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ABSTRACT

The Effects of Change Orders
on Productivity

Charles A. Leonard

It is generally recognized that change orders issued
during construction can create disruptions in job momentum
and in orderly sequences of performance and, as such, reduce
job morale. Nevertheless, the effects of change orders on
productivity are often underrated or completely unrecognized
by many owners, design professionals, and even some contrac-
tors. Currently, productivity losses on labour resulting
from change orders are quantified after the fact, usually
using the classical ’'differential method’ of cost calcula-
tion. The differential method, however, can be performed

only if adequate cost and progress records are available.

In an effort to identify the effects of change
orders on productivity and to provide an alternate method of
calculation, 90 cases drawn from 57 projects are examined
in a comprehensive field investigation. In all cases
examined, the contractor experienced productivity losses due

to change orders.

The cases are studied to determine reasons for and

sources of the productivity losses and factors influencing

(iii)




the loss. A statistical analysis is performed on data col-
lected from the cases. The results indicate a significant
direct correlation between the labour component of change
orders and the resulting 1loss of productivity for civil/
architectural work and electrical/mechanical work. Models
are then developed to estimate loss of productivity due to
change orders incurred both independently and in combination

with other major causes of productivity loss.

In appropriate cases experiencing greater than 10%
to 15% in change orders, these models can be used to esti-
mate productivity losses of labour at the micro level. Such
losses could be utilized in preparing or evaluating claims
for additional compensation, in projecting manpower require-
ments and in updating schedules of work affected by change
orders. The results are not intended to be applied directly

to macro productivity or overall construction costs.
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CHAPTER I

INTRODUCTION

l.l GCENERAL

In recent years, a great deal of attention has been
directed toward the impact of delays and other disruptions
on project cost and time. Conservative estimates have put
the yearly costs of delays and disruptions at more than one
billion dollars [1], approximately 2% of the total canadian
construction volume (1986) of 63 billion dollars [2]. Such
costs (referred to hereinafter as 'impact costs') are not
direct costs of changed and altered work, but rather addi-
tional costs incurred in the performance of work affected

by the delays and disruptions.

As such, impact costs originate with isolated prob-
lems and then spread unabated through the project, like rip-
ples on a pond. Although the problem can be identified as a
source of specific additional cost, the effect does not stop
there but creates expanding ripples which adversely affect
seemingly unrelated activities. It is generally recognized

that impact costs can result from a number of construction



problems, including: change orders; late and inadequate
supply of information; late delivery of owner-supplied
equipment and/or material; poor scheduling and coordination;
changed subsurface conditions; labour disruptions; accelera-
tion; restricted access to site; and contractors' ineffi-

ciencies.

Earlier studies [3,4,5] have 1identified change
orders as one of the most common and significant causes of
impact costs. In fact, change orders are always a major
consideration in the administration of construction projects
[6,7]. The question of whether a particular variation or
alteration to the work warrants an extra or change to the
contract often causes disagreement between owners and con-
tractors. Such situations, however, usually involve ques-
tions of fact and contract interpretation which have been
previously addressed by others [8,9,10,11]. Impact of
change orders, on the other hand, 1is an area of particular

concern and one in which little research has been done.

It is generally accepted that large, untimely, and
numerous change orders can disrupt progress of the work and
reduce productivity. The effects of change orders on pro-
ductivity, however, are not completely understood by design
professionals and particularly by owners, who often
make far-reaching decisions regarding quality and com-

pleteness of the design and issuance of change orders. Too

often owners do not provide design professionals with suffi-




cient time and/or monies to prepare a complete design of
acceptable quality. And, owners often cannot make up their
minds about the requirements of the final product, believing
changes can be readily made in the field as construction

progresses.

In practice, many owners and design professionals
underrate or completely refuse to recognize productivity
losses resulting from change orders and, as such, equate
impact losses with contractors' underestimating, inefficien-
cies, and risks assumed under the terms of the contract.
Such underrating or refusal of impact costs stems not only
from the obscure relationship between causes of impact and
their effect, but also from the difficulty in determining
impact costs in advance of the loss and contractors'
inability to properly substantiate and quantify their

losses.

While most owners insist on knowing the impact cost
of proposed change orders prior to authorizing their per-
formance, contractors prefer to submit single, all-
encompassing impact cost calculations upon completion of the
job. Such calculations are usually submitted on the basis
that impact costs can be neither isolated for each change
order nor calculated accurately in advance due to the
interdependency of construction activities. 1In fact, few
contractors maintain adequate job records to allow evalu-

ation of impact costs for each change order. 1In addition,
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some contractors do not realize that they have incurred

impact costs until the final profit and loss statements

indicate a sizeable loss.

For the purpose of quantification, impact costs may
be broadly classified into two categories: 1) time-related,
and 2) productivity-related [1]. Time-related costs are
those associated mainly with extended duration, i.e.,
extension of the project beyond the original <contractual
completion date. Once the equitable time extension (owing
to the contractor) has been established, quantification of
tii o-:1e2lated costs is a relatively straightforward exercise
[11,12,13]. Research carried out by Fondahl [14], and
expanded upon by Revay [15], has led to a reliable method

for evaluating time extensions.

Productivity-related costs are those resulting from
productivity losses. For the purpose of the present re-
search, loss of productivity can be defined as "the decline
in labour efficiency due to specific causes from the level
which could have been achieved except for the cause(s) under
examination" [1]. Unlike time-related costs, productivity-
related costs can be rarely established accurately simply
because it is difficult to demonstrate what costs would have

been incurred without the inefficiency.

The 'differential cost' calculation [1,16,17] is the
preferred method of quantifying loss of productivity as it

compares productivity achieved by the contractor during a




normal, unimpacted period to that of the impacted period.
This differential calculation, however, can be performed
only after the fact and then only if accurate data on
physical progress and labour cost is available. Therefore,
contractors commonly calculate impact costs simply by
subtracting their planned costs from their actual costs.
owners and courts of law, however, do not look favourably
upon such a calculation because it does not take into
account contractors' inefficiencies, and risks assumed by

them under the contract.

Industry-wide studies are also used to estimate loss
of productivity. In recent years, a number of studies have
been published in which average percentage factors for loss
of productivity have been computed using historical data.
Such studies are available for a number of causes of impact
including overtime ({18,19,20,21], overmanning [22,23,24],

congestion of trades [23], and climatic effects [25,26,27].

However, there are no published productivity studies
related to change orders. 1In fact, there has been no study,
empirical or otherwise, dealing with impact of change orders
on productivity. It is believed that the present study not
only clarifies but creates a greater awareness of the ex-
tent to which change orders adversely affect productivity.
It is also believed that relationships between the labour
content of change orders and loss of productivity developed
herein #re useful for estimating loss of productivity when a

differential cost calculation is not possible.



1.2 CONSTRUCTION PRODUCTIVITY

The welfare of the national economy, as well as that
of individual businesses, is widely recognized as being de-
pendent on the productivity of its people. Productivity in
" the construction industry is particularly important as con-
struction is a major sector of the economy. Also, construc-
tion productivity influences the competitiveness of many
industries vis-a-vis that portion of the selling price of
manufactured products which covers the capital cost of the
manufacturing facility. Moreover, construction is labour-
intensive and its products generally unrepetitive and, un-
like capital-intensive industries with standardized pro-
ducts, its overall productivity is particularly influenced

by the numerous factors that affect the efficiency of its

labour.

In general, productivity measures the efficiency
with which resources (inputs) are utilized in producing
goods and/or services (outputs). Although there are various
definitions [28], productivity is usually defined as a ratio
of the output of the production process to one or more of
the associated inputs (i.e., Productivity = Output/Input)
[29]. A variety of related productivity measures have been
developed which unfortunately contribute to the misunder-
standing and confusion surrounding productivity [30]. It
should be realized, bhowever, that no one measure is the

right or the best measure because productivity measures




serve a wide range of purposes. As such, choice of a par-
ticular measurement depends on the purpose to which it is to

be used.

To obtain partial productivity measures, ratios of
output to single classes of 1input are calculated. For
example, the ratio of output to assets represents capital
productivity while the ratio of output to labour (cost or
quantity) represents labour productivity. By combining two
or more classes of input with appropriate weighing factors
and dividing the combined measure of input by output,
multiple-factor productivity can be established. Although
measurement of multiple-factor productivity is necessary to
determine an efficient balance between various factors of
production, comparisons of such productivity factors are
questionable because there are no generally accepted

weighing factors.

Output in the construction industry is wusually
expressed as some physical achievement. Measurement of
output is relatively straightforward with one-product types
of operations (e.g., tons of steel). However, the exercise
becomes complicated when dealing with multi-component out-
puts (e.g., a completed structure) because product values
have to be either adjusted by price indices or developed
from physical quantities combined with price weights. Also,
measurement of output must consider changes unrelated to the
associated input(s), such as changes in quality of the final

product.



To measure output on a particular project, three
methods are commonly used: 1) estimated percent complete
[31], 2) physical measurement [31,32], and 3) earned value
[31,32]. With the estimated percent complete method, per-
centages of work activities that have been done are subjec-
tively evaluated with respect to their total scope. The
physical measurement method involves counting or measuring
the number of units of work completed (e.g., metres of pipe
and cubic metres of concrete). When work items are numerous
and have intermediate steps, physical measurement is not
practical. With the widely used earned value method, por-
tions of the total value of the work activity are credited
or 'earned' as the work is completed. Earned value is typ-
ically expressed 1in 1labour-hours so that work items of
different units can be readily combined to permit calcu-
lation of a single output for a number of different

activities.

Productivity ratios can be established on a global
(macro) scale and on a discrete (micro) level. Macro
productivity expresses the degree of accomplishment of the
desired result, i.e., effectiveness, whereas micro produc-
tivity refers to how well particular resources are utilized

to accomplish results, i.e., efficiency.

In construction, the input portion of both macro and
micro productivity measures may be expressed in terms of

labour, money, equipment or material. Input is usually




measured with respect to labour not only because construc-
tion is labour-intensive but also because labour is the most
variable input. As pointed out by Revay [30], macro produc-
tivity is best expressed as a function of labour cost (i.e.,
labour-dollars per unit of completed structure) and micro
productivity ought to be expressed in terms of labour hours
(i.e., labour-hours per unit of individual task or

activity).

As with other measures of productivity, the purpose
of the analysis dictates which measurement is to be em-
ployed. Owners are more interested in macro productivity
since total labour costs are usually determined more by the
effectiveness with which labour is utilized than the effi-
ciency of labour itself. Conversely, contractors measure
productivity at the micro level for purposes of future
estimating and evaluating productivity improvement tech-

niques.

To quantify loss of productivity, measurements are
usually made at the micro level as most causes of impact
affect the rate at which labour performs specific tasks or
groups of tasks (i.e., labour efficiency) and not the
contractor's entire method of operation (i.e., labour
effectiveness). Accordingly, in the present study produc-
tivity 1is measured at the micro level with respect to

labour.
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1.3 SCOPE AND OBJECTIVES OF THE RESEARCH

The main objective of the present research is to
examine the effects of change orders on productivity, both
qualitatively and gquantitatively. The qualitative examina-
tion is to document the reasons why change orders, individu-
ally and cumulatively, affect productivity and to identify
the corresponding sources of productivity loss. The
qualitative aspect of the research is the essential prereg-
uisite for wunderstanding the quantitative analysis and
interpreting its results. As such, the quantitative
analysis is to determine relationships, if any, between
change orders and 1loss of productivity. Wwell-established
statistical techniques are used 1) to identify a change
order parameter that has significant statistical corre-
lation with loss of productivity, and 2) to develop
models for estimating productivity losses resulting from
change orders. In essence, the quantitative analysis is
equivalent to an industry-wide study as it is based on data

from actual projects.

other objectives of +the present research are:
identification of factors influencing negatively the effects
of change orders on productivity and, accordingly, develop-

ment of recommendations to minimize such effects.

The present study is carried out by examining a

large number of different types of contracts performed on a

- 10 -




variety of construction projects. Relevant data has been
collected from 84 separate contracts carried out mainly in
Canada within the last 10 years. In total, the value of the
84 contracts is in excess of $220,000,000. These contracts
were carried out on 57 independent projects comprising
various types of buildings and industrial facilities. The
value of each project ranges from a few million dollars to

several hundred million dollars.

With one exception, all projects were completed
under the 'traditional' contracting method [33] with a lump-
sum or unit-price contract awarded on the basis of a com-
petitive bid process to the lowest qualified bidder. None
of the contracts examined were originally intended to be
performed in a 'fast-track' mode, although a number were
actually carried out essentially under 'fast-track' circum-
stances as a result of design changes and delays in supply-

ing information.

Excluded from the present study are the following:
'one-of —a-kind ', unusually complex and highly specialized
industrial projects such as nuclear power plants; offshore
exploration structures; megaprojects, of any type; and heavy
civil engineering-construction projects such as highways,

tunnels, bridges, rail and marine ports.

