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ABSTRACT

In many countries, the productivity in the design office has been a neglected field
compared with the outpourings of research and theory on productivity in construction. It
may thus be useful to review the state of the art in construction research, as there arc
parallels to be drawn with the design environment. The author used ten construction
projects to research the influence of design quality on the productivity in construction.
The ten projects were all designed by the author. The data were collected after the
construction phase and the direct costs were identified with rework(including redesign),
repair, and replacement. Finally the author gives four equations for forecasting quality
problems related to design in construction . The methods of analysis used are statistical,

optimization, simulation and fuzzy logic.Analysis of the data indicates wat in

the deviations on projects for an average of 12.4% of the total
project cost. Furthermore, design deviation average 78% of the total number of
deviations, 79% of the total deviation costs, and 9.5% of the total project cost. Since
design cost is a small percentage of total costs, and an increase in design expenditure
can frequently reduce total life cycle costs, it is important to research the influence of

design quality on productivity in construction .
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CHAPTER 1. INTRODUCTION

1.1 The Challenge for the Canadian Construction Industry:

In Canada, the construction industry is a high proportion of total revenue income.
It is roughly 8.3% of GNP , $50 billion-plus share of the Canadian gross national
product. (Statistics Canada, 1988). This was also irue in the Atlantic provinces and in
Ontario. In Quebec, plant process design was as important as building projects and, in
British Columbia the most important source of revenue came from projects related to
agriculture, fisheries and forestry. In the prairie provinces, the dominant source of revenue

was from oil, petroleum and natural gas projects at 36%.

The construction industry is the largest industry but the vast majority of its
hundreds of participants are small businesses. According to Statistics Canada figures for
1988, over 90% of the 110,000 construction companies in Canada have twenty or fewer

employees.

In design, of the 2513 architectural design firms in Canada, only 176 (8.17% )
eamed more than $1 million. The average firm in 1988 eamed a fee income of $263,600
and had 5 employees. Forty-seven percent of the revenues ware eamed by the largest
sixty firms(1% of the total number of firms). (Statistics Canada, 1988).

In rerent years, Canadian construction industry has faced many challenges. There
are now, and will continue to be, shortages of resources, including materials, equipment,
skilled workers, and technical and supervisory staff. At the project level, management has
just begun to integrate design, procurement, and construction into one total process. There
will be more and more governmental regulation on the safety of design and on field



methods, envi of projects, and personnel policies at
all levels. Management must also cope with new economic and cultural realities resulting
from inflation, encrgy shortages, changing world development patterns, and new societal

standards. But the greatest problem is that ion p

impi is very
slow.

Canadian construction productivity has grown relatively slowly. Statistics Canada
reported(1991) that from 1961 to 1988 , according to gross output multifactored

productivity, average annual growth rates of construction productivity is 0.5% only. See
Table 11 and Fig-1-1.

Table 1-1

Ranking of selected industries average annual growth rates (1961-1988)

(According to Gross Output Multifactors Productivity)

Industries Percentage
Telecommunications 380
Electrical & Electronic Prod 170
Transportation Industries 160
Plastic Products 140
Wholesale & Retail Trade 135
Transportation Equip 130
Construction 050
Food 040

Source: Statistics Canada 1990-1991, Catalogue 12-204 E



Fig 1-1 Productivity Improvement of Different Industries

(Ranking Of Selected Industries According To Gross Output Multifactor Productivity ,
Average And Growth Rates)

(1961- 1988)
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Compared with other developed countries, Canadian construction productivity

grows slowly. See Table 1-2:

‘Table 1-2 Labor Cs of Five Countries
COUNTRIES PRODUCTIVITY
Ttaly 15
Japan 19
UK 29
Singaposs 40
Canada L1
Source: J.K. Yates ional Labor F ivity <<Cost Engineering >>Vol. 35/No. 1

Jan., 1993



construction labor unit cost increased 34.1% , see Table 1-3, and Fig 1-2

Canadian labor productivity and unit labor cost indicators

From 1986 to 1990, Canadian construction productivity declined 3.7%,but

Table 1-3

for_construction industries

Labor Productivity(Real GDP) Compensation Unit
year Per person Per personhour Per personhour Iabor cost
1980 85.50 83.30 6980 8380
1981 93.70 92.10 8420 9140
1982 100.10 104.00 9130 87.80
1983 101.90 10440 A 87.80
1984 97.50 9830 9340 95.00
1985 97.60 96.70 2.7 9580
1986 100.00 100.00 100.00 100.00
1987 99.90 96.50 107.40 11.20
1988 9840 94.10 11360 12080
1989 971.70 94.00 12140 12920
1990 96.30 9540 12790 134.10

(Source: Statistics Canada 1991 )



Fig1-2 C ison of C ion P ity and Cost
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1.2 Improving Design Quality Is The Key To Increasing Construction
Productivity

Itis beyond the scope of this thesis to describe further the many problems facing
the Canadian construction industry. From the writer’s investigation of some construction
sites and some design firms, we usually see the situation that labor blame the contractors;
contractors blame labor and designers; and the owners blame them all. Too often, Iabor is
made the scapegoat for poor design quality and poor construction management.



The reason for low ion and design ivity is the

large numbers and small sizes of its busil its ion and divisi andits

service characteristics. During economic recession, many construction companies,
especially design offices have very limited time and resources available to allow them to
study the reams of productivity data available, and develop a productivity program for

their company. It is ising that ivity imps have not occurred in the

Canadian construction industry. The vast majority of people involved in the industry do
not know about the information which is available. This can also explain the lack of
funding for productivity research in the construction industry compared with that of the
manufacturing industry,(Price and Harris, 1985).

ASCE's (American Society of Civil Engineers) Hazardous Waste Liability
Committee recently completed a survey of civil engineering firms practicing in the
hazardous waste arena. The intent of the survey was to provide information on perceived
liabilities in this field, and management tools to minimize those petential liabilities. The
survey shows that about 30% of pecple think that Perceived Employee Liabilities
depends highly on design, and 70% on construction management (Table 1-4 and Table 1-
5). Furthermore, Diekmann (1985) investigated 427 construction projects, he pointed
out: that the overall additive claim rate was 6% (i.c. six cents on the dollar) and ,
moreover, 72% of these increases were due to design error or owner initialed changes.
From Yates's investigation, the design deviation cost is threc times higher than
construction cost in many countries. (J.K. Yates et. al. 1993). Therefore, to improve the

quality of the design is the significant problem in the construction industry .



Table 14

Ranges of Perceived Corporate Liabilities

Perceived Liability as Percentage of
espondents
Vezylow Low Average High
Regulaiory Interpretation 60 30 [ 10
Field Assessment 30 20 50 0
Monitoring 30 30 30 10
Laboratory Analysis 65 2 15 0
Pemitting 25 25 50 0
Preliminary Design 10 10 70 10
Final Design 10 30 20 40
Construction 15 0 15 0
(Source : Wayne Tusa, 1985)
Table 1-5  Ranges of Perceived Employee Liabilities
Perceived Liability as Percentage of
Typs of personnel
Verylow Low Aversge High
Field 20 20 50 10
Lab 30 30 40 o
Design 10 0 L] 30
Construction 0 0 0 100

(SOURCE: Wayne Tusa, 1985)



On the other hand , when owners discovered that design-construction and

negotiated contracts in various forms could significantly reduce project duration, they

intensified pressures on contractors to get facilities into production or occupancy at the

carliest possible moment to maximize returns on invested capital. Construction was

to proceed si

with design in the industrial and

building fields. From Table 1-6 we can sce that in pure additive claims, design errors

account for 39% of total claims. In pure deductive claims, Value Engincering (mainly

depends on design) accounts for 63% of the deductions. (Value Engineering is a

systematic approach to obtaining optimum value for every dollar spznt).

TABLE 1-6 Contract Adjustments by Claim Type

PURE ADDITIVE CLAIMS  JURE  DEDUCTIVE
Toul Caims | Clims | Compensaion | Tims Cliims Deduction
Claim type Num. | w% | Num- | % | Dollus | m% |Days | m% | Num- | % | Dollars | s
ber ber 1000 ber 10000 |
Design ervors 166 139 lias las J2as2 |40 J200 [18 |1a 29 38 1o
Changes Discresion 172117 40 |13 J1oe2 |17 |u3s |o fas f10 [12 |3
Mandatory ss 113 Jar 113 fes2 |11 fss {3 l1a J29 o2 J2a
Differing site 6s |15 las |15 |72 |13 0 [9 Jo Jo Jo Jo
conditions
Wewher 29 17 129 o Jo o Jsso {35 Jo fo lo Jo
Valus engineering 16 4 fo Jo Jo o Jo Jo lis f32 [20 |63
strike s 1 ds ]2 Jo o Jao J2s Jo Jo Jo o
Other 19 fa 17 |2 Jwo2 {19 {3 Jo Jo o lo_ Jo
Touls 427 100|313 100 6130 100 |1583 f100 )48 J100 {382 |100 |

Source from : James E. Diekmann 1985




speaking, ivity of emp is a major concern in all

The optimization of the ion of the total

can be achieved through the dinated imp: of the of the individual

employees. For many years the productivity of blue collar workers in the construction
industry has been studied and evaluated. However, several studies have revealed that poor
management was the cause for poor worker productivity . This indicates that attention is

also needed to improve the productivity of “white ccllar” employees in construction.

Improving design quality is the process of increasing design productivity.
Sometimes it can be thought of as a design management problem. It should be widely
included in the construction management field both in Canada and other countries.
Productivity in the design office has been a neglected field compared with the outpourings

of research on ivity in ion or ing activities. So it may be

useful to review the state of the art in construction research. There are parallels that can be
drawn with the design environment. What needs to be said at the outset, however, is that
productivity gains in the design office will not come as easily as those on the construction
site. This is because production of engineering designs consist of a large number of
complex, vague ideas, interdependent tasks, which are not easily measured and

flowcharted .
1.3 Research Objective

The research presented in this thesis was conducted to identify the causes and

of quality in design and ion and to ine the costs

associated with the quality problems. The author will us:: statistics and a fuzzy logical
method to analyze the infl f design during ion. The degree of comp

is used to consider some problems of design and construction. Finally, the author will

give four i ions for ing design and i iations and



man-hours in practice. The research was conducted under the guidance of the Canadian
Construction Code and Chinese Construction Code.

1.4 Data Collection and Research Methodology:

In order to quantify some of the factors that affect design and construction
productivity, the productivity data was collected by this author. It includes two parts. The
first part are ten real construction projects. The author designed these in the past ten
years in China. Most of the practical problems were directly faced by the author. The
second part is, in St. John's Newfoundland . The author visited some design firms, and
visited two construction sites on a daily basis and collected both quantitative and
qualitative data. The data were collected over two periods, one is 60 days (C-Core
Laboratory), another is 90 days (General Hospital Cancer Center). Different countries’
construction codes are different. However, the principles on which they are based are very
similar. Because of thy in code and availability of
date, just the following ten projects (Table 1-7) are used in subsequent analysis.

The name of the projects of the Table 1-7 is as following:
A. Beijing People's Broadcasting Station.

B. Huabei Hospital

C. Japanese CANON Factory Workshop

D Beijing Normal University classroom Building

E. Chinese International Investment Company Building
F.Japanese TOSHIBA Factory

G.Beijing Eleventh Asian Games Sportsman House



1. ZhongShan Building

1. Jinan Supermarket

TABLE 1-7. Descriptions of Projects Studies
PROJECT TYPE OF TYPE OF TOTAL INSTALLED
STRUCTURE USE PROJECT COST(RMB)

A Concrete Frame TECHNICAL 90,000,000
B Concretc Frame HOSPITAL 20,000,000
c Concrete Frame WORKSHOP 30,000,000
D Steel Structure RESIDENTIAL 12,500,000
E Steel Structure OFFICE 234,000,000
F Steel Structure FACTORY 19,000,000
G Masonry Structure RESIDENTIAL 7,500,000

H Masonry Structure RESIDENTIAL 10,900,000
1 Masonry Structure HOTEL 65,000,000
J Flat-Plate COMMERCIAL 76,900,000

{Note : 100 Canadian Dollars = 635 RMB, in 1994 exchange rate}

Some information was also obtained from interviews with contractors not
associated with the study sites. The main focus of the data collection was on the
measurement of work completed by the design and construction including concrete

frames, steel structures, masonry structures, plus masonry crew and the factors which

affected their ivity. The ob: p! a simple data sheet every day which

served as a guide for the data collection process. Some of the environmental data



included temperature, wind speed, humidity, and precipitation readings. The weather
information recorded on site was supplemented with weather data published from the St.
John's weather office for the region. ( The information of the ten Chinese projects did not

include weather it There were of the amount of block and brick

work completed during the day as well as the crew sizes and working hours. The size and
type of materials used were considered important to the study and were also collected.
Any absentees, overtime, or accidents were recorded . The qualitative data came from the
observers own observations of the work, from informal discussions with the crews, and
from interviews with the site foremen. The purpose of obtaining qualitative data was to
identify any significant problems, delays , interruptions, or disruptions which occurred
during the shift. A disruption is defined as "an event occurring on-site that adversely

afffects the crews productivity for most of the workday" (Sanders and Tomas, 1991).

The observer could not stay on the construction site throughout the entire shift
‘which meant that much of the information regarding delays, and daily progress, depended
upon informal di ions with site The i ion obtainied often depended

on who the observer interviewed and on their ion of the incident. imes detail

of the incidents may have been omitted. The quality of information improved as personal
rapport with site personnel improved. Cooperation from site management was essential
for the data collection process. Hence, creating a good working relation with them was
imperative. To maintain this relation, it was important for the observer to direct inquires to
management at times when they were not busy with job related activities. When questions
‘were held for less busy times the information received was more in depth and well thought

out. The management personnel from the general contractor were quite willing to help in

12



the study, and eager despite some initial icism. The crews, , and

foremen also cooperated.

The objective of the data collection was to identify and quantify as many factors as

possible that affected design and construction productivity. The reason for this is that

there are so many factors that sis affect ivity, it is almost i ible to
unravel them and determine their individual effects during a srdy of this size. To even
come close to creating 2 model which can accurately predict the productivity that will be
obtained during a shift, would require considerable additional research. It was deemed
more beneficial for this study to try and make everyone in the industry more aware of the

major causes of ivity I during design and ion projects, especially the
relationship between them. This way one can try to take steps to eliminate the negative

factors.

