address this as a separate issue. Following is an
example of such a provision:

Ordinarily no allowance will be made in estimates for
materials delivered on site of work and not incorporated
in the work; however, items considered by Owner’s
Representative to be major items of considerable magni-
tude, if suitably stored in a bonded warehouse or on the
site, will be allowed in estimates on the basis of 90 percent
of invoices.

FINAL PAYMENT

The final payment is typically considered the payment
consisting of the release of all of the withheld retainage. The
last periodic payment will probably precede the final payment
by a considerable duration, particularly for some owners. If
the timing of the final payment is clearly outlined, the
contractor can more accurately predict the cashflow require-
ments of a project. Following is a provision that stipulates a
reasonably clear plan for the timing of the final payment:

The Owner will make final payment to the Contractor
in the manner provided by law following the expiration
of 35 days after the acceptance of the work and filing of
the notice of completion by the Owner. Such final
payment shall include the entire sum so found to be due
hereunder, after deducting therefrom all previous
payments and such other lawful amounts as the terms
of the contract prescribe.

SUSPENSION

For a variety of reasons, the owner may find it necessary to
halt work on a construction project. Since the actual
reasons may not be anticipated when the contract docu-
ments are drafted, the owner typically will want to include
a broad provision that preserves the right of authorizing a
suspension in the work. The following are examples of such
provisions:

Example M: The Owner’s Representative may at any time
suspend work, or any part thereof, by giving notice to the

Contractor in writing. The work shall be resumed by the
Contractor within ten days after receiving written notice
from the Owner’s Representative to do so.

If all of the work under the Contract is suspended and if
the Owner’s Representative does not give notice in writing to
the Contractor to resume work at a date within 90 days of the
date of the written notice to suspend, then the contract shall
be assumed to have been terminated and the Contractor
shall be entitled to appropriate compensation. Reasonable
time allowances required by the Owner to schedule equip-
ment or process shutdowns or tie-ins, as specified in the
Technical Specifications, will not be considered suspension
of the work.

Example N: When conditions at the site of the proposed
work are considered by the Owner to be unsatisfactory for
prosecution of the work, the Contractor may be ordered, in
writing, to suspend the work or any part thereof until
reasonable conditions exist. When such suspension is not
due in the opinion of the Owner to fault or negligence of
the Contractor, time allowed for completion of such
suspended work will be extended by a period of time equal
to that lost due to the delay occasioned by the ordered
suspension.

Example O: The Owner’s Representative may order parts
of the work suspended should the weather or season be
such that any part of the work cannot be done properly
and with due regard to durability, finish, or appearance.
The Contractor may be required to protect the several
parts of the exposed work from damage by the elements
or other causes.

Note that the suspension provisions may only grant
equitable time extensions to the contractor or they may also
stipulate compensation to the contractor. These are not to be
regarded as subtle differences in the provisions.

TERMINATION BY
CONTRACTOR

Project termination is a harsh reality that a contractor
occasionally faces. While this may seem a remote possibil-
ity when a project is being bid, the contractor should at
least review the provisions related to termination. In
particular, the contractor may wish to evaluate the condi-
tions under which he or she can terminate a contract.
Following is an example of a termination-by-contractor
provision:

If work shall be stopped under an order of any court
or other public authority for a period of three months
through no act or fault of the Contractor or of anyone
employed by the Contractor, the Contractor may on
seven days’ written notice to the Owner and the
Owner’s Representative stop work or terminate this
contract and recover from the Owner payment for all
work executed, any losses sustained on any plant or



Time in Contract Provisions 71

material, and a reasonable profit. If the Owner’s
Representative shall fail to issue any certificate for
payment within ten days after it is due, or if the
Owner shall fail to pay the Contractor within 15 days
after its maturity, then the Contractor may on seven
days’ written notice to the Owner stop work and give
written notice of the intention to terminate this con-
tract. If the Owner shall fail to pay the Contractor
within seven days after receipt of such notice, then the
contractor may terminate the contract and recover
from the Owner payment for all work executed, any
losses sustained upon any plant or materials, and a
reasonable profit.

Review Questions

1. What is the primary concern of contractors when contract
provisions address the issue of the ownership of float?

2. What defines the start date and what defines the finish date
of a contract, with the bracketed time being the project
duration?

3. How can it be argued that the inclusion of a liquidated
damages provision for late completion of a project
simplifies matters for the contracting parties?

4. To the contractor, what is the significance of the difference
between an avoidable delay and an unavoidable delay?

5. What types of projects tend to be scheduled in terms of
working days? Why?

FINAL COMMENTS

The construction contract dictates much about the way a
project is to be scheduled. The contract might contain a vari-
ety of requirements that are directly associated with the
preparation of the project schedule. Additional provisions
generally outline the manner in which various scheduling
matters will be handled. The judicious contractor evaluates
the various provisions in terms of the degree of risk that is
associated with each. Many contractual provisions directly
address the timing of the events that commonly take place
on construction projects. These must all be given careful
consideration prior to entering into the contract agreement.

6. In terms of counting days, which type of measure
presents the greatest potential for conflict, working days
or calendar days?

7. What kinds of controls have owners included in their
construction contracts to ensure the receipt of realistic
schedules of values or schedules of payments from their
contractors?

8. What distinguishes the last periodic payment from the final
payment made to the contractor on most construction
projects?

9. What are the primary grounds on which the contractor
can typically terminate the contract?

10. How are owners often assured of receiving realistic
schedules from the contractors?
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RESOURCE ALLOCATION AND
RESOURCE LEVELING

Time is nature’s way of keeping everything from
happening all at once.

he realization that resources are being managed

through the use of a network has been an underly-

ing theme of the preceding chapters. Although time
as a primary “resource” has been the focus thus far, the dis-
cussion will now focus specifically on the analysis and
manipulation of more tangible resources, such as equipment
and labor, particularly in situations when limitations are
imposed.

When a network is developed for a project, the logic of
the network presumably reflects the sequences of the activ-
ities as they must take place, without regard to limitations
imposed by the availability of resources. In practice this is
not typically the case. Invariably, the logic initially incorpo-
rated in a network already reflects the fact that some
resources must be efficiently utilized. For example, on a
multistory building the network may show that the insula-
tion installation on the second floor cannot take place until
the insulation has been installed on the first. From the
perspective of pure logic, the two activities are indepen-
dent, yet few would question the sequencing arrangement.
The logic reflects the fact that only one insulation crew
will be used on the building, thereby necessitating the
sequential arrangement of the activities by floor. As
discussed earlier, the inclusion of many such constraints in
the network may unnecessarily extend the duration and
cost of the project.

Project labor force
A

THE MANAGEMENT
OF RESOURCES

With no regard for limitations imposed by resources, most
activities are intuitively scheduled on an early-start schedule.
That is, the float of all noncritical activities is preserved
by scheduling them on their earliest start dates. However,
limited resources do exist and must be managed. The types of
resources that are subject to consideration are those that
impose the greatest limitations on the schedule. These limita-
tions arise because the resources may be limited in availabil-
ity. In many cases additional resources may be available;
however, these added resources are available only at such a
premium that it is only practical to treat them as a limited
resource. For example, on a project to which a 200-ton crane
is assigned, if the activities are sequenced in such a way that a
second crane would be required for a few days, it would
appear impractical to do so. Consequently, the project sched-
ule would be subject to modification so that a single crane
could perform all activities.

Another resource that is commonly managed is person-
nel assigned to a project. The productivity of crews on a
project—whether they consist of carpenters, pipe fitters, or
ironworkers—will generally be highest if a constant crew size
is maintained for the project duration. Additional crews hired
for a short duration require additional orientation, and their
productivity will not be as high as that of a seasoned crew.

An example of the utilization of labor on a project is
depicted in Figure 6.1. From this histogram, no apparent
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Project duration

FIGURE 6.1 Typical Labor Utilization During a Project.
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problem is noted. This is because of the many different
trades and specialty firms involved in the project.

Material is another resource that must be managed. In
some instances this resource is truly limited. For example, a
schedule may stipulate that 2,000 cubic yards of concrete
are to be placed per day. If the batch plant on site can
deliver only 1,500 cubic yards per day, the concrete that is
available each day is limited. During the “oil embargo” of
the mid-1970s, fuel was a limited resource. All of the equip-
ment owned by large companies could not be operated on
a full-time basis. Thus, it was imperative for some firms to
carefully manage their equipment operations.

WHEN RESOURCES ARE
LIMITED (RESOURCE
ALLOCATION)

Where resource management is concerned, there are two
broad scenarios. One method, termed here resource alloca-
tion, concerns the allocation of resources that are limited,
while the other method, resource leveling, concerns the effi-
cient use of the required resources when the project dura-
tion cannot be altered. This text examines two methods of
resource allocation: the series method (also the Brooks
method) and the parallel method. (Other variations of these
methods do exist, depending on the assumptions or addi-
tional constraints to be imposed on the resource allocation.)

Resource allocation, as described here, uses the prece-
dence diagram as the basis for the solution. The next step is
to clearly define the limitations of the availability of a speci-
fied resource or resources. Any number of limited resources
may be defined; however, the manual solution of a network
becomes quite cumbersome with more than two resources.
The assumption of limited resources may extend the project
duration beyond the completion time that would be
predicted if no resource constraints were imposed. If the
duration is extended excessively, management decisions may
be required to resolve the conflict between the limitation of
resources and the project duration.

Once all resource constraints are known, the series
method resource allocation solution can be developed.
Under this method an activity is scheduled to start as soon as
its predecessors have been completed, provided that the
utilization of available resources is not exceeded. Thus, if an
activity does not utilize a limited resource, the activity is
scheduled to start as soon as its predecessors have been
completed. Once an activity has been started, it is not inter-
rupted. If two different activities requiring the use of the
same limited resource can be scheduled (assuming the
resources needed would exceed the available resources if
both activities are scheduled concurrently), the activity with
the earliest late start date is given priority. If the two activities
are tied for the earliest late start date, priority is given to the
activity with the least total float. If a tie still exists, preference
is given to the activity with the largest number of resources.
Then, if a tie still exists, preference is given to the input order.

Other rules might be defined, but the above order of priori-
ties generally gives an acceptable solution.

The series method relies on the assumption that once an
activity has been started, it cannot be interrupted. This is a
practical assumption in many cases, simply because produc-
tivity may be unduly compromised by a break in an activity.

The parallel method is similar to the series method with
one basic difference: The parallel method permits activities
to be interrupted. The rules for scheduling activities with
limited resources might be summarized as follows:

® Schedule activities to start as soon as their predecessors
have been completed.

® Jf more than one activity using a specific limited
resource can be scheduled, priority is given to the
activity with the earliest late start.

® If the activities are tied for the early late start date, give
priority to the activity with least total float.

® If the activities are tied for total float, give priority to the
activity with the largest number of resources.

® If the activities are tied in the number of resources, give
priority to the activity that has already started (top
priority in the series method).

® If no activity has been selected with the above rules,
simply start the activity that occurs first in the input
order. Any other rule could be used here. After the other
rules have resulted in ties, there is probably no great
consequence associated with selecting one activity over
another. Input order is simply one way of making a
choice. Additional rules could relate to the equipment
being used, the numeric value assigned to the activity,
or some other criteria.

The Manual Solution for Resource Allocation

With the widespread use of microcomputers on construc-
tion projects, it is reasonable to assume that most resource
allocation on construction projects is done with the use of
computers. An examination of the manual approach for
resource allocation will give a clearer impression of how
this is done. To demonstrate the manual solution, a simple
network will be used. Although this will appear to be quite a
manageable task, projects entailing many activities and
many resources pose a considerable challenge in a manual
solution.

The sample illustration uses a simple network with two
different types of limited resources. The first step is to do a
manual “forward pass” and then a “backward pass.” The
primary purpose is to determine the late start dates for each
activity. The network is still to be used in the solution, but
most of the solution itself will be done on a tabular form.

On the tabular form, first list all of the activities, along
with each activity’s required resources, duration, late start,
and total float (early start may also be shown). Use a “status”
column to indicate which activities are eligible to be sched-
uled and those that have been fully scheduled. The resource
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B E K
4 4 6
| | |
A 2M, 1H 3M 2M, 1H M
1 1
| |
2M, 1H 2M, 1H
C F L
2 3 2
| | |
2M, 1H 3M 3M, 2H
G
4
|
1M, 2H
Activity
ES [Duration| LS
H EF | FF|TF [LF
2 Resources
|
1M, 1H

FIGURE 6.2 Network Used in Series Solution Example.

allocation can then begin. The solution will appear as a bar
chart, with the resources being tallied at the bottom of the
bar chart for each day.

After examining the network, indicate in the status col-
umn which activity or activities can be started. This can be
indicated by simply drawing a diagonal line in the status
column next to each activity that can be scheduled. The next
step is to actually schedule those activities. Naturally, any
activity that does not utilize any of the limited resources will
be scheduled as soon as it becomes eligible. The activities
utilizing the limited resources will require further examina-
tion, particularly if the available resources are exceeded
when all eligible activities are scheduled simultaneously.
Obviously, not all activities can be scheduled if the available
resources are exceeded. Thus, a rational and orderly
approach must be used to determine which activities are to
be scheduled. The decision for determining which activities
are to be scheduled should be based on the rules or priorities
given earlier.

With the parallel method, it is essential to review each
activity that is eligible for each day in the project. With
the series method, a similar approach is used, but once an
activity is selected for scheduling, it must not be interrupted.
A sample network illustrating the series solution method is
shown in Figure 6.2. Computations will show the steps to
follow as the solution evolves.

The information needed to solve the series solutions is
shown in Figure 6.2. The tabular information obtained from
the forward and backward passes is shown in Figure 6.3.

Solve the schedule by the series method of resource
allocation. The resource limits not to be exceeded are as
follows: 5M (masons) 2H (helpers).

Resource limits are not to be exceeded under any
circumstances.

In the first step, only Activity A is eligible for scheduling.
This is indicated by the slash placed next to Activity A in the
eligibility column headed by a “/”. Activity A is then scheduled
on Day 1 on the chart. Since Activity A requires two masons and
one helper per day and since the duration is 1 day, the resources
are applied to the first day. The status column in Figure 6.4 is
shaded to indicate that Activity A has been scheduled.

At the completion of Activity A, Activities B and C are eli-
gible for scheduling. Since the total number of available
resources of five masons and two helpers is not exceeded, both
activities are scheduled on Days 2 and 3 (see Figure 6.5). After
Day 3, Activity C will be completed while Activity B still has 2
remaining days. The eligibility column of Activity C is shaded.

To schedule Days 4 and 5, Activity B has not been
completed, so it will be scheduled as the highest priority.
When activity C was completed in the last step, Activities F, G,
and H became eligible for scheduling. Of these, acti-
vity G has the earliest late start, so it is considered first for
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A |2M 1H| 1 0|1
B|{2M 1H| 4 | 0| 2
cl|aM 1H 2 | 6| 8
D |[1M OH| 1 117
E|3M OH 4 | 0| 6
F |3M OHl 3 | 7 |11
G |1M 2H 4 | 6 |10
H 1M 1H| 2 | 8 |12
J |[2M  2H| 2 118
K {2M 1H| 6 | 0 |10
L|3M 2H 2 | 6 |14
M [2M 1H| 1 0|16

Al2M 1H| 1 |0 | 1 |/]|2N

2M 1H| 4 | 0 | 2

cl|aMm 1H| 2 | 6 | 8

A | 2Mm 1H |1 |0 | 1 2/1

B 2M  1H 4 0 2

21 | 21

C 2M  1H 2 6 8

21 | 21

FIGURE 6.5 Allocation of Resources for Days 2 and 3.

scheduling on Day 4. Examination of the resources needed
to complete Activity G are such that the number of helpers
required along with Activity B would be three, more
than the two that are available. Thus, Activity G cannot
be scheduled. The next priority is then Activity F, which can
be scheduled without exceeding the five masons and two
helpers (see Figure 6.6). Activity H cannot be scheduled
because of the resource limits.

At the end of Day 5, Activity B will be completed. The
eligible activities now also include Activities D and E. On
Day 6, the first activity scheduled is Activity F (previously
started). Activity E has the earliest late start, but this
would exceed the resources available. Activity D is then
considered and found to be eligible for scheduling. This

is followed by Activity G, which is also scheduled for Day 6
(see Figure 6.7).

The same procedure is followed for each day until all
activities have been scheduled. The completed schedule is
shown in Figure 6.8. The project duration is now 20 days,
4 days longer than if the resource limits had been ignored.

Figure 6.9 shows the network used to apply resource
limits with the series solution. This same network will now
be used to show how the parallel solution is derived.

Solve the schedule by the parallel method of resource
allocation (see Figure 6.10). The resource limits are as
follows: 5M (masons) 2H (helpers).

Resource limits are not to be exceeded under any
circumstances.
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F | 3M OH 3 7 | 1

A |2mM 1H 1 0 | 1 21
B 2M 1H 4 0 2 211 2/1| 21
C 2M  1H 2 6 8 2/1
D iM  OH 1 1 7
E 3M  OH 4 0 6
3/0 | 3/0

G | 1M 2H 4 6 10

H | 1M 1H 2 8 12

J 2M  2H 2 1 8

K | 2M 1H 6 0 | 10

Act | Resource |Dur |TF [ LS |/ |1

A |2M 1H 1 0 1 21

B |2M 1H 4 0 2

2121 21| 21

c |am 1H 2 6 | 8 2/1 | 21

D |1mM oOH 1 1 7 1/0
E |3 OH 4 0| 6

F |[3m oH 3 7 | 1 3/0 | 3/0 | 3/0
G |1M 2H 4 6 | 10 1/2

H iM  1H 2 8 12

J |aM 2H 2 1 8

K |2M 1H 6 0 10

L 3M  2H 2 6 14

M |2M 1H 1 0 16

FIGURE 6.7 Allocation of Resources for Day 6.

In the first step, only Activity A is eligible for scheduling.
As with the series method, this is indicated by the slash placed
next to Activity A. Activity A is then scheduled on Day 1 on
the chart (Figure 6.11).

At the completion of Activity A, Activities B and C are
eligible for scheduling. Since the total number of resources

of five masons and two helpers is not exceeded, both activi-
ties are scheduled on Days 2 and 3. After Day 3, Activity C
will be completed while Activity B still has 2 remaining days
(Figure 6.12).

To schedule Days 4 and 5, Activity B has not been
completed and Activities F, G, and H are also eligible for
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Masons Scheduled |2(4|4|5|5|5(4

-
N
N
-
-
N
N

Helpers Scheduled

FIGURE 6.8 Schedule of Activities for the Project.

FIGURE 6.9 Parallel Solution Example.
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Al2M 1H| 1 0|1
B|{2M 1H| 4 | 0| 2
c|aMm 1H| 2| 6| 8
D|1M OH| 1 117
E{3M OH| 4| 0| 6
F|{3M OH| 3| 7 |11
G|1M 2H| 4| 6 |10
H{1M 1H| 2 | 8 | 12
J|2M 2H| 2 118
K|{2M 1H| 6 | 0 | 10
L|{3M 2H| 2| 6|14
M|2M 1H| 1 0|16

A|2M 1H| 1 0|1 21

B|2M 1H| 4 | 0 | 2

cl|aMm 1H| 2 | 6 | 8

A [2M 1H| 1 0] 1 2n

B|2M 1Hl 4 | 0 | 2 2/1121

C|2M 1H| 2 | 6 | 8 2/1121

FIGURE 6.12 Allocation of Resources for Days 2 and 3.

scheduling. Of these, Activity B has the earliest late start, so it
is considered first for scheduling on Day 4. Activity G is
considered for scheduling, but this cannot be done as the
resources needed to complete Activity G are such that the
number of helpers (three) required along with Activity B
would exceed the two that are available. Thus, Activity G
cannot be scheduled. The next priority is then Activity F,
which can be scheduled without exceeding the five masons
and two helpers (see Figure 6.13). Because of resource limi-
tations, Activity H cannot be scheduled at this time.

At the end of Day 5, Activity B will be completed. The
eligible activities now also include Activities D and E. On
Day 6 of the eligible activities (D, E, F, G, and H), the first
activity scheduled is Activity E (earliest late start). Activity D
is then considered eligible for scheduling and is scheduled to

start on Day 6. This is followed by Activity G, which is also
scheduled for Day 6 (see Figure 6.14). Note that Activity F
has a lower priority owing to its late start date, and it cannot
be scheduled at this stage without exceeding the resource
limits. Thus, Activity F will be discontinued after Day 5.

The same procedure is followed until all activities
have been scheduled. The completed schedule is shown in
Figure 6.15. Because of the criteria that permit an activity
to be interrupted, note how Activities F and G are now
scheduled differently than they were with the series
method. Such interruptions of lower-priority activities
often result in reduced project durations. Note that the
series solution of the same network also resulted in a pro-
ject duration of 20 days, but that different activities were
scheduled on certain days.
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A |2M 1H 1 0 | 1 21
B 2M  1H 4 0 o) 211 2/1| 21| 211
C|aMm 1H 2 | 6| 8 211} 21
D iM  OH 1 1 7
E 3M  OH 4 0 6
F 3M  OH 3 7 11 3/0 | 3/0
G M  2H 4 6 10
H iM  1H 2 8 12
J 2M  2H 2 1 8
K 2M  1H 6 0 10
L 3M  2H 2 6 14
M 2M  1H 1 0 16
FIGURE 6.13 Allocation of Resources for Days 4 and 5.
Act | Resource | Dur | TF [ LS 1 2 |3 |4 [5 |6 10
A 2M  1H 1 0 1 21
B 2M  1H 4 0 2 21|21 21|21
C 2M  1H 2 6 8 21| 21
D iM  OH 1 1 7 1/0
E 3M OH 4 0 6 3/0
F 3M OH 3 7 11 3/0 | 3/0
G |1M 2H 4 6 10 1/2
H iM  1H 2 8 12
J 2M  2H 2 1 8
K 2M  1H 6 0 10
L 3M 2H 2 6 14
M 2M  1H 1 0 16

FIGURE 6.14 Allocation of Resources for Day 6.
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Act |Resource| Dur | TF | LS|/ | 1| 2[3[4|5 718911 1{1[1[1[1|1]|1]1]2|2]|2
0/ 1]2(3|4|5/6(7|8{9/0(1]|2

Al2M 1H| 1 0|1

B|2M 1H 4 | 0| 2

C|2M 1H| 2 6|8

D |1M OH| 1 117

E|3M OH 4 | 0| 6

F|3M OH| 3 7 |11

G|1M 2H 4 | 6 |10 -

H|[1M 1Hl 2 8 | 12

J [2M 2H| 2 118

K |2M 1H| 6 0 |10

L [3M 2H| 2 6 |14

Ml2M 1H| 1 0|16

Masons Schedule |2 |4(4|5(5

5(5|4(5|3|3|2(2|2(1|1(3|3|2

Helpers Schedule

—_

21211

212121 |2|2|1(1[1|2|2|2|2(1

FIGURE 6.15 Schedule of Activities for the Project.

THE BROOKS METHOD OF
RESOURCE ALLOCATION

The series and parallel methods of resource allocation
constitute good graphical procedures by which resources can
be allocated to a project. A related, though slightly different
approach, is the Brooks method. The Brooks method is not a
graphical procedure but rather a tabular one. The user begins
with a network, similar to those used in the series or parallel
methods. Standard computations are made of the early and
late occurrence times of each activity. Of particular interest in
the Brooks method is the late start date. Priorities are assigned
to the various activities on the basis of their late start dates,
with the highest priority given to the activity with the smallest
or earliest late start date. (Note: The literature about the Brooks
method assigns priority on the basis of the total number of
days available from the late start date to project completion, a
priority designation called the activity time or ACTIM value.
The highest priority is given to the activity with the highest or
largest number of days from the late start date to the project
completion. This procedure results in the same priority listing
as when the highest priority is given to the activity with the
earliest late start date.) Once the activities in a network have
been prioritized based on their late start dates, the activities are
rearranged in a table in the order of their priority.

Once the priorities are determined, the resource alloca-
tion can begin. The number of resources available must
be constantly monitored as the allocations are being
made. In addition, it is imperative that the scheduler main-
tains a constant vigil to ascertain which activities are avail-
able for scheduling. Priority is always given to the available
activity with the highest ACTIM priority. It is possible
to impose constraints concerning the ability to interrupt

activities or not to interrupt activities. In fact, it would be
possible to have both these conditions imposed on different
activities in a network. This would be a more realistic
approach, as some activities cannot be interrupted while
others may be interrupted without seriously compromising
productivity.

In addition to ACTIM, this method also uses terms as
TNow (the current time under consideration or the particular
day being scheduled) and Act. ready (those activities whose
immediate predecessors have already been scheduled, making
them eligible for scheduling). In assigning start dates to the
various activities, the primary focus will be on the TNow val-
ues and the activities that are ready for scheduling (Act. ready).
TNow starts with an assigned value of 1, and the Act. ready for
the first assignment date consists of the first activity only,
assuming the network begins with a single activity. As the
activities are assigned to the various start dates, more activities
(succeeding those already completed) will be included in the
Act. ready cell in the table. The activity to be assigned first in
the next TNow cell is the one that has the highest ACTIM pri-
ority, unless an uninterruptable activity has already started in a
previous TNow assignment. As the assignments are made, the
scheduler must be careful to stay within the resource limits that
exist on the project. As long as careful accounting is used to
keep track of the activities, the approach is relatively simple.

(The network shown in Figure 6.16 will be used to
demonstrate resource allocation by the Brooks method. In
the example, it will be assumed that no activities can be
interrupted once started.) The resource limits are as follows:
5M (masons) 2H (helpers).

Resource limits are not to be exceeded under any
circumstances. The resource allocation information will be
captured in Figure 6.17.
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FIGURE 6.16 Brooks Example.

2M, 1H
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Act

ACTIM

Activity

Duration

Prec. by

M needed

H needed

TStart

TFin

TNow

M avail.

H avail.

Act. ready

Act. sched.

M in use

H inuse

FIGURE 6.17 Form for Allocating Resources by the Brooks Method.
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Act A B E D J K G F H L M
ACTIM 16 15 | 11 10 9 7 7 6 5 3 1
Activity A B E D J K G F H L M
Duration 1 4 4 1 2 6 4 3 2 2 1
Prec. by A B B D EJ | C C C |FGH] KL

M needed 2 2 3 1 2 2 1 3 1 3 2
H needed 1 1 0 0 2 1 2 0 1 2 1
TStart 1

TFin 2

TNow 1
M avail. 5
H avail. 2
Act. ready A
Act. sched. A
M in use 2
H inuse 1

FIGURE 6.18 Scheduling of the First Step.

The Brooks method solution begins with determining
the ACTIM values, the difference between the completion
date (when no resource constraints exist) and the late start of
each respective activity. If two activities have the same
ACTIM value, the highest priority is given to the activity with
the least total float, similar to the series and parallel methods.

Once the ACTIM values are determined, the scheduling of
the activities can begin. On Day 1, the only activity that is ready
for scheduling is Activity A. Notice that Figure 6.18 captures all
of the information required to perform the Brooks method of
resource allocation. The second row of the figure is simply a
listing of the ACTIM values. The activities are ordered by their
ACTIM values to simplify the procedure. The middle portion
records information about each activity. All that remains to be
determined for these activities are the start and finish times for
each activity. This is computed as the process is completed. The
bottom portion simply keeps track of the resources actually
being utilized at each stage of the schedule.

Once Activity A is scheduled, Activities B and C are
ready for scheduling. Of these, Activity B is scheduled first
(higher ACTIM priority), but the resource needs of the
activities are such that Activity C can also be scheduled.
Since the finish date (TFin) for Activity A is listed as 2, the
start date for Activities B and C is 2. The durations of these
activities are then added to the start times to determine
the finish dates. Once this is done, the resource utilization
information is recorded (see Figure 6.19).

The TNow date of interest at this point is Day 4, the day
that Activity C is completed. On Day 4, Activity C has been

completed and Activities F, G, and H are eligible for schedul-
ing. Of course, Activity B has already started, so that will be
the first activity scheduled. Of the remaining eligible activi-
ties (E G, and H), Activity G is considered first, but it is not
scheduled because the resource limits would be exceeded.
Activity F is the next activity to consider, based on the
ACTIM values, and it can be scheduled (see Figure 6.20).
Resource limits would be exceeded if Activity H were also
scheduled.

The next day to schedule is Day 6, the day Activity B is
completed. The eligible activities now also include D and E,
since Activity B is completed. Activity F has already been
begun, so it will be scheduled first. The next activity to con-
sider is Activity E, but scheduling it would result in exceeding
the resource limits. Activity D is then considered and is found
to be acceptable for scheduling. The next activity to consider
is Activity G, and it too can be scheduled (see Figure 6.21).
The limits on resources would be exceeded if Activity H was
scheduled.

The next day to consider for scheduling is Day 7, the day
Activities D and F are completed. The eligible activities now
include E, G, H, and J. Since Activity G has already been
started, it is scheduled first. Activity E is considered next and
can be scheduled as shown in Figure 6.22. Because of
resource limitations, Activities H and J cannot be scheduled.

This procedure is followed until all activities have been
scheduled (see Figure 6.23). A comparison with the series
solution will reveal that the same resource distribution is
obtained.



84

CHAPTER SIX

Activity B E K L M
Duration 4 4 6 2 1
Prec. by A B EJ F.G,H| KL
M needed 2 3 2 3 2
H needed 1 0 1 2 1
TStart 2
TFin 6
TNow 2
M avail. 5 5 5 5 5
H avail. 2 2 2 2 2
Act. ready B,C
Act. sched. B,C
M inuse 4
H inuse 2
FIGURE 6.19 Scheduling of the Second Step.
Activity B E K L M
Duration 4 4 6 2 1
Prec. by A B E,J F,G,H| KL
M needed 2 3 2 3 2
H needed 1 0 1 2 1
TStart 2
TFin 6
TNow 2 4
M avail. 5 5 5 5 5
H avail. 2 2 2 2 2
Act. ready B,C | B,F,
G,H
Act. sched. B,C | BF
M inuse 4 5
H inuse 2 1

FIGURE 6.20 Scheduling of the Third Step.
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Activity B E D J K G L M
Duration 4 4 1 2 6 4 2 1
Prec. by A B B D E,J C F,G,H| KL
M needed 2 3 1 2 2 1 3 2
H needed 1 0 0 2 1 2 2 1
TStart 2 6 6
TFin 6 7 10
TNow 2 4 6
M avail. 5 5 5 5 5 5 5 5
H avail. 2 2 2 2 2 2 2 2
Act. ready B,C | B,F, |D,EF,
GH | GH
Act. sched. B,C | B,F [F.D,G
M inuse 4 5 5
H inuse 2 1 2
FIGURE 6.21 Scheduling of the Fourth Step.
Activity B E D J K G L M
Duration 4 4 1 2 6 4 2 1
Prec. by A B B D E,J C IF.G,H| KL
M needed 2 3 1 2 2 1 3 2
H needed 1 0 0 2 1 2 2 1
TStart 2 7 6 6
TFin 6 11 7 10
TNow 2 4 6
M avail. 5 5 5 5 5 5 5 5
H avail. 2 2 2 2 2 2 2 2
Act. ready B,C | B,F, |D,EF,| EG
GH| GH| HJ
Act. sched. B,C | B,F [F.D,G| G,E
M inuse 4 5 5 4
H inuse 2 1 2 2

FIGURE 6.22 Scheduling of the Fifth Step.
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Activity A B E D J C K G F H L M
Duration 1 4 4 1 2 2 6 4 3 2 2 1
Prec. by A B B D A EJ| C C C |F.GH| KL

M needed 2 2 3 1 2 2 2 1 3 1 3 2

H needed 1 1 0 0 2 1 1 2 0 1 2 1
TStart 1 2 7 6 10 2 12 6 4 12 | 18 | 20
TFin 2 6 11 7 12 4 18 10 7 14 1 20 | 21
TNow 1 2 4 6 7 10 11 12 14 18 20

M avail. 5 5 5 5 5 5 5 5 5 5 5

H avail 2 2 2 2 2 2 2 2 2 2 2

Act. ready A | B,C |BFG|DEJF, EG,|EHJ|[HIKlI HK| KL | L M

GH|GH | HJ

Act. sched. A | BC | BF|FDG| GE| EJ J KH| K L M

M inuse 2 4 5 5 4 5 2 3 2 3 2

H inuse 1 2 1 2 2 2 2 2 1 2 1

FIGURE 6.23 Scheduling of All Project Activities.

WHEN PROJECT DURATION IS
FIXED (RESOURCE LEVELING)

Resources may not always be limited in absolute terms. It may
simply be more costly to “double up” on resources at certain
times in a project. This added cost may be justified if the con-
struction contract places a tight constraint on the project com-
pletion date. The issue of liquidated damages is not always the
only cost that must be considered for justifying a time overrun
on a project. A company’s reputation may be riding on the
timely completion of a project. When the project duration is
set without regard to limitations in the availability of resources,
the construction manager or scheduler is not in a position to
extend the project duration. When these constraints exist,
resource leveling is an effective scheduling strategy.

Resource leveling, while not constrained by limited
resources, tends to reduce the maximum demands for a given

. Carpenters

resource on any given day. This is desirable, particularly
where personnel are concerned, because it helps avoid or
minimize the need for hiring short-term workers. On some
projects and in some locations, it may be difficult to locate
skilled workers. New workers must be given an orientation
session, and some may require additional training. Newly
hired workers are also less efficient in performing the work.
Considerable paperwork is associated with each worker who
is hired and dismissed. In addition, the dismissal of workers
can be potentially bad for morale on a project. These short-
comings can be reduced with resource leveling.

Because of the changing needs of a project, it is not
uncommon for the job demands for a particular craft
or trade to fluctuate widely (see Figure 6.24). This type of
fluctuation in the labor requirements for a single craft can
occur, but this can be costly to the employer. When the
project needs for a craft drop to zero, it is not realistic to

—

v

Project duration
FIGURE 6.24 Utilization of Carpenters on a Project.
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Carpenters
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1 |

v

Project duration
FIGURE 6.25 Distribution of Carpenter Utilization After Leveling.

dismiss all of the workers, especially if additional activities
remain that rely on that craft. Hopefully, there are other pro-
jects to which some workers can be assigned on a temporary
basis. If not, the employer will be inclined to retain the better
employees, regardless of the project needs for that craft.

A more prudent approach is to reorganize the project
activities in such a manner that the resource requirements are
more uniform for the project duration. For example, by
simple logic modifications, the carpentry requirements on
the project mentioned earlier might be leveled as shown in
Figure 6.25.

Resource leveling will hold the duration of the project
constant. Without altering the project time, resource level-
ing is an effective means of smoothing the utilization of
resources. In other words, resource leveling is an effective
means of reducing the number of resources required on
“spike” days, and it also fills in resources on low resource
utilization days. In addition, the day-to-day fluctuation of
resource needs will be reduced. The method of resource
leveling that will be described uses a minimum-moment
algorithm.! Essentially the resource requirements on a pro-
ject are smoothed or leveled by making use of the available
free float. The activities are first arranged by an early start
schedule. With resource leveling, one can systematically
evaluate the impact of using any float associated with each
activity.

The minimum-moment algorithm that will be used for
the resource leveling assumes that once an activity has been
started, it cannot be interrupted. Another assumption is that
resource consumption is constant over the duration of an
activity. The network logic is not questioned when resource
leveling is done; however, this should be done if the final
solution is not considered acceptable. This method will not
alter the critical activities but will focus on the merits of
shifting any noncritical activities by reducing their float. In
the final solution, resource buildups should be minimized.

A number of different approaches can be used for
resource leveling. If the project duration is held constant, the
different methods will have the same objective: to use up
available float if smoothing of resources will occur.

'A detailed discussion of the minimum-moment algorithm is presented
in Robert B. Harris, Precedence and Arrow Networking Techniques for
Construction (New York: John Wiley & Sons, Inc., 1978), 277.

THE MANUAL SOLUTION FOR
RESOURCE LEVELING

As with the manual solution for resource allocation, the
manual solution for resource leveling is typically limited
to simple networks. Although computers can solve these
problems much more readily, the objective of this exercise is
simply to present the basic principles of resource leveling
calculations.

It is assumed that activities cannot be interrupted; once
an activity has started, it must be completed. Note also that
only one resource is leveled at a time. It is assumed by leveling
one resource that other resources will similarly be leveled to
some extent. It would also be very difficult to address the
resource leveling process manually on a project for which
several different resources were to be leveled simultaneously.
Since the duration of the project is fixed, the critical activi-
ties are not manipulated, meaning only the start times of
activities with positive free float can be adjusted.

The sample begins with a bar chart showing all activities
of the network in their early start positions. The resource
being leveled is tallied on one line (iteration zero). This will
show the extent of the resource utilization and whether there
is an unacceptable buildup of resource needs during the pro-
ject. If an identical number of resources were required each
day, no leveling would be required. This is generally not the
case. The smoothing of most resources occurs by using
the minimum-moment approach. This smoothing effect will
be visible with each iteration as the resources will be tallied
each time an activity start date is altered.

After the early-start bar chart is developed and the
resources have been tallied, the resource leveling process
begins. With the minimum-moment algorithm procedure,
the process begins at the end of the project duration and
works systematically in a “backward” fashion to the begin-
ning of the project. For each day in the bar chart, all the
activities that could be scheduled to occur on the day in
question are considered. For each activity that is considered,
the optimal number of float days to be utilized is established.
This is done by calculating an improvement factor for each
potential change in the start date. For example, if an activity
has 3 days of free float, an improvement factor is determined
when the start date uses up 1 day of free float, when 2 days of
free float are used, and when all the float days are used.
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The calculation of the improvement factor forms the
basis of the leveling decisions. The general equation for deter-
mining the improvement factor (IF) can be stated as follows:

IF(A,N) =R X (R, — R, — R X (N,))
where

A = activity designation
N = number of free float days consumed

R = the number of resources used by the activity per
day

R, = number of resource days currently assigned to
those days that will be vacated when the activity start
date is changed

R, = number of resource days currently assigned on
those days that will be occupied when the activity start
date is changed

N, = the smaller value of the number of days of free
float consumed and the duration of the activity

The improvement factor must be 0 or some positive value
in order for a benefit to be derived by reassigning the start date
of an activity. The largest improvement factor determines the
number of free float days to use. If improvement factors are
calculated for several activities, the governing value is the
activity with the largest improvement. If two activities are tied
with the same improvement factor, priority reassigning of the
start date is given to the activity with the most resources per
day. If a tie still exists, the activity that will use up the largest
number of free float days is selected. If still tied, the activity

with the latest start date is selected. If a tie still exists, priority
is given to the activities on the basis of input order.

When an activity start date is changed to a later date, the
free float available to that activity is reduced. However,
the activity still has flexibility in that the start date could now
be earlier. This is known as back float. Suppose an activity
has 5 days of free float, and through the leveling process its
start date is delayed 3 days. This activity will now have 2 days
of free float and 3 days of back float.

When resource leveling calculations are made, an
accounting should be kept of the number of days of back
float for each activity. Just as calculations were made to deter-
mine if the free float of activities should be consumed, similar
calculations must be made to determine if the back float of
activities should be used. Note that when a “backward pass” is
made, an activity start date is reassigned if the improvement
factor is zero. A value of zero means that no smoothing is
generated by reassigning the start date. Since this is not detri-
mental to resource utilization results, the reassignment is
made to “make room” for other activities. That is, by shifting
the start dates, free float is given to other activities that might
otherwise not have free float. When the entire project has
been evaluated with the forward pass that considered the
back float, the resource leveling process is completed.

A simple network will demonstrate the process of
performing a manual resource leveling solution. The
network is shown in Figure 6.26 along with a table that
shows the resource (R) utilization per day along the duration
of the project (Figure 6.27). Note that resources are needed
for each day, but the total number of resources required each
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FIGURE 6.26 Sample Network to Demonstrate Resource Leveling.
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FIGURE 6.27 Summary of Resource Utilization with No Resource Leveling.
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1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
c| C F
4| 4 4
A|lB|B|E|E|E|E|[G|[G|G]I I |J |J | K [K |L
1166 |3 |3 |83 |3 ]|5]|5 |5 |[1]|]1]|3 |3 ]|]4]4]2
D H|H
3 3 3
1 2 3 4 5 6 7 9 10 11 12 13 14 15 16 17
Cycle0O | 1 (13| 10| 3 3|3 3 [12] 8 5 1 1 3 3 4 4 | 2
-3 | -3 +3 [ +3
Cycle1 |1 [13|10| 3 | 3|3 |3 |9 | 5|5 | 4|4 |3 [3]|4]4]2

FIGURE 6.28 Summary of Resource Utilization After Cycle 1.

day varies considerably. The activities in Figure 6.27 are
shown in their early start positions, and the free float of the
activities is shown as dashed lines. The extent that the
resources will be successfully leveled will depend on the net-
work logic and the resources required of the individual
activities.

The following process is by no means the only way that
the procedure can be followed. Variations of the process
might be justified, but circumstances will not always favor
one method over another. The process of leveling begins
with a backward pass where the project is evaluated 1 day at
a time. The purpose of this backward pass is to evaluate the
merits of utilizing some of the free float to create a more effi-
cient resource utilization. In conducting this backward pass,
first consideration is given to Day 17. Since there is no activ-
ity that has any free float on that day, there is no opportunity
to make any changes in resource utilization. On Day 16,
there is a free float day associated with Activity H, so we will
now consider moving Activity H to determine if the
resources can be leveled. When we examine Activity H, it is
obvious that it actually has several days of free float. We will
consider assigning Activity H to each of the days of free float
to find the optimal allocation. The ideal location will be
determined from the improvement factor. The improvement
factor is determined for moving activity H 1 day, 2 days, 3
days, and so on. Improvement factors will be determined for
seven possible positions (7 days of free float) to which Activ-
ity H could be assigned. The improvement factors are shown
as follows:

IF(H,N) = R X (R, — R, — R X (N}))

IF(H,1) =3 X (12-5—3X (1) =12
IF(H2) =3X (20 —6 — 3 X (2)) =24
IF(H3) =3 X (20 —2 — 3 X (2)) = 36
IF(H4) =3 X (20 — 4 — 3 X (2)) = 30
IF(H5) =3X (20 —6 — 3 X (2)) =24
IF(H,6) =3 X (20 — 7 — 3 X (2)) = 21
IF(H7) =3 X (20 — 8 — 3 X (2)) = 18

From the improvement factors, it is clear that the uti-
lization of any of the free float will improve the resource
utilization of Activity H. The maximum improvement is

realized when 3 days of free float are used. The movement of
Activity H and the status of resource use are shown in
Figure 6.28.

After Activity H has been moved, the backward pass
can continue. The next day to consider is Day 15. Free
float does occur on this day, but this belongs to Activity
H, which has already been moved to its ideal location. The
backward pass continues to Day 14, on which Activity F
has free float. As no other activities have free float on Day
14 (Activity H was moved in Cycle 1), improvement
factors will be computed for each possible location of
Activity F.

IF(FE,N) = R X (R, — R, — R X (N}))
IF(F1) =4X (9—5—-4X%X(1))=0
IF(F2) =4X(9—-—5—-—4X(1) =0
IF(F3)=4X (9—4—4X%X (1) =4
IF(F4) =4X (9—4—4X(1) =4
IF(F,5) =4 X (9—-3—4X(1)) =8
IF(F6) =4X (9—-3—4X (1) =8«

There is a clear advantage in moving Activity F to
utilize its free float. In this cycle (Cycle 2), the improve-
ment is the same whether we move Activity F 5 or 6 days.
When ties occur, the normal procedure is to move the
maximum number of days, primarily to allow additional
space for other activities. Although no other activities
could benefit from this move of 5 versus 6 days, to be
consistent we will move the maximum of 6 days. The
summary of the resource use after Cycle 2 is shown in
Figure 6.29.

The backward pass continues. Free float days are noted
on many days (Days 13, 12, 11, etc.), but many of these rep-
resent free float of Activities H and F, and in some cases it is
really the back float of Activities H and F. It is only when the
backward pass gets to Day 7 that the free float of Activities
Cand D is encountered. Activities C and D cannot be sched-
uled to occur later than Day 7 (during the back float days
created by moving Activities F and H) because they must be
finished before Activity G is started. Since both these activi-
ties have free float on Day 7, improvement factors will be
calculated for each. Note that Activity C has 4 days of free
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1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
c|C F
4| 4 4
A|B|B|E|E|E|E|G|G|G]I I J | J K |K |L
1 6 |6 |3 |3 |3 |83 |5 |5 |5 1 113 |3 [4 |4 |2
D H| H
3 3|3
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
Cyclet | 1 |13 10| 3 [ 3 |3 |3 |9 | 5| 5|44 3|3 |4|4]2
-4 +4
Cycle2 | 1 (13| 10| 3 | 3 |3 |3 (5| 5|5 (4|4 |3 |7 ]| 4| 4]2

FIGURE 6.29 Summary of Resource Utilization After Cycle 2.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
c|C F
4 4 4
A |B |[B |E E |E E |G |G |G | | J J |K |K |L
1 6 6 3 3 3 3 |5 5 5 1 113 3 |4 4 2
D H|H
3 3 3
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
Cycle2 | 1 |13 ]| 10| 3 3|3 3 5 5 5 4 | 4 3 7 4 4 | 2
-4 | -4 +4 | +4
Cycle3 | 1 9 6 3 317 7 5 5 5 4 | 4 3 7 4 4 | 2

FIGURE 6.30 Summary of Resource Utilization After Cycle 3.

float and Activity D has 5 days. Their improvement factors
are determined as follows:

IF(C,N) = R X (R, — R, — R X (N}))
IF(C1) =4X (13—-3—4X(1) =24
IF(C2) =4 X (23— 6 —4 X (2) =36
IF(C3) =4 X (23 —6—4 X (2) =36
IF(C4) =4 X (23 —6—4X(2) =36

IF(D,N) = R X (R, — R, — R X (N}))

IF(D,1) =3 X (13— 10 —3 X (1)) =0
IF(D,2) =3 X (13 -3 — 3% (1) =21
IF(D3) =3 X (13 -3 —3X (1) =21
IF(D4) =3 X (13— 3 — 3% (1) =21
IF(D,5) =3 X (13 -3 —3X (1) =21

From the improvement factors, it is evident that the
greatest improvement occurs when Activity C is moved for-
ward 4 days (when ties occur, always move the greatest num-
ber of days). At the end of Cycle 3, the resource utilization is
as shown in Figure 6.30.

As we are about to continue the backward pass, it should
be apparent that Day 7 should still be considered. Activity D
does have free float, so it should be considered next. Note
that Activity D could have been moved in Cycle 3 but did
not have an improvement factor as large as Activity C.

The improvement factors for moving Activity D are now
recomputed:

IF(D,N) = R X (R, — R, — R X (N}))
IFD,1) =3X(9—6—3X (1) =0
IF(D2) =3X(9—3—-3X%X(1)=9
IF(D3)=3X(9—3—-3X%X(1) =9
IF(DA) =3 X (9—7—3X (1) =3

IF(D,5) =3X9—-7—-3X(1))=-3

Activity D should be moved 3 days. Note how the
improvement factors for Activity D have changed after first
moving Activity C. The procedure is followed as before to yield
a summary of resource utilization, as shown in Figure 6.31.

The essence of the solution is now as shown in Figure
6.31. Remember that when activities use up free float, back
float is created. The back float may become free float for
some preceding activities. In the process of performing the
computations, whenever there was a positive improvement
factor or a tie in the improvement factor for different posi-
tions, the activities were always moved the maximum
amount of time. This was done to create free float for other
activities so as to increase the flexibility of scheduling. The
activities must now be examined to determine if any activi-
ties should be moved to use up some of the back float. This is
done by starting on Day 1 and conducting a forward pass. As
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1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
c|C F
4| 4 4
A B B |E |E |E |E |G |G |G |I | J J K | K L
1 6 6 3 3 3 3 5 5 5 1 1 3 3 4 4 2
D H | H
3 3 (3
1 2 3 4 5 7 8 9 10 11 12 13 14 15 16 17
Cycle3 | 1 9| 6| 3|3 |7 (|7|5|5|5 |44 |3 |7]|4]| 4|2
-3 +3
Cycled | 1 6 | 6| 3|6 |7 |7 |5]|5 |5 4 14 | 3|7 |4|4]2
FIGURE 6.31 Summary of Resource Utilization After Cycle 4.
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
c|C F
4| 4 4
A |B |B |E |E E|E|[G |G |G I I 1Jd |J K |K |L
1 6 6 3 3 3 3|5 5 5 1 1 3 |3 4 4 2
D H| H
3 3| 3
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
Cycle4 | 1 6 6 3 6 7 7 5 5 5 4 | 4 3 7 4 4 2
+3 | -3
Cycle5 | 1 6 6 | 6| 3|7 |7]|5]|5 51414 |3 |7| 4] 4|2

FIGURE 6.32 Summary of Resource Utilization After Cycle 5.

back float is encountered, improvement factors are com-
puted. In this process, Day 2 is noted to contain back float
for Activities C and D. Therefore, improvement factors are
computed for both activities as follows:

IF(C,N) =R X (R, — R, — R X (\}))
IF(C1) =4X(7—6—4X(1) =—12
IF(C2) =4X (14—9—4X(2)=—-12
[F(C3) =4X (149 —4X(2)=—12
IF(CA) =4 X (14— 12 —4X (2) = —24

IF (D,N) = R X (R, — R, — R X (N}))

IF(D,1) =3 X (6—-3—-3X%X (1) =0
IF(D2) =3 X (6 —6—3X (1) =-9
IF(D3) =3 X (6—6—3X(1)=-9

All improvement factors are negative except one. The
improvement factor of Activity D is zero when it is moved
back 1 day. Note that this means that there is no improve-
ment, but it does schedule the activity earlier so as to give
greater flexibility to the overall network. The summary of
resource use is shown in Figure 6.32.