- 11 -



l.4 THESIS LAYOUT

Chapter II presents a literature review of previous
work done in the areas of factors affecting productivity and

impact costs.

Chapter III describes the methodology used in the
present research. Therein, reasons for utilizing the case
study approach are enumerated, and methods used to collect
and analyze the data as well as to identify causes of impact

are described in detail.

In cChapter IV, the qualitative results of the field
investigation are presented, including accounts of the
effects of individual and cumulative change orders on pro-
ductivity. Factors that negatively influence the effect of

change orders on productivity are also outlined.

Statistical analysis of the data, including inter-
pretation and description of the significance of the

results, is presented in Chapter V.

In Chapter VI, conclusions are made, followed by
remarks on the application of the results and then by

recommendations for industry practice and for further

research.

- 12 -




CHAPTER II

LITERATURE REVIEW

2.1 INTRODUCTION

Construction productivity has been the subject of
considerable research in recent years [3,34,35,36,37,38,39].
Such research can be divided into +two broad categories:
1) that aimed at examining and quantifying various factors
affecting productivity [3.,4,19,23,25,40,41,42,43], which is
reviewed in this chapter, and 2) that directed toward pro-

ductivity improvement [37,44,45,46,47,48,49,50].

A review of the present literature reveals that
numerous factors influence construction productivity, in-
cluding delays and disruptions which usually have signifi-
cant adverse effects. It also reveals that change orders
are a major cause of delays and disruptions and, thus,
productivity losses. Previous research, however, has not
examined the effects of change orders on productivity and
empirical data for loss of productivity caused by delays,

disruptions, and particularly change orders, is scarce.

- 13 -
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2.2 FACTORS AFFECTING PRODUCTIVTTY

There is almost an endless list of factors which can
be identified as affecting productivity. As a result, re-
lated research has concentrated mainly on the influence of
certain factors on productivity, and there have been few
attempts to integrate the complex array of productivity
factors into a comprehensive model. Indeed, previous
research directed toward integrated productivity models,
such as Adrian's Method of Productivity Delay Model [51],
Kellogg's Hierarchic Model [52], and Clapp's Integrated
Model [53], has dealt with measurement of multiple-factor
productivity as opposed to modelling of individual factors
affecting productivity. Nevertheless, factors affecting
productivity can be grouped into: 1) extraneous, 2) labour,

and 3) management.

2.2.1 Extraneous

Extraneous factors are those over which management
has little or no control, such as: project location; proj-
ect size; project type; regulations; and unions. Project
2ocation determines not only the climatic conditions and
labour availability, but also whether a camp is necessary.
It has been reported [30] that urban projects enjoy levels
of productivity 10% - 15% higher than rural projects on

which camps are necessary.
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Project size 1is a significant factor affecting
productivity for a number of reasons. The sheer physical
size of large projects directly results in extended on-site
travel; longer and, hence, less efficient lines of communi-
cation; an increased number of conflicts due to increase in

personnel; and decreased availability of skilled labour.

Large projects, by nature, are more susceptible to
motivational problems than smaller projects. Research by
Borcherding and Garner [40] has identified numerous factors,
some inherent to large projects and others, which are
common, that strain workers' performance and result in

demotivation.

Large projects on which the scope is not suffi-
ciently defined are often carried out under cost-reim-
bursable ccntracts. It has heen reported [36] that produc-
tivity on such projects averages 30% - 40% lower than on

fixed-price contracts.

It is generally recognized that the type of project
influences labour productivity, mainly because of variations
in the complexity of the work. Degree of complexity affects
both the ability of labour to understand the work and the

repetitiveness of the operations.

Covernment regulations related to building codes,
occupational safety and health codes, environment and

affirmative action can have an effect on productivity.
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Research by Jansma and Borcherding [54] indicates that
changes in the regulatory requirements for nuclear power
plants has led to increases in the range of 30% - 60% for
concrete unit rates (MH/CY) over a period from 1968 to 1979.
According to the authors, such productivity decreases have
occurred due to removal of control from those closest to the
work (i.e., demotivation), decreased engineering lead time,

and change orders.

2.2.2 Labour

Various factors related directly to labour produc-
tivity include skill, availability, and attitude. Whether
an adequate supply of skilled workers is available depends
on apprentice-training programs and the level of local work
activity. When demand for labour is high, due to say a
megaproject or an expanding-area economy, workers are drawn
from a less qualified pool and high turnover may be a prob-

lem. In such instances productivity suffers accordingly.

Although skill of trained workers essentially
remains constant throughout the project, productivity of
individuals and of the work force as a whole generally
improves during the project due to the 'learning curve'
effect. Learning curve theory applies to work activities
which are repetitious, continuous, and essentially identical
(i.e., repeat operations). For such operations, several

mathematical models have been developed to describe increas-
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es in productivity as a function of the number of units

produced {41,55,56,57].

The third major labour-related factor affecting
productivity is the attitude of labour itself. Attitude is
determined by the inherent attitude of the individual
arriving at the work place and, more importantly, by condi-
tions which create motivation and demotivation in the worker
toward the job [1]. Previous research [40] reveals that
labour motivation is governed somewhat by the work environ-
ment, but mainly by numerous factors affecting productivity

that fall under the control of management.

2.2.3 Management

In general, management is responsible for delivering
the project within the objectives of cost, time, and
quality. Successful management implies completion of the
project within good customer relations as well as effective

and efficient utilization of resources.

Because management has control over so many job-
related factors, their practices significantly influence the
level of productivity attainable by the work force and the
motivation of the work force. Field observations by Olson
[58] indicate that labour inefficiencies are more closely
related to management failures than any other single source.

Adrian [44] suggests that management-related factors account
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for approximately one-third of nonproductive time on typical

construction projects.

Of the various management functions, planning and
communication are widely recognized as having a major
" influence on productivity. Indeed, all projects require
formal and detailed planning because of their relatively
short duration and requirement for often limited resources.
To maximize productivity, planning should ensure that work
crews are able to build up job rhythm which can be sustained
without incerruption throughout the course of the project.
As such, proper project planning entails many functions,
including: development of overall job organization;
efficient sequencing of project phases; development of Work
Breakdown Structure and contract packages; scheduling of
work activities; and scheduling of material resources

including labour, equipment, and material.

Previous research [59] indicates that job morale and
productivity are closely related to the amount and quality
of communication occurring between management and workers.
As such, communication refers to transfer of information and
instructions which 1is effective only when accurate, com-
plete, and understood by the recipient. Good communication
also means that individuals are constantly advised of what
is expected of them and that there is feedback and a mecha-

nism for measuring performance against expectations.
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Quality of construction drawings has been cited as a
typical example of good versus bad communication [60].
Incomplete and inadequate drawings lack sufficient detail
for execution of the work making it difficult for foremen to
plan and procure material properly. While foremen spend
extra time trying to interpret the intent of the a/E's,
crews are waiting idly for instructions. Incomplete and
inadequate drawings require revisions and change orders
which, in turn, often result in further delays and loss of

productivity.

Clearly, on-site supervisors play an important role
in transferring information and instructions to the work
force. Research by Hinze and Kuechenmeister [61] indicates
that the ability to communicate 1is the most significant
attribute of productive foremen. Their research indicates
that productive foremen are fair in their dealings with crew
members without compromising on production goals and work-
manship. Samuelson reports [62] a strong relationship be-
tween formen's methods of handling their crews and crew pro-

ductivity and safety performance.

Consideration also must be given to the ratio of
foremen to craftsmen. An unnecessarily high ratio of fore-
men to craftsmen increases the cost of work, while insuffi-

cient supervision results in decreased productivity [42].
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It is also recognized that management practices may
have a further influenrce on productivity through their

effect on worker satisfaction and motivation [63,€4].

Many of the studies [65,66,67,68] on satisfaction
and motivation in construction are based on models developed
by Maslow and Herzberg which attempt to identify specific
factors motivating individuals. According to Maslow [69],
individuals are motivated by five basic categories of human
needs: 1) psychological, 2) safety, 3) social, 4) self-
esteem, and 5) self-actualization. Maslow argues that these
needs are arranged hierarchically, and individuals become
motivated by a higher need once the lower need is satisfied.
Herzberg's theory of motivation [70], although similar to
Maslow's, deals with different job-related factors that
result in feelings of satisfaction and dissatisfaction among
workers. Factors affecting satisfaction (e.g., achievement,
growth, responsibility. work itself, and recognition) are
referred to as motivators while factors which may cause job
dissatisfaction (e.g., supervision, security, working condi-
tions, and interpersonal relations) are referred to as

hygiene factors.

By applying Maslow's hierarchy of needs to the con-
struction industry, Schrader [65] identified improved commu-
nication and involvement of workers with management as ap-
propriate means to motivate construction workers. Hazeltine

[66], using Maslow's need theory, concluded that the poten-
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tial for productivity improvement through motivation was
often limited by inadequate and inappropriate management

actione.

Referring to Herzberg's model, Borcherding and
Oglesby [67,68] explored the relationships between job sat-
isfaction, job dissatisfaction, and productivity. According
to Herzberg's theory, high job satisfaction leads to greater
productivity. However, Borcherding and Oglesby [67] found
that a reverse relationship prevailed in construction, name-
ly, a productive job created high job satisfaction while a
non-productive job, or one which fell behind schedule, pro-
duced dissatisfaction. The authors also found that satis-
faction among craftsmen occurred when the workers could
"point with pride to an accomplished task" and through
"identification of building a physical structure". Rework
necessitated by change orders was found to decrease worker
morale usually resulting in loss of productivity. With res-
pect to job dissatisfaction, Borcherding and Oglesby [68]
found that much of it resulted from poor management prac-

tices and job conditions beyond control of the workers.

Whether efforts directed toward improving job sat-
isfaction are effective means of increasing labour produc-
tivity has been questioned by some authors [71,72]. The
research, however, leaves little doubt that satisfaction,
challenge and productivity are closely intertwined and that

poor management practices result in dissatisfaction causing

- 21 -



individuals to lower their work efforts (i.e., produc-

tivity).

Borcherding and Oglesby [67] found one of the major
differences in job satisfaction between workers and manage-
ment to be their perspective of the effects of change
orders. Their research indicated that management was not
concerned with the effects of change orders on morale and
productivity as long as the company continues to "make money
on changes". However, without accurate and timely produc-
tivity-reporting mechanisms, management does not know
whether the change orders have affected productivity until

the job is complete and it is too 1late to take corrective

action.

The findings of Borcherding and Oglesby's research
into job satisfaction and dissatisfaction are supported by a
later study by Borcherding with others [40,73,74] on 12
large U.S. energy projects, mainly nuclear power plants.
During interviews, foremen identified lack of engineering
information, material and tool unavailability, and rework as
major productivity problems [74], while craftsmen identified
material and +tool unavailability, rework, and crew discon-
tinuity as significant causes of productivity loss and
demotivatien [40,73]. To increase productivity and motiva-
tion, the authors recommend management increase engineering
lead time, improve communications, and improve planning and

scheduling systems.
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The quantitative results of Borcherding's research
[40,72,74] have been cited [60] as an example of the extent
to which management practices can affect productivity.
However, it is important to realize that in Borcherding's
research productivity losses were estimated by craftsmen
themselves, as opposed to measured by the researchers, for
the purpose of relative comparisons, and the research was
limited to cost-reimbursable contracts carried out on large,
complex projects characterized by lengthy schedule delays,
disruptions, and cost overruns. It 1is also important to
realize that the recommendations made apply specifically to
nuclear power plant construction and probably cannot be
extrapolated as means for productivity improvement for the
entire industry. Their research, however, does provide
empirical evidence that schedule delays and disruptions

result in productivity loss and demotivation.

Due to limitations of Maslow's and Herzberg's theo-
ries, behavioural scientists have developed other theories
to explain motivation of individuals. 1In recent years, the
expectancy theory [75] has become one of the more generally
accepted. According to the expectancy theory, motivation is
a combined function of the individual's expectations con-
cerning future outcomes and the value they place on those
outcomes. In other words, expectancy theory deals with the
individual's aspiration that: 1) his effort will result in

success of the task (i.e., performance, and 2) his per-
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formance will result in rewards. Uncer the expectancy
theory, obstacles to performance affect motivation and,
hence, productivity. Based on the expectancy theory, Laufer

and Jenkins [63] concluded that management should direct

. motivational improvement efforts toward development of

reward systems and involvement of workers in productivity

improvement programs.

2.3 QUANTIFICATION OF FACTORS AFFECTING PRODUCTIVITY

Although previous studies [40,63,65,66,67] clearly
establish a link between management practices, motivation,
and productivity, few attempts have been made to quantify
the effect of particular management practices on produc-

tivity.