It was not possible to get sufficient data on the design related aspects of the two
Canadian projects to geta itative indication of the dil between Canadian and

Chinese ion and design envi The Canadian data has therefore been

omitted since it will not add sufficient information to give any additional insight into the
problem area studied. It is mentioned here, only because considerable time and effort was

spent in trying to get enough i ion to make a i ison between

Canadian and Chinese practice. Unfortunately this effort failed.

In quantitative analysis, the author used fuzzy logic, optimization theory and
statistical methods.

13



CHAPTER 2. THE CONSTRUCTION MANAGEMENT
AND HISTORY

Before studying the influence of design in construction, we should know

hing about i and its history. is critical in

improving productivity in both the design and construction processes.
2.1 Management

Usually we define management as the use of people and other resources to

‘This definition is appli to all izati both

profit-oriented and not-for-profit. (Boone and Kurtz 1992)

Management involves the creation of an environment in which people can most
effectively use other resources to reach stated goals. It involves the implementation of

four basic ions: planning, izing, leading, and ing, These functions play

arole in the operation of all organizations.

Construction is the process whereby the designer’s plans and specifications are
converted into physical structures and facilities. It involves the organization and
coordination of all the resources for the project (labor, construction equipment,
permanent and temporary materials, supplies and utilities, money, technology and
methods, and titne) to complete the project on schedule, within the budget, and according
to the standards of quality and performance specified by the designer.

2.2 Construction Managemeni History

Histori speaking, i and productivity of the

construction site (or the factory floor ) has been a focus of concem since at least the time

14



of F.W. Taylor, when his theories of “Scientific Management” first drew attention to the
fact that there were better ways of doing many things than the traditional way. Indeed, it
was Taylor's contention that no field of activity , no matter how simple, could not be
improved by the application of scientific management , and to support this view he used
his famous example of the pig-iron handler. So well known did this example become, that
Taylor was later to lament that “people seem to think that the whole of scientific
management consists in handling pig-iron” (Taylor 1947). As is the fate of many
theories, Taylor is currently unfashionable, and it is nowadays common to pour scorn on
scientific management. There are good reasons for this. Taylor appears to have had little
respect for the intelligence or humanity of his workers, and treated them as purely
production units. But, it should not be forgotten that scientific management can lay claim

to scme signil i Its lives on under the general title of

“methods improvement” studies. The modern version is more acceptable in that it also
takes account of the fact that tasks are carried out by people, who have their own needs
and are motivated for good performance in different ways. This can be attributed to the
work of the “Human Relations” school of management theories. The work of this school
(Mayo 1949; McGregor 1960; Herzberg 1966) also owes a debt to scientific
management, in that it arose chiefly to oppose the perceived heartlessness of scientific

management.

The past realities of i will now be ined as well as
the realities of today. The following descriptions from a designer viewpoint, outline
major differences among approaches and explore some of their variations, advantages, and

disadvantages, as well as their similarities.



(1).Traditional services in the 1950s

Here the owner employs a designer (architect, architect/engineer, or engineer) who
first prepares the plans and specifications, then exercises some degree of inspection,

monitoring , or control during ion. C ion itself is the ibility of a

single general contractor under contract to the owner. Much of the work may actually be

by indivi ad under to the general

( TRADITIONAL h

‘GENERAL
| DESIGNER CONTRACTOR
OWN FORCES
| SUBCONTRACTORS WORK ]

1. Separate designer

2 Single general contractor
3. Numerous subcontractors

4. Fixed price, unit price, guaranteed maximum,
or cost plus a fixed fee construction contract

5. Negotiated professional fee for design services

\ J

Fig 2-1 Traditional Service

The traditional approach was a sequential, lincar flow of preliminary design,

and supervision of ion. Codes and zoning laws were not
too complex for the most part, and the time for zoning and other public approvals of a

project was usually predictable, routine, and short. Relations between architect/engineer

16



and client and architect/engincer and contractor were stable, and the idea of errors-and-

omissions insurance hai not yet been born. Cc ion costs could be

projected using the cost-per-square-foot method. Cost consultants were few and far
between. As the pace of construction quickened and the volume and complexity of

buildings grew, the old traditional ways of service did not it the needs of the times.

(2).Comprehensive Services of the 1960's(The Qwner Builder)

In the decade construction projects became larger. Large projects became
multibuilding projects. New towns were designed and built, city planning grew into
regional planning. More engineering systems made buildings more complex and difficult
to supervise during construction. The standard form of architects/engincers agreements

was changed; i i observed ion, they no longer supervised it.

Errors-and-omissions insurance was invented, and with this protection came exposure,

and the number of suits expanded again. ions between archi i and
contractors were not as well coordinated as they had been during the fifties. With the
growth it followed that time required for receipt of public approvals was longer in the

sixties than in the fifties.

Therefore, many city, and county public works departments and private
companies have performed both their own design work and some or all of the actual
construction with their own forces to meet this chalienge. This approach is often referred
to as "force account." Other owners (or owners' representatives), while retaining many of

the and design ibilities, have utilized for some

or all of the detailed design, and have depended upon i for the

actusl hiring and supervision of the labor force.
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-~
( Owner-Builder

'CONSTRUCTION
DEPARTMENT

OPTIONAL OWN
FORCES WORK

CONTRACTORS AND
SUBCONTRACTORS

1. Owner ible for design and

2. Optional own forces work contractors and
subcontractors

3. Fixed price, unit price, or negotiated
construction contract

Fig 2-2 Owner - Builder Service

Owner -builders have utilized many of the contractual forms discussed above for

the traditional approach, and they are i moving to

management methods. Actually, the owner-builder can be likened to the design-
constructor, except that the ultimate product is utilized in-house rather than developed for
an outside owner. Many of the -builders have ped design divisions
that are of a size comparable with those of many of the larger turn-key builders. However,
it appears that this method of work is relatively large and relatively constant over a long

period of time, and where project can be from

management.



The owner-builder can employ all the techniques of the design-contractor, the
professional construction manager, and the traditional approach. However at present the
advantages of this type of approach are best suited to a relatively few, favorable situated

companies or agencies now.

(3).Fast-Track Service in 1970's. [Design-Construct or Design-Manage(Tumn-key)]

‘The fast-track method is organized to reduce the time needed for construction,
making possible earlier occupancy and reducing financing costs. In fast-track, as soon as
the schematic design is accepted and public approvals are received, the construction
manager (who sometimes is the architect) breaks the project down into a series of phased

bid packages. Work in the field can be started i i and materials and

requiring long lead time are ordered. Final design and documentation, for separate billed
packages, continue until the building is completed.

During this decade a swarm of package builders and others invaded the design
professional's field and offerzd owners a design-build package. Architects and engineers
countered by getting into the P business They ized joint

ventures and consortiums in any number of ways that might be attractive to clients.
Design-build uses the fast track method of construction, but it does so at a fixed price and
with a single responsibility. Architects supply services to the point of single responsibility
and not to the owner, and great care is needed to avoid conflicts of interest.

Some ities di iate between "design " and "turnkey." General
usage, however, treats them interchangeable. In this method, all phases of a project, from
concept through design and construction are handled by the same organization.(Fig 2-3)



Design-Build Design-Manage

Engineer Construction
Manager

Engineer
Contractor

General General
Contractor Contractor
Own Forces Own Forces
Subcontgractors Work Work

1. Single firm responsibie for both 1. Single firm respansible for both

deslgn and construciton dasign and construciton

2. Specialty subcontractors 2. Fixed price, or negotiated individual

3. Fixed price, price,
or cost plus a fee design-construction 3. Fixed price, guaranteed maximurn price,
constract o cost plus a fee dealgn-construction

‘constract

Fig 2-3 Turn-key Organization

In the case of design the acts as a general with

single-firm control of all subcontractors. Usually, but not always , there is some form of
negotiated contract between design-constructor and owner. In the case of design-manage,

construction is premed by a number of independent contractors in a manner similar to the

concept. Under cither design-construct or design-

manage, ion can readily be under a phased ion program (0
minimize project duration, This form of completing projects has teen used for the
‘majority of process-oriented heavy industrial projects constructed in the United States in
the last few decade. Reference to Enginecring News-Record's (ENR) annual list of the
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500 largest designers show that the design - constructors are heavily represented in the

top 20.

(4). Impact analysis and design services in the 1980s,

(P ional C i )

In the eighties , all patterns of construction management continue to be used. The
traditional linear form continue in use for smaller projects. The trend is clear, however.

New methods has been found to shorten construction time, and increase the productivity

of designer and That is

involves a th team of owner,
party 3

designer and construction manager in a non-adversary relationship, and it provides the
owner with an ity to ici| fully in the ion process. Its success

depends upon elimination of i ionships among team members. Should one

or more of the tcam members introduce concepts or policies detrimental o naturally

the concept i into an ial situation, with

inevitable negative effects upon both the project and individual participants, Barrie gave a

clear picture for Professional construction management (Barrie 1992), see Fig 2-4.
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PROFESSIONAL CONSTRUCTION MANAGER

General Contractor Construction Manager

Geneal contractor

Actiong as Design

Construction Mansger My
A Number of
Independen Contractors

1. Three-party team of owner, seperate designer, and 1. Three-party team of owner, designer, and
‘general contiactor acting as & construction manager , Sk waige.

" 5 b o

B usally actis contracts directly with owner.

4. Negois b i 3.C i -

4

services .
5. Negotisted pofessional fee for design services

Fig24P C
(Donald S. Barrie ,1992)

Obviously, projects are i ing in ity. Fifty years ago, a
person conceived his project, designed it, and built it himself. We have progressed

through the evolutionary stage of master builders to the point that we now have an
industry of specialists. A given project is dependent upon numerous parties, including

owners, d attorneys, and
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government agencies(see Fig.2-5 ). It is not surprising that coordination of all the

participants is a challenge to the most competent manager.

Contractors Insurance
Consultants Designer's Insurance
Suppliers - ‘Owner's Insurance
Vendors gy Permanent Lender
Architects Interim lender
Engineers er
Unions National Govemment

Attorneys Reglonal Government

accountants Local Government
Subcontractors

General Contractor

Fig 2-5 Project Participant

(Richard L. Tucker, 1986)

23



CHAPTER 3. PRODUCTIVITY MEASUREMENT

3.1 Introduction

Due to the fact that mi: i i ivity abound, it is
necessary to restate the i of the concept. Pr ivity growth is directly linked

with increasing real wealth of a nation. Thus, if a general increase in pay is awarded, which
is not ied by a increase in pr ivity, the result will merely be a

corresponding adjustment in prices of those goods and services(i.c., inflation). It is not
easy to rigorously prove the relationship, in a particular industry, or in the economy as a
whole, but the concept accords with common sense, and few would thus dispute that
increased output within a particular industry will benefit at least the people connected with
that industry.

3.2 The Need For Measuring Desigrn: And Construction Productivity

The main input in design and ion are labor (i white
collar and blue collar), materials and equipment. The cost of these resources form the
direct cost of every project. However, material cost unlike that of labor and piant are
usually outside the control of the contractor. Moreover, labor ard plant costs are unstable
and vary within the limits of their control. Labor, for example, is the only input resource
‘whose cost can be completely controlled on site. The greater the control the lower the
cost. Control can achieve its aim only when it is within its limits. These limits can be
known when the maximum or minimum utilization level and plant are known through

productivity measurements.

In recent years, design and construction jobs have become very competitive.

Clients want the best service at the minimum cost. Contractors who are able to put in the
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lowest bid, usually win the job. To be able to bid low, the estimater must know the level of
efficiency of such cost sensitive resources like whether the available equipment can
complete the job within this period. These can be known by knowing their performance
level thorough productivity measurements on previous jobs.

Labor is paid ding to th ibution to ivity. This means that every
worker must be paid fairly to reciprocate a fair day's work. The meaning of a fair day's

work is relative as far as the worker or is This y can
only be resolved by a p ined standard sati to both and labor
through known facts provided by ing the ivity of labor. needs
productivity levels as a basis of labor cost control.

To motivate workers, management institutes incentive schemes. Management uses
the results of productivity measurements as a basis for the payment of wage incentive to
direct labor.

Modem construction is very complex, there are times on the site when certain
activities will be going on with which the contractor has no previous experience.
Meanwhile the value of the products refer to the whole production process, not only the
last or final section. So design, i and etc. should
be included. Hence the indirect cost and direct cost should be calculated at the same time.
Itis, therefore, very important to measure the productivity of labor and plant involved in

such an activity both as a cost control measure and as a historical record.

A foreman, or superintendent on site, or design office staff, may notice an
operation that does not progress at an acceptable rate, this can best be investigated by
productivity analysis.
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3.3. Three Major Dil In Measuring P

Sometimes, for measurement purposes, productivity is loosely defined in terms of
the output of goods or services for a given unit amount of resource input capital, labor,
knowledge, and materials . There are three major difficulties which seriously limit the

usefulness of such measurements.

First, a single productivity measurement is not very useful by itself, and can be
used only for comparisons with the past or with other producers, i.c. , measurements are
indicators of relative efficiency (National Research Council 1979). A company recording
a productivity measurement comparable with the rest of the industry only learns that it is
as efficient (or inefficient ) as everyone else. In order to obtain an efficiency measurement

in absolute terms it is necessary to have a i i with which t p

‘This is not easy to come by in the context of the design office. One would hesitate to
hazard a guess at the absolute efficiency levels prevailing in the average design office, but
figures available suggest that on the construction sites there is still a long way to go.
Tucker(1986) quotes figures from a project indicating that only 20% of man-hours were
used effectively in putting the project together.

The second difficulty with productivity measurements is that it is difficult to
measure what it is really desired to know. In particular, it is difficult to measure the quality
of the finished design, although some useful progress has recently been made in this
area(Construction Industry Institute 1986). Some of the ideas in this publication will be
mentioned later, but it is worth noting at this point that productivity(or effectiveness )
should be defined in terms of the output of finished goods and services; in this case
complete, constructed and operating designs.
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The third difficulty is, there is no general standard for measuring “Brain Work”.
For instance, the two designers A and B, can design a hotel in totaily different ways.
Maybe designer A spends ten days for that work, but designer B spends thirty days for
the same hotel. It is hard to say whether A’s efficiency is higher than B's, because B’s
design maybe better than A's (for instance, save more money, better satisfy owner etc.).
That is why just a few productivity experts research white collar productivity. With the
help of fuzzy logic, we may be able to solve some of the “soft” productivity problems.

