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ABSTRACT

The work described in this thesis is concerned with site layout

and construction planning.

The current wusage of site layout information in construction
planning techniques 1is investigated, and the layout development
methods used in other fields such as Architecture and Production
engineering are also reviewed. The limitations, applicability and
potential of these models is discussed.

The layout of a construction site affects the manner in which
construction plans are formed. This research is an attempt to isolate

the site layout factors which are taken into account in the planning
stages of a project. The layout of a construction site may be

utilised in the formation of construction plans in two ways. Firstly,
the large scale layout of the structures may influence the order 1in

which the structures are built. Secondly, the small scale layout of
the work within each individual structure will determine the order 1in
which that work will be carried out. A model has been developed which
uses the two types of site layout information for the structure and
activity sequencing in the production of construction plans on a
micro-computer. The practicality and performance of this model has
been tested by comparison of the plans produced wih those produced
with other planning methods and those produced in industry.

The feasiblity of the integration of this model with Computer-
aided design packages has been discussed with a view to producing
construction plans automatically from the contract drawings.
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CHAPTER 1

INTRODUCT ICON

Planning techniques have had widespread use in the construction

industry since the introduction of network planning in the mid-
fifties. In their original form, network techniques included very

simple relationships between various activities or work packages,
which collectively made up the project as a whole. The form of these

relationships were "activity B may only be started after the
completion of activity A".

Since their introduction, much work has been carried out 1n
developing planning methods that are more realistic models of the
project. Some of these models have been extensions to the original

networking techniques, whilst others have been completely new models.
Examples of the introduction of "realism" into planning methods

include:

a) Full precedence method. This model 1is an extension to normal

networking techniques, that has expanded the possible types of

relationships between the activities to allow both start and enc
constraints. This is particularly wuseful in modelling situations

where activities may overlap one another.

b) PERT. This model is a networking technique that has
introduced uncertainty into individual activity durations to allow
an average project duration and associated variabilities to be

calculated.

c) Line of Balance. This method was developed to handle linear

or repetitive projects. This type of project are difficult to
satisfactorily model using networking techniques.

d) Method of Potentials (Roy's method). This method introduced
another type of relationship between the activities in networks. The
relationship is of the "must" type, and may be described as
nconcrete pouring must occur within x hours of concrete mixing".



e) Resource scheduling. Resource scheduling is not a specific
method, but rather a technique that is wused throughout construction
planning. It 1is generally used to introduce resource limitations to
networking methods.

All these methods, have to some degree, have found uses
in the construction industry.

Site layout 1is one feature of construction projects that has
received little attention in the development of new planning methods.

l.1 Site Layout in construction planning

One of the main goals of planning in the construction industry
ls to reduce the cost of construction. Construction costs can be
broadly split into two categories:

a) Non-billed costs
b) Billed costs

Billed costs are those costs which are generally accounted for

in the Bill of Quantities, and are those that the contractor would
incur regardless of the work method adopted. They include:

a) Cost of materials

b) Cost of resources

c) Billed work

d) Billed temporary work
e) Insurance

Non-billed costs are those which arise as a result of the
contractor's work method and are very largely dependent on site
layout and the resources used. The tender for the contract will
generally make a sensible allowance for these types of cost. They

include:



a) Transfer of materials on site

b) Wastage and theft of materials
c) Non-billed temporary work

d) Supervision
e) Movement of resources around site

In tendering for a contract, a contractor will qgenerallx not
directly include éiieuﬁiéyout information in the tendgglhfﬁecéuse
standard rates are often use&“wﬁibﬁqﬂméke "blanket" allowances for it.
However, if the estimator has a plan or work method which takes
account of the site layout at the tendering stage, then more accurate

tenders may be produced. This is very important in terms of corporate
security.

During the construction of the project, a plan which has

included site layout will generally allow more efficient utilisation
of men and plant, as inefficiencies in resource movement may be

eliminated in the early planning stages.

In order to incorporate site layout into a planning method it is
useful to sub-divide the site layout into two categories:

a) Permanent works layout
b) Temporary works layout

This division is carried out because their incorporation into a
planning method may take very different forms.