Logcher and Collins ([43] analyzed the effect of
management strategies on labour productivity for tile-laying
on five construction sites in the U.S. The results indicate
a direct relationship between productivity and such factors
as crew coordination and delays attributable to management.
The sample size, however, is insufficient for prediction

purposes.

Based on his firsthand experiences on over 11500
censtruction projects, Hohns [76] developed a chart showing
ranges and expected values of inefficiencies for various job

conditions and management practices. The results, shown in
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Table 2.1, clearly demonstrate the effect of management
practices and decisions on productivity. However, the fac-
tors are too general and insufficient background informa-
tion is provided to be used for quantification of produc-

tivity loss.

For various job conditions affecting productivity,
published tables are available based on statistical averages
of actual historical data. Published tables are frequently
used to quantify loss of productivity for scheduled overtime
[18,19,20,21], overmanning [22,23,24]}, congestion of trades

[23], remobilization [22], and weather [25,26,27].

Scheduled overtime refers to the continuing utiliza-
tion of 1labour for more than 40 hours per week, i.e.,
extended work days and/or weekends. It is wused to attract
workmen to a project for reasons such as location, job
conditions, nature of the work, and in attempts to accel-
erate completion dates and make up for lost time due to
delays. Depending on the particular circumstances, loss of
productivity occurs as a result of scheduled overtime due to
a number of reasons, including: fatigue; demotivation;
absenteeism; reduction of work pace; accidents; turnover of
labour; and supervision problems [77]. The factors most
commonly used today to estimate loss of productivity due to
overtime are those pre pared by the Construction Users!'

Anti-Inflation Roundtable [19], shown in Figure 2.1.
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Overmanning occurs when more workers are placed in a
given area than that area can efficiently accommodate.
Acceleration, additional scope of work and attempts to make
up for loss of productivity are common reasons for over-
manning. Typically, overmanning is associated with
increases in crew size and deployment of additional crews.
As more workers are added to a crew of normal size, each new
worker increases crew productivity less than the previous
one. Overmanning creates inefficiencies due also to
physical conflict, competition for same resources, fewer
productive workers drawn from labour pools, dilution of
supervisory control and, in general, demotivation. The
effect of overmanning on productivity, as reported by the
Office of the Chief of Engineers, U.S. Army [23], is shown

in Figure 2.2 and, as reported by Foster Wheeler [22], in

Figure 2.3.

Acceleration results in congestion of trades (or ac-
tivity stacking) when activities, which are normally sched-
uled sequentially, are performed concurrently in a given
area. Congestion of trades may also occur when workers are
prematurely moved to another area due to a disruption. The
effect on productivity of congestion of trades, measured as
a percentage of additional workers to the normal level, is

shown in Figure 2.4 [23].

For unplanned disruptions and temporary suspensions

of individual operations which require crews to remobilize,
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Foster Wheeler [22] has developed an inefficiency curve,
shown in PFigure 2.5. Unfortunately, this curve does not
take into account the loss of productive rhythm and demoti-
vation resulting from prematurely moving the crew. For re-
peat operations, learning curve models can be used to calcu-
late 1loss of productivity flowing from unplanned delays and

disruptions [41,78], as shown in Figure 2.6.

Kappaz [24] has presented a number of different
methods for evaluating the effect of scope changes on sched-
ule for large engineering-construction projects. Although
his methodology 1is not readily applicable to small projects
and contracts within a large project, Kappaz does recognize
the need to consider the cumulative effect of changes which
singly may appear to have no significant impact. The
relationship between work force density and productivity, as

developed by Kappaz, is shown in Figure 2.7.

2.4 IMPACT-RELATED STUDIES

In recen. years, various studies have been carried
out to identify the major factors causing loss of produc-
tivity and delays in the construction industry {3,4,5].
Generally, the purpose of such studies is to identify areas
to which further research and management attention should be

directed.

A recent study, commissioned by an advisory group to

the Minister of Regional Expansion and conducted at the
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Centre for Building Studies [4], surveyed the construction
industry to determine the major factors impairing produc-
tivity. Respondents were asked to rank factors within
particular categories and each category in order of impor-
tance. Based on the rankings, all factors were analyzed

collectively.

As expected, the most important factors cited by
contractors were related to labour and their unions, namely,
restrictive wunion rules and labour opposition to produc-
tivity improvements. Owners and labour wunion officials
emphasized factors related mainly to design and procurement
and, to a lesser extent, construction management. In par-
ticular, the latter pointed to design changes as the single

most important factor impairing construction productivity.

It should be admitted that the aforementioned study
has been criticized because it does not differentiate be-
tween micro and macro productivity. According to Revay
[30], union rules are essentially macro factors that impair
the effectiveness with which 1labour is wutilized and, as
such, they are not comparable with design changes which
affect labour efficiency (i.e., micro productivity). A
review of the contractors' responses, however, indicates
that contractors, like owners and 1labour unions, feel lack
of information and design changes are the most important

factors affecting micro productivity.
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Another recent study in the U.S., jointly undertaken
by the National Electrical Contractors' Association (NECA)
and Mechanical Contractors' Association (MCA) [3], addresses
the impact of schedule delays and disruptions on cost and
time. The results are based on a survey of electrical and
mechanical subcontractors in the U.S. from whom there were
71 responses. Contractors were requested to report data
from completed projects on which a significant schedule
disruption had caused a loss of labour productivity and

other unanticipated labkour costs.

Electrical and mechanical contractors reported a
total overrun of 30% on prime costs (excluding home o’rice
overhead and profit), 67% of which was attributable to
overruns in labour cost. As shown in Figure 2.8, 44% of the
labour cost overrun was due to loss of productivity. The
total loss of productivity, expressed as a percentage of the
original estimated labour costs, was 21% and 24% for

electrical and mechanical contractors respectively.

Contractors surveyed in the NECA/MCA study con-
sidered lack of proper coordination a&as the major cause of
schedule disruptions and delays, followed by various factors
related to 1lack of information and change orders. Essen-
tially, all causes ranked by the contractors were conditions

beyond their control.
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With respect to the effects of schedule delays and
disruptions, the contractors ranked factors relating to loss
of productivity, i.e., loss of productive rhythm, redundant
mobilization, and demotivation, as being the most signifi-
. cant. However, loss of productive rhythm and demotivation
are essentially impossible to quantify for individual delays
and disruptions, and neither published tables nor previous
empirical research exists for these factors. In fact, the
widely recognized causes of loss of productivity (i.e.,
overmanning, loss of learning curve, and congestion), for
which published tables are available [22,23,78] and
frequently used to quantify such losses, were ranked lower

by the contractors.

The results of the NECA/MCA study suggest, first,
that quantification of productivity losses on delayed and
disrupted projects should be an 'after-the~-fact' calculation
done on a global basis, as opposed to estimates done at the
time of each particular disruption and, secondlv, that
published tables for loss of productivity must take into

account loss of productive rhythm and demotivation of the

workers.

In an earlier study reported by Baldwin et al. [5],
general contractors ranked design changes as the most impor-
tan* factor influencing progress, behind weather, labour
supp.ly, and subcontractors. While architects and engineers

(A/E's) ranked design changes significantly lower, thus
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indicating that A/E‘’s underrate the effects of design

changes on progress.

Thamhain and Wilemon [{79] conducted a field survey
of over 300 project leaders to determine the most signifi-
cant reasons for schedule and budget overruns. Results of
the survey revealed that both project managers and senior
management viewed customer- and management-initiated changes
as a major cause of overruns. Similarly, A/E‘s and con-
struction management on several U.S. nuclear power plants,
in interviews, ranked change orders as the highest impact

area that may cause delays if not handled properly [80].

- 31 -



LA—<<——OCOOXAUT

XKiK Mmoo Z —

0.95

0.9

0.85

0.8

0.75

0.7

0.65

0.6

0.55

0.5

W= 50 HOUR WEEK
me® 60 HOUR WEEK

| E— | 1 i 1 1 i 1 1 - | 1

0 1 2 3 4 5 6 7 8 9 10 11 12 13
WEEK OF OVERTIME

FIGURE 2.1 - EFFECT OF CUMULATIVE OVERTIME
ON PRODUCTIVITY - (Ref. 19)

- 32 -




(€2 °3¥3¥) - ALIAILONAOYd NO IASVHIONI HZIS MIAYD J0 IDIJIT - ¢°C JINO1s

(NNWILDO 3A0EY) ASVIYONI JZIS MIYD %

00l

08

09

0] %

0¢

G¢

-0V OL OKXOADOF—=>—F>

I3

- 33 -



(zg °3=d) - KIIAIIONGO¥d NO ONINNVWIEAO J0 LDAIJHA - €°Z HFUNDIA
QINNVINYAAO Z

09 0S 0) o¢ 0¢ oL 0

1 } i ! 1

NIN 00f amm=m
NIN O0OC =ma
MIN OO0l e

ol

0¢

(0}

0) 4

JOony OuL AEKXOODOF—>—F>

N

- 34 -

s
s i




(€2 °F®¥) - XLIAILONAOYd NO SAAVML JO NOILSEONOD 40 IDdJAdd - b "¢ FINOIJL

S3AVHL 40 NOILSIONOD %

1y og 1S4 oc Sl ol S 0
1 ! 1 l ! I 0

4O OL AXOADOF—>—|>

N

- 35 -



(zz °3°1¥)

0¢

- ALIAILONAOYd NO NOILVZITIEOWAd J0 IDdIJT - G°¢ HIYNOIA

(SAVAM ¥H 8) 39VddOLS 40 HIONTT

Gl

Ol

S

014

G2

o¢

c¢

oYy

14

00NN oL A4xoOoAIDOk—>—i>

)

- 36 -




Q¢

8L

JAGND ONINYVIAT NO NOILANESIA ¥ 40 ILDdJdd - 9°Z FINOIJ

SL1INN 4O H3gGWNN
ol 14" cl o]} 8 9 ¥ ¢ 0]

| l ] I I i 1 I Om

NOllLdnysia

F—3UWUNDZ—

—1001

FAHNO ONINHVIT %06 e

—40lL1

- 37 -



0]0];

(ve

*¥2¥) ALIAILONAOYL
NO HOJOJd M¥OM FDVHIAY LV ALISNAA J0 ID3JJT - L°7 FINOIA

NOSH3d H3id 1334 34VvVNOS

3OHOd MHOM JOVHIANV 1V ALISNIJ

0S¢

00¢

(0]}

ool

0]¢]

8'0

—— e e

LEOADOFr~—>—F> 3IDdF—0Jd—lX

- 38 -



(€ "33y) -

AYOM 31V yo4 S3SV3yoN;
1800 yoavq ATYNOH

%S
%L

S1s0d
AHOSIAY3dNS ViLx3

“LOVHLNOD TYDINVHOAW aNy
NOY3aA0 1sop gnogy

dNILY3A0

%8

“¥OI¥LOETE No
T J0 NMOQyvaug - 8°Z F¥NOTI

AHOM 31vy 404
SNOLLIGNOD 3asy3Aay

% €}

AN\

% bbb

$38s07 ALIAILONGO Y

SNOILdNYSIg
3INA3HOS Ag a3snvys
1ON SNOILIGNOD




(9L °39¥) - XIIAILOAAOYd NO SIDILOVYA LNIWIOUNVW JO0 SLOdIdd - T1°¢ J19dYdL

¥SB] WI03494 03 SJINOH-JNOQeT] UL ISeIJDU| JUIDIgy

oyt ost-0tt om] ueyyt eaon
oct osiL-ott seJy ouUQ U} OM]
K1e801) 00f sepwil e1NPAYIS (s)
[ ) otzZ-0zti peq sisw sBujpmeip
0Tt sst-so0t skeg snoy-ueg s xiom (3) psjeidwos eyj3 jo sse] 10 X083 I (2)
ozl ori-sot sAwg Jnoy-ol iom (b) scl 0gt-01L} peq s1w sBugmesp
pejejdwza ey) jo ssd] Jo Xof I (g}
ozt ott-sol goom Aep-9 iom (d)
0zt otLi=-001l peq sJw sBujpmeap
o9t ocT-StL JsBuoy X001 In0 %As®: ys3jea3ys (o) pejejdwod sy3 jo ssey 10 %0L 1 (v)
ors 09L-511 1eBucy %0§ IO xsvy ysjesys {u) sSuimesq sjejdwosu] Jospuw ejEabeprul (7
szt 03t-51i1i seBuoy %0Z 3100 xsel yajes3ys (w)
st1~-0t1 (1033723u03qns 40
oti ori-sol qio0M o *1035823u03 *Jesuybul *3IeIjYOLY
%§Z uvy) sseq jo uojpsuedsns (1) tseump Aq) Auwdwo) jo epaijiav (%)
g0t ozZti-o00l uojierejesdy sejpjdwr (%) ost 00S-09 Bujuuerd 3o %21 ([)
]
oslt o0sz-o051 uejysedsug uj eapien () oct os1-02t (J0313v13u0aqng 20 *Joj3vajue)d
ssesupBu3z *3I201Yysay ‘seumo 4£q) o
ol ezt-0¢ vyojpjsedsuy s+epup (i) Buynep uopsyaeg jo 33wy (1) <
ort orz-ozt uojiasedsuy aeap (y) St 00zZ-0t1 (essom 10 33s04d [
ou Yi|m suo) qor anos (y)
sty sotz-s91 1se3s/do3s Jenujjucy (8) ott ovt-oo0t o31}S ue i1sBruep
190[0ag euwpr-11n4 jo %3v7 (8)
s STT-0Fi sAeg oA} 4 ueyyl GIOH
P1oK 30} UeW saoW ‘iom dois () set 05Z-00% (s)uojiaesyg jo naey ()
sst ozz-ori sAwgq oAt 3 uUwy) see ort 00Z-001 qeiieien jo y3ey (o)
PICKH JO) uUsSK eAOH "RIOM doys (e)
ottt 00Z-0141 s1008 jo 32y (p)
or? oic-00¢ soug uryy eson (eaoqv) a oqg (p)
ort [E-2%E %1} juspusiujsedns A3pyenD Jooyd (2)
[X%4 062-061¢ e3ug usyy eJson (eaoqv) v og (3)
sttt 60zZ~0114 A1171qy 20 K3jeko
ciz ooc-o0lt opey ¥ peie1dwo) uojivisdo sacwey (gq) jYwioN uwry)l sse] Yigm uewssos (Qq)
oLt olz-ral opey ¥ AwMmiepup uogjriedo eaowey (v) ocl 05T-511 inokuq uy swejqosg (v)
esusJsepirejuyl (¢ juewmeBurury s004g (4
pejosedxi sbuey pei1oedx3 sBuey