3.4 Different Measurements Of Productivity

Different measures of productivity serve different purposes. It is important to

choose a measure that is appropriate tu the purpose. Work-study models serve different

goals than ivity models. ive di: ions require the ge of the
definition being used.
There are a number of of that have ication in

economics, construction and design. In economics , where the objective is to develop

measures for use in policy planning , total factor productivity (TFP) is defined as follows:

ECONOMICS MEASUREMENT:
Total Output Dollars of output _ -
Total Input h Dollars of input
Total Output
TFP= (Equation 3-2)

Labour + Materials + Equipment + Energy + Capital
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In this thesis , if economic productivity is mentioned, all results are calculated

using Equation 3-1 or Equation 3-2,

CONSTRUCTION MEASUREMENT:

In construction we can use this equation to calculate the general productivity:

Output (Dollars)
ot (Equation 3-3)

Design + Inspection + Construction + Right-of-way (Dollars)

meanwhile , it is usual to measure productivity with reference to project or task

C ivity is defined as output per labor cost or output per

labor hour. Alternatively the inverse can be used , so that labor productivity can be defined

as:

Output
Labour P i (Equation 3-4 )
Labour cost or work-hours

Design Productivity

The question of productivity in the design office is more complex. Current

confusion about design productivity appears to stem from at least two problems:
(1) Nonstandard terminology

(2) To use numerical values to calculate or measure the thinking and idea generation

processes of engineers and architects is not easy .
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Therefore, how to define the design productivity is also a difficult problem,
because it includes not only product (drawings) , butalso services. In most design firms,
the marager usually uscs building area divided by design work hours to define design

productivity.

Building Area of Design (Square fect) (Equation 3-5a)
- Design Time ( Man-hour) N

Design Pr

Maybe a more accurate definition that can be used by governmental agencies for

specific program planning and by the private sector for conceptual estimates on individual

projects is:
. DF (dollars)
Design P = 3-5b)
(DS +EC +MC + CS + PC) (dollars)
here

DF : designing fee (design income)
DS : designer’s salary

EC: equipment cost

MC: materials cost

CS: construction service

PC: prime planning cost
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3.5 Work Study Models

A work study method is sometimes called a time-motion study. The study is done
in two phases. The preferred method of doing the work s first determined (the motion
study) and then a time study is done to determine the standard time to perform the task.
Common data collection techniques used are time lapse photography, video photography,
stopwatch timing and work sampling. Results arc commonly presented using gang and
crew balance charts, process charts and material flowcharts,

‘Work sampling is a technique in which a large number of observations are made
over a period of time of a construction activity . The crafts people, machines and processes
are studied and the percentage of time spent in a numbex of work states is noted.

The selection of classifications for work requires great care. In construction four

“work states” are commonly used and are described below:

Direct Work: This classification of work deals with activities that directly
contribute to construction of the project. Examples include craftsmen using tools, a welder

welding a worker operating a concrete vibrator etc.

Indirect Work: This classification of work is necessary work in support of, but
not an integral part of, direct work. Examples include a craftsman cleaning up, an
employee transporting material, workers studying drawings or a craftsman giving

instruction to his helpers.

Idle: Idle classification covers activity, or lack thereof, that is unrelated to the
project and unexplained. Examples include an employee standing idle while a second one
cleans up, a craftsman walking empty handed, employees chatting while getting a glass of
water,
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Delay: this classification refers to inactivity that is related to unavailability of tools
or queuing. Examples include craftsmen waiting in line at the tool shed, employees

waitir.g for materials to be picked up by a crane or employees waiting for direction.

Scarfuto (1985) presents an example of construction work sampling and
categorizes time spent as direct work, indirect work, idle time and delay time. Louis and
Borcherding(1986) studied the correlation between the results of work sampling

and actual ivity. Results showed a close relationship between the

two. In addition, the usefulness of work sampling information as applicator in the

ductivi jection model was Thomas (1991) offered an opposing

opinion. The hypothesis that direct work percentages from work sampling studies can be
used to predict labor productivity was eamed. Data and observations of the investigation
was that direct work cannot be used to predict labor productivity.

3.6 Statistical Measurement :

To improve productivity , the impact of each of the variables mentioned by
Kochn(1986) on labor productivity can be assessed using statistical methods, and specific
attention can be then given to those parti that ly impact

productivity.

Many statistical methods are available that measure the impact of one variable (the
dependent variable) on another variable (t:c independent variable). In :-idition to being
able to predict the value of the dependent variable based on information about an
independent variable, a of strength of ionship bet these variables can
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also be deterinined. One measure of the strength of the relationship between two variables
x and y is called the coefficient of linear correlation (r) , or simply the correlation
coefficient. Given n pair of observations(xi, , yi ), the sample correlation coefficient r can

be computed as :

Sx <
oKV (Equation 3-6)
‘stxsyY

where:

Syy= zxy & ———(ZX)H(ZY)
2
Syxm 3, X2 - _(_2;“")_ , and

2
Syy= Eyz - (ZTV) , so

In order to find the proportion ( 2 ) of the total variables of the y-values that are

for by the i variable x , the following equation can be used:

rz-—s—i’— (Equation 3.7)
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Similarly, 1- # represents that proportion of the total variability of the y -values
that are not accounted for by the x variable. The equations described above can be used if,
and only if, there is a linear relationship between x and y . Other models become
necessary when the relationship between x and y is not linear; that is, y increases or
decreases with x but not in a linear fashion. The approach used in this study was the rank
correlation coefficient, which measures the monatomic relationship between y and x; that

is, y increases or decreases with x even when the relation beiween y and x is nonlinear.

3.7 Using Fuzzy Relational Data-Base To Measure The Problems Of

Design and Construction.

(1).Concept of Fuzzy Set:

Fuzziness represents situations where membership in sets cannot be defined on a
yes/no basis because the boundaries of sets are vague(Zadeh 1965). The central concept
of fuzzy-set theory is the membership function, which numerically represents the degree to
which an element belongs to a set. In a classical set, a sharp or unambiguous distinction
exists between the merabers and non members of the set. In other words, the value of the
‘membership function of each element in the classical set is either 1 for members (those that
certainly belong into the set ) or 0 for numbers (those that certainly do not). However,
many sets, such as the sets of complex system, nice houses, beautiful place, and numbers
much greater than 1.0, do not exhibit this characteristic, that is , their boundaries are fuzzy.

‘The analysis of the basic criteria for the design/construction problem is estimated
as fuzzy vaiues to characterize their uncertainty. The fuzzy values are numbers tha belong.
to a given set (interval ) with a degree of membership. To evaluate the various

problems under inty, let Z(X ) be a fuzzy value for the i th
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basic criterion, and let its membership function m{Zi(x )] be a trapezoid (Fig 3-1), where
x is one element (problem name) of the discrete set of design/construction problems, If
the trapezoid is reduced to a vertical line, it a so-called cri number,
A level-cut concept (Dong and Shah 1987) can be used to define the interval of each basic
criterion at various degrees of membership. The membership degree for an uncertain value
can be determined using “expert judgment” based on experience and observation
variability . As shown in Fig 3-2, Zy(x ) is the interval value of the ith basic criterion at the
membership degree h(i.e., a< Z;x(x ) <b).

1. 1f BESZ / >WORZ/ , then
Sih(x) =

1, z ih(X) 3BESZi

[Zih(x)- WORZ/ J (BESZi -WORZi),  BESZ i <Zih(X)<WORZI
o, z ih(x) <WORZi

(Equation 3-8)

2). If BES Zi<WORZi , then

Sih(x) =
1, z i,h(X) <BESZi

[Zih(x)-WOR Zi J (BES Zi - WORZ)),  BES Zi <Zih(X)< WORZ
o, z ih(x) >WORZi

(Equation 3-9)
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~
(""7“ )] most likely interval

l Largest likely interval

Fig 3-1 Fuzzy Estimate of ith Basic Criterion

Since the units of the basic criteria are different (such as technical factors not
being expressed in units at all while the cost is in dollars), thus making it difficult to
compare them directly, the actual value of each basic criterion [Zi,h{x)] should be
transformed into an index. Using the best value (BESZi) of Zi and the worst value
(WORZi ) of Zi for the i th basic criterion, the actual value Zi,h(x) can be transformed
into an index value Si,h (x) as indicated by (Fig 3-2)

To assign the best and worst values(i.c. BESZ;and WORZ; ) of the i th basic
criterion, one of two options can be used. The first is to assign the best and worst values
of the i th basic criterion according to the overall best and worst values of the i th basic
criterion among the design/ ion problems id The second option is to

assign the best and worst values of the i th basic criterion according to the opinion of an
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expert. Since the actual value Z; 4(x ) is an interval with lower bound a and upper bound b
(Fig 3-1) , the index value i, A(x) resulting from Z; »(x )is also an interval (Fig 3-2).

N
a) BESZi > WORZ
Sinz) "
" Black Gray White
1.0
c
5 /I
‘WORZi a b BESZi
b) BESZi < WORZi
Sihfx)
Gray IBIack
1.0
c
00 J\
BESZi a b WORZi  ZiNx)
- J

Fig3-2 Transferring Actual Value Zixx) into index Value Siac)
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In design and ion p ivil , many problems are "fuzzy".
For instance, it is very hard to measure one engineer's idea using "input” or "output”. To
measure design quality is also a complex procedure. What is the meaning of "Excellent
design?" "Very good construction?" . From "poor” (0) to "excellent" ( 1), we have to go
through a "gray" arca, (from 0 to 1).

(2). Fuzzy Relation Data-Base

In this thesis the author wants to use the Fuzzy Relation Data-Base system to
analyze the relationship between design and construction. Because the Fuzzy Relation
Data-Base(FRDB) ( Candel, 1986) model was designed to satisfy the requirements for

sound formal ions, real-world i ion models, i and user’s

convenience. The Relational Data-Base structure combined with the theory of fuzzy sets
provide a solid theoretical foundation. The query language permits "natural-language-like”
expressions that are easily understood by users, and can be further developed to

fuzzy i or ion rules. An i FRDB system was

to test the feasibility of an imprecise i ion system. The FRDB has been

used as a useful tool to evaluate the complexity of engineering problems where there are
conflicting objectives, the objectives have varying degrees of importance, and values of
input variables are uncertain( A. Kandel 1986, Lee et. al. 1991, ZX. He et. al. 1992,). This
is a multilevel, multiobjective method using fuzzy sets to represent the uncertainty in input
variables, The specific objectives of this study are two fields. The first objective is to
develop an evaluation support system based on a FRDB method(Table 3-1 and Table 3-2),
the second is to apply the evaluation support system to forecast the deviation of design and

constniction.

In Chapter 6, the author will introduce the use of the Single Factor Evaluation

method of FRDB system luate the lexity of design and ion projects.
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Chapter 4. DESIGN PRODUCTIVITY

4.1 Introduction

The design productivity problem is closely linked to the design quality problem.
A lot of rescarch shows that high quality design can tangibly reduce the cost of
construction. There are two ways to discuss the design quality problems: that are the
economical and technical way. In this chapter , the author will , from an economical view
point, discuss the influence of design on ivity in ion; the ion of

design cost and construction cost ; optimum design and design decisions.

The term “design” is defined as the creation of plans and specifications that
result in the allocation of resources, to accomplish a project(Dickerson and Robertshaw
1975.). Design consists of three sub processes: (1) defining the problem, or the
“conceptual phase”; (2) ing and ing al ives, or the iminary
design phase™; and (3) reducing the best solution to a description for construction, or the
“detailed design phase.” In some engineering disciplines, design consists of a test and
revision stage; this stage is not generally applicable in construction. On the other hand,
construction design must include the revisions and interpretations that occur during

construction. Construction design includes planning, cost, schedule, and quality
functions that lead to the i ion of i i In some counties,
detailed design include construction drawing, even include materials specification, for

instance, steel bar specification, wood specification, or materials list and installation
specification.
4.2, Design Process

The progress of a project from the initial idea to engineering reality is depicted by

a process such as that shown in Fig.4 -1(McGeorge, 1988). This diagram gives a picture
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which is too rough and simple. There are other aspects which could be added to Fig4-1,

such as issioning , operating, maintaining, and issioning. These processes

are also very important. However, the fact is that different design offices have different
customers, and different projects have different characteristics. All of these have been
omitted in this as not essential to the argument. It is essential that these factors be taken
into account when assessing the life cost of a project. From this figure, we can see that

notonly design is a product process but also a service process, from project investigation

until the ion has bes Service is a conti process.

Furthermore, designs are not produced just by draftsmen (or by engineers) , but
by a system of resources working as a team. To return to the construction site analogy, it
isno good speeding up the rate of concrete placement if that only means that the operator
has to wait for the formwork crew. In a similar way delays and disruptions are the biggest
impediment to productivity(and morale) on the site. Hence design office output is
affected by failures of the system to function properly. Failure of the system usually
manifests itself in shortage of a key resource, material, labor, equipment, or information
(especially conceming decisions on critical issues). The most important of these, in the
design office context, is information. The engine which drives the design system is the
brain power of its members, and the fuel which powers it is information. The design office
is the qui i i ing system. ion drawn from a host of

sources —— the marketplace , design codes, technical, material, the client’s terms of

reference, the k and i of the design is into

which is (hopefully ) elegant, useful, and economical.
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Fig4-1 Project Design Process

(John F.McGeorge, 1988)

It was stated earlier that productivity must be defined in terms of the output of
finished goods and services, i.e. , activity does not equal productivity. In order to be
productive, an activity must contribute towards the attainment of the desired goal. It is
necessary that the draftsman is not just active, but productive, and to achieve this requires
that attention be given to the nature of the design process.