As the forward pass continues, improvement factors are
computed for Activities F and H.

IF(H,N) = R X (R, (R, — R X (N})))
IF(H,1) =3X4—-5-3X(1)= —12

—24
—24

IF(H2) =3 X (8 —10 —3 X (2) =
IF(H,3) =3X (8—10—3 X (2) =

IF(F,N) = R X (R, — R, — R X (\}))
IF(F1) =4X (7-3—-4X (1) =0

IF(F2) =4 X (7—4—-4X (1) = —4
IF(F3)=4X (7—4—4X%X (1) = —4
IF(F4) =4 X (7—-5—4X (1)) = —8
IF(F5) =4X (7—-5—4X (1)) = —8
IF(F6) =4X (7—-5—4X%X (1) = -8

From the improvement factors, it is determined that
activity F can be moved back 1 day. The final results are
shown in Figure 6.33. Note how the use of resources per
day has been significantly leveled between Cycles 0 and 6.
This is purely a mechanical solution and does not take into
account unique project characteristics. Thus, this is the
manual solution, but further study of the network and
the consideration of changes in scheduling logic should be
explored.

A final comment seems warranted on this method of
resource leveling: This approach will generally give an
acceptable solution in that the “spikes” and “dips” in
resource needs will be smoothed. However, the solution may
not be an optimal one. It must be recognized that the solu-
tion is developed in an iterative fashion. This means that the
approach simply evaluates the impact of considering the
merits of reassigning the start dates of those activities under
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1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
c|C F
4 4 4

A (B |B |E |E |E |E |G |G |G |I | J J K |K |L
1 6 6 3 3 3 3 |5 5 5 1 1 3 3 4 |4 2

D H | H

3 3 3
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
Cycle0 | 1 |13 | 10| 3 33 3 (12| 8 5 1 1 3 3 4 4 | 2

-3 -3 +3 | +3
Cycle1 | 1 | 13| 10| 3 313 3 9 5 5 4 (4|3 3 4 4 | 2

-4 +4
Cycle2 | 1 | 13| 10| 3 33 3 5 5 5 4 (4|3 7 4 4 | 2
-4 | -4 +4 | +4
Cycle3 | 1 9 6 3 317 7 5 5 5 4 (4|3 7 4 4 | 2
-3 +3
Cycle4 | 1 6 6 3 6 |7 7 5 5 5 4 (4|3 7 4 4 | 2
+3 | -3
Cycle5 | 1 6 6 6 3|7 7 5 5 5 4 (4|3 7 4 4 | 2
+4 | -4

Cycle6 | 1 6 6 6 3|7 7 5 5 5 4 (4|7 3 4 4 | 2

FIGURE 6.33 Summary of Resource Utilization After Cycle 6.

consideration. The overall impact of a decision is not con-
sidered. Although the decision may not be optimal, it will
generally be sufficiently close to being optimal as to not war-
rant further concern.

The Sports Facility Project

The sports facility that was briefly described in Chapters 1
and 3 will be used to demonstrate how resources might be
leveled by computer. For this project, it is assumed that all
of the work is being performed by one contractor, essen-
tially the only employer on site. It is assumed that all
the workers can perform various tasks on this project.
The activity descriptions, durations, predecessors, and
resource (labor) requirements are shown (see Figure 6.34).
Figure 6.35 is a computer-generated labor utilization chart

for the project. It shows the resource utilization for this
project when every activity is scheduled to begin at its
early-start date. Figure 6.36 is another resource utilization
chart that shows how the start dates for some activities
might be altered to reduce the peak worker requirements.
Note how the peak resource demands have been reduced
in Figure 6.36.

Before the resources are leveled, the resource utilization
for this project will be as shown in Figure 6.35. The schedule
shows each activity at its early start time. Since no work
occurs on Saturdays and Sundays on this project, the resource
utilization on weekends is shown to be zero. Note the peaks
in resource utilization. Ideally, the contractor will want to
minimize the need to lay off workers and rehire them. Any
excess hirings necessitated by high resource demands are
costly, and attempts will generally be made to avoid them.

Activity Dur Predecessors Workers required
Mobilize 2 |- 4
Stock materials 4 | Mobilize 5
Clearing and grubbing 6 | Mobilize 2
Grading for road 7 | Mobilize 4
Finish grade 5 | Stock materials, clearing and grubbing 8
Prefab bleachers 16 | Stock materials 3
Landscape 12 | Stock materials, clearing and grubbing 4
Pave roadway 8 | Grading for road 5
Place tennis court 10 | Finish grade 8
Erect/paint bleachers 7 | Prefab bleachers, clearing and grubbing 8
Curbing 5 | Landscape, pave roadway 5
Final inspection/cleanup 3 | Place tennis court, erect/paint 4
bleachers, curbing

FIGURE 6.34 Labor Requirements for the Sports Facility Project.
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By utilizing some of the free float that is available, it is
possible to level the demands placed on the number of
workers required to construct the project. A simple com-
puter manipulation of the activities, by using the available
free float, results in a somewhat leveled resource schedule
(see Figure 6.36). On a larger project, the leveling potential is
generally increased.

FINAL COMMENTS

The efficient control of resources is fundamental to success-
ful project scheduling. While much attention in scheduling
is paid to the issue of time, it must be kept in mind that time
in activity durations is driven by the resources that are
required compared to those resources that are available to
accomplish the task. Resources may consist of materials,
labor, equipment, subcontractors, and money, in addition
to time itself. While the normal scheduling of work activi-
ties may acknowledge the limitations of some obvious

Review Problems

resource constraints, this is not a systematic approach.
Where resources are particularly costly or scarce, it
behooves the project scheduling team to specifically address
those limitations.

Computer software can be used to address resource
constraints. It is important for the user of such software to
recognize the different algorithms that might be used by the
software. Many different approaches can be used to deter-
mine the means by which priority is given to selected activi-
ties. These should be carefully examined before actually
using the software. The software’s approach should be con-
sistent with the nature of the constraints on the project.

Resource limitations should never be ignored, as this will
result in an unrealistic schedule. Acknowledging legitimate
resource constraints in a schedule often makes the difference
between an idealistic schedule and a realistic one. Only realis-
tic schedules are of value on construction sites; otherwise
they quickly lose their credibility. An untrustworthy schedule
will not be an effective management tool.

1. Solve the following by the parallel method of resource allocation. The resource limits are as follows: 5M and 2H.

g~

2M, 1H

Lno|m

-
N
N (T

2M, 1H 2M, 1H 3M

2M, 1H

2M, 1H

1M, 1H

3M, 1H
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2. Solve this resource scheduling problem with the series method. The resource limits are as follows: 4C and 3L.

|
6
|
1L
D J
3 2
| |
A B C F G K M
1 2 4 3 2 6 1
| [ [ [ | | | | |
3C, 2L 1C, 3L 2L 2C, 3L 1C, 2L 1C
E H L
2 3 2
| | [
2C 1C, 1L 2C, 1L
3. Solve the following network by the Brooks method.
B E H
3 5 3
| | |
4H 4H 6H
A C F K
1 2 7 1
| | | |
2H 3H 1H 1H
D G J
6 3 6
I | |
1H 5H 1H
Act A B C D E F G H J K
ACTIM
Activity A
Duration 1
Prec. by
H needed
TStart 1
TFin
TNow 1
H avail. 6 6 6 6 6 6 6 6 6 6
Act. ready
Act. sched. A
H in use 2
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4. Solve the following network by the Brooks method.

B F
S 4
| |
2H, 2M 2H, 2M
A C E H
3 4 3 1
| | | |
2H, 2M 1M 2H, 1M 1H, 1M
D G
5 2
| |
2H, 3M 2H, 2M
Act A B C D = F G H
ACTIM
Activity A D (o] B E F G H
Duration 8 5 4 8 8 4 2 1
Prec. by A A A C,D B,E D F,G
H needed 2 2 0 2 2 2 2 1
M needed 2 8 1 2 1 2 2 1
TStart
TFin
TNow 1
H avail. 4 4 4 4 4 4 4 4
M avail. 3 3 3 8 8 3 3 S
Act. ready A
Act. sched.
H inuse 2
M in use 2
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5. Solve the following network by the Brooks method.

B F J
3 4 4
2H, 2M 1H, 2M 2H, 2M
A C G L
3 4 2 1
2H 2H 1H, 1M 1H, 1M
D H K
5 2 S
[ | |
3H, 2M 2H, 1M M
E
2
1H, 1M
Act A B C D E F G H J K L
ACTIM (LS)] 1 4 B 4 10 7 9 10 11 12 15
Activity A D B (o5 F G H E J K L
Duration 3 5 3 4 4 2 2 2 4 8 1
Prec. by A A A B C,D D A F.G H,E J,K
H needed 2 8 2 2 1 1 2 1 2 0 1
M needed 0 2 2 0 2 1 1 1 2 1 1
TStart 1
TFin
TNow 1
H avail. 4 4 4 4 4 4 4 4 4 4 4
M avail. S S 3 S S S S 3 S S S
Act. ready A
Act. sched.
H inuse
M in use
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6. Solve the following resource (R) leveling problem.

= |>

Bar chart
1 2

B D
5 5
| |

3R 2R
C E
3 3
| |

4R 5R

4 7 8

10

11

2R

12

Resource leveling
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7. Solve the following resource (R) leveling problem.

B D G J
4 4 2 3
| | | |
3R 4R 2R 2R
A C E H L
1 6 6 6 1
| | | | |
2R 5R 3R 4R 3R
F | K
2 4 3
[ | |
3R 2R 4R
Bar chart

1 23456 7 89 10111213141516 1718 19 20

Resource leveling
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8. Level the resources (R) for the following network:
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9. Level the resources (R) for the following network:
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10. Level the resources (R) for the following network:
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11. Level the resources (R) for the following network:
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12. Level the resources (R) for the following network:
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13. Level the resources (R) for the following network:
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14. Level the resources (R) for the following network:

Show exactly which activity is being moved at each cycle and how many days are being moved. Show all cycles required to
utilize the free float and the back float.
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Resource allocation by series method
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MONEY AND NETWORK
SCHEDULES

Time is the coin of our lives. We must take
care how we spend it.

—Carl Sandburg

s with any businesspersons, contractors are pri-

marily concerned with making money in their

businesses. The decisions they make in preparing
for and running each of their projects are inevitably related
to costs and income. Therefore, it is important to explore the
role that critical path method (CPM) techniques have in
managing money.

In short, CPM provides a means for relating time and
money. Previously, we dealt with resources in conjunction
with our network analysis. Clearly, the application of
resources to a project (materials, workforce, and machines)
relates directly to another resource, money. The value of the
resources applied to each activity represents a substantial
component of the cost of carrying out the project. Thus,
knowing when and how many resources are being used
permits the contractor to examine the temporal distribution
of costs and, ultimately, income. Furthermore, CPM
provides a tool to analyze such distributions and evaluate the
monetary impacts of alternative schedules.

The following discussion is presented in two sections.
The first deals with a contractor’s cash flow. Central to this
discussion are the time value of money and the timing of
the payments to the contractor over the duration of the
construction project. The second section examines the rela-
tionship between activity times (durations) and their costs
and presents a methodology for using CPM to perform
time/cost trade-off analyses. These analyses can lead
to shortened project durations and cost savings or be used
to evaluate whether to speed up a project in order to recover
from delays.

CASH FLOW

Cash flow is a very meaningful term to most contractors,
who must be sensitive to the issue of cash flow if they are to
survive. Many construction firms that were undertaking
profitable projects have failed in business simply because of
severe cash flow problems. Essentially, these problems exist

when funds are not available to meet current financial
obligations. Thus, it is possible for a project that is prof-
itable “on paper” to generate insufficient funds to meet
current financial obligations. This is well known among
contractors, who tend to pay close attention to this topic.
The primary objective of most firms is to make a profit, but
the maintenance of a positive cash flow is also of crucial
importance.

A cash flow analysis is an investigation of a project in
which the focus is on the flow of money. This includes a
separate analysis of the expenditures of money during the
construction phase of a project and the revenues or income
that will be generated as the project is being completed.
A positive cash flow is when the cumulative revenues
exceed the cumulative expenditures, meaning that surplus
cash is available. On large projects, this excess cash can be
invested in various short-term opportunities. A negative
cash flow can also occur, and this means that more money
is being spent than received. This will mean that the
firm will need to take the appropriate steps to borrow
from within the firm or financial institutions to cover the
shortfall in funds.

The Time Value of Money

One might look at a contractor’s operation in very simple
terms. For example, suppose a contractor carefully prepared
an estimate of the cost to construct a specific project. This
included an acceptable allowance for profit and the successful
submittal of the lowest bid to an owner, resulting in the
award of the contract. If the contractor estimated the cost of
the project exactly, then the amount of profit realized will be
exactly as originally allowed. This appears to be the ideal that
is always sought. However, is the value of the profit actually
received the same as was originally anticipated? Time changes
the value of the profit realized. Because of inflation and the
delay in the actual receipt of all revenues, the profit, once
realized, will no longer permit the contractor to purchase the
same value of goods as when the bid was originally submit-
ted. Contractors are paid only after construction work has
been performed. This lag or delay in the receipt of revenues is
often a considerable time after the costs of construction are
actually paid.
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Interest Rates

If inflation was zero and the interest rate was zero, it would
be a simple matter to assess profitability. Even if inflation is
at an extremely low level, interest rates are rarely at a level
that they can be ignored. For a contractor, the important
question is, “What interest rate should be used?” Two
different contractors might justifiably use quite different
interest rates. For example, one contractor might use a rate
of 11 percent for funds needed to cover negative cash flow
during a project. This value of 11 percent might be based
on the actual cost of borrowing the money needed to
“carry” the firm during the cash deficit. Another firm
might use an interest rate of 8 percent, based on the inter-
est rate realized on the company’s investment of surplus
funds. During a negative cash flow, the company can sim-
ply use these surplus funds to “cover” the deficit. For this
second company, a rate of 8 percent would also seem
appropriate when a positive cash flow is realized. For the
first company, however, a rate other than 11 percent would
probably be used, unless the company can earn 11 percent
on its excess funds. Contractors must be careful in selecting
the appropriate interest rate to use for the analysis of posi-
tive and negative cash flows, respectively. Overall, interest
rates for deficit funds flow should reflect the cost of
borrowing the money or, if no money is borrowed, the
interest rate should reflect the value of opportunities that
are foregone for internal funds that are used to meet the
financial obligations.

Contractor Cash Disbursements

The cash flow analysis of a project entails an examination
of the disbursement and receipt of funds. Their timing
has a direct impact on the amount of cash available or
the deficit to be realized at differing times during the con-
struction of a project. The disbursement of funds that are
typical on many projects will be discussed first.

Labor: The cost of labor on a project can be substantial.
A rough estimate puts labor at approximately one-third of
the total cost of a construction project. However, this
is largely dependent on the type of project and the amount
of work subcontracted. The timing of the disbursement
of funds for labor is largely dictated by law. Hourly
wages are paid weekly. The primary difference between
companies might be simply the day of the week on which
the wages are actually paid; otherwise, there are few
differences. The wage rates and any overtime pay should
be included in the estimate, as this information must be
known prior to submitting the bid. The timing of the
payment of these wages is of particular concern in the cash
flow analysis.

Equipment: Equipment used on a project will generally
fall into one of two categories: equipment owned by the

company versus equipment leased or rented by the company.
For cash flow analysis, the type of ownership does not sub-
stantially alter the result. It is common that lease payments
be made on a monthly basis. Rented equipment is paid for
on a monthly basis unless the equipment is rented for
shorter periods, such as by the day or by the week.

How is cash flow impacted when the equipment is
owned by the company? Obviously, a piece of equipment
that has been purchased by the company, without any
outstanding loans, does adversely impact the cash flow of a
company. However, the impact on cash flow of a company
may be different than the impact on cash flow on a project,
because the company and the project are not viewed
as being one and the same. For example, it is a common
practice among construction firms, particularly those
specializing in highway or heavy construction, to set up
a “separate company,” in an accounting sense, for the
company-owned equipment. Under this arrangement, the
equipment company is a separate “profit center” that
“rents” the company-owned equipment to the company’s
projects. In some instances, the equipment company
may even rent the equipment to other contractors. The
principle behind this type of arrangement is that the rates
charged for equipment must be realistic. By isolating the
company-owned equipment in a separate company, the
costs of owning and operating the equipment can be more
accurately defined. For cash flow purposes, payment for
renting the company-owned equipment is generally an
internal funds transfer that occurs at the end of each
month. Thus, as far as the disbursement of funds is con-
cerned, company-owned equipment is often similar to
outside-owned equipment.

Materials: The costs of materials incorporated in a
construction project, together with the labor and equipment
costs, constitute the bulk of the costs of construction. How are
payments made for materials? Materials are typically ordered
from suppliers through purchase orders or purchase agree-
ments. It is common for materials to be delivered to the
construction site before the contractor has any obligation to
pay for them. Shortly after the materials are delivered to the
site, however, the contractor is generally expected to pay for
them. The actual payment arrangements vary between suppli-
ers, and these differences should be clearly understood. For
example, the invoice for the materials received at the
beginning of the month may state “2% 10, net 30.” This means
that a 2 percent discount is given if the invoice is paid by the
10th of the month and that the payment will be delinquent if
the full amount is not paid by the 30th of the month. Some
invoices give a 1 percent discount, while others simply stipu-
late the date by which the payment must be made without any
discount provision. In most cases, materials are expected to be
paid for approximately a month from the time of delivery. The
judicious contractor must be careful to take advantage of all
discounts for early payment and to avoid any delinquent pay-
ments. Liens against a project for failure to pay for materials
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will seriously jeopardize a contractor’s reputation with owners
and suppliers.

Subcontractors: The costs of labor, equipment, and
materials constitute the bulk of what goes into most
construction projects. When a particular task requires
specialized skills, certain work items might be subcon-
tracted. There may be many other reasons for subcontract-
ing portions of a project, including an advantage realized
in cash flow. The full range of reasons for subcontracting
work will not be discussed here, but suffice it to say that it
is common to subcontract at least some of the work on
virtually every project. Subcontractors typically request
payment for services rendered on a monthly basis. It is also
typical for general contractors to include a provision in the
subcontract agreements that payments will be made to the
subcontractors only after the general contractor has
received payment for that work from the owner. This “pay
when paid” provision essentially assures the general
contractors that they will not suffer a negative cash flow on
the subcontracted work. In addition, the general contractor
will commonly withhold a portion of the payments due to
the subcontractor as retainage. The retainage amount,
stated as a percent of the amount due, is typically the same
as the retainage withheld from the general contractor by
the owner.

Other: The general contractor should have a clear
understanding of all expenditures to be incurred on a
project. This includes the timing of the payments for these
items. For example, several items—including insurance
premiums, surety fees, various permits, and mobilization—
occur early in a project. A careful analysis should be
made of all overhead items, whether project or home-
office overhead, to determine the timing of payments for
these items.

Contract Provisions That Impact Cash Flow

The contractor must recognize that the cash flow to be real-
ized on a particular project will be dictated to some extent
by the contract. This is particularly true for the timing of
the receipt of revenues, so it is important that the contract
documents be examined closely to fully understand how
the contractual provisions will impact the cash flow on a
project. Some of the items to consider on virtually every
project will be discussed.

Payment Schedule: The type of contract dictates the
general nature of payment schedule. On a unit price con-
tract, the various pay items are enumerated in the bid
itself. The list of pay items gives a clear idea of the infor-
mation needed to conduct a cash flow analysis. Of particu-
lar interest are items that are specifically included as pay
items or those that are specifically excluded from the pay
items. For example, mobilization can be a large cost item

for a contractor that occurs early in the project. An owner
may permit mobilization as a pay item simply to prevent
the contractor from incurring a large negative cash flow
early in a project. Some owners pay for mobilization with
the stipulation that an equal amount be assigned to demo-
bilization. Some owners simply do not pay for mobiliza-
tion, claiming that the value of the project itself is not
enhanced by the mere presence on the project site of
several pieces of equipment or a few temporary buildings.
Other items that are not always pay items in a contract
include formwork, scaffolding, and shoring. These items
may be essential to deliver a project, but do not, in them-
selves, impart any value to the project. For example, if
formwork is removed prior to concrete placement, no
value is added to the project. The contractor will, of
course, have to pay for these items. In order to be reim-
bursed for them, the contractor must simply allocate these
costs to the other pay items in some fashion. The distribu-
tion may be “across the board,” or the costs could be
shifted to certain pay items that might yield a more favor-
able cash flow for the contractor. This allocation of costs
must be done with care.

On lump-sum contracts, the actual payment schedule
remains unresolved until after contract award. On these
contracts, it is common for the general contractor to
submit a schedule of values or payment schedule to the
owner for approval. Usually, no payments will be
authorized until the contractor and the owner have
agreed on an acceptable payment schedule. Thus, the con-
tractor has an incentive to present a fairly realistic
payment schedule to the owner. On these payment sched-
ules, many owners permit some “front-end loading.”
Owners recognize that it is to their advantage that the
contractor stay out of financial problems. Such owners do
not object to fronting the contractor with some addi-
tional money early in the project. The risk to the owner is
a real one in the event that the contractor defaults on the
project; however, this can be minimized by prequalifying
bidders or requiring a performance bond.

Retainage: Whatever payment schedule is used on a
project, it is common in the construction industry for the
owner to withhold a stated percentage of the funds earned
by the contractor as retainage. This retainage amount may
be stated as being 5, 10, 15, or even 20 percent, although
10 percent seems to be the most common. Many public
owners withhold 10 percent but reduce the retainage with-
held from further payments to zero if the contractor makes
satisfactory progress by the time the project is 50 percent
complete. Thus, such an owner is only withholding 5 percent
by the completion of the project. Obviously, retention has
an adverse impact on the contractor’s cash flow. Assume
that a contractor estimates construction costs to be
$1,000,000 and desires a profit of 8 percent. The contractor
would then submit a bid for $1,080,000. If the retention
policy for the project is 10 percent for the project duration,
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the total amount withheld at the completion of the project
will be $108,000. Thus, at project completion, the contrac-
tor will have spent $1,000,000 while receiving payments
of only $972,000. Under such circumstances, it is clear
that the contractor will be forced to finance a portion of
the project.

Materials: For most materials, it is clear when payment
will be received from the owner. In most cases, this is not a
major concern for the contractor. The primary items that
warrant further consideration are materials not immediately
incorporated into the project. Of particular interest are
items that must be purchased early in a project but cannot
be installed until a later date. Long-lead-time items may be
delivered early or scarce materials may be purchased early to
ensure that they will be available when needed. The contract
should be examined to determine if payments will be made
for materials that are properly stored on site (or elsewhere)
or if payment will be made only upon installation. Some
owners allow payment for materials not installed if the
materials are unique and not of a stock nature. Where such
payments are permitted, the contractor has fewer worries
about the consequences of the early procurement of certain
materials. Of course, the storage of some materials may use
up valuable space and require regular monitoring. These
factors must be taken into consideration.

Mobilization: Mobilization can be a large cost item, and
the contract wording for the payment of mobilization
should be closely examined. (See the section on payment
schedule for a fuller discussion of mobilization.)

Monthly Payments: It is common for payments to be
made to the contractor on a monthly basis. The contract may
state that the contractor is to make the request for payment by
the 30th of each month and that payment will be made to the
contractor by the 10th of the following month. The impact on
cash flow is more severe if the contractor is not paid until the
20th of the following month. These terms should be carefully
examined and appropriately reflected in the bid.

Final Payment: The final payment is essentially the
release of the retainage being withheld by the owner.
The time in which these funds will be released should also be
included in the contract. It is common for final payment to
be made from 1 to 3 months after substantial completion. It
should be recognized that the final payment is generally
not made until after the punch list items have all been
completed. In some instances, the owner may release some
of the retainage amount and withhold only a sufficient
amount to cover the items still included in the punch list.

Owner Policies and Practices That Impact
Cash Flow

The contract provisions dictate the responsibilities of
those parties entering into an agreement. Despite these

provisions, the actual performance on a contract might be
considerably different. The contract merely stipulates the
limits within which the parties must act. Without prior
experience with or “inside” information about a specific
owner, the contractor may simply assume that the owner
will act strictly within the limits of the contract. Such a
contractor may bid a project differently than a contractor
who knows about an owner’s standard operating proce-
dures. For example, the contract may give the owner
tremendous latitude, to the contractor’s detriment, but
experience might show that the owner’s on-site practices are
not as severe as permitted in the contract.

Only experience or trade talk can help a contractor
gain insights about an owner’s on-site practices. For exam-
ple, the contract may provide for the release of all retainage
only after all punch list items have been completed. An
owner may, however, elect to return most of the retainage
at substantial completion and withhold only an amount
to “cover” the anticipated costs of completing the punch
list items.

The contract may permit the owner to withhold
10 percent of all contractor payments for the entire project
but permit withholding to drop to zero on those payments
made after the project is 50 percent complete. This reduction
in retainage is permitted only if satisfactory progress is
being made at the time the project is half completed. If it
is well known to the contractor that the owner rarely
reduces the retainage at the 50 percent point in a project, a
higher bid will be justified.

Whenever the discretion of the owner is part of the
contract provisions, the contractor should obtain informa-
tion on how the owner generally acts, possibly at a prebid
conference. Obviously, the owner’s actions either can be
adverse to a contractor or they might be in the contractor’s
favor. In addition to the retainage practices mentioned
earlier, owner discretion is involved in the payment for
materials delivered but not installed in the project, the
approval of monthly and final payments, and the timing of
monthly and final payments.

The Cash Flow Analysis

Cash flow analysis consists of a detailed examination of the
disbursement of funds and the receipt of revenues. There
are two major reasons for conducting a cash flow analysis.
First, cash flow reveals if surplus funds are available during
a project or if a negative cash position will occur during
construction. The second purpose, related to the first, is to
help establish the appropriate markup to apply on a bid.
The cash position of a contractor during a project,
whether positive or negative, is of vital importance to the con-
tractor. A negative cash position means that the revenues
obtained on a project were insufficient to meet the financial
obligations of the project. Thus, other funds within the
company must be used or money must be obtained from an
outside source. If the outside funds are to be obtained from
a bank, it is important for the contractor to anticipate the need
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FIGURE 7.1 Example of the “Lazy S” Cash Flow Curve for Expenses.

for such funds. A banker will not be favorably impressed with a
contractor who did not anticipate the need for funds but
suddenly needs them to satisfy an immediate indebtedness.

If the cash position is positive, the contractor may wish to
invest the surplus funds for a short duration. These funds may
be invested in a money market account, treasury notes, or
certificates of deposit. The actual decision of where the funds
will be deposited depends on the amount of funds available
and the duration for which the surplus funds can be invested.

The flow of funds—whether revenues or disbursements—is
generally plotted against project time. The abscissa is shown as

the project duration, and the ordinate is the cumulative funds
flow (see Figure 7.1). This information is generally in the form
of a“lazy S” Although most curves take on a lazy S appearance,
the relationship of the disbursements to the receipts dictates
whether the cash position is positive or negative.

The Sports Facility Project

The costs associated with the activities for the sports facil-
ity project described in Chapters 1, 3, and 6 are shown in
Table 7.1. If the costs represent an accurate portrayal of

Table 7.1 Costs of the Activities for the Sports Facility Project

Activity Dur Predecessors Cost R
Mobilize 2 = $7,880
Stock materials 4 Mobilize $29,200
Clearing and grubbing 6 Mobilize $12,320
Grading for road 7  Mobilize $12,580
Finish grade 5 Stock materials and clearing and grubbing $17,400
Prefab bleachers 16 Stock materials $35,280
Landscape 12 Stock materials, clearing and grubbing $55,280
Pave roadway 8 Grading for road $44,400
Place tennis court 10  Finish grade $48,800
Erect/paint bleachers 7 Prefab bleachers and clearing and grubbing $36,160
Curbing 5 Landscape and pave roadway $15,000
Final inspection/cleanup 3 Place tennis court, erect/paint bleachers, and curbing ~ $8,320




114 CHAPTER SEVEN

8 Microsalt Project - Spoets facility projectmpp almi=
U pe [t Vew [set Fgmst Inck Pojec Eepot Colborste  Window el Adoge FOF Typeagueitionferhels = @ X
BECTEEEAPET TIERCET SEX X N=SEY Y AN R RIS S | s S -1R S B

T e TSI ALY |

0,000,060 -

WORKER
e 34,0000 «

100000 -

Coat Frapermes]

. 2l

s ot R P T s —

ooty |

FIGURE 7.2 A Computer-Generated Cash Flow of the Sports Facility Project.
(Microsoft Office Project®) (Used with permission from Microsoft)

the actual costs to be incurred, the information can be
very valuable. For the contractor, the costs would be based
on the estimated costs, while for the owner, the costs
would be based on the schedule of values or the payment
schedule.

The cash flow analysis of the sports facility project is
shown in Figure 7.2. Some programs generate a cumulative
lazy S curve that overlays on the cash flow chart. If the
activities were to be subdivided into smaller units of time,
the cash flow would probably bear a closer appearance to
the traditional lazy S curve. Note that the weekends are
nonworking days in this schedule and do not impact the
cash flow.

The Present Worth of Cash Flow

Although contractors tend to be most sensitive to their
actual cash position throughout the life of a project, of
equal importance is the consideration of the time value of
money. Typically, the simplest analysis is to convert the
value of all funds to an equivalent present worth amount at
the time of bid submittal or contract award. This can be
done by taking the present worth of the difference
between the anticipated funds receipts and the anticipated
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disbursements. This analysis can be performed effectively if
the flow of funds is accurately predicted and if an appro-
priate interest is utilized.

The example that follows presents the cash flow of a
simple project. For this project, the total expenditures
amount to $1,500,000 and the receipts are $1,700,000, for a
total profit of $200,000. However, the present worth of this
profit is not $200,000, and the present worth will
vary depending on specific conditions. In the example,
all expenditures are simplified as being subcontractor
payments. The retainage is 10 percent, the final payment is
made 2 months after substantial completion, the owner
makes periodic payments on the 15th of the month, the
subcontractors will be paid on the 25th of the month, and
the project duration is 180 days. If the interest rate is 0 percent,
the present worth will be $200,000. Other present worth
calculations are shown in Table 7.2.

The analysis could be carried on further to include the
influence of varying the times when the monthly payments
are received. Where major portions of the work are subcon-
tracted, it is common for a general contractor’s profit
margin to be about 2 or 3 percent. With this in mind, it is
obvious that the cash flow analysis can have a significant
impact on the decisions of a company.
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Table 7.2 Various Cash Flow Analyses of a Project

( )
Subs Are Paid on the 25th of the Month
Interest Rate (%) Retainage (%) Present Worth
0 10 $200,000
6 10 $192,520
6 0 $197,070
12 10 $185,420
12 0 $194,180
14 10 $183,150
14 0 $193,240
Subs Are Paid on the 20th of the Month
Interest Rate (%) Retainage (%) Present Worth
0 10 $200,000
6 10 $191,520
6 0 $196,070
12 10 $184,470
12 0 $192,230
14 10 $180,900
14 0 $190,990

If the Last Payment Is Received 15 Days After Substantial Completion,

Subs Are Paid on the 20th of the Month

Interest Rate (%) Retainage (%) PresentWorth
0 10 $200,000
6 10 $192,640
6 0 $196,070
12 10 $185,590
12 0 $192,230
14 10 $183,330
14 0 $190,990

If the Last Payment Is Received 75 Days After Substantial Completion,

Subs Are Paid on the 20th of the Month

Interest Rate (%) Retainage (%) Present Worth
0 10 $200,000
6 10 $190,420
6 0 $196,070
12 10 $181,380
12 0 $192,230
14 10 $178,500
14 0 $190,990

The Value of Gash Flow Analysis

The primary purposes for conducting cash flow analyses
have been discussed. Other parties will also have an inter-
est in such analyses. These include the bankers,
sureties, insurance carriers, equipment dealers, credit-
reporting agencies, clients (owners), stockholders, and
business partners. The extent of detail required varies for
different parties as different purposes are being served.
Nonetheless, a carefully prepared cash flow analysis
will help the overall operations of a construction firm.
Figure 7.3 shows the cost breakdown that one developer

used to characterize the cost distribution through the life
of one particular type of project, namely, the construction
of an apartment building. Figure 7.3 shows how expendi-
tures might occur over the life of a construction project.
Figure 7.4 is essentially the same cash flow diagram with
the revenues or reimbursements shown in addition to the
disbursements. This type of analysis quickly shows when a
“short fall” will occur in the cash flow (money needs to be
borrowed) and when a surplus of cash might occur
(investment opportunity).



Apartment Building Cost Breakdown

Percent of Cumulative
Work Item Description Total Amount

Slab (forms, rebar, concrete) 8 8

Plumbing (site and slab) 3 11

1st floor framing (through joists) 10 21

Deck 1st floor 2 23
2nd floor framing (through joists) 10 33
Deck 2nd floor 2 35
3rd floor framing (through joists) 11 46
Roof deck 2 48
Rough plumbing complete (through roof) 4 52
Roofing 3 55
HVAC rough in 4 59
Electrical rough in 4 63
Drywall, tape and float 5 68
Painting 4 72
Cabinets 4 76
Trim carpentry 3 79
Masonry complete 2 81

HVAC final 4 85
Plumbing final 3 88
Electrical final 4 92
Appliances 3 95
Carpet, vinyl flooring, ceramic tile 4 99
Final clean-up 1 100

FIGURE 7.3 Sample Cost Breakdown for an Apartment Building Project.

~
4
Release of retainage  ’

Cash expenditures\

Revenues

\_

Cumulative —
sum of —
disbursements .
and revenues Amount of .. [ |
negative

cash flow _—

Project duration (months)
FIGURE 7.4 Example of the “Lazy S” Cash Flow Curve for Revenues and Expenses.
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TIME-COST TRADE-OFFS

There is a saying that the whole is often greater than the sum of
its parts. In some respects, this is applicable to projects initially
scheduled using a CPM-based approach, but in a manner that
is quite different than the saying normally implies. The follow-
ing discussion shows how it is possible that the originally esti-
mated project duration is not necessarily the least time
solution nor the least cost schedule for the project, in spite of
the fact that each activity within the project was originally
planned to be done in the most efficient (e.g., least cost) man-
ner. The discussion will also provide the foundation for future
contractor decisions related to determining whether it is eco-
nomically advantageous to accelerate a project to make up for
lost time. Fundamental to the discussion is the need to recog-
nize that there are several different elements of project costs.

Direct Costs

These are the costs readily identified as being related to
putting the facility components in place. They represent the
costs of the resources used by activities, such as the materials
installed, workers and equipment used, and subcontractors.
The costs of materials and the subcontracted work tend to be
relatively fixed or not subject to considerable variance. The
biggest variable concerns the costs associated with labor and
equipment. If the productivity estimates are overestimated,
these costs will overrun. Overestimates on the productivity
will result in a longer duration to complete the project. If the
productivity is underestimated, the costs will be below budget
for that work item, and the time to complete the activity will
also be reduced.

Indirect Job Costs (Job Overhead)

Indirect costs are those that are not specifically identified as
being associated with a particular work item. These costs are
generally incurred whether or not productive work is actu-
ally accomplished. Every project requires certain costs to be
incurred as long as the project is under way. These are specif-
ically related to one job, such as a site superintendent, job
shack, or security fencing. They are generally not related to
any particular activity in the project. Since these costs are
incurred regardless of the amount of work put in place,
longer project durations will result in higher indirect costs.

Overhead (Company Overhead)

This is the element of cost that covers the company-specific
costs of running the business, such as those for corporate
office personnel, office services and supplies, and adminis-
tration. These costs continue even if only one job is being
conducted by the company.

Profit

As with overhead, profit is company specific and represents
the excess monies earned by a firm over its total costs. As it

provides investors with a return on their investment in the
company, it is necessary to consider profit as a “cost” of a
project. It is not specific to any project or activity, however,
as investors are normally concerned only with overall com-
pany performance.

It is necessary to look at a combination of project costs to
determine the overall cost of a project. By examining further
the relationship between time (e.g., project and activity dura-
tions) and costs, it can be determined how decisions about one
of these considerations relate to the other. Following is the
development of the logic behind time—cost trade-offs and how
an analysis can be performed using a CPM network.

Assumption: [Increasing or decreasing an activity’s duration
will lead to increased direct costs for that activity. This impact is
shown in Figure 7.5. Note that as the duration for the project
is reduced, the incremental cost of further reductions
becomes quite high. Ultimately, a point is reached at which the
project cannot be realistically reduced any further even with
the infusion of additional resources. As the duration increases,
the incremental costs increase but at a rate that is lower than
the daily rate to reduce the duration below the optimum cost
duration. The added costs associated with increasing the pro-
ject duration consist of the direct costs (loss of worker morale,
reduced productivity, material spoilage, etc.), indirect costs
(managerial salaries, job site utilities, liquidated damages,
etc.), and market losses (lost revenues when the facility is not
put into use, other similar facilities completed ahead of the
project in question, etc.). As the duration is extended further,
a point will ultimately be reached where the owner will prob-
ably terminate the contract.

As discussed earlier, the duration of an activity is deter-
mined by selecting both a method for carrying it out and the
amount of resources to apply to it. Presumably, the selected
resource application rate (e.g., crew size) provides for carry-
ing out the activity as efficiently as possible (meaning “as
inexpensively as possible”). This can be considered to be the
normal manner of accomplishing the task, as only unusual
circumstances would cause the contractor to select other
than the lowest-cost method of accomplishing the task.

Note that the duration of the activity is derived from
decisions made based on the cost of the activity. Thus, it is
possible that the activity could be done in less or more time.
However, given the above assumptions, if the duration is
either increased or decreased, the cost of the activity will
always increase.

When discussing resources, an assumption is made that
the relationship between daily resource utilization rates and
an activity’s duration is linear. Thus, an activity requiring a
20-day duration with a crew of four could be done in 16 days
using a five-person crew. In both cases, the total amount of
resource required is 80 person-days. If true, then the cost for
the activity will be the same regardless of duration, as long as
no differential is paid to a smaller crew and no overtime is
worked. This unrealistically assumes that productivity per
worker is not impacted by changes in the crew size.
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Optimum project cost

Project cost ~o
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FIGURE 7.5 General Relationship of Project Cost to Project Duration.

In discussing costs, the relationship between resource
rates and durations is recognized as unlikely to be linear.
Instead, it is realized that a variety of inefficiencies develop
as greater or fewer resources than “optimal” are applied. The
inefficiencies result from congestion, unbalanced work-
item-per-person relationships, added personnel idle time,
loss of learning curve productivity benefits, or additional
supervisory demands. Thus, some level of additional cost
will be necessary to alter an activity’s duration.

A major issue in dealing with the trade-offs between
time and cost is determining exactly how much additional
money is necessary to decrease an activity’s duration. The
specific problem is to determine the cost required to shorten
an activity’s duration by 1 day. This cost per day then repre-
sents the slope of a curve that plots the cost of an activity
against the duration of the activity.

The shape of the time—cost relationship for activities
varies depending on the nature of the means required to
make the time reductions. The straight-line relationship
between activity duration and cost will be assumed when
project compression occurs. Many shapes may actually be
applicable, including those shown in Figure 7.6.

In its simplest form, a time—cost curve is a straight line.
This indicates that each additional day when an activity is
shortened costs the same additional amount as the preceding
day. This can be seen as unrealistic when one recognizes that
there must be some minimum duration for an activity when

no further reductions can be made, regardless of the amount
of resources (costs) that are applied. With this in mind, it is
intuitive to expect that as this limit is reached, the incremen-
tal cost of reducing an activity by one unit of duration
becomes greater than was previously the case. Consequently,
activity time—cost curves tend to be of hyperbolic shape
rather than straight lines between the normal duration—
minimum cost point and the minimum duration—maximum
cost point.

Assumption: Decreasing a project’s duration will lead to
lower indirect costs. Indirect costs are those incurred because a
project is being undertaken. Some indirect costs are fixed, but
most are variable. As long as the project is underway, these
variable costs will be incurred; once the project ends, these
costs should be eliminated. Thus, it can be assumed that
the variable components of indirect costs for a project are the
same for each day of the project. If a project’s duration is
plotted against its variable indirect cost, the curve will be a
straight line with a positive slope. Consequently, if the project
is finished 1 day sooner, the indirect costs will be reduced by
one unit of the slope of the line.

Assumption: A project’s duration can be decreased by
decreasing the duration of one or more activities on the critical
path(s). This observation is derived directly from the CPM
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FIGURE 7.6 Sample of Time—Cost Relationships for Different Activities.

and establishes the direct relationship between decreasing
one or more critical activity durations in order to decrease
the duration of the project.

Assumption: Decreasing a project’s duration may increase or
decrease the total cost of a project depending on whether the addi-
tional direct costs required to decrease activity durations are
greater than or less than the indirect cost savings of decreasing the
project’s duration. A project’s total cost combines both direct
and indirect costs. Thus, a graph of total cost versus duration
involves adding the cost amounts contained in the direct and
indirect cost curves. Remember that direct cost curves have a
negative slope (costs increase as duration decreases) and indi-
rect costs have a positive slope (costs decrease as duration
decreases). The total cost curve’s slope at any point therefore
depends on whether the slope (incremental cost) of the direct
cost curve is less than that of the indirect cost curve.

This relationship suggests that in performing a time—cost
trade-off analysis, it is necessary to determine the cost of
decreasing the critical path by 1 day. Of course, the costs will
vary depending on which activity’s duration is decreased.
Naturally, the critical activity with the least direct cost slope
(lowest additional cost per day of shortening) will be selected
first to minimize the cost of shortening the project.

As the critical path of a network is decreased, it must be
remembered that all noncritical paths within the network lose
a like amount of total float. Thus, the extent to which an activ-
ity can be shortened and still obtain a shortening of the
project is limited by the minimum amount of float that exists
in any parallel chain of activities. As the duration of the

project is reduced, the number of critical paths through the
network increases. To reduce a project’s duration, it is neces-
sary to reduce the duration of all critical paths, and it can
quickly become very expensive to shorten a project, as greater
numbers of activities must be simultaneously shortened.

Four Different Solutions for Each Network

Whenever a construction project is undertaken, the client or
owner will have certain objectives that are to be satisfied.
Some will want to have the project completed in the shortest
amount of time, some will want to have the project com-
pleted at the lowest cost, and other clients may have other
project goals. Project scheduling can help meet the stated
objectives. The schedule can be viewed in several different
ways to determine the optimal way to satisty the client. Some
of these basic approaches will be described.

All Normal: The original network and activity durations
result in what is termed the “all normal” solution because it
is based on each activity being performed in its “normal,”
least cost manner. As noted, however, this is not necessarily
the least cost or least time solution to scheduling a project.

Least Cost: Considering both direct and indirect costs, it
may be possible to find a project duration that minimizes
these total costs by paying more to decrease one or more
critical activities, thereby recouping greater savings in indirect
costs. This least cost solution will be shorter than the all-
normal solution.
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Activity B H
ES | Dur 2 7 9 16 7
EF 9 12 23
A J L
1 1 2 6 9 16 5 23 5
2 8 16 21 28
D K
2 3 5 16 3
5 13 19

FIGURE 7.7 Example of Project for Time Compression.

Least Time: Normally, a project can continue to be
shortened beyond its least cost point. However, this addi-
tional shortening increases the total cost of the project.
Eventually, the least time solution is reached, which is the
absolute minimum duration within which the project can
be completed. This point is reached when no activities in
one (or more) critical path(s) through the network can be
physically shortened, no matter how many resources are
applied.

All Crash: In this solution, every individual activity has
been shortened as much as physically possible. Its dura-
tion is the same as the least time solution, but its cost is
greater. Direct costs have continued to rise as remaining
activities are taken to their minimum durations without
realizing any additional indirect cost savings due to no
further reductions in the project’s duration. A fully
crashed schedule or crash schedule is when all activities
have been reduced to their shortest duration. This is not
an efficient approach, as some noncritical activities will be
shortened without having any shortening influence on the
project duration. A more logical approach is needed that
shortens only those activities that contribute to reducing
the project duration.

Logically Reducing Project Duration

Figure 7.7 consists of a series of activities that can be reduced
in duration (below those shown) in varying amounts and for
differing costs. However, it would not be cost effective to
randomly select any activity for shortening. This should be
done in a rational manner. To begin the time—cost trade-off
in a systematic fashion, it is important to first make some
basic computations. First compute the early start and early
finish times for each of the activities.

Once the early start and early finish times are computed,
it is possible to compute the link lag values of each of the

“links” between the activities. For example, the link lag value
for the link between Activities B and E is 0. This is computed
by subtracting the early start value of the later activity (Activ-
ity E) from the early finish time of the prior activity (Activity
B). The same procedure is used to compute a value of 4 as the
link lag between Activities E and H (16-12). In Figure 7.8, the
nonzero link lag values are shown on the respective links. The
double connecting lines mean that the link lag value is 0.

From observation, it should be clear that there is at
least one path between the first activity and the last activ-
ity in the network for which all the link lag values are 0. In
this case, the activities so connected are A, B, E, H, and L.
These activities form the critical path. If the project is to
be shortened, it is imperative that the duration of one of
the activities on the critical path be shortened. Without
shortening the duration, the project can be completed in
27 days for a cost of $5,300. This is the normal duration
cost. It is assumed to be the normal cost solution for the
project. Other considerations (such as overhead, liqui-
dated damages provisions, changes, and needs of other
projects) may make it desirable to complete the project in
a shorter or longer duration. Any shortening of the project
will result in an increase of the direct cost of the project.
The specific information concerning activity costs is
shown in Figure 7.9.

Assume that the following information exists about the
various activities:

Of the critical activities (A, B, F, H, and L), Activity A
cannot be shortened. Of the remaining activities, Activity B
can be shortened at a cost of $200 per day, Activity F for
$150 per day, Activity H for $250 per day, and Activity L for
$350 per day. The logical choice for the first activity to shorten
is Activity F, which has the lowest incremental cost for making
duration reductions. Note that the cost of the cycle will be
$300 when Activity F is shortened by 2 days, but the selection
of the activity to shorten must be based solely on the mini-
mum cost per day and not the cost of the cycle (see Figure 7.10).



Denotes critical path link

Denotes zero link lag value

Denotes positive link lag value (shown)

Activity E 4 H
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FIGURE 7.8 Sample Project Showing Link Lag Values.
Normal Crash Normal Crash Days to Cost
Activity # Duration Duration Cost Cost Shorten per Day
A 1 1 $5,800 $800 0 —
B 7 4 1,000 1,600 3 $200
C 6 4 300 500 2 100
D 3 2 400 800 1 400
E 3 1 100 200 2 50
F 7 5 500 800 2 150
G 8 4 200 1,400 4 300
H 7 6 350 600 1 250
J 5 3 700 850 2 75
K 3 2 500 1,000 1 500
L 5 4 450 800 1 350
5,300
FIGURE 7.9 Duration—Cost Data for Project Activities.
Activity A B F H L
$ per day ) $200 $250 $350

cannot shorten at any cost

lowest cost activity to shorten

FIGURE 7.10 Identifying Activities to Select for First Compression Cycle.
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FIGURE 7.11 Location of the First Compression Cycle.

It is evident that Activity F can be shortened by 2 days (see
Figure 7.9), but how many days should the activity be short-
ened? The answer lies in computing the network interaction
limit (NIL).

The network can be considered as something similar to
a rigid frame. If one activity is shortened, it is possible that
other activities might be impacted. This can be determined
graphically by drawing a line vertically down through the
network. To determine the network interaction limit, a verti-
cal line will pass through the activity or activities being
shortened and through any positive link lags that may be in
the path of the line. A zero-value link line can be crossed if
its value will be increased by the activity duration being
reduced. Examine Figure 7.11. Note that if Activity F is
shortened, the link lag values of E-H and G-K will be
reduced by the same number of days.

Since the link lag value of E-H is 4, this is the number of
days that Activity F could be shortened before this link lag
value becomes 0. Similarly, the link lag value of G-K will
become 0 after Activity F has been shortened by 3 days. The
point at which one of the link lag values becomes 0 is known as
the network interaction limit. When Activity F is being short-
ened, the NIL is 3, the smaller of the link lag values of E-H and
G-K. By examining Activity F, it is observed that it can only be

shortened by 2 days. Thus, Activity F should be shortened by 2
days, which is the smallest of the link lag values, or the NIL, and
the maximum number of days that the activity can be short-
ened. This information is reflected in Figure 7.12.