%»o:c.u—__o=~ 39vdw) jo sedd) %»u:o.u.-.:- jovdw] jo sedky

e et T aDaTae i Al et¥¥y



CHAPTER III

METHODOLOGY

3.1 INTRODUCTION

In the early stages of this research program it
became apparent that detailed review and comprehensive anal-
ysis of a relatively large number of cases were the most
appropriate means of examining the gqualitative and quantita-
tive effects of chanye orders on productivity. 1In previous
impact-related studies [3,4,5)], information was obtained
from gquestionnaires completed by contractors, owners, A/E's,

and labour officials.

Although technical surveys usually provide a tangi-
ble amount of data which can be readily analyzed, such sur-
veys do not permit researchers to examine the particular
circumstances of each case and to analyze the project data
in detail. Additionally, success of surveys depends on the
number of responses received. Thus, the 1low response rate
(less than 1) of the NECA/MCA study [3] discourages the use
of surveys to collect data for future impact-related

studies.
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The case study approach utilized in the present

research, as opposed to the survey approach, allows exten-
sive examination of the project history and permits analysis

of productivity. Indeed, a sound knowledge of the project

_history is required to determine how change orders individu-

ally and cumulatively can affect productivity. Additional-
ly, to examine the relationship between change orders and
loss of productivity, it 1is necessary to analyze the change
orders and calculate the corresponding loss of productivity

for each case.

3.2 METHOD OF INVESTIGATION

To obtain information for the case studies, a field
investigation was conducted over a period of 18 months at
Revay and Associates Limited of Montreal, a professional
construction management consulting firm specializing in the
preparation and evaluation of construction claims. From
various contracts analyzed by the firm, 84 contracts were
identified on which the contractor had experienced loss of
productivity as a result of change orders. Out of the 84
contracts, 5 were divided into 2 or more separate work
packages to be examined independently, thus, a tctal of 90
cases were analyzed. Information was collected from
contractors' <claims (prepared by the firm on bzhalf of
contractors), claim evaluations (carried out on behalf of
owners) and expert reports (prepared for presentation in

courts or arbitration) and from corresponding job files.
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For each case, the field investigation consisted of
several steps. First, the contract was classified according
to type of work and type of construction. For the purpose
of the present research, two basic types of work were con-
sidered: 1) electrical and mechanical work (i.e., fine
motor trades), and 2) civil and architectural work (i.e.,
gross motor trades). Also, two basic types of construction
were considered: 1) commercial and institutional building
construction, and 2) industrial construction. Thereafter,
three categories were chosen: electrical/mechanical con-
tracts on building projects (Appendix A), electrical/me-
chanical contracts on industrial projects (Appendix B), and
civil/architectural contracts on building and industrial

projects (Appendix C).

Secondly, data on raw project facts was collected to
provide background information. As shown in Tables A.1, B.1l
and C.1 of Appendices A, B and C respectively, data was
collected on the following: type of project; type of work:;
type of contractor; type of contract; original contract
amount; value of approved change orders; original coatract
duration; actual contract duration; and number of change
orders. Table 3.1 summarizes project data cocn the 90 cases

examined.

Thirdly, the project hnistory and related analyses
carried out by th2 firm were examined to assess causes of

impact, as explained in Section 3.3, and to identify quali-
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tative effects of change orders on productivity and factors

influencing the effects of change orders on productivity, as
reported in Chapter IV - Qualitative Results of Field

Investigation.

Fourthly, project data on labour-hour expenditure,
physical progress, and change orders was collected for
analysis of change orders and calculation of productivity
loss. These steps are explained in Sections 3.4 and 3.5

respectively.

3.3 ASSESSMENT OF THE CAUSES OF IMPACT

To examine the statistical relationship between
change orders and loss of productivity, it is necessary to
ensure that all causes of impact are taken into considera-
tion. Consequently, it is not only necessary to identify
potential problems but also to assess the impact of such

problems on productivity.

In practice, various methods are used to evaluate
impact of problems arising on construction projects. Both
period-by-period and cumulative productivity analyses are
used to determine the extent to which particular problems
affect productivity [1,81,82]. Network analysis tech-
niques are frequently used to evaluate causes of impact
[83,84,85,86]. By comparing as-planned and as-built sched-
ules, it may be possible to identify and assess the effects

of poor coordination and scheduling, changes in sequence,
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acceleration, and late delivery of equipment, material, or
supply of information. Similarily, comparisons of planned
and actual manpower histograms and physical progress curves
provide knowledge of delays, change orders &nd acceleration

[81,84,87].

Since courts of law require contractors to prove
causation, such analyses are frequently undertaken in claim
situations with a view to establishing connection between
the problems and the resulting impact costs. By examining
the analyses included in claims and expert reports, and the
related project documentation, it 1is possible to study and

classify the impact of the various problems.

For the purpose of the present research, causes of
impact under examination are classified as: 1) major causes
of productivity-related impact. 2) minor causes of produc-
tivity-related impact, and 3) causes of delay-related im-
pact, as shown in Tables A.3, B.3 and C.3 of Appendices A,
B and C respectively. Causes of impact not under examina-
tion were excluded from the present research as explained in

section 3.5.3.

Major causes of productivity-related impact are de-
fined as acts and failures to act by owners and A/E's which
resulted in a significant productivity loss for an extended
period of the work. Major causes of productivity-related

impact frequently identified in the cases include: change
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orders; inadequate scheduling and coordination by owners,
general contractors, and construction managers; accelera-
tion; changes in sequence; late supply of information,
equipment, or material; increased complexity of the work;
and the ripple-effect of change orders issued to other con-

tractors.

Minor <causes of productivity-related impact are
defined as acts or omissions which adversely affected pro-
ductivity for a relatively short period of the work. Minor
causes of productivity-related impact identified in the
cases include: priority changes; untimely responses to
queries; late approval of shop drawings; late delivery of
equipment or material; and impeded access to the site. Acts
or omissions which resulted in delays without giving rise to
productivity losses included: unavailability of site; late
completion of preceding work; reinstallation of equipment;

and late issuance of construction drawings.

To account for causes of impact other than change
orders, the cases are categorized according to the number of
major causes of productivity-related impact. As shown in
Tables A.3, B.3 and C.3 of Appendices A, B and C
respectively, Type 1 refers to cases in which change orders
are the only major cause of productivity-related impact.
Type 2 refers to cases in which productivity-related impact
resulted from change orders and one additional major cause,

while Type 3 refers to cases in which change orders and more
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than one additional major cause resulted in productivity-

related impact.

3.4 MEASUREMENT OF CHANGE ORDERS

To examine the statistical relaticnship between
change orders and loss of productivity, it is necessary to
quantify these two variables. Since there is no standard
single measurement for qualifying change orders, the follow-
ing measurements (shown in Tables A.2, B.2 and C.2 of Ap-
pendices A, B and C respectively) have been considered:

1. Frequency = Number of Change Orders ees 3.1
Contract Duration (Months)

2. Average Size

Change Order Hours cee 3.2
Number of Change Orders

3. Percentage (%) = Change Order Hours x 100 oo 3.3
Actual Contract Hours

Change order hours are the total additional labour-
hours directly required to perform the changed work. As
such, change order hours do not include unproductive labour-
hours reimbursed through change orders, and other items such
as overtime premiums, engineering, and site supervision.
Actual contract hours are the labour-hours spent by contrac-
tor on the original scope of work (i.e., excluding direct

hours spent on changes).
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In many of the cases examined, actual hours spent by
the contractor on change order work are not available. Con-
sequently, earned change order hours, obtained from esti-

mates prepared by either the contractor or the owner, are

utilized. In such instances, actual contract hours are cal-

culated by subtracting earned change order hours from actual
total hours, thus, any productivity loss on the change
orders themselves is included indirectly in the actual con-
tract hours. To avoid overstating the change order hours in
fewer than 10 cases, large changes issued prior to start of
the work (e.g., changes from the tender to the construction
drawings) were considered to be part of the original scope
of the work. Hence, labour-hours for these charges are add-
ed to earned hours of the original scope of work. This was
done where such changes were readily accommodated into the

contractor's plan without affecting productivity.

Although the productivity-related impact of an indi-
vidual change order depends on various factors, and such im-
pact will vary from change to change, it is beyond the scope
of the present research to investigate each individual situ-
ation in the 90 cases examined. Therefore, the measurements
may include change orders that have not adversely affected,
or may have even improved, productivity. Nevertheless, it
is believed that all change orders ought to be considered to
acccunt for their cumulative effect. Also, since measure-

mente which include all change orders are easily determined,
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models based on such measurements could be readily used

on future projects.

3.5 CALCULATION OF LOSS OF PRODUCTIVITY

All contractor claims and expert reports examined
under the present study include a calculation for loss of
productivity. Since expert reports put forth independent
and unbiased evaluations of impact costs (or time exten-
sions), calculations for loss of productivity presented in
such reports are considered reliable for the purpose of the

present research.

Claims, on the other hand, are generally assertions
of a right to additional compensation, based on interpreta-
tion of the facts and calculations most favourable to con-
tractors. As such, claims may not take into account con-
tractors' inefficiencies and underestimating. Consequently,
productivity losses identified in claim submissions have
been reassessed according to the procedure shown in Figure

3.1.

As previously stated in Chapter I, loss of produc-
tivity is best calculated using the differential method
because it is based on the level of productivity achieved by
the contractor during an unimpacted period of the job. To
establish whether the differential cost method is applica-
ble, the following guidelines [1,16] are normally con-

sidered:

- 49 -




1 - The unaffected work is representative both in
complexity and method of execution of the work
which was impacted by the causes under examina-

tion;

2 - The difference between the actual productivity
of the impacted work and the normal productivi-
ty resulted solely from the causes under exami-

nation;

3 - All work analyzed must have been impacted by the

cause in question;

4 - The normal productivity of the unaffected work
is portable and is valid; it allows for all
applicable risks and/or inherent saiortcomings of
the contractor, and represents a sufficiently
large percentage of the entire job to allow

reasonable confidence in the comparison.

Often, a considerable amount of investigation is
required to determine whether these guidelines can be met.
Where a differential method of cost calculation is deemed
applicable, it is then necessary to determine whether accu-
rate data on physical progress and labour-hour expenditure
is available. 1If not, either the modified or the total cost

approach must be utilized, as explained in Section 3.5.2.
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3.5.1 Differential Cost Calculation

The first step of the differential method of cost
calculation is to establish the contractor's productivity on
the original scope of work. For such a measurement, produc-
" tivity is expressed as the ratio of physical progress or
earrned value to actual input of 1labour. An example of
monthly earned and actual contract hours and the correspond-
ing productivity is shown in Figure 3.2, By definition,
ratios of less than one represent better than estimated

productivity and vice versa.

The next step is to determine the time frame of an
unimpeded (i.e., normal) period of work, that requires sound
knowledge based on the job history. Normal productivity,
for the purpose of the analysis, 1is considered to be that
level of productivity the contractor could have maintained
if not for the interferences of the owners and A/E's. The
normal period, expressed in percentage of physical progress,
is shown in column (3) of Tables A.2, B.2 and C.2 of

Appendices A, B and C respectively.