4. 3. Design Input and Construction Cost

The second feature of the process is that the cost of completing each stage
increases rapidly, in more or less exponential fashion, as indicated by the cost pyramid.
The cost of design is generally considered to be roughly between 2% and 10% of the total
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costs (Institution of Civil Engineers 1985). The implications of this are interesting. Since
design costs represent only a small proportion of total costs, it becomes worthwhile o

increasz the design effort signif in order to achieve ively small
in construction cost. A simple example (McGeorge, 1988), using a design costof 5% is

shown in Table 4-1.
Table 41

Effect of Extra Design Input

Costs($ thousands)
Ttem Original Revised
design design _
Design cost 50 SO+{SOxS0%)=75
Construction cost 950 950 - (950x10%)=855
Total cost 1000 830
Overall Saving 70(7%)

In this case it has been assumed that a 50% increase in design input yields a
10% saving in construction cost. The net result is a 7% reduction in total cost, or a saving
almost 3 times the cost of the extra design work. It should be questioned, of course ,
whether such figures are realistic, and the evidence available indicates that they are. In
fact, rather than overstate, rescarch carried out on constructability, For example, indicates
that ility and value engineering reviews typically yield cons#ruction cost
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savings of 10 to 20 times the cost of the extra design input(Business Round Table 1982).
Even these figures understate the true potential for improvements, as constructability
exercises, by definition, aim at reducing only construction costs, and the picture is

improved by including operating and mai costs, which exceed
construction cost. To take one example, recently compiled figures on hospitals indicate
that operating costs exceed the capital cost of building a hospital within only 2 to 3 years
of operation (National Building Rescarch Institute 1985).

4.4 Optimum Design
(1). The balance between design input and construction cost

Naturally, improvements cannot continue to be made indefinitely. At some point
an increasc in design input will yicld an insignificant saving on construction, and total
cost will be higher. Thus, plotting design effort against total cost yields a curve like the
one shown in Fig 4-2. A rational policy then would be to aim for the optimum design
effort "o’, but the implications of the ing discussion are that most
projects fall well to the left, at some point '@’ . The success of constructability programs is
a result of recognizing and acting upon this simple and obvious fact.

42



0 = Optimum design input
a = Typical project level

TOTAL COST

a
DESIGN INPUT

Fig 4- 2 Effect of Design Effort on Project Cost
(2). The Balance between Multifactor cost

Note, usually the "optimum " or "cheapest" means froma total cost viewpoint,
and does not refer to any individual cost. We have to understand that the most economic
design is not necessarily the cheapest; it is the one which gives the best value for money.
In the productive sector of the economy, the objective is to produce goods and services,
not for their own sake, but in order to make a profit. The final criterion for the
entrepreneur is the difference between revenue and expenditure and the relationship of this
difference to the capital employed. The building is one of these expenses.
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For instance, the cost of a building to an owner can be visualized in three parts.
The first part is the cost of construction, this is basic because the owner’s needs establish
what functions and size a building should have. The resulting design sets construction
costs. All other costs are related to, or are a function of, construction costs. The second
part of the cost of a building includes all those expenses that an owner must incur, other
than construction, before a building can be occupied. The third part of the cost of a
building takes in all the expenses incurred by the owner during its useful life. These larter
are life-cycle costs. The cost of operations and maintenance depends in large part on the
initial cost and on the quality of the architectural and engineering building systems. Low
initial building costs achieved by the sacrifice of quality can result in high life-cycle costs.

Figure 4-3 illustrates these three parts of the cost of a building. The first column
shows that, on the average, architectural building systems account for about 39 percent of

the ion costs, systems 25 percent, and mechanical

engineering systems 36% percent. The second column illustrated other costs before
occupancy. Land is a large variable and can be significant in downtown urban lccations.
(Sometimes the land cost may account for up to 50-100 percent or more of the building.)
The third column shows that total building costs over many years dwarf the initial cost of

construction.
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Figd-3 A Building Cost Analysis
We can use this to express the relationship of the various cost for optimization

purposes.

Minimum cost = Construction Cost + Other direct and
indirect Cost + Life-Cycle Cost

st Construction Cost > 0

Other direct and indirect cost > 0

Life-Cycle Cost> 0
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Figure 4-3 gives only a broad picture of the owner's building costs. Some owners
have all the expertise needed to determine their costs; they establish the number of dollars
available for construction, negotiate a fee with their architect and engineer , pin down all
other costs, and determine their entire fiscal future. Other owners depend on architects
and tiseir engineer and cost managers for a good deal of this information, and these design
professionals must speak the language of dollars as spoken by the building owner.

Since the building interacts with th= other costs of production activity or process
carried on in the building, it is not sufficient simply to minimize the costs of the building
itself. The objective is to minimize the costs of the process as a whole; the costs - in use
being interpreted in a wider sense to include all the expenses of operating within the
building as well as the costs of operating the building itself. The value of the building is
its contribution to the activities carried outiniit. Its costis simply part of the production
cost. In contrast, in the consumption sector of the economy , the huilding is the final
product which has a cost on the one hand and a value on the other. The value of a building
is inevitably subjective and hence difficult to assess. However, since the determination of
the optimum design is a comparative exercise, it is only necessary to compare the value
features which differ and this is usually easier. The difference in value between two
buildings can be compared against the difference in their costs-in- use. Thus, the final
choice between alternative designs can be made in terms of the differences between the
ratios of value and cost.

A further implication, and one well ized by most people who do

constructability assessments, is that the largest gains can be made early in the process, or
high up on the scale of of decisions"(Cx ion Industry Institute 1986).

However , to get the figures on the cost of conceptual desigr. as a percentage of total

design cost is not an casy thing since its ity and inty, but a
similar to that between design and construction may be reasonably inferred. Anyway, at
46



least in the structural design process, concept design becomes more and more important.
For instance, seismic structure design, only adds two percent structure cost for a building
thatcan effectively resist an earthquake of 7 - 8 on the Richter-Scale. In achieving this
slight cost increase, the concept plays a role. It is not just a matter of adding some
rebars to the concrete , but of focusing on how bestto arrange the columnns and shear-

walls in the building. One correct decision can save thousands of dollars.
4.5 Design Decisions

Early decisions are basic decisions that establish design and cost. Controlling
early decisions produces maximum benefit and can effectively reduce the construction
deviations. A wrong decision about community reaction to a proposed building, made
during the impact-analysis phases could result in the project never being built for lack of
public approval, It is important to make the right decision in selecting a schematic design
concept from among a group of alternatives. The building system decision is the firstina
chain of decisions, all of which must be made within the limiting parameters of the
concept. The decisions follow the building system selecticn. Design and cost flexibility
is limited to subsystem and component selection within the boundaries of that systern.

Figure 4-4 (FIFA 1980) illustrates the cost of wrong and right decisions and
shows that maximum penalties and benefits accrue from the early stages of a project and
that after the design phase there is little that can be done to change its cost. It also points
out how detrimental is to try to avoid assessing the cost impact of design decisions.
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IMPACT ANALYSIS
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Fig 4-4. Design Decision and Construction Cost

(Herbert Swinburne, FAIA ,1980)
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CHAPTER 5. CAUSES OF LOW PRODUCTIVITY IN
CONSTRUCTION
5.1 Introduction

The research presented in this chapter was conducted to identify the technical
causes and magnitude of quality problems in design and construction and to determine the
costs associated with e quality problems. This is the second way to discuss design
infl productivity of Ct jon. The detailed analysis of the several deviati

and its distribution leads to the idea of design quality . A good design will be effective (i.c.

, serve the purpose for which it was intended with best possible economy and safety.).

The author believes the best definition of quality is the one proposed by ASCE in
its Quality in the constructed Project (1990). That is “Quality in the constructed project
is achieved if the completed project conforms to the stated requirements of the principal

design i ) while ing to

codes, safety requircments, and regulations”. Simply stated, this definition says that
quality is meeting the stated and agree-upon requirements of the project.

Thus design productivity in its broadest sense (considering whole life costs) is a
quality problem. From the investigation by the author, it is known that design
deficiencies are a major cause of contract disputes and changes during construction. The
analyses of the data indicate that deviations on the projects accounted for an average of
16.5% of the total project costs. Furthermore, design deviations average 68.1% of the total
number of deviations, 61.1% of the total deviation cost and 8.6% of the total project cost.
Construction deviations average 16% of the total number of deviations , 15.3% of the total
deviation costs, and 4% of the total project cost. See Table 5-1 and Fig 5-1.
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Table 5-1

Deviation Distribution

Tem Total Total project | Total Deviation
devigtions | cost (%) number(%)
cost (%)
Design Deviations 611% 86% 68.1%
Construction Deviations | 15.3% 4% 16%
Other Deviations 26% 39% 159%
Sum 100% 165% 100%

Fig 5-1 Deviations Distribution by Cost of Project

Deviations Destribution by Cost of Projects

M Total deviationscost N Total project cost —I

50




5.2, Deviation Data Collected
What is Deviation?

Deviation: In the construction industry , rather than failure or defect (which are

used in ing i ies), indicates that a product or result that does

not fully conform to all ificati i does not i itute an
outright failure (Davis et al. 1989)

Deviation includes changes to the requirements that result in rework, as well as
products or results that do not conform to all specification requirements, but do not

require rework.

Wherever possible , data were collected directly from field change orders, requests
for information, or design change orders that ined complete i i i

(1). A description of the change;
(2). Why the change was required;
(3). Who initiated the change;

(4). The cost of the change.

Some information is adapted from ten projects which the author designed in
China, some adapted from the projects which the author investigated in Canada. When

information was not available , other sources, including cost accounting tabulations and

project were i ig: ‘When complete information was not

available from the alternate data sources, additional information was obtained through
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interviews with project representatives in order to gain sufficient understanding for

analysis of the data.

The deviation data that were collected and analyzed were limited to the structural
design and construction (including fabrication ) phases of the projects studied. The
deviation data collected included only the direct costs associated with rework ( including
repair and replacement ) and therefore do not constitute the total costs associated with the
deviations. These direct costs of correction deviations are only the “tip of the iceberg”.
Impact costs, such as the effects of the rework on the project schedule or on other project
activities , were not generally available and are not included in the deviation costs
presented herein. In addition , no data were available on the costs associated with quality
management activities. The Table 5-2 is the Description of Projects Studies.(in these cases

the inflation was not be considered)

TABLE 5-2. Descriptions of Projects Studied

PROJECT TYPE OF TYPE OF BUILDING AREA
STRUCTURE USE (METER SQUARE) _|
A Concrete Frame: Public 60,000
B Concrete Frame Public 45,000
c Concrete Frame Industry 78,000
D Steel Structure Public 45,000
E Steel Structure Public 112,000
F Steel Structure Industry 18,000
G Masonry Structure Public 9,000
H Masonry Structure Residential 30,000
1 Masonry Structure Residential 23,000
1 Flat-Plate Public 12000
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5.3 Classifying Deviatior: Data

The deviation data collected on the ten projects were classified to allow a more
descriptive analysis of the causes of the deviations and their associated costs. The

deviation data were divided into five major design,
transportation, and operation. Each of these areas were further subdivided by type of
deviati

For the projects studied, a large percentage of the deviations were due to design
changes (over 50% of the total number of deviations). To better define the costs
associated with design changes , the deviation category for design changes was expanded

to seven design-change categories.

54  Design Deviations

Design deviations are related to the design of the project. Design errors (DE) are
the result of mistakes or errors made in the project design. Design omissions(DO ) result
when a necessary item or component is omitted from the design. Design changes occur
when changes are made in the project design or requirements , and are further classified as
follows:

(1) Design Change /Improvement (DCI)

DCI includes only design revisions, modifications, and improvements initiated
through the design process. For instance , the result of design reviews, model reviews, and
technological advances. Changes initiated for any other reason are classified under one of
the other design change designations.
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(2) Design Change/Construction (DCC)

DCC is changes in design made at the request of the field or construction
personnel. An example of this is addition of concrete pads to permit proper installation of
equipment.

(3) Design Change/Field (DCF)

DCF is design changes due to field conditions in retrofit and upgrade projects. An
example of this is when the existing structure, equipment, or pipe location differs from the
details given on available drawings, and the deviation could not have been foreseen by the
designer.

(4). Design change/Owner (DCO)

DCO is changes in the project design initiated by the owner. Examples of this are
a change in project scope or things like additional electrical outlets in an office.

(5).Design Change/l'rocess (DCP)

DCP is design changes in the process portion of the facility initiated by an
owner’s representative or consultant familiar with the expected operations and processes
to be fulfilled by the activity. An example of this is the addition of valves, pumps, electrical

ori ion that affect the operation of the completed facility.
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(6).Design Change/ Fabrication (DCR)

DCR is changes in design initiated or requested by the fabricator or supplier. An
example of this is a fabricator request for a change in vessel dimensions to provide

uniformity between parts.

(7).Design Change/Unknown (DCU)

DCU is design changes for which the description does not yield enough
information regarding the reason or source of change, and discussion with the project
representative affords no insight . An example of this is a change with a description such
as “structural steel design change .” While this change may have been an improvement in
design or the result of a model review, it may also have been a redesign due to an error.

5.5 Construction Deviations

Construction deviations are related to the construction phase of the project and
consist of those activities and tasks that take place at the project site. A construction
change (CC) is defined as a change in the method of construction, such as placing
concrete by pump rather than by bucket. Construction changes are usually made to
change the constructability of the project. Deviations classified as construction errors

(CE) are the result of ion methods or C

omissions (CO) are those deviations that occur due to the omission of some construction

activity or task.
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5.6 Admini ion and Owners

The government may change regulations or they may pursue some new
procedures. For instance, they do not permit use of some materials or publishes new
traffic policies. Often designers are asked to change their design. Sometimes the owners
change their mind. In commercial projects we usually meet thesc situations. For
example, the manager of a supermarket finds that he needs extra space for some new
product . He asks the architects to change the design . We identify it as “Administrution
and Owners Deviation(AOD)"”

5.7 Fabrication Deviation

Fabrication deviations are related to shop fabrication change errors. Omissions
that occur during field fabrication are included in the construction deviation categories.
Fabrication change, errors, and omissions are those deviations that occur, or are the
result of, work performed by a vendor, fabricator, or supplier. A change made in or
during fabrication is classified as a fabrication change (FC) . Fabricated parts that are not

in with the ifications are noted as fabrication errors(FE), while parts or

pieces that are included in the specifications but are not supplied are denoted as

fabrication omissions(FO).

5.8 Transportation Deviations

‘Transportation deviations are related to the transport of equipment, materials, or
supplies. A transportation change (TC) indicates a change in the method of shipment ,
¢.g., shipping by air to expedite delivery rather than shipping by truck . Transportation
errors(TE) denote errors made in transporting a product, e.g., shipping an article in
separate pieces when the specification requires the shipment of an assembled product.
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Transportation omissions(TO) occur when a required part or item is not included in the
appropriate shipment.