Figure 7.13 has been updated to reflect the link lag val-
ues after Activity F has been shortened by 2 days. The project
duration is now 25 days, and the cost per day to shorten it by
2 days is $150 per day. The project cost at 25 days’ duration is
$5,600.

A rational approach to reducing the project duration
in a logical fashion requires some bookkeeping of what has
been done and what can be done concerning the reduction
of activity durations. For example, the link lags must be
updated as noted, and it must be noted that Activity F can-
not be shortened further (note shading of Activities A and
F in Figure 7.13). We can now consider making a further
reduction in the project duration. As no additional critical
paths were created when Activity F was shortened by
2 days, the same activities are still under consideration. As
is readily observable (Figure 7.14), Activity B should now
be shortened.

Activity B can be shortened by 3 days at a cost of $200 per
day. This is the lowest cost activity to shorten. How many days
should Activity B be shortened (see Figure 7.15)? The line

Activity Cost | Cost
to Can Be Days per for Project
Cycle # | Shorten | Shortened | Nil Shortened | Day | Cycle | Total Cost| Duration
0 27
1 F 2 3 2 $150 | $300 $5,600 25

FIGURE 7.12 Summary of the First Compression Cycle.
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Link lags after Activity F is shortened by 2 days
FIGURE 7.13 Updated Network After First Compression Cycle.

Activity A B F H L
$ per day o $200 ) $250 $350

FIGURE 7.14 Identifying Activities to Select for Second Compression Cycle.
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FIGURE 7.15 Location of the Second Compression Cycle.
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drawn through the Activity B and the nonzero link lag values
show that the NIL is 1 day. The NIL is the number of days an
activity can be shortened before some other link lag value
becomes 0. In this second step, the NIL is 1 day. Note that if
Activity B is shortened by 1 day, link lag values for C-F and G-K
become 0. Thus the NIL is 1 day. Always examine the number of
days that an activity can be shortened and the number of days
in the NIL and select the smallest of these two values.

The new project duration is 24 days, and the cost of
completion is $5,800. This last day of compression was
achieved at a cost of $200 per day (see Figure 7.16).

The new updated link lag values are shown in Figure 7.17.
Note that Activity C is now an additional critical activity, and
the link lag value of G-K is 0.

To further reduce the project duration, consideration
must be given to shortening Activities B and C (jointly),
Activity H, or Activity L. In this case, the decision is based
solely on costs. Activity H is selected for shortening. This
is more easily seen when the costs are written out in
Figure 7.18.

The NIL for shortening Activity H is 2 days (link lag
value of J-L), but Activity H can be shortened by only 1 day,
so Activity H will be shortened by 1 day (see Figure 7.19).
The project duration is now 23 days, and the cost is $6,050
(see Figure 7.20).

After Activity H is shortened by 1 day, the network link
lag values are now as shown in Figure 7.21. Note that no link
lag values became 0 after step 3.

Activity Cost | Cost
to Can Be Days per for Project
Cycle # | Shorten [ Shortened | Nil Shortened | Day | Cycle | Total Cost| Duration
0 $5,300 27
1 F 2 3 2 $150 | $300 $5,600 25
2 B 3 1 $200 | $200 $5,800 24

FIGURE 7.16 Summary After Second Compression Cycle.

Denotes critical path link

Denotes zero link lag value

Denotes positive link lag value (shown)
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After Activity B is shortened by 1 day
FIGURE 7.17 Updated Network After Second Compression Cycle.
Activity A B, C F H L
$ per day 0 $300 oo $350

FIGURE 7.18 Identifying Activities to Select for Third Compression Cycle.
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FIGURE 7.19 Location of the Third Compression Cycle.
Activity Cost | Cost
to Can Be Days per for Project
Cycle # | Shorten | Shortened | Nil Shortened | Day | Cycle | Total Cost| Duration
0 $5,300 27
1 F 2 3 2 $150 | $300 $5,600 25
2 B 3 1 1 $200 | $200 $5,800 24
3 H 1 2 1 $250 | $250 $6,050 23
FIGURE 7.20 Summary After Third Compression Cycle.
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FIGURE 7.21 Updated Network After the Third Compression Cycle.
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FIGURE 7.22 Identifying Activities to Select for Fourth Compression Cycle.
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FIGURE 7.23 The Location of Fourth Compression Cycle.

The next iteration of time compression in the network
considers Activities B and C (together) and Activity L (see
Figure 7.22). The least costly option is to shorten Activities B
and C. Note that if only B or only C were to be shortened, the
project duration would remain the same.

As shown in Figure 7.23, when Activities B and C are
jointly shortened, the section cut in the network passes
through link line K-L and link line F-K. The NIL can now
be determined. To shorten Activities B and C, the NIL is 3,
the link lag value of link line K-L. Careful study of the
network will reveal that in this compression step the link lag
value of F-K will increase as Activities B and C are short-
ened. This compression cycle will result in the link line F-K
becoming positive. By shortening the durations of Activities
B and C, the start and finish dates of Activity F will also be

shortened, but this will not shorten the start date of Activity
K. The start date of Activity K will be dictated by the finish
of Activity G. As Activity G is not altered by this compres-
sion step, the start of Activity K is similarly unaltered. A
review of the activity data shows that Activity B and Activity
C can each be shortened by only 2 days. Thus, the compres-
sion in this step will be 2 days. The project information is
now as in Figure 7.24.

The network has been updated. Note the changes in the
link lag values in Figure 7.25. The link lag value for link line
K-L was reduced by 2 days, as determined in prior steps.
Note that the link lag value of link line F-K was increased by
2 days. While this may appear odd, it simply means that
Activity F will be completed earlier than originally scheduled
but that the completion date of Activity G has not changed.

Activity Cost | Cost
to Can Be Days per for Project
Cycle # | Shorten | Shortened | Nil Shortened | Day | Cycle | Total Cost| Duration
0 $5,300 27
1 F 2 3 2 $150 | $300 $5,600 25
2 B 3 1 1 $200 | $200 $5,800 24
3 H 1 2 1 $250 | $250 $6,050 23
4 B, C 2 3 2 $300 | $600 $6,650 21

FIGURE 7.24 Summary After Fourth Compression Cycle.
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Denotes critical path link

Denotes zero link lag value

Denotes positive link lag value (shown)
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After Activities B and C are shortened by 2 days

FIGURE 7.25 Updated Network After Fourth Compression Cycle.

Thus, the start date of Activity K is not changed in this com-
pression cycle.

At this stage of the network compression, it is obvious
that Activity L is the only activity remaining that can be
shortened (see Figure 7.26). By observation, the NIL for
Activity L is infinity. A section cut through the network will
not cut through any link lines, so the NIL is limitless. The
compression is determined by the number of days that
Activity L can be shortened, namely, 1 day. Following this
step the project summary is now as in Figure 7.27.

At this point, the network cannot be compressed fur-
ther. This point is reached whenever all the activities on a
critical path can no longer be shortened. While there are
other activities that can be shortened, the project duration

Activity A B, C
$ per day oo oo

would not be altered by doing so. Figure 7.27 summarizes all
the compression information. Note especially the values in
the column entitled “Cost per Day.” Note that the values
increase consistently. This is a quick check to determine if an
obvious error might have been made. The values in this col-
umn must always increase in each successive compression
step. In some rare cases, the values could be equal, in which
case the scheduler actually may have more than one possible
activity or activities to shorten at a given cost per day. When
this occurs, the scheduler must decide which activities to
shorten first. Some sort of prioritization must occur. As a
general rule, under such circumstances higher priority
should be given to the activity that occurs earlier in the net-
work. Other factors may also be present that might establish

F H L

o

FIGURE 7.26 Identifying Activities to Select for Fifth Compression Cycle.

Activity Cost | Cost
to Can Be Days per for Project
Cycle # | Shorten | Shortened | Nil Shortened | Day | Cycle | Total Cost| Duration
0 $5,300 27
1 F 2 3 2 $150 | $300 $5,600 25
2 B 3 1 1 $200 | $200 $5,800 24
3 H 1 2 1 $250 | $250 $6,050 23
4 B,C 2 3 2 $300 | $600 $6,650 21
5 L 1 ) 1 $350 | $350 $7,000 20

FIGURE 7.27 Summary After Fifth Compression Cycle.
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Denotes critical path link

Denotes zero link lag value

Denotes positive link lag value (shown)
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FIGURE 7.28 Updated Network After Fifth and Final Compression Cycle.

a different priority. When this project has been fully com-
pressed, the link lag values would be as shown in Figure 7.28.

The steps that have been outlined for the compression
of a network can lead to a very rational approach to reducing
the duration of a project. While this approach may be
applicable in many situations, the model cannot account for
all the unique circumstances that may exist on a project. For
example, if a project were to be compressed to a duration of
5 days only, the project scheduler and others with responsi-
bility for the project will probably be reluctant to accept a
solution that calls for the reduction of activities that occur at
the end of the project. There is greater confidence if the
reduction can be made earlier in the project as it affords the
opportunity to shorten other activities if subsequent reduc-
tions become necessary.

FINAL COMMENTS

The time consumed by a project directly influences the costs
incurred on a project. The adage of “time is money” is not
only true but also applicable on construction projects. Many
aspects of the costs on a project are linked to issues also
related to time. These are established in the contract, by law,
and through industry practice. Ideally, the duration estab-
lished for a project places the costs at the lowest possible
level for that project. When this occurs, the project costs will
increase whether the duration is reduced or increased. On
some projects, it is necessary to reduce the project duration.
When this occurs, the reduction should be made systemati-
cally so that the cost increases are minimal at each progres-
sive stage of project compression.
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Review Problems

1. Determine the logical steps to reduce the following project to its shortest duration.

B E
10 9
A C F H
1|5 6 6 5
D G
8 9
Activity Time Time Cost Cost Time Cost Slope
# Normal Crash Normal Crash Difference Difference $/Day
A B 5 $100 $100
B 10 7 $500 $560
C 6 4 $300 $400
D 8 6 $400 $600
E 9 5 $200 $320
F 6 5 $100 $140
G 9 7 $320 $400
H 5) 4 $410 $500
Activity Cost | Cost
to Can Be Days per for Project
Cycle # | Shorten | Shortened | Nil Shortened | Day | Cycle | Total Cost| Duration
0 p— — p— p— — —
7
2
3
4
5
6
7
8
9
10
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2. Determine the logical steps to reduce the following project to its shortest duration.

D
6
B E H
5 8 3
A F J
13 2 5
C G
6 3
Activity Time Time Cost Cost Time Cost Slope
# Normal Crash Normal Crash Difference Difference $/Day
A 3 3 $600 $600 0 0 oo
B 5 4 $250 $340
C 6 3 $180 $840
D 6 3 $300 $450
E 8 4 $200 $340
F 2 1 $500 $560
G 3 2 $700 $740
H 3 2 $900 $1000
J 5 5) $100 $100 0 0 o
Activity Cost | Cost
to Can Be Days per for Project
Cycle # | Shorten | Shortened | Nil Shortened | Day | Cycle | Total Cost| Duration
0 p— p— pm— pm— p— =
3
2
3
4
5
6
7
8
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3. Determine the logical steps to reduce the following project to its shortest duration.

B E G J
5 - 8 4 _— 3
A C F K L
113 6 4 2
D H
4
Activity Time Time Cost Cost Time Cost Slope
# Normal Crash Normal Crash Difference | Difference $/Day
A 8 3 $100 $100 0 0 oo
B 5 3 $200 $500
C 6 4 $400 $560
D 4 3 $200 $240
E 8 2 $200 $260
F 5 2 $250 $520
G 4 2 $200 $270
H 7 5 $400 $440
J 3 3 $200 $200 0 0 oo
K 4 1 $300 $600
L 2 2 $500 $500 0 0 oo
Activity Cost | Cost
to Can Be Days per for Project
Cycle # | Shorten | Shortened | Nil Shortened | Day | Cycle | Total Cost| Duration
0 — — — — — —
7
2
3
4
5)
6
7
8




132 CHAPTER SEVEN

4. Determine the logical steps to reduce the following project to its shortest duration.

B E H
6 1 8
A F L M
1[3 | - 8 — 4 —_— 5
D G K
5 7 6
Activity Time Time Cost Cost Time Cost Slope
# Normal Crash Normal Crash Difference | Difference $/Day
A 3 1 $500 $900
B 6 3 $400 $700
C 2 1 $800 $970
D 5 3 $1000 $1240
E 1 1 $100 $100 0 0 oo
F 8 4 $300 $540
G 7 3 $1200 | $1920
H 8 B $400 $1000
J 8 2 $600 $690
K 6 2 $700 $1340
L 4 1 $600 $960
M 5 5 $600 $600 0 0 oo
Activity Cost | Cost
to Can Be Days per for Project
Cycle # | Shorten | Shortened | Nil Shortened | Day | Cycle | Total Cost| Duration
0 — = = = = p
3
2
8
4
5)
6
7
8
9
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5. Determine the logical steps to reduce the following project to its shortest duration.

D E
B 2
A F J
111 6 3
G H
3 4
Activity Time Time Cost Time Cost Slope
# Normal Crash Normal Difference | Difference $/Day
A 1 1 $1,000 0 0 oo
B 3 2 $2,000 1 5100 $100
C 6 1 $1,000 o) $450 $90
D 5) 3 51,000 2 $60 $30
E 2 1 $1,000 1 $40 $40
E 6 2 $1,000 4 $320 $80
G 3 1 $1,000 2 $150 $75
H 4 3 $1,000 1 $60 $60
J 3 2 $1,000 1 $150 $150
$10,000
Activity Cost | Cost
to Can Be Days per for Project
Cycle # | Shorten | Shortened | Nil Shortened | Day | Cycle | Total Cost| Duration
0 $10,000 18
1
2
3
4
5)
6
7
8
2
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PROJECT MONITORING
AND CONTROL

It’s important to have a schedule, but it’s more
important to use it.

roject control can be reduced to two basic compo-

nents. The first component, monitoring, consists of

a means of understanding what is happening on a
project, obtaining information about the project by some
means. The second component, control, consists of action
taken in response to the information. Thus, it is not
sufficient to simply know what is happening on a project;
knowledge carries with it the responsibility to respond to the
available information.

CONSTRUCTION TIME

Effective information retrieval requires that communica-
tions be clear. Where scheduling is concerned, it is impor-
tant for all parties to have an understanding of the
terminology used in relation to the schedule. One very
important aspect of this includes the definition of
construction time.

Construction progress is generally measured in terms of
days. It might appear to the casual observer that a day is a dis-
crete event and that there should be no confusion about its
definition. However, two general uses of the term are com-
monly encountered, namely, working days and calendar days.

When preparing the estimate, the estimator generally
thinks about the project duration in terms of working days.
Working days consist of weekdays, excluding holidays. Since
most activities occur on “working days,” it is common for
schedules that are prepared prior to contract award to
be based on working days. Such schedules are easier to
prepare than those based on calendar days. A preliminary
calendar-day schedule for which the start date has not been
established cannot accurately predict when weekends and
holidays will occur, so calendar-day durations are difficult to
estimate.

Many owners prefer to use calendar-day schedules.
A calendar day is any day of the year. The definition of a
calendar day is universal, so little confusion exists when
calendar days are used. Some activities are better measured
in calendar days, and, in fact, sometimes working days may
not be meaningful to an activity. For example, the procure-

ment of materials is best defined in terms of calendar days.
Likewise, the curing time for concrete will extend over week-
ends and holidays. It may also be simpler to establish regular
updating on the basis of calendar dates.

As can be seen, both working-day schedules and calendar-
day schedules have shortcomings. Some shortcomings are
common to both. For example, prior to establishing the start
date, the estimator cannot fix exactly the timing of specific
activities on the calendar. For example, the timing of activi-
ties may be defined in general terms, but it may not be
known whether an activity will occur in October or
November. The difference of 1 month in the scheduling of
some activities can have a significant impact on the
efficiency with which they are performed. This is especially
true in areas that have particularly cold or rainy months.

Some projects must be completed by specified dates.
These milestone dates are used on various types of projects.
For example, the construction contract for a school typically
requires the project to be completed prior to the first day of
school in the late summer. A contract for the construction
of a retail store may stipulate that the project be completed
several weeks prior to major shopping seasons, such as
before Christmas.

Regardless of the way time is measured on a project, it is
important to be able to convert a working-day schedule to a
calendar-day schedule and vice versa. Thus, the duration of a
project can be stated in terms of both calendar days and
working days. To properly convert between the two types of
durations, one must have a clear impression of the definition
of a working day. If a working day is defined as being any
day, then calendar-day and working-day schedules will be
the same. However, most working days exclude weekends
and holidays. Some may exclude only Sundays and holidays.
Some may even exclude a block of months during the win-
ter. Other variations include each weekday and any other day
that is worked being defined as a working day.

When manual calculations are made on a network, it is
simplest to use either a beginning-of-day convention or an
end-of-day convention. The preference typically depends on
whether one focuses on the start time or the finish time of a
particular activity. In most cases, it would appear prudent to
use the beginning-of-day convention because the starting
dates serve as a stronger coordination goal than the ending
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times. Ideally, the start times should be stated as being based
on the beginning-of-day convention, while the finish times
use the end-of-day convention. While one must decide on
the appropriate convention to use on manually solved net-
works, computer programs typically do not present this
dilemma. Schedulers working manually can choose either
beginning of day or end of day. Computer software will gen-
erally assign a beginning-of-day start date and an end-of-day
finish date to activities. Thus, a computer program might
show a 1-day-duration activity as starting on day 29 and
ending on day 29.

One issue not often clearly resolved concerns the defini-
tion of float. Are the total float and free float measured in
terms of working days or calendar days? It is essential that it
be defined in terms that match the time convention used in
the definition of activity durations. For example, if dura-
tions are expressed in working days, then the float should be
defined in the same manner.

EFFECTIVE SCHEDULING

The effective use of scheduling techniques requires control.
To simply plan a project is not enough; the plan or schedule
must serve as a guidance document. In order for a plan to
be an effective guidance document, the plan must incor-
porate any limitations that may arise during the construction
operations. This includes constraints imposed by limited
resources. To be an effective project control tool, it is impor-
tant that the schedule have the following attributes:

® ]t must be an accurate reflection of the way the job is
actually constructed.

® ]t must be sufficiently flexible to accommodate changes
and to also predict their impact.

® [t must allow for corrections as necessary to keep the
schedule current or up to date.

Control consists essentially of monitoring progress and
updating the schedule as needed. Instrumental to the success
of the monitoring effort is the need for clear communica-
tions. Perhaps two aspects of communication are worth
pointing out at this time. The first aspect consists of the need
to communicate relevant information about the schedule to
the field personnel. This must be directed in a form that will
be clearly understood. For example, it would be inappropri-
ate to send a craft foreman a copy of a 2,000-activity network
as the sole means of relaying information about the project
schedule. Perhaps the foreman is able to comprehend an
entire network, but a bar chart might be more meaningful as
a way to communicate general information about an entire
project schedule. For more detailed information, again, it
would not be prudent to expect a foreman to organize the
crew members by studying a 2,000-activity network. A short
interval schedule will be more effective, and less time will be
consumed in developing a plan of activities for the crew.

Second, the information obtained from the field per-
sonnel is important. An effort should be made to educate the

field personnel about how information from the field will be
used. If the field personnel recognize that the information
they generate is important and will be used, the chances are
greatly increased that the information from the project will
be reasonably accurate.

It must not be forgotten that on long-duration projects
communications should constantly be two-way in nature.
This is perhaps the major shortcoming of communications
on many projects. It is not sufficient to install a mechanism
of data retrieval and have information channeled in only one
direction. If the field personnel diligently provide informa-
tion regarding project status, but never receive any indica-
tion that the information is used or is of value, the quality of
data generated in the field will quickly deteriorate.

MONITORING PROJECT
STATUS

In order for a schedule to be an effective management tool, it
must be used. Whether or not a schedule is used, the act of
developing it will pay dividends because thought processes
have already focused on how a project is to be put together.
However, this is not making optimal use of a schedule, and
it certainly does not constitute a schedule becoming a man-
agement tool.

The first step to using a schedule is to monitor progress
in relation to the schedule. In order for the monitoring of
construction activities to be a manageable task, the sched-
uled items must be organized in a rational manner. One
common means by which projects are organized is by work
breakdown structures (WBS). This is a systematic approach
of defining the project so that each work item can be readily
identified and controlled. In a WBS, each work item has a
unique identification number that is linked directly to the
cost codes. Thus, the WBS helps to monitor progress in
terms of both time and money.

Many firms elect to develop their own unique numbering
system for their projects. The objective is the same regardless
of the actual system being used. The WBS may be set up so
that the project is divided into the different physical work
areas on the project. The system may also identify the work
activities attributed to a particular subcontractor. The work
may be described by the divisions in the technical specifica-
tions. In addition, the detail may identify the work being
performed by the crew of a particular foreman. The general
use of the WBS is to be able to highlight the work to be accom-
plished or attributed to a particular party. Thus, the masonry
subcontractor’s work can be reported in a simple report that
has been filtered to identify only the masonry work. The work
of the roofing subcontractor can be similarly reported. The
work to be performed by a particular concrete foreman’s crew
can also be isolated. The work of the area superintendent
might include the work of several crews and several subcon-
tractors, but this could also be reported. It is also possible to
report those work items that are associated with a particular
phase of construction, such as the foundation work.
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Material, Egipment, Labor
Area designation

Project identification

FIGURE 8.1 Example of a Cost Code System.

A carefully crafted numbering system that describes the
work activities on a project can be useful for isolating desired
work items. This numbering system might be quite complex.
In some cases the numbering system might consist of up to a
dozen or more characters. The numbering system may be
similar to the example in Figure 8.1.

Ten character spaces are required for this numbering
system. In the past this was essentially the only way for a
WBS to be devised. With current scheduling software, the
system need not be as complex. The WBS can be described in
simpler terms with many of the new software programs. For
example, the subcontractor or the supervisor responsible for
a work item can be directly identified, eliminating the need
to decipher complex numbers. While the traditional cost
codes may still be employed by some firms to identify tasks
to be scheduled, this is no longer a requirement for effective
project monitoring.

Monitoring consists of receiving or maintaining accu-
rate reports of the events that have taken place on the project
and the specific work items that have been accomplished.
Monitoring is essentially a means by which feedback is
obtained on the progress on the project.

Monitoring can be accomplished through direct obser-
vation. This consists of field visits made to the site to deter-
mine the actual status of a project. In very small companies,
it is common for the owner of the firm to be resident on the
project. Such an owner is not in need of any formal mecha-
nism of obtaining feedback; the owner will process ongoing
observations intuitively. Direct observations could also be
made by a project manager who may visit the site on a daily
basis. As with an owner’s visits, little formality is needed to
collect the needed information. If a scheduling network has
been developed, it is a simple matter to determine the pro-
ject’s current status. Direct observation is appropriate as the
sole monitoring mechanism where there is a short span of
control or a shallow hierarchy.

As firms get larger and projects get more complex, it
becomes necessary to formalize the method of capturing
information about construction progress. One common
method uses photography to record progress and provide
documentation of work done. Sequential pictures taken at
regular intervals (every day, every week) provide clear evi-
dence of the potential for meeting a specified completion
date. On some projects, progress photos are required by the
owner as part of the contract. Of course, photographs also
serve a number of other useful purposes, including training

of workers and documentation for claims. However, pho-
tographs do not capture or record everything. For example,
they do not accurately disclose the length of time required
to accomplish a specific activity. Time-lapse and digital
photography are useful to overcome this shortcoming. The
camera is set up to record one frame within every stated
time interval, such as 1 second, 5 minutes, or 1 hour. The
length of time required to perform each task can then be
determined with reasonable accuracy.

In many instances, the information obtained from
photography is inadequate. Some cameras will not take
pictures of or capture information on all work tasks.
Checkoff lists may then prove to be more effective. Where
checkoff lists are used, field personnel are asked to simply
indicate the status of various work items. Specifically,
the activities can be noted as “started,” “finished,” or “in
progress.” It might be overly cumbersome to field person-
nel to review a list of several hundred activities. This can be
simplified by having the field personnel review a list of
activities scheduled to take place during a specified time
interval, namely, 2 weeks or 1 month. Many computer soft-
ware packages can print out only the activities that have
been scheduled during a specified block of time. Obvi-
ously, a judgment must be made as to the appropriate block
of time. On large networks it might be best to use a small
time interval in order to limit the number of activities
being listed. An extension of a checkoff list is the use of
slightly more detailed schedule status forms. In addition to
being useful in capturing basic activity status data, they can
be used to record actual start/end dates, revised activity
durations, and “percent complete” figures (see Figure 8.2).
For these forms to be useful, it is important that they be
simple, easy to understand, and short.

Similar to the use of checkoff lists, feedback about job
progress may also be obtained directly on bar charts sent out
to the field. The bar chart would have information similar to
that on a checkoff list. The “marked up” bar chart is then
sent back to the main office, where the information is trans-
ferred to the home office chart or could even be incorpo-
rated in the computerized schedule information. The use of
bar charts can be an effective way of getting the desired
information; however, it is best when the project is not com-
plex. Bar charts may have limited value on large projects as
the activities do not entail sufficient detail to serve as a viable
management tool. The level of detail must be commensurate
with the needs of the intended user.
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Activity Scheduled Actual/Epected Status Notes
D Description Start Finish Start Finish %

FIGURE 8.2 Activity Status Report to Monitor Project Schedule Status.

If the project is fairly simple and the schedule has few
activities, the feedback information can also be obtained
directly on the network. Notes on the network will indicate
which activities have started, which ones are in progress, and
which ones have been completed. Special notes can also be
added on the network. On very complex projects with thou-
sands of activities, it would be unwieldy to ask field person-
nel to review the status of the entire project. To simplify the
task, it is best to print out a network that is broken down by
subgroups, such as designated areas on the project or speci-
fied crafts. Networks have some distinct advantages. If the
network is used to organize work tasks on the project, field
personnel will already be familiar with the network. Thus,
no orientation will be required. An additional advantage of
using the network is that field personnel are forced to focus
on how the current project status relates to the “big picture.”
Of course, networks have little value for field personnel who
are not acquainted with them and who are simply confused
by them. A management task includes the determination of
the appropriateness of using networks for obtaining feed-
back on job progress.

Some aspects of the construction project warrant par-
ticular attention in terms of monitoring, namely, long lead-
time items and safety. Although these are very important to
the success of a construction project, they might be ignored
or dismissed if one becomes overly engrossed in the busy
day-to-day operations of a construction project.

It is common to include procurement activities on pro-
ject schedules, especially where major purchases are
involved. With their inclusion, the schedule will help alert
the construction personnel of the need to issue purchase
orders or purchase agreements on these items. While this is
of valuable assistance to ensure materials, supplies, and

equipment are on order, the issue of additional monitoring
should not be ignored. If the item is readily available with no
additional unique requirements, there may be no cause for
further monitoring until shortly before the item is actually
needed on site. When a purchase involves unique items,
more intense follow-up may be warranted.

Long-lead items warrant particular attention. Examples
of these include structural bar joists, pressure pumps for
sprinkler systems, electrical panels, electrical controllers,
chillers, air handling units, metal door frames, specialty
glazed tiles, elevators, escalators, specialty casework, and
other items that are specially made for the project. While all
of these items require some degree of monitoring prior to
their actual delivery on the job site, the duration of their esti-
mated fabrication times will dictate the extent to which peri-
odic monitoring is warranted.

Because of the importance of some of the long-lead
items to the success of the project, monitoring them should
be a regular function of project management personnel. This
monitoring is done though a variety of mechanisms. Per-
haps the most basic technique is to simply place a telephone
call to a supplier or fabricator to inquire about the status of a
particular order. The reliability of the information obtained
from a production manager on prior purchases will dictate
the extent to which one can rely on the current status report
on a particular order. If there is a concern, based on experi-
ence with previous orders, or if this is a new supplier for the
firm, the monitoring information obtained in a telephone
call may not be sufficient. The information may be more
reliable if the supplier provides the detailed status informa-
tion in a letter. When the delivery of a particular item is crit-
ical to the success of a project or if the supplier’s information
is placed in doubt, a visit to the supplier’s premises may be
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justified. Such factory visits can be costly to a firm, but they
do send the message that the delivery of the item in question
is important. It can also give the necessary assurances to pro-
ject personnel that all items are on track.

Just as long-lead items are tracked by the general con-
tractor, so too might subcontractors track the requisition of
materials and equipment. To assist in the process, it is
important for the general contractor to first establish the
right to access the necessary information from each subcon-
tractor’s suppliers. Is this a justified approach? If the general
contractor’s own purchases are tracked with care, is there
any reason that less care should be exercised with the pur-
chases made by the subcontractors? Clearly, the success of
the project is the objective, and effective monitoring must
include all aspects of the project. Thus, the general contrac-
tor is well advised to include, in the subcontract agreement,
the right to be involved in monitoring purchases made by
the subcontractor. At project start the general contractor
could ask each subcontractor to provide a list of all major
pieces of equipment and materials to be provided. Schedules
can then be established to include those items to be moni-
tored. While each subcontractor should be responsible for
tracking these materials and equipment, the general contrac-
tor should have the right to verify the status of manufacture
and prospective project delivery dates, especially of the more
important materials and equipment.

When preparing the schedule, safety considerations
must also be addressed. Every activity should be considered
in terms of any related or specific safety needs. First, consid-
eration must be given to the need to acquire any safety
equipment that is required to perform the work safely. All
work activities must be planned so they can be performed
safely. Thus, each work activity must be examined in terms
of any unique requirements that exist in safety plans and
training. Examples of tasks with particular safety concerns
include trenching, setting structural steel, and conducting
any elevated work involving the need for scaffolding. Just as
the general contractor’s work must be performed safely, so
too must the work of the subcontractors. With overall con-
trol of the project operations, the general contractor must
assume an authoritative role to ensure that all tasks are per-
formed with safety in mind.

Safety is a topic that must underlie every activity that is
included in a schedule, and it is clearly not a subject to be
included only as an afterthought. If a serious injury occurs
on a project due to poor project planning, the project under-
taking is a failure.

DIFFICULTIES IN ASSESSING
PROGRESS

The need for accurate information cannot be overstated. In
addition, there must be an understanding of the need for a
certain level of detail. For example, the field reports about
project status should be provided with the same level of
detail as was used in developing the original schedule. This

means that the scheduler must use sufficient detail when
developing the schedule. If this is not done, errors or inaccu-
racies will be more common. This point can be clarified by
an example.

When resources are allocated to an activity, it is
assumed that there will be a linear or uniform consumption
of the resources over the project duration. This may result in
inaccurate information, particularly if an activity has a long
duration or if the activity is very segmented, consisting of a
composite of several activities that use different resources to
differing degrees.

Suppose an activity is entitled “Erect retaining wall.”
This activity consists of excavation work, formwork erec-
tion, steel reinforcement installation, and concrete place-
ment. For such an activity, what would “50 percent
complete” imply for resource utilization? It could mean that
half of the formwork is complete and that half of the con-
crete has been placed. However, it could also mean that all
formwork is complete, but that no concrete has been placed.

It should be obvious that the user of the information has
to exercise some judgment. Unfortunately, when several
hundred activities exist in a network, it may not be easy to
analyze each activity with this level of detail. It might be
simpler, and certainly more accurate, to break the activity into
two or three basic activities. Another example of an activity
that might require judgment is one entitled “Removal of exist-
ing bridge abutment.” In reality, such an activity might consist
of drilling, blasting, loading, and hauling. In fact, drilling may
consist of 15 days and blasting 1 day, with loading and hauling
requiring 5 days. The percent complete could relate to the per-
centage of time used or the percentage of the bridge abutment
actually removed. Again, in such a case it might be advisable
to break the work down into several activities.

The primary issue is to attempt to define activities that
have durations with approximately the same order of mag-
nitude as the monitoring period. For example, if monitoring
will be weekly, then it is helpful to have activities defined
with durations that are typically between 5 and 10 days. This
reduces the number of activities for which “percent com-
plete” figures would have to be determined as part of the
data-collection phase, compared to activities with durations
of weeks or months. When percent complete figures need to
be estimated, one could express them relatively “grossly,”
such as in terms of 20 or 25 percent ranges, without serious
problems.

UPDATING THE SCHEDULE

Careful monitoring of a project is an effective means of
giving insights to management about the need for action.
However, the schedule is an effective management tool only
as long as it bears a reasonable resemblance to the actual
project. When discrepancies are noted, adjustments must be
made to the network. This process is known as updating.

Project progress must be accurately described through
field personnel. Thus, feedback is important, and it is impor-
tant that the feedback come from competent personnel.
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Updating may be necessitated for a number of reasons.
The person who originally developed the network may have
envisioned one way of sequencing the project activities,
while the field superintendent now thinks another approach
is more expedient. In some cases the logic of the network
must be reorganized in order to accommodate new con-
straints imposed on the project, such as limited resources. In
some cases, the logic must be reorganized simply because
some of the activity durations exceeded expectations. Over-
all, updating is required whenever the schedule no longer
reflects the actual operations taking place on the project.
Updating is not needed if all duration/cost estimates are
accurate and if the sequencing of the activities is exactly as
originally scheduled.

It is important that an informed decision be made
about the need to update a schedule. Such a decision should
be made on a periodic basis, such as biweekly or monthly.
Many construction contracts, which require schedules to be
prepared, include a provision requiring that the schedule be
updated when the owner or the owner’s representative
requests it. As a rule, updating should be done when the
benefits derived from updating the schedule exceed the cost
of doing the updating.

Updating can become a normal routine using computer
project management software. Data collected in the monitor-
ing process should be used to update the computerized net-
work information. A copy of the original schedule should be
retained for comparison purposes. As time passes, the
“updated” schedule turns into an “as-built” schedule, as the
actual set of activities, their sequence, durations, and start and
finish dates are entered into the computer. As each update of
the network is performed, a copy of the file can be made and
retained as a “snapshot” of the project at that point in time.

CONTROLLING THE PROJECT

As was previously mentioned, project control consists of
two components: first, accurate information about the
schedule status of a project, and second, actions taken in
response to the status reports. The driving force for keeping
a project “on schedule” is money. Typically contracts
include liquidated damages for a project not being com-
pleted on time or bonus/penalty clauses that provide an
incentive to the contractor to complete the project as soon
as possible. These considerations are in addition to the nor-
mal cash flow implications discussed earlier and the possi-
ble opportunity costs associated with not completing the
project in a timely manner.

Schedule status information allows one to make an
assessment about whether the project is on schedule relative
to the original plan and individual activities. Remember that
the status of individual activities does not necessarily indi-
cate whether the entire project is likely to be finished on
schedule. With a critical path method (CPM) approach, the
project manager is able to determine the impact of any activ-
ity schedule deviations by evaluating the deviations relative
to available float on the activity based on its scheduled start.

As long as an activity started on or before its late start
date (and/or finished by its late finish date), the project itself
will not be delayed. If delay of the activity from its scheduled
start is less than the available free float, then the project
manager need not be concerned, as absolutely no other
activity start dates will have been affected. Subsequent activ-
ities will need rescheduling, however, if an activity falls
behind its scheduled time by more than its free float. The
implications of such “delays” are primarily related to changes
in when resources (subs, materials, equipment, and labor)
need to be available (and used) for these “delayed” activities.
Project duration will not be impacted, and thus no penalties,
damages, or additional costs will be levied. Particular atten-
tion should be paid to any delays that were equal to the avail-
able total float, as all activities subsequent to such an activity
will be forced to their late dates and thereby must be consid-
ered critical in all future analyses.

Activities started after their late start (or finished after
late finish) will cause a delay in the project. In these cases, all
available float will have been used and additional delay
encountered. The start date of all subsequent activities must
be adjusted, and they will become critical. All subsequent
analyses must recognize that a different set of activities may
have become critical than was previously the case. Only the
shortening of the duration of one or more subsequent activ-
ities on the critical path will permit the contractor to recover
from the project’s delay.

Contractors must determine whether it is to their
benefit to recover from delays. There are two primary con-
siderations to take into account:

1. Who is responsible for the delay?
2. Is it economically advantageous to recover lost days?

The issue of delay responsibility is related to whether the
contractor is awarded, or is liable for, costs and additional
time to complete the project. The categories of responsibili-
ties are as follows:

® Owner (or agent) responsible: Contractor will be
granted time extension and additional costs (indirect),
where warranted.

® Contractor (or subcontractor) responsible: Contractor
will not be granted time or costs and may have to pay
damages/penalties.

® Neither party (e.g., act of God) responsible: Contractor
will receive additional time to complete the project, but
no costs will be granted and no damages/penalties
assessed.

® Both parties responsible: Contractor will receive
additional time to complete the project, but no costs
will be granted and no damages/penalties assessed.

Unless the contractor is responsible for the delay, he or
she will be granted additional time to complete the project as
long as the delay has impacted an activity on the critical path
or delayed a noncritical activity by an amount greater than
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its total float. This means that “delays” caused by weather,
stop-work orders, and change orders will lead to a longer
project without penalty or damage to the contractor. In such
cases the only real incentives for a contractor to take action
to recover these days are if the contract includes bonuses for
completing ahead of schedule, or if opportunity costs will be
incurred because the project will take longer than originally
expected.

In cases where an owner is responsible for a delay, con-
tractors receive not only more time, but also additional
money. Owners generally compensate contractors for
direct costs incurred as a result of any additional work
required and also indirect costs associated with any exten-
sion in the project duration caused by the delay. Con-
versely, contractors may be assessed damages or penalties
for delays that they cause. Damages may be “liquidated
damages,” standard per-day charges established as esti-
mated damages incurred by the owner for not completing
the project on time, or they may be “actual damages” that
are specifically calculated for this individual project. Actual
damages are based on an assessment of the real cost to the
owner, such as lost rent or other income, or, in the case of a
public agency, costs incurred by the public, such as addi-
tional travel time and operating expenses if a highway is
not open as expected.

The CPM-based procedure used to assess the cost/bene-
fit of attempting to recover from a delay is essentially the
same as that explored in the discussion of time—cost trade-
offs earlier. Using a current network schedule, it would be
necessary to identify the critical activities and determine the
additional costs of shortening the durations of one or more
of them. These additional direct costs need to be considered
relative to the cost savings of bringing the project back “on
schedule.” The cost savings must take into account indirect
costs, damages/penalties, bonuses, and opportunity costs.
Where damages and other costs are not substantial, it may
not be economically advantageous for a contractor to
recover from a delay even if the contractor is responsible for
it. On the other hand, a contractor may determine that it is
to his or her advantage to recover from delays, even if the
contractor is not responsible for them!

Special note should be made of how the impacts of
change orders (both time and cost) are evaluated using a
CPM network. First, the specific point at which the change
order will impact the existing network must be identified.
It is here that the set of activities associated with the change
order will be tied into the network. Next, the contractor has
the right to identify all of the activities that are required to
implement the change (e.g., change proposal, additional
mobilization, and materials procurement) as well as the
activities associated directly with the changed work itself.
All of these activities represent a subnetwork, or “fragnet”
(network fragment), that must then be added onto the
existing network. The dates of the initial change order
request and the Notice to Proceed are used with this sub-
network in determining the overall impact of the change
order on the project. Assessing project completion dates

before and after, including the change order subnetwork,
establishes the number of additional project days to grant
because of the change. This also gives a basis for requesting
additional indirect costs as well as any other direct
costs associated with preparing and implementing the
change order.

The Sports Facility Project

The sports facility project described in prior chapters will be
reexamined. The bar chart for the sports facility is shown in
Chapter 1, and the precedence diagram for this project is
shown in Chapter 3. These are representations of the “as
planned” schedule for the project. On working day 15 (at
the end of 3 weeks) of the project, it was determined that
significant changes had occurred in the schedule and
that an update of the schedule was warranted. The following
information was provided for the updating:

Mobilization activity went as scheduled.
Stock materials activity went as scheduled.

® (learing and grubbing finished 2 days late, that is,
duration increased by 2 days.

® Grading the road finished 2 days late, that is, duration
increased by 2 days.

® Finish grade started on day 14, with the duration
expected to remain the same.

® DPrefab bleachers started on time, duration changed to
14 days (reduced by 2 days).

® Landscape started on time, duration changed to 9 days
(reduced by 3 days).

® Pave roadway started on day 14, with the duration
expected to remain the same.

With the schedule updated, the project duration is now
shown to be 31 days (see Figure 8.3). Note also that the criti-
cal path has changed. At this point the project manager
should evaluate the schedule and decide whether any
changes are warranted. Perhaps the logic could be altered to
finish even earlier than planned. Of course, the resource uti-
lization should also be taken into consideration, which
might justify schedule changes that might actually increase
the project duration.

Recovery Schedules

The primary reason to prepare a project schedule is to
ensure that all parties to the project understand when they
are expected to perform their tasks on a particular project.
The updating that has been discussed is to make minor cor-
rections to the schedule durations so that the anticipated
dates continue to have meaning. The updating process is pri-
marily focused on recording actual past information so that
the schedule stays up-to-date. Thus, the updating process
primarily involves the recording of actual start dates and
finish dates for completed activities, and any changes from
the prior schedule will result in some adjustments being
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FIGURE 8.3 Computer-Updated Bar Chart for the Construction of the Sports

Facility Project.

(Microsoft Office Project®) (Used with permission from Microsoft)

automatically made in the start times of future activities.
When these changes to the future activities alter the comple-
tion date to an unacceptable time, additional changes to the
schedule will need to be made. This is when a recovery
schedule must be prepared.

What is a recovery schedule? A recovery schedule is one
that is developed subsequent to an update on the schedule,
with the purpose of recovering lost time in a project sched-
ule while minimizing the cost of the project. The recovery
schedule begins with an updated schedule that is modified to
help achieve a particular objective. For example, the sched-
ule updated at the end of April may show that the project
(that should be completed on August 1) will actually be
completed on August 15. This will generally be unacceptable,
especially if liquidated damages are assessed for every day
that the project completion extends beyond August 1. To
alter the scheduled completion date or to recover the lost
time, a number of possible actions may take place to shorten
the project duration. This new schedule with the revised
completion date of August 1 (or earlier) is the recovery
schedule. Once it has been developed, the recovery schedule
will become the revised baseline schedule.

What is the difference between a recovery schedule and
an updated schedule? The updated schedule reflects the real-
ity of the current status of the project, with no changes being
made to the logic or durations pertaining to the activities
that are yet to be completed. The recovery schedule is differ-
ent from an updated schedule in that it reflects changes in

the uncompleted portion of the schedule. These changes
may consist of such modifications as logic changes between
activities, activity duration changes, and other modifications
in order to deliver the project in a shorter period of time. For
example, activities that were previously scheduled as being
scheduled in sequence might be planned as concurrent
activities. Durations might also be shortened by increasing
the workforce or by working overtime. Trades might also be
stacked in order to shorten the completion time. These are
all factors that may reduce or shorten the project duration.
These steps are implemented at a cost, and this cost must
be a serious consideration when recovery schedules are
prepared.

When is a recovery schedule needed? A recovery sched-
ule may need to be prepared when the scheduled completion
date (based on the updated schedule) is extended beyond the
planned project completion date. A recovery schedule might
also be warranted when certain activities with positive float
quickly lose a large portion of the float so that the activities
might become critical or generate multiple critical paths.
The owner of the project might also direct an acceleration to
deliver the project at an earlier date. This acceleration must
be accompanied by compensation for the added costs to
deliver the project at the earlier date. The extent of the delay
warranting a recovery schedule will be based on information
such as the amount of liquidated damages for late comple-
tion, location of the project, the specific use of the facility,
and the specific needs of the facility owner.
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Who initiates the recovery schedule? Normally the con-
tractor who controls the schedule will make a determination
about the need for a recovery schedule. The owner could also
request a recovery schedule to have the contractor demon-
strate how a completion date will be met. The source of the
motivation for the preparation of a recovery schedule can
have serious legal implications. Typically, a recovery sched-
ule is prepared when a project is behind schedule. If the
project is behind schedule because of factors under the
control of the contractor, the contractor would generally ini-
tiate the preparation of the recovery schedule. If the owner
mandates that a recovery schedule be devised, there may be
legal implications that could be costly for the owner. For
example, if the project schedule status is due to actions
under the control of the owner, a mandate by the owner to
prepare a recovery schedule might logically be construed as
constructive acceleration. This would have similar implica-
tions as if the owner required the contractor to complete the
project earlier than originally scheduled. Under constructive
acceleration, the owner would be responsible for the added
costs incurred to achieve the modified completion date.

It should be noted that on some projects, the contract
documents may require the contractor to perform a time
impact analysis when an update schedule indicates a slip-
page of the project completion date or any interim milestone
dates. The purpose of this analysis is to demonstrate the
cause and responsibility for this slippage. Should the analysis
demonstrate that the slippage is due to owner-caused
actions or inactions, the cost of schedule recovery falls on
the owner. In this case, the contractor could take action to
accurately determine the cost of schedule recovery and
request that the owner issue a change order or directive call-
ing for the acceleration. If the contractor generates the
recovery schedule without advising the owner of the cost
and the need for a change order, this might constitute a
waiver of the contractor’s right to seek a time extension and
delay and/or acceleration-related costs.

A contractor is not compelled to prepare a recovery
schedule unless directed by the owner. At the same time, the
contractor under common law principles has a duty to miti-
gate delays to the schedule even if other parties are responsi-
ble for the event causing the delays. A recovery schedule
must be approached and prepared with caution, with an eye
toward the cost and legal implications.

AS-BUILT SCHEDULES

As-built schedules are similar to as-built drawings. Whereas
as-built drawings are corrections made on the original set of
construction drawings to reflect the actual locations of all
construction features, as-built schedules reflect the actual
occurrence times for all major project activities. As-built
schedules are not commonly prepared on most projects.
Note that an updated schedule merely shows the correct sta-
tus of the project activities beginning at a designated point
in time. In the updated schedules, the actual occurrence time

of past activities is not of primary interest. It is only when
the true representation of the entire project schedule is
needed that an as-built schedule is warranted. Since these
take time to prepare, a decision must be made if the effort is
justified.

What is the purpose of as-built schedules? The most
widely recognized use is in the area of claims, especially
delay claims. From a contractor’s point of view, an as-built
schedule might be prepared to demonstrate how a particular
owner-caused delay or unforeseen condition resulted in a
significant project delay. This will often be difficult to show
without an as-built schedule. To make the impact of a delay
clear, comparisons must be made against other schedules of
the project, namely, those that were prepared without the
anticipation of a delay.

Of course, to show the impact of a specific delay, the
as-built schedule may be prepared for only that portion of
the schedule that was altered by a particular event. It is often
easier to make a more compelling case if an as-built schedule
is prepared for an entire project. For example, the as-built
schedule and the original schedule may be very similar
in the beginning of the project. If the variation between the
as-built and original schedules becomes most noticeable
after a specific event or delay took place, it is much easier to
demonstrate the magnitude of the impact of the event on
the entire schedule.

From the owner’s point of view, the use of an as-built
schedule covering the entire duration of a project may show
that variations from the original schedule were significant,
even when no intervening events took place. If this is the
case, the as-built schedule might be successful in showing
that the original schedule exhibited limited credibility.

If a claim is being made that one party significantly
impacted a schedule, the deciding individual or individuals
might want to examine an as-built schedule. The as-built
schedule might be requested by an arbitrator, an arbitration
panel, a disputes review board, or any third party that is
asked to render a decision on the merits of a claim related to
impacts on the schedule.

As-builts might be prepared to develop a clear histori-
cal record of a project. This is not to be confused with the
historical record that shows the number of worker hours
required to perform different tasks. Such cost records
are presumably being maintained for all projects. It should
be noted that cost records are regularly examined to deter-
mine the amount of time to allocate for a particular activ-
ity. With a good historical record, it is generally possible to
determine the number of hours of work associated with all
activities.

Since the cost records already capture the time required
to perform a given task, can as-built schedules really yield
that much additional information of value? The answer is
a qualified “yes.” While the cost records do provide informa-
tion on the time required to perform each activity (depend-
ing on the level of detail of the cost records), they may fail
to present information on the time that lapses between
activities.
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FIGURE 8.4 Sample Network for an As-Built Schedule.

A simple example will clarify this point. The network in
Figure 8.4 has been prepared to demonstrate the concept of
as-built schedules. Assume that several structures or facilities
have essentially the same features. Assume that the network
is a model of a building project. There are many such pro-
jects, so this network schedule will receive wide usage in the
firm. The activity durations may change between projects,
but the logic will remain the same. Assume that the network
is adequate to describe the sequence of activities of most
company project activities. Note that the critical path is indi-
cated by the double link lines. It should be evident that these
projects are “cookie cutter”-type projects in which little
changes from project to project, with size being the most sig-
nificant variable that may change.

Assume further that the critical path tends to invariably
include the same activities. We will assume also that the
company has an effective historical cost record system from
which to make accurate future cost estimates. To simplify the
project in terms of monitoring, the company has redrawn
the network to reflect only the bare essentials, namely the
critical path activities (see Figure 8.5). These are reduced to a
bar chart that can be readily understood.