Based on this normal productivity, normal hours to
complete the entire job (shown in Tables A.2, B.2 and C.2
of Appendices A, B and C respectively) are calculated, tak-
ing into consideration variations in productivity due to the
'learning curve effect'. As such, the learning curve effect

refers to the gradual increase in productivity that occurs
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as workers become familiar with job conditions and as
methods and organization of the job are refined. Normally,
productivity increases to a maximum level at a time between
15% - 20% of physical completion that is maintained up to
about 90% completion. At the end of the job, productivity

generally declines somewhat.

Such variations in productivity are quantitatively
described by learning curve factors, where values greater
than one represent decreased productivity and vice versa.
These factors can be utilized to calculate labour-hours
required for the entire job from levels of productivity
achieved during given periods. In accordance with common
industry practice, the present research utilizes the 1learn-
ing curve factors presented in Table 3.2 to calculate nor-

mal hours from normal productivity.

To standardize the loss of productivity calculation,
earned hours (shown in column (5) of Tables A.2, B.2 and
C.2 of Appendices A, B and C respectively) are equated with
normal hours. As such, earned hours represent the labour-
hours that the contractor would have utilized to complete
tne original scope of work except for the specific causes of

the impact under examination.




3.5.2 Modified and Total Cost Approaches

When the differential method of cost calculation is
not possible, it is wusual to revert to the contractor's
estimate (shown in column (1) of Tables A.2, B.2 and C.2 of
Appendices A, B and C respectively) to calculate 1loss of
productivity. Under the modified cost approach [16,17], two

methods are used to evaluate the contractor's estimate.

In one method, the contractor's tender is compared
with tenders submitted by other bidders. Where the differ-
ence is less than 3% - 5% between the average of the next
three lowest tenders and that of the contractor the estimate
is considered valid. Otherwise, the estimate is corrected,

as follows:

ME = CE x AVE ees 3.4
cT
in which:
ME = modified estimate (labour-hours),
CE = contractor's estimate (labour-hours),
AVE = average of next three tenders ($), and
CT = contractor's tender (5).

In one case examined there was a significant differ-
ence between the contractor's tender and the average of the
next three tenders; nevertheless, the actual material costs

remained within the estimate, thus the underestimating was
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entirely in the labour component of the estimate. Accord-
ingly, an amount equal to the value of the difference

between the tenders was added to the labour component as

follows:
ME = CE + AVE - CT ees 3.5
RATE
in which:
ME = modified estimate (labour-hours),
CE = contractor's estimate (labour-hours),
AVE = average of next three tenders (§),
CcT = contractor's tender ($), and
RATE = cost of labour ($ per labour-hour).

In the second method of the modified cost approach,
the contractor's estimate is compared with an estimate pre-
pared using published estimating tables. When this theoret-
ical estimate 1is greater than the contractor's estimate by
more than 3% - 5%, then the contractor's estimate is adjust-

ed to equal the theoretical estimate.

When the contractor's estimate is reasonable, or
when it is not possible to use alternate methods, the total
cost approach [17,88] is adopted (i.e., the values estimated

by the contractor are assumed to be 'normal').

A measure of the accuracy of the contractor's esti-

mate for the original scope of work, commonly referred to as
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the site-experience factor, is calculated as the ratio of
the so-calculated normal cost to the contractor's estimate.
Site-experience factors (shown in column (7) of Tables A.2,
B.2 and C.2 of Appendices A, B and C respectively) greater
than one imply that the contractor underestimated the scope

cf work and vice versa.

It should be mentioned that the 'normal' cost devel-
oped through the modified cost approach is likely to be con-
servative. 1Indeed, in competitive bidding there is always a
low bidder, but it does not necessarily mean that he has
underestimated the resources required to carry out the work.
Contractors who have significantly underbid their competi-
tion may stay within their estimate simply by directing

greater attention toward planning and cost control.

3.5.3 Exclusion of Causes of Impact Not Under Examination

Prior to calculating loss of productivity for the
causes under examination, it is necessary to exclude unpro-
ductive hours resulting from other causes. Contractor inef-
ficiencies, such as repairing deficiencies and labour dis-
ruptions, and inefficiencies due to inclement weather are
excluded from the examination. As shown in Figure 3.1,
unproductive labour-hours attributable to such causes are

simply subtracted from actual ccntract hours.
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Based on a ratio of output to input, the produc-
tivity index (PI) attained by contractors on the original
scope of work (shown in column (8) of Tables A.2, B.2 and

C.z of Appendices A, B and C respectively) is calculated as

follows:

PI =

g o]
w
[+)}

in which:

PI

productivity index,

E

earned (or normal) contract hours, and

A

actual contract hours.

The unproductive labour-hours attributable to the
causes of impact under examination expressed as a percentage
of labour-hours spent on original contract work, referred to
herein as percentage loss of productivity (shown in column
(9) of Tables A.2, B.2 and C.2 of Appendices A, B and C
respectively), is calculated as follows:

LP = A - E x 100%
A

OR

LP (1 - PI) x 100% «es 3.8
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in which:

LP = loss of productivity (%),
A = actual contract hours,

E = earned contract hours, and
PI = productivity.index.
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VALUE OF VALUE OF ACTUAL
TYPE TYPE OF ORIGINAL CHANGE LABOUR-

CATEGORY OF WORK  CONSTRUCTION ZONTRACT ORDERS HOURS
1 ELEC/MECH BUILDING § 72,374,000 $22,822,000 2518588
2 ELEC/MECH INDUSTRIAL $107,508,000 $33,163,000 3378892
3 CIVIL/ARCH BLDG & IND § 42,285,000 $ 9,696,000 1418720
TOTAL $222,167,000 $65,681,000 7316200

TABLE 3.1 - PROJECT DATA SUMMARY

PHYSICAL PROGRESS LEARNING
AT TIME OF UNIMPACTED PERIOD CURVE FACTOR
0% - 5% 1.7
6% - 10% 1.4
112 - 152 1.2
16% - 902 0.9
91% - 95% 1.0
96% - 100% 1.2

TABLE 3.2 - LEARNING CURVE FACTORS
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CHAPTER IV

QUALITATIVE RESULTS OF FIELD INVESTIGATION

4.1 INTRODUCTION

The qualitative investigation of the chronology of
the 90 cases, and the related analyses contained in the
source documents identified: the reasons why change orders
affect productivity; the significant and recurring sources
of productivity losses triggered by change orders; the
general correlation between change orders and loss of pro-
ductivity; and the factors negatively influencing impact of
change orders on productivity. The results ol this qualita-
tive examination, as documented in this chapter, establish a
basis for the quantitative analysis described in Chapter V
and provide awareness and understanding of the effects of

change orders on productivity.

4.2 EFFECTS OF INDIVIDUAL CHANGE ORLCERS

The most frequently encountered effects of indi-
vidual change orders were found to be disruptions and

delays. In general, disruptions occurred when workers were
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prematurely moved from one task to another, and disruptions
resulted in delays to the completion of only a portion of
the affected activities. Other causes of impact, however,
often delayed performance of entire activities. Impacts
relating to this second group are referred to as 'delays'’
herein. In the cases examined, delays and disruptions were
found to result from changes requested by owners and A/E's,
which put the affected work on 'hold', and design errors and
omissions, which prevented performance of the affected work.
In both instances, work could not have proceeded until a
solution was found to the problem or perhaps even until a

change order was issued.

Similar to studies conducted by others [3,23], the
following disruption-causing occurrences were identified in
the present research: stop-and-go operations; out-of-
sequence work; and learning-curve-related losses. When
activities were disrupted, stop-and-go operations occurred
as crews moved elsewhere to new tasks. Regardless of the
competency o©of the supervision and the attitude of the
labour force, loss of productivity was found to be inevi-
table in such situations. Non-productive time resulting
directly from such relocations included: time before the
decision was made to move on to the next step; packing of
tools; return of materials to storage; wmovement to new
location; familiarization with new work; unpacking of tools;

obtaining new materials; and crews relocating again at a
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later date to complete the disrupted work. A comparison of
the productive time remaining in a working day following a
typical relocation with that of a normal working day is
shown in Figure 4.1. Although not confirmed by the present
. research, a previous study [22] indicates that productivity
losses resulting from such disruptions would have increased
with the duration of the work stoppage, particularly when

crews required a second orientation period.

Out-of-sequence work occurred when disruptions
forced contractors to perform work in a sequence different
from that originally planned, as shown in Figure 4.2.
Revised sequences which were illogical and uneconomical,
resulted in productivity losses on the affected activities.
More importantly, out-of-sequence work and stop-and-go
operations interrupted job rhythm resulting in productivity
losses on affected activities and, more importantly, even
on unchanged activities (i.e., activities indirectly affect-

ed by changes).

In some instances, delays and disruptions deprived
contractors from benefiting from the learning curve because
contractors were prevented from keeping crews on repetitive
tasks, were forced to lay off workers then rehire and re-
train them as work became available. The effect of a dis-
ruption on a typical learning curve is shown in Figure 2.6.
In accordance with previous findings [41,55], learning curve

losses associated with disruptions were generally found to
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be related to task orientation rather than acquisition of

skills necessary to perform the work.

As shown in Figure 4.3, the extent of delays was
dependent on the time taken to issue appropriate instruc-
tions +to proceed and the time required to organize and
perform the work outlined in the change orders. Delay-
related losses of productivity typically occurred when
activities had to be performed under inclement weather
conditions (e.g., winter) and out of sequence. The effect
of a delay on the project completion depended on whether the
delay was on the critical path or a path made critical by
the delay, and on the effects the delay had or resource

utilization.

4.3 CUMULATIVE EFFECTS OF CHANGE ORDERS

As stated in the previous section, it was found that
individual change orders disrupted and delayed performance
of affected activities and often those indirectly affected,
resulting in loss of productivity. In approximately 65% of
the cases examined, change orders were found to have a
significant cumulative effect on performance of the work.
Generally, such an effect was experienced when change order
hours exceeded 10% - 15% of the earned (or normal) contract
hours which is the maximum level of changes which contrac-

tors generally maintain they can accommodate without affect-

ing their work.
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Cumulatively, delays and disruptions to individual
work activities caused by change orders were found to bring
about gradual deterioration of original schedules. From
comparisons of the as-planned and the as-built schedules, it
was found that orderly sequences of operations were broken
down into several, perhaps isolated, activities due to
delays and disruptions. For example, in one case (Case #1
of electrical/mechanical contracts on building construction
-~ Appendix A), the contractor sent the construction manager
a letter which stated:

"You mention increasing the crew so as to
accomplish this. Even an elementary examina-

tion of the job reveals that more men will do

little or nothing to improve this condition

because this is not where the problem lies.

Our crew was reduced to a mirimum of elec-

tricians. This 1is not because there was a

shortage of men but because we continually

ran into bottlenecks and couldn't proceed

further in any intelligent patterns caused

largely by changes."

In such cases, operations were completed in a
piecemeal manner over an extended period, as shown in Figure
4.4. 1In cases of severe disruptions, scheduling was found
to be the function of the release of approved change orders
and drawing revisions, instead of normal construction logic
and economics. Similar to other impact-related studies
[3,40,67,68,69]. productivity and work force motivation were

found to be significantly affected in cases where progress

was continually disrupted by change orders.
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In the cases examined, it was found that normal
gains in job rhythm which occur as work progresses were
often either not encountered or lost due to the cumulative
effect of change orders. Such losses of job rhythm signifi-
cantly reduced labour motivation and productivity on the
delayed and disrupted activities. Similarly, normal gains
in productivity due to the learning curve effect were either
lost or never encountered on delayed and disrupted activi-
ties. Due to the interdependency among construction opera-
tions, losses in job rhythm and learning curve had a ripple-

effect on the productivity of activities indirectly affected

by change orders.

Delays, disruptions and additional work created by
change orders often resulted in unbalanced crews. Crews
composed of the wrong number or skill of workers occurred,
clearly increasing cost of the operation and reducing
productivity of the crew in question. When crew members
changed frequently, the supervisory influence of foremen
over crew members and, thus, crew productivity was reduced.
Crew productivity decreased when foremen that normally
perform manual work (i.e., working formen) became instead
involved in replanning and coordinating the work affected by

change orders.

Generally, the cases examincd were bid on the basis
of using a fixed number of tradesmen. 1In approximately 25%

of the cases examined, change orders resulted in unplanned
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fluctuations in manpower levels. Consequently, layoffs,
rehiring and retraining of workers occurred, adversely

affecting productivity.

As shown in Tables aA.3, B.3 and C.3 of Appendices A,
B and C respectively, the contractor was forced to acceler-
ate the work in 26 of the 90 cases examined. And, in 73% of
such cases, the acceleration was due to the owner's refusal
to grant an extension of time for delays (Figure 4.5).
Additional work created by change orders and advancement of
planned completion dates are only attributable for 15% and

12% of the accelerated cases.