5.9 Operation Deviation

A differentiation was made between changes, errors and omissions made to the
operation or process portion of the facility and those changes made to improve
operability. An operations change might be the use of two pumps instead of one, or the
addition of check valves in a required line; while an operability improvement might be
relocating valve handles to improve operator access. Changes in operability are denoted
with the deviation code(OC) , while changes made in the operation or process portion of
the facility are included in a specific design-change category. There is no need for error or

omission ies for ility since errors and omissions in ility are the result

of an error or omission made in design , fabrication , or construction.

5.10 Analysis of Data

The data were analyzed in tenns of the number of and costs of deviations. Since
the size of each of the projects (in total cost ) varies, comparisons of the number of
deviations and deviation costs were ai! purformed on a percentage basis to allow
comparisons among the projects to be made. The analyses consisted of the number of
deviations, deviation costs as a percentage of total project deviation costs, and deviation

costs as a percentage of total project cost.
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5.11 Design Deviation Is The Major Part Of Total Deviations

Table 5-3 and Fig 5-2 presents the number of deviations in the design,

and operation areas as a percentage of the total

number of deviations on the project. The greatest number of deviations occurred in the

design and

areas . Design

for 47.7%-90.7% of the total

number of deviations on the projects , while construction deviations ranged from 2.3-

20.3% of the total number of deviations. It shows that the major part of deviation is design

deviation.
Table 5-3  Number Of Deviations As Percentage Of Total Number
Of Deviations Of Each Project
AREA PROJECT
Afplciple|Flciuli1 |1 |AvERAGE
DESIGN 712|907 |11 55 |750| 69 |618]519 |477]653| 673
CONSTRUCTION |45 |23 |75 |213 |125| 75 |153]203 |184 |18 121
FABRICATION  [134 |57 [123]12 |14 |23 |35 [101 |31 |65 | 62
TRANSPORTATION |25 [12 |08 143 1107|193 |89 |09 [153]59 | 59
OPERATION 24 fo1 Jo3 fie2fo03 |1olios|i=8liss]79 | 84
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Fig §-2
Number of Deviations as Percentage of Total Number

of Deviations

Operation
Transportation 8.39%

6.24%
Fabrication

5.95%

Construction
12.14%

Table 5-4 shows the percentage of the total number of deviations for design
changes, errors, and omissions for each project. Design changes in design were not
recorded unless they were the result of an error or omission. Fig 5-3 shows the design

as of total number of different deviations. We can see that the major

reasons for design deviations are Owner change (18%), Design error (19%), Fabrication

(10.09%) , and Field change and construction (10%).
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‘TABLE 54

NUMBER OF DESIGN DEVIATIONS AS PERCENTAGE OF TOTAL NUMBER OF

DEVIATIONS OF EACH PROJECT

DEVIATION PROJECT

CATEGORY afejc|ofefrlalunffs AVERAGE
DESIGN CHANGE/

IMPROVEMENT 72169135 | t1]230134]83127]11.2) 26 59
DESIGN CHANGE/

CONSTRUCTION 0112067 1290134f45]67] 24732187 2.1
DESIGN CHANGE/

FIELD 53153121 )78[107]154] 5646/ 53[12.8 1.5
DESIGN CHANGE/

OWNER 120 7511591 00 [13.3]23.6]155/184|14.8] 6.7 128
DESIGN CHANGE/

PROCESS 101139189 112]105]08)45}38]) 27]23 39
DESIGN CHANGE/

FABRICATION 2121321)235] 13| 34)23]16]08]) 23[12.4 10.1
DESIGN CHANGE/

UNKNOWN 17) 521117913201 71)126/45] 35|28 49
DESIGN CHANGE/

TOTAL 57.61629]61.7132.2)146.8]57.1]54.8147:2] 43 |58.3 522
DESIGN ERROR 19.11219)115.3)21.51187) 78 ) 64 ]38 ] 42 5.1 124
DESIGN oMissIoN |os| sof21]13[/96f41)06]09]05]19 27
DESIGN TOTAL 71.2]1907]79.1{35.0]75.1]169.0161.8]51.9}47.7]65.3 67.3
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DESIGN DEVIATIONS AS PERCENTAGE OF TOTAL NUMBER OF
DEVIATIONS

DESKRNOMISSION  DPROVEMENT
EY %

Fig 5-3 Design Deviations As Percentage Of Total Number Of Deviations

5.12. Cost of deviations

Table 5-5 presents the deviation costs for each area as percentages of the total
deviation cost for each project. Fig. 5-4 presents the ten-project averages for the same
data. Since design devi. for such a large of the deviati Fig
5-4 presents a breakdown of the design deviations. Deviation costs for the design-change

categories amounted to an average of 61.14% of the total deviation costs.
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TABLE 5-5 DEVIATION COSTS AS PERCENTAGE OF TOTAL PROJECT

DEVIATIONS COSTS
PROJECT
AREA AlBlclpople| Flo)| ul| 1] 3] AVERAGE
DESIGN 59.6] 61.7] 57.8| 55.3| 632| 72.1] 63.8| 63.9] 51.4| 626 611

CONSTRUCTION | 23 | 3.1 | 4.5 30.4| 158] 4.7 | 13.5| 23.4] 35.9] 19.7 153

FABRICATION | 29.1) 30.1{ 25.5| 3.2 | 23| 57| 42| 35| 45| 3.8 12
TRANSPORTATION| 13| 29| 77| 9.8 | 129] 10.4| 9.7 | 88| 53 ] 6.4 15
OPERATION 771 22] 45]) 13| 58] 71] 88 04] 29| 7.5 438

oo |

0.00% 20.00%  40.00% 60.00%  80.00%
Percentage of Project Deviation Cost
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5.13 Deviation Distribution

From research it was found that different structural styles have different deviation
distributions. For instance, masonry structure design deviation is relatively low(53.9%)
but construction deviation high(36%), and concrete structure design deviation is high

(82.3%) but construction deviation low( 15.7% ). See Table 5-6 and Fig 5-5 for detail.

TABLE 56
AVERAGE NUMBER OF DEVIATIONS AS PERCENTAGE OF TOTAL
NUMBER OF DEVIATIONS OF EACH PROJECT

TYPE OF STRUCTURE
DEVIATION CATEGORY CONCRETE sTemL MASONRY |  FLAT-LATE AVERAGE
(3 Projects) | (3 Projects) | (3 Projects) | (1 Project) 10 Projects)
CONSTRUCTION CHANGE 85 123 20.1 129 135
CONSTRUCTION ERROR 69 (A1 58 9.1 #
'CONSTRUCTION OMISSION 03 12 10.1 29 36
CONSTRUCTION TOTAL 18.7 196 36 249 241
CHANG! DESIGgVEMm 59 23 10.7 26 54
CHMEEIDC%SPE‘S]#R —— 29 103 41 18.7 9
DESIGN CHANGE/FIELD 42 113 52 12.8 84
DESIGN CHANGE/OWNER 118 12.3 16.2 67 1.8
DESIGN CHANGE/PROCESS 16 08 37 23 36
DESIGN CHANGE/FABRICATION 25.6 23 16 124 105
DESIGN CHANGE/UNKNOWN 2.7 6.1 69 28 46
DESIGN ERROR 18.8 16 48 89 12.1
DESIGN OMISSION 28 15 0.7 59 6.1
DESIGN TOTAL 823 764 539 7.1 T4
OTHER 2 4 101 2 45
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The average values for the design deviation categories are broken down in Fig 5-6.

Fig 5-6

Average Number of Deviation as Percentage of Total
Number of Deviations

o5885833888

Perceatage of Deviation Cost

! ESIGN E3 CONSTRUCTION |

Using Fig 5-6 and Table 5-7, when we know what kind of structure, the deviation
distribution can be forecasted , so in the next chapter we will use these tables to forecast

design and construction deviations.

64



CHAPTER 6. FORECASTING DESIGN AND
CONSTRUCTION DEVIATIONS
6.1 Introduction

For years, control of ion quality was idered the ibility of the
trades foreman on the job site. Quality control was mainly the task of inspecting the work
and repairing or redoing any work that was considered unacceptable. However, project

managers finally recognized that this process was both incomplete and ineffective. In

some big design they have extensi p In small
companies, there is very little in the way of formal management procedures. Of course,
efforts were needed to prevent incorrect or out-of-specification work. Quality problems

were not limited to just the construction site.

The goal of an owner is to have a project that incorporates the latest technology
with the capacity to meet project cost and scheduling objectives. This goal has resulted in
fast-track construction of these projects. The trade-offs for the compressed schedule have
been problems of undefined scope due to last-minute design, design changes, and
incomplete designs before construction starts. These design-related problems are often
not found until the construction phase of the project with the results being stoppages of
work or the need for rework, increased project costs, and schedule extensions.
C ility and val incering studies have been undertaken to bring

construction expertise into the design phase to eliminate design-related problems,
Generally, management has not been able to determine the magnitude of these problems
and how effective these studies are.
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The best way to control design and construction quality is to establish a data
base of problems detected from past projects and to usc that information for predicting
the number of problems that can be anticipated in the future project. These problems are
discovered during the actual construction of the project, but the majority of these
problems originate in the design phase. Currently, there is no documentation linking
these problems to the design phase where the actual cause of the problem can be
determined.

Generally speaking, predictors can be found, two feedback loops can be
established to benefit the design from the il ion di: during

For ongoing projects , a short-term feedback loop uses the data gathered during
problems, a long-term feedback loop tracks the results from completed projects to builda

data base. Designers could use these data to prevent recurring problems on future

projects of similar design.
However, the objectives of imizing technical and
cost and time are in conflict. Th ion of the technical factors, cost and

time, are associated with uncertainty. With the help of Fuzzy Logic theory we can solve
these problems. ( The basic fuzzy theory has been introduced in Chapter 3).

In this thesis, the author uses ten projects (which have been described in Chapter
5) to reseaich how the design deviations influence construction. The ten structures were

divided into four groups. They are: concrete frame structure, steel structure, masonry
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structure, and Flat-plate structure. Because of this, the projects can be analyzed as four

different structures.

6.2 Methodology:

The data collected from the real projects which were designed by the author in
China, also include some projects which were investigated by the author in Canada. As
mentioned earlier, the Canadian projects were not included in the analysis due to lack of
some crucial pieces of imformation. The information from China was entered into a data

base and analyzed using various statistical techniques and fuzzy logic.

6.3 Limitations found in the projects

(1)InChapter 5 the author has describted the cost problems in details (see Fig 5-
8 and Table 5-8), so in this Chapter cost problems are not considered.

(2) The data doesn't reflect the skill level of different engineers.

(3) Some information is not included. For instance, the equipment , the
level etc. Cc ions crawn from the projects are therefore made in
general terms and not with the accuracy usually associated with objective data. Finally the

author gives four forecasting equations .
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6.4 Problem Categories

In this thesis, the author uses the categories method developed by Smith(1983)
and Bliudzus & Ashley(1985), Glavan(1991). The categories used in these references
were an excellent start for this study; however, no single system totally captured the
detail necessary ., To study the types of problems that arise in the construction phase of a
project, a hierarchy of problem categories must be established. Various accepted

categories of problems used in th ion industry vary ing to intended uses.

After areview of the existing categorics and an initial classification of the projects, cight

categories were chosen. These categories, along with subcategories, are as follows:

. Drawings: Classification when questions to problems arise related to a

drawing.
. Interference.
. Discrepancy.
. Omissions.
. Error.

. Schedule: Problems that could affect the schedule. Used when delays are
encountered because of missing information or drawings. This category is also used

with information.
. Information needed.
. Information provided.

. Drawing needed.
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.Design : Category used when changes to the original design result in engineering
rework or when the memo identifies design deficiencies.

. Error.

. Change.

. Scope: Defines the work to be accomplished and accounts for additional vvork.

. Procurement: Category used to cover vendor problems, material problems, or

requests for field purchase.
. Engineering for ficld purchase.
. Commodities.
. Field purchases.
. Vendor problems.

. Fabrication,

. Specifications: Category used when there is a question concerning the
specification, a request for a material substitution or the correctness of a particular
specification.

69



. Clarification.
- Incomect.

. Change( i.e. material substitution).

. Construction: Category used to classify problems caused by the contractor.
These problems are not caused by the design team, but solutiors to these problems are

provided by the design team.

- Error,
. Problems.

Maintenance: A maintenance service exists to keep equipment in running order
and also to reduce the number of breakdowns The objective of maintenance is to bring

whatever is being maintained towards a state of failure-free operation in construction

industry. It two stages: i i and

.Operation Error
.Design Error.
.Utilization problems,

Once problems were identified and classified, data were examined for specific
relationships and trends to determine if these trends can be us~d to predict potential
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problems before they impact the project. [t is important to realize that one problem could
generate more problems due to dependency. For example, a drawing omission could lead
to a procurement problem, which could then cause a schedule delay. These problems were
considered indirectly by fuzzy logic in this study

6.5 Results

Preliminary results, which are not presented here, showed that the problems for
each unit followed similar trends when examined by problem category and discipline of
originator (problem groups). The hypothesis tested was that the percentage of problems

for each discipline varied i to the discipline’s progress. To test this

hypothesis , profile curves were generated similar to those shown in Fig 6-1(Glavan
1988). Three curves depict the possible outcomes. Profile B (straight line) is the 45° line
expected when the percentage of problems is in proportion to the percentage of a
discipline’s progress, i.c., problems occur throughout the time the discipline is active on
the project and increase at the same rate as the discipline’s progress, but have fewer

problems at the end of that discipline’s activities.
(Note: Complete Structure , refers to the structure construction period only).

Of the three curves, profile C is potentially the worst case since it shows that
problems occur at the end of a discipline’s activities. The closer to the end of the
construction phase or the beginning of start-up a problem is discovered, the more
expensive reworking can becorae since more disciplines and systems are involved . Also,
if management is unaware that a discipline is following a curve-C pattern, there would be
no indication that more problems are going to occur until they are actually discovered .

Disciplines that follow curve A have a large number of problems that develop
quickly, which should bring prompt corrective managerial action. The increased attention
lessens their impact.
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Disciplines with problems that follow curve B follow the expected path and do nct

require the concentrated attention the other two curves usually generate.