Schedule status reporting is closely linked to the abbre-
viated schedule. One project has 20 similar buildings for
which 20 of the above network schedules have been pre-
pared. Some of the durations for the activities of different
projects will vary to reflect the major differences. When the
company superintendent reports on the status of the project,
a simple note is made of the status of each of the buildings.
For example, the foundation work of the project may be
reflected by Activity B. Over time, very valuable information
can be obtained on the durations of the different buildings.
Note that the duration of the project is not simply the sum
of the durations of activities; that information could be

obtained from the weekly cost reports. What this type of
schedule reporting will document is the time to complete
the project, which includes the lag period that exists between
the finish of one critical path activity and the start of the
next or succeeding critical path activity. This lag is largely an
indication of the efficiency of the project coordination
effort. If the activities of subcontractors are not coordinated
well, the inefficiency will be reflected in the lag between
activities. Note that this information will not be captured in
conventional cost reports.

As-built schedules are particularly valuable on develop-
ment projects. On apartment complexes consisting of 30-50
buildings, one can document project status by monitoring
the construction status of each building as described earlier.
A development project consisting of many single-family res-
idences or several office buildings could also use this
approach. For each building, on each project, the same
precedence diagram schedule can be used with changes
being made only in the activity durations. Since the build-
ings are essentially the same, differing primarily in their
square footage, project monitoring focuses on the standard
precedence diagrams that are reduced to the single bar of a
bar chart. This method is sufficiently simple that superinten-
dents are not reluctant to provide daily reports on the con-
struction operations. This information proves to be valuable
in scheduling company projects.

As noted earlier, as-built schedules are not prepared on
most projects. The circumstances warranting their use will
vary considerably. The use to be made of the information
will dictate the type of approach used to capture the neces-
sary information. One method of capturing the information
was described earlier. The scheduler’s own particular needs
and creativity will determine the nature of the as-builts to be
developed on specific projects.
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FIGURE 8.5 Sample Bar Chart for an As-Built Schedule.
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FINAL COMMENTS

Control of a project involves evaluating the impacts of
schedule deviations on the scheduling of future activities
and the project as a whole. Often the response consists of
simply notifying subcontractors and suppliers of changes in
the dates that their services or products will need to be
available. Obviously, it may not always be possible to

Review Questions

1. In general terms, what are the two basic components of
project control?

2. What are some of the inherent advantages and disad-
vantages in measuring project duration in calendar
days? Working days?

3. What are some of the different ways that progress on
construction projects can be monitored?

4. What are the benefits of using a work breakdown
structure on a construction project?

accommodate these changes, and an evaluation must be
made of how to get the project back on schedule and what it
will cost. Alternatives must be identified (e.g., line up new
sub, accelerate project, and allow project to slip), and these
must be evaluated according to the economic costs and
benefits as determined by performing time—cost trade-offs
with CPM networks and principles.

5. In general, when should construction schedules be
updated?

6. How can the owner of a construction firm increase
the probability of obtaining accurate scheduling
information from the field personnel?

7. Describe the type of information that an as-built
schedule can provide to a firm that might not otherwise
be obtained.
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COMPUTER SCHEDULING

Projects should be scheduled one byte at a time.

or many construction projects, a multitude of

activities are required for completion. As a project

increases in size or complexity, so does the sche-
duling effort. Large and complex projects contain thousands
of unique or repeated activities, each with various inter-
dependencies to other related activities. For these types of
projects, the tasks of manually creating, monitoring,
updating, and reporting a schedule using the various tech-
niques outlined in the other chapters is very time consuming
and often difficult. For example, performing a forward and
backward pass by hand to determine the total and free float
values of a network of activities for the construction of a
new underground light rail system is not recommended,
and, some might say, impossible. On the other hand, while
manually scheduling a simple, smaller project, such as the
remodeling of a single-family home or the repaving of a
county road, is quite feasible, the effort may mean time spent
unproductively for the particular scale of work and short
project timeline. As a result, schedules for most construction
projects are created and managed using a computer.

The capabilities of computers make them ideal tools for
creating and manipulating project schedules. Their large
data storage capacities allow computers to calculate schedule
information for very large projects with thousands of activi-
ties or for many different projects that are to be kept on file
for future reference. The schedule from a past project can be
saved and used in the future as a starting point to develop a
schedule for a similar project. This capability eliminates the
time required to create a schedule from scratch. Schedules
from similar previous projects are merely copied and then
altered accordingly to reflect the current project’s time
frame, unique work activities, and current availability of
construction resources. If needed, portions of or entire
schedules from multiple past projects can be taken from the
computer files and merged to develop a new schedule. Con-
struction firms that consistently perform a specific type of
work can especially benefit from this capability.

The computational speed, power, and accuracy of com-
puters match the extensive computational requirements of
project scheduling. Critical path method (CPM) requires
numerous computations to determine activity start and fin-
ish dates, float values, and the overall project duration.

Additional calculations related to resource allocation,
resource leveling, and cash flow restraints greatly increase
the required computational effort and complexity. Repeat-
edly performing these calculations by hand for projects with
numerous activities is very time consuming, with added
effort required to verify accuracy. Computers are ideal tools
for repeatedly performing mathematical computations on a
set of data. The mathematical coprocessors within current
computers can perform thousands of computations with
relative ease and tremendous accuracy in a matter of sec-
onds. This capability is one of the main reasons why com-
puters are used extensively not only for project scheduling
but also throughout the construction and engineering fields
for other highly computational tasks.

Computers enable and facilitate both mobility of the
project schedule and multiple-user access to the schedule.
Schedule information can be transferred quickly between
computers, within an office or to remote locations, for access
by any individual. This capability is especially helpful for
delivering schedule information between the home office and
job site. Short interval, look-ahead schedules, or information
relating to schedule changes can quickly be created and sent
to the job site for immediate review and incorporation in the
construction effort. Work performance and task completion
updates from the field can be sent to the home office via
computer and other electronic technologies. This allows
immediate updating of the planned project schedule to create
an as-built schedule. In addition, access to common files by
multiple users is available through online networks. When
multiple individuals have access to the same scheduling files,
each can create, modify, and update the same schedule, pro-
viding efficiencies in communication and recordkeeping. On
many projects the contractor is required to submit an initial
project schedule along with periodically updated schedules to
the owner or architect for review. This task is greatly facili-
tated when the schedule can be sent over a network or even
delivered on a CD rather than printed on paper.

Developments in computer software have supplemented
and enhanced the use of computers. Current Windows®-
based software programs provide a user-friendly working
environment. Programs are laid out and designed to provide
an intuitive and comfortable interface with the computer.
Colors and graphics are frequently employed to help the user
remember the software features and quickly orient himself or
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herself to the program’s screens. Often-used functions are
quickly accessed by a simple click of a mouse button. Pull-
down menus provide an organized view of and access to all of
the software’s features. Most programs come with online help
instructions for reference. Scheduling programs have greatly
benefited from these software and graphics developments.
Scheduling information can be quickly and easily input and
viewed on the screen in a variety of formats. Colored activity
bars and graphical icons highlight project milestones or key
schedule features. These and other capabilities of current
scheduling software facilitate the creation, review, and verifi-
cation of activity networks during development and manage-
ment of a project schedule. Throughout this text comments
are made about computer capabilities as they pertain to vari-
ous scheduling functions.

The capabilities of computer hardware and software
have been successfully captured in current personal comput-
ers (PCs). Laptop computers provide a means of transport-
ing the computer’s capabilities anywhere. A network of PCs
provides multiple users access to centralized information
from many different computers at remote locations. One
major reason for their popularity is that PCs provide a pow-
erful tool at a cost-effective price: Only minimal monetary
investment is required to obtain and operate a PC. In addi-
tion, advances in the computer industry have continually led
to increased computational power and functionality at a
lower price. This trend has opened the door for many con-
struction companies to purchase and utilize sophisticated
computer programs for scheduling efforts as well as other
construction-related tasks.

COMPUTER SCHEDULING
TERMS

Effective and productive use of the CPM techniques for pro-
ject scheduling requires knowledge of various terms related
to the scheduling methods and computer functionality. The
development of scheduling software has led to a collection of
commonly used computer scheduling terms in addition to
those employed in the basic CPM techniques. For the most
part, the computer scheduling terms are used in the same
fashion in most scheduling programs. As a result, it is easy to
learn and use different scheduling programs. Following are
common terms used within many computer scheduling
programs.

Activity Code: A value assigned to each activity to help
organize the activities into manageable groups. Similar to
cost codes, activity codes are typically used to facilitate sort-
ing and filtering activities according to specific criteria. For
example, a common set of activity codes may be given to all
activities performed by the electrical subcontractor or all
activities that require use of a tower crane. The schedule can
then be filtered to view only those activities related to the
electrical subcontractor or to review the utilization of the
tower crane.

Task Information Form (Activity Form): A window
that displays detailed information about a specific activity.
While typically only one of several tools that the scheduling
program makes available for inputing, viewing, and modi-
fying activity information, the activity form provides
convenient access to the most commonly referenced activ-
ity data such as the activity name, activity type, start and
finish dates, percent complete, predecessors, successors,
and resources.

Base Calendar: A calendar that applies to all of the activ-
ities in a project. The base calendar describes the days on
which work can be performed. It also indicates such days as
holidays and weekends on which work cannot be performed.
A modified base calendar can be created for a task or tasks
that cannot be performed or is prohibited from being
performed on specific working days. These calendars are
typically based on either a working-day or calendar-day
schedule and are developed when the project schedule is
initially created. Most scheduling software programs provide
a default base calendar that reflects the normal Monday-
through-Friday working-day schedule and all major recog-
nized holidays. Additional holidays can be added with ease.

Baseline Schedule: The original schedule created at the
beginning of the project against which the project’s progress
is measured. This schedule is typically saved as a separate,
read-only file so that it cannot be overwritten or modified
and can be referenced later in the project.

Collapsing the Schedule: Consolidating the subtasks
within their respective summary tasks so that only the sum-
mary tasks are shown. This action helps one view the main
project activities or phases without cluttering the screen with
the minor activities. It provides a way to broadly view the
overall project schedule.

Constraint: A restriction imposed on the start date, fin-
ish date, or other aspect of an activity. Constraints are used
to prescribe limitations on the schedule based on external
conditions such as contractual restrictions or imposed float
requirements.

Data Date: The date used as the starting point for
schedule calculations. During development of the schedule
prior to the start of the scheduled activities, this date is the
anticipated day on which the scheduled activities are to
begin. During the completion of the work, it is the date on
which schedule data are input or modified. The data date is
used when calculating percent completions of the activities
and for making comparisons between the as-built schedule
and the baseline schedule.

Data Date Line: A vertical line on a Gantt chart repre-
senting the current date. The number of days to completion
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is calculated from this date. This line provides a helpful
graphical view of the current date on the project timescale.

Expanding the Schedule: Showing the subtasks within
their respective summary tasks. This action shows the
detailed activities of the project schedule rather than just the
general activities or overall work phases.

Filtering: Searching through the project activities and
showing only the activities that match specific criteria.
Filtering does not delete activities from the schedule, but
merely hides those activities from view that do not meet the
selected filter criteria. Filtering allows for focusing on spe-
cific activities, such as those performed only by the mechan-
ical subcontractor during the upcoming month. Filtering
also allows the user to view those activities starting after a
given date, activities completed in a given time period, or
those meeting a variety of other criteria.

Global Change: A change that affects all activities, or a
selected group of activities, at the same time, even those
filtered from view.

Layout: The appearance of the schedule on the computer
screen. The layout is essentially how the visual elements of the
schedule, such as the format and color of the bars, organiza-
tion of the activities, and visible columns, appear when viewed
on the computer screen. Different layouts can be saved for
convenient viewing each time the schedule is accessed.

Link Line: The line that connects the bars of linked tasks
on a Gantt chart to show logic relationships.

Linking: The process by which relationships between
activities are created. Activities are linked finish-to-start,
start-to-start, finish-to-finish, or start-to-finish and can
include lag or lead times.

Milestone Activity: A zero-duration activity that signi-
fies the start or finish of an activity or group of activities.
This type of activity is typically shown using a different
shape, such as a diamond, to easily distinguish it from activ-
ities that consume time.

Network Loop: Circular logic within a network of activ-
ities that prevents progression across or through the
network. When illogical scheduling relationships are created,
calculations cannot be performed; that is, all loops must be
eliminated for computations to be made.

Progress Bar: A bar on a Gantt chart that represents
the progress of a particular task. Progress bars are used to
provide a graphical representation of the percent comple-
tion of an activity at a specific date. The bars are typically

shown adjacent to or within, and a different color than, the
activity bars.

Recurring Task: A task that occurs at regular intervals in
a project, such as a weekly project meeting or a safety walk-
through of the job site. Recurring tasks can be input only
once, and the program will automatically place them at the
appropriate dates.

Resource Calendar: A calendar that applies to a specific
resource to define when the resource is available. Resource
calendars are utilized for limited resources that may control
the scheduling of multiple activities at the same time. The
scheduling of an activity that utilizes a limited resource is
controlled by both the base calendar (or modified base
calendar) and the resource calendar.

Sorting: Organizing the project activities according to a
specific format. Sorting allows for grouping activities to con-
trol the order in which the activities are shown on the screen
and presented in the printed schedule. Sorting does not
eliminate tasks from view (as is done when filtering) but
merely rearranges them according to a specified format.
Colors are often used to highlight grouped activities.

Splitting a Task: Interrupting a task so that part of it is
completed later in the project. If work on the task is stopped,
it can be split to indicate that the remainder of the work
duration will be completed at a later date. The schedule can
then be recalculated to reflect the actual completion of the
work.

Subtask: A minor task typically representing detailed
effort. This task is subordinate to a summary task.

Summary Task: A task representing a general activity of
construction. Summary tasks contain multiple subtasks.
Summary tasks provide an outline structure to the schedule
that identifies the project’s major phases. Typically, no dura-
tion is initially associated with summary tasks. The duration
of a summary task is calculated by the scheduling program
based on all of the subtasks that it encompasses.

Timescale: The timescale shown above or below the
schedule on the computer and in printed hard copies of the
schedule. The scale can be modified to show specific start
and finish dates and small or large time intervals (e.g., days,
weeks, and months).

SCHEDULING SOFTWARE

There are many computer scheduling programs on the mar-
ket. While all of the programs essentially perform the same
principal task—namely, to assist in the development and
management of schedules—the scheduling capabilities and
mix of functions and features differ with each program.
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Some programs are designed to handle very large projects
and can accommodate many thousands of activities within
one network. These programs, which also tend to contain
many different functions and features with fancy graphics
and reporting capabilities, are typically quite high in price.
Other programs that have a lower limit on the number of
activities and do not contain as many colors and graphics
features are offered at a much lower cost. The lower-cost
programs are typically marketed for use on smaller projects;
however, the more sophisticated, high-cost programs may be
used on smaller projects as well.

Several popular computer scheduling programs are
described below. The scheduling programs described are
certainly not the only ones available, but represent those
commonly used in the construction industry. No endorse-
ment is to be inferred. The program’s features and cost,
along with the needs, resources, and type of work performed
by the contractor, should be taken into consideration when
purchasing a program. When choosing a program to use on
a specific project (e.g., number of activities, number of
resources, and number and type of constraints), selection
should consider the characteristics of the project, including
the construction contract that may require the contractor to
submit schedules using a particular program in order to eas-
ily interface with the owner’s computer capabilities.

Oracle’s Primavera P6 Professional Project
Management

Primavera P6 Professional Project Management is the latest
version of a popular computer scheduling software program
developed by Primavera that is used in the construction
industry. Its popularity has led to continued development of
additional features and functions to make it a full-service
program. With a maximum capacity of 100,000 activities on
a single project, plus the ability to group an unlimited num-
ber of projects together and add unlimited resources, P6 can
be used on virtually any project. The program is designed
especially to handle large-scale, highly sophisticated, and
multifaceted projects. Creation of a schedule is facilitated by
templates made from similar projects, and the use of various
assistants, called Wizards, leads the user through the input of
specific data or the use of program features. Schedule devel-
opment can be speeded up by writing subroutines to auto-
matically input or modify activity information. To expedite
reviewing and revising the schedule, the activity predeces-
sors and successors can be traced throughout the network to
verify schedule logic. Global changes are allowed along with
schedule updates from multiple users at the same time. The
program features tools to conduct “what-if” analyses of dif-
ferent alternatives. Project performance can be measured
according to earned value, BCWS, and costs. Cash flow dia-
grams can be displayed showing the costs, revenues, and the
net amount as a function of time. P6 offers over 150 prede-
fined reports and related graphic representations of the
schedule. Module attachments to P6 provide additional pro-
ject management tools for reports, cost control, resource

management, and estimating. Oracle’s Primavera P6 Enter-
prise Project Portfolio Management program extends the soft-
ware to allow for the management and analysis of multiple
projects across a company’s portfolio of ongoing projects.
While the many functions and features of P6 comprise a
very powerful project management tool, the program’s price
tag of several thousand dollars makes it a costly investment.
This is often this program’s main drawback for many con-
struction firms. As a result, it is generally used by large firms
that are able to absorb the initial investment and work on
large projects requiring the greater capabilities and addi-
tional features provided. (Oracle Corporation, 500 Oracle
Parkway, Redwood Shores, California 94065. Telephone:
650-506-7000 or 800-392-2999. Website: www.oracle.com)

Oracle’s Primavera SureTrak

Primavera SureTrak is basically P6’s little brother. SureTrak
provides most of the same functions as P6 at a much lower
price. While SureTrak allows a maximum of only 10,000 activ-
ities on a single project, it does allow projects to be grouped.
This feature essentially allows much larger projects to be rep-
resented as a group of smaller projects. Resource leveling in
SureTrak is performed only forward through the network,
whereas in P6 it is performed both backward and forward.
Global changes are allowed in SureTrak, but are limited to spe-
cific default options. SureTrak provides 40 preprogrammed
reports and related graphic representations. Accessory mod-
ules to P6 are not available for SureTrak. Except for other
minor differences, the functions and features of SureTrak are
similar to P6. SureTrak and P6 read and write in the same for-
mat as well, which allows for interchanging project schedules
between programs. (Oracle Corporation, 500 Oracle Parkway;,
Redwood Shores, California 94065. Telephone: 650-506-7000
or 800-392-2999. Website: www.oracle.com)

Microsoft Office Project

Microsoft Office Project is a scheduling program preferred by
many construction firms. Its popularity is greatly attributed
to its ease of use and similarity to other Microsoft Office pro-
grams. Project provides most of the functions and features as
other, more expensive programs and allows a maximum of
10,000 activities. It includes an interactive assistant, pop-up
screen tips, and context-sensitive help information. The
screen tips, or Smart Tags, appear when changes are made to
the schedule to alert the user of alternative scheduling
options or verify that the information is input correctly.
Through its Task Drivers feature, the program allows for
quickly determining factors that are affecting task dates and
for tracing the source of impacts in order to follow a chain of
factors back to find the root cause of delays. If a delay occurs,
the program will also automatically highlight all items that
are affected as a result of the delay. Like P6, Project provides
the capability of conducting “what-if” analyses to evaluate
different alternatives. Twenty predefined reports and graphic
representations are included.
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The program layout and operations are designed to be
user friendly. A major advantage of Project is that it is designed
to interface with other Microsoft Office programs. This
feature allows easy transferring of information between
programs and creation of scheduling reports containing both
text and graphics along with the schedule. Additionally, tasks
entered in Microsoft Office Outlook can be displayed in Project
to maintain assigned activities in one convenient location.
Project is comparable in cost to SureTrak. (Microsoft,
One Microsoft Way, Redmond, Washington 98052—6399.
Telephone: 800-426-9400. Website: www.microsoft.com)

Web-based Programs

Several software companies offer computer scheduling capa-
bilities via Web-based programs. Primavera P6 Professional
Project Manager, for example, provides online integrated team
communication and collaboration; coordinated, schedule-
based procurement; and project planning and control to
ensure successful design, construction, and facility manage-
ment projects. Oracle additionally offers Primavera Contractor,
a scaled-down online version of P6 that provides scheduling
capabilities for projects with up to 2,000 activities. These and
other Web-based programs provide the convenience of access
to schedules and project management information from any
computer via the Internet. The need for multiple-user access to
project information from different locations, and the efficien-
cies gained through mobile, wireless technologies, makes Web-
based scheduling programs highly desireable.
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CREATING A SCHEDULE

The modeling of network schedules on almost all programs
is performed by the CPM. While the more sophisticated pro-
grams also allow scheduling using PERT (described in
Chapter 15), CPM is by far used most frequently. Most pro-
grams only offer Gantt chart and precedence diagram views
of the activity network. The Gantt chart is typically the
default view shown on the screen because its graphic repre-
sentation of the network can be grasped quickly and easily
(Figure 9.1). Activity information can also be viewed in
spreadsheet format (Figure 9.2). Spreadsheets provide a tab-
ular listing of all the activities and related information.

The process of creating a schedule begins with inputting
activities. Programs typically allow input of activity data in
two ways. Data can be input directly into the spreadsheet like
any set of related data (Figure 9.2). Each row of the spread-
sheet represents one activity, and the columns list such infor-
mation as the activity name, duration, predecessors,
successors, cost, date constraints, and resources. After filling
out the spreadsheet, the Gantt chart or precedence diagram
can be viewed for a graphic representation of the network.
After inputting the activity information in the spreadsheet, it
is important to note that the Gantt chart will graphically
show the correct sequence of the activities only after the
schedule calculations have been made. Most programs also
provide a task information form (activity form), or dialog
box, for inputting activity information (Figure 9.3). This
preformatted window helps guide the user in entering the
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FIGURE 9.1 Activity Description List and Gantt Chart Showing Activity Bars and

Relationships.

(Microsoft Office Project®) (Used with permission from Microsoft)
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FIGURE 9.2 Spreadsheet View of a Project Schedule.
(Microsoft Office Project®) (Used with permission from Microsoft)

necessary activity data. One advantage of using the task
information form to input data is that the Gantt chart can be
viewed simultaneously and provides an immediate view of
the activity network during development of the schedule.
The basic information required for each activity is the
activity name, duration, predecessors, and successors. Each
activity is given a unique ID number, if not already chosen by
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the program. If relevant to the schedule, the type and amount
of resources utilized by each activity, plus any associated
costs, are also input at this time. To facilitate sorting, filtering,
and reporting the schedule, activity codes and a work break-
down structure (WBS) identification code are defined and
assigned to each activity. Activity codes should be defined
and organized to effectively represent different facets of the

x|

Maokes | Custom Figlds

Mame: _

Percent complete: | 0%

=

Duration: |5EI _% [~ Estimated
Priarity: |5UU _|::'

Drates

Start: IWed 3/31/10

| Einish: | Tue 48710

=l

[ Hide task bar
[~ Roll up Gantt bar ko summary

Help |

Cancel

o]

FIGURE 9.3 Task Information (Activity) Form Used to Input Activity Information.
(Microsoft Office Project®) (Used with permission from Microsoft)
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project. Common activity codes include areas of the job site,
worker responsibilities, and type of work performed. A WBS
generally represents a hierarchy of tasks required to complete
the job. The WBS is typically arranged to define the work
involved in major features of the project. These work tasks
are typically divided into specific identifiable activities.

A base calendar must also be specified for the project.
Programs typically provide a default base calendar, which
reflects the normal Monday-through-Friday workweek and
includes all the major holidays. The base calendar can be
modified to match the workweek and work shifts planned
for the project and those holidays offered by the company.
Some project managers add artificial holidays to the calen-
dar to reflect days on which little work is typically per-
formed, such as the Friday after Thanksgiving or the days
between Christmas and New Year’s Day. If any tasks cannot
be performed on a specific workday, a modified calendar can
be created for that particular activity. If, for example, the
city’s electrical inspector is not available to inspect the work
on Mondays, a calendar tied to all electrical inspection activ-
ities would show Mondays as nonworking days.

In addition to the activity calendars, resource calendars
are created at this time. Resource calendars reflect the avail-
ability of project resources. They describe the days, or peri-
ods during the day, when resources are available. For
example, on some projects pile driving is limited to specific
periods of time during the day due to the noise and vibra-
tions created. For these projects, resource calendars would be
developed for the pile driving equipment that reflect the
time periods when pile driving is allowed. If no resource cal-
endars are created, the program assumes that resources are
available during all working hours on every working day.
Some programs allow the timing of the resource usage dur-
ing the duration of each activity to be specified (e.g., linear,
front loaded, uniformly distributed, and stepped). For many
activities, resources are used at a constant rate (linear)
throughout the activity duration. Other activities, for exam-
ple, may use more of the assigned resources at the start of the
activity than later in the activity. The ability to specify the
timing in which the resources are used during the activity
allows for more accurate and effective management of
resources throughout the project.

Once the activity information and any desired resource
and cost data are input, schedule calculations can be per-
formed. In most programs, CPM calculations are initiated
simply by clicking on a button on the screen. The program
determines the activity dates, project duration, total and free
float values, and the critical path. If network loops are
encountered, the program terminates the calculations and
alerts the user of problems in the schedule. Elimination of
the network loops is required before the calculations can be
completed. The results of the calculations can be seen graph-
ically on the Gantt chart according to the timescale. Activity
dates and total and free float columns can also be added to
the spreadsheet to view the results in a tabular format.

Prior to the start of construction, the planned construc-
tion schedule is typically saved as a baseline schedule. The

baseline schedule provides a measuring stick for comparing
the as-built schedule. It is used not only as a management
tool for determining the accuracy of planning efforts but
also as a basis for any construction delay claims.

UPDATING A SCHEDULE

As the project progresses, tasks may not start and finish
exactly as calculated in the planned schedule. Tasks may be
delayed or extended for many reasons including weather
delays, late material deliveries, and inaccurate estimates of
their expected duration. Consideration of these events is
required in order to properly adjust the schedule to meet the
planned completion date.

Periodic updating of the schedule can be performed as
soon as as-built information is acquired. This information
might include actual activity start dates or the percent com-
pletion of various tasks. Suppose, for example, on the con-
struction of a new house, completion of the foundation was
delayed two days due to bad weather and the wall framing is
25 percent complete. The task information form on which
activity information is initially entered typically allows for
input of as-built information (Figure 9.3). In this case, the
foundation would be listed as 100 percent complete, an
actual start date entered, and an actual finish date of 2 days
later than planned also entered. In addition, the wall framing
task would be listed as 25 percent completed and an actual
start date entered. A typical way in which programs graphi-
cally represent this information is by changing the color of
the bar on the Gantt chart. In this case, the entire bar for the
foundation task would be changed to a different color, and
its length increased by 2 days. For the wall framing, 25 per-
cent of the bar would be shown in a different color.

Once all of the as-built information is entered, CPM
calculations of the network are again performed. The calcu-
lations are based on the current data date and include the
changes made to the schedule. Revised activity start dates
and float values are generated. If activities have been delayed,
the project completion date may be affected. Most programs
provide the option of holding or fixing the completion date
when performing the CPM calculations. In order to accom-
plish this without creating any negative float, activity rela-
tionships or anticipated durations may need to be revised if
delays have occurred in the project.

Comparison of the as-built and baseline schedules is
generally shown using the Gantt chart. Most programs will
show both the as-built and as-planned activity bars side by
side on one Gantt chart. The bars will also be different colors
to help understand and digest the information quickly.

PRESENTING A SCHEDULE

Presentation of the schedule is an important task. Effective
communication of activity information to subcontractors
and workers is essential for coordinating the work. Pre-
senting the schedule in a clear and concise format is
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facilitated by the tremendous graphic capabilities of
current computer scheduling software. A multitude of
graphics, fonts, line styles, and icons are available to help
display the schedule. These capabilities are enhanced by the
clear quality of laser printers and further highlighted by the
use of color printers.

Most scheduling programs offer a wide variety of
printed views of the schedule. Gantt charts are the most
commonly printed views because they are easy to read and
understand. Programs typically allow the timescale to be
reduced or increased so that the schedule can be printed to a
specified size or on a specific number of pages. For short-
interval schedules, a specific time frame along the Gantt
chart can be targeted and then printed. Most programs also
allow precedence diagrams to be plotted to assist in viewing
the network logic.

The reporting capabilities of scheduling programs play
an important role for project managers and are one reason
why the programs are powerful and important management
tools. When resource and cost data are entered along with
each activity, diagrams and charts allow for tracking the
resources and costs as the project progresses (Figure 9.4).
Each program typically includes a number of formatted
reports that present the information in different ways.
Reports of material utilization or monetary expenditures
during different periods of the project are typically printed
for evaluation. Most programs offer the ability to create a
report on any specific resource and for any time frame dur-
ing the project.

USEFUL SOFTWARE
FEATURES

Current computer scheduling programs offer a wide variety
of features. While all of the features are designed to assist in
the development and management of schedules, some are
more useful than others. Features that are easy to use and
allow precise control and management of the schedule
greatly enhance program effectiveness. Several useful fea-
tures are described below.

Sorting and Filtering

Activity networks for many projects can get quite large. When
a network includes many hundreds of activities, it is easy to
get lost in the schedule. Sorting, which groups the activities
according to some common criteria, helps the user to focus
on the schedule. Programs that include the sorting feature
typically allow grouping the activities according to one or
more criteria (Figure 9.5). Color coding the grouped activi-
ties enhances the sorting feature. Filtering provides for a
greater level of focus on the schedule. Activities can be filtered
from view so that only activities that meet certain criteria are
visible. Filtering is quite useful for creating “mini-schedules”
covering specific portions of the work, such as all of the tasks
performed by the electrical subcontractor. Both sorting and
filtering are almost essential for managing, updating, and
reporting large project schedules containing many activities
performed by numerous subcontractors.
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Global Editing

Development of a schedule requires a great amount of data
input. For large activity networks grouped together, changes
to the schedules can be very difficult and time consuming.
Global editing provides a quick and easy way to modify the
information of many related activities. For example, two dif-
ferent project schedules may be linked together because they
share common limited resources. If additional resources
become available, global editing allows all activities utilizing
the resources to be updated when the resource limit is
increased. Global editing can also be applied to changes in
activity durations, relationships, and as-built activity start
and finish dates.

Cash Flow Analysis

If cost information about resources utilized is entered (labor,
material, and equipment), cash flow diagrams can typically
be generated. These diagrams provide a useful means of
monitoring costs over the life of the project. When compar-
ing the as-built and as-planned schedules, reports of the
actual cost of work performed (ACWP) and budgeted cost
of work performed (BCWP) can be combined to show the
cost variance (CV) for the project. Reports are also typically
available to determine the schedule variance (SV) by com-
paring the cost of work performed to the cost of work sched-
uled. More sophisticated programs allow for income revenue
streams to be modeled across the activity network as well.

Revenues can then be combined with costs to obtain a report
of the net dollar value of the project over time.

Resource Leveling

Resource leveling techniques are utilized when the project
duration is fixed. Maximizing the effects of resource leveling
requires performing both a backward and a forward pass
through the network. Some scheduling programs carry out
only a backward pass when performing these calculations.
As a result, back float made available during the backward
pass does not get used to further level the resources. More
sophisticated scheduling programs perform both the back-
ward and forward passes.

Summary Tasks

Construction projects commonly include many unique
activities within multiple scopes of work and project phases.
Constructing a concrete slab, for example, requires initial
layout and excavation, preparation of the base, installation
of the rebar and other utilities, and placement, finishing, and
curing of the concrete. All of these individual activities can
be summarized as one overall task, namely, “construct con-
crete slab.” By creating summary tasks, an overall view of the
schedule can be created that is not cluttered with many small
activities. This facilitates communication of the general con-
struction sequence when subtasks are already known and do
not need to be identified.
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Task Tracing

When delays or other impacts to the schedule occur, it is use-
ful to be able to trace the extent of the impact through the
schedule. This is especially helpful for very large and com-
plex schedules. Being able to identify schedule impacts
allows project managers to effectively manage a project as a
result of changes and unexpected events.

LINKING TO OTHER PROJECT
MANAGEMENT SOFTWARE

Computer scheduling software is designed to assist with the
scheduling and control of construction projects. Most other
project management tasks associated with the planning,
design, construction, and operation of constructed facilities
are also performed using computers. A wide variety of com-
puter programs are available for such activities as estimating,
document control, safety planning, and project communica-
tions. The individual capabilities of these programs along
with scheduling software allow for the complete manage-
ment of the construction phase using a computer. Integra-
tion of these programs, however, provides an even greater
benefit. The linking of estimating and scheduling software,
for example, allows for the efficient management of both
time and money during the course of a project. Cost infor-
mation developed for the estimate can be electronically
added to a schedule for cost and resource control during
construction.

The integration of schedule information with the
design documents provides additional benefits. Building
information modeling (BIM) and four-dimensional (three
coordinate axes plus time) computer-aided design programs
(commonly referred to as 4D-CAD) are designed to permit
dynamic presentation of the construction process. These
programs allow for the design information to be created in
layers that depict the timing and duration of the activities to
be undertaken in the construction process. Using this capa-
bility, the project team can review the construction sequence
prior to the start of construction to eliminate design con-
flicts and constructability problems. Individual layers can
also be associated with specific work crews, materials, or
equipment to view the resource usage during the project.
Such capabilities help to eliminate the amount of rework
and design changes that need to take place, and the overlap-
ping of trades.

BIM models and 4D-CAD are useful for project monitor-
ing as well. As construction progresses, the initial CAD files can
be updated to create progress (as-built) drawings that depict
the actual construction up to a specific point in time. From a
common vantage point, the progress drawings can then be
compared with the as-planned drawings at the same point in
time. This comparison allows for a graphic determination of

whether the project is ahead or behind schedule and of the
progress of specific phases or features of the project.

The benefits provided by BIM and 4D-CAD are ampli-
fied further when estimating capabilities are added. By inte-
grating the design, schedule, and cost information, types of
materials and equipment along with associated quantities
are automatically available for estimating and scheduling
functions. This capability eliminates the need to perform
quantity take-offs, helping to minimize errors associated
with estimating quantities and recognizing the required
materials of construction. Purchasing can be performed
directly from the BIM files using layers that list the materials
of construction. Including the time component provides
procurement and delivery information as well to allow for
just-in-time delivery.

The management and communication of project
design, schedule, and cost information can be quite time-
consuming and complex. Completion of construction pro-
jects requires communication of project information among
many different project team members. Owners, designers,
constructors, and construction managers together with
many other parties to the project exchange all sorts of infor-
mation during the course of a project. This communication
of information is facilitated through Web-based project
management services. These services provide project man-
agement software capabilities in one central location that all
project team members can access. Project information such
as design drawings, construction schedules, and cost data
can be viewed, manipulated, and printed without the need
for specialized computer programs. Most Web-based ser-
vices allow for access rights and can be set to manage access
to project information. These capabilities permit efficient
access to and communication of any project information
between project team members.

FINAL COMMENTS

PCs are the standard means by which construction scheduling
is performed today. With the widespread availability and
acceptance of computer software to perform scheduling tasks,
manual computations to obtain scheduling information are
rarely performed on construction projects. Several viable
user-friendly scheduling programs are available. Since the
scheduling computations can be made more quickly using
scheduling software, most contractors use the programs to
develop formal schedules on their projects. When contem-
plating the acquisition of a scheduling program, considera-
tion should be given to the various features that different
programs offer. While some schedulers opt for the most
expensive programs, others may decide to obtain programs
that are affordable and that perform specific tasks. Regardless
of the software chosen, the PC has had a significant impact on
the way scheduling is performed on construction projects.
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Review Questions

I,

Since virtually all major construction scheduling tasks
are now performed with the use of scheduling software
on personal computers, why are manual computations
still taught in scheduling classes?

. What is the essential difference between sorting and

filtering as it applies to construction scheduling
programs?

. Give an example each of a construction activity that is

properly scheduled in terms of working days and
calendar days.

What are the benefits, and possible problems, of having
the construction schedule on a network?

. Give an example of a network loop.

10.
11.

122,

What is a possible drawback of performing all scheduling
data input directly on the computer?

How has the use of scheduling programs on personal com-
puters changed or impacted the construction industry?

What is a summary task, and how are summary tasks
used for project scheduling?

What is the data date line, and how does it help in view-
ing and analyzing a schedule?

Why is a baseline schedule created, and how is it used?

What is the difference between a base calendar and a
resource calendar?

Use a scheduling program to develop a schedule for a
construction project. Calculate the activity values (start
and finish dates and float values).
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EARNED VALUE: A MEANS
FOR INTEGRATING COSTS
AND SCHEDULE

Time is of the essence.

he critical path method (CPM) system is largely

time oriented, even though preceding discussions

have often involved the analysis of project costs.
Something that has not yet been discussed in detail is the
extent to which CPM can be used as a cost-monitoring sys-
tem. The ability to assess adherence to a proposed time
schedule is clearly available. But is it possible to also deter-
mine how well the project is adhering to its “cost schedule,”
or estimate? Both issues are important, and, as has already
been discussed, they can be expected to be interrelated.

The integration of cost and schedule control systems is
of natural interest to construction professionals, because the
true “status” of a project can only be assessed if both cost and
schedule data are examined in conjunction with one
another. For example, a project may appear to be well under
budget based on the amount of money spent to date com-
pared to what was projected. However, this figure alone
could be very misleading; costs may be very low because the
project is well behind its schedule! Thus, it is necessary to
know what actual project costs are relative to expected costs
while also knowing where the project is on a time basis.

A common question asked in the construction industry
is, “What is the stage of completion of the project?” A com-
mon reply might be 30 or 85 percent. But what is the basis of
that assessment? It could be based on the percentage of time
that has been utilized, the percentage of the value of con-
struction put in place, or some other measure. There are
rules of thumb in the industry that are often applied to given
types of structures. For example, on a given type of building
it might be typical to state that a project is 10 percent com-
plete once the foundation is completed or that the building
is 50 percent complete once it is “dried in.” Of course, these
percentages may vary considerably with changes in the
features specified for the structure. To a large extent, this
percentage completion assessment is based on a visual
inspection of the project. A project involving the placement
of underground piping from one point to another, for exam-
ple, may be considered 75 percent complete if the piping has
been placed for 75 percent of the required length. Determi-
nation of the percent complete (PC) on this type of project
is quite simple. It certainly becomes more difficult to make
an accurate assessment from a visual perspective when the

roofing on a building is almost completed but a significant
amount of work has already begun with the interior finishes.
This difficulty arises because it is not easy to assess the
amount of work accomplished when one building compo-
nent consists of concrete, another of lumber, another of
drywall, another of piping, and so on. A visual inspection of
the different building systems, in varying stages of comple-
tion, will result in a guess at best. If an accurate assessment is
needed, it will be necessary to utilize a more objective means
of determination for the percent completion.

In the early to mid-1960s, the U.S. defense agencies pro-
mulgated guides and requirements related to the integration
of cost and schedule data into a single system. A key concept
that evolved was termed earned value. Earned value refers to
the determination of how much work has been performed
on the basis of what was budgeted for the work that has
actually been completed. The idea is that a contractor has
“earned” whatever amount was budgeted for the work that
has in fact been completed. This value then becomes a mea-
sure against which other cost and schedule data can be com-
pared in order to determine actual cost and schedule status.

Two systems using this technique emerged within the
government in the mid-1970s. The Department of Defense
developed a Cost and Schedule Control System Criteria
(C/SCSC) technique and the Department of Energy a system
called performance measurement system (PMS). While
these systems were oriented toward owners, the earned value
concept found its way into contractor systems as well.

THE EARNED VALUE CONCEPT

The earned value concept (sometimes also called achieved
value) compares several measures to obtain an overall pic-
ture of project status. The following are the three primary
data requirements:

Budgeted Cost of Work Scheduled (BCWS): This
measure, also called the project plan, is developed at the out-
set of the project as it involves assigning to activities the
amount budgeted (estimated) for every activity. Knowing the
project schedule, it is possible to determine the amount of
money budgeted relative to time. This is essentially the same
as developing the cumulative cost curve discussed earlier.
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Budgeted Cost of Work Performed (BCWP): Thisis
the earned value as it indicates what the budgeted costs are
for the work that has actually been performed to date. Note
that this represents the periodic worth of the work that is
actually performed, based on the initial estimate, and has
nothing to do with the actual costs incurred in performing
the work. It requires making an assessment of the amount of
work completed (time schedule) to date and then applying
the appropriate budgeted amounts for this work.

Budgeted Cost at Completion (BAC): This is the
original cost estimate of the total cost of construction. It is
ideally the total estimated cost to complete a project.

Estimated Cost at Completion (EAC): This is the
forecast of the total actual costs required to complete a pro-
ject based on performance to date and estimates of future
conditions.

Actual Cost of Work Performed (ACWP): This is the
measure that brings together the monitoring of both time
schedule (work performed) and cost records (actual cost). It
gives the actual costs to date. (Note that ACWS, actual cost of
work scheduled, is not a component of the system, because if
the work scheduled has not yet been performed, it is impos-
sible to determine its actual cost!)

Comparing the first (BCWS) and last (ACWP) values to
the earned value (BCWP) gives us an indication of “vari-
ances” from the expected:

Schedule Variance (SV); BCWP-BCWS: Subtracting
the BCWS from the BCWP provides an indication of

schedule deviance in terms of dollars of work. The cost side
of the system remains constant (using budgeted cost fig-
ures), so the difference between the two amounts must be
due to schedule deviations alone. A negative value indicates
that the project is behind schedule as the “value” of work
performed is less than that scheduled. This is shown graphi-
cally in Figure 10.1. Note that the SV is presented in terms of
dollars, while in reality this is an indication of project status
in terms of scheduled time.

SV = BCWP — BCWS (SV > 0: ahead of schedule,
SV < 0: behind schedule)

Cost Variance (CV): BCWP-ACWP: The difference
between the budgeted and ACWP clearly indicates the status
of the project in terms of cost. The work performed provides
the common unit of comparison. A negative CV indicates
the project is over budget as the actual costs exceed the bud-
geted costs. This is shown graphically in Figure 10.2.

CV = BCWP — ACWP (CV > 0:under budget,
CV < 0:over budget)

These variances can be further expressed as ratios in
percentage figures:

%SV: 100 X SV/BCWS: This ratio indicates the percent
deviation from the schedule based on budgeted cost values.

%CV: 100 X SV/BCWS: This measure gives the percentage
deviation of the actual costs from what was budgeted for the
work performed to date.

BCWP

Project cost (dollars)

BCWS

Schedule variance in time

I Schedule variance
: in dollars
| BCWP-BCWS

I SE—

+<——— Time now

Time

FIGURE 10.1 Earned Value Analysis Showing a Project that Is Ahead of Schedule.
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FIGURE 10.2 Earned Value Analysis Showing a Project that Is Over Budget.

Similarly, cost and schedule indicators can be measured as:

Schedule Performance Index (SPI): BCWP/ BCWS:
This ratio provides a direct relationship between work
performed and work scheduled based on budgeted costs.
A value greater than 1.0 indicates that more work has been

performed than was scheduled, and thus the project is ahead
of schedule.

SPI = BCWP/BCWS (SPI > 1:ahead of schedule,
SPI < 1:behind schedule)

Cost Performance Index (CPI): BCWP/ACWP: This
ratio directly compares budgeted costs to actual costs based
on work performed. A value greater than 1.0 indicates that
the budgeted amount of the work is higher than what it
actually cost, and therefore the project is under budget. Since
dollars are not represented in the CPI, the results are some-
times easier to interpret.

CPI = BCWP/ACWP (CPI > 1:under budget,
CPI < I:over budget)

It can be expected that these performance indices will
show variations throughout the life of the project. Generally,
it can be expected that the indices will be less than 1.0 early
in the project and rise as the project progresses. This is due
to start-up and “learning curve” factors that normally inhibit
efficient operations early in a project. If calculated separately
for each time period, the values may also show a ragged
series of peaks and values. Calculating a cumulative index

from project start to date shows a smoother transition and
over time should approach 1.0 for a project that is close to
schedule and budget.

Determining the status of PC of a project can also be
accomplished with the variables already defined. The PC is
simply the ratio BCWP/BAC, expressed as a percent. Note
that this assessment merely defines the percent completion
based on original estimates and is not influenced by actual
cost figures. Another way of viewing earned value (BCWP) is
given in the following expression:

Earned value = (PC) X (BAC)

The percent completion can be compared with the
expected or anticipated percent completion at a given point
in time. The planned percent complete (PPC) is derived at a
point in time with the ratio BCWS/BAC, expressed as a per-
cent. The PPC is easy to grasp as a measure of the project sta-
tus when compared to the PC. For example, if the PPC is
determined to be 60 percent and the PC 65 percent, it is clear
that the project is running ahead of schedule.

Information on the cost index and how it has changed
over time can be used to forecast what the costs will be at the
end of the project, referred to as EAC. The forecast of the EAC
can also be obtained at a given point in time with the variables
that have already been defined. A simple computation of the
EAC at a given point in time is computed as follows:

EAC = ACWP + (BAC — BCWP), where BAC — BCWP
represents unearned hours
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The EAC is the latest revised estimate of the total cost
of the project and can be compared to the BAC (original
estimated project cost) to determine an estimated at com-
pletion variance (ACV). Since the EAC is based on costs
incurred to date, this estimate will be accepted as being
more accurate than the BAC. The ACV is a simple compu-
tation and provides an estimate of the amount that the
total cost of the project is expected to exceed or to be less
than the budgeted amount (ACV = BAC — EAC). If
ACV > 0, the project is expected to be completed under
budget, and if ACV < 1, the project is expected to overrun
or exceed the budget. Because of the importance of the
value of ACYV, it is important that the determination of
EAC be as accurate as possible. The projection of EAC may
use a cumulative average CPI, the CPI for the most recent
period, or some other selected figure. Applying the selected
CPI ratio to the BAC value will yield an estimated EAC
(EAC = BAC/CPI).

Example: A simple problem will help to illustrate the appli-
cation of the principles of earned value. A project has been
defined that consists of 12 activities (each requires 1 month
to complete) for which the estimated costs and durations
have been defined (see Figure 10.3).

The project costs are estimated to be $257,000 (BAC =
sum of the costs of all activities). The project is scheduled to
be completed in 6 months. After 3.5 months, the sitework,
excavation, foundation, fencing, and rough electrical work
are completed. The framing is one-half complete, the rough
plumbing is three-fourths complete, and the paving is half
complete. The incurred costs to date are $152,000. What is
the status of this project in terms of the schedule and the
budget?

ACWP = $152,000(given)

BCWS = ($22,000 + $30,000 + $50,000 +
$10,000 + $18,000) + 1 x ($40,000 +
$6,000 + $16,000) = $161,000

BCWP = ($22,000 + $30,000 + $50,000 +
$10,000 + $6,000) + 3 X ($40,000) + 3 x
(16,000) + 3 X ($18,000) = $159,000

Project status:

SV = BCWP — BCWS = $159,000 —

$161,000 = —$2,000
SPI = BCWP/BCWS = $159,000/$161,000 = .99
% SV:100 X SV/BCWS = 100 x ($2,000/$161,000)

=-12%
Slightly behind schedule

CV = BCWP — ACWP = $159,000 —

$152,000 = $7,000
CPI = BCWP/ACWP = $159,000/$152,000 = 1.05

%CV:100 X CV/BCWP = 100 X
($7,000/$159,000) = +4.4%

Below budget

PC = BCWP/BAC X 100% = $159,000/$257,000 X
100% = 62% complete

EAC = ACWP + (BAC — BCWP) = $152,000 +
($257,000 — $159,000)

= $250,000

Although the project is slightly behind schedule, it is per-
forming under budget. The project is currently at the 62 percent
completion stage and is estimated to be completed for a
revised estimated cost of $250,000, a decrease from the original
estimate.

Activity Cost | Month | Month | Month
Sitework $22,000
Fencing $10,000
Paving $18,000
Excavation $30,000
Foundation $50,000
Framing $40,000
Rough electric $6,000
Rough plumbing | $16,000
Drywall $13,000
Suspend ceiling $4,000
Interior finish $34,000
Carpeting $14,000

FIGURE 10.3 Schedule of Activities and Their Associated Costs.
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DIFFICULTIES IN INTEGRATING
COST AND SCHEDULE
SYSTEMS

A fundamental requirement of a system that can support the
integration of cost and schedule data is a set of common, or at
least compatible, data collection as well as reporting units. It is
necessary to develop and collect both cost and schedule data
in a manner that allows the two to be associated with one
another. Historically, a major difficulty with such systems has
been that the common unit between the two has been at such
a detailed level that it has been burdensome to maintain. On
the other hand, the reporting level of the data cannot be so
generalized that operational detail is masked, making it diffi-
cult, if not impossible, to ascertain which specific areas of the
project or estimating process need attention.

The dimensions of the problem are suggested in
Figure 10.4. The view of a project will vary depending on
whether the focus is the project itself or the functional orga-
nization structure, that is, the set of departments (scheduling,
estimating, quality control, and engineering) and personnel
responsible for work on the project. The intersection of a
project breakdown (Work Breakdown Structure [WBS]) and
the functional organization structure represents what can be
called a “cost account.” This must represent a unit at which

data can be collected on both cost and schedule. It is assumed
in this paradigm that the work included within a cost account
can be defined as a set of one or more “tasks” on which
progress can be determined and that has a measurable finish
point. Likewise, the unit must relate to the organizational
structure of the company such that reporting and manage-
ment of both cost and progress can be expected from com-
pany personnel. The possible complexity and magnitude of
such cost accounts can be seen as potentially overwhelming.