In the 26 cases, the various steps taken to accel-
erate the work are all generally recognized as demotivators,
i.e., giving rise to productivity losses [17,19,23]. As
shown in Figure 4.6, additional manpower and scheduled over-
time were employed in 88% =and 59% of the accelerated cases,
respectively. In approximately 46% of the 26 cases, accel-
eration resulted in congestion of trades, which was detri-
mental to productivity due to the inherent interference
among trades. Multiple shifts were utilized in 19% of such
cases. Except on severely congested job sites, employment
of additional manpower was the least costly method of accel-
erating performance of the work. 1In about 10% of the cases
examined, productivity was significantly affected by the
decision to start an operation prior to obtaining all

required information or clarifications.
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On unaccelerated jobs examined in the present
research, completion dates were extended by an average of
75% which compares well with the 87% reported in the NECA/
MCA study [3]. On accelerated jobs, completion dates were
extended by an average of 25% only, thus indicating that
acceleration can be effective in reducing the duration of
otherwise delayed and disrupted projects. Clearly a large
portion of this reduction resulted directly from the partic—\
ular steps implemented to increase the work pace, although
some time saving was attributable to the increased desire
and committment of all parties to complete the work as
expeditiously as possible. It was not possible to identify,
in the cases examined, the extent to which each factor

contributed to a reduction of the extended duration.

Lack of information was identified as a cause of
impact in all cases experiencing cumulative effects of
change orders. Under this category, the following causes
were identified: late issuance of construction drawings;
late approval of shop drawings; untimely response to
requests for «clarifications; and, mecst commonly, insuffi-
cient details on drawings. When proper clarifications and
drawing revisions were issued in time to permit procurement
of materials and scheduling of the affected activities,
impact on productivity turned out to be negligible. con-
versely, when lack of information disrupted progress of the

work, productivity was affected significantly. The latter
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instances, however, were generally found to be those in
which change orders were issued for missing and changed
work. Accordingly, for the purposes of the present
research, lack of information was considered to be an effect

of change orders, as opposed to an additional cause of

" impact.

Generally, it was found <that relations among
contractors, owners and A/E's were adversely affected by
change orders. Pricinve of change orders, by nature, is
always a potential source of disagre=ment between the
parties. Firequent and severe disagreements were found to
result in increased processing time of the change orders and
generally gave rise to bad relations between the parties.
Delays in processing of change orders served to magnify
their impact znd poor relations between the parties clearly
affected communicaticon and the flow of information necessary
for ~contractors to maintain progress. On one project
(el ctrical/mecha .ical cases Nos. 6, 7 & 8 on building
Construction - Appendix A) disagreements over productivity
rates for work outlined in change orders culminated in an
incident whereby the contractor requested the construction
manager's representative be replaced. At the irequest of the
project manacer, both the contractor and the construction
manager brought in new representatives. Thus, wvaluable time
was lost while they became familiar with the scope of the

work and job conditions.
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In more than 50% of the cases examined, it was evi-
dent that requesting, estimating, negotiating, and carrying
out change orders required considerable effort on the part
of site management. Additional personnel were employed to
help with the increased workload in about 10% of such cases.
In the remaining cases, the processing and administration of
change c¢rders interfered with the planning and coordinatinn
of responsibilities oi contractors' site management. 1In
particular, overloading of contractors' field engineers with
extensive change order administrative duties prevented them
from providing technical support to working crews which, in

turn, affected crew productivity.

In approximately 15% of the cases examined, it was
found that contractors were forced to produce drawing re-
visioas themselves where tae contract documents lacked
sufficient details for the execution of the work. Not only
did such a practice place unwarranted responsibilities on
contractors in general and additional work on contractors'
projects engineers in particular, but lack of engineering

support also adversely affected labour productivity.

The cumulative effects of change orders onn produc-
tivity were evident when the actual, earned and change
order hours were plotted cumulatively. From such graphs,
which were plotted for roughly 40% of the cases examined,
two general trends were identified. 1In approximately 20% of

these cases, earned and actual cumulative curves were fairly
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unifcerm but with increasing deviation. Such a trend, shown
in Figure 4.7, indicates that the contractor d4id not carry
out the work as tendered because he underestimated the
scope of work and/or because the conditions and reguirements
turned out to be different from those originally anticipat-
ed. In the cases examined, an increasing deviation between
earned and actual curves was generally found to be the
result of a continuous stream of design changes, errors and

omissions rather than underestimating.

In the remaining 80% of such cases, actual and
earned curves were parallel for a while (usually at the
beginning) indicating a period of normal, unimpacted pro-
ductivity. Then, the slope of the actual curve suddenly
changed with the earned curve following in a less pronounced
manner, as shown in Figure 4.8. Such a change marks the

start of a period of impact and decreased productivity.

This analysis identified a number of significant

trends:

1 - The frequency of change orders at the beginning
of the job was generally low compared to later

peraiods;

2 - Normal, unimpacted periods were usually at the

beginning of the job;



3 - The amount of change order work performed during

normal periods was less than 15%;

4 - In each case, productivity decreased as percent-

age of change orders increased;

5 - Unlike normal projects where productivity in-
creases due to the learning curve effect, pro-
ductivity in these cases generally decreased as

the job progressed;

6 - Productivity losses during impacted periods were

usually greater than 25%;

7 - The time spent on carrying out changed work dur-
ing impacted periods ranged from 15% to more

than 100% of original contract work.

In a number of instances the need for the change was
not recognized until either: 1) a short time prior to the
start of the affected activity, or 2) during performance of
the affected activity. Consequently, it was not possible to
incorporate the changed work into the original work without
delaying completion of the given activity. 1In the first
instance, the entire activity was delayed and then performed
out of sequence. In the second instance, the activity was
partially completed and then finished out of sequence at a
later date with additional loss of productivity due to the

~top-and-go operation.
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Productivity losses associated with stop-and-go
operations and working out of sequence usually occur later
in the job when crews return to perform the approved change
order work and complete the disrupted activities. Accord-
ingly, productivity analyses in those cases indicated higher
percentages of productivity losses during later periods of
the job. And, loss of productivity increased with the num-
ber of disruptions (i.e., frequency and severity of change

orders).

In the cases with cumulative change orders, it was
found that the work started with an incomplete and inade-
gquate design which was corrected or *'fixed up' as the con-
tractor progressively encountered each deficiency. In a
hypothetical worst case, a contractor repeatedly performs
50% of an activity, and is then forced to move on to the
next activity due to a design deficiency or a pending change
order. Halfway through the job, the contractor could have
performed 50% of all activities and, as such, carried out
50% of the physicel progress (i.e, earned 50% of the con-
tract hours). At that time, the job appears to be on sched-
ule and the contractor might even be experiencing the antic-
ipated 1level of productivity. However, he still has to
complete the disrupted activities and the associated change
order work which require remobilization, out-of-sequence
work and additional contract time. Consequently, the job

cannot possibly be finished on the planned completion date
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without acceleration which, in turn, leads to further
produccivity losses. Although novne of the examined cases
fit the above scenario exactly, it is representative of a

number of them.

In approximately 15% of the cases examined, physical
progress was overreported during the early stages of the
job. Such overrepocting was found to be the result of
inaccurate progress measurements and ‘'front-end loading' by
contractors to increase the value of initial progress pay-
ments. As a consequence of this overreporting, the work
remaining for completion would have been understated and
productivity achieved by contractors in {ihe early stages of

the job would have been overstated.

If the job was originally underestimated by the
contractor, such overreporting generally resulted in
acceleration and/or late project completion. Because
contractors wusually employ manpower according to their
original estimate, underestimated jobs were undermanned
during early stages resulting in less than planned progress.
Due to overreporting of progress in the early stages, such
undermanning and lack of progress was not recognized until
it was too late to bring the project back on schedule with-
out come form of acceleration. In such cases acceleration
combined with the impact of the change orders resulted 1in
substantial productivity losses and additional financial

burden during later stages cf the job that was in excess of
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the amount of underestimating. In at least three of the
cases examined, the financial burden of the impact costs
combined with that of the underestimating was enough to
force the contractor into bankruptcy or prevent him from
_completing the job. Clearly, such situations are not in the

best interests of either contractors or owners.

In Case #19 of the civil/architectural contracts
(Appendix C), productivity of successive operations was
affected by design changes and by variations in actual
quantities. The number of tradesmen per crew and the number
of crews assigned to each activity depends upon: 1) crew
productivity, 2) quantity of work, and 3) required rate of
progress of other operations. Consequently, proper sched-
uling and resource allocation are necessary to ensure a
continuous and balanced flow of operations. As such,
changes in design and quantity variations were found to
upset the smooth flow »f operations resulting ir idle time,
stop-and-go operations, and slowdowns in the rate of prog-

ress of successive operations.

4.4 FACTORS INFLUENCING THE EFFECTS OF CHANGE ORDERS
ON PRODUCTIVITY

The effect of individual change orders was generally
found to depend on the timing of the instruction to proceed
in relation to the planned start of the affected activity.
As shown in Figure 4.9, instructions to proceed (or approv-

als) were issued at four different times in relation to the
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planned start of the affected activity. In Case A, the
change order was issued and approved in advance of the
planned start allowing the contractor time to plan for the
changed or additional work and to procure the required
additional material. 1In such an instance, completion of the
affected activity was probably delayed by the additional
time required to carry out the change order work. 1In Case
B, the change notice was issued, but work not authorized
prior to the scheduled start of the affected activity. Con-
sequently, start of the activity was delayed. 1In Case C,
the change was ordered during performance of the affected
activity resulting in disruption of the work and delay in
its completion. 1In Case D, the change order was issued rfol-
lowing completion of the affected activity necessitating
additional work or rework. In Cases B, C and D, subsequent
activities were often delayed, disrupted or performed out

of sequence.

Timing of the instruction to proceed, in turn, was
generally found to be related to the origin of the change
order and its processing time. It is generally recognized
that change orders usually originate from: 1) design errors
and omissions, and 2) owner and A/E requests for changes to
the original design. In the cases examined, change orders
for design errors and omissions were initiated by A/E's
during finalization and review of the design and, more com-

monly, by contractors during takeoff of material quantities,
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planning, and layout of the work and performance of the
affected work. Changes requested by owners and A/E's were
generally issued throughout the job, although owner changes

often originated once the related work was completed.

In the cases examined, procedures for processing
change orders varied from one project to another. However,
processing time was generally found to include: 1) prepar-
ation and issuance of contemplated change notices and re-
vised drawings by A/E, 2) preparation and submission of
quotation by contractor, and 3) evaluation and approval of
contractor's quotation by owner and/or A/E. In some cases,
processing times of change orders and, thus, their effects
on productivity were minimized by issuing verbal instruc-
tions to proceed with the work outlined in the change notice
prior to finalization of pricing. In such instances, change
order work was reimbursed either on a cost-plus basis or
according to lump sum and unit prices agreed upon at a later

date.

Other factors which the present research identifies
as influencing the effect of change orders on productivity

include:

- complexity of work;

- interdependencies among activities;

- intensity of work (i.e., tightness of schedule);
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- frequency and severity of design errors and

omissions;

- response time of A/E's to contractors' requests

for clarifications and instructions;

- management practices of contractors including use
and updating of schedules, ability to coordinate
and integrate change order work into contract
work, procedures adopted to motivate the work

force, and cost and progress control procedures;

- relations and communication between the various

parties; and
- inspection and supervision by A/E's.

The frequency in which such factors negatively
influenced the effects of change orders on productivity in

the 90 cases examined is shown in Figure 4.10.
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FIGURE 4.2 - OUT-OF-SEQUENCE WORK
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CHAPTER V

QUANTITATIVE RESULTS OF FIELD INVESTIGATION

5.1 STATISTICAL ANALYSIS

To develop the correlation between change orders and
loss of productivity, statistical analysis was performed on
data from the 90 cases examined in the present study. The
method of least squares or regression analysis [90,91] was
used to examine dependency of productivity 1loss on change
orders. A commercially available software package "Stat-

graphics" [92] was employed to carry out the regression

analysis.

As explained in Chapter III, change orders were
quantified according to three measurements: 1) frequency,
2) average size, and 3) percentage. To identify which of
these measures, if any, correlate with loss of productivity,
a linear regression analysis was performed for percentage
loss of productivity (i.e., unproductive labour-hours due to
cause of impact under examination expressed as a percentage
of labour-hours spent on original contract work) on each
measure. The resulting coefficients of correlation are

shown in Table 5.1 for each category.
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In particular, Type 1 cases in each category yielded
a high correlation between percentage change orders (i.e.,
labour-hours spent carrying out changed work expressed as a
percentage of labour-hours spent on original contract work)
and percentage loss of productivity. In fact, percentage
change orders yielded consistently positive correlations for
Type 2 and Type 3 cases also, while these results varied
considerably (i.e., from -0.79 to +0.93) for average s.ze
and frequency of change orders. As shown in Table 5.1 the
weighted average coefficients of correlation for percentage
change orders was more than triple those for average size
and frequency. Accordingly, subsequent analyses concentrat-
ed on examining relationships between percentage change

orders and percentage loss of productivity.