Fig 6-1 Example of Profile Curves
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Fig 6-2 to 6-5 show results from the disciplines involved with these projects.
Steel structures followed profile A, Concrete structure and Flat-plate structure followed
profile B, Masonry structures followed profile C. Design-related problems do not vary
during the construction phase of the project. By their nature, the different technologies
and complexities of the units caused problems for the design team, but the contractor used
existing methods, If the changed or d would i

more problems. So designers always stress “work follows drawing".

Obviously, the structural problems should be a perfect to fit to a profile A

curve,i.e., the majority of structural problems should be discovered early —— few occur
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near the end. One would expect that most of the structural problems should be discovered

at the outset of the activity since the ination of ion depths,

locations , form erections, etc., require average information carly in the project. One
example is the foundation. Accurate information on the location and size must be
provided early. Once formed concrete can be poured and finished to specifications

without further design guidance.

From the investigation, the problems occur differently for different structures.

Problems with steel structures always happen carly in the period of construction.
Itis close to a curve A fit. While the steel work is being fabricated in the workshop,
preparations are going on at the building site. The ground is leveled, obstacles removed,
access roads and paths made, and the necessary holding-down bolts embedded in the
concrete foundations ready to receive the stanchion bases. Either tall tower erection
cranes or jib cranes mounted on high staging are installed, and the 'bits and pieces' of the
structure itself are then lifted into place by the steel erectors. The whole sequence of
crection has to be programmed to fit in with the work of others on the site, It is one of the
advantages of a steel-framed building that the lower stories can be finished off and
finished (and sometimes even occupied) while the steel framework is still being erected
for the upper stories. But the advantages br' 1g some short comings. Because the
instailation is a complex process, so in the early stages, a lot of steelworks is
transported into a narrow construction site waiting for erection in the correct position.
Many workers in the same construction site do different work and to make some
mistakes is very easy. Meanwhile, some installation problems are n¢ t easy to see in a
steelworks factory . At the construction site we sec them. So in steel structural work

one should pay attention to the work that interfaces with installation. See Fig 6-2 for

73



deviation distribution. These can be compared with the three curves shown in figure 6-1 to

ascertain which category A, B, or C the type of structure falls into,

Fig 6-2 Steel Structure Discipline
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Cencrete structures and Flat-plate structures followed profile B with only slight
deviations. Early deviations (Average line) above the line B were similar to the deviations
found in the concrete structure discipline; they dealt with foundations and initial layout,

near the end of construction problems deviated below the line, which indicated more
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problems than expected at the end of the activity, since other problems , are caused by the
interaction with electrical, plumbing and equipment installation. These become major
problems( compared with masonry structure , it is relatively minor). Overall, Concrete and
Flat-Plate structure follow profile B in that problems increase uniformly as the

discipline’s progress increases. See Fig-6-3 and Fig- 6-4.

Fig 6-3 Concrete Structure Discipline
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Fig 6-4 Flat-Plate Structure Discipline
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The masonry structure follows curve C. The majority of masonry structural
problems are discover in the later stages — few occur near the beginning. This is the
worst case since problems are only discovered towards the end. When problems are
discovered late, the cost of correcting them is much greater than if corrected early on.
More work has been completed and consequently rework becomes much more complex
and involving more systems. The masonry structure relies on the wall to support the
load of the building and equipment. The problems often occur during the installation
period due to equipment etc.  Masonry structure is not like frames structure and steel
structure. During equipment installation, if you want to make some changes without
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damaging masonry walls, it is aimost impossible. See the Fig 6-5 for cumulationve

distribution.

g
3
H
2 P
* P
¥ ol
—
f o S S
2 ool " O
e AR S A e
o 10 20 30 40 50 60 70 80 90 100

Percentage of Structure Complete

S project G ——O——Project i —h—

Fig 6-5 Masonry Structure Discipline

6.6. Using Fuzzy Relation Data-Base(FRDB) Method To Forecast The Design

Deviation And Man-Hour

The above study provided an excellent record of the time and deviations. The
results were consistent for all four units of this project; therefore, models were developed
using regression analysis to predict the number of problems that might be expected for
each discipline. Bu; we have to understand that the deviations are uncertain, or vague, and
different structure style, different architectural style, different maintenance systems

influence each other. So we can use fuzzy logic method to solve these problems.
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methodology to assist managers to predict design deviations and Man-hours in design
and construction. The basic idea is to use a composite procedure to set up a fuzzy relation
set of the projects, and then use the fuzzy relation set to get the Weights coefficients of the
projects. One then normalizes the Weights coefficient to get the degree of complexity of
the whole project. Finally considering the degree of complexity, deviations, and man-

hours, a regression method can be used to obtain the forecasting equations.

[1]. Determination of Weights E: ing Set X:

Weights ing Set X are by weights ion factors. Weights

evaluation factors express how we evaluate the weight of influence of different factors in

one project.
X = (x4, %2 ntn )

say, weuse A for building attributes instead of X. If we want to evaluate a building,
we consider its architectural style, structural style, and maintenance system. Experts can
evaluate the complexity of each of these attributes. These evaluations allow one to define
the weights evaluation factors a4y, 6z, a3 which should be nprmalized to add up to 1.
Hence, the Weights Evaluation set A is : -

A =(01,82 wtln)

(i.e. a; = Architectural style = 0.3,
az = Structure style =0.6,
a3 =Maintenance style =0.1 )

A=(03, 0.6, 0.1)
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[2.] Determination of Fuzzy Relation Set R

o T2 st Tim
Re| ™ ™ e T
fal a2 ser Tam

Tij is Fuzzy Complexity Factor.

i=12,.n. j=12,.m

The Fuzzy Relation Set R is a modifier. It reflects the relationship of Fuzzy set A
and B. R consists of Complexity Factors. With the help of Fuzzy Relation Set R , we
can calculate how the different technical complexity factors' influence each other. The
methodology organizes a problem into the following sequential format: (1) define basic
criteria; (2) group basic criteria into progressively fewer, more general groups; and (3)
normalize and evaluate the complexity of design and construction projects. The next
section explains how the sets A and B can be conbined to give R .

Composite Procedure

‘The selection plan contains the weighting procedure used to determine the technical
adequacy of each special field and thus form the basis for making an award. It lists the
basic criteria of the technical feature to be evaluated, the inputs of basic criteria, and the
salient characteristics of each criterion, and "the expert degree of complexity".
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(The expert degree of plexity is ing to the experts' ion. The
complexity of a project can be divided into several " diviations degrees. Sec Tables 6-1,
6-2, 6-3, 6-4).

The composite procedure involves a step-by-step regrouping of a set of various
basic criteria to form a single criterion . The 27 basic criteria shown in Table 6-1 are
selected as critical and sensitive criteria in accordance with the evaluation criteria specified
in the request for degree of complexity evaluation from experts. In this study, the Degree
of Complexity (as shown in Table 6-2) specified by the author's experience and some
expert's suggestions. It divied into three degrees. The first level is NORMAL, that refers
to the work in Construction or design that is relatively not too easy and not too hard to be
completed. The second level is COMPLEX, this refers to this work that is relatively
harder than NORMAL condition. The third is VERY COMPLEX, this refers to work
which is very difficult to do. This is the definition selected for the projects which were
investigated by the author. See Table 6-1 and Table 6-2 .

Table 6-1 The Definition of Complexity Degree

Intensity of complexity Definition
01 Nomal
12 Complex
23 Very Complex
0.5,15,25
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Table 6-2 Example of Composite Procedure

‘Third Level

Second Level

First Level

Degree of
Complexity

Construction

Residential

1

Industry

Public

Structwre Style

Steel

Concrete

Masonry

Equipment

-

Heating and Light

Style

Industry

Residential

Public

Structure Style

Masonry

Concrete

Stec!

Heating and Light

Power System

Mainienance

Industry

Public

Residential

Structure Style

Steel

Mechanical/
Electrical System

Light

Plumbing System

Power System

O (ST E N (N3 N O (S0 (SN N (VO [SUy Vi WO (U O RO AR N OO R AR O A VO
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The Table 6-1 shows the complexity of each criteria. The set of basic (first-level )
criteria is grouped into a smaller subset of second-level criteria. For example, the basic
criteria such as steel structure, concrete structure, masonry structure can be grouped into
Structure style, which is an element of the subset of second-level criteria. The same way
of grouping is used to form other second-level criteria such as Architecture style,
Mechanical;/Electrical system. Further, second-level criteria such as Architecture style ,

Structure style, i ical system, are grouped into C

factor, Design factor, Other factor, an element of the subset of third-level criteria, The
final composite (system) criterion can be formed by composing the third-level criteria
such as Construction and Design and Maintenance factors. Finally , we normalize all

factors, and the result is the Fuzzy Relation Set R ( matrix).

(3) Determination of Weights C

Weighting coefficients are assessed to reflect the relative importance of each
criterion. To calculate the weighti it the d by Kandel

P

(1986) and Z.X. He (1992) is applied. The procedure, can be used to obtain the

complexity factor of each criterion in a group based on a paired comparison of each. In
this study, we just depend on "expert evaluation” (Table 6-1 and Table 6-2), from past
experience and different specialization, we c..n the get different weight coefficients.

1. Define Fuzzy Evaluation Set
X = x1, X2, cnXn )

( x; = evaluation item, i = 1,2,3, ..n)

]
2. Define evaluation language set
Y = (yn Y2 ym}
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F1IX1+21X2.. +TpiXe = by
P12 X14722X2..4Tm2 Xn = b2
Fim X1+ F2mX2ee + P Xn = by
The problem is simplified into solving the fuzzy equation set.
b1, bz, ...bm are the weight coefficient factors, they reflect the relative importance of each
criterion in the project.
(4). Normalizing Fuzzy Weights Coefficient Set B, then wecan get the relative complex
degree of each item.

In this research , we use ten project (Table 6-3 ) to calculate the degree of
complexity of each item.

TABLE 6-3. Descriptions of Projects Studies

PROJECT TYPE OF TYPE OF TOTAL INSTALLED
STRUCTURE USE PROJECT COST(RMB)

A Concrete Frame ‘TECHNICAL 90,000,000
B Concrete Frame HOSPITAL 20,000,000
c Concrete Frame 'WORKSHOP 30,000,000
D Steel Structure RESIDENTIAL 12,500,000
E Steel Structure. OFFICE 234,000,000
F Steel Structure: FACTORY 19,000,000
G Masonry Structure. RESIDENTIAL 7,500,000

H Masonry Structure RESIDENTIAL 10,900,000
1 Masonry Structure. HOTEL 65,000,000
1 Flat-Plate COMMERCIAL 76,900,000
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(i.e. y i =Good, Very Good, ...... )

3. We use Single factor evaluation . That is, set up a fuzzy mapping set from X oY,
and getthe fuzzy relation setR. R is the single factor evaluation matrix

£X S FAY)
Xi = riglyr+ ra y2 + oo + Fin/¥m

0sry<l i=12,.nj=12..m

m 2 st Tim

= 21 f22 -
because R= f2m
Tal Tn2 wer Tnm

If we let evaluation set X = ( x;, X3, ..., X5}, R is fuzzy relation matrix, so

Xor=3B
M T2z e Tim
7 ™2 *e+ Nm
(X1, X2, -=- Xa)® =(by, bz v, by )
Tal Tn2 “rr Tom

According to Zadeh (1965), we get

(rUAXV(T24A X2)V oo V(T AXn) = by

(riz AXDV(r22A XQ)V ... V(2 AXn) = b2

(rimAXIV( T2mA 52N oo V(T AXp) = b

{Note(V) , (A) Minimum ( Maximun ) of fuzzy numbers by max-min convolution}
If we use “+" instead of "v" and "+" instead of A" , then we can get equations
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For example, how to obtain the degree of complexity of Project A:
(1) Choose Weights Evaluation factor's domain:
U = ( Architectural style, structural style, mechanical/ electrical system}
(2): Determining evaluation term set
V= ( Design factor, construction factor, Maintenance factor)
(3) Fuzzy relation Factors:
Design_factor:
From table 6-1 and Table 6-2, we can get Architecture style is Public,
degree of complexity is =3,
the structure style is concrete, degree of complexity is = 2,

Mechanical /Electrical system style is heating and Light, so degree of complexity is 1.

So its Design factor should be
3 481
DF=|2 | =| ry
1 31

Construction Factor: (CF1

From Table 6-1 and 6-2, in the construction part,
the architecture style is public, the degree of complexity is 3,
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the structure style concrete frame, so its degree of complexity is 2,

the ical /electrical degree of ity is 3 ; so the degree of complexity of Construction

factor CF should be

3 T2
CE=( 2 [=| r22
g L2

Maintenance Factor :(MF)

Architecture style is Public , but its maintenance is a little more complex, so

its degree of complexity is 1.5,

the structure style is concrete, degree of complexity is =2,

Mechanical /Electrical system style is heating and Light, so degree of complexity is 1.

So Maintenance Factor (MF) should be

2 T3
MF= |1 (= ra23
gl L7

(4) Weights Evaluation Factor:

We choose the weighting evaluation factor as follows:
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Architectural style (AS) 0.3
Structural style (SS) 0.6
Mechanical /Electrical system (ME) 0.1

thus A = [0.3,06,0.1)

DF CF MF
3 3 15 (Architectural Style )
R= 2 2 1 (Structural Style )
1 3 3 (Mechanical/Electrical System )

To normalize every horizontal line, we get

DF CF MF
. 040 040 020

040 040 020

014 043 043
so AcR=8

DF CF MF
ASSS ME 040 040 020 DF CF MF

[ 03,0.6,0.1 ] o| 04 o040 020 = [0.40,0.40, 020 ]

0.14 043 043

To normalize B, s0 0.4+ 0.4 +0.20 = 1.
SoDF = 0.40/1.0 =04
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CF=0.40/1.0=04
MF =0.20/1.0 =0.20
So the final weighting coefficient is DF=0.4, CF=04, ME=02

‘We muitiply all weighting coefficients by 10, and regard them as The Degree of complexity of
the Project. Hence we can get the Table 6-4

Table 6-4 The Degree of Complexity List

PROJECT TYPEOF TYPEOF DESIGN DEGREEOF|  CONSTRUCTION
STRUCTURE | ARCHITECTURE | COMPLEXITY |DEGREEOFCOMPLEXITY
X10) x10)
A C te Fras Public 4 4
B Concrete Frame. Public 3 4
(o] Concrete Frame Industry 4 5
D Steel Structure Public 3 2
E Steel Structure Public 8 2
K Steel Structure Industry 1 1
G Masonry Structure Residential 1 5
| H Masonry Structurs | Residential 2 6
1 Masonry Structure. Fublic 2 7
] Flat-Plate Public 3 5

T 1s realized that the process complexity and the actual detailed design complexity
are separate issues. However, due to the small sample size available and the limitations of

the was i as one variable. Therefore, the

variable used in the ion analysis was the number of design man-hour,

and the dependent variable used ‘s the number of problems.
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Table 6-5 shows the number of design man-hours for each discipline and Fig 6-6
show the plot of the number of problems versus number of design man-hours . It appears
that as the technology of a unit moves from a mature technology to the newest technology
the number of problems and the number of design man-hours for each discipline increases.
This holds true even for Steel structure although the amount of steel structure design man-
hours is so much greater than that for other disciplines. The slope of these lines indicates

that an increase in complexity of a project increases design man-hours for a given

design hg further should result in the design deviation
being decreased, but reach minimum with a specific number of design man-hours.
Realistically , it is known that zero deviations could not be reached and that there is a
practical lower limit. Generally speaking, the designer should control the design problems

so that they are as close to the optimum deviation level, as possible.