As discussed earlier under project monitoring, it is
imperative to measure the progress of work within each cost
account. Only then is it possible to assess what work has
been performed. This may involve establishing identifying
milestones, quantities in place, observation, resources
expended, or some other measure. While inherent in mea-
suring any schedule progress using CPM, the problem is
complicated in this situation because of the simultaneous
need to relate progress to cost data.

Of the various measures for assessing work performed,
perhaps a strong argument can be made for utilizing work
hours. Expressing all work in terms of a single unit, namely
work hours, is quite desirable. Work hours do not carry
some of the common problems that are associated with bud-
geted costs. Costs can be distorted with lump-sum payments
being disbursed at varying times. Since costs are distorted if

BCWS

Project cost (dollars)

Report date

Schedule variance
(behind schedule)

100

|
a
o
% Budget

Cost variance
(over budget)

BCWP:(earned value)
| | | | | | | | |

-===1 I I I I I I I I I I

Project duration (typically in months)

FIGURE 10.4 General Concepts of Earned Value Analysis.
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the pay schedule is front-loaded, it is obvious that the cost
estimate should not be confused with the schedule of values
agreed upon between the owner and the contractor. Costs
will be further distorted with the manner in which overhead
is distributed to the various cost items, as overhead is rarely
equitably distributed across all cost items. Since work hours
are a common element across many work items, some of the
disadvantages associated with costs can be avoided. Of
course, work hours are more difficult to monitor when
much of the work is subcontracted.

Some contractors have determined that progress can be
monitored either by worker hours expended or by construc-
tion expenditures. An example of breakdown of these costs
is shown in Table 10.1. From the information provided, it is
apparent that worker hours expended are not always the
same as the actual costs. This is because some building com-
ponents are labor intensive and others are not. For example,
once the roofing work is done, the project is considered 47.4
percent completed on the basis of worker hours expended
but is considered 57.9 percent completed on the basis of
costs. This points out that the definition of percentage com-
pletion might not be consistently applied in the industry. In
some cases it might be desirable to use worker hours
expended, and in other situations the costs might seem more
appropriate. The decision as to the appropriate unit of

measure should be made early in the life of a project.
Depending on the type of project and contracting arrange-
ment, different approaches might be selected.

FINAL COMMENTS

It is vital that construction contractors and owners of
construction projects have viable measures of project perfor-
mance. With front-end loading on billings, it is clear that the
cash position on a project can be very misleading. That is, a
project could have a strong cash position in terms of costs
and revenues, yet be headed for a net loss. Similarly, a nega-
tive cash flow position may not be an automatic indication of
an impending loss on a project. The measure that is needed
to establish the proper status of a project must not be biased.
Earned value measurements provide the means of assessing
the status of a project without the bias introduced by many
other measures commonly used in the construction industry.

For the owner wishing to monitor the progress of a con-
tractor, the pitfalls of using the schedule of values must be rec-
ognized. While the owner may have little recourse other than
using the budgeted costs as a measure, the schedule of values
and the project schedule should be carefully evaluated before
using these as a means of evaluating performance. Only then
can earned value be a reliable method of monitoring progress.

Table 10.1 Project Breakdown by Worker Hours and by Costs

4 Building Worker Hours Cumulative Hours Cost Cumulative Cost A
Component (%) (%) (%) (%)
Mobilization 3.0 3.0 0.5 0.5
Foundation excavation 6.0 9.0 3.0 3.5
Foundation concrete 6.0 15.0 8.9 12.4
Structural framing 11.6 26.6 17.8 30.2
Roof framing 6.0 32.6 6.0 36.2
Exterior wall cladding 8.8 41.4 12.1 48.3
Roofing 6.0 47.4 9.6 57.9
Electrical system 11.6 59.0 6.0 63.9
Mechanical system 8.8 67.8 2.1 66.0
Interior finishes 29.2 97.0 31.0 97.0
Demobilization 3.0 100.0 3.0 100.0
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Review Questions and Problems

1. When using earned value, under what circumstances can the actual cost of work scheduled (ACWS) be utilized?

2. The following bar chart shows the activities to complete a project in 6 months (each column represents 1 month). The
total project cost is $1,480.

Activity Cost | Month | Month | Month

$100
$200
$60
$80
$40
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$300
$100
$50
$400
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After 3 months, Activities A, B, C, E, and half of F are completed, for a cost of $490. What is the status of the project in
terms of the budget (over or under) and the schedule (ahead or behind)? (Give each answer in terms of a percent variance.)

3. The following bar chart shows the activities to complete a project in 6 months (each cell represents 1 month). The total
project cost is $700.

Activity Cost | Month | Month | Month

$100
$30
$40
$80
$20
$50
$70
$30
$200
$60
$20
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After 2 months, Activities A, B, half of C, and half of D are completed, for a cost of $200. For this point in time (2 months
after the start date), what are the values of the budgeted cost of work performed, the budgeted cost of work scheduled,
and the actual cost of work performed?

4. Cost breakdown structures (CBS) were compared with work breakdown structures (WBS). What is the primary problem
(as related to CBS and WBS) in trying to integrate budgets and schedules?

5. Consider a simple project in which four activities describe the basic tasks. This project is presented here as a bar chart
drawn as a timescaled schedule. The sum of the amounts for the activities in the schedule of values approximates the orig-
inally anticipated cost of the project. Project duration is 5 weeks.
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Activity Cost
A. Brush clearing $1,000
B. Tree cutting and removal $3,000
C. Fencing $1,500
D. Site grading $2,500

After 3 weeks, the following has been accomplished:

Activity A 100 percent complete, total cost $900
Activity B 40 percent complete, cost to date $1,400
Activity D 50 percent complete, cost to date $1,500

For this project, using earned value concepts, determine the schedule variance and the cost variance. State if the project is
over or under budget and if it is ahead of or behind schedule.

6. Which of the following earned value terms has the least meaning for analyzing project status?
—— ACWP —— BCWP —— ACWS —— BCWS
7. The following depicts a 6-month schedule for a project.

Activity Cost
A $50
B $120
C $80
D $200
E $120
F $300
G $60
H $70
J $50
K $60

After 3 months on the job (July 1), the contractor concluded that 20 percent of Activity F (Activities A, B, and D are com-
pleted) was completed, 80 percent of Activity C was completed, and 40 percent of Activity E was completed. The project
has cost the contractor a total of $535. For this project, using earned value concepts, determine the schedule variance and
the cost variance. State if the project is over or under budget and if it is ahead of or behind schedule.

8. The following eight activities constitute an overall bar chart portrayal of a 4-month project.
After 1.5 months, Activities A, B, D, and half of E were completed, for a cost of $8,000. For this project, using earned value
concepts, determine the schedule variance and the cost variance. State if the project is over or under budget and if it is
ahead of or behind schedule.
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Activity Cost

$2,000
$1,000
$6,000
$2,000
$7,000
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$10,000
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9. The following six activities constitute an overall bar chart portrayal of a 4-month project.
Two months after the start of construction, Activities A, C, D, half of E, and one-fourth of B were completed, for a cost of
$10,500. Evaluate the status of the project. Using earned value concepts, determine the schedule variance and the cost
variance. State if the project is over or under budget and if it is ahead of or behind schedule.

Activity Cost

$2,000
$8,000
$2,000
$5,000
$1,000
$15,000

m(m[{O O[T |>

10. The following six activities constitute an overall bar chart portrayal of a 4-month project.

Activity Cost

$7,000
$12,000
$6,000
$8,000
$10,000
$25,000
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One and one-half months after the start of construction, Activities A, B, half of C, and half of E were completed, for a cost
of $29,500. Evaluate the status of the project. For this project, using earned value concepts, determine the schedule vari-

ance, the cost variance, and the percentage completion. State if the project is over or under budget and if it is ahead of or
behind schedule.
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THE IMPACT OF
SCHEDULING DECISIONS
ON PRODUCTIVITY

Gifts delayed are not prayers denied.

s a contractor undertakes a construction project,

he or she begins to make decisions that are

intended to contribute to the efficient delivery of
the final constructed facility to the owner. These decisions
ideally take into account the impact that given strategies will
have on the project costs, schedule, and quality. This requires
the decision maker to be cognizant of the impact that his or
her directives will have on the overall project. While very lit-
tle is published on the relationship among project costs,
schedules, and quality, it should be clear that there are often
very close associations between them.

Many decisions made regarding the schedule are those
intended to reduce the duration of selected activities. While
the rationale for these decisions may appear logical at first
glance, they may have adverse impacts on other aspects of
the project, especially in terms of productivity.

WORKING OVERTIME

A common response to the need to accomplish more work
in a smaller time frame is to have workers work overtime.
The workers are already on site, and they simply need to be
informed of the need to work additional hours each day or
to work on the weekends. What will the impact be on
productivity if workers are asked to work overtime? Per-
haps, if they are asked to work overtime for 2 or 3 days, the
adverse impact may hardly be noticeable or may be nonex-
istent. However, it is generally accepted that working over-
time for an extended period of time adversely impacts
productivity. While little has been published on this topic,
some have used the following formula to predict the pro-
ductivity impact of working overtime for an extended
period:

Eff(%) = 100% —5[(days —5) + (hours —8)]%

Where:

Eff = Worker efficiency based on 100 percent for a
regular 40-hour week

days = Number of days worked per week
hours = Number of hours worked per day

While generic in its format, the equation does give some
insight into the impact that overtime can have on worker
productivity. Other considerations have to be taken into
account before placing heavy reliance on the equation. For
example, since setting up an operation consumes a consider-
able amount of time, it would seem logical that the overtime
should first be applied to the existing workdays rather than
adding another workday to the schedule. If workers carpool,
the impact of having only some workers working overtime
may have an adverse impact on morale. If workers commute
considerable distances to get to the work site, there will be
additional considerations.

By examining the above-mentioned formula, one can
get a quick glimpse of the impact of overtime on labor pro-
ductivity. Based on the formula, the associated efficiencies
have been determined for given overtime schedules (see
Table 11.1). Note that the normal 40-hour workweek has
been defined as the benchmark for 100 percent efficiency.
For example, if 12 hours are worked each day for 7 days per
week (84 hours per week), the efficiency drops to 70 percent.
For this scenario, it can be said the productivity of this
84-hour workweek is equivalent to working 58.8 hours at
100 percent efficiency. In addition to the drop in producti-
vity, the decision maker must also evaluate the impact of this
scheduling decision on the costs of wages. Obviously, in an
84-hour workweek, more than half of the time will be
worked at premium wages.

Example: A contractor employs a workforce of 20 workers
on a construction site for a private owner. The workers are
paid an average wage of $12.00 per hour. Because of slip-
page in the schedule, it now appears that the project will
not be completed on time, and there is a liquidated dam-
ages provision of $1,000 per day for every day that the
project is extended beyond the contractual deadline. The
contractor is now contemplating working 12 hours per day
for 5 days each week. If the contractor expects to make up
or shorten the project duration by 10 days, is this a viable
option?

169
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Table 11.1 Impact of Scheduled Overtime on Labor Productivity

r Efficiency (Based Effective
Hours/Day Days/Week Hours/Week on 40 hours) Hours/Week
8 5) 40 100% 40
9 5 45 95 42.75
10 5 50 90 45
11 5] 55 85 46.75
12 5) 60 80 48
8 6 48 95 45.6
9 6 54 90 48.6
10 6 60 85 51
11 6 66 80 52.8
12 6 72 75 54
8 7 56 90 50.4
9 7 63 85 58155
10 7 70 80 56
11 7 s 75 57.75
12 7 84 70 58.8

Considerations:

By using the formula on overtime or by referring to the infor-
mation in Table 11.1, it is easy to determine that the 60
hours worked each week per worker will be at a level of pro-
ductivity achieved with 48 hours of work (using a 40-hour
workweek as a baseline). Thus, if the 20 workers are
assigned to this same work schedule, the project duration
will be reduced by 8 hours or 1 day for each week of such
work. Therefore, it will take 10 weeks to reduce the schedule
by 10 days.

What Is the Cost of Overtime?

Since the average wage of the workers is $12.00 per hour
and since any work hours above 40 hours are paid at an
overtime rate of $18.00 (assuming time and a half), it can
be determined that the premium pay, the overtime portion
of the base wage, is $6.00 per hour for 20 hours each
week, or $120.00 per worker. The cost of the overtime pay
for the entire workforce is $2,400 per week. Note that the
workers will need to work 2 weeks at 60 hours per week
to reduce the project duration by 1 week, provided that
productivity remains the same during the overtime hours.
From this, the contractor might very well conclude that
a reduction in the duration of 1 week will cost $4,800 (the
cost of the overtime portion of the wages for 120 hours per
worker per week).

This might be more readily understood if this is pre-
sented graphically (see below). When there is no change
in the work schedule, the 20 workers will work a total of
4,800 hours during a period of 6 weeks and accrue a total
labor cost of $57,600 ($9,600 X 6). When 20 hours of
overtime are worked each week by the 20 workers, the
cost of working 4,800 hours will consist of 40 hours

worked each week at $12 per hour ($9,600) and 20 hours
worked each week at $18 per hour ($7,200). This will
equate to a total labor cost of $16,800 per week or
$67,200 for 4 weeks. Thus, the project duration is short-
ened by 10 days (2 workweeks) for a cost of $9,600
($67,200-%$57,600) or at a cost of $960 per day. Note that
if productivity would not be compromised (probably an
unrealistic assumption) by working overtime that the liqui-
dated damages amount is roughly the same as the cost of
reducing the duration for each day.

What Is the Cost of Lost Productivity?

It must be realized that working 60 hours each week nets
only 48 hours of regular performance. The contractor’s esti-
mate assumed 1 hour of production for every hour worked.
This means that there are 12 hours of regular work hours
lost each week per worker, which equates to $144 per week
per worker, or $2,880 for the 20 workers.

Another way of examining the production and over-
time cost issue is to simply look at the additional labor
costs incurred each week. Since the contractor will be
paying straight time wages for 40 hours and time and a
half for 20 hours, this is essentially the same (in terms
of costs) as incurring a straight time labor wage cost for
70 hours. Since only 48 hours of production are realized, it
can be said that the contractor loses 22 hours of wages
each week that are attributable to the overtime cost and
the lost productivity. The 22 hours at straight time
would cost $264 ($12.00 X 22) per worker each week.
This equates to a weekly cost of $5,280 for the crew of
20 workers. Note that this is the same as the sum of the
overtime cost of $2,400 and the lost production of $2,880.
Thus, at a cost of $5,280, the contractor can avoid a liqui-
dated damages charge of $1,000.
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What Are the Savings?

When compared to the liquidated damages of $1,000 per
day, it appears that the added cost of overtime and the lost
production far exceeds the cost of damages. If the numbers
were a little closer, as they might be if there was a five-
person crew only, some additional considerations should be
addressed. For example, every day that the project duration
is shortened will also reduce the number of days that the
equipment and staff will be required on the project. The
superintendent might be paid $1,000 per week, resulting in
an additional savings of $200 per day. Depending on the
type of equipment being used on the site, there will be addi-
tional savings, especially if the equipment is rented or could
be utilized on another site. There are certainly other consid-
erations that are difficult to quantify. For example, the com-
pany’s reputation might be bolstered if it can deliver the
project on time, and this might be beneficial for being
awarded future contracts.

INCREASING THE
WORKFORCE (CROWDING)

Working overtime may be desirable in situations where a
quick response is needed or where training costs for certain
skills are high. However, a contractor may also decide to add
extra workers to the workforce. In some cases, this added
workforce may be asked to work on a second shift. On new
construction projects, this may not be explored due to the
requirements for additional lighting and the lack of supervi-
sory or managerial personnel for the second shift. If addi-
tional workers are employed on the regular shift, it stands to
reason that some complications can arise, especially if the
workforce is increased by a significant amount.

When additional workers are hired on a construction
site, management must consider the impact that these work-
ers will have on the existing resources. For example, is there
an adequate supply of hand tools and various pieces of
equipment? It would be foolish to double the crew size for
concrete placement without also increasing the supply of
concrete vibrators and screeds. If the resources can be pro-
vided, the next consideration is the impact that the addi-
tional workers on the site might have on labor productivity.

This possible reduction in productivity can be attributed to
the crowding that can occur in a work area, shown in the fol-
lowing formula:

Eff(%) = 115% — 15 (size of expanded workforce
size of normal workforce)%

Where:

Eff = Worker efficiency based on 100 percent for a
normal workforce

From this formula, the productivity can be computed
when workers are asked to work under conditions of crowd-
ing (see Table 11.2).

Based on the computed impacts of crowding on pro-
ductivity, it can be seen that a 10 percent increase in the
crew size will have only a minor impact on worker produc-
tivity. Often, the evaluation should not be based on the total
workforce but rather on the actual work being done. For
example, if a project has 100 workers and 10 additional
pipefitters are hired, the impact on productivity, as assessed
with the use of the crowding formula, will be small.
However, the impact might be quite adverse if the pipefit-
ters are assigned to a work area where two pipefitters were
already working. This would result in 12 workers in an area
previously occupied by 2.

The impact will be compounded if crew stacking
occurs. This will occur when concurrent activities are sched-
uled for the same location as a result of a change or where
some type of project compression is required. Crew stacking
is not specifically addressed by the above-mentioned for-
mula because it is focused primarily on an increase in crew
size. If other crews are also forced to work in the same area,
productivity will be compromised further. This loss in pro-
ductivity will arise from crews competing for access to the
same doorways and passageways, and they may also compete
for the use of the same tools or power sources. In some cases,
their productivity will be compromised simply through the
inability to store materials or tools conveniently and to move
freely. Such crew stacking conditions might require crew
sizes to actually be reduced.

Example: A specialty contractor employs a workforce of 20

carpenters on a construction site who are paid an average
wage of $12.00 per hour. The carpentry work is running

Table 11.2 The Impact of Crowding on Labor Productivity

rReIative Size of Workforce Relative Productivity (%)‘
Normal 100
10% above normal 98.5
2 times normal 85
3 times normal 70
4 times normal 55
5 times normal 40
6 times normal 25




172 CHAPTER ELEVEN

behind schedule and the contractor is being faced with a
liquidated damages provision of $1,000 per day for every
day that the carpentry work is extended beyond the
contractual deadline. The contractor would like to explore
the possibility of increasing the workforce to 30 carpenters.
If the contractor expects to make up or shorten the project
duration by 5 days, is this a viable option?

Considerations:

By using the formula on crowding, it is computed that the 50
percent increase in the number of carpenters will result in a
level of productivity that is 92.5 percent of that to be
expected in a 40-hour workweek. Normally, the 20 workers
would each accomplish 40 hours of work each week for a
total of 800 productive hours per week for the entire crew.
With the additional workers, the productivity level per
worker will be reduced to 37 hours each week per worker, or
a total of 1,110 productive hours per week for the crew.
From this, it is determined that the 30 workers will reduce
the schedule by 0.38 week ((1110-800)/800), or 1.94 days
for each week that is worked. If the additional 10 carpenters
are employed for 3 weeks, the carpentry work will be
reduced by more than 5 days.

What Is the Cost of Lost Productivity?

Working with the additional carpenters, the workforce will
have 37 productive hours each week. Thus, the contractor
will lose three productive hours for each carpenter each
week, which equates to 90 hours lost each week for the
entire crew, or 270 hours over a 3-week period. This will cost
the contractor $3,240 in lost production over the 3-week
period.

What Are the Savings?

By working a crew of 30 workers, the schedule will be short-
ened by 5 days. When considering the liquidated damages
of $1,000 per day, it is apparent that $5,000 will be saved in
liquidated damages by employing the additional 10 workers.
Of course, there are other considerations. Are the additional
carpenters as skilled as the 20 already on the project, or are
they relatively unskilled and unfamiliar with the company?
This will dictate to a large extent whether the formula to
compute productivity is even realistic. The assumption in
the formula is that the additional workers are of the same
skill level as the existing crew. If the added workers are less
skilled than the existing carpenters, the productivity will
probably be well below 92.5 percent.

The specific job site conditions will also impact the pro-
ductivity of the workers. Judgment will need to be exercised
when considering the addition of workers to a crew. For
example, suppose an office building is being constructed.
Production losses might be minimal if an additional crew is
brought in to perform drywall installation. The drywall crews
would probably be assigned to install drywall in different
rooms. Thus, there would probably be a minimal adverse
impact on productivity. If the additional workers are assigned
to perform work in the same location as the existing workers,

the impact on productivity could be considerable. For example,
suppose two plumbers are installing plumbing fixtures in a
bathroom. If two additional plumbers are assigned to assist
with the installation of these plumbing fixtures, the impact on
productivity could be considerable. There may be instances
in which the cramped conditions could result in even less
work being performed with the additional workers. The
unique conditions at the job site and the specific tasks being
performed will dictate the reliability of the formula for com-
puting productivity with the addition of workers.

INCREASING THE NUMBER
OF STARTING POINTS

To avoid crowding, it might be possible to assign workers to
different areas. For example, instead of doubling the num-
ber of workers at the face of a tunnel, it might be more
effective to use the additional workers at a second tunnel
face. The same might apply to having additional sheet
metal workers assigned to work on different floors.
Naturally, this will spread out the job, and some losses in
productivity can be expected. With the additional starting
places, making material deliveries and satisfying equip-
ment needs on each floor will become more complex. Use
the following equation to compute the amount of schedule
reduction that can be expected by increasing the number of
starting points:

Tow
(Points e,,/Pointsyq) >

Thew =

Where:
T\ew = Time required to complete a new project/task
To1q = Time to complete a past project/task
Points,.,, = Number of starting points on the new
project/task
Points,)q = Number of starting points on a past
project/task

This equation determines the amount of time required to
complete a given project or task when the number of start-
ing points and the duration of a similar completed
project/task are known. The equation determines the dura-
tion of a similar existing project/task. Table 11.3 summarizes
some computations made with this equation.

Table 11.3 presents information on the relative produc-
tivity of work crews when additional starting points are uti-
lized. Note that productivity actually decreases at a smaller
rate as more starting points are used. This may or may not
flag an error in the formulation; however, this is the only
known formula to address this issue.

Example: A contractor has a contract to erect a 45-story
high-rise building. To make up for bad weather that occurred
early in the project, the contractor is considering the possi-
bility of employing additional crews on the building. Since
the building is dried in, the contractor is thinking about
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Table 11.3 Impact of Number of Starting Points on Labor Productivity

R Relative Productivity (%)

elative to Known Project Task

Relative Duration (%)

Same

2 times the number
3 times the number
4 times the number
5 times the number
6 times the number
8 times the number

100 100
63 79.4
48 69.3
40 63
34 58.5
30 55
25 50

tripling the workforce from what was originally anticipated.
The original plan was to do the finish work inside the build-
ing by progressing from the first floor to the top floor. The
contractor is now contemplating having work take place at
three locations. These would be the first, sixteenth, and
thirty-first floors. From their respective starting points, the
work would proceed upward to finish the interior work.
Initially, 30 workers would have been employed, and they
were expected to finish the work in 80 workdays. The work-
ers are paid an average wage of $15.00 per hour, and the
liguidated damages provision in the contract is for $3,000
per day for each day of late completion. Should the venture
with three starting points be pursued?

Considerations:

By increasing the number of starting points from one to
three, the duration is expected to drop to 48 percent of the
originally estimated duration of 80 days to about 38.4 (say
39) days (refer to the formula or to Table 11.3). The decision
to be made then is whether it is more economically feasible
to have 30 workers working for 80 days or 90 workers work-
ing for 39 days.

What Is the Cost of Lost Productivity?

The worker wages are an average of $15.00 per hour per
worker, so 30 workers will accumulate 240 hours each day,
for which the pay will be $3,600. Thus, the wages for work-
ing 80 days will be $288,000. With the workforce tripled,
there will be 90 workers, who will accumulate 720 hours
each day, for which the pay will be $10,800. The total wages
over a period of 39 days will be $421,200.

What Are the Savings?

By tripling the number of starting points in the building, the
number of days that the schedule is shortened is 41 days,
for an additional cost of $133,200. This equates to a cost of
$3,249 for each day of schedule reduction. This is quite
comparable to the liquidated damages amount and war-
rants further consideration of other variables. Some consid-
erations will be purely monetary, including savings in
overhead. Goodwill established with the owner by complet-
ing the project earlier than currently scheduled may also pay
dividends. Of course, the feasibility of actually tripling the
workforce must also be assessed. Factors to address will

include the availability of workers, ability to supply equip-
ment and materials for all workers, and the logistics of actu-
ally having all floors ready for the crews.

IDENTIFYING THE CAUSES OF
DELAYS

It is an ideal situation when a single cause of productivity
losses can be isolated and the impact quantified. In reality,
there are many causes that can contribute to losses on a con-
struction project. Once identified, steps can be implemented
to address those causes. One general source of productivity
losses is delays. When workers wait idly at their workstations
with no ability to proceed with their work, costs of produc-
tion can suffer severely. Unfortunately, the causes of delays
are numerous. They include delays resulting from lack of
supervision, interference with another crew, waiting for
equipment and/or materials, and so on. To address construc-
tion delays, it might be prudent to implement a program
involving foreman delay surveys.

Since the late 1970s, programs utilizing foreman delay
surveys have been used effectively to bolster productivity.
These delay surveys generate more detailed information
than do most other means commonly employed to control
labor costs. Cost reports can identify where problems exist,
but they do not identify the root cause of those problems.
Delay surveys have been developed that not only quantify
the amount of delay time incurred but also isolate the source
of the delays.

The most popular form of delay survey is known as the
“foreman delay survey” or crew delay survey. It is a survey
that is completed by the foremen or first-line supervisors on
the project. Each foreman estimates the total amount of time
lost by the crew during each day because of specifically noted
sources. When multiplied by the number of workers in a
crew and the number of hours worked, an idea of the magni-
tude of the problem becomes apparent.

A program involving foreman delay surveys must be
carefully implemented in order to receive valuable informa-
tion. First, the foremen must be educated about the purpose
of the foreman delay surveys and why it is important for them
to provide their honest input. Next the foremen are asked to
complete the foreman delay survey, preferably at the end of
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Date of Survey:

Foreman’s Name:

Number of Workers in Crew:

Number of

Cause of Delay Hours Delayed

Foreman Delay Survey

Manhours Lost Per Day

Craft:
Work Area:
Type of Work Done:

Number of

X Workers Delayed = Worker Hours

1. Waiting for materials X =
2. Waiting for tools X =
3. Rework from design errors X =
4. Rework from field errors X =
5. Waiting for instructions X =
6. Waiting for inspection X =
7. Work area not ready X =
8. Work area overcrowded X =
9. Waiting for equipment b'e =
10. Equipment breakdown e =
11. Delayed by owner change X =
12. Interference with another crew X =
13. Other: X =
Comments:

FIGURE 11.1 Foreman Delay Survey Form.

each day. The foreman delay survey will ask each foreman to
estimate the total number of hours that their workers were
delayed for various reasons on a specific day (see Figure 11.1).
The foreman delay survey could be filled out on a weekly
basis, but the results will be less accurate since there will be less
recall of all the causes of delays after a few days have passed.
When possible, the best results can be obtained when the fore-
men complete the survey every day for 1-3 weeks.

Once the delay surveys have been collected, the data can
be analyzed to identify particularly problematic causes of
delays. The results are generally shared with the foremen,
and their input is sought in identifying solutions. After vari-
ous suggestions have been received, steps are taken to
address the problem of the delays.

After approximately 6 months, the foreman delay sur-
veys are again provided to the foremen for their input on the

causes of delays in their crews. If conditions have improved
adequately, no further action may be required. Naturally,
project management must be responsive to the information
that is garnered from these delay surveys.

A note of caution should be offered concerning the
delay surveys. It is human nature to blame others for your
own problems. This might cause the initial results of the
delay survey to point the guilt at other parties than the fore-
men. On the other hand, when the second series of delay
surveys are conducted, the foremen might feel as if they are a
part of the solution, causing them to be biased and subcon-
sciously reporting fewer delays. The data must be viewed
objectively to see where changes are possible and most likely
warranted. Look for consistency of reporting from the fore-
men. Outliers may have to be excluded from consideration
due to the subjectivity of the survey responses.
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INTERRUPTION OF WORK ON
MULTIPLE UNITS (IMPACT OF
LOST LEARNING)

Repetition of the same operation generally results in a
reduction in the time and effort required to perform subse-
quent operations; that is, repetitive tasks become easier to
perform with experience. This reduction tends to be regular
and predictable. The observed characteristic of the improved
performance is known as learning. This learning can be
shown graphically or mathematically on a learning curve. A
learning curve is also known as a manufacturing process func-
tion, an experience curve, and a dynamic curve. In simple
terms, it means that the costs of production can be lowered
by increasing quantity of production or increasing learning.

The principle of learning curves can be used effectively
in procurement and production. If the learning rate is
known, it may be possible to estimate the cost of producing
additional units based on the learning information. In cost
estimating, the bidding, pricing, and capital requirements
are based partially on the learning-curve concept.

Learning is realized at two levels. The first, and most obvi-
ous, is with the learning or experience acquired by direct labor.
As a worker continues to produce a particular unit, he or she
naturally improves. The second is in the learning acquired in
the management process. This is accomplished through engi-
neering programs that improve production, encourage high-
quality production, reduce design complexity, create
technological progress, or foster product improvement.

The subject of learning curves frequently comes up on
construction sites. While contractors may utilize learning-curve

principles when they assemble a cost estimate, learning does
not normally become an issue until there is a delay in the work
sequence. It is especially when the owner delays the work of a
contractor that the contractor may make a claim for compensa-
tion, partially to regain the losses resulting from the loss
of learning caused by the owner-caused delay. Learning-
curve concepts are frequently brought up, so it behooves the
scheduler to be aware of them.

Learning-curve principles can be applied to such
diverse operations as ship building, aircraft industries,
computers, machine tools, building construction, and
refinery construction. The concept of learning curves
applies best to a very specific type of operation with these
criteria:

® High cost, especially in terms of labor
® Low volume

® Discrete item production

Thus, the concept does not apply to operations involv-
ing a high volume of units or those with a low unit cost
(labor cost). Some general points that apply to learning
curves are as follows:

® The amount of time and cost required to produce each
unit tends to decrease for successive units.

® The amount of time to produce each unit decreases at a
decreasing rate.

® The reduction in time required to produce each unit
follows a specific estimating model; that is, the rate
of improvement (learning) can be predicted by mathe-
matical models (see Figure 11.2).

Time
to
install
each
unit

Number of units completed

Time
to
install
each
unit

Number of units completed (log scale)

FIGURE 11.2 General Shapes of the Learning Curve.
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LEARNING APPLIED TO
INDIVIDUAL UNITS

There are two types of mathematical formulations for learn-
ing-curve applications. The first relates to the time (gener-
ally in worker hours) required to perform each unit of work,
and the other relates to the average time per unit for a given
number of units. First, the model for predicting the time to
perform each unit of work:

TN:KTXNS

Where:
Ty = Effort required to complete the Nth unit
N = Unit number
K = Constant (theoretically Ky = T))

s = Slope parameter or slope factor (this is a negative

value)

s =Log¢/log 2

¢ = Rate of improvement (generally based on

doubled units—log 2 implies doubled units).
If ¢ = .80, then the second unit is done with
80 percent of the effort of the first unit. The fourth
unit would require 64 percent of the effort of the
first unit.

Example: The first unit of construction is completed in
10,000 hours. A learning rate of 80 percent is expected on
doubled units (always assume doubled units unless specifi-
cally stated otherwise). How much time will be required to
complete the eighth unit?

s = log ¢/log 2 = log .8/log 2 =—.3219
Ty = K7 X N°

Tg = 10,000 x (8)~321°

Ts = 5,120 hours

Example: If the learning rate is 95 percent, how much time
will be required to complete the eighth unit?

s = log .95/log2 = — .074
Tg = 10,000 x (8) 074

Tg = 8,574hours
What happens if the learning rate is not known? It must
then be computed from the available information. The
learning rate can be determined if information on two
units is known. Suppose that the time of effort is known
for two units.

Ti = Kr X Ni Tj = Kr X \f
By dividing:

T/Ti = (Kr X Nj)/(Kr X Nf)
or

/T, = N§/NS

Take the log:

log (T/T) = s X log (Ni/N)

s = (log T; — log T)/(log N; — log N)
Then solve for K:

T = Kr X N}

log T; = log Kt + (s X log N))
Note the form:

Y=A+BX

K1 = Intercept

s = Slope

Example: Suppose the fifth unit was completed in 200
hours and the tenth unit was completed in 150 hours.
Find the time required to complete the twentieth and the
thirtieth units.

s = (log T; — log T)/(log N; — log N))

s = (log 200 — log 150)/(log 5 — log 10)

s =.1249/(-.301) = —.415
log T; = log Kt + (s X log N))
log 150 = log K1 = ((—.415) X log10)
log Kt = 2.5911
Kr = 390
Learning rate:
s = log ¢/log 2
—.415 = log ¢/log 2
logp = —.415 X log2 = —.1249

¢ = .750r75%

(Note: This is observable by inspection because 150 is 75
percent of 200.)

For unit 20:
Too = K7 X N°
Too = 390 X (20)~41°
Tog = 112.5hours

(Note: This is observable by inspection because 75 percent
of 150 is 112.5.)

For unit 30:
T3o = K1 X N°
Ts0 = 390 X (30)~41°
T30 = 95.08 hours

If several data points (more that two) are known, a more
accurate and, perhaps, more realistic, learning curve can be
developed as a predictive tool. There are essentially two
methods of obtaining learning information from the data.
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Table 11.4 Use of the least squares fit method

N T log N logT (log N)? (logN) x (logT)
10 510 1.0000 2.7076 1.0000 2.7076
30 210 1.4771 2.3222 2.1818 3.4301
100 190 2.0000 2.2788 4.0000 4.5576
150 125 2.1761 2.0969 4.7354 4.5631
300 71 2.4771 1.8513 6.1360 4.5859
9.1303 11.2568 18.0532 19.8443

The first is simply to plot the data points on log-log paper. A
“best fit” straight line should then be drawn “through” those
points. The slope of the line will be the learning rate (it will be
negative). The second is to use the least squares fit method
(see also Table 11.4).

MZ(logN X logT) — 2 logN X ¥ log T
M= (log N)® — (= log N)?
M = number of data points

log Kt =
S log TXZ(log N>~ 3 log NX = (log N log T)
M= (log N)® — (= log N)®
.o 5(19.8443) — 9.1303(11.2568) _ 15
5(18.0532) — (9.1303)?

11.2568(18.0532) —9.1303(19.8443)
6.9036

= 3.19208

log K1 =

Ky = 1556

Once s and K7 are determined, other units can be easily
estimated.

LEARNING APPLIED TO
CUMULATIVE AVERAGE UNITS

Although the preceding discussion of predicting the amount
of effort required to produce a given unit is helpful, it is not
as useful as a predictor of the average unit cost of producing
a given number of items. Since estimating is generally based
on the overall average cost per unit (rather than the discrete
cost associated with each individual unit), a predictor based
on unit averages is more meaningful.

The cumulative average time for completing a given
number of units can be related directly to the individual
times, as determined earlier. This cumulative average
time (hereinafter called A) can be shown algebraically as
follows:

TI*N= (Tl + T2+ T3+ T4+ ..... TN)
AN=(M+ L+ T+ Ty +..... Tn)/N
Tl—N:NXAN

Another method (approximate and not to be used if
accuracy is desired):

Ay = Kp X (N*FL = D)/((s + 1) X (N — 1))

Example: Given

Kr=1,000 ¢ = 80% or s = —.3219
Find the Avalue for100units, or find A4qp.

A1go =1,000 % (100732191 1)/([-.3219 + 1] X [100 — 1))

= 21,706/67.129 = 323

Another method (more approximate than the above-
mentioned method):

Reasonably close if N > 20, but not recommended if
accuracy is desired.

Ay = Ky X NS/(1 + s)

Example: Using the method applied to the same problem
as above:

A1go = 1,000 x 100~%219/(1 —.3219)

= 335(vs. 323 obtained with previous method)

Although these approximations may have their place,
one never has a clear idea of how “approximate” the answer
really is. Thus, a more accurate and reliable procedure is
more desirable. The format of the formula that will be used is
identical to that already discussed:

Ay = Ky X NS

Regardless of the apparent similarity between this
equation and the one used earlier, there is no apparent
direct relationship between the values of K, and Ky or
between the values of s that are used in the formulas. The
mechanics of solving the problems are, of course, the same.
That is, if the learning rate for individual units is known, it is
not easy to determine what the learning rate is for cumula-
tive units. Using A values does, however, give one greater
flexibility. The following formulas should make that clear:

Ti-ny =N X Ay
Tv = (N X An) — (N — 1]An-1)

So it is easier to determine individual unit times to com-
plete a unit from A values than it is to determine A values
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from information about individual units (T values). At any
rate, the use of A values gives more accurate information.
As before, the formula to remember:

ANZKaXNS

The mechanics of solving problems with this equation
are identical to the method used to solve for T values.

WHAT HAPPENS WHEN
WORK IS INTERRUPTED?

If the flow of work is interrupted for some reason (inclement
weather, labor strike, an extended holiday season, a plant
shutdown, or job reassignment), the learning that has
occurred will also be affected. Eventually, the learning will
regress to the level that existed earlier when the first unit was
produced. This forgetting function has been formulated by
Gates and Scarpa (1972) as follows:

F=1— (1/log[D + 10])
F = Forgetting function
D = Number of time units of delay, in calendar days
This function is then used in the following equation:
Asp = App + (F X (1 — Agp))
App = Abefore the delay(fraction of A; orK,)
Where:
App = Aafter the delay(fraction ofA; orK,)
Apgp = Abefore the delay (fraction of A;orK,)
Example: Given

Ky,=1,000¢ = .90s = —.152
Interruption of 5 days after 100 units
Find the A for units 101-105 or find A1g1_10s.

F=1-(1/log (D + 10) = 1 — (1/log15) = .1497
Agp = 1001%2 = 4966
Aap = Agp + F(1 — Agp)

= 4966 + (1497(1 — .4966)) = 57196

57196 = N°
(Solve by taking the log of each side of the equation.)
log .57196 = s log N = — .152 log N
24263 = —.152 log N
1.5963 = log N
N = 39.47

As a result of the delay, learning has regressed to a point as
if only 39.47 units had been produced. After the delay, the
rate of production will be the same as it was for units 39.47
through 44.47. That is, after the work resumes, the learning
rate will resume at the same pace as it had before. The delay

simply shifted the production rate “back up” the learning
curve. So the production for units 101 through 105 will be
calculated as follows:

Aussz = 1,000 X (44.47)1%2 = 561.68

Asga7 = 1,000 X (39.47)"1%2 = 571.96

Asg.u7-as447 =[(44.47 X 561.68) — (39.47 X 571.96))/5
= 480.53

Example: Suppose a contractor has a labor contract with a
facility owner to construct four buildings that are essentially
identical. The contractor has estimated the actual labor
cost (with benefits) of each building to be $26,671. Allowing
for an approximate 10 percent margin to cover overhead
(7 percent) and profit (3 percent), the amount to be paid to
the contractor for each building is $29,400. After the third
building is completed, the owner determines that the fourth
building will not be needed, so the owner elects to cancel
the contract. The contractor asks the owner for additional
money. The contractor’s records of labor costs per building
have been accurately maintained, as shown in Figure 11.3.
If the learning-curve principle is applicable, what will the
profit margin be if the contractor is paid $29,400 for the
three buildings that were completed? What sum would be
appropriate to provide the contractor with a 3 percent
profit? (Assume that the overhead is fixed at 7 percent.)

From Figure 11.3, it can be determined that the average
cost of constructing three buildings is $27,462 per building
($30,000 + $27,000 + $25,386)/3). Allowing for a 10 per-
cent margin, the contractor will want to seek compensation
of $30,208 per building (27,462 X 1.1). If the contractor
is paid only $29,400 per building, the learning advantage
gained in the fourth building is lost. The margin realized
with a payment of $29,400 per building if only three build-
ings are constructed is 7.06 percent (computed as
$29,400/$27,462). Allowing 7 percent for overhead, the
remainder would be profit. Thus, the contractor will essen-
tially break even with the payment of $29,400, earning only
.06 percent in profit or essentially no profit.

Example: A contractor made an agreement with a firm to
weld 10 special vessels for them. After six vessels were
completed, the owner suspended the contractor’s work.
The reason for the delay was never disclosed to the con-
tractor, but it was apparently not directly associated with the
contractor’s operation. When the work was permitted to
resume, the contractor noticed that the labor cost per unit
was much higher than it had been previously. What was the
cost of the delay to the contractor? The analysis of the
impact of the delay is summarized in Figure 11.4.

If the delay had not occurred, the learning-curve predic-
tion was that the average labor cost per unit would
be $7,047. Since the realized cost was $7,760, it can be
computed that the average added labor per unit was $713
per unit, or $7,130 for the 10 units. The contractor would
probably make a claim to recover $7,130 from the owner to
compensate for the impact of the delay.
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FIGURE 11.3 Learning-Curve Data for Four Similar Buildings.
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FIGURE 11.4 Learning-Curve Principle Applied to a Delay.

OTHER SOURCES OF LOST
PRODUCTIVITY

There are various other sources of lost productivity, and
these are often even more difficult to quantify. A reduction
in worker morale can be devastating to worker productivity.
Morale can decline significantly for a number of reasons,
including disregard for worker safety, excess changes that
necessitate rework, poor relationships with other site per-
sonnel, poor site conditions, and so on. Changes, delays, and
rework are often cited as causes of production losses.
Changes and delays may mandate that workers be reassigned
to other tasks or be transferred temporarily to other
projects. This will interrupt the smooth flow of work and

will compromise worker morale, all of which will cause a
decline in productivity.

Many of the losses in productivity will be difficult to
quantify without an analysis of the specific circumstances
involved. Some might be quantified with relative accuracy.
For example, if access is denied to a particular area, it may be
impossible to accomplish any work, clearly causing a delay in
progress. The delay in the shipment of owner-provided
materials may directly impact the project by delaying
progress. Similar delays could be caused by changes that
require material substitutions, especially if those materials
require a long lead time for delivery. Delays may also cause
work to be extended into the winter season, when productiv-
ity generally declines or when work cannot always be
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performed; for example, concrete generally cannot be placed
in freezing or near-freezing conditions.

Some situations might not have been anticipated at
contract award that will drastically impact productivity. For
example, a change could be made late in the construction
phase. This could occur at a stage of project completion such
that the use of a crane is no longer feasible and the work
might have to be done through arduous manual labor, or the
owner may have already occupied the facility prior to final
completion and the contractor will be forced to finish the
work in a facility that is partially furnished and occupied.
The nature of these situations will impact productivity, but
the extent of that impact will depend on the nature of the
work that must be performed.

Whether a change results in productivity losses or a
change in the manner of performing the work, in the final
analysis, a delay will generally result. While formulas cannot
adequately compute many of these types of losses, the use of
schedules can be very helpful and often compelling in con-
vincing others of the extent of the impact of a change, sus-
pension, or directive that changes the way the work is
performed. The accuracy of the schedule will be instrumen-
tal in determining the viability of using the schedule to make
a convincing argument.

In some cases, judgment will need to be exercised to
quantify the anticipated productivity losses. In fact, this is
almost always the case. For example, suppose that a specialty
contractor has a contract to put up 200,000 square feet of
decking on a large project. The intent was to use five workers,
and it was estimated that the crew could put up 250 square
feet of decking in 1 hour. In an 8-hour day, the crew would
put up 2,000 square feet of decking. Thus, the crew could be
completed with the work in 100 working days. Before the
work begins, the specialty contractor is told that completing
the job in 100 days is not acceptable. The contractor needs to
speed up the operation. It is decided to double the crew size
and work five 10-hour days. What is the expected duration?

By doubling the crew size, the productivity would be at
85 percent of that of a five-worker crew. Thus, the crew pro-
ductivity of a five-worker crew is reduced to 212.5 square
feet per hour, and, with two crews, the productivity would

Review Problems

1. The third unit of an aircraft hanger project was com-
pleted in 2,700 hours. The fifteenth unit was built in
2,100 hours. What is the learning rate (based on dou-
bled units)? How long would it take to build the hun-
dredth unit?

2. A tower (the first one) was installed in 900 hours. The
improvement rate for doubled units is expected to be 90
percent. What will be the time required to complete the
fifth tower? The thirtieth tower?

be 425 square feet per hour. Note that this is the production
rate that is achieved simply by doubling the crew size. The
issue of working overtime must now be addressed. With five
10-hour days, the production rate is 90 percent of that of a
work schedule involving five 8-hour days. With overtime,
the production rate of the 10 workers is reduced to 382.5
square feet per hour, or 3,825 square feet in a 10-hour work-
day. Now it can be determined that the work can be com-
pleted in 52.3 days. The specialty contractor must now
evaluate the reasonableness of the computations. Will both
crews be served by a single crane? Will they work effectively
as two crews, or will they work as one large crew? Will safety
be adversely impacted with the additional workers or the
additional hours, or both? Once these aspects have been
considered, an informed decision can generally be made.
While the duration of the task is cut nearly in half, the
financial impact will be considerable. It must be remem-
bered that every day includes 2 hours of overtime for each
worker.

FINAL COMMENTS

Questions concerning productivity generally relate to efforts
to determine the expected level of productivity if some given
conditions are imposed or if certain conditions do not occur.
In many instances, these questions are asked after given
events have already occurred. If work is still to be performed,
managers may base their decisions about the work on mod-
els that indicate the impact that certain job conditions have
on overall performance.

Retrospective use of productivity models is often done
to establish grounds for a claim of some type or determine if
adequate grounds for a formal claim exist. The results of the
models are always conjecture. Decisions have to be made
based on the best information available, but one may never
be able to establish quantitatively the value of the decision.
The productivity models have been presented in this chapter
to help highlight the essence of the implications of perform-
ing work under differing conditions. These models are
generic in nature, and their use may require modification
under changing circumstances.

3. A contractor was in the business of building storage
tanks. The learning rate was 0.80 on doubled averages.
He broke even on the twelfth unit, which brought the
average of all the units to 1,500 hours per unit with a
labor cost of $18,000 per unit. What was his profit mar-
gin on a contract for 30 such units? Assume that this was
the first contract and that he was paid the same price
per storage tank. Give the profit margin in dollars and in
percent.

4. The A value for 5 sluice-gate installations was 160
hours (learning was 0.90 for doubled averages). Find the
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10.

average time to install 25 sluice gates. What is the time
required to install the twentieth sluice gate?

. A tower was erected in 7,000 hours. The company feels

that the learning rate per tower will be 0.80 on doubled
units. How many towers will have to be erected before
the time per tower is reduced to 3,000 hours? How
much time will be consumed on the fiftieth tower?

. The cumulative average time for constructing 30 electri-

cal assemblies is 170 hours. The rate of learning for dou-
bled averages is about 0.95. How much time was
consumed in building the fiftieth unit? What was the
total time required for all units after 100 units were
completed? What total hours were needed to assemble
units 100 through 150?

. The learning rate of 0.90 on cumulative averages is real-

ized when constructing metal storage tanks. The first
unit took 1,400 hours to construct. After six units were
constructed, the hunting season opened and the entire
work crew took off a total of 5 days. Ignoring the
impact of weekends, determine the time required to
complete units 7 through 12. If wages are $10 per hour,
what was the cost of the hunting season in terms of lost
productivity?

A welder and a carpenter decided to get out of the con-
struction industry and build farm trailers instead. From
building a few trailers on weekends, they estimated that
the first trailer would take about $700 of their own labor
to build and that an 85 percent learning rate can be
anticipated on the cumulative average time as each
trailer is built. (Note: They decided that their hourly
wages should be no less than those they received in the
construction trades.) The material costs for each trailer
will be about $500, and the craftsmen do not see any
way that this can be reduced. They estimate that each
trailer can be sold for $1,000. In addition to making
their wages on labor, they want to make 15 percent
profit on the trailer materials. How many trailers must
be built before this rate of profit can be realized? What is
the labor cost on the fiftieth trailer?

. A learning rate of 92 percent on cumulative averages is

realized when constructing metal storage tanks.
The first tank took 1,200 hours to construct. After six
tanks were constructed, the work was stopped for
2 days, after which the work resumed. Find the time
required to complete units 7 through 10. If wages are
$15 per hour, what was the cost of the delay from lost
productivity? What was the total cost of constructing
15 tanks?

Study the following data:

Unit # Labor Cost/Unit
1 $1,000

5 900

25 810

11.

12.

13.

Based on the trend of production costs on these units,
develop a formula that will be usable to predict future
costs; that is, find the value of s. Find the cost for unit 100.

An offshore drilling operation requires a large number
of welders to build a platform. The contractor is pay-
ing welders $25 per hour on a 40-hour (8 hour/day)
workweek. The contractor has never had the same
welders return to the platform after they have been on
the job for 1 week. He is now considering a 7-day
workweek (56 hours) so that he can take advantage of
the “experience” gained in the previous 5 days of work.
Of course he would have to pay double time for any-
thing beyond 40 hours. He figures that all other
expenses would equalize (5 trips for 35 workdays with
7-day workweeks, or 7 trips for 35 workdays with
5-day workweeks). He incurs an outfitting cost of
$2,000 per welder. What type of learning rate must
take place for the “scheme” to work? State any assump-
tions that are made.