Prior to conducting further analyses, residuals of
the linear regressions of percentage loss of productivity on
percentage change orders were reviewed to identify outliers
(i.e., points which 1lie more than three or four standard
deviations from the mean of the residuals). In the data
from the 90 cases examined, a number of outliers were
identified which were not consistent with the rest of the
data. Upon careful examination of the circumstances
surrounding the corresponding cases, three outliers were
rejected. Case #14 of electrical/mechanical contracts on
building construction (Appendix A), which displayed a high

loss of productivity for the level of change orders, was
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rejected because inadequate coordination and scheduling
appeared to have resulted in an unusually large loss of
productivity and the percentage of change orders was less

than 1%.

Case #21 of electrical/mechanical contracts on
industrial construction (Appendix B), which experienced a
relatively low loss of productivity, was rejected because
the nature of the work differed substantially from others in

the same category. Case #20 of civil/architectural con-

tracts (Appendix C), which experienced a relatively high

loss of prcductivity, was rejected because the contractor's

estimate could not be substantiated and the causes of impact
could not be accurately assessed due to insufficient

information on the project history.

Following the rejection of outliers, linear and non-
linear regression analyses were performed for the eight
categories. The results, summarized in Table 5.2, indicated
that relationships between change orders and loss of produc-
tivity are best described by linear models. Coefficients of
correlation were found to be greateir for linear than non-
linear regression for Type 1 and Type 2 cases of electrical/
mechanical contracts on both building and industrial con-
struction and Type 2 cases of civil/architectural contracts.
For Type 3 cases of electrical/mechanical contracts on both
building and industrial construction and Type 1 cases of

civil/architectural contracts, nonlinear coefficients were
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found to be greater than or equal to those of linear regres-
sion. For these categories, however, differences between
the linear and nonlinear coefficients of correlation were
less then 3%, and there were significantly fewer observa-
tions. The difference in predicted loss of productivity
between the linear and nonlinear models of these categories

was less than 4% for values of change orders up to 50%.

As shown in Table 5.2, regression coefficients of
Type 1 and Type 2 cases for electrical/mechanical contracts
on building construction are similar to those of the corre-
sponding categories on industrial construction. Therefore,
linear regression analysis was performed for Type 1, Type
2, and Type 3 cases of electrical/mechanical contracts on
building and industrial construction combined, the results

of which are summarized in Table 5.3.

5.2 DISCUSSION OF RESULTS

As mentioned in the previous section, 1labour-hours
spent on carrying out changed work expressed as a percentage
of the labour-hours spent on the original contract work were
found +to have the highest correlation with loss of produc-
tivity among the various change order measurements examined.
As shown in Table 5.1, values of correlation coefficients
for percentage change orders obtained by linear regression
analyses ranged from +0.15 to +0.90 with a weighted average

of +0.60. A direct correlation was expected between these
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variables as increases in the amount of change orders would

generally increase the extent of delays and frequency of

disrupiions which, in turn, would decrease productivity.

Because the number of unproductive labour-hours

. depends on the extent of delays and frequency of disrup-

tions, it was expected that loss of productivity would also
vary directly in relation to the number of change orders.
Accordingly, frequency of change orders was expected to
correlate positively with loss of productivity. However,
values of cecrrelation coefficients obtained from linear
regressions of percentage loss of productivity on frequency
of change orders rarged from -0.57 to +0.93 with a weighted
average of +0.13. Such a wide range of values and the rela-
tively low weighted average indicated no general correlation
between these two variables. Therefore, the number of
change orders issued is not an accurate indication of the
number of delays and disruptions, partially because single

change notices often contain more than one design change.

Similarly, values of correlation ccefficients for
average size of change orders ranged from -0.79 to +0.60
with a weighted average of +0.18, indicating no general
correlation between the two variables. Such results were
expected as average size of change orders would not be
representative of either the significance or frequency ot
change orders (i.e., two change orders with an average size

of five labour-hours would not be expected to have similar
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effects on productivity as two hundred change orders of the

same average size).

In comparing results of the linear and nonlinear
regression analyses, it was found that linear mcdels best
describe relationships between percentage change orders and
percentage loss of productivity. Although there are no
similar studies to enable direct comparison with the find-
ings of the present study, various impact-related studies
conducted by others [18,20,22,23,24] have found linear and

near-lincar relationships.

The U.S. Army Corps of Engineers [23] has reported
linear relationships for the effects of overmanning and
congestion of trades (for 1levels greater than 1i0%) on
productivity. Similarly, research by Kappaz [24] has
revealed a straight-line relationship between density of
average work force and productivity, with a coefficient of
correlation of 0.81, and Foster Wheeler's research [22] has
revealed a near-lineav relationship for overmanning of 100
men at levels above 10%. A number of studies [18,20] have
found near-linear relationships between scheduled overtime
and loss of productivity. Thus, a linear relationship
between change orders and productivity is compatible with

those of other causes of productivity loss.

High percentages of change orders, however, could be

seen to have a compound effect on productivity and, as such,
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result in nonlinear relationships. Nonlinear trends may
indeed apply to percentages of change orders greater than
those examined in the present research (i.e., greater than

50% - 60%).

For practical purposes, the results of linear
regressions of both Type 1 and Type 2 cases of electrical/
mechancial contracts on building construction were equal to
those of industrial construction. For example, at 40%
change orders there is no difference in predicted 1loss of
productivity between the combined results and those of each
individual category fcr Type 1 cases. The difference for
Type 2 cases at this percentage change orders is only 3% for

building construction and 1% for industrial construction.

Unlike Type 1 and Type 2 cases, results of the
relatively small sample of Type 3 cases of electrical/ me-
chanical contracts differ substantially from building to
industrial construction. However, to increase the sample
size and hence the accuracy of the results, data for these
two types of construction has been combined similarly to
what was done for Type 1 and Type 2 cases of electrical/

mechanical contracts.

Results of linear regression analysis for electri-
cal/mechanical contracts on building and industrial con-
struction combined are depicted graphically in Figures 5.1

to 5.3. Results of the analysis for civil/architectural
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contracts on building and industrial construction combined

are presented in Figures 5.4 and 5.5.

As shown in Figures 5.1 and 5.4, coefficients of
correlation between percentage change orders and percentage
loss of productivity for Type 1 cases of electrical/mechan-
ical contracts and of civil/architectural contracts were
0.88 and 0.82, respectively. Considering the nature of
these variables and the sample sizes, such coefficients
indicate significant correlation. In both instances, the

standard error of estimate was less than 4%.

As expected, coefficients of correlation for Type 2
and Type 3 cases were lower than those for Type 1 cases due
to the varying effects that additional causes of impact have
on productivity. As shown in Figures 5.2 and 5.5, Type 2
cases of electrical/mechanical contracts and civil/
architectural contracts yielded coefficients of correlation
of 0.76 and 0.74, respectively, indicating a relatively
strong correlation. Type 3 cases of electrical/mechanical
contracts yielded a relatively weak correlation of 0.34,
however, the regression line does follow the trend depicted
in Type 1 and Type 2 cases. By definition, standard errors
of estimates for Type 2 and Typ= 3 cases increased as
coefficients of correlation decreased, although such errors

were less than 6%.
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In Figures 5.1 to 5.5 inclusive, 95% confidence

intervals (shown by the inner dotted 1lines) and 95%
prediction 1limits (indicated by the outer dotted lines) are
shown for the regression analysis. Confidence intervals
relate to standard estimates of error and, as such, to the
variance in the observed data. Prediction limits define the
limits in which future observations are expected to lie and
are related to the scatter of the observed data. Due to a
relatively strong correlation and low standard estimates of
error in the present data, the confidence intervals are
relatively narrow. The wider predictior limits (i.e., up to
10 for Type 1 und Type 2 cases) indicate that change
orders have somewhat varying effects on productivity and, as
such, no one curve could take into account the particular

circumstances of all projects.

Due to the nature of linecar regression analysis, the
regression 1lines for Type 1 cases did not pass through the
origin of the x-y axis. In reality, loss of productivity
for Type 1 cases equals zero when percentage change orders
equals zero. As mentioned in Chapter IV, change orders were
generally found to have a cumulative effect on productivity
when their labour-hours exceeded 10% of the earned (or
normal) contract hours, which corresponds to the level that
contractors generally maintain they can accommodate wituaout

affecting their work. Below such a level, loss of produc-
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tivity depends entirely on the particular circumstances of

the individual change, and any additional causes of impact.

Therefore, the statistical models developed in the
present research should only be used to predict loss of
productivity when change order hours exceed 10% of earned
contract hours. As shown in Table 5.4, exclusion of those
cases in which change order hours amounted to less than 10%
of the earned contract hours, for practical purposes, does

not change the results of the regression analyses.

For the above-mentioned reasons, no attempt has been
made to fit the models to levels of change orders below 10%
(of earned hours). Such models, however, would likely follow

one of the two trends shown in Figure 5.6.

As shown 1in Figures 5.7 and 5.8, additional major
causes of productivity-related impact were found, as
expected, to have a cumulative negative effect on produc-
tivity. As shown in Figure 5.7, loss of productivity on
electrical/mechanical contracts was increased between 14%
(at 10% change orders) and 11% (at 60% change orders) by one
additional major cause and between 24% (at 10% change
orders) and 20% (at 60% change orders) by two additional
major causes. For civil/architectural contracts, one addi-
tional major cause increased loss of productivity by a
constant 8% over the range of change orders examined, as

shown in Figure 5.8. Based on extrapolation, two additional

- 98 -



major causes would be expected to increase loss of produc-

tivity by 14%.

These results, however, do not imply that the effect
of additional major causes decreases or remains constant as
- the level of change orders increases. In fact, the produc-
tivity losses of such causes, when measured with respect to
productive labour-hours, increase with the level of change
orders, due to the combined effect that changes and addi-

tional major causes have on productivity.

Measured against the productive labour-hours, loss
of productivity due to one additional major cause increased
from 14% (at 10% change orders) to 17% (at 60% change
orders) on electrical/mechanical contracts, as shown in
Figure 5.9. Similarly, loss of productivity due to two
additional major causes increased from 27% to 31%, as shown
in Figure 5.10. PFcr civil/architectural contracts, loss of
productivity measured with respect to the productive hours
increased from 9% (at 10% change orders) to 11% (at 60%
change orders) due to one additional major cause and from
168 to 19% due to two additional major causes, as shown in

Figures 5.11 and 5.12 respectively.

As expected, results of the regression analyses
differed between the two types of work examined because of
differences in the level of skill required to perform the

work and in the complexity of the work. As shown in Figure
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5.13, loss of productivity for Type 1 cases was greater on
electrical/mechanical work (i.e., fine motor skills) than on
civil/architectural work (i.e., gross motor skills)
increasing to a difference of 10% at 60% change orders. As
shown in Figure 5.14, loss of productivity was greater for
Type 2 cases of electrical/mechanical contracts by 6% at 8%
change orders, increasing to a difference of 13% at 60%
change orders. For Type 3 cases, loss of productivity,
would be expected to be 10% greater for electrical/
mechanical contracts at 8% change orders and 16% greater at

60% change orders, as shown in Figure 5.15.
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CHAPTER VI

CONCLUSIONS AND RECOMMENDATIONS

6.1 SUMMARY AND CONCLUSIONS

Based on the 90 cases examined in the present re-

search, the following conclusions can be drawn:

(1) The majority of change orders are issued for design
errors and omissions and owner- and A/E-required changes,
which are generally the result of inadequate and incomplete

designs.

(2) Individual change orders which disrupt and delay
progress of the work adversely affect productivity of the
contractor's labour force due to: stop-and-go operations;
out-of-sequence work; and loss in benefiting from the learn-

ing curve.

(3) Due to the interdependency of construction opera-
tions, change orders have a ripple-effect on productivity of

unchanged activities.

(4) Change orders have & detrimental and cumulative

effect on labour productivity when total labour-hours spent
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on change orders exceed 10% - 15% of the earned (or normal)

labour-hours for the original contract work.

(5) Cumulatively, change orders result in the following
causes of productivity loss: stop-and-go operations; out-
of-sequence work; loss in productive rhythm; demotivation of
work force; loss in learning curve; unbalanced crews; exces-
sive manpower fluctuations; unbalancing of successive opera-
tions; lack of management and engineering support; and

acceleration when equitable time extensions are not granted.