1.2 Permanent works layout

The completed site layout for any contract will be the same

whatever work-method the contractor chooses to use. However, at any
intermediate stage during the construction of the project, the
partial permanent works layout will change with each structure that
is started or finished. This means that during the course of the

construction the permanent works layout does depend on the wOIk-
method adopted by the contractor.



If the project contains structures that are ‘"useful" the
contractor may elect to carry out their construction early in the

contract. For example, a contractor would normally partially complete
permanent roads to allow good access, and small structures, such as
garages and sheds, for use as dry, safe and secure material stores
and workshops. The early construction of this type of structure
eliminates the need for the provision of temporary structures for
these facilities and functions, whose cost is bourne by the
contractor.

In order to achieve this cost reduction in temporary works, the

contractor has to modify the work-method to allow the early usage of
this type of structure.

The relative positioning of the structures on site may also
influence the order in which the contractor decides to carry out the
work. In certain projects, the order of the construction of the
structures 1is carried out in such a way as to minimise resource
movement and material handling. This situation is mainly exhibited in

linear projects, such as roads, although all projects will have some
resource movement 1implications considered in the formation of the
plan.

On a more localised scale, the relative positioning of items of

work to one another may influence the order in which this work 1s
carried out. A simple example is that of a trenching operation where

the tremch excavation has to be carried out before any of the pipe
laying activities may occur. The "micro" site layout may therefore be
utilised to define the order of work within the individual
structures, whilst the "macro" may influence the construction corder
of the structures themselves.

1.3 Temporary works layout

Temporary work is normally un-billed work carried out by the

contractor 1in order to provide all the facilities that are necessaly
for the construction of the project. Generally it includes temporary
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haul roads, material stores, workshcps, Gbatching plants, and

temporary site offices, and many of the other facilitles.

The extent of the temporary work and the positioning of it's
various features are decided by the contractor, and 1s often a
conclex problem. The problems occur because the need for resources,
materizle ard access varies at every stage of the construction, and

ary declsion concerning placement of temporary works has to take
account of future working positions.

1.4 Research Objectives

The aims of this research are itemised below:

a) To investigate the current usage of site layout informaticn

in construction planning.

b) To develop a method that attempts to rezlistically model the

construction site. This method will consequently utilise not only
"micro" and "macro" site layout informsticn, but also many other
features swch as efficient resource usage in the formationof

ccnstruction plans.

c) To investigate the feasibility of integrating this planning
model to Computer Aicded Design (CAD) packages with a view tO

producing plans automatically.



CHAPTER 2
PREVIOUS WORK

2.1 Site lavout in Construction

Discussions on the layout of construction sites has received
scant attention by many authors of bocks and papers in construction
planning. Of those that have considered site layout, most have been
concerned with the positioning of temporary works. Calvert (1),
Broughton (2) and Edmeades (3), identified the following site layout

considerations:

a) Access and traffic

Access requirements vary with each job and stage of
construction. The positioning of access routes depends on many
factors, but should generally be placed in such a way as to avoid
service lines, areas to be excavated or permanently paved, or in
areas where they may need to be repositioned. Continuity of flow
through the site 1is another important consideration, and may be
achieved by having short, one-way routes which should be treated as

clearways by people and plant on the site.

b) Material storage and handling

When planning the position of material stores the aim should be
to minimise double handling and unnecessary mavement. Thils may be
achieved to some extent by planning them in conjunction with the
access routes and providing loading and unloading facilities as
necessary. Material stores should also be placed in positions which
avoid services or positions where they will have to be repositioned,
and if possible, close to the areas which require the materials.

Wwastage and losses due to poor storage and theft are also factors
which may affect the positioning of material stores.



c) Administration buildings and Site facilities

Administration buildings generally require a good view of the
site, easy access to the site, and freedom from noise. Other
facilities, such as canteens, drying and changing rooms, tollets anc

workshops should be placed in positions which cause as 1little
disruption to the project as possible.

The three points above illustrate some ways in which the site
layout affects the organisation of a construction site. Almost
without exception they include some travelling influence, whether of
people, plant or materials.