As complexity increases, so does the design effort and, potentiaiiy, the number of
problems; and at a certain level of technology , an increase in the number of design man-
hours should reduce the number of design-related problems. A study of moze projects,
especially projects with different designers-constructors in teams, as well as an attempt to
isolate variables that would predict the results, such as designer’s experience, workload,
design schedule, etc., would have to be undertaken before definite conclusions could be
drawn concerning the benefit of increasing the number of design man-hours to reduce

design-related problems.
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TABLE 6-5
THE NUMBER OF DESIGN MAN-HOURS FOR EACH DISCIPLINE

Project | Degree of Concrets Frume. ‘Steel Structro. Musonry Structare | Flat-Plate Strucure
Complexity ) ) 2 2
A 4 4385 - - =
B 3 354 - - g
c 4 5.03 - - 5
D 3 - 385 - -
E 8 - 807 - &
F 1 = 124 - -
[c] 1 % = 133 -
H 2 - - 212 -
1 2 - 239 -
e ] 3 = = - 34

ign Man-Hour And C ity C:

Table 6-6 shows the degree of complexity and design Man-hours relation. We can

use it to get a numerical equation.
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TABLE 6-6 THE DEGREE OF COMPLEXITY OF PROJECTS

'VERSUS DESIGN PROBLEMS AND MAN-HOUR

Project Y(Man- X(Degree of Design
hour/100m?) | Complexity) | Problems(/100m?)
A 485 4 46
B 35 3 38
c 503 4 42
D 385 3 43
E 807 8 13
F 124 7 59
G 133 1 21
H 212 2 25
1 239 2 21
I 347 3 32

91



let X = the design degree of complexity of project, y = the design Man-hours(/100m?) . We have
the following results of statistical analysis:

x x b3 bid Xy

1 1 133 177 133

2 4 212 449 424

2 4 239 571 478
3 9 354 12.53 1062
3 9 385 14.82 1155
3 9 347 1204 1041
4 16 485 252 19.40
4 16 503 2530 2012
7 49 124 5242 5068
8 64 807 65.12 64.56
Sx=38 Sx2= 181 Sy=4189 Sxy=197.69

Y=8y/n=41.89/10=4.19
X=Sx/n=38/10=38

Ly=Sy- n(Y)2 =21774 - 10+ (4.19)2 = 4226
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La=Sx2-n(XP = 181-10% (3.8)2= 36.6

Ley =S xy - n(xy) =197.69 - 10 * (3.8 % 4.19) = 38.37
Regression Coefficient b:

b = Loyl Lx=38.47/36.6 = 1.05

Regression Coefficient a:
a=Y-bX=419-105+38=+02

hence : y=a+bx

¥ = LOSx+0.2........... ..(equation 6-1)

where y is the design Man-hour(m?/100), x is the design degree of complexity of project

The equation expresses the relationship between the design manhours and design degree of

complexity .
Checking:
From equation 3-1:

-
Vixlyy

- 3847 _ .0978
{36.6x42.26

Since R =0.978 R2=0.96
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t-Afn-2
So V1-R?
-0.98XY8 _ 1384

V1-0.982

Since t=13.84 > > tg 0258 = 2.306 (confidence level is 95%)
hence, we can think of the equation as being positively related to the data.

In the same way , we can get the relationship between the Design degree of complexity

and the design deviations:

let x=Design degree of complexity and z= deviations of design(/1000m?), we have

x 2 Zz z2 xz |}
8 64 130 5329 584
7 49 590 3481 41.30
4 16 460 2116 1840
4 16 420 1764 16.80
3 9 380 1444 1140
3 9 430 1849 1290
3 9 320 1024 960
2 4 250 625 500
2 4 210 441 420
1 1 210 441 210
S x=38 S x3=181 S z=40.00 S2%=185.14 Sxz=180.1

X=Sx/n=38/10=38
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Z=S1:/n=40.00/10=4.00
Lex=§x2-n(Xp=181-10* (382 = 36.60
La=S2-n(z =185.14- 10 * (4.00 2 =25.14

Lo = §xz-n(xz) =180.10- 10 * (3.8 * 4.00) = 28.10
Regression Coefficient b:

b= La/ La=28.1/36.6 =0.77

Regression Coefficient a:

a=Z-bx=4-077+38 =107

hence

Z= 107 + 077X cosssnssssssssmssssssssnnes (€Quation 6-2)

The equation 6-2 expresses the relationship beiween design degree of complexity and
design deviations.

Correlation Coefficient
R=093, R%=086

t=7.03>> top5 = 2.306
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Y = 105X +0.2

Z=0..77X + 1.07

w
I

o 1 2 3 4 5 & 7 & § 19
Design Degree of Complexity

Fig 6-6 Design Degree of Complexity VS Design Deviations or Man-Hours
Conclusions from this analysis are:

1. Regression equation 6-1 explains 96% of variability in design Manhour/100m2
of design degree of complexity. Equation 6-2 explains 86% of variability of design
deviations as a function of design degree of complexity.

2. The model is statistically significant at & =5%
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3. Results show that using the two equations (6-1 and 6-2) we can forecast the

design deviation if we know the design degree of complexity.

An example of how to use the regression equation to predict the number of

design-related deviations when the design degree of ity is known is as follows:

Given the design architectural style , and structural style, and other transportation
situations, we can use Table 6-3 to get the design factor, after that we can get the weighting
coefficients. Then we can get the design degree of complexity . Then using equations 6-1

and 6-2 to forecast the deviations and man-hours in designing.

6.7 Forecasting Construction Man-Hours And Deviations Using Constructicn

Begree Of Complexity
‘We can forecast the number of i iations and Man-h by using
degree of plexity as the inde variable. Table 6-7 show the

number of construction man-hours for each project.

Table 6-7  Construction complex degree and Man-hours list.

PROJECT Construction Degree | Construction Construction
of Complexity Man-hour/(m?) i 1000m?)

A 4 185 347
B 4 252 216
(o] 5 313 154
D 2 133 38
E 2 141 391
E 1 121 4.11
G S 343 178
H (] 381 19

1 1 4289 159
J 5 358 12
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Let x; = Construction degree of complexity, ¥ = the Man-hours of construction . We

can get
X xe? _Ye ye Xe¥e
1 1 121 146 121
2 4 133 1 266
2 4 141 199 28
4 16 185 342 74
4 16 25 635 1008
5 2% 3 980 1565
5 25 343 1176 17.5
5 2 358 1282 179
3 3% 381 1452 28
1 4 489 291 Vi)

Sxe=40 Sxl=01 | Sye=2116 | Syct=8780

Ye=Syd n=2116/10=2716
Xe=Sxdn=40/10=40

Lyoye=Sy.2- n(Ye)2 =87.80- 10 * (27162 = 14.03
Luzze= S x2 - (X2 = 201-10* (4R = 41
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Lxcye = Sxye - nxye) =131.99-10* (4 *2716) =23.35
Regression Coefficient b:

b = Lxryd Lxcxe = 23.35/41 = 0.57

Regression Coefficient a:

a =Y.-bX: =2716 - 0.57+ 4 = +0.436

hence :y .= a+bx,

Ye= 0.57Xc + 0.436 .. . (Equation 6-3)

Equation (6-3) the i ip between ion Man-hours and degree of
complexity construction.

Checking:

SinceR =0.97 R2=095

sot=1201

Since t=12.01 > >ty 0253 =2.306 (confidence level is greater than 95%)

So we can see that the Man-hours of construction are positively related to the data.

In the same way , we can get the relationship between the construction degree of
and th i

Let xc= the i degree of ity and Zg=
(/1000m?), we have statistical result as follows:
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X x? ze z? XeZe
1 1 12 144 12
2 4 1.54 237 308
2 4 178 317 3.56
4 16 159 25 636
4 16 19 361 7.60
3 25 2.16 461 10.08
F | 25 328 1076 16.60
S 25 391 15.29 19.55
6 36 347 1204 2082
1 49 411 16.89. 2877
S xc=40 S xc2-201 S 2=24.94 S 22= 7276 |8 xeze=118.14

Ze=8xdn=2494/10=2.494
Xe= S xJ n=40.00/10 = 4.00

Lxczc= § x2 -nfXcf = 201 - 10 * (42 = 41

Lice = § 22 - n(Z,P = 72.76 - 10 * ( 2.494 2 = 10.56
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Lsete = § Xcze- n(xcz;) = 118.44- 10 * 4 2. 494 = 18.68

Regression Coefficient b:

b = Licacl Lxaxe= 18.68/41 = 046

Regression Coefficient a:

a=2.bx; =2.494 - (0.46) » 4 = 0.654

hence
Z.=0.654 + 046X, ..

the equation expresses the

construction deviations.
Checking:

Correlation Coefficient
R=090 , R2=0.81

t=5.9 >> tops.3 =2.306

(equation 6-4)

ip between ion degree of

(confidence level is greater than 95%)
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Fig 6-7. Construction Degree of Complexity VS Construction Deviation or Man-Hours
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From above calculation and Fig 6-8 , we know that :

1. Regression equation 6-3 explains 95% of variation of construction man-hours

as a function of i i ion equation 6-4 explains 81% of

construction deviations as a function of construction complexity.
2. All variables are significant at a confidence level greater than 95%
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It must be remembered that this data set is very limited. There are only 10 data
points. Nevertheless, the trend is there, and early predictions can be approximated using
these equations. Further research must be done to validate this model.

Another criticism is the fact that the intercept is not zero which implies that
problems exist without any work being done. It must be remembered that regression
provides a best -fit line by minimizing the least squares of the residuals, which often
includes an intercept. The belief is that the intercept will decrease towards zero with a
larger data set; however, in order to provide as accurate an estimate as possible within the

limits of the data, the regression equations are recommended for initial use.

‘The following conclusions are made from this chapter :
1. Design-related problems can be traced back to the design phase of a project.

2. Process and design complexity are onc of the causes of design-related

problems.

3. Profile curves of different disciplines predict the pattern of problems
throughout that discipline's progress.

4. The number of design-related deviations and Man-hours can be forecasted

using the design complexity for each project. .
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CHAPTER 7. INCREASING DESIGN
PRODUCTIVITY

7.1 Introduction

Itis appropriate at this stage to consider the means by which productivity may be
increased. There are essentially three ways:

1, Work harder.
2. Work smarter (i.c, methods and design improvement).
3. Increase capital investment (c.g. in equipment).

From experience, we know that, most often in design firms, it is not effective to
improve productivity by working harder. To work smarter and increase capital investment
are far more useful and have led to a number of improvements . Working smart include
improving management of the design firm, designer training, and utilizing new and
advanced ization, simplification of ions (work smarter).

in improved equi such as puter aided design systems (CAD) has
done much to improve the output capabilities of the draftsman.

Approach 2 is probably the more satisfying (“producing more from less” as
opposed to 3 “ getting more with which to produce”) but the scope for improvement is
necessarily limited to some extent and subject to the law of diminishing returns, It is the
most inefficient operation which has the greatest room for improvement . This is not to
say that improvements from this source have an absolute ceiling. Human ingenuity should
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always be able to find some ways to improve. Improvements just get harder to find.
Hence managers stress design management.
7.2 Management responsibilities:

The emphasis on assuring the quality of design must come from engineering or
for th: ineering work

project To be the g
must establish the tone and thrust in policies and practices, and his acts must match his
words. It is easy to demand quality when everything is proceeding on schedule, on

budget, and is meeting customer requirements.

Periodically, the engineering manager should step back and constructively
examine the engineering processes. Do the people in the department know and understand
the preferred ways for performing their tasks? Do they actually do it that way? Does the
process consistently give the desired results? Are their methods and practices cost-
effective?

One useful approach is to select several engineering change notices from some
recent projects. Examine these with a critical but constructive eye with the purpose of
determining why the change was made. Was it necessary? Was it needed to correct an
error or an oversight 7 What could have been done differently to avoid the need for the

change? What can be done to prevent recurrence?

‘These ideas are not new. Paulson(1976) stated that the level of influence of value
engineering concepts had been well understood in some sectors of industry for many
years, The main point of his paper was related to the one made here, namely that the level
of influence exercised by management over the cost of a project declines continually as
the project proceeds. On day one, management exercises 100% control, i.e. , to build or
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not to build, each decision from this point onwards reduces the remaining influence over
expenditures . The problem, as always , is not with understanding, but with
implementation. The difficulty is to achieve a level of acceptance sufficient to motivate the

necessary structural changes.

7.3 Design Optimization:

This is really the heart of the matter , and one of the major reasons that the
concepts discussed have seen so little in the way of implementation of the concepts
outlined in section 4-1 and 4-2. These are absurdly simple, and yet it appears that most
engineering projects fail to approach the optimum cost “o” point. It must be noted that
minimum life cycle cost is not the only possible objective [Moore 1986], but it will serve

for discussion here, as the same principles can be applied to any other objectives.