A contractor has kept accurate records on the installa-
tion of pressure vessels in a refinery. He had the follow-
ing data:

Unit # A
3 1,530
4 1,450
7 1,370
10 1,325
12 1,300
15 1,275

A strike delayed further installations for 2 weeks (16
days) before the sixteenth unit could be installed. The
contractor had a crew size of 11 workers who receive an
average wage of $18 per hour. The rent on the equip-
ment and the company overhead is $500 per day.
The contractor noted that he “broke even” after having
completed the eighth unit. Find the theoretical time to
complete the first unit. Find the learning rate (in per-
cent). When work resumes, how many units must be
completed before the crew is working at the same pace it
had when it completed the fifteenth unit? How long will
it take to complete the sixteenth unit? What is the cost of
the delay on units 16 through 20?

A project was expected to be completed in 10 weeks by a
crew of five workers. The work was to be completed
without overtime, namely, with 40-hour workweeks.
Workers were to be paid $20 per hour, which included
all fringes. Before construction began, the owner
decided that the project schedule was to be accelerated
by having the workers work 8 hours on Saturdays.
Assume wages are paid at time-and-a-half on Saturdays.

a. What is the revised expected duration of the project?
b. What is the added cost due to the acceleration?
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14.

15.

A four-worker crew was assigned to install plumbing in
a house. To accelerate the work, it was suggested that
two additional crews (consisting of four workers each)
be assigned to do the work.

a. If the initial estimate was that the four-worker crew
could complete the work in 12 days, what is the best
estimate of the completion time with the additional
crews?

b. What is the estimated labor cost of the change in
worker assignments if all workers are paid $20 per
hour?

A high-rise project was scheduled to be painted in 30
working days when a single crew was employed, begin-
ning its task at the bottom floor. What would be the
expected duration of the painting work if two addi-
tional crews were employed on the project? One crew

16.

was assigned to start at the top of the building and work
downward. The other crew was assigned to start at the
one-third point in the building and work upward.

The finishing work on a building project was to be com-
pleted by an ideally sized crew of five workers in 45 days
(40-hour workweeks). To accelerate the work, it was
decided that the crew size would be increased to eight
workers and that a second eight-worker crew would be
added to the project. In addition, all workers were
scheduled to work 60-hour workweeks (10 hours per
day from Monday through Saturday). Assume workers
are paid $18 per hour.

a. What is the expected duration of the project with the
suggested changes?

b. What is the cost of the acceleration in terms of labor
cost alone?



CPM IN DISPUTE
RESOLUTION AND LITIGATION

The best way to avoid litigation is to prepare for it.

n many cases, it may only be in the “final analysis,” dur-

ing the resolution of disputes, that the critical path

method (CPM) is considered to be worth the time and
effort required to use it to its fullest extent. It is at this point
that CPM is particularly useful because it provides a model
of the project. The model illustrates how a project was origi-
nally planned and how it changed as the project progressed.
By introducing changes into the model, it is possible to show
how other portions of the model are impacted; it thereby
furnishes a basis upon which assessments of time and
money awards can be made.

GOING TO COURT

Disputes normally come down to assessing three aspects of
delays: (1) who was at fault or who caused the delay, (2) how
much of a time delay occurred (project delay), and, conse-
quently, (3) what monetary awards should be made. CPM is
primarily useful in addressing the second of these conditions,
and, in some cases, can be used to assist in determining at least
a portion of the monetary awards. The only item it does not
normally address is that of determining the party at fault, as
this will be difficult to assess without considering specific
wording in the contract. However, CPM networks should
enable anyone to evaluate the impacts of the action of any
party (owner, contractor, subcontractor, or others). Most
important, the assessment can be considered as being objec-
tive (unbiased) provided the model (network) used is valid.

There are numerous court cases involving disputes in
which the project duration has allegedly been compromised
by change orders, differing site conditions, excusable delays,
nonexcusable delays, suspensions of work, and other causes.
Many of these cases concern contractors who felt they had
been delayed as a result of some occurrence for which there
was entitlement to additional time and/or money. The full
extent of these cases will not be presented here because
numerous other construction textbooks address this topic
adequately. The cases presented here relate primarily to
those in which the schedule itself became an elemental com-
ponent of the court’s decision.

The objectivity of a CPM network is one aspect that
allows it to be used effectively in court and other arenas in

which disputes are adjudicated. Once validated, an analysis
of the network can be used to provide evidence as to the
extent of delays, if any, caused by actions, or “inactions,” of
any party. As such, the CPM can be an effective evidence-
seeking tool. An example is the case of Blackhawk Heating &
Plumbing Co., Inc’s, claim against the U.S. government, as
described in the Board of Contract Appeals Decision (75-1
BCA [P11, 261] GSBCA No. 2432. April 30, 1975. Contract
No. GS-05BC-4963).

In the Blackhawk case the Board of Contract Appeals
based its decision on a network prepared by a government-
hired consultant 4 years after the project was completed. The
after-the-fact CPM was developed with heavy reliance
placed on Blackhawk’s daily work logs. The decision stated
that “Because of the after-the-fact nature of the ... CPMs
and the fact that they were prepared at the government’s
request . . ., we feel compelled to take a long, hard look at the
basis on which the CPMs were constructed.”

The consultant had started with a CPM submitted by
the contractor. This had not been formally accepted by the
government, but the third CPM submitted was felt to be a
reasonable plan for meeting the specified project duration.
The consultant modified the “as-planned” network only to
the point of breaking down enough activities to accurately
depict the point at which disputed delays impacted the pro-
ject. Next, an “as-built” network was developed. The activity
sequence was basically the same as planned, except that
while work was to be performed on a floor-by-floor basis,
the contractor’s actual work logs showed that work was in
fact taking place on multiple floors simultaneously. Thus,
floor-to-floor restraints were removed from the network.

After examining results of computer runs using the net-
work and considering challenges to it by the contractor, the
board found that “Network 4 and Run 1 thereunder are a
sound basis upon which to evaluate various project delays.”
Included in the contractor’s challenges to the network were
that the consultant had used “dummies” to depict delays and
had assigned durations to the dummies. It was argued that
this was contrary to the consultant’s own definition of a
dummy. The board agreed, but found it did not invalidate
the legitimacy of the model. What the consultant had called
dummies were really activities that consumed time alone
and no other resource. Thus, even though the network was
constructed well after the fact and had technical problems, it
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was still held to be a valid depiction of the project and fit for
providing objective analysis of delays.

A portion of the decision involved the finding that a
government-caused problem did, in fact, delay the contrac-
tor’s work. The delayed work did show up on the critical
path of the “as-planned” network. However, at the time of
the delay the path was not critical, as the contractor had been
largely responsible for another unrelated delay that had
caused the critical path to shift. To support his argument, the
contractor presented a network model representing only a
portion of the project. This was disregarded in the decision
as being incomplete and thereby not acceptable as an evalua-
tion tool.

In the Blackhawk case, several delays occurred at the
same time, referred to as concurrent delays, and a decision
about the separable impacts of each delay could be deter-
mined. It is probably accurate to conclude that it was the
availability of the CPM that permitted the board to resolve
the relative impacts.

Such was not the situation in Minmar Builders, Inc.s
claim against the government (72-2 BCA [P9599] GSBCA
No. 3430. July 28, 1972. Contract No. GS-03B-15477). In this
case, the two construction schedules submitted for the addi-
tion of a classroom and laboratory at Gallaudet College were
nothing more “than a bar chart showing the duration and
projected calendar dates for the performance of the various
contractual tasks.”

The fact that bar charts are not acceptable as evidence to
show the cause of project delays is clearly stated in this deci-
sion: “Since no interrelationship was shown as between the
tasks, the charts cannot show what project activities were
dependent on the prior performance of the [activities], much
less whether overall project completion was thereby affected.
In short, the schedules were not prepared by the Critical Path
Method (CPM) and hence are not probative as to whether
any particular activity or group of activities was on the criti-
cal path or constituted the pacing element for the project.”

A detailed CPM analysis was utilized by Pathman in its
claim for delay damages in Pathman Construction Co. v. Hi-
Way Electric Co., 382 N.E. 2d 453 (1978). A professional ana-
lyst was hired by Pathman to help develop support for its
delay claim for damages. Pathman claimed it was delayed by
Hi-Way through its practice of submitting shop drawings
and material lists to the General Services Administration in a
form that was not acceptable. Other delays by Hi-Way
caused some of Pathman’s work to be shifted to the winter
months, necessitating the need to winterize the project.
While the court stated that it would not apportion damages
based on speculation, the evidence presented through the
CPM schedule was quite compelling. Without a CPM sched-
ule, Pathman would not have been as persuasive in court or
succeeded in its claim for damages.

Beyond the simple use of a CPM network, it is impera-
tive that the CPM be used properly if decisions are to be
based upon it. It has already been shown that a CPM may be
accepted as being persuasive evidence in deciding the extent
of project delays. This was predicated, however, on it having

been properly prepared and documented. Thus, supporting
documentation is necessary, and if this information is col-
lected in a manner that relates it directly to an existing CPM,
it will be all the more powerful. Finally, for a CPM to be
totally effective, it must be analyzed properly. This requires
that it represent the project accurately to begin with and that
as the project changes, the assessment of these changes is
correctly and fully integrated into the network.

In the case of Brooks Towers Corp. v. Hunkin-Conkey
Construction Co., 454 F. 2d 1203 (1972), the court used CPM
networks as the basis on which it decided a claim for delay
damages. In this case Hunkin-Conkey entered into a con-
tract to build a commercial and apartment building. A por-
tion of the project was to be completed within 15 months,
and the entire project was to be completed in 18 months.
The contractor had prepared a CPM study prior to bidding
the project because the schedule was considered tight.
According to the contractor, the schedule duration was
extended by numerous changes issued by the owner.

It was the nature of how those changes were processed
that required an interpretation by the court. On many
changes, the contractor stipulated the price and the addi-
tional time associated with each change. Each change quota-
tion from the contractor was submitted on the owner’s form,
which included space for the owner to indicate the approval
of the price that was quoted and a separate space for the
approval of the added time requested. On a majority of the
quotations, the price was specifically approved but no entry
was made for the time extensions. These extensions became
the court’s central focus.

The owner contended that when no action was noted
on the quotation, the request for a time extension was
denied. The contractor took the opposing view, stating that
no action on the owner’s part signified implied approval.
This became the issue on which the court had to decide.
Numerous court decisions were cited in which inaction was
construed as approval. The court stated “ . . . where a duty
exists to communicate either an acceptance or rejection,
silence will be regarded as an acceptance.” The extent of the
time extension warranted was then determined by close
scrutiny of the CPM schedule, which was quite detailed and
took into consideration “all Bulletins, formal Change
Orders, Field Change Orders, related correspondence, Daily
Progress Reports and Monthly Pay Requests.”

Progress schedules were also introduced in the case of
Lichter v. Mellon-Stuart Company, 193 E. Supp. 216 (1961),
but a twist occurred in the final determination by the court.
Lichter, a specialty contractor doing business as Southern
Fireproofing Company, entered two subcontracts with Mel-
lon-Stuart on an addition to the Federal Reserve Bank in
Pittsburgh. One agreement was for exterior stonework and
the other for interior masonry work. The time of completion
of the project was 20 months, but the completion dates of
the stone and masonry work were not specified. Instead, the
subcontract stated that the subcontractor was to perform
“ .. as required by the progress of the work and as directed
by the Contractor. .. .” When it prepared its bid, Southern
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had anticipated performing the stonework in the summer
months and that the masonry work would be done in an
enclosed building.

When work began, the stonework was delayed to the
point where work was performed during the winter months,
and the masonry work was done in a building that was not
yet fully enclosed. This problem arose through delays caused
by the issuance of 192 change orders, the postponement of
the stonework by 3 months, the late delivery of materials, fail-
ure of other subcontractors to complete their work pursuant
to the job schedule, strikes, winter weather, failure of the
owner’s representative to make timely decisions, and various
other occurrences. The court concluded that, because of the
contract provision related to the subcontractor’s obligation
to perform “as directed by the Contractor,” Southern could
file a valid claim only if a delay constituted a breach of the
contract. The court also stated that it was incumbent on
Southern to proceed to complete the work and that it was a
mistake for it to abandon the work. While Southern was
awarded some damages caused by a breach on the part of
Mellon-Stuart, the contract provision as noted above limited
its liability on other portions of the suit. In some cases, no
matter how well it can be shown that the delay was caused by
one party, the contract provisions may preclude any recovery.

CPM can also be used effectively to show how a project is
expected to be completed in less than the specified contract
time. By so doing at the outset of the project, the contractor
can establish the grounds for claiming costs for delay if the
owner delays the project from its scheduled, albeit early, fin-
ish. An example of this was presented in Owen L. Schwam
Construction Co., Inc. v. U.S. (79-2 BCA [P13,919] ASBCA
No. 22407. May 31, 1979. Contract No. DACA 51-75-C-0051).

The essence of part of this case was that the contractor
provided a plan to construct a theater at Fort Devens, Massa-
chusetts, in less than the contract duration of 360 days by
avoiding a winter shutdown. The plan required that struc-
tural steel be in place by about mid-November, allowing
close-in of the structure before the harsh winter arrived. Gov-
ernment-caused delays through defective specifications and
the extended approval of certain shop drawings delayed
foundation work, making it impossible for the contractor to
complete closing on the theater as intended. It was concluded
that a consequence of foundation problems was that “the
forming and pouring of auditorium grade walls, a critical
path activity . . . was delayed. . . . It caused a 35-calendar day
delay with respect to [contractor’s] early completion plan.” It
was noted that the contracting officer’s final decision stated
that the structural steel was the cause of the delays. However,
the board found that “the structural steel work was not a pre-
requisite activity to completion of the foundation. . ..” Both
of the preceding quotes base decisions on CPM techniques
and terms, specifically, “critical path activity” and “prerequi-
site.” It is also interesting to note that in this case the contrac-
tor was able to claim the salary cost of the superintendent
during the winter shutdown period (during which he took
his vacation) because his salary continued and the delay was
attributed to the actions of the owner.

A final useful observation from this case is how the
credibility of witnesses and their testimony is assessed. It was
noted that the government’s chief witnesses testified that the
delaying effects of the events identified as causing construc-
tion delays had been exaggerated. They did not deny that
they had occurred, but they indicated that they had been
“blown out of reality” and had no effect on timely project
completion: . . neither of them supported their general
assertions . . . with any specifics. Moreover, the area engineer
frequently pleaded an inability to recall the details of past
occurrences and understandably, since the instant contract
was only one of 25 projects assigned to him.”

In contrast were the testimony and credentials of the
contractor’s president (“a one-person operation”). His
“testimony demonstrated a comprehensive and specific
grasp of the technical details and the events . . ., his constant
attention on the job was required.” His credentials included
graduate work in civil engineering, contract administration
work for the government, and supervising and managing
construction projects for private owners as well as the U.S.
Navy and U.S. Army. Consequently, the board record for this
case states that:

In view of the above findings concerning the generality of the
testimony of the Government’s primary witnesses as con-
trasted with the specific and comprehensive testimony of

appellant’s president, . .. we are inclined to afford greater
credibility to the latter’s testimony with respect to our find-
ings...”

Must a contractor be delayed beyond the contractual
project duration in order to successfully file a claim for delay
damages? Not according to the decision rendered in
D’Angelo v. State of New York, 362 N.Y.S. 2d 283 (1974).
D’Angelo, operating under the business name of Triple
Cities Construction Company, entered a contract with the
state of New York for the reconstruction and realignment of
8.2 miles of highway, including a cattle pass and a number of
culverts scattered along the length of the project. Triple
Cities completed the project on time but still filed a claim for
delay damages from the state. A detailed schedule or detailed
records were never produced by Triple Cities, but heavy
reliance was placed on the recollection and memory of Mr.
D’Angelo, who presented himself as being thoroughly famil-
iar with project operations.

The court found that the state could not delay the pro-
ject and then defend its actions on the premise that the pro-
ject had still been completed within the contractually
stipulated duration. The court poignantly stated that Triple
Cities “could rightfully expect to operate free from needless
interference by the State, and, therefore, they are entitled to
compensation where, as here, they could have completed
their work ahead of schedule and thereby saving substantial
sums of money, absent the delays caused by the State.” While
no specific information about network schedules was intro-
duced, the case makes it clear that the difference between the
contractor’s planned duration and the contract duration
does not constitute float to be utilized by the owner.
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A different conclusion was reached in Callanan Indus-
tries v. Glens Falls Urban Renewal Agency, 403 N.Y.S. 2d 594
(1978). Callanan entered two contracts with Glens Falls. On
one project, work could not commence until a utility line
was relocated, and on the other the work was stalled until a
house was demolished. Both projects were started by
Callanan several months after the contracts were signed. For
example, the house was removed 3 months after the precon-
struction meeting was held, considerably later than antici-
pated by Callanan. The court denied the claim for damages
by Callanan, stating . . . time was plainly not of the essence
is amply demonstrated by plaintiff’s completion of its actual
work in the same time as originally planned. . . ” It further
stated that the owner had not “needlessly delayed” the con-
tractor. Essentially, the court said that since the project was
completed within the originally contracted duration, the
delay must have been anticipated.

Judge P. J. Kane of the New York Supreme Court took
strong exception to the court’s decision in the Callanan case.
He noted that the parties to the contract were in a meeting
shortly after contract award in which . . it was fully expected
that [house demolition] would be completed by June 1, 1972,
at the latest. . . ” The house was not removed until August 24,
1972, the very day on which Callanan began work in earnest.
Clearly, the Callanan decision is controversial and in strong
contrast to the decision of the D’Angelo case.

The case of Haas and Hanie v. the U.S. Government
(GSBCA Nos. 5530, 6224, 6638, 6919, 6920, June 8, 1984.
Contract No. GS-09B-C-7003-SF) stressed the value of
network schedules. Haas and Hanie entered a contract to
construct a multistory building in Hawaii. The contract
documents required the contractor to submit a CPM schedule
to the owner and to make regular reports regarding this
schedule. A network schedule was developed, but it was never
updated or even utilized to any great extent. The contractor
requested that the CPM requirement be waived and that the
owner accept reports based on the bar chart. This request was
accepted. As construction progress continued, the owner
made 166 changes to the project. The contractor finished
the project late and was assessed liquidated damages. The
contractor sought an extension of time based on the impact
that the changes had on the normally scheduled duration.

When Haas and Hanie presented its case, it used a bar
chart to show its planned sequence of activities and their
durations. They backed up this information by showing con-
struction progress as measured by the amount of money
spent. While the board conceded that Haas and Hanie might
have a legitimate claim for added compensation caused by
the changes, it stated that this was not made apparent from
the testimony that was offered. First, the bar chart did not
show how one activity related to the other activities. Second,
measuring progress by the amount of money spent has no
basis in fact. The case for Haas and Hanie was also jeopar-
dized by several subcontractors who testified that there was
no concerted effort expended by the general contractor to
coordinate the various activities on the site. There were sev-
eral issues that did not help the case for Haas and Hanie, but

the implication from the board was that the failure to use a
network schedule was a major error in judgment on the part
of Haas and Hanie.

The contract language is very relevant in the settlement
of many legal issues. This was certainly true in Marriott Cor-
poration v. Dasta Construction Company (26 E. 3d 1057). In
1984, The Marriott Orlando World Resort contracted with
Dasta Construction Company of Kansas City, Missouri, to
perform a majority of the exterior skin work on the guest
tower of a large hotel complex including affixing layers of
stucco, plaster, and waterproofing onto the cement block
walls. With direct input from Dasta, a CPM schedule was
prepared for the project. Dasta’s work was to begin in July
1984 and be completed in 15 months. In pricing its bid,
Dasta placed considerable reliance on the CPM schedule that
had been prepared, showing a steady flow of work for the
Dasta workers.

When Dasta’s team arrived on the project, they discov-
ered that the project was running behind schedule by at least
5 months, primarily due to the poor workmanship of the
concrete placement that directly impacted Dasta’s work.
Marriott made numerous changes as construction pro-
gressed, often resulting in the inability of Dasta to fully uti-
lize the workers it had on site. This inefficiency was costly. In
addition, costs were increased when Marriott failed to pro-
vide adequate vertical transportation and safety measures.
Furthermore, Marriott refused to allow Dasta to bring in its
own hoist to alleviate the vertical transportation problem.
For this and various other reasons, Dasta sought added com-
pensation on the contract. While Dasta felt justified in its
claim against Marriott, the court relied almost entirely on
the contract verbiage which stated that Marriott “specifically
reserves the right to modify the progress schedule as
required by the conditions of work.” Intentions and percep-
tions can be deceptive. Marriott was simply exercising its
contractual rights and was deemed justified in making the
changes to the CPM schedule.

TYPES OF SCHEDULES

When the schedule is the subject of a claim, different types of
schedules might be considered. Of course, the first schedule
to consider is the original or “as-planned” schedule that pre-
sents information on the schedule as envisioned, generally by
the contractor, at the beginning of the construction phase.
On some projects, the owner approves the schedule submit-
ted by the contractor. This approval has the project beginning
with both the contractor and the owner having the same
understanding of the project schedule. The as-planned
schedule may be the only schedule that exists in a delay dis-
pute, especially if no updating of the schedule occurred dur-
ing the construction of the project. In that instance, the
strength of the lawsuit will be dependent on the accuracy of
the schedule in depicting the actual timing of the activities.
In a delay dispute, the claim by the contractor may be
based on a “what-if” schedule. Using a what-if schedule, the
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assumption is made that the original schedule represents an
accurate depiction of how the project was expected to be
completed. Another schedule is then developed that is a
modification of the as-planned schedule. The what-if sched-
ule is similar to the as-planned schedule with the introduc-
tion or insertion of the event or events that resulted in the
disputed delay. The difference in the project duration
between the what-if schedule and the original or as-planned
schedule is then assumed to be directly attributable to the
delay for which a claim is being made. This type of schedule
analysis assumes that the contractor would have constructed
the project precisely as it was planned had it not been for the
disputed delay. This assumption is rarely reasonable, espe-
cially on large or complex projects. As a result, it is difficult
to make a compelling argument about the true impact of a
delay using the what-if schedule.

A stronger argument can be made to support a delay
claim when it is based on an “as-built” schedule. The as-built
schedule is one that depicts the actual occurrence times for
the various activities. As described earlier, the as-built
schedule will provide information on the actual start and
completion dates of each of the activities contained in the
schedule. The as-built schedule should be accurate as it is
based on historical information. Of course, if the project had
been constructed exactly as shown in the as-planned schedule,
the as-built schedule will not appear to be different in any
respect. This is not a realistic expectation. In a delay claim,
the as-built schedule forms the basis for the “but-for” schedule.
This is done by modifying the as-built schedule to represent
the project schedule but for the disputed delay. The but-for
schedule is constructed by modifying the as-built schedule
by deleting the event or events that resulted in the delay. The
difference in duration between the as-built schedule and the
but-for schedule is then assumed to be attributed to the
delay. The weakness of this approach is that, on large or
complex projects, it is not always clear which activities
actually were controlling the pace of work. Thus, two
schedulers may not make the same conclusions given the
same information. Nonetheless, this is more convincing than
an analysis based on the as-planned schedule.

A more compelling argument to support a delay claim is
possible when the schedule is updated on a periodic basis
and the analysis is made at the time of the delay. An analysis
of the impact of a delay is made at the point of realization
that a delay has occurred. This forms the basis for contem-
poraneous period analysis. If the impact of a delay is evalu-
ated at the time that the delay occurs, it will be clear which
activities are critical and, as a result, it will be easier to deter-
mine the impact of a specific delay.

Some differences in activity durations might actually be
due to the variability that exists in the ability to estimate
durations with accuracy. The duration of an activity might
be adversely impacted by a heavy rainfall. It may also be pos-
sible that the duration of an activity is shorter than antici-
pated because the winter-scheduled activity took place
during unseasonably mild weather. In a claim situation, the
focus may be on the impact of perhaps a single delay or a

single change made to the original contract. For example, if
the owner issues a change order, the impact on the schedule
might be considerable. In preparing the claim, it will be nec-
essary to somehow isolate the impact of that single change.
To show the impact of this change, it will be desirable to use
the contemporaneous period analysis approach. The sched-
ule will show the project duration as it would have been
expected to be completed had it not been for this one
change. This schedule will show the project status at a given
cutoff date. Once the project is updated, the revised project
completion date can be observed. At this point, another
schedule is prepared in which the delay from the change
being proposed is inserted in the schedule. This contempo-
raneous period analysis will give a reasonably accurate view
of the potential impact of the schedule. The impact of the
change will simply be the difference in the project duration
as shown in the initial updated schedule and the schedule
that shows the change.

If the contractor maintained accurate scheduling
records, it may be a simple task to show how the schedule
would have been completed without a particular change.
The strength of the claim will weigh heavily on the accuracy
of the updated schedule, the credibility of any witnesses
employed, and how convincingly the schedule shows the
impact of a single change on the entire schedule.

IMPACT OF CHANGES

Changes to the original contract are a common and readily
accepted reality on virtually all construction projects. Most
contracts grant the owner the power to make changes to the
contract, and the contractor is similarly contractually man-
dated to perform such work. A change in which the owner
requests the purchase of a better-quality item can be easily
priced if the item has not yet been purchased and is readily
available without a long lead time. Changes that impact
activity duration are difficult to quantify in monetary terms
because a single change can impact the rest of the project in
many different ways. Some changes will result in increased
costs that will result in a loss in productivity as described in
Chapter 11. Still others will be difficult to quantify. Some
changes will have more far-reaching impacts. One type of
impact is referred to as the ripple effect in which a single
change might influence other activities that are seemingly
not related to the change in question. This may occur when
the change results in a delay in one activity that has an
impact on several “downstream” activities.

Various impacts of changes are identified in Table 12.1. It
will be noted that most of these costs will be difficult to esti-
mate with great accuracy. There is often no clear line of dis-
tinction between one type of cost and another. Many of these
costs may not be recognized by the contractor, and, as a
result, there may be no compensation. For this reason, many
contractors will state that they do not make a profit on
changed work, but at the same time many owners accuse con-
tractors of using changes as a means of making their profits.
While the loss in productivity of a single change may not be
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Table 12.1 Potential Impacts of Changes on Project Costs

(Type of Cost

Cause of the Added Cost or Loss

Lost opportunities
Increased overhead costs
Stacking of trades
Increased overtime
Worker fatigue

Work acceleration
Learning-curve effect
Increased administration time
Impact of weather

Lost morale

Supervisory impact
Additional workers
Rework

Materials delivery

Ripple effect

Price increases

Work flow interruption
Remobilizing equipment
Impact on other projects
Cooperative impact

Project delays resulted in other projects not being pursued
Duration increase will increase various overhead costs

Changes result in more workers working in congestion

To maintain the schedule, the contractor worked overtime
Extended overtime will break the rhythm of worker production

To maintain the schedule, the contractor added crews/equipment
Delay resulted in adverse impact on learning

Specific changes had to be communicated to all relevant parties
Project extension results in activities taking place in cold climate
Worker morale will suffer if excessive changes occur

Supervisory staff must study the change to adjust the schedule
Adding workers to the crews will decrease productivity

If changes are not communicated, mistakes will be made
Changing delivery dates may add to project costs

Changes in one area may impact crews in other areas

Late purchases mandated by a change could be costly
Excessive changes will upset the smooth flow of work

Bringing equipment back to the project to perform a change
Delay in assigning workers and equipment to other projects
Excessive changes will adversely impact the contractor/owner roles

great, the loss in productivity associated with a large number
of changes (hundreds or thousands of changes may occur on
a single project) could be devastating to the contractor. These
cumulative impacts are often the source of litigation when
the contracting parties cannot agree on the appropriate pay-
ment for changes to compensate the contractor for perform-
ing the work. A review of the types of costs associated with
changes will reveal that the schedule is often impacted. It
should also be evident that the schedule may be one of the
mechanisms by which the contractor attempts to justify the
request for the added costs associated with changes.

IMPACT OF DELAYS

For a variety of reasons, delays may occur on a construction
project. These might be caused by late material delivery, pro-
ductivity being below that which was anticipated, delays asso-
ciated with changes, delays requested by the owner for a
number of reasons (to evaluate site conditions, design
changes, etc.), delays caused by weather conditions, and so
on. Delays, regardless of the source, will impact the schedule.
By contract, some delays may be compensable while others
may not. The compensable delays will certainly be ones that

the contractor will try to accurately evaluate to quantify the
payment to be made for the delay(s). To justify these added
costs, the schedule is usually a crucial evaluative tool. With-
out an accurate schedule, a compelling argument cannot be
made to show the true costs of delays. Consequently, litiga-
tion involving delays is generally supported with information
contained in the construction schedule.

FINAL COMMENTS

The review of these few cases is intended to leave the reader
with an appreciation for the fact that CPM project schedules
represent a unique tool in the resolution of contract disputes
with regard to evaluating the impacts of delays. However,
one must recognize that, as with any tool, the schedule must
be prepared and analyzed correctly in order to be put to
effective use. This preparation starts with the initial develop-
ment of the network activities, continues through the pro-
ject monitoring phase to provide adequate documentation
of the facts revolving around delays, and is completed with
the proper interpretation of the delays/changes encountered,
the state of the project at the time of the delays, and the con-
sequent impacts resulting from them.



CPM in Dispute Resolution and Litigation 189

Review Questions

1. In the Blackhawk case, what role did construction

schedules play in deciding the merits of the delay claim?
Describe briefly how the schedules were prepared.

. In the Minmar case, what role did construction sched-
ules play in deciding the merits of the delay claim?
Describe briefly how the schedules were prepared.

. Discuss the role that the first or initial schedule for a

project can play in litigation involving delays. What
assumptions must be valid for this role to be justified?

4. What is the role of as-built schedules in litigation

involving delays?

. To minimize the chance of losses, suggest a metho-

dology to follow when a delay that has the potential
of resulting in litigation occurs on a construction
project.

. Give an example of how the “but for” schedule might be

used in a contractor’s claim for added compensation.

. Explain one of the added costs that might be incurred

by the contractor as a result of a change issued by the
owner.
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SHORT-INTERVAL SCHEDULES

Even the most complex projects are constructed
one day at a time.

he importance of the role of planning and schedul-

ing on construction projects is well emphasized in

the construction literature and in academia. How-
ever, most of the methods of planning and scheduling relate to
overall project schedules, those that provide a global view of
an entire project. It is generally recognized that these sched-
ules serve as excellent vehicles by which owners can monitor
the progress of contractors on their projects. It is also an
efficient means of providing guidance for overall project coor-
dination by project managers and job superintendents.

While project schedules or networks address an essen-
tial need for owners and top-level project managers and
superintendents, they generally do not provide the necessary
detail by which project activities can be scheduled on a day-
to-day or even a task-to-task basis. Project networks are not
the only, and certainly not the final, mechanism for provid-
ing guidance for project scheduling. In essence, a more
detailed plan must be developed in order to bridge the gap
from the overall project schedule to the organization of the
tasks performed at the crew level. This can be done effec-
tively through the use of schedules that cover short periods
of time, such as 1, 2, or 3 weeks. Such schedules for organiz-
ing the activities of crews are short-interval schedules, also
referred to as look-ahead schedules, window schedules, “roll-
up” schedules, 2-week schedules, or short-range plans.

Short-interval schedules are of particular value to first-
line supervisors or craft foremen. They assist in organizing
such resources as time, materials, equipment, workers, and
information.

Short-interval schedules are a vital link between the
master project schedule and the execution of specific tasks. It
is important to recognize that supervisors must observe long-
lead-time items as identified on the master schedule, they
must anticipate the short-term resource requirements as
identified in short-interval schedules, and they must provide
effective direct supervision for tasks. With this link between
these tasks, the short-interval schedule should be tied to the
master schedule. In fact, the short-interval schedule might be
viewed as an additional level of detail that overlays the master
schedule. It would be too cumbersome to include this level of

detail in the master schedule. Furthermore, the management
of such detail on the master schedule would be an excessively
arduous task.

The general objective of most short-interval schedules is
simple. It is to provide a means of coordinating the various
resources on the project over a short period of time. The
successful utilization of short-interval schedules is depen-
dent on the thoroughness of the information included in
them. Many items not necessarily included in the master
schedule should be included in the short-interval schedule.
Items to be covered in short-interval schedules include the
following:

® All “work in place” activities
Material and equipment deliveries

Quantities of selected materials (concrete, water, and
fuel)

Work performed by subcontractors
Equipment maintenance

Safety enhancements

Quality control (inspections)
Issuance of permits

Surveying functions (setting grades, alignments, and
control points)

® Planned delays (shutdowns, holidays, and company
picnics)
Regulatory constraints
Owner functions involving the project (meetings and
inspections)

® Project events involving third parties

Care must be exercised to avoid assigning two different
crews to perform work in the same area. Production rates
should also be reviewed to ensure that they are realistic and
achievable. In general, the limited resources should be exam-
ined to be sure that they are not overextended.

In relation to the master project schedule, the short-
interval schedule is typically more accurate. This is because
this schedule must be current. While the master schedule
may be permitted to slip considerably before it is updated,
short-interval schedules must be current and must therefore
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reflect conditions as they actually exist. Because of the vari-
ances that are permitted in master schedules, short-interval
schedules cannot be effectively prepared directly from the
master schedule. Short-interval schedules must reflect
exactly the conditions on the construction site in terms of
what tasks have been done and which activities are yet to be
performed. Short-interval schedules can be prepared with
accuracy only when clear lines of communication exist
between the various parties involved in the construction
process. If the short-interval schedule is to be both current
and accurate, specific time or scheduling constraints of the
various parties must be known.

SHORT-INTERVAL
SCHEDULES IN THE
LITERATURE

An examination of more than 15 textbooks on planning and
scheduling disclosed an interesting phenomenon: Textbooks
tend to provide very little information on short-interval
schedules. In fact, the few sources that addressed the topic
did little more than provide a definition of them. No sched-
uling textbook devoted more than two paragraphs to the
topic. The lack of a serious treatment of short-interval
schedules in major scheduling texts should in no way be
construed as meaning that such schedules are not impor-
tant. The reverse is true, as the effective use of short-interval
schedules is frequently vital to the successful completion of
construction projects.

HOW CONTRACTORS
USE SHORT-INTERVAL
SCHEDULES

With so little information about short-interval schedules in the
literature, it was necessary to seek additional information
directly from construction practitioners. Approximately 30

construction firms that had construction projects of signifi-
cant size, generally in the tens of millions of dollars, provided
examples of the types of short-interval schedules that they
used on their projects. The most meaningful information
gleaned from the various contractors was the actual format
used for making the short-interval schedules. These were typi-
cally presented as bar charts structured to cover a period of 2,
3, or 4 weeks. The 2-week schedules were organized to cover
the upcoming 2-week period (see Figure 13.1). The 3-week
schedules were either organized to cover the upcoming 3-week
period or were designed to cover the upcoming 2-week period
with a look back that recorded the accomplishments of the
previous week (see Figures 13.2 and 13.3). (Figure 13.3 shows
slightly more detail than Figure 13.2.) Basically, short-interval
schedules show the days of the week and the list of activities
that are to be scheduled during the selected time period. Since
they are used on widely varying projects, short-interval sched-
ules are structured in an open-ended fashion. This allows a
particular type of format to be utilized on many different pro-
jects without making any modifications to the general format
as the projects change. Some firms used 4-week schedules in
which 1 week documented the previous week’s work and the
remainder planned the activities for the upcoming 3 weeks.
The accuracy of a short-interval schedule is directly
affected by the timing of its preparation. Assume that a par-
ticular short-interval schedule covers 2 full weeks of con-
struction activity. The ideal time in which to prepare this
schedule would be the Thursday or Friday of the week
immediately preceding the scheduling period. This will
result in an accurate schedule, as only the work actually
accomplished on Friday of that week must be estimated. If
prepared a week earlier, the short-interval schedule may not
be current because of the variability of the work actually
performed between the time of schedule preparation and
the beginning point of the short-interval schedule.
Short-interval schedules are prepared each week.
Although the focus of discussions at meetings involving the
short-interval schedules tend to emphasize the activities and

2-WEEK SHORT-INTERVAL SCHEDULE

Date =t
Activity Respon. F S S M  Tu| W | Th F S S M [ Tu | W | Th F Comments
Project: Date Prepared: Prepared by:

FIGURE 13.1 Sample 2-Week Short-Interval Schedule.
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3-WEEK SHORT-INTERVAL SCHEDULE

Date  =———pm——p
Activity Respon. FIS|SIM|T|W|T[F|S SIM|T|W|T|F[S|S[M|T|W|T|F Comments
Project: Date Prepared: Prepared by:
FIGURE 13.2 Sample 3-Week Short-Interval Schedule.
3-WEEK SHORT-INTERVAL SCHEDULE
Contractor: Schedule Period: __ // to_ /|  Page__ /___
Project Title: Date Prepared: Prepared by:
Job No. Month —
Line X;?\:ﬁ; Work Item | Day of Month Special F:)erquirements
crew | |Mm|T|w|T|F|s|[s|m|T|w|T|F|s|s|m|T|w|T|F|Comments onDelay

KEY: |Z Scheduled Activity |X| Completed Activity

FIGURE 13.3 Sample Detailed 3-Week Short-Interval Schedule.

events to take place during the upcoming week, looking
ahead 2 or 3 weeks forces all parties to begin to plan for
future developments on the project. If a crew was to produce
at a faster-than-planned rate, the schedule for the second
week would be activated early. At any rate, looking a few
weeks into the future serves a valuable function in getting all
parties to begin devising their own work plans.

As noted, many short-interval schedules include a look
back of 1 week. These provide a basis for establishing conti-
nuity from a week past to the upcoming week. This link
between the 2 weeks (the past week and its following week)
can help clarify the nature of the tasks to be performed and
the rate at which they are to take place. In addition, this
look-back constitutes valuable documentation that could be
useful in preparing an as-built schedule. Since short-interval

schedules contain considerable detail, this historical record
can be very valuable (see Figure 13.4).

While the information in short-interval schedules may be
accurate, it is important to also establish a forum at the project
level in which the relevant information can be communicated
to those parties—subcontractors or suppliers—identified in
the schedule. One common means of communicating this
information is through weekly project planning meetings.

Some construction contract documents address or
mandate the use of short-interval schedules. The 90-day
schedule is one in which sufficient detail is required in order
to show the nature of the activities that will occur on a week-
by-week basis. At the same time, this schedule covers a long
time period during which progress can be effectively moni-
tored (see Figure 13.5). One provision in a contract on a



194

CHAPTER THIRTEEN

2-Week Short-Interval Schedule

Date

Activity |Respon/| M | Tu| W | Th| F | S M|Tu| W | Th | F | Comments
Main Bldg.

Struct. Steel|  STI

West wing Stair Deck{Deck|Insp.

East wing Dgliver Steel Columns | Beams |pgek
Conc.Deck| R-mix Pour Ordt%ra?lgays
Fireproofing| 1SC 1st[floor| 2nd floor 3rdlfloor

Sprinkler |Jackson piiping PIPiNG |Verify by phone
Project: Rec. Center Date prepared: June 6, 2003
Prepared by: __J. Hazden
FIGURE 13.4 Example of a Working 2-Week Short-Interval Schedule.

90-DAY WORK SCHEDULE
[ Month Comments

Activity [Week |1 2 3 7 [ 2 3 Z [ 2 3 Z

Project: Firm: Date Prepared: Prepared By:

FIGURE 13.5 Sample 90-Day Work Schedule.

large subway project included the following provision con-

cern

ing a 90-day work schedule:

A schedule covering the first ninety days of the Contract shall be
submitted within fifteen days following the date of the Notice to
Proceed. The schedule shall be time-scaled and resource loaded
for workforce requirements and shall be submitted in either bar
chart or critical path method (CPM) format. Work items
defined in the schedule shall not exceed fourteen days in dura-
tion. The submittal shall be accompanied by a written narrative
that describes the schedule and the approach to the work that
the Contractor intends to employ during the initial ninety-day
period of the Contract.

The U.S. Army Corps of Engineers employed the fol-

lowing provision in one of its contracts. Note that greater
detail is required in this provision, which addresses the “gen-
eral approach” for completing the entire project.

A preliminary network defining the Contractor’s planned
operation during the first 90 calendar days after notice to pro-
ceed will be submitted within 25 days after notice of award or
prior to the start of work, whichever is earlier. The Contrac-
tor’s general approach for the balance of the project shall be
indicated. Costs of activities expected to be completed or par-
tially completed before submission and approval of the whole
schedule should be included.
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The U.S. Bureau of Reclamation uses a modification of
the 90-day schedule that covers 60 days: “The Contractor
shall submit a 60-day look-ahead report that shall be a listing
of all activities or milestones that are scheduled to start, fin-
ish, or continue during the next 60-day period.”

One public agency was so enamored by a general con-
tractor’s use of short-interval schedules that it decided to
include a contract provision that addressed the 2-week
short-interval schedule. Unfortunately, the provision was
not one that was embraced by the contractor. It stated, “The
Contractor shall submit a written activity schedule to
the Owner’s Representative. The schedule shall indicate the
Contractor’s proposed activities for the forthcoming 2-week
period. This schedule shall be submitted to the Owner’s Rep-
resentative no less than 7 calendar days prior to the first
working day of the schedule.” The provision stipulated that
the contractor had to submit the short-interval schedule 7
days prior to the start of the week being scheduled. The con-
tractor on the project contended that too much had changed
after 7 days and that the early preparation was not helpful
for project coordination.

In the contractor’s view, the requirement was essen-
tially that the short-interval schedule from the previous
week was to be submitted. Unfortunately, the contractor
saw no value in using such an “old” schedule. In practice,
most contractors employ short-interval schedules in
roughly the same way. This was clear from the copies of
short-interval schedules provided by different contractors.
From these, a composite short-interval form was developed
that shows all of the information that was contained in the
different short-interval schedules (see Figure 13.3). Other
examples of short-interval schedules are more typical of
what most contractors use. Most tend to be on large
(14" X 17" sheets) pieces of paper that lend themselves to
large handwriting and have ample space to make entries
and adjustments.

In essentially all cases, the CPM schedule is used as the
basis for developing short-interval schedules. The CPM or
master schedule is important, but the short-interval schedule
is an acknowledgment that limitations of the master schedule
are severe when trying to plan activities for a short duration.
Short-interval schedules address that limitation. The daily
work plans that are prepared to describe the duties and tasks
of individual workers are developed from the short-interval
schedules. The master schedule is typically prepared by the
project manager (hopefully with input from the job superin-
tendent), and the short-interval schedules are ideally pre-
pared with input from the various craft supervisors.

The format of most short-interval schedules is some
variation of a bar chart placed on a 2- or 3-week calendar.
The concrete placements and large crane utilization are
commonly highlighted because of the importance of these
activities. The responsible parties for the various activities
are clearly noted on some of these schedules. When short-
interval schedules are prepared, it is a good idea to use a

checklist to verify completeness of the schedules. Specific
elements that may be included in the short-interval sched-
ule, as noted earlier, include the following:

All “work in place” activities expected to take place
Material and equipment deliveries

Work performed by subcontractors

Equipment maintenance

Safety enhancements

Quantities for selected tasks (as for concrete pours)
Delays

Third parties

Surveying

Owner responsibilities

Testing

Before distributing the short-interval schedule to the
appropriate parties, it may be a good idea to verify some
data, primarily to ensure that the schedule is realistic. Some
of these quick checks include the following:

® The schedule should accurately reflect realistic
production rates from past or completed projects.

® Ensure that two crews are not scheduled for work in the
same area at the same time.

® Verify that major pieces of equipment are not assigned
to two different work items that are to take place
concurrently.

OTHER SHORT-INTERVAL
SCHEDULES

While the 2- or 3-week short-interval schedules are in wide
use, they are by no means the only forms of schedules in use
that cover a short time interval. One type of short-term
schedule is the punch list. The punch list is a form that is
generally prepared by the owner’s representative at the point
of substantial completion. The punch list is used to docu-
ment the remaining shortcomings in the project before it
can be declared to have reached final completion. The punch
list tends to be a detailed listing of all noted deficiencies in a
project. The punch list itself can take a variety of forms.
Figure 13.6 is a punch list that might be used on a building
project. Naturally, civil projects or industrial projects utilize
different lists of items.

The punch list is generally not a timescaled schedule. It
is simply a listing of all minor work items that remain to be
performed (see Figure 13.6). Since these are often of a minor
nature, it is not prudent to try to schedule the actual time at
which each punch list item will be addressed. On a three-
story office building, the punch list might consist of hun-
dreds of deficiencies that must be addressed. The major task
for the general contractor is to determine which first-line



196 CHAPTER THIRTEEN

PUNCHLIST

Project:
Room #:

Prepared by:
Date:

Spec

Feature No. North

South East

West Comments |+

1. Walls

-Paint

-Wall Board

-Base

-Electric

2. Ceiling

-Acoustic

-Soffit/Coves

-Wall Board

-Electric

-Mechanical

3. Floors

-Carpet

-Tile

-Fin. Concrete

-Wood

4. Doors

-Frame

-Jamb

-Hardware

-Operation

-Seals

5. Windows/Skylights

-Frame

-Glass

-Hardware

-Operation

-Seals

6. Casework

-Finish

-Electrical

-Mechanical

7. Other

-Built-ins

-Furr Downs

FIGURE 13.6 Sample Punch List.

supervisors or subcontractors are responsible for the respec-
tive items. Once this has been accomplished, the general
contractor must communicate this information to the
appropriate parties.

The daily project schedule is on an even shorter time
frame than the punch list. It provides a good picture of the
specific tasks to be performed by the employees of the gen-
eral contractor and the various subcontractors. In addi-
tion, it includes the tasks to be performed by engineering,
with separate tasks spelled out for the surveying crew.
Even the large equipment on the site is scheduled for the
day on an hour-by-hour basis. The project schedule can
take many forms (see Figures 13.7 and 13.8). The impor-
tant information to be conveyed concerns the overall com-
mitments that are to be met by the various subcontractors
and the various other support forces under the control of
the general contractor. The responsible parties might also
be spelled out.

Another short-term schedule is one that is focused on
the crew level (see Figure 13.9). In actual practice, these daily
crew planning charts exist in a variety of forms. For many
foremen or first-line supervisors, the daily crew planning

chart is something that is committed to memory and is
never reduced to writing. While this can be effective in many
routine tasks, it has its drawbacks. First, there is no docu-
mentation of the day’s events. Second, memory can fail, and
this can be costly if it impacts other crews. This can happen,
for example, if two crews suddenly have a need for the same
front-end loader that neither of two foremen anticipated at
the beginning of the day. Had the tasks been reduced to
writing, the need for the equipment might have been readily
apparent and the conflict between the two crews might have
been resolved.

The daily crew planning chart is an example of a form
that captures the essence of the information that foremen
should be thinking about on a daily basis. The chart shows
how each worker will be utilized during the day, the essential
materials that will be required, the special tools that will be
needed, and the major equipment that will be used to accom-
plish the work. In addition, there is also space to include con-
tingent tasks in the event that work runs ahead of schedule,
the work on the primary task is delayed for some reason, or
workers have free time during the day. A comments portion is
also included to document any special issues.
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DAILY PROJECT SCHEDULE
Tasks to Be Performed

Project: Prepared by:
Date:

Work Items Today Foreman/Crew Work Items Today Subcontractor

1. 1.

2. 2.

3. 3.

4. 4.

5. 5.

6. 6.

7. 7.

8. 8.

9. 9.

10. 10.

Work Items Tomorrow

Work Items Tomorrow

1.

1.

2. 2.
3. 3.
Survey Tasks Today Engineering Tasks
1. 1.
2. 2.
3. 3.

Mat’ls Needed

General Notes

1.

1.

| N[ O

2.
3.
7

2.
3.
4.

Equipment Hrs

Description 7-8 89 9-10 | 10-11

11-12| 1-2 2-3 3-4 4-5

Remarks

1.

| 01| L N

FIGURE 13.7 Sample Daily Work Plan.

Some plans take place more frequently than daily. One
such plan is the pretask plan, which is prepared prior to the
performance of each task. An example of a pretask plan is
shown in Figure 13.10. The pretask plan is implemented at the
crew level. Before a new task is performed, the foreman or a
designated worker will meet with the crew to discuss how the
upcoming task is to be performed. Although work planning is
discussed at this meeting, particular emphasis is placed on
ensuring that the task will be performed in a safe manner.

When the pretask planning meeting is held, the crew
members will discuss the possible ways that an injury might
occur when using the proposed approach. The pretask plan-
ning form (Figure 13.10) contains some of the common haz-
ards resulting in injury that are listed to help the crew focus
on the possible hazards associated with a particular task. As
suggestions of potential hazards are offered, means are
sought to minimize or eliminate those potential hazards.
When the crew has reached a consensus on how the task is to
be performed, each member of the crew is asked to sign the

form. The pretask plan is generally posted in the work area
for inspection by other supervisory or safety personnel.
Where pretask plans are implemented, there is rigid adher-
ence to having a pretask plan prepared prior to performing
each task. It is possible that a single crew might have four or
five pretask planning meetings in a single day. These have
been found to be particularly effective in reducing the inci-
dence of injuries on construction projects.