Causey (4) 1isolated seven factors which affect the progress on
construction sites:

a) The design of the project and the 1incidence of
design changes

b) The supply of materials to the site
c) Site planning and efficiency

d) The efficiency of the work force

e) The wage system

f) Difficulties with sub-contractors

g) The relationship between the contractor and

the client.

Causey (4) concluded that only 32% of a workforce's time was

usefully employed. Site surveys (Appendix A), carried out during this
research, illustrate that approximately 47% of the time of the labour
force was usefully employed, whilst 17% was spent in travelling

around the site. These statistics indicate that significant savings
in time and money may be realised if a work-method incorporates site
layout in it's formulation.



2.2 Previous work in Layout Development

Past work in layout development has been almost entirely carried
out by Architects and Production Engireers, in the design of

buildings and production limes respectively. In developing their

models they have been able to rely on relatively unchanging patterns
of movement, if the building (or production line) is used for what it

was originally designed. Construction sites have very dynamic

patterns of movement with different structures requiring different
materials and plant at different times.

Whitehead and Eldars (6) said that inefficiencies in building
layouts were difficult to identify, although in a study of a
hospital, they estimated that up to a third of the total salary cost
of the staff was taken up in tfavel, and as this was a running cost,
there could be significant savings over time, if building designs

which allowed more efficient flow of people were adopted. Agraa and
whitehead (7) in their study of the flow of people in a school

building suggested that rooms in buildings should be placed in such a
way as to minimise the total cost of the flow. In a later paper (8),
they stated that nulsance considerations should also be taken into
account in the design of buildings.

The criterion wsually wused for layout development 1s the
minimization of the cost of flow of people or materials in the
building or plant. Buildings and process plants generally have
relatively unchanging patterns of movement, and layout development
methods have relied on the use of existing movement information in
their algorithms. If an architect wants to design a school, for
example, information will be collected from existing schools, scaled
to suit the size of the new school, and used as the basis of the
design information. An architect, therefore, would assume that there
are similar flow patterns between similar types of buildings. In
process plant design, existing information that is spplicable to the
process in question may not be available, as process plants are often
"one-off" projects, however in this case, movement information will
normally be available from a knowledge of the process itself.



There are basically two types of method that have been used on
computers to help the design engineer produce outlines for layouts,
these are:

a) Construction Type.
b) Improvement Type.

2.2.1 Construction tvpe Methods of Layout Development

This method adopts a heuristic approach to the development of
layouts, and places each department (or facility) around a nucleus of

previously placed departments (hence Construction type). The order of

placement of the departments is usually defined by the cost of flow
of people or materials around the layout. LOKAT (8) and CORELAP

(9,10) are programs developed using this type of model.

Whitehead et al (5,6,7,11) used this type of model in their
studies carried out on existing buildings (a hospital operating
theatre and a school) to produce layouts from existing information.
In this model, the flow in the building is studied, and the total
number of trips between each department, for each type of staff
found. These trips are then scaled by factors which standardise the
trips according to the cost of each. For example, if a crip by a
hospital porter 1s taken as a standard trip, then if a porters wage

is a tenth of that of a surgeon, then each of a surgeons trips
represents 10 standard trips. A flow matrix representing the number

of standardised trips between each department, is formed from this
information, and used as the basis for the development of the layout.

The first department to be chosen for placement is the one which
has the highest number of standardised trips to and from it, and this

is placed in the centre of the plan. The next department to be placed

is the one which has the greatest flow from the last department‘
placed (or in other methods, all the placed departments). This
department 1is then placed on the plan in such a way as to minimise

the cost of flow, either with just the last placed department OT with



all the previously located departments. This procedure is repeated
for all other departments until the layout is developed.

The Whitehead method has the advantage that the most important
departments are positioned first, and all subsequent departments
placed are less significant. The end layout may not be the best,

however, as this depends to a large extent on the initial department
cholce.

Sekhon (12) suggested that layout development was an N stage

decision process (for N departments), and that the problem was one of
choosing the optimum order of placement out of a possible N! orders.
His method 1s similar to Whitehead's except that he finds the best
path for each of the N possible initial departments, and then finds

the best from these. The selection policies he uses are similar to
Whitehead's. Sekhon showed in his paper that by considering all the
possible initial starting departments, better results are obtained.