The fact that the design phase is not managed to produce the minimum total life

cost is an inevif q f the way the ion industry is structured . Itis a

consequence, firstly, of the fact that design and construction are treated separately —
whether in Canada, United States or China, the costs of the design are negotiated with the
consultant in isolation from the costs of construction, and before the design is done. The
result is suboptimization during the design phase. This results in many deviations

during the construction phase,

The term imization, familiar to i refers to the

“optimizing "(in terms of some definition ) of a small part of 1 project or process in
isolation from the rest, i.¢. , there is no integrative thinking, no consideration of the overall
picture. We should not be surprised at this. It follows directly from specialization and
division of labor, and will always occur unless specific steps are taken to prevent it.
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7.4. Communication and feed back in design process

In Chapter 6, we discussed how to forecast the design and construction problems,
but it just described the one side of the design quality problem. The other side of the
quality problem is a ication problem. Cx ing our attention, for the

moment, on the stages in Fig 4-1, some important features can be noted. Firstly,
information flows both up and down the chain, to fuel the process. “Design is an iterative
process with each iteration aimed at increasing the level of information in order to improve

the decision making. Ce linati lecti ing, storage and ission of
information is essential for effective design. Existing information flows should be

analyzed to identify bottlenecks and remove them” (Engineering council 1986).

Based on the author's structeral design experience, many owners and
architect/engineer(A/E) design staffs did not experience an unusually high number of
design quality problems. However , they were curious about these problems, and studied
the causes to see if they could be addressed. Many of these structural problems could
have resulted in more serious failures than those actually encountered, had the situations
or settings been different. In any case, such problems did result in a loss of function or
production, additional expense for remedial work, nuisance work for the owner's

and loss of in the design i involved.

A subcommittee of the U.S. House of Representatives Committee on Science and
Tecknology held hearings in 1982 to examine the problem of structural failures in the
U.S. The subcommittee sought to identify factors that contribute most significantly to the
occurrence of structural failure, Its report lists significant factors that are important in

preventing structural failures, including these six critical factors: (1) communications and

in the ion industry; (2) i of ion by the structural
engineer; (3) general quality of design; (4) structural connection design details and shop
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drawings, (5) selection of architects and engineers; and (6) timely dissemination of
technical data (U.S. Congress 1983). Note that items 1 and 6 are communication -related

factors.

In light of this, the gulf between design and construction across which
information flows only with difficulty is a glaring anomaly. This gulf, resulting from the
traditional separation of the design and ion phases is a of the

structure of the construction industry. From Fig 5-3, we know that the main reason that
influence design deviations are five factors: owner change (18%), design error (19%),

10%) , design imp (9%), fabrication error (15%). So
many scholars and researchers think the best bridge to cross this gulf is to set up an
effective communication systems. The basic communication system can be depicted as I

have shown inFig 7-1.
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FEEDBACK

Fig 7-1 Basic C ion System in C ion Industry

‘This system involves the owner, designer and constructor the three parties in one
information system, delivering messages to each other through communication
channels. The most important step is "feed back”. Unfortunately, for a long time,
people put the attention on how the designer delivered information to the constructor, but
did not pay attention to constructor's feedback to the designer and owner. In fact, the

communication must go both ways.

refers to i i itted by a receiver back to the original
sender of a message. Feedback can be written, spoken, or conveyed through body
language. Many communication experts believe that "true communication " cannot take
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place until the sender has received confirmation from the receiver that the message has

been understood and guaranteed ( Boone al. et. 1992)

In practice , owing to failure of communication, many accidents happen. It should
be stressed that not only is information sent by designers, but also to get the feedback

from the constructors is important. For instance, the failure mechanisms involved in

such problems included design errors, designs, ici loading,
vibration from equipment, vibration from wind vortices, rapid corrosion of structural

members, ici| high ici| thermal snow loads in

excess of code, water loads in excess of design loads, construction from preliminary

drawings, field construction errors, ficld changes to designs, vague vendor drawings,

incorrect vendor i ion, fast i fast), and icati i with
designer errors and communication/coordination failures. Therefore , some mechanism is
required to get the contractor involved in the decision process at the design stage. This will
increase the benefit from the feedback loops at a stage where no costs are being increased
at the side for correction or modification of the design. Relatively minor modifications at
thie design stage can lead to major savings in costs at the construction stage. This will also
eliminate a lot of construction changes during the construction period. Hensey(1987)
investigated over forty failures and accidents in construction, He claimed that about 25%
of structural problems are due, in part, to communication /coordination failures. Most of
these structural problems could have resulted in serious, life-threatening structural failures
under different conditions of loading or had they gone unnoticed for a longer time. For
the most part, these problems did not result in serious, life-threatening structural failures ,
but under different conditions of loading, or had they gone unnoticed for a longer time,

they could have. For the most part, these problems were not the result of new technology,
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or truly loading, but rather of a

7.5. Computer Aided Design (CAD)

Computers can greatly improve the design productivity, as Figure 7-2 shows
(Applied Research of Cambridge Limited (ARC)). This figure shows how, with computer-
aided design, the greatest amount of time and resources is put into design effort and

relatively little ints ion of i Note how the curve of the right

decision of Figure 7-2 compares with ARC's traditional method and how, with computer-
aided design, the ability to make the right decisions over a longer period of time is
enhanced because of the level of effort put out during the schematic design phase. From
the author's experience, CAD can increase design efficiency by at least three to five times.
This leads to substantial savings in money and time, So CAD is a valuable investment in

the design office .

These gains are valuable, and should be welcomed, as long as they do not obscure
the fact that the real problem, and the area of greatest percentile gains , lies elsewhere. This
conclusion follows from the fact that there is much more to design than merely putting
lines on paper. It is only the last step of a much more difficult process, namely that of
deciding what to draw. So the architects and engineers can have more and more time to
think and adjust which plan is better or which method is more suitable to the project.
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DECISION IMPACTS AS SEEN BY ARC

IMPACT OF DECISIONS ON
IMPACT OF DECISIONS ON
DESIGN QUALITY AND COST DESIGN QUALITY AND COST

PRODUCTION n
DOCUMENT

PRODUCTION
DOCUMENT

RESOURCES

TIME TIME

RESOURCES SHIFTED
TRADITIONAL IN SYSTEMS APPROACH

Fig 7-2 Decision Impacts As Seen By ARC (FAIA 1980)

On the other hand, computers can also create problems. Engineering software
presents many new challenges. Ofien, the construction and constraints of the programs
have low visibility, coupled with limited user documentation. This is especially true when
using software which was developed outside the company. Yet , a strong tendency for
engineers is to give the software developers the benefit of the doubt and to use the
software somewhat blindly. Again, it is quite easy to misapply computer software, to use it
beyond its proven limits, or to make assumptions about it that differ from those made by
the software developers, The key for is to insist that your engi dy the
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software documentation carefully and apply it with caution. Otherwise, you may have a
disaster in the making . In my design firm, at least 10% of accidents were caused by

computer related errors.

7.6 Control of Changes and Nonconformances

To be successful, enginecring departments must manage change, change must not
manage engineering departments. A planned and orderly process is required for defining _
the change, evaluating its impact, and i ing the details. If anything can go wrong

in engineering, it will do so in the change process.

The greatest enemy of the control of change is the pressure of time. Many errors
are committed in the name of expediency. Changes often must be acted on quickly, but
not haphazardly. Is each engineering change clearly documented? Have all aspects of the
change been defined? Are changes reviewed and approved in a manner consistent with the
release of the original design? Has the change and its impact been reviewed by technically
knowledgeable personnel? Is the change really necessary?

These same questions apply as well to control of nonconformances. Keep in mind

that are simply changes. Cs their impact must be
identified and evaluated and decision must be made in a logical fashion to use, revise, or

replace.

7.7 Desi ibility during C:

As a project reaches the construction phase , the design engineer must define his
level of continuing responsibility. The designer should outline the construction standards
appropriate for the project and remain involved during construction to the extent necessary

113



to assure these standards are met. In addition, the engineer should prescribe a quality
control program and identify the required qualified inspection personnel. The engineer
should organize the team that is to implement the program under his/her direction.
Unfortunately, this may not often be realized. Sometimes the owner is unable or unwilling

to fund inspection efforts and may rely on self-supervision or control of i ion by the
specialty contractor. This can and usually does lead to serious fragmentation of
responsibility among the owner, architect, design engineer the geotechnical consultant, the

general contractor and specialty contractors.

7.8 The responsibility of construction management during design

The ibilities of 7 in design can be
and are the result of the need to achieve more efficient , realistic designs which take
of the skills of i i Such dge should be provided

in the early phases of a project, where the most significant savings can be realized.
C ion managers' ibilities can entail ths ing( Conner 1983,
Holton 1983, Lee 1982, Lindstrom 1982):

1. Design recommendations.

2. Construction contract document packaging and coordination.

3. Cost estimating, budgeting, and controlling.

4, Planning, i lling, and coordinating of all project work,
including design.

5. Layout of construction site, access, and temporary utilities.

6. On-site i incering and to include ing of

changes, payment requests, quality management, surveys and geotechnical
investigations.
7. Matezials ,including and field materials control.
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8. Review of contractor submittals related to field methods to determine compliance
with the contract.

9. Responsibility for value engineering.

10. Safety programs.

The above list is not intended to be all-inclusive, but indicate most of the
construction management functions having design-related responsibilities. In the design
phase, the construction manager performs essentially two roles. This individual assists in
the overall formulation of the design by assuming primary responsibility for cost and
schedule, and advises the owner or architect/engineer on constructability , and cost and

schedule implications of the design.
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CHAPTER 8. CONCLUSIONS AND RECOMMENDATION
FOR FURTHER RESEARCH

‘The question of producing better quality designs is obviously a complex one, with
implications affecting the whole construction industry. The issues are hotly
debated(Richard 1983; Cassino 1983; Zweig 1984), which is an indication of the
perceived need for solutions.

(1) Design Quality Greatly P ivity Of Cy

On the basic of the investigations made in this thesis, the author claims that the

low productivity of ion is due to the unsatisfactory quality of design.

12 Yy
(2). Good Design Can Reduce The Cost Of Construction.

Good design at Icast includes two jd=as. One is an economical idea, that is using
optimization theory to get the best result in direct cost ; indirect cost; life-cycle cost and
the owner's requirement. The second is a technical idea. That is how one can reduce the
deviations of design and construction. Design-related problems and construction
deviations can be traced back 1o the design phase and construction of a project. This
study shows that the design deviation is the major part of deviation of whole project, so

we should pay more effort to improve design quality .

(3). Profile curves of different structure predict the pattern of problems

throughout that structure’s construction progress.

From this study we can see that different structures in different construction
stages have different deviation distributions. Profile curves that tested whether the

percentage of problems is linearly proportional to the percentage of the progress complete
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proved the most insightful. For this case study, the curves showed when problems

occuired for each discipline and by ining the and istics of each

discipline, plausible reasons for the timing of these problems were proposed. If further
research shows these curves to be valid for other projects, then management will be able to

use them to predict problems and take corrective actions.

(4). The amount of design-related and i i can be
forecasted using the degree of complexity. Fuzzy logic and statistical methods can

be used in forecasting deviations.

Since many design and construction problems are fuzzy, vague and uncertain, it is
very difficult using classical ( certainty) methods to evaluate these problems only.
Furthermore, the author adopted the Fuzzy Relation Data Base system to define the
degree of complexity of project, and then to get the weights coefficients. Finally one getsa

functional relation between deviation and ity , he and ity. After
that, using statistical regression method one gets four equations. These four equations
of forecasting future problems were proposed. It was observed that the number of
problems and man-hours had a strong predictive relationship with the degree of

complexity of design and ion. Models were ped for each of these

relationship ( it must be remembered that the models are used to forecast the problems
and not to explain the d-effect relationship). The equations can be used to predict

future problerus on projects of similar nature.  The author claims that, this thesis provide
a general approach to forecasting mistakes in design and construction. The author has
shown that the timing of de:viations will follow a given pattemn for a given structure type.
This pattern will hold true regardless of who the designer is. The four equations can be

changed if relevant data is available. This data should reflect the performance of the
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designers and managers involved in the projects to be forecasted. Although data are

limited, definite trends can be observed and further research using these procedures is

ded. Further i igation could reveal i jon about the influence that
different design and management procedures might have on the number of deviations.
The fuzzy logical method used here can be refined as more broadly based data becomes

available. It might also be extended to take into account the effect of learning.

(5). Feedback is a good way for improving design quality and

productivity.

The structural problems reviewed indicate that quality in the designed and
constructed project is not simply a function of the skills and diligence of the various
parties involved . It is also a function of their ability to communicate needed information

about scope, costs, schedules, technical information, and changes.

There needs to be communication with the contractor at an early stage of the
design. The problem is caused again by the system , whereby the contractor is not chosen
(in theory) until the design is complete and the bids are in. Vlatas(1986) suggests that the
contractor should be brought into the process by the time the design is 30% complete.
Again a fundamental change in the way things are done is indicated (where allowed by

law).

The role of the construction manager in design must be stressed. In many project
design-related activities, such as cost savings, feasibility, and scheduling, the
construction manager should play a primary role. Whereas in those functions affecting
plant design integrity, the construction role must be advisory. In some field management
activities, construction managers actually have design-related responsibilities, and their

liability exposure can be considerable.
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This study was undertaken by using of the degree of complexity to determine the
number of design-related problems that occurred during the construction phase of a
project. It is hoped that the cause and impact of these problems could be traced through
the existing project documentation. However, the documentation did not provide an
estimate of the cost, time , nor the degree of impact that the problems had on the project.
Further research into this area will be possible now that this study has shown that design-
related problems can be traced back to the design phase of the project and the costs to
correct these problers can be monitored.

In summary, the lack of formal i and for ing the

design process is a hindrance tv better quality design. Part of the problem here is the

difficulty in evaluating design quality, parti the of the

design. Unlike of quality and ivity on the ion site there is
no standard against which to compare. It is not possible to compare the scheme which was
designed with that which was not, nor the design which was built with that which was not.

Th i ies arise from th ially unique nature of each civil engineering project.

This does not imply, however, that civil engineering design cannot be measured and
evaluated --- it is just more difficult. But Fuzzy logical theory has given us a way of
dealing with these problems in the future. This thesis is just a beginning. Combined with
statistical methods, this approach may be use to compare the relative efficiencies of

different design and management procedures and policies.
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