FINAL COMMENTS

One of the components of most construction contracts is
that the project be delivered within a specified period of time.
This means that the proposed method of achieving that
objective is conveyed through the use of CPM schedules.
While these serve the needs of both project owners and pro-
ject managers, they lack the necessary detail to provide mean-
ingful guidance about the specific work activities to be
performed on a daily basis. The daily activities can be
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Daily Schedule

Date:

Daily Activities
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FIGURE 13.8 Sample Daily Schedule Form.

effectively managed with the necessary focus on details with
the use of short-interval schedules. Short-interval schedules
are generally prepared weekly and show the scheduling of
activities for a 2- to 3-week period. Fashioned in the form
of bar charts, they can readily convey information to most
personnel. While no sophisticated formulas are employed in
short-interval schedules, their success depends instead on

developing the schedules from accurate information
concerning the current status of project activities. When
properly prepared, the short-interval schedule can be an
effective tool to organize the activities of specialty contractors
and various trades. Resource utilization can also be effectively
managed. The success of most large construction projects
relies heavily on the proper use of short-interval schedules.
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DAILY CREW PLANNING CHART
Tasks to Be Performed

Crew: . Prepared by:
First Line Supervisor: Date:
Worker 7-8 | 89 | 9-10| 10-11| 11-12| 12-1| 1-2 | 2-3 | 3-4 | 4-5
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
Materials Needed Major Tools Needed
1. 1.
2. 2.
3. 3.
4, 4.
5 5.
Equip. Plan 7-8 | 89 | 9-10| 10-11| 11-12| 12-1| 1-2 | 2-3 | 3-4 4-5
1.
2.
3.
Contingency Tasks to Perform (when time is available)
1.
2.
3.
4.
Comments and Notes
1.
2.
3.
4.

FIGURE 13.9 Sample Crew Planning Chart.
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Pretask Plan

Foreman:

Date: Time: AM or PM

Project:

Location:

Task:

Hazard Elimination

Personal Protective Equipment
[ Safety harnesses [ Special gloves
[ Protective clothing [] Eye protection
[ Hearing protection [] Face shields
[J Safety footwear [ Respirators

[J Other:

Potential Hazards Present
[JPinch points ] Chemical burn
[ Materials/scrap [1 Thermal burn
[J Elevated work [ Slips, trips, falls
[JcCave-in [ Electrical shock
[JCuts [ Fire
[JHeat stress [ Noise
[JRigging [ Overhead work
[ Strains, sprains [] Harmful vapors

[] Abrasions [] Overextension

Specific Safety Measures
[JToeboards, netting [] Eyewash, shower
[JUse monitor [J Housekeeping
[J Slope, shore, t-box [] Scaffold
[J Set safe position  [] Contain sparks
[JFire extinguisher  [] Erect barricades
[JUse proper tools  [] Get help
[J Change procedure [] Contain materials

[ Other:

Items Verified

[] Permits obtained [] Task reviewed
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Pretask Plan

Potential Hazards Present (cont’d) Items Verified (cont’d)
[ Particles in eye  [] Confined space CLines drained/purged Uothers informed
[ Lockout/tagout [ Dropped items [JClose drains/vents ~ [JChemical burns
[ spill hazard [J Open holes [ Safety gear present  [[] MSDS reviewed
[JOverhead work [] Asbestos/lead/etc. [ Check for low points [ LOTO in place
[Jother: [Jother:

Description of procedure to perform task:

Signatures of persons performing the work

(By signing this form, crew members indicate that they understand the task plan and feel fully
prepared to proceed to perform the work safely.)

FIGURE 13.10 Example of a Pretask Planning Form.

ReVieW Questions 3. How does the detail in a short-interval schedule gener-
ally compare to the level of detail contained in the
1. Discuss the suggestion of preparing short-interval project schedule?

schedules 1 week prior to discussing them at a project
meeting in order for all personnel to have ample time to
review the information.

4. Suggest who might be the appropriate personnel in
a construction firm to prepare a short-interval

schedule.
2. Some short-interval schedules are prepared with 1 week of

information looking back (work performed the prior 5. It was noted that concrete placement activities are
week) and 2 or 3 weeks looking forward. Discuss the value generally highlighted in short-interval schedules. There
or use that the information contained in the “looking- might be some obvious reasons for this. What other
back” portion of the short-interval schedule can serve. activities might warrant highlighting?
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LINEAR SCHEDULING

Only one activity can take place at a location
at a point in time.

ome types of construction projects involve a great

number of similar activities, occurring in succes-

sion, to be repeated throughout the project dura-
tion. On such projects, contractors often stipulate using a
fixed allocation of resources for the identical tasks occurring
in succession. This constraint mandates that there can be no
overlap in these activities. While these can be scheduled with
traditional networking techniques, they may be more effec-
tively modeled using linear scheduling. In order to model a
project with linear scheduling, the project must be able to be
presented in a linear fashion. Linear scheduling is a conve-
nient way to portray repetitive activities and offers the addi-
tional feature of helping to identify activities that might
result in conflicts.

Examples of projects with sequences of repetitive activi-
ties include large highway projects, high-rise buildings,
levies, seafront walls, sewer lines, and the like. The more tra-
ditionally accepted scheduling methods in the construction
industry do not always lend themselves to effective manage-
ment of these types of projects. Bar charts become complex
mazes of activities and create complications in readily ascer-
taining space—time relationships. The critical path method
(CPM) becomes very convoluted in assessing the start-to-
start relationships and finish-to-finish relationships of activ-
ities. These shortcomings of traditional scheduling methods
have resulted in the development of or resurgence of the use
of linear scheduling.

Linear schedules are especially applicable where similar
activities are repeated. The repetitions might describe the
installation of a pipeline in which every 100 feet are consid-
ered to be repeated. A track of 50 homes under construction
might also be described with the use of a linear schedule.
On a large concrete structure, the repetitions might be
based on lifts or concrete pours. On high-rise structures, the
repetition might be on a floor-by-floor basis, as shown in
Figure 14.1. Note that Figure 14.1(a) shows this informa-
tion in the form of a precedence diagram; 14.1(b) depicts
the same information in the form of a linear schedule. This
comparison shows the simplicity of the linear schedule
without compromising any of the detail in the information
being conveyed.

Another comparison is shown in Figure 14.2, where a
simple highway construction project is presented as a prece-
dence diagram and also as a linear schedule. The precedence
diagram shows a finish-to-start relationship between activi-
ties, while the linear schedule does not exhibit such a clear
distinction between the completion of one activity and the
start of the next. It should become clear that the linear
schedule is a more accurate portrayal of the actual construc-
tion of the highway. For example, there will be a point in the
schedule as the last portion of the fill work is being done
that finishing grading is well under way and paving work
will have started. There are other differences between prece-
dence diagrams and linear scheduling. While the prece-
dence diagram may use the beginning-of-day convention,
this has no meaning in the linear schedule. Since the project
duration is shown as a continuum in the linear schedule,
there is no need to think in terms of beginning-of-day or
end-of-day conventions as the entire day is portrayed in the
linear schedule.

Where is the critical path in the linear schedule? This
is not an easy question to answer. The linear schedule itself
does not identify the critical activities. In linear schedules,
the level of detail is such that most of the activities will be
critical. In the example, only two activities are not critical:
striping the pavement and performing the signage work.
These activities will take place as the landscape work is
performed. Once these three activities are completed,
demobilization will complete the project. Note that the
landscape work has a lower slope than that shown for the
striping and paving activities. With three sequential activ-
ities, the activity that is critical is the one that has the
lowest slope. Rather than thinking about which activity is
critical, it may be better to think about which activity
could more easily be shortened in order to reduce the
project duration.

WHAT IS LINEAR
SCHEDULING?

Linear scheduling is a unique means of resource leveling or
allocation with a simple graphic display of time—space interac-
tion. This technique is known by a number of other titles,
including the vertical production method, time—space scheduling

203
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FIGURE 14.1 Example Showing How Linear Schedules Depict Information Contained in

Precedence Diagrams.

method, and repetitive-unit construction. The term linear sched-
uling has become more widely accepted in recent years.

The exact origin of linear scheduling is unknown, but it
stems from efforts in manufacturing work to prevent delays
or bottlenecks. In the manufacturing industry, a related
scheduling technique is more widely known as the line of
balance (LOB).

The development of a linear schedule for a project is
similar to any other scheduling process. The first three steps,
familiar to most schedulers, are as follows:

1. Identify activities.
2. Estimate activity production rates.
3. Develop activity sequence.

In accomplishing these three steps, one must determine
whether the linear schedule method is the most appropri-
ate. As a rule, the project will work well in linear scheduling
if the vast majority of the activities can be grouped as a fam-
ily of repetitive and nearly identical tasks. The activities
should be defined in a level of detail comparable to that
found on a bar chart.

The fundamental aspects of the use of linear schedules
can be described through the use of some examples.
Figure 14.3 shows a simple linear schedule that consists of
three activities for the installation of a white board fence.
For this operation, Activity A consists of the layout of the

centerline of the fence; Activity B of augering the post
holes, installing the posts, and attaching the boards; and
Activity C of painting the fence. In Figure 14.3, the vertical
axis represents the station position or distance along the
fence. Since the horizontal axis is time, the slope of the
activities represents the rate of production (distance/time).
That is, the steeper the slope, the faster the activity is
accomplished. In this example, it should be obvious that
erecting the fence itself will take longer than laying out the
fence or painting the fence.

As noted earlier, with the linear schedule there is no
need to think in terms of an early-start schedule or a late-
start schedule. Rather, the linear schedule is generally more
akin to the expected schedule, which is some form of com-
promise between the early and late schedules. Is the linear
schedule deterministic or probabilistic? At first glance, the
linear schedule would appear to be deterministic; however,
a closer examination will reveal that it too is a reflection of
the probabilistic approach. Consider the time buffer that
exists between activities. The very presence of a time buffer
is an acknowledgment that the timing of the occurrence of
activities cannot be scheduled with pinpoint accuracy.
While an activity in a linear schedule will typically be char-
acterized by a straight line, this is not a realistic portrayal,
as a wavy line would be more realistic. This means that pro-
ductivity over a short duration might be considerably
below that which is anticipated and at other times will far
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exceed the expected production rate. It is practical to por-
tray it as a straight line and include a sufficient time buffer
to accommodate for the hour-to-hour or day-to-day fluc-
tuations in productivity.

As shown in Figure 14.3, the horizontal distance
between two activities is a graphic representation of the
free float of the earlier activity at that location. It is evident
that the float for the activity may change for different loca-
tions along the fence. The layout work must begin
promptly so that the fence installation can commence. At
this point in time (start of the layout work), the layout
activity has very little float, but as the layout work nears
completion, its float is considerable. Thus, the layout work
must begin promptly in order to keep the project on sched-
ule, while a delay at layout completion may not have an
adverse impact on the project duration.

Once the linear schedule format is understood, it is
easy to grasp the nature of a project. As mentioned, the
horizontal distance between two contiguous activities is a
graphic depiction of the float. What does the vertical dis-
tance between two contiguous activities represent? It sim-
ply represents the physical distance between two activities
at a point in time, also known as a space buffer. It essen-
tially shows how close together two contiguous activities
are. A vertical line extended fully through the linear sched-
ule at any selected time represented on the horizontal axis
will intersect all activities that are scheduled to occur at
that time. It is worthwhile to examine this relationship.
Even if an activity has ample float, the operation of one
activity might be too close to another operation to effec-
tively accomplish both at the same time.

While an examination of the schedule may reveal
potential conflicts if activities are taking place in too-close
proximity of each other, it is imperative that activity lines

not cross. This would indicate that two activities are occur-
ring concurrently at the same location, generally an irrec-
oncilable conflict (see Figure 14.4). It should be evident
that there might be some activities that might actually
appear to be able to occur at the same place at the same
time. For example, one activity might show that the signage
is being installed at a particular station or location along a
roadway. Another activity, painting the centerline stripe of
the roadway, might take place at the same station at the
same time. While these activities might actually cross when
portrayed on a linear schedule, in reality they are not in
conflict. It is only because of the lack of sufficient detail
that there is a visual, but no actual, conflict.

One interesting feature of linear schedules is their sim-
plicity. It is easy to grasp the operations that are taking
place, and it is also easy to see the impact of making modi-
fications to the schedule. For example, suppose it is desir-
able for the fence project to be completed earlier than
originally scheduled. The activity that warrants immediate
focus is the fence construction activity, as this activity
(Activity B) essentially drives the schedule (see Figure
14.3). One way that the schedule can be reduced is to add a
second crew for this activity. This second crew will begin
the work later than and at a considerable distance from the
first crew. The schedule compression is readily observable
when this is done (see Figure 14.5). Note that Activity B
now appears as two different activities that have the same
production rate as seen by the slope of the line.

A comparable compression could also be accomplished
by increasing the crew size or by working overtime (see
Figure 14.6). Note that Activity B begins and ends at the
same time that it did in Figure 14.5. This was achieved by
changing the rate of the work pace, which is shown as a
steeper line.
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EXAMPLE 1: PROJECT TO
REPLACE A STATE PARK
WALKWAY

This walkway project is for the complete placement of an
asphalt pavement walkway that will be 16,000 feet long and 4
feet wide. The following activities are used:

Activity
A

Description

Demolition and removal of old asphalt
pavement

Level and roll

Place 3-inch aggregate base

Pave with asphalt

Install new signs and stripping

mOOw

Production Rate Diagrams

First, a production rate diagram (also called a velocity dia-
gram) is developed that shows the time—space relationship
of each activity. Figure 14.7 shows the production rate dia-
gram for Activity A, demolition and removal of damaged
asphalt pavement. It can be seen that the production rate for
this activity is 2,000 feet/week (10,000 feet/5 week). Not all
production rates will be as nicely linear as it is for Activity A.
There may be reasons for altering the production rates for an
activity along the time axis or distance axis. This could be a
result of resource limitations or physical hindrances.

For Activity B, level and roll, the production rate does not
remain linear from beginning to end, as shown in Figure 14.8.
These differences in production could be attributed to varying
ground conditions or restrictions on operations. Steeper sec-
tions on the velocity curve indicate higher production rates.
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Flatter sections on the diagram show areas where the produc- It should be noted that production rates can also be
tion is expected to be lower. Reasons for this may include changed by altering the number of resources assigned to an

Learning effects

Saturated ground conditions
The importance of leaving existing vegetation undisturbed

activity. The linear schedule yields a graphic image that can
be useful when leveling resources or when balancing crews.
Ideal resource utilization occurs when all activities have the

The proximity of the walkway to an embankment or stream  same production rate, or slope. This will provide the shortest

project duration.
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Buffers

Buffers provide space or lag between activities. The buffer
can be in terms of either time or distance, or both. It stands
to reason that paving a section cannot begin until after the
aggregate base is in place. Figure 14.9 shows this relationship:
Paving is to follow the laying of the aggregate base by no less
than 5,400 feet and 3 weeks. When compared to conventional
precedence schedules, the horizontal space between two
sequential activities is analogous to float. Of course, a por-
tion of this space is also needed to allow for the fluctuations
that will occur in the rate of work accomplished. The vertical
space between sequential activities is simply needed to

permit each activity to be performed without conflict, con-
gestion, or interruption.

Generating the Linear Schedule

After each activity velocity diagram is generated and
buffer requirements defined, the linear schedule can be
produced. Figure 14.10 shows the linear schedule for
the walkway project. Note that a linear schedule is simply
the portrayal of all of the activity velocity diagrams for a
project included in one illustration. The project duration
is 30 weeks. Note that the duration could be shortened
considerably by increasing the production rate of the level
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FIGURE 14.9 Activity Time and Space Buffers.
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FIGURE 14.10 Replace State Park Walkway Linear Schedule (Stations on the Vertical).



210 CHAPTER FOURTEEN

and roll activity. Depending on the magnitude of the time
or space buffers incorporated by schedulers, the total
project duration is shortened or lengthened. A deter-
mination of acceptable risk must be considered to avoid
interference between activities. The objective is to allow
productivity to continue in an orderly manner without
bottlenecks or delays.

As with other forms of project scheduling, a drop string
used on the schedule quickly facilitates tracking of actual
progress versus the originally submitted schedule projection.
From this, management decisions can be made to adjust
activity production rates, material flow, and labor crews for
separate activities. Some members of the construction
industry have found it more useful for grasping the schedule
to use the x axis for distance and the y axis for time. This
arrangement is shown in Figure 14.11.

Linear scheduling offers a wide latitude of choice in

A cursory introduction to linear scheduling can leave
the impression that this method is limited to projects that
traverse physically on-site across a horizontal plane or in a
road curve stationing manner. This is not the case, as the fol-
lowing example will show.

EXAMPLE 2: PROJECT TO
CONSTRUCT 500 TRACT
HOUSING UNITS

This project consists of a developer’s housing tract of 500
housing units, each having essentially identical sets of plans
and specifications. The entire project duration is one and
one-half years, or 78 weeks. Activities for each unit are listed
in sequence below:

. . e . . Activit Description
graphic techniques used. The only limitation is the imagina- Y P
tion of each scheduler. Color coding, symbols, zones, leg- A Survey and layout
ends, boxes, and bar charts placed above linear schedules are B Earthwork
among the many innovations incorporated in linear sched- C Foundation
uling. The creation of unique combinations of scheduling D Rough carpentry
methods occurs on schedules throughout the industry. One E Roof
department of transportation uses a method that combines F Rough utilities
the bar chart, CPM, and linear scheduling methods. Finally, G Finish carpentry
computer modeling is rapidly emerging in many develop- H Finish utilities
mental stages to meet the needs of those employing this I Interior finish
scheduling technique. )i Landscaping
Replace State Park Walkway Linear Schedule
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FIGURE 14.11 Replace State Park Walkway Linear Schedule (Stations on the Horizontal).
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Figures 14.12 and 14.13 show two of the activity velocity
diagrams for this project. Figure 14.14 shows the linear
schedule for this project. Notice that most of the velocity
diagrams are not linear. Buffers between activities also vary.
The schedule shown was developed before any resource
leveling was done. Figure 14.15 shows the linear schedule of
a multistory building project.

When monitoring projects with linear schedules, one
can readily evaluate the project status directly on the sched-
ule. As such, the as-built schedule information can be
recorded directly on the original schedule.

The activities described in the examples have been of a
“linear” nature, but all activities need not be of this type. For
example, in the installation of a sewer line, it may be necessary
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FIGURE 14.13 Rough Utilities Activity Production Rate.
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FIGURE 14.15 Linear Schedule for a High-Rise Building.

to install a lifting station. Such an activity would take place at
a single location along the sewer line. On the schedule it
would be depicted as a line with a very shallow slope or no
slope. Such activities are represented in a fashion that is simi-
lar to the bars in a bar chart.

Figure 14.16 shows the linear schedule for a simple
sewer line. This schedule shows only the general activities,
but greater detail could be represented. For example, the
schedule does not depict an activity to lay out the pipeline
or the final above-grade finish work. What is shown, how-
ever, is the removal of a utility pole and the setting of a
flowmeter. Note that these are easily illustrated with a hori-
zontal line as time passes as they are performed, but their
location remains unaltered. Even though the pole removal
consumes a considerable amount of time, the trenching
operation can already begin; the pole must be removed by
the end of the third week or the trenching work will be
interrupted. Although the flowmeter is scheduled to be set
in approximately 1 week, this work could probably begin a

week earlier or start a week later without compromising the
project schedule. Conflicts could be readily seen if the pole
removal or the setting of the flowmeter crossed one of the
other activity lines.

FINAL COMMENTS

Linear scheduling techniques have a variety of useful appli-
cations. They are most readily adapted for projects in
which tasks are repetitive. In general, linear schedules are
more readily adapted for projects in which logic is not
inordinately complex. Conflicts can be readily identified in
linear schedules. When schedule compression is to be
achieved, linear schedules assist in identifying those activi-
ties that warrant primary consideration. Perhaps the major
advantage with using linear schedules is that they are easily
understood by most construction personnel, obviating the
need to develop additional schedules to communicate with
other parties.



Linear Scheduling 213
500 g T
J “,‘ .’0
400 ” i ot
7 Xe &
Remove utility pole ’ -’ o
= _yp ,/ PR & — Backfill
£ 300 td o
© s J &
8 /, X .“
5] 4 /% o
3 200 , . T
a Dig — » Installpipe " gotmeter
trench » »° &
V4 o o [ |
7. 3 K
100 7 3 5
’ R o
s’
A V- Wy w—
1 2 3 4 5 6 7 8

Duration (weeks)

FIGURE 14.16 Linear Schedule Showing Activities that Occur over Time at a

Single Location.

Review Questions

1. A project consists of replacing the track on an existing
railroad line, involving 3,000 feet of track. The old track
can be removed at a rate of 70 feet per hour. The old rail-
road ties can be removed at a rate of 200 feet (measured
along the track) per hour. The new ties can be installed at
a rate of 25 feet per hour, and the replacement track can
be installed at a rate of 40 feet per hour. Show this oper-
ation on a linear schedule. Assume that the minimum
float for an activity at any location is 1 day.

2. A 1,500-foot subdivision street is to be constructed. The
layout will be completed in 3 days, the fill will be brought
in over the course of 8 days, the compaction/grading will

be completed in 5 days, the asphalt topping will be done
in 3 days, and the striping will take 1 day to complete.
Using a minimum float guideline of 1 day, develop a lin-
ear schedule for this project. What is the project duration
if no activities are to be interrupted? Suggest ways that
the duration can be shortened.

. A shallow trench for a 1,000-foot waterline installation

will take 10 days. It will take 4 days to install the first 400
feet of pipe. A water meter will then be installed during
the following 2 days at the end of the pipe. After the
meter is installed, the remaining 600 feet of pipe will be
installed in 6 days. Develop a linear schedule for this project.

. Describe a project that might not be well suited for lin-

ear scheduling.
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PERT:

One thing is certain: all planning is associated
with uncertainty.

cheduling is the basis for the management of time

on a construction project. The estimates for the

various activities in a project form the basis on
which the success of the schedule relies. Thus far, it has been
assumed that the estimates of activity durations were accu-
rate. While this may be an acceptable premise in most con-
struction schedules, it is essential for the prudent scheduler
to have a clear understanding of the uncertainty actually
associated with duration estimates. Even if a deterministic
approach is used for duration estimates, it is important to
constantly recognize that uncertainty is an inherent charac-
teristic of virtually every activity.

Uncertainty is more easily understood by those with a
background in statistics. Although a firm knowledge of sta-
tistics would be an asset for reading this chapter, the material
is presented in such a manner that formal training in statis-
tics should not be required (refer also to Chapter 4). The
theoretical basis for the statistics being presented will not be
provided, because the applications of statistics to scheduling
will be the primary focus.

UNCERTAINTY IN ACTIVITY
DURATION ESTIMATES

When an activity is stated as having a given duration, it
should be recognized that the duration is not an absolute
value. For example, the excavation of a basement may be
stated as requiring 30 days to complete. What does this
really mean? Will the excavation take exactly 30 days to com-
plete, or will the actual duration vary from the estimated
duration? It could mean that, on the average, the duration is
30 days; however, this could mean that, in half of the cases,
the duration is longer than 30 days, and in the other half it is
less than 30 days. With high liquidated damages assessed
against the contractor for late completion, the contractor
cannot afford to use a duration on which an overrun in time
occurs in half the instances. This is where a basic under-
standing of statistics comes in handy (refer to Chapter 4).
Assume that the duration of the excavation activity is to
be described in terms that define the relative uncertainty
associated with it. In reality, the contractor would be more

CHAPTER FIFTEEN

PROGRAM EVALUATION
AND REVIEW TECHNIQUE

descriptive if he or she stated that the shortest imaginable
duration for the excavation activity is 12 days, the worst-case
scenario for the duration is 60 days, and the most likely
duration (the mode) is 18 days. This is typical of the infor-
mation needed to describe the uncertainty associated with a
project duration. With the worst or most pessimistic esti-
mate, the mode, and the shortest or most optimistic esti-
mate, it is possible to estimate the mean that should be used
for an activity. Note that, in the values given above, the dis-
tribution of the time estimates is not a normal or bell-
shaped distribution. That is, the optimistic estimate is
typically closer to the mode and mean than the pessimistic
estimate. As in the above-mentioned example, the most
optimistic guess of the duration is only 6 days less than the
mode, while the most pessimistic estimate is 42 days more
than the mode. This is fairly typical in that there is a conceiv-
able minimum duration that can be attained under only the
most ideal circumstances. On the other hand, the pessimistic
duration may be quite long in order to take into account a
variety of occurrences that might delay an activity.

Uncertainty in scheduling is considered in the method
referred to as the Program Evaluation Review Technique
(PERT). PERT is based on activity estimates derived from a
“three time estimate,” namely, an optimistic estimate, the
estimate of the most likely (mode) duration, and the pes-
simistic estimate. The mean estimate of the activity duration
can then be computed as follows:

T, + 4T, + T,

I. = p

Where:
T, = Mean value of the activity duration (expected)
T, = Optimistic activity duration
T,, = Most likely duration
T, = Pessimistic activity duration

In the above equation, note that the estimates are
weighted with the heaviest weight placed on the most likely
duration estimate. Although this mean value of the activity
duration has some meaning, it does not, in itself, convey any
information about the degree of uncertainty. That is, it
would be helpful to have a measure to describe the extent to
which the duration is expected to vary from the derived
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mean value. Such a measure is known as the standard devia-
tion, and it can be derived from two of the time estimates
used to calculate the mean. The standard deviation is deter-
mined as follows:

T~ T,
6

The preceding calculation of the standard deviation is
an approximation. Rather than explaining the theoretical
basis on which the standard deviation is calculated, it is
more appropriate to simply be able to use the information.
To do this, refer to Table 15.1, which gives information about
the probabilities associated with different numbers of stan-
dard deviations.

Standard deviation = s =

Table 15.1 Standard Normal Curve

The information in Table 15.1 assumes that the distrib-
ution of the time estimates is normally distributed.
Normally distributed data imply that the data are symmetri-
cally distributed about the mean, similar to a bell-shaped
curve (see the figure contained in Table 15.1). Duration
estimates are rarely normally distributed; however, when
many activities are included in a schedule, it is acceptable to
assume that a normal distribution exists. Table 15.1 gives
information about a standard normal curve. This means that
probabilities of occurrence of a specific duration can be
determined by simply knowing the number of standard
deviations that the value in question is from the mean. The
table is set up to give information on the probability that a
particular duration will be less than some specified value

/

X = The number of standard deviations
to the right of the mean

\
The area under the curve (as shown
in the figure) always includes the
portion containing the mean.

X 0 1 2 3 4 5 6 7 8 9
0.0 .5000 .5040 .5080 .5120 .5160 5199 .5239 .5279 .5319 .5359
0.1 .5398 .5438 .5478 .5517 .5557 .5596 .5636 .5675 5714 5754
0.2 .5793 .5832 .5871 .5910 .5948 .5987 .6026 .6064 .6103 .6141
0.3 .6179 .6217 .6255 .6293 .6331 .6368 .6406 .6443 .6480 .6517
0.4 .6554 .6591 .6628 .6664 .6700 .6736 .6772 .6808 .6844 .6879
0.5 .6915 .6950 .6985 .7019 .7054 .7088 .7123 7157 .7190 7224
0.6 .7258 7291 .7324 .7357 .7389 7422 .7454 .7486 .7518 .7549
0.7 .7580 7612 .7642 .7673 .7704 7734 .7764 7794 .7823 .7852
0.8 .7881 .7910 .7939 .7967 .7996 .8023 .8051 .8078 .8106 .8133
0.9 .8159 .8186 .8212 .8238 .8264 .8289 .8315 .8340 .8365 .8389
1.0 .8413 .8438 .8461 .8485 .8508 .8531 .8554 .8577 .8599 .8621
1.1 .8643 .8665 .8686 .8708 .8729 .8749 .8770 .8790 .8810 .8830
1.2 .8849 .8869 .8888 .8907 .8925 .8944 .8962 .8980 .8997 .9015
1.3 .9032 .9049 .9066 .9082 .9099 9115 .9131 .9147 .9162 9177
14 .9192 .9207 .9222 .9236 .9251 .9265 .9279 .9292 .9306 .9319
15 .9332 .9345 .9357 .9370 .9382 .9394 .9406 .9418 .9429 .9441
1.6 .9452 .9463 .9474 .9484 .9495 .9505 .9515 .9525 .9535 .9545
1.7 .9554 .9564 .9573 .9582 .9591 .9599 .9608 .9616 .9625 .9633
1.8 .9641 .9649 .9656 .9664 .9671 .9678 .9686 .9693 .9699 .9706
1.9 9713 .9719 .9726 .9732 .9738 9744 .9750 .9756 .9761 .9767
2.0 9772 9778 .9783 .9788 .9793 .9798 .9803 .9808 .9812 .9817
2.1 .9821 .9826 .9830 .9834 .9838 .9842 .9846 .9850 .9854 .9857
2.2 .9861 .9864 .9868 .9871 .9875 .9878 .9881 .9884 .9887 .9890
2.3 .9893 .9896 .9898 .9901 .9904 .9906 .9909 .9911 .9913 .9916
2.4 .9919 .9920 .9922 .9925 .9927 .9929 .9931 .9932 .9934 .9936
2.5 .9938 .9940 .9941 .9943 .9945 .9946 .9948 .9949 .9951 .9952
2.6 .9953 .9955 .9956 .9957 .9959 .9960 .9961 .9962 .9963 .9964
2.7 .9965 .9966 .9967 .9968 .9969 .9970 .9971 89972, .9973 .9974
2.8 .9974 .9975 .9976 .9977 .9977 .9978 .9979 .9979 .9980 .9981
2.9 .9981 .9982 .9982 .9983 .9984 .9984 .9985 .9985 .9986 .9986
3.0 .9987 .9987 .9987 .9988 .9988 .9989 .9989 .9989 .9990 .9990
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that is given in terms of the number of standard deviations
that the value extends beyond the mean.

Consider the duration estimates given in the preceding
example. The mean is calculated as being 24 days
([12 + (4 X 18) + 60]/6), and the standard deviation as
being 8 days ([60 — 12]/6). If the standard deviation had
been calculated as being 2 days, it would imply that the esti-
mate of the mean time has little uncertainty, while a stan-
dard deviation of 25 days would imply a great deal of
uncertainty.

Table 15.1 is set up to provide the probability of occur-
rence for a variety of standard deviations. The number of
standard deviations is measured to the right of the mean.
Thus, a value of zero standard deviations (point at the
mean) to the right of the mean (probability of .5 noted in
the table for 0 standard deviations) implies that half of the
durations would be less than the mean. If the value in ques-
tion is one standard deviation to the right of the mean, the
probability is .8413 that the value actually realized will be
less than that value.

Let’s examine the implications of having a mean duration
of 24 days with a standard deviation of 8 days. In the example,
the contractor estimated that the excavation work would be
done in 30 days. What is the probability that the excavation
work will actually be done within that estimated time frame?
This is where Table 15.1 can be used to good advantage. To use
Table 15.1, the information must be converted into “standard”
terms. For example, a duration of 30 days is greater than 24

Shaded area: Probability
of completing the project
in less than 30 days is 77.34%

days by 0.75 standard deviations ([30 — 24]/8). For 0.75 stan-
dard deviations to the right of the mean, the table shows that
the probability that the duration will be under 30 days is 77.34
percent. What is the probability that the duration will be less
than 40 days, a duration that is two standard deviations
beyond the mean? The probability that the duration will be
less than 40 days is 97.72 percent. Once the probabilities are
known, the contractor in the example might be well advised to
reassess the 30-day estimate and revise the duration to
40 days. The analysis shows that there is a 77.34 percent prob-
ability of completing the task in less than 30 days and a 22.66
percent (100 percent — 77.34 percent) chance of running over
this time, a high risk for the contractor (see Figure 15.1).

Suppose the mean duration for an activity is calculated
with a three-time estimate to be 78 days with a standard devia-
tion of 16 days. What is the probability that the activity will
take longer than 100 days? First, one must determine the num-
ber of standard deviations that the duration in question is
beyond the mean. In this case, the duration of 100 days is 1.375
standard deviations beyond the mean of 78 days. From the
table it can be determined that the probability that the dura-
tion will be less than 100 days is 91.55 percent. However, this
was not the question; what is desired is the probability that the
duration will exceed 100 days. Since the probability of com-
pleting in less than 100 days and completing in more than 100
days must be 100 percent, it can be quickly determined that
there is an 8.45 percent (100 percent — 91.55 percent) probabil-
ity that the duration will exceed 100 days (see Figure 15.2).

X (mean = 24 days)
Standard deviation = 8 days

B\

¥_
(a) 24 30 40
days days days

Shaded area: Probability
of completing the project
in less than 40 days is 97.72%

X (mean = 24 days)
Standard deviation = 8 days

(b)

24 40
days days

FIGURE 15.1 Normal Distribution Showing the Probability of Completing
the Excavation Work in Less than a Specified Duration.
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X (mean = 78 days)
Standard deviation = 16 days
Shaded area: Probability
of completing the activity
in more than 100 days

is 8.45%

I
78 100

days days
FIGURE 15.2 Normal Distribution Showing the Probability of Completing an

Activity in More than 100 Days.

X (mean = 78 days)
Standard deviation = 16 days

Shaded area: Probability
of completing the activity in
more than 90 days and less
than 100 days is 14.21%

\

days

I
78 dZOS 100
Y days

FIGURE 15.3 Normal Distribution Showing the Probability of Completing an
Activity in More than 90 and Less than 100 Days.

Continuing with the same example, what is the proba-
bility that the duration will be between 90 and 100 days?
First, it can be determined that 90 days is 0.75 standard devi-
ations from the mean. From the table, it is determined that
the probability of accomplishing the task in less than 90 days
(0.75 standard deviations from the mean) is 77.34 percent.
Since it has already been established that the probability of
exceeding 100 days is 8.45 percent, the probability of doing
the activity in 90 to 100 days is 14.21 percent (100 percent —
77.34 percent — 8.45 percent) (see Figure 15.3).

The preceding examples have all dealt with the dura-
tions of single activities. The above-mentioned explanation
should suffice to resolve most questions of probability on
those activities. When several activities with differing values
of standard deviations are involved, additional assumptions
are worth making. This will be explained further.

UNCERTAINTY IN THE
DURATION ESTIMATES
OF AN ACTIVITY CHAIN

Project schedules may consist of hundreds or even thou-
sands of activities, each with a unique level of uncertainty.
The explanation in the following discussion centers on a

simplified network consisting of one chain of activities. The
chain will be called the critical path.

What is the probability that the critical path activities
will be completed within a specified time when uncertainty is
associated with each of the activities in the path? For ease of
illustration, the critical path will be defined as consisting of
three activities, Activities A, B, and C. The information about
these activities can be described as follows (see Figure 15.4):

Mean Duration Standard Deviation

Activity A 21 days 5 days

Activity B 35 days 7 days

Activity C 12 days 2 days
68 days

From this information, it can be established that the
mean duration along the critical path is 68 days. Assume
that the project duration is contractually established as not
to exceed 90 days. What is the probability that the project
duration along the critical path will not exceed 90 days? Since
the mean value of the duration along the critical path is simply
the sum of the means of the activities in the chain (68 days),
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Activity SD = Standard deviation
ES[3-time est| EF 3-time es’flmate = thlmlstlc dyratlon/most likely
- duration/pessimistic duration
SD| duration
Activity A Activity B Activity C
1 |12/18/42| 22 22| 18/33/60 | 57 57| 8/11/20 | 69
5 21 7 2 12

FIGURE 15.4 Simple Precedence Network Using Three-Time Estimates.

the only remaining unknown is the standard deviation of the
critical path chain. Unfortunately, the standard deviation
cannot be derived directly from the standard deviations of
the individual activities. Another statistical parameter must
first be generated. This statistical parameter is the variance.
This is a simple process, as noted:

V=

Where:
V' = Variance of an activity
s = Standard deviation of that same activity

end end
— 2
Vo = 25 = 2V
start start

Where:
cp = Chain of critical path activities
Vi = The variance for the critical path

Simply stated, the variance of the activities along the
critical path is equal to the sum of the variances of the activ-
ities comprising the critical path. Since the standard devia-
tion of each critical activity is known, it is a simple matter to
square each standard deviation to determine the variance of
each activity. Once the variances of the critical activities have
been totaled, the variance along the critical path is known.
Of course, the statistic that is desired for the critical path is
the standard deviation. This is easily done:

After the mean and standard deviation of the critical
path have been determined, it is a simple procedure to find
the probabilities. In the example, the mean for the critical
path has already been determined. The standard deviation
must be calculated to find the probability of completing the
critical path activities within 90 days. The information of
interest at this stage is the mean (sum of the mean durations
on the path) and the standard duration (square root of the
sum of the activity variances). Thus, the mean duration is 68
with a standard deviation of 8.83 days.

Activity Duration  Std. Deviation Variance
A 21 days 5 days 25
B 35 days 7 days 49
C 12 days 2 days 4
Critical Path 68 days /78 = 8.83days 78

Once the mean and standard deviation of the critical
path are known, the critical path can be treated as if it is a
single activity. For example, to answer the question of the
probability of completing within the 90-day period, first,
one must determine that 90 days is 2.49 standard deviations
from the mean of 68 ([90 — 68]/8.83). From Table 15.1, this
converts to a 99 percent (0.9936) probability that the critical
path activities will be completed in less than 90 days. Simi-
larly, there is a 91 percent probability that these activities will
be completed in less than 80 days.

UNCERTAINTY IN THE
DURATION ESTIMATES
OF PROJECTS

Now suppose that the above-mentioned project is made
slightly more complex. Instead of having a single chain, the
project network consists of two independent chains.
Assume that the chain described in the above example is
Chain “A” This second chain of activities is referred to as
Chain “B,” with the mean duration for this chain being
59 days with a calculated standard deviation of 14.5 days
(see Figure 15.5). This information for the standard devia-
tion would be generated in the same fashion as described
above for Chain “A” For Chain “B,” it is calculated that the
probability that the chain will be completed in less than 90
days is 98.4 percent, and the probability that it will be com-
pleted in less than 80 days is 92.6 percent. The information
can be summarized as follows:

Chain Duration Standard Deviation
“A” 68 8.83
“B” 59 14.5
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Mean = 59

ChainB .~

_ -

Mean = 68

Probability of completing
within 80 days is lower
for Chain A

Probability of completing

within 90 days is lower
for Chain B

FIGURE 15.5 Probability as Influenced by the Standard Deviation.

There is a slightly greater probability (99.3 percent vs.
98.4 percent) of completing Chain “A” in less than 90 days
than completing Chain “B” in less than 90 days. However, for
the 80-day criteria, Chain “B” has a higher probability
(92.6 percent vs. 91.3 percent) of completing in less time.
From this it should be observed that it would be improper to
refer to Chain “A” as the critical path simply because it has
the larger mean duration. For the 90-day limit, Chain “B” is
actually more critical, since its probability of finishing on
time is less. The reason that Chain “B” is more critical for the
longer durations is because of its larger standard deviation.

Obviously, both Chains “A” and “B” must be completed
before the project is completed. So what is the probability
that the project will be completed in less than 80 days? This
is easy to solve as the probability of completing the project
within 80 days is simply the product of the probabilities of
all the chains making up the network for the project. That is,
both chains must be completed for the project to be com-
pleted. In this example, there are only two chains, so the
probability of completing the project in less than 80 days is
84.5 percent (.926 X .913).

The above-mentioned example uses a simple network
comprised of only two chains of activities that are indepen-
dent. This is rarely the nature of networks, as a greater num-
ber of activities are generally involved and there is a greater
degree of interdependence among the various chains that
make up the network. This complexity vastly complicates
the process of solving networks by PERT.

Although PERT solutions are rarely used on construc-
tion schedules, a scheduler should maintain an awareness of
the principles of probability. This will keep schedules more
realistic.

MONTE CARLO SIMULATION

PERT is not a practical approach to address the scheduling
needs of most projects. It is a worthwhile topic to discuss in
terms of construction schedules, however, as it points out
the variable nature of the durations assigned to many con-
struction activities. For the most part, PERT is too complex

to be understood by most personnel associated with con-
struction projects, as few will have had formal course work
in statistics.

While the discussion of PERT may be largely academic, it
continues to have merit. There are also those circumstances
in which PERT may have real applicability. While no known
court cases have utilized PERT, it appears that the concept
would have good application in some circumstances.

How can probability and statistics be used effectively?
The manual approach is cumbersome even on very simple
networks. Thus, the use of PERT almost mandates a com-
puterized solution. One related statistical approach consists
of a Monte Carlo simulation. The Monte Carlo simulation
simplifies the statistical solution. Assume that a PERT net-
work consists of 500 activities, a modest number of activities
for a medium-sized project. Each of these activities will have
the duration defined by the three-time estimates. From the
three-time estimates for each activity, a probability distribu-
tion of the duration for each activity can be developed. With
the Monte Carlo simulation, a duration for each activity is
randomly selected from its probability distribution. In this
way, the probabilities associated with each activity are
reduced to a single number through this random selection
process. Once this has been done for every activity in the
network, a duration for the project has been established.
However, this is simply one duration estimate that defines
the duration based on the computations that resulted from
the random selection process.

The concept of the Monte Carlo simulation approach is
one that essentially requires the use of the computer. A brief
description will make this clear. Assume the simulation is
applied to a 500-activity project. Many different computa-
tions will be made on the network. The first duration com-
putation for the project will begin by assigning a duration to
each activity that is randomly selected from the duration
distribution of each activity. Suppose the first computation
results in a project duration of 211 days. The duration for
the project is computed a second time, this time using dura-
tions for the activities that are again derived from a random
selection process. Suppose the duration is now determined
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to be 205 days. While these computations would be time
consuming when done manually, they consume little time
when performed with the computer. This process can be
repeated hundreds of times with little effort on the com-
puter. Once sufficient computations have been made, a pro-
file of the project duration is developed. For example, the
durations may range from a low of 198 days to a high of 223
days. From these computations, the mean and standard
deviation of the project duration are obtained. From this
information, informed decisions can be made using the
probability of achieving different durations.

Naturally, the solution for the project duration may
contain considerable bias if the random selection process
chooses extreme values from some of the duration distribu-
tions. This potential bias is recognized by the Monte Carlo
simulation process, so another pass is made through the net-
work with independent random selections being made of
the duration of each activity. This is repeated many times,
perhaps thousands of times, to derive a distribution of the
duration of the entire project. The concept is simple, but it
does require the use of the computer.

Review Problems

1. After measuring the distance on a map between two
cities several times, it was decided that the distance was
35 miles with a standard deviation of 3 miles. What is
the probability (expressed in percent) that another mea-
surement of the distance would be more than 38 miles?
What is the probability (expressed in percent) that the
distance is actually more than 33.5 miles?

2. In driving from Columbia to Tulsa, several different
routes can be taken:

® Route A was calculated as taking 7 hours with a
standard deviation of one-half hour.

® Route B was calculated as taking seven and one-half
hours with a standard deviation of one-quarter hour.
a. What is the probability (expressed in percent)
that the trip can be completed in less than seven
and one-half hours on route A?

FINAL COMMENTS

PERT is used very little in the construction industry. Despite
the small amount of use, it is worthwhile to have a good
understanding of this technique. Virtually all activity dura-
tions vary. When activity durations are assigned to activities,
a best-guess number is generally used. This single number
assignment of a duration makes it easy to perform network
calculations. It should always be borne in mind that the
duration assignments are guesses and that considerable
uncertainty may actually exist in the value used. This
approach is generally regarded as viable because all activity
durations represent these best guesses, and in the normal
computation of many activities in a network, the errors of
overestimation and underestimation will cancel out each
other. The use of PERT is more accurate in its depiction of a
project as the scheduler is made very aware of the uncer-
tainty that is associated with each activity duration estimate.
PERT makes it possible for the scheduler to make more
informed decisions about the probability of achieving stated
project durations.

b. What is the probability (expressed in percent)
that the trip can be completed in less than seven
and one-half hours on route B?

c. What is the probability (expressed in percent)
that the trip will take more than seven and three-
quarters hours on route A? on route B?

3. The weather person said the high for the next day will
be 85°F. What the forecaster meant was that the pre-
dicted high will be 85°F with a standard deviation of
4 degrees. That is, the mean probability of reaching 85°F
is 50 percent.

® What is the chance of having a high of 90°F?
percent

® What is the chance of a high of only 74°F?
percent
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4. If the contract for a project is 120 days, what is the chance (in percent) of meeting the schedule? Assume the owner delays
the job start by 5 days. What is the probability (in percent) that the project will still finish at the originally scheduled
completion date?

Activity B Activity D Activity F
18/30/72 24/36/90 6/15/54
|
Activity A Activity G
0/0/0 0/0/0
Activity C Activity E
45/61/131 12/18/48

5. What are the probabilities (in percent) of completing the project in 55 days, 60 days, and 65 days?

Activity B Activity D Activity F
14/20/40 17/25/55 8/12/20
| | |
Activity A Activity H
0/0/0 0/0/0
| |
Activity C Activity E Activity G
10/15/20 10/14/20 25/30/50
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6. PERT data have been computed for the network below. Determine the probabilities of meeting the scheduled durations

of 24 days and 32 days.

2,3,10 6,7,8 5,8,17 1,2,9 1,3, 11
4) @) ) (3) 4)
Critical Path Std. Dev. Variance
Activities Duration (o) 2
A 0 0 0
B 4 .67 44
D 6 .33 A1
G 2 133 A1
| 9 2 4
K 3 1.33 1.78
L 4 1.67 2.78
M 0 0 0
28 9.22
CRITICAL PATH INFO: DURATION = 28 (MEAN) STD. DEV. = 3.04
Scheduled Prob. Of
Duration Mean Dur-Mean Dur-Mean/S Meeting
Schedule
28 28 0 0 .50
30 28 2 .66 74
25 28 -3 —.987 16
35 28 7 2.3 .99
24 28 -4 _ -
32 28 4
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CHAPTER SIXTEEN

ARROW DIAGRAMS

Failing to plan is planning to fail.

recedence diagrams currently dominate the indus-

try, and it is doubtful that there is a great need

for new schedulers to work with arrow diagrams.
There may be some instances, however, where arrow dia-
grams will be encountered, and it is in those situations that
an understanding of arrow diagrams can be valuable. For
this reason, this chapter is devoted to an explanation of
arrow diagrams.

Arrow diagrams were widely used in the construction
industry in the 1960s and 1970s. Their use has steadily declined
since that time. This chapter will present some of the nuances
associated with drawing arrow diagrams and reasons why
arrow diagrams are not in wide use today. The traditional form
of arrow diagram is also called an Activity-on-Arrow (also
called A-on-A) network or arrow diagram method (ADM). In
arrow diagrams, the activities are denoted as arrows. The nodes
that precede and follow the arrows or activities are referred
to as events, and these consume no time. Thus, the arrow
diagram consists of two basic elements, events and activities,
that are denoted by nodes and arrows, respectively.

Nodes, termed events, are typically drawn as small
circles, ovals, or rectangles and represent a point in time in
an arrow diagram. They are used to signify the start and
completion of activities. Events are not associated with the
utilization of any resources, whether time, money, equip-
ment, or materials. Events noted on a diagram can provide
valuable information and can highlight milestone occur-
rences in a project. A common example of a significant event
or milestone on most building projects is the point in time at
which a building has been “dried in,” when the exterior
enclosure is sufficiently complete so interior finish work can
be performed without the threat of the elements. Once a
building has been dried in, the work activities generally go
through a major change. On a smaller scale, the starting
point and the finishing point of each activity are also events.

Arrows, which are symbolic of activities, represent the
performance of operations or tasks that consume time. In
some cases, they represent only the passage of time. They are
drawn as lines, generally with arrowheads on the right end to
designate the direction of progress within the time-oriented
diagrams—thus the term “arrow diagram.” The tail of the
arrow represents the starting point of the activity, and the

head of the arrow represents its finish. Activities consume
time and generally other resources as well. The curing
of concrete is an example of an activity that ostensibly con-
sumes time but no other resources. While the consumption
of other resources may be associated with the curing of con-
crete, they are generally indirect or minor in nature.

In an arrow diagram, the relationships between events
and activities illustrate the logic of the process (plan) used to
complete the project. Each activity occurs between two
events, namely, the start and finish times for the activity. As
soon as the beginning event (often termed the i node) is
reached, the activity can begin. Its end event (the j node)
cannot occur until the activity has been completed. An event
actually “occurs” only when all incoming or preceding acti-
vities have been completed.