(6) Productivity losses resulting from change orders are
experienced mainly during later periods of the job when the
majority of change order work is carried out and the delayed
and disrupted activities have to be completed. As a result,
completion of projects, which at the outset were on schedule
and within the anticipated level of productivity, might be
delayed significantly as productivity decreases and manpower

is diverted to change order work toward the end of the job.

(7) As a consequence of disruptions, additional work and
productivity losses created by change orders, project com-
pletion dates may be significantly extended. On average,
completion dates for the contracts analyzed were extended by
75% when unaccelerated and 25% when accelerated. Thus,
additional productivity-related impact costs of well-planned
acceleration programs are partially offset by savings in

field' and home office overhead costs.
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(8) Scheduling and coordination of the work are the
major factors affecting productivity, pa ‘ticularly on
electrical and mechanical work in building construction as
such work depends on completion of necessarily preceding
work by other trades. Delays, disruptions and additional
work resulting from change orders bring about a gradual
deterioration of original schedules and, as such, render
continuous scheduling and effective coordination not only
more difficult and time-consuming, but increasingly more

important.

(9) The effect of individual change orders on both pro-
ductivity and project completion depends, to a great ex*ent,
on the timing of the instruction to proceed in relation *to
the planned start of the affected activity. Progress of the
work is adversely affected when change orders are not issued
and approved with adequate lead time for material procure-

ment prior to the start of the affected activity.

(10) Oon delayed and disrupted projects, productivity
losses due to individual change orders cannot be accurately
estimated in advance. Productivity losses are best
calculated on a global basis, after the fact and, when
accurate data on physical progress is available, by
comparing impacted and unimpacted periods of work (i.e.,

using the differential method of cost calculation).
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(11) Total change order labour-hours expressed as a per-

centage of total labour-hours spent on original contract
work directly correlate with percentage loss of productivity
on contract work. As such, relationships between change
orders and loss of productivity are best described by linear
rather than nonlinear models, and the correlations are rela-

tively strong.

(12) The level of productivity losses flowing from change
orders is affected by the type of work (i.e., fine versus
gross motor skills), but not by the type of construction
(i.e., buildings versus industrial facilities). Produc-
tivity losses are higher for electrical/mechanical work
(i.e., fine motor skills) than civil/architectural work

(i.e., gross motor skills), and differences increase with

the level of change orders.

(13) Additional major causes of productivity-related
impact, such as acceleration and inadequate scheduling and
coordination, have a cumulative negative effect on produc-
tivity. One such additional cause can be expected to
increase productivity losses between 11% and 1l4% on
electrical/mechanical work and 8% on civil/architectural
work. Two such additional causes can be expected to
increase productivity losses between 20% and 24% on electri-

cal/mechanical work and 14% on civil/architectural work.
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6.2 APPLICATION OF QUANTITATIVE RESULTS

As previously mentioned, productivity losses are
best quantified using the differential cost method of
calculation because it compares the leve!l of productivity
achieved by the contractor during a normal, unimpacted
period to that of the impacted period. Such a calculation,
however, requires accurate data on labour-hour expenditure
and physical progress. In practice, many contractors do not
maintain adequate records for a differential cost calcula-
tion, and on severely delayed and disrupted projects a
representative normal period may not exist. In fact,
differential cost calculations were not possible for these
reasons on more than 60% of the cases examined in the

present research.

Consequently, it is often necessary to calculate
loss of productivity using industry averages or estimated
values. When change orders have adversely affected
productivity, losses can be estimated from the models
developed in the present research. The effects of change
orders on productivity are shown for electrical/mechanical
work in Figure 6.1 and for civil/architectural work in
Figure 6.2. Figure 6.3 depicts the results of these two
types of work based on a 45/55 ratio, being the ratio of
labour-hcurs expanded by the corresponding trades in the
Canadian non-residential construction industry [93]. The

models shown in Figure 6.3 could be used to estimate overall
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productivity losses on combined contracts and entire

projects when a specific breakdown of trades is not known.

Estimates of productivity loss from the models

developed in the present research could be used by

" contractors in preparing claims for additional compensation

and by owners in budgeting for and evaluating contractors’
claims. Such estimates could also be used by managers
(i.e., owners and contractors) to evaluate contemplated
change orders, to estimate manpower loading levels required
to meet project completion dates, to establish realistic
activity durations when updating schedules, and to perform

cost-benefit analyses of proposed acceleration programs.

Although predictions obtained from these models are
approximations which do not account for specific circumstan-
ces of a particular job, it is well established in courts of
law that precise calculation of loss of productivity is not
essential for recovery [94]. Courts, however, do require
strict proof of causation or connection between cause and
effect. Therefore, in claim situations, results of the
models developed in the present research, as with any other
industry averages, are best supported by expert analysis of

the specific facts which establish causation.

To estimate productivity losses on change orders
with the models shown in Figures 6.1, 6.2 and 6.3, two mea-

sures have to be determined: 1)} total actual, or earned in
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the absence of actual, hours for the change order work, and
2) total hours spent by the contractor on both the changed
and original contract work. From total actual hours, actual
contract hours are calculated by subtracting change order
hours and any unproductive hcurs attributable to contractor
inefficiencies, such as repairing deficiencies and 1labour
disruption, and inclement weather. Percentage change orders
is then calculated by dividing changs order hours by actual
contract hours and multiplying the result by 100. Estimated
percentage loss of productivity on the original contract
work is obtained directly from the appropriate model accord-
ing to the number of additional major causes of produc-
tivity-related impact. A detailed investigation of the
project history, however, may be necessary to determine
whether there were any additional such causes. The amount
of unproductive hours on the original contract work is
calculated by multiplying percentage loss of productivity by

actual contract hours, and dividing by 100.

Approximate productivity losses of contemplated
changes can be estimated using the models shown in Figures
6.1, 6.2 and 6.3 by apportioning the productivity loss
associated with the anticipated total percentage of change
orders to each contemplated change. To estimate such
losses, percentage chande orders is calculated as total
anticipated change order hours divided by earned contract

hours, and multiplied by 100. Percentage loss of produc-
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tivity on earned contract hours is equal to the percentage
loss of productivity obtained directly from the appropriate
model multiplied by a factor from Table 6.1 to account for
substitution of earned for actual contract hours. The total
loss of productive hours, calculated as percentage loss of
productivity multiplied by earned contract hours divided by
100, are then apportioned to each contemplated change. 1If
necessary, an adjustment could be made at the end of the

contract based on the actual percentage of change orders.

Alternatively, productivity losses of contemplated
changes can be estimated from the models developed in tae
present research by calculating the incremental increase in
percentage loss of productivity associated with each addi-
tional change order. Similar to the above-mentioned
approach, percentage change orders and percentage 1loss of
productivity would be measured with respect +to earned
contract hours with an adjustment factor applied to the
percentage loss of productivity obtained from the appro-
priate model. These factors, shown in Table 6.1, are
developed from the regression equation for 1loss of

productivity as follows:

$LP = a' + b %CO

LP = a + b CO
A

>

= a +b CO

el d
(31
>

>

=a (E + LP) + b CO
E E

MF* »Fﬂ
) ‘o
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=a+alLP+ bcCo
E E

(1-a) = a + b CO

tljll“ t’]ll." t!:||l."
e} ] d

E
= (a+bcoy _1
E l-a e o e 602

in which:
%LP = percentage loss of productivity = LP/A x 100

$CO = percentage change orders = CO/A X 100

LP = loss of productivity (hours)

A = actual contract hours = E + LP

E = earned contract hours

CO = change order nours

a' = Y-intercept of regression line (%)

a = Y-intercept of regression line = a'/100
b = slope of line of regression line

l1 = adjustment factor

-a

6.3 RECOMMENDATIONS FOR INDUSTRY PRACTICE

Since change orders have a significant effect on
productivity, it is recommended that the following be con-

sidered:

(1) Although it is not possible to completely eliminate
change orders on fixed-price contracts, sufficient money and
time ought to be allocated to the design stage to ensure an
accurate, well-coordinated and completed design that re-
flects the owner's needs and requirements. Sections of the

job and specific activities that cannct be completely
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designed prior to tendering should be identified in the
tender package and preferably bid on a provisional sum basis

(i.e., cash allowance).

(2) Since the effect of an individual change order
depends upon its timing, all parties should direct their
efforts toward identifying, processing and approving change
orders as expeditiously as possible to minimize their
impact. Procedures and time periods for processing change
orders should be written into construction contracts.
Authorizations to proceed, prior to the finalization of the
formal change order, ought to be encouraged. Additionally,
contracts should always provide authority to proceed with
disputed work, without depriving the contractor from pur-

suing a subsequent claim.

(3) wWhen a change cannot be efficiently scheduled into
the contract work, it may be beneficial, particularly on
industrial projects, to establish a 'rover crew' to work
specifically on rework and limited extra work on a time-and-
material basis as oppecsed to shifting men among crews and
adjusting manpower levels. When necessary, such crews ought

to work night shifts to avoid congestion with other trades.

(4) Owner-supplied schedules ought to be realistic and
practical and prepared with regard to the necessary sequenc-
ing and resource requirements. When utilizing the profes-

sional construction management approach, construction manag-
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ers must take a leading role in scheduling and coordinating
work of the various trades rather than leaving the trades to

coordinate the work among themselves.

(S) On all projects, and in particular those delayed or
disrupted, adequate tools and techniques should be employed

to accurately measure productivity and schedule performance.

6.4 RECOMMENDATIONS FOR FURTHER RESEARCH

It is believed the present research will create a
greater awareness and understanding among contractors and,
more importantly, among owners, design professionals and
construction managers of the extent to which change orders
adversely affect productivity. To fully understand the
change order process, however, further research is needed in
a number of areas. During the course of the present re-
search, the following areas were identified as pertinent

topics worthy of further studies:

1 - Sources of Change Orders: Although it is generally
recognized that most change orders arise as a result of
design errors and omissions and owner-requested changes, the
sources or underlying reasons for such changes are not
clearly understood. Based on such a study, procedures and
recommendations could be developed to minimize the occur-

rence, and thus impact, of change orders.
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2 - Cost/Benefit Analyses of Design Review and Coordina-
tion: In many of the cases examined, additional design
reviews by design professionals and owners would have clear-

ly decreased the occurrence of changes during construction.

Similarly, a number of cases, particularly electrical and

mechanical, would have experienced less changes had there
been proper coordination of the various design disciplines.
It is reccmmended that further research be conducted to
determine the frequency of projects delayed and disrupted by
incomplete and inadequate design, and the additional costs
of added design review and coordination. Such costs ought
to be weighted against the additional costs of performing

changed work and impact costs incurred by contractors (and

owners).

3 - Minimizing Impact Costs: The present research has
identified a number of factors influencing the impact of
change orders, but more research is required to develop
practical guidelines which would help contractors minimize
the impact of changes and, in general, other causes of

productivity losses.

4 - Quantification of Factors Influencing the Impact of
Change Orders on Productivity: 1In examining the relation-
ship between percentage change orders and percentage loss of
productivity, only major additional causes of productivity-
related impact were considered. No attempt has been made in

the present research to quantitatively take into account
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either minor additional causes of productivity-related
impact (Tables A.2, B.2 and C.2 of Appendices A, B and C
respectively) or the factors negatively influencing the pro-
ductivity loss. 1If such influences were considered in the
statistical analysis then it is likely that the correlation
between percentage 1loss of productivity and percentage
change orders would be even stronger. To increase the accu-
racy of these models, it is recommended that further

research quantitatively examine the effect of such factors.

5 - Effects of Change Orders on Macro Productivity: In
the present research the effects of change orders are con-
sidered only on the productivity of labour at the micro
level. It is recommended that further research examine
the overall effects of change orders on a macro basis.
Such research should examine the effects on the total proj-
ect cost to the owner including costs of design, con-
tract administration, loss of revenue, financin;, labour,
material, equipment, supervision and overhead. The results
of such a study would enable owners to make better decisions

regarding design and contemplated changes.

6 - Change Orders in Design-Construct Projects: All of
the cases examined herein were competitively bid based on
drawings prepared by A/E’s on behalf of the owner. Further
research needs to be done to determine whether change orders
are less frequent and less severe in design-construct proj-

ects as well as the costs and benefits of such an approach.
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TYPE OF WORK TYPE OF IMPACT ADJUSTMENT FACTOR

ELEC/MECH CHANGES ONLY 1.1
ELEC/MECH +1 MAJOR CAUSE 1.3
ELEC/MECH +2 MAJOR CAUSES 1.5
CIVIL/ARCH CHANGES ONLY 1.1
CIVIL/ARCH +1 MAJOR CAUSE 1.2
CIVIL/ARCH +2 MAJOR CAUSES 1.3

TABLE 6.1 - ADJUSTMENT FACTOR FOR ESTIMATING
PRODUCTIVITY LOSSES WITH RESPECT
TO EARNED CONTRACT HOURS
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