2.2.2 Improvement type Methods of Layout Development

This type of model improves existing layouts subject to similar
criteria to those used in the Construction type Methods. Armour et al
(13,14,15) primarily used this method in his CRAFT (Computerised
Relative Allocation of Facilities Technique) program, which modifies
existing layouts by exchanging pairs of departments (Palr-wise
exchange, PWE) if a lower cost is obtained in doing so. For CRAFT the
cost criterion 1is the minimisation of the material handling flows,

although any sultable criterion could be used.

0'Brien and Abdel Barr (16) used a similar model in which at
each iteration stage, 3 pairs were exchanged instead of just one.
They found that there was no significant difference in the type of
layout produced, although there was significant computer time saving.

10
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2.2.3 Intuitive Methods of Layout Development

This type of model tries to produce layouts using subjective
information. Muther (17), amongst others, has developed models using
this approach.

This type of model are largely based on "closeness" ratings. A

closeness rating 1is a value associated to a pair of departments
incicating the worth, as perceived by the designer, of placing them
close to one another, or otherwise. A high rating indicates that it
1s absolutely necessary for the two departments to be together, and a
low rating 1indicates that it is undesirable to have two departments
close to one another. This information can then be used as the basis
of the formaticn of a layout.

2.2.4 Recent developments in Layout Development

Much of the recent work in layout development has been aimed at

integrating the qualitative methods (as in section 2.2.3) with the
quantative methods ( as in sections 2.2.1 and 2.2.2). The two

different types of approach each have their advantages and
disadvantages, and the recent work has been aimed at forming more

suitable layout solutions by combining the two. Rosenblatt (18),
Dutta and Sahu (19) and Fortenberry and Cox (20) have developed
models that have used both quantative and qualitative information 1n

their formulation.

Further recent work have developed graph-theory solutions to the

Layout development problems. Hammouche and Webster (21) have
developed a graph theory model based on research experience and

suggestions of Moore, Carrie, and Seppanen. Comparisons of thelir
program, GASOL with other existing programs such as CORELAP and
CRAFT, have shown that graph-theory may produce "better" layouts with
only moderately increased computational time.

11



2.2.5 Layout development in Construction

The existing layout development models all have one common
characteristic, in that the patterns of movement of people and
materials remains relatively unchanging. In construction the movement
of plant, people and materials changes throughout the duration of the
contract. For this reason, the static approach to layout cevelopment
used in existing models is not applicable to the development of
temporary works layouts on construction sites.

12



CHAPTER 3

PLANNING METHODS IN CONSTRUCTION

3.1 Introduction

There are two planning methods which are mainly used in the
Construction industry. These are:

a) Critical Path analysis
b) Line of Balance

These methods ere discussed in sections 3.2 and 3.3 respectively.
3.2 Critical Path Methaod

The 1interest in network planning was first generated in the mid

1950's with various researck teems producing models for network
analysis.

The first development in network analysis was produced by the

Central Electricity Generating Board irn CGrest Britain, which used a
technique of identifying a "longest irreducible sequence of events"

(22,23) for a project. This technique was later callec tke "major
sequence”  technique, ard ststed that any delays in the major

sequence would lengthen the project curation.

The U.S. Navy, at a similar time, was developing the Frogram
Eveluation and Review Technique (PERT) (22,24,25), which expressed
rrcject progress in terms of milestones or events.

Further work was being carried out, alsoc at a similar time, Dy

the E.I. du Pcnt ce Nemours company which developed a technique
called the "Critical Path Method" (CPM) to control a very large

project (22,24,2%).

The basic principles and limitations of network analysis is the
topic of meny puwblications (22,23,24,25,26,27,28,29), and will not be

13



discussed further.

It is wuseful to distinguish two ~ distinct (although cften

unrecognised) approaches in critical path analysis.

a) Non-resource ccnstrained
b) Resource constrained

J.2.1 Non-resource constrained critical path aralysis

In critical path analysis, the development of the network
defines the inter-relationships between a <set cof activities or Jjobs
which makes up the project. The inter-relationships, or logic, 1S
defined by the necessity of completirg ore activity before another. A

logic lirk may exist, for example, between steel fixing and concrete
with the steel fixing preceding the ccrecrete pouring. This type of

lirk is defined by the physical nature of the activities or
structure. Logic links may also occur in networks which are included
to allow for rescirce constraints that may exist on the construction

site. A typical example is where precasting jobs are carried out ir
series to allow for batching plant limitetiors.

In non-resource constrained critical path analysis, the latter
of these logic links does not exist, <c the retwork in this type of
critical path analysis is totally indepencernt cf resources. The
reasoning behind this 1is that cfter resources constraints can be
more flexibly handled by a resource scteduler. The acvantage of this

flexibility is that the plan is more adaptable to changein the
resources or the construction process. The mair cdisedventace of this

type of planning, however, is that the network and "critical path"
are ccmpletely unrealistic. Consider a housirg prcject to build four

icdentical houses. Simplistically, the netncrk would be as shown in
figure (3.2.1.1) with a critical path equal to the construction time

of one house. A resource scheduler wcould then be applied to produce
rore <atisfactory plans, by limiting the nurkter of resources on the

site.

14



HOUSE 1

|| USE 2 I
HOUSE 3
HOUSE 4

Figure (3.2.1.1) Simplified House Proiject Network

3.2.2 Resource constrained critical path analysis

Often contractors will produce critical path networks which
include resource constraints, Typically this occurs when the
contractor:

a) does not use (or want to use) a resource scheduler
b) wishes to have realistic, readable networks for use as a plan

c) needs to produce a realistic network for the client as

stipulated 1in the conditions of contract. (e.g. Clause 14 of I.C.E
Conditions of Contract).

The main disadvantage of planning in this fashion is that the
plans are very 1inflexible to changes in resource availability,
although realistic, readable plans are produced relatively quickly.

3.2.3 Site Layout and Critical path analysis

The 1incorporation of site layout in critical path analysis has

been limited, with 1involvement left to the planners experience. A
planner may study the layout of the construction site, and
intuitively choose work methods which are suited to the particular
site. The proposed work method can then be included in the network.
For example, access to a certain area of the site may not be
available wuntil the partial completion of a permanent road that forms
part of the contract. This provides a logic 1link from the road
construction to the activities in this particular area of the site.

15



Sophisticated resource schedulers, may handle certain site
layout features. Resource generation by activities, allows many
independent activities to provide the necessary resource for a

particular succeeding activity. In the road example a&bove, the
resource generated by the partial completion of the road 1s access.

If access may be generated from either end of the road, then the
access 1s provided on the completion of any one of the sections.
Di fficulty arises when many activities compete for the generated
access, for example, there are cases where access may be wholly
allocated to one activity, such as large earthworks, and also cases
where many activities may use the access at the same time.
Traditionally, this type of problem has been handled by allowing a
resource to be allocated in percentage terms to the necessary
activities. So, for example an excavation operation may require 90%
of an access routes capacity, whereas other activites, such as steel
fixing may require only very small percentages.

Work space, another site layout factor, may be modelled as a
normal resource with activities competing for work space in the same

way as they would for say, a labourer. The only major difference is
that the number of labourers on site at any time may be increased if
necessary. This is not so with work space.

Modelling of site layout factors using resource schedulers 1s
clunsy because of the large numbers of "resources" that are required.

3.3 Line of Balance

The line of balance technique was originally developed by the
U.S. Navy Department in 1942 for the plamning and control of
repetitive projects. Repetitive projects or 1linear projects are
those which consist of a set of sub-projects which contain the same
type of work in each. A traditional example is that of the
construction of a housing estate where each house represents a sub-
project. Repetitive projects are normally unsuitable for planning
with - normal networking methods because of the large number of
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activities they may contain. For example, if the housing estate is
made up of one hundred houses and there are twenty different
activities for each house, then the whole project consists of two
thousand activities in total. This may not seem excessive, but when
considered in the context of the number of different trades that may

have to be controlled (perhaps only ten) then this is a large number
of activities.

The 1line of balance method basically consists of inclined bar
lines representing each trade or resource on a time-progress chart,
showing the expected extent of completion for each trade at any time,

as shown 1in figure (3.3.1)(a). The progress axis on the line of
balance chart may basically take two forms. With the housing project,

the progression of work is measured in terms of discrete house units,
whereas with road construction, the progression 1is measured in terms

of a continuous chainage. Associated with each bar line on the chart
1s a buffer which reflects the time taken for each trade to complete

the work on one particular unit and any interruption effects that may
occur between consecutive trades.

Chainage

Time

i i

Figure (3.3.1)(a) Simple line of balance chart

Figure (3.3.1)(a) shows how the buffers affect the spacing, and
start and completion of each bar line. The rate of work of the trades

may be manipulated (either faster or slower) to achieve efficient
construction with limited interference between trades, as jllustrated

in figure (3.3.1)(b).
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Chainage

Time

Figure (3.3.1)(b) Balanced production rates

Lunsden (30) and the National Building Agency (31) give
detailed accounts of the principles of the line of balance technique
and 1t's application to house building.

Lumsden  (30) discusses resource optimisation in terms of
"natural rhythms". A rhythm is defined by the number of units
produced by one team in one time wunit. There are three ways that

natural rhythms may be achieved. The first is carried out by
modifying the numbers of each team of resources to achieve a balanced

production rate bDbetween the teams. .For example, if the number of
teams is doubled, then the production rate increases twofold.

The second option 1is to modify the teams make-up to try to lower
the rhythm. Resource teams with low rhythms are most satisfactory, as

it is easier to balance them.

The third method of resource optimation may be wused when
successive activities in the project wutilize the same or similar

resources of trades. These activities may be grouped together as one
to reduce the natural rhythm of the combined resource.

By the modification of the rates of progress of the activities,

a line of balance chart with almost parallel bars may be produced,
as illustrated in figure (3.3.1)(b).

The involvement of site layout factors in the line of balance
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method has been more widespread than that in network analysis. In

housing estate building, for example, the order in which the houses
are constructed may be representative of the order in which they

occur on the street. This has the advantage that there 1s a
continuous progression of resources and materials geographically
through the site.

In other types of construction geography plays a more important
role. In road construction, for example, the order of work 1s

dictated entirely by the geography of the' road. Johnston (32)
‘describes a line of balance technique applied to highway

construction.

Johnston (32) identified some important extensions to the line
of balance method. The first was the need for variable production
rate for the resource teams. Whereas previous models used constant
production rates for the activities and resources, Johnston

recognised that for certain activities, such as earthworks, the
quantity of work and the type of material vary along the chainage.

This meant that with uniform resource teams, the progression rate

along the road would alter significantly, as illustrated in figure
(3.3.2)(a).

Chainage

Time

Figure (3.3.2)(a) Variable progress

The second extension is related to the first. Where the quantity
of work varies along the lemgth of the road, it is not sufficient to
apply. a simple time buffer from the start of the preceding activity
to the start of the succeeding activity (as described earlier). In
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this situation it is necessary to show the start and finish time of
any activity on the Line of Lelance churt. This 1is shown in figure
(3.3.2)(b).

T1 T2 T3 Time
Figure (3.3.2)(b) Start and Finish time bars

Figure (3.3.2)(b) shows that at time Tl excavation occurs

between chainages Cl and C2, and that similarly that at chainage C3
excavation occurs between times T2 and T3. This type of bar makes it

much more difficult to balance resources due to it's irregularity, it
is, however, a truer reflection of the situation on site.

The third extension to the line of balance method discussed by
Johnston, was the inclusion of non-linear activities on the line of

balance time-progress chart. In highway construction this may be the
construction of a culvert or bridge which generally occur at one

chainage, and directly affects the construction of the road.

Finally, Johnston included a "must" 1link between the different

activities. An example in road construction is the rolling of
macadam, which must occur very soon after it is laid. This link in

reality may be of 1little use as laying and rolling are usually

carried out as one operation.

O'Brien (33) wrote of a line of balance style of planning

technique, called the Vertical Production Method (V.P.M.), applied
to high-rise construction. This is another example of where the

geography of the structure dictates the order of construction of the
"units". In this case, the units are the high-rise storeys.
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V.P.M, divides high-rise construction into two distinct parts.
The foundations and site work form a set of non-linear activities,
whilst the high-rise storeys form 1linear activities. O0'Brien
advocates the planning of these two parts independently, the first
using a network approach, and the secé%d a line of balance style of
planning. The network plaming for the site works provides a "key
junction point" at which time the 1linear planning of the storeys may

commence.

Leaving both plans completely separate as 0'Brien suggests may

be satisfactory 1if a high proportion of the work is carried out by
sub-contractors. If, however, the construction is carried out by the
contractor then some control and interaction of the resources on
both plans 1s necessary for the efficient construction of the

contract. This perhaps is the major failing of the V.P.M.

Birrell (34) broadly divides construction planning into two
types:

a) Macro planning
b) Micro planning

Macro planning is the planning carried out by the site agent or

the contractor's head office which produces schedules of work and
site resource levels. Micro planning is the type carried out by a

general foreman on a daily or weekly basis. The foreman's task is to
allocate the available resources to the areas that are ready for
work. Birrell arqued that if some of the principles used in this
short term planning were used in the 1long term macro planning then

better plans would be produced.

He considered the major considerations in a
(sub)contractors mind were:

a) Maximum usage of the learning curve

b) Minimizing stopping and starting of resources
c) Reducing hire/fire of resources
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d) Minimising the cost of the control system

e) Planning as many work squads as possible adjacent to one
another.

Birrell suggests that the easiest way to achieve these aims is

to consider the work squad (or team) as a continuous flow around the
slte. The teams move around the site carrying out the same type of

work at each work location. If the resource flows are organised so
that the resources pass through the areas in the same sequence, then

many of the aims above will be achieved.

The subdivision of the project is carried out in such a way as
to have the same quantity of work in each location for each team.
This subdivision may be feasible for highly repetitive projects, but

for more general projects this task seems to be totally infeasible,
as the work content fqr each resource team will vary greatly across
the site.

The starting order of the different trades in the flows around

the site will depend on the physical nature of the project, with some
trades following others by necessity, for example plasterers must

follow bricklayers, whilst others, for example plunbers and
electricians have no direct involvement with one another. The
concepts of absolute and preferential 1logic (see section 5.3)
illustrates this distinction in the types of logic. The sequencing
of the work areas in the resource flows 1is not discussed by Birrell,
although presumably it 1is formed with geographical and resource

continuity considerations in mind.

The model 1is basically a line of balance style of planning
method with the resource teams represented by slanted lines on a

work area/time chart.

Birrell's model 1is important in two respects. Firstly it
recognises that work areas do not necessarily need to be repetitive
units, and that line of balance style planning may be applicable to
non-linear sites as long as there is sufficient work for each
resource  team to carry out in each work area. The second 1s
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realilsation that continuity of flow of resources around a non-linear
site may be included as part of a planning method.

Trimble (35) followed up the ideas presented by Birrell and
produced a computer program called ROS (Resgurce QOrientated

Scheduling) to carry out this type of resource scheduling. In using

thlis program, Trimble identified those activities in the project that
would benefit from application of this scheduling method, and

produced a "sub" plan for those activities i.e. he produced resource
requirements and a duration for those activities taken as a whole.
With this information, he then combined this group of activities,
with the remaining activities in a commercially available network
package. This arrangement of the two types of planning methods
overcomes the problem of the subdivision of the site into suitably

sized work areas (as discussed above), although it takes no account
of the interaction of resources that may occur between the linear and

non-linear activities of each method.

The line of balance style of planning has become accepted
practice 1n some sections of the construction industry with it's
simple effective usage of resource information in its formulation. In
certain cases the site geography is also integral in the method.

Further extensions to the line of balance method have been developed
during this research and these are discussed in the next chapter.



CHAPTER 4

EXTENSIONS TO LINE OF BALANCE
4.1 Introduction

The previous chapter discussed the current usage of models that
exlst for planning in construction management. The line of balance
method and associated methods have shown some promise of achieving
the incorporation of