ACTIVITY RELATIONSHIPS

There are no strict requirements for how an arrow diagram
network should be drawn, but there are a few simple conven-
tions that tend to be followed. Most important, arrows
should be drawn showing progress from left to right. Loops
can therefore not be created and, in fact, are illogical. Arrow-
heads are not required but are strongly recommended,
particularly when arrows are drawn in a near-vertical direc-
tion, as it may be difficult to otherwise determine the direc-
tion of progress or the relationship between activities. The
length of the line need not have any meaning; it is simply
drawn long enough to connect its beginning and ending
events. Note that arrow diagrams can be drawn as timescaled
models. Ideally, each network should be drawn so that all
activities are tied into a single starting event at its beginning
and a common ending event at the end. Some schedulers
even advise that the arrow diagram should start and end
with a single activity. In some scheduling software programs,
this is a requirement. From an aesthetic point of view, arrow
diagrams are best drawn so that the crossing of lines is kept
to a minimum. The solution of arrow diagrams, however, is
not impacted by the crossing of lines; that is, arrows can
cross. In the past, several software programs were available
that solved scheduling problems as arrow diagrams. Almost
all of these programs no longer exist or the option of solving
the schedule as an arrow diagram is no longer available.

225
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Activity B
Hang wallpaper on wall

(D)

Activity G
Install mirror

@

&

v

@

FIGURE 16.1 One-on-One Relationship Between Two Activities.

Several basic types of relations are found in arrow dia-
grams. Figure 16.1 illustrates the most simple and basic rela-
tionship that can exist between two activities. In this example,
Activity G (install mirror) cannot begin until Activity B (hang
wallpaper on wall) has been completed. Note that it can also
be stated that wallpaper hanging can begin once the schedule
has reached event 1 and that mirror installation can begin
once the schedule has reached event 5. In this example, event 5
coincides with the completion of wallpaper hanging. Hanging
wallpaper, or Activity B, can also be described as Activity 1-5
(1 is the number of the i node for Activity B, and 5 is the num-
ber of the j node for this activity), and Activity G, mirror
installation, can be referred to as Activity 5-7.

Figure 16.2 illustrates an example in which three activi-
ties are dependent on the completion of a single preceding
activity. If multiple activities (e.g., Activities F, G, and H)
commence at a common event, it signifies only that the

activities could all start at the same time. The installations of
the vanity light, mirror, and duplex cover plate are not neces-
sarily required to actually start at exactly the same time
(their start times are independent of the other start times),
although none of them can start before the immediately
preceding event (hanging wallpaper) has occurred. That is,
the wallpapering work must be completed before any of
these tasks can be performed.

Just as several activities may have their start times dic-
tated by the completion of a single activity, so can a single
activity have its start time dictated by the completion of
several preceding activities. This type of relationship is shown
in Figure 16.3. Note that “Install plasterboard” cannot
begin until “Install wall plumbing,” “Route electrical wiring
in walls,” and “Install insulation” have been completed.
Note that the convergence of multiple activities, ending at
a common node, does not necessarily mean that the preceding

Activity F
Install vanity light

©

@

Activity B Activity G
Hang wallpaper on wall Install mirror @
Activity H

A

Install duplex coverplate O
»( 8

FIGURE 16.2 Many-on-One Relationship Among Several Activities.

Activity A
Install wall plumbing

®

é

Activity B Activity G
@ Route electrical wiring in walls 7T\ Install plasterboard
g\
Activity C

Install insulation

@

FIGURE 16.3 One-on-Many Relationship Among Several Activities.
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Activity A
Install roofing

Activity F
Install insulation

Activity B Activity G
Q Install siding Install floor covering Q
1 > > 7
Activity C
Install windows and Activity H

exterior doors

@

Install dropped ceiling Q
P 8

FIGURE 16.4 Many-on-Many Relationship Among Several Activities.

activities will all end at the same time, but that they must all be
completed before the following activity can begin. In this
example, the installation of wall plumbing, the routing of
electrical wiring in the walls, and the installation of insulation
must all be completed prior to attaching plasterboard to the
studs. The plumbing, electrical, and insulation activities
might ideally be performed in some preferred sequence, but
they can theoretically take place simultaneously.

A more generalized relationship among several activities
is shown in Figure 16.4. In this example, three activities must
be completed before three subsequent activities can begin. In
this example, Node 5 might be considered a milestone due to
its significance. Note that Node 5 follows the completion of
Activities A, B, and C and that it precedes the start of Activities
E G, and H. As already mentioned, one typical example of a
milestone event in building construction is when the building
has been “dried in,” as the interior finish work can begin only
after the building has been properly enclosed so that the ele-
ments will no longer jeopardize the work. A building can be
considered dried in only after the roof is completed, the siding
or masonry is installed, the windows are installed, all exterior
doors are hung, all exterior door thresholds are installed,
all exterior caulking is completed, and so on. After the build-
ing has been dried in, many interior tasks can begin. Another
milestone might be the completion of work by a general
contractor’s own forces. After that point in a project, the
remainder of the work will be performed by subcontractors.

Some activities may not be linked logically to other activ-
ities in a network. For example, in a network for a construc-
tion project, many procurement activities may be shown
as having a possible start time at project start, meaning they
have no preceding activities. It is highly unlikely that all of the

i node

Activity i—j

procurement activities will actually occur at one time at
project start. Naturally, procurement activities are focused
on acquiring materials for which an eminent need exists on
a project or on those materials for which a long lead time is
required for delivery. The network may show that all procure-
ment activities can take place at the project start, but this will
probably not reflect when all of these activities will actually
take place. In fact, when all the activities are actually scheduled
later in the process, an appropriate scheduled start time will be
selected that will ensure that the various materials will arrive
in a timely manner for the various scheduled activities.

THE i-j NOTATION OF
ACTIVITIES

As mentioned earlier, arrows or activities are frequently desig-
nated by their starting and ending nodes, commonly referred
to as their “i” and “j” nodes. Algorithms used to do calcula-
tions for an arrow diagram require that all events (nodes) in
the network be numbered. This is especially true of arrow dia-
grams that will be input into computer programs. Activities
are then often identified by the numbers of the two events or
nodes that precede and follow them. Node numbering should

be done systematically following such guides as:

® Make each activity’s i node smaller than its j node
(sometimes required by computer programs).

® Jeave gaps in numbers to allow for future network
changes and additions (e.g., 5, 10, 15, 20, and 25).

® Make each activity’s i—j node combination unique (gen-
erally required by computer programs; see Figure 16.5).

j node

<O

FIGURE 16.5 Typical Means of Designating Activities by Their Starting

and Ending Nodes.
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Dummies

The relationships that exist among activities cannot
always be shown simply as those demonstrated in Figures
16.1-16.4; it may be necessary to include in the diagram a
“pseudo-activity” called a dummy. A dummy is treated as an
activity (normally drawn as a dotted line), but it is assigned
no duration, meaning it does not consume time or any other
resources. Some schedulers use dummies to designate delays;
however, this use is inappropriate, as time is obviously a key
component of a delay. It would be more appropriate to cre-
ate a delay activity, one that has a specified duration assigned
to it. As illustrated in the following examples, dummies may

be used to ensure unique i—j node numbering for all activi-
ties, permit proper logic (activity ordering) to be displayed,
or, in rare cases, serve as a beginning or ending “activity” for
the network.

In Figure 16.6, the dummy is required to avoid having
two activities with the same i—j designation of 10-15. For
computer programs to function, unique i—j node numbering
for an activity is absolutely essential. As a general rule, it is
best to add the dummy to the beginning, rather than the
end, of an activity. This avoids computational errors later.

Most dummies are required to maintain proper logic of
various construction activities. For example, Figure 16.7
shows portions of a network involving tasks associated with

Activity R
Set landscaping timbers

(a)

Activity S
Plant trees
10
Activity R
@ Set landscaping timbers
(b)
A
.0
R4
'0
.0
. Activity S

Plant trees

FIGURE 16.6 Unique Activity Designation Through the Use of a Dummy.
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Activity C
Install prefinished

/’\ shop cabinets
@ »( 20 »( 25

:@

25

5

(@ Activity B Activity D
Install garage Install garage
door door opener
15
Activity A Activity C
Place concrete Install prefinished
slab in garage shop cabinets
(b) ky
Activity B N Activity D
Install garage S Install garage

door opener

door r“'\
15 »( 16
O, O,

FIGURE 16.7 The Use of a Dummy to Show Proper Logic.
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constructing a garage. In example (a), one can conclude that
Activities C and D can begin only after both Activities A and
B have been completed. But this is not what was intended.
Suppose Activity C (install prefinished shop cabinets) can
begin only after Activities A (place concrete slab in garage)
and B (install garage door) have been completed, but Activ-
ity D (install garage door opener) can begin as soon as the
garage door is installed. The corrected logical sequence is
accomplished with the use of a dummy, as shown in example
(b) of Figure 16.7. Although the garage door opener might
be installed with greater ease with the concrete slab in place,
this is not essential.

One must understand the use of dummies to become an
accomplished scheduler with arrow diagrams. As with all
arrow diagrams, an activity cannot begin until the immedi-
ately preceding event has been reached. It is very important
to recognize that every activity that precedes an event or
node must be completed before the subsequent activity or
activities can begin. Figure 16.8 includes two scenarios
designed to help explain this fundamental issue, especially as
it relates to the use of dummies. Of particular interest are the

required preceding activities for Activity F (install floor reg-
isters). In illustration (a), for instance, the floor registers can
be installed as soon as the wallboard, vinyl flooring, and car-
pet are installed. Note that since Node 30 is preceded by
Activity B and the dummy that links its start to Activity A,
Activity F can start only after Activities A, B, and C are com-
pleted. But on this project, the floor registers can be installed
whether or not the wallboard is installed. The proper logic is
shown in illustration (b), where the addition of dummy
30-31 changes the predecessors for installing floor registers.
The floor registers can be installed as soon as the vinyl floor-
ing and carpet are in place.

Other uses of dummies are to establish a single starting
activity and a single end activity for a project network. These
are not crucial issues and do not pose a problem in most
project schedules. Many computer programs in use today
can easily handle a project that has more than one starting
activity. It is often a matter of convenience that there be a
single starting node. Nonetheless, a single starting and/or
ending activity can be achieved by the use of dummies, as
illustrated in Figures 16.9 and 16.10.

Install carpet

Install floor registers

»

Activity A
Install Activity D

wallboard Paint wall

: 25 »{ 40

Activity B '\‘

Install vinyl Activity E

@ flooring (30 Install base trim ‘@
Activity C ;_\ Activity F

9,

k@

Activity A
Install Activity D
wallboard Paint wall
Activity B ."~,. Activity E
Install vinyl N Install base
flooring trim
»( 30 pususasp
) Activity F
Activity C ¢ Install floor
Install carpet registers
> @ —P{ 50

FIGURE 16.8 The Use of a Dummy to Change Activity Predecessors.
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Dummy

Activity A
Mobilize equipment

v
=
o

Activity B
Lay out building site

é

Activity C

Order materials
20

b

FIGURE 16.9 The Use of a Dummy to Create a Single Starting Activity.

Activity R

Demobilize equipment

Activity S

Seeding

Activity T
Clean up

@

Dummy

FIGURE 16.10 The Use of a Dummy to Create a Single Ending Activity.

The various uses of dummies in a network are illus-
trated in Figure 16.11. Note that, in some instances, a
dummy may be required to both show proper logic and
establish unique i—j numbering (e.g., dummy 30-40). A
review of Figure 16.11 should be conducted to evaluate the
purpose of each dummy.

Arrow diagrams are favored by some people primarily
because they became familiar with arrow diagrams early in
their career. Proponents of the technique also argue that the
use of arrows is a natural way to illustrate that time is passing
and that it is easy to graphically timescale the network by
making the length of each arrow proportional to the dura-
tion of the activities they represent. Another argument is
that the arrow diagram automatically generates events at
every point of interaction between activity groups.

There are critics of arrow diagrams who contend that the
approach only represents finish-to-start relationships between
activities. Of course, this is not entirely true, but to the extent
that it is applicable, it is also true of precedence diagramming.
Second, it is also claimed that drawing the network is a time-
consuming process. Errors in logic can go undetected when
complex relationships requiring numerous dummies are rep-
resented. This argument has some merit, especially when

activities are added to an existing network. Third, the network
generally must be developed manually prior to entering infor-
mation in a computer program, but this is also applicable to
the development of precedence networks in many instances.
Fourth, the number of “activities” that must be dealt with is
increased by the fact that dummies, unique types of activities,
must be used to correctly construct the project logic in the
arrow diagram. Last, arrow diagrams are more difficult to
modify with the introduction of new activities.

The arrow diagram in Figure 16.12 shows how the com-
plexities of a project can introduce the need for dummy
activities. The work being depicted consists of the sequential
tasks of insulation installation, drywall installation, and
painting. As shown, the insulation on each floor or story of
the building must be installed prior to beginning the drywall
installation. After the drywall is in place, the wall can be
painted. In addition, the insulation installation must be
completed on one floor prior to performing that work on
the next floor. The dummies in the network are required to
show this logical sequencing of activities. When examining
the network, consider how the logic is actually altered by
removing any of the dummy activities. Each of the dummies
is required to maintain proper logic in the network.
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Insulate Insulate Insulate
floor 1 floor 2 floor 3
A B F

v

Insulate
floor 4

Drywall Dummy-5
floor 1 , Drywall
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J
.............. O
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Paint Paint Paint Q
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FIGURE 16.12 Arrow Diagram with Dummy Activities to Maintain Proper Logic.

PERFORMING TIME
CALCULATIONS WITH ARROW
DIAGRAMS

The development of a clear and accurate network diagram is
an important step in the planning process. Once this diagram
has been completed and the durations for all activities have
been determined, the network will yield valuable information.
This requires the performance of some simple calculations
that are fundamental to the use of network diagrams in prop-
erly scheduling the activities required to complete a project.

As with precedence diagrams, the values for the start
and finish dates for activities can be computed within a net-
work by making what are called “forward” and “backward”
passes through the arrow network. These are performed as
described in Figure 16.13.

The units of time are often stated in terms of days, but
the units could just as easily be hours, shifts, crew days,
weeks, or even months. Since the occurrence time for the
first node was set at 1, it can be said that the “beginning-
of-day” convention is being used here. Note that this means
that the finish date of the activities is defined in terms of the

Forward-Pass Calculations*

Select an activity starting at this beginning node.

akrwbd=

unchanged.

exist, go to Step 7.)

Assign Day 1 as the early event time (ET) of the beginning node.

Assign the node’s early event time as the early start (ES) time for the activity.
Calculate the early finish (EF) time for the activity by adding its duration to its early start day.
Compare the activity’s early finish (EF) time to the current early event time (ET) of the activity’s end node:

A. If the end node of an activity does not yet have an assigned ET, set the ET for the node as the EF of that
activity. At nodes where two or more activities (both real and dummy activities) merge, the latest of the
early finishes is to be assigned as the ET of the node.

B. If the activity’s EF is greater than the current ET for the node, assign ET the value of EF.

C. If the activity’s EF is not greater than the current ET for the node, leave the current value for ET

6. Determine if any more activities begin at the node currently being used as a beginning node:
A. If more activities do start there, go back to Step 3.
B. If no more activities start at this node, select the next node that appears in the network. (If no more nodes

7. The early event time of the last node is the estimated duration of the project.

*This process assumes that the network begins and ends with a single node.

FIGURE 16.13 Steps for Calculating Early Start Dates and Early Finish Dates.
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beginning of the following day. For example, if the first
activity in a network has a duration of 2 days and if its start
date is set at the beginning of Day 1, the following calcula-
tions would be made:

The activity will end on the beginning of Day 3

early start 2-day ea.rly start
of da duration  ime of
Y Day 3

Obviously, the activity will actually be completed at the
end of Day 2, but hand calculations are easier to make if the
beginning-of-day convention is used throughout. Note:
Typically, computer programs automatically present infor-
mation in the form of the beginning-of-day convention for
the start times of activities and the end-of-day convention
for the finish times.

The basic steps for calculating the early start and early fin-
ish times for activities are illustrated in the following example.
The network that will be used is shown in Figure 16.14. While
the format for presenting this information on a network may
vary, the information of interest will essentially remain the
same. The network shows the relationships that exist among
the activities and the duration of each activity. Note that

the network shown as an arrow diagram in Figure 16.14 is
the same as the network shown as a precedence diagram in
Figure 3.22.

The forward pass begins with the starting event in the
network (Node 1). As discussed, this time has to be set by the
scheduler. Since we are using the beginning-of-day conven-
tion, the first event would occur at the beginning of Day 1.
The early event time (ET) of the first event node will also
define the early start time of any activity that originates from
that node. In this example, “Mobilize” will be assigned an
early start time of 1. The early finish time of an activity is
calculated by adding the activity duration to the early start
time of that activity. Since the duration of “Mobilize” is 1,
the early finish time for “Mobilize” is 2 (see Figure 16.15).
Note that “Mobilize” will be completed on the beginning of
Day 2. Of course, completing on the beginning of Day 2 is
the same as completing the activity at the end of Day 1. It is
only in this manual approach that this distinction must be
kept in mind. (No further comment will be made about this
point, as all times will be given with the beginning-of-day
convention.)

Since the early finish time for Activity 1-2 is 2, the
early event time for Event 2 is also 2. The early start time
for Activities 2—3 and 2—4 is then determined to be 2, the
early event time for Event 2 (see Figure 16.16). The early

ES = early start of activity i—j
EF = early finish of activity i—j

ET = early event time /I—\ o /—\
for node i ES Activity EF J
LT = late event time w LS Duration LF w
for node i
FF/TF

m Mobilize 2

Remove old Install new
cabinets 4 flooring

LS = late start of activity i—j
LF = late finish of activity i—j
FF = free float of activity i—j
TF = total float of activity i—j

)

NI

Beginning-of-day
convention: Start on
the beginning of Day 1

gws
/
/
!
/
/
/
/
/
/
/
/
/
/
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!
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materials 3 wallpaper
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m cabinets /7—\ Demobilize m
!
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FIGURE 16.14 Network Example Showing Activity Durations.
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1 1 Mobilize 2 2

NIPZEN

Early occurrence time of Node 1
becomes the early start time for
Activity 1-2

Early finish time of Activity 1-2 is
computed as ES of Activity 1-2 plus
the duration of Activity 1-2

EF,,=ES,, + Duration, ,

FIGURE 16.15 Determining Farly Event Times, Early Start Times, and Early Finish Times.
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FIGURE 16.16 Arrow Diagram Showing Early Event Times, Early Start Times, and Early Finish Times.

finish times of Activities 2-3 and 2—4 can be easily deter-
mined by adding their respective durations to the early
start time. With an early finish time of 7 for Activity 2-3,
the early event time for Event 3 is noted as being 7. Fol-
lowing the same procedure, the early finish time for
Activity 2—4 is then determined to be 11. But what is the
early event time for Event 4? The early finish time for
Activity 2—4 is 11, and the early finish time for Activity

2-3 is 7. Because a dummy activity precedes Event 4, the
early occurrence time of Event 3 must be taken into
consideration. Naturally, Event 4 occurs after Activities
2-3 and 2-4 are completed. Therefore, both of the
preceding activities must be completed before the early
event time of Event 4 will occur. Logic should tell us that
the controlling activity is Activity 2—4. Thus, the early
event time for Event 4 is 11. As a general rule, when more
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than one activity precedes a node, its early event time will
be the latest (largest value) of the early finish times of the
immediately preceding activities.

The procedure outlined above is followed for the
remaining activities in the network. Remember that the
early event time for a node becomes the early start time for
those activities that start after that node. The early finish
times for the activities are always determined by adding
their durations to the early start times. The early finish
time for an activity then becomes the early event time for
the node or event following that activity. If more than one
activity precedes a particular node, the early event time for
the node is established as being the latest of the early finish
times of the preceding activities. The calculations in Figure
16.16 show that the early event time of the last event, Event
8, is 21. Thus, the project can be completed by the begin-
ning of Day 21.

The network in Figure 16.16 illustrates the early
times of all event occurrences, early activity starts, and
early activity finishes. While this is valuable information,
additional information can also be gleaned from the net-
work. While it is helpful to know the earliest time at
which each event will occur and the earliest time that each
activity can start and finish, the scheduler also needs to
know the latest times that these events and activities can
start and finish without delaying the completion of the
project. This information is obtained when a backward
pass is conducted.

Essentially, each of the early occurrence times computed
with the forward pass will be complemented by late occurrence

times. These late occurrence times are computed in a manner
that is similar to the forward pass, a backward pass. The steps
for calculating the late event times and the late start and finish
times are described in Figure 16.17. Figure 16.18 shows the
basic components of the network of interest when conducting
a backward pass. The term backward pass comes from the fact
that the calculations begin at the last node or event and end
with the first node or event.

In conducting the backward pass, the focus of atten-
tion begins with the last node in the network. In this exam-
ple, the last node describes Event 8, which has already been
determined to have an early event time of 21. To establish
the late occurrence times in a network, it is common to set
the late event time of the last node as being equal to its
early event time (in this case, 21). The late event time of an
event then becomes the late finish time of those activities
that immediately precede that event. In this case, the late
finish of Activity 7-8 becomes 21. By subtracting the dura-
tion of Activity 7-8 from its late finish time, we can com-
pute the late start time for the activity. In this example, the
late start time for Activity 7-8 is 20. The late start times of
the activities are then assigned as the late event times of the
immediately preceding events. Thus, the late occurrence
time for Event 7 is 20. This procedure is followed consis-
tently as the backward pass is performed. Care must be
exercised when more than one activity follows a particular
event. In Figure 16.19, this situation is encountered at
Event 2. Note that Activity 2—4 has a late start date of 2 and
that Activity 2-3 has a late start date of 5. Which of these
values should be assigned as the late event time for Event 2?

Backward-Pass Calculations*

generally for the last node, ET = LT.
Select an activity ending at this node.

ok

A. If more activities do end there, go back to Step 2.
nodes exist, go to Step 7.)

of the last node was set equal to its ET.)

1. Assign the last node a late event time (LT) (normally this is set as being equal to its early event time [ET]). Thus,

Use the j-node’s late event time (LT) and assign this value as the activity’s late finish (LF) day.
Calculate the late start (LS) for the activity by subtracting its duration from its late finish.
Compare the activity’s late start time to the late event time of the activity's beginning node:
A. If the i-node of the activity does not yet have an assigned LT, set LT equal to LS.
B. If the activity’s LS is less than the current LT for the node, assign LT the value of LS.
C. If the activity’s LS is not less than the current LT for the node, leave the current value of LT unchanged.
6. Determine if any more activities end at the node currently being used as the j-node:

B. If no more activities end at this node, select the next preceding node and go back to Step 2. (If no more

7. The late event time of the first node is the day on which the project must begin. (It should always be 1 if the LT

*This process assumes that the network begins and ends with a single node.

FIGURE 16.17 Steps for Calculating Late Start Dates and Late Finish Dates.
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Beginning the backward pass:

Late occurrence time of the last node in the network is set

equal to the early occurrence time of the last node,
eg, LT=ET =21
m 20 Demobilize o1 /8
20|20 / 20 1 21x\ 21 | 21 \
LT, set equal to ETg
LF, g =LTg
LS, ¢ =LF, g - Duration, 4
LT, =LS,4

FIGURE 16.18 Steps Outlining the Backward-Pass Calculations.

Logic tells us that if an activity cannot start later than a
given date, then the late event must occur prior to or on
that date. In other words, if more than one activity follows
an event, the late event time for the event will be deter-
mined by the earliest late start times of those following
activities; that is, use the smallest late start time of the sub-
sequent activities to set the late event time for a node. The
late event time (LT) for Event 2 is then determined to be 2.

The backward pass is relatively simple to perform. If
the basic rules are understood, there should be no difficulty

[ e

in making the calculations. When dummies occur in the
network, the early event times of the events they follow are
carried forward as the early occurrence times of the dummy
activity. In the same fashion, when performing the back-
ward pass, the “late finish dates” of the dummies are carried
backward as the late start dates of the dummy activities.
Figure 16.19 shows the backward-pass calculations for the
network, along with all of the early occurrence times and
the late occurrence times for the events and the activity
starts and finishes.
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FIGURE 16.19 Arrow Diagram Showing Late Event Times,

Late Start Times, and Late Finish Times.
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FLOAT VALUES

With the forward and backward passes done, additional
information can be determined by calculating the float
(sometimes termed slack) values for each of the activities. As
the term implies, float is a way to describe the flexibility asso-
ciated with the scheduling of a particular activity. The most
common types of float are free float and total float:

Total Float: The maximum amount of time that an activ-
ity can be delayed (beyond its designated early start time)
without delaying the project completion. The total float of
an activity can be calculated by taking the difference between
an activity’s early finish and its late finish or the difference
between the early start and the late start. Some texts refer to
the total float as total slack.

Free Float: The maximum amount of time that an activ-
ity can be delayed (beyond its designated early start time)
without delaying the early start of any other activity, specifi-
cally those activities immediately following that activity. It is
calculated by subtracting the activity’s early finish from the
early event time (ET) of its ending event or j node.

When the total float of an activity is zero, there is no
flexibility in the scheduling of that activity. To avoid delaying
project completion, any activity with zero total float must
start on the scheduled date and must be completed within
the stipulated duration. This is true of all activities with zero
total float. Regarding activities with zero total float, the delay
of any activity by a single day will delay project completion
by 1 day.

It is important for the scheduler to know the float values
associated with activities. Of the float values, perhaps the
most important is total float (TF), as it addresses the status
of the entire project. Free float is more closely associated
with the relationships of activities to each other. The total
float is measured in terms of the degree of impact that the
delay of the starting time or the alteration (lengthening) of
the designated duration of an activity would have on the
project duration. An activity’s total float is directly related to
the core concept of the “critical path method.” The following
definitions explain the importance of total float.

Critical: A term that specifies that an activity cannot be
delayed without extending the project duration. Activities
with no total float (TF = 0) are defined as critical. These
activities have early and late starts that are equal, indicating
that they must be started at the calculated time and com-
pleted within the stipulated duration in order for the project
to be completed in the estimated amount of time.

Critical Path: The path (or paths) from the first activity
to the last activity in the network that passes through only
those activities that have a total float of zero. Each network
has at least one critical path connecting the first and last
nodes in the network, provided the early and late project
completion times are set equal to each other.

The project scheduler has flexibility in specifying when
any activity with float will actually be started, as long as it is
started by its late start date. If an activity has a total float of
10 days, it could be started up to 10 days after its calculated
early start date without impacting the project duration.
However, scheduling earlier activities at times other than
their early starts may restrict the start time options for
any following activities to times later than their early starts.
If an activity has a total float of 10 days and a free float of
5 days, the start date could be delayed 10 days without
impacting the project duration, but the start date can be
delayed only 5 days if the start times of no other activities
are to be impacted.

The float values are not difficult to compute if careful
attention is paid to their determination. The total float of
an activity is simply the difference between the late start
time of an activity and its early start time or, conversely,
the difference between its late finish time and early
finish time.

Total float of activity i—j = TF;; = Late finish of
activity i—j — Early finish of activity i—j

Free float of activity i—j = FF;; = Early occurrence
of event j — Early finish of activity i—j

Once the early start and finish times and the late start
and finish times have been determined, the computation of
the free and total float values is a simple matter. These values
are shown in Figure 16.20. As mentioned earlier, the critical
path consists of a sequence of activities between the first and
last node in the network for which the total float is 0. In the
network shown in Figure 16.20, the critical path can quickly
be identified as consisting of Activities 1-2, 2—4, 46, 67, and
7-8. The activities with free float values of 0 are also of inter-
est, as these cannot be delayed beyond their scheduled early
completion date without impacting at least one other
succeeding activity. In the network, it is apparent that only
one activity has a positive free float value, namely Activity
5-7. The results of the computations shown in Figure 16.20
are the same as those derived for the same schedule solved as
a precedence diagram in Chapter 3. Also compare the results
shown in Figure 16.21 with the tennis court project presented
in Chapter 3.

The precedence diagram shown in Figure 3.26 has been
converted to an arrow diagram in Figure 16.21. First, exam-
ine the diagram to see why the dummy variables are neces-
sary. Next, study the computations to see how the various
values of ES, EF, LS, LE, FF, and TF have been determined.
Finally, compare the results with the values derived in
Figure 3.26 and notice that the same values are determined
by both methods.

The total float can be viewed as presenting information
about the flexibility of an activity on a macro level, while the
free float presents information about the flexibility of an
activity on a micro level. Knowing the free float and total
float values of activities can be very helpful to a scheduler.
The float values help the scheduler identify those activities
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that provide the greatest flexibility in altering the start times.
This flexibility in start times can then be used to:

Implement additional activity constraints
Level resources
Control contingency time

Change or delay impact mitigation

As stated earlier, the critical path lies along that contin-
uous sequence of activities from the first activity to the last
activity for which the total float is 0. The value of total float
along the critical path is 0 only because the late event time
for the last event in the network was assigned the same value
as the early event time for the last event. It is entirely possible
for the critical path to consist of that sequence of activities
from the first activity to the last for which the total float is
minimal. Thus, the critical path activities could conceivably
have total float values that are either positive or negative
(when the early and late event times of the end event are not
the same), but normally the critical path follows along those
activities that have a total float of 0.

Assume that a network has been prepared for the con-
struction of a reinforced concrete bridge. The forward-pass
computations showed that the duration of the project would
be 332 days. In the contract, the duration was stipulated as
being 360 days. The scheduler could use the time of 360 for
the late finish date for the last activity and then perform the
backward-pass computations. This would result in the criti-
cal path activities having 28 days (360-332) of total float.
The assignment of the contract duration as the late finish
date for the last activity is not a good one. There is no
penalty for completing early on most construction projects,
and on many projects there is even a bonus for early project
delivery. Utilizing 360 days to finish a project that could be
realistically completed in 332 days will generally result in an
additional cost to the contractor because of added overhead
and other costs.

Now, suppose the contract for this project stipulated
that the contract duration was 320 days. Since the forward-
pass computations resulted in an ET for the last node as
332 days, assigning a value of 320 as the LT for the last
node of the critical path activities or the worst value for
total float results in a negative value of —12days. Since it is
contractually stated, it would be logical to utilize this value
(320 days) as the late finish time for the last activity. The
critical path for this network will now consist of activities
with total float values that are negative (—12days). Nega-
tive float flags a problem area for a scheduler, as it implies
that the early start schedule will result in a completion
date that is unacceptable; negative float means that the
project will be completed late or possibly that the
project must begin at an earlier date. The schedule will
generally not be considered complete if any activities
contain negative float. It is the scheduler’s task to then
determine ways in which the logic can be modified
or durations for selected activities can be reduced to elim-
inate the negative float.

UNDERSTANDING FREE
FLOAT AND TOTAL FLOAT

A scheduler needs to fully understand the definitions of free
float and total float, and this understanding should be such
that a good intuitive feel for these concepts is established.
Once this is accomplished, it will be easy to critically assess
the reasonableness of the computed values for float. While it
is not easy to intuitively evaluate each value of float, there are
specific rules that should always apply that make it easier to
determine float values. For example, these rules apply specif-
ically when an arrow diagram has at least one critical path
along which the total float is 0. The nuances of some rules
will be impacted by the placement of dummies in certain
portions of the network, but these impacts rarely occur.
Note that dummies do not possess float. It is assumed that
the late finish date and the early finish date of the last activity
are the same. These general rules are as follows:

GENERAL FREE FLOAT AND TOTAL FLOAT RULES

1. There is a minimum value of total float among the
activities following each node, and this minimum value
is also the minimum value of the total float values
among those activities that precede the node.

2. Prior to each node, there is at least one activity that has
a free float of 0.

3. The free float of a noncritical activity intersecting the
critical path equals its total float.

4. Ina chain of activities (a series of activities consisting of
only one activity preceding the node and only one activ-
ity following each node), the total float for all activities
in that chain is the same. Also, except for possibly the
last activity in the chain, the free floats of the activities
are 0.

5. In any path from the first activity to the last activity in a
network, the sums of the durations and the free floats
will be equal to the sums of the durations and the free
floats of any other path of activities from the first to last
activity.

6. When more than one activity precedes a node, first
identify the activity following the node that has
the smallest total float. This value of total float will also
be the smallest total float among the activities that
precede the node. The free float of the preceding activity
with the smallest total float will be 0. The free float of
the other activities can be computed by subtracting the
minimum total float value (the total float of the activity
preceding the node that has 0 free float) from each
activity’s total float. For activities preceding a node:

FFact = TFact = TFsmallest TF value prior to node
TFact = FFact + TFgmallest TF value prior to node

7. For all critical path activities, TF = 0 and FF = 0.

The foregoing rules will be utilized in an example in
which only limited information about free float and total
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float values is known. As before, the early and late event
times for the last event are assumed to be the same. With the
limited amount of information provided in Figure 16.22, the
remaining free float and total float values can be determined.

In deriving the missing float information for Figure
16.22, first consider Activity 9-10, the only activity preced-
ing Event 10 that can be critical (Rule 7: Critical activities
must have free float and total float values of 0). Thus,
the total float of Activity 9-10 is 0. Also, since all activities
on the critical path have 0 float values, the critical path can
be traced. First, by inspection, Activity 10—11 must be criti-
cal. Since Activity 9-10 has been identified as being critical,
Activity 6-9 must also be critical (Rule 1). By similar rea-
soning, Activities 3—6, 2-3, and 1-2 are also identified as
being critical. Thus, the critical path passes through Events
1,2,3,6,9, 10, and 11. Since each node must be preceded

by at least one activity that has a free float of 0 (Rule 2), the
free float is 0 for Activities 2—4, 4—8, and 5-7. The informa-
tion known about the float values at this stage is shown in
Figure 16.23.

Since Activities 7-10 and 8-10 intersect the critical path,
their float values can be readily determined, as the free float
and total float values for these activities are the same (Rule
3). Using Rule 6, the total float for Activity 4-8 is determined
to be 7, the same as Activity 8-10, and the total float for
Activity 5-8 is determined to be 10 (see Figure 16.24).

By using Rule 6, the total float values for Activities 5-7
and 6-7 can also be determined. With Rule 1, the total float
of Activity 4-5 can be determined as 6. In like manner, the
total float of Activity 2—5 is determined to be 3. Using Rule 6,
one can derive the remaining free float values for Activities
2-5 and 4-5 (see Figure 16.25).

Legend: free float/total float

FIGURE 16.22 Network Showing Limited Free Float and Total Float Values.

FIGURE 16.23 Network Identifying the Critical Path.
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9
0/0
3/3 m 0/0
)

FIGURE 16.24 Network Showing Float Values for Activities Involving Event 8.

0/0

FIGURE 16.25 Network with All Free Float and Total Float Values Shown.

COMPUTATIONS FOR
DIFFERENT ACTIVITY
RELATIONSHIPS

In Chapter 3, the various activity relationships that can be
encountered in a network were introduced. In addition, the
issue of lag was described, with lag having either positive or
negative values. While it is customary to solve arrow dia-
grams with activities described with the traditional finish-
to-start relationships, arrow diagram computations can be
solved with finish-to-start relationships, start-to-start rela-
tionships, finish-to-finish relationships, and start-to-finish
relationships. All of these relationships can have lag (or lead)
times associated with them as well, and the lag values can be
either positive or negative. This concept will be illustrated
with a simple network consisting of three activities, namely
activities A, B, and C.

First it will be assumed that the relationship that exists
between the activities is a finish-to-start relationship. This is
shown in Figure 16.26. When there are no lag values, the
computations are as follows:

ESp = EETj where EETj is the early event time
of node J

EFB = ESB + durationB

LSg = LFg — durationg

LFg = LETx where LET is the late event time
of node K

Activity A~ Activity B /7N Activity C
@ > *(K) L

FIGURE 16.26 Finish-to-Start Relationship on an Arrow
Diagram.
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As described earlier, the early start times and early finish
times are computed by conducting a forward pass through
the network, and late start times and late finish times
are computed by conducting a backward pass through the
network. If lag time (whether positive or negative) is intro-
duced between Activity A and Activity B, the computations
would be as follows:

ESp = EETj + lagy—p = EF, + lags_p
EFy = ESp + durationg
LSy = LFy — durationg
LFB = LETK - lagB_C = LSC - lagB_c

If activities were described by start-to-start relationships,
the activities could be depicted as shown in Figure 16.27. Lag
values may also exist, whether positive or negative in value.
The lag notations on the figures (direction of the dotted lines
with arrows) indicate the conditions for which the lag values
would be positive. The computations would be as follows:

ESg = EET| + lagy—p = ESp + laga_3
EFg = ESp + durationg
LSB = LETM - lagB_C = LSC - lagB_C
LFg = LSy + durationg

If finish-to-finish relationships existed between the activ-
ities, the relationships would be as shown in Figure 16.28.
Note that the lag values could be positive, negative or zero.
The primary computations for the scheduling variables would
be as follows:

ESp = EETj + lagy—p — durationg =
EF, + lagy_p — durationg

EFp = EETj + laga_p = EFy + laga_p

LSy = LETy — lagg_¢ — durationg =
LF; — lagg_c — durationg

LFB = LETN - lagB_C = LFC - lagB_C

( ; Activity A @
\
lRgA=BA_ C Activity B C

\
*C Activity C @

\
lag B—C \
N
FIGURE 16.27 Start-to-Start Relationship on an Arrow
Diagram.

C Activity A C
<lag A-B
\

\
C Activity B C
~JlagB-C
: ) Activity C S )

FIGURE 16.28 Finish-to-Finish Relationship on an

Arrow Diagram.
Activity A @
v
lag A-B,
/
: ) Activity B d )

lag B-C //

: ) Activity C @

FIGURE 16.29 Start-to-Finish Relationship on an Arrow
Diagram.

For start-to-finish relationships, the activities would be
shown as depicted in Figure 16.29. The basic computations
for the scheduling information would be as follows:

ESg = EET; — lagy—p — durationg

EFg = EET] — laga—p = ESp + durationg
LSy = LETy + lagg—¢

LFy = LETy + lagg_c + durationg

LSy + durationg

FINAL COMMENTS

Arrow diagrams are no longer as popular as they once were,
but this should not deter students of planning and schedul-
ing from learning this technique. The focus of arrow dia-
grams on events, in addition to activities, sets them apart
from other methods in use. Regardless of the technique
used, the same basic information about activities is still
determined. For scheduling purposes, it is important to
know information about all activities concerning the early
and late start dates, the early and late finish dates, and the
free and total float values. With this information, it is easy to
discern the extent of flexibility of the scheduling of each
activity. This is important in order for managers of con-
struction projects to make informed decisions about neces-
sary modifications in the sequencing of project activities.
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Review Problems 5. Activity ~ Dependson  Activity = Dependson
Draw an arrow diagram for each of the following activities. ’g X I]< F’GG
Draw all arrows in a left-to-right direction. Assume the data C A L K
will be computer-input in standard i—j notation. Show all D B M H,1
necessary dummies, but do not include any redundant dum- E B N E ], K
mies. The activities and their dependencies are as follows: F B () J,L
G © P M
.. . H D Q LN,O
1. Activity Depends on Activity Depends on ; - - P.Q
A — H 18, C, 18]
B A I EG
© A ] B
D A K H,1 6. Activity Depends on Activity Depends on
1§ D IL H,]J A — H B,D
I8 D M 1 B A I E
G D N KL M C A ] 18,18 G
D A K G
2.  Activity Depends on Activity Depends on 1;: C,BD I\BI . LI?(, L
A — F B,C G C
B A G CD
© A H 1
D A I E,F o
E B J G, H,1 7. Activity Depends on Activity Depends on
A — I B,C
. B A G C,D
3. Activity Depends on Activity Depends on C A H E
A — G B,C,D D A I ENE
B A H E,G 18 B ] G, H,I
@ A I EE
D A J I8
E B K H1]J o
F B,D 8. Activity Depends on Activity Depends on
A — IL D,EG
. B A M G H
4. Activity Depends on Activity Depends on C A N K
A — I 1§ D A 12 L
B A J E H E B Q M
© A K B,D,G F B R ]
D A IL EK G © S M, N, R
E A M LK H D T PQ
E B N 1 I 18 U S, T
G © O L M,N ] [N Vv §,
H D K D,EG w U,V

9. Draw an arrow diagram that depicts the proper logic for the construction of a pole
barn, as described below:

Activity Activity Description Dependent on Activity
A Mobilize —
B Order poles A
C Clear site A
D Order lumber A
18 Order roofing materials A
F Grade site C
G Set poles B, F
H Trench for gas lines F

(continued)
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Activity Activity Description Dependent on Activity
I Trench for waterlines F
] Set joists D,G
K Install gas lines H
L Install waterlines I
M Install roofing EJ
N Install siding H,]J
O Set doors M, N
P Install electrical wiring and fixtures KL M,N
Q Paint O, P
R Clean up Q
S Demobilize R

10. Draw an arrow diagram that depicts the proper logic for the remodeling of a school,
as described below:

Activity Activity Description Dependent on Activity
A Mobilize —
B Build new cafeteria A
C Remodel classroom A A
D Remodel theater A
E Convert old cafeteria into a lab B
F Temporarily move library books C,D
G Install security system F
H Remodel library E, F
I Remodel corridor E
] Return books to library H
K Clean up and move out GL]J

11. Draw an arrow diagram that depicts the logic for finishing work on a house
project, as described below:

Activity Activity Description Dependent on Activity
A Mobilize —
B Paint walls and ceiling A
C Vinyl floor in kitchen and laundry room B
D Ceramic floor in bathroom B
E Wallpaper in bathroom and kitchen D
F Set kitchen appliances C
G Install wall-hung mirror E
H Hang prefab kitchen cabinets G, IE
I Set bath fixtures B
] Install base trim H I
K Lay carpet in living room, etc. EJ
L Touch up paint G K
M Demobilize IL
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12. Compute the values of ES, EF, LS, LF, FE, and TF for the activities in the following network.

m ES Activity EF m
ET|LT Duration ET|LT
FF/TF

Schedule inspection
1

4 Inspect
/ repair

Cut Make utility Backfill an Finish
m Mobilize 2 Set up mpavement mrepairs m repave /—\ work /—\

[y
|
|
|
|
|
|
|
|
|
|
|
I

Start traffic
control

Haul off
debris
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13. Compute the values of ES, EF, LS, LF, FE, and TF for the activities in the following network.

m ES Activity EF

(1
ET|LT Duration ET|LT

FF/TF

Sprinkler system /8—\

5

Landscape

!
Slab Construct / Build
entry

ildi building sidewalks

Site
clearing

Y
vk

Interior
building
#2

8&[/&[/

FEE Frame
building

- /\bwldmg

security
fence

m Interior building #1
NP2
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14. Compute the values of ES, EF, LS, LF, FE, and TF for the activities in the following network.

m ES Activity EF /J—\
ET|LT Duration ETI|LT

FF/TF

Install temporary support

Remove
old siding /4

Exc/Form
slab
7

Install
windows

Place Frame up ! Install
slab m walls msiding

%
<
S

[
NIE

15. Compute the values of ES, EF, LS, LF, FE, and TF for the activities in the following network.

m ES Activity EF m
ET|LT Duration ETILT

FF/TF
road
construction ‘
Install
mculverts 7 entry gate
NI \[/ N
> 5 Compact
Layout N 7 roadway
work / 4 \ ,
\\

Purtchasle Remove Finish Stretch Move
ma erials/ ™, "\ trees mgrade posts /—\ i ﬂ;\ out

Set Install Punch
7 rafters m roof m out /1—3\

i

@

/\

N
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16. Compute the values of ES, EF, LS, LF, FE, and TF for the activities in the following network.

m ES Activity EF m

ET|LT Duration ETILT

FF/TF

12

m Build playground m
2
/

/ Set
/ 2\ flagpole

Set up / Pave

security - parking Move
fence m /—\ lot

S

Fine
grade / 5

NV
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17. Compute the values of ES, EF, LS, LF, FE, and TF for the activities in the following network.

m ES Activity EFm
ET|LT Duration ET|LT

FF/TF
Remove Replace
m old roof /5—\ roof deck /\
8
Set up Debris
scaffolding loaded Install
4 i@ 4 \new roof
dumpster

m Mobilize m Shut off

Final
cleaning /\

Debris to
m landfill /—\
NIV s \ |/ ¢

Pay
dump fees

N
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Note: The locators followed by f” and ‘t’ refers to figures and tables cited in the text.
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network examples, 233f
Activity-on-Arrow (A-on-A) technique, 7, 225
Activity-on-Node (A-on-N) technique, 7
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155, 160-163
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Brooks method of, 74, 81-85
computer scheduling and, 147-156
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Baseline schedule, 18, 142, 148, 153
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135-136, 203, 233
Bell-shaped curve, 52, 216
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Brooks method of resource allocation,
81-86, 82f-86f
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Budgeted cost of work performed (BCWP),
155, 160-163
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150, 159-163
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Calendar days, 52, 59, 63—64, 135-136, 178,
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Cash-flow analysis, 109-116
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model projects, 115t
Change orders, 68, 141, 143, 183-185, 187
Completion, 63, 65-70, 141-143, 148-149, 153,
156, 159-162, 173, 180, 184-187, 192, 195,
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117,120, 140-142, 169-173, 186, 215
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Computer scheduling, 147-156
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136, 140, 148, 150-151, 191-192, 239
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precedence diagram, 5f
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of Defense), 159
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Costs, 32,73,172,177, 232,240
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budgeted cost of work performed,
155, 160-163
budgeted cost of work scheduled,
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direct, 117-120, 141
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Crew planning, 196-199
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Critical activities, 87, 119—-120, 141, 203, 219, 240
Critical path, 21, 59-62, 118-128, 183-185, 203,
218-220, 2191, 237, 239-240, 240f
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59-61, 109, 140, 147-148, 151, 159,
183-188, 194, 203, 210, 237
Crowding, 171-173

D
Daily planning
crew chart, 199f
pretasks, 200f-201f
work schedule, 197f-198f
Delays, 66-68, 173—-174, 183-185, 188, 195, 204,
210,228
forgetting function and, 178
Direct costs, 117
Dummies, in arrow diagrams, 228-231
Duration of activities, 20-21, 45, 49, 52-54, 233

E
Early activity finish (EF), 32f, 33f, 34f
Early activity start (ES), 32f, 33f, 34f
Early event times, 234f
Early finish dates

calculations, 232f

determinations, 234f
Early start dates

calculations, 232f

determinations, 234f
Early start finish time, 21
Earned value, 159182

activity schedule, 162f

budget, 161f

concepts, 163f

time schedule, 160
Editing, global, 155
Environmental constraints, 17
Estimated cost at completion (EAC), 160-162
Estimating costs, 16, 20, 45-49, 140, 144, 160,

164,175
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Event times, 234-236, 239-240
Events, 19-20, 225,227, 230, 235-236, 240, 242
Extension of time, 65-68, 186
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Filtering, 148-149, 152, 154
Float, 50-52, 55-58, 62, 82, 98-99, 343, 346,
349-352
back, 88-91, 155
free, 29-33, 32f-34f, 35, 87-90, 95, 136, 140,
147,153, 206, 233, 237-241, 240f-241f
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136, 140-141, 233, 237-242, 240f-241f
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Gallaudet College, 184
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starting points, 173t
Lag values, 36-37, 121f, 241-242
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Late start (LS), 34f, 235f-236f
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Microsoft Office Outlook, 151
Microsoft Office Project, 150-151
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Morale, 86, 117, 169, 179, 188
Multiple-user access, 151
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Notice of Award, 2

Notice to proceed, 62—-63
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Oracle’s Primavera P6 Professional Project
Management, 150
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Performance Measurement System (PMS) (U.S.
Dept. of Energy), 159
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activity relationships on, 15, 23-24, 26, 291, 30,
36-37, 153, 225-227,241-242
concrete wall erection, 19f
finish-to-finish, 2327, 24f-25f, 271, 29, 37,
37f, 149, 203, 241-242
finish-to-start, 22-27, 24f-27f, 29, 31, 34,
36-37, 36f, 37f, 149, 203, 230, 241
linear schedules, 204f
link line notation, 30f
node designation, 29f
road construction project, 205f~207f

simple pole barn, 24f
start-to-finish, 23, 26-29, 27f-29f, 37, 371,
149, 241-242
start-to-start, 23, 25-27, 26f-27f, 29, 36f-37f,
37,149, 241-242
Present worth analysis, 114-115
Pretask planning, 197, 201
Primavera contractor, 151
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Rate of improvement, 175-176
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necessity for, 142-143
preparation of, 141, 143
vs updated schedules, 142
Recurring tasks, 149
Regulatory constraints, 18-19
Relationships of activities
finish-to-finish, 23-27, 29, 37, 149, 203,
241-242
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definition, 1
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final payments and, 112
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217f-218f, 220f

Storage facility project

activity data sheet, 13f

elevation and section, 12f

site plan, 12f

work breakdown structure (WBS), 11f
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arrow diagram, 238f
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arrow diagrams and, 19, 23, 225-249
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production rate diagrams and, 207-208
start and finish, 7, 14, 83, 155, 225
Time compression
activities identification, 120f~127f
location, 122f-123f, 125f~126f
network updation, 123f-125f, 127f-128f

progress schedule and, 57-62, 186
submittals and, 68

substantial completion and, 64, 66, 112,

114-115, 195
suspensions as, 61-62, 70, 180, 183
termination and, 70-71
unavoidable delays and, 67

U
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Velocity diagram. See Production
rate diagrams
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Weather, 65-66, 178, 185, 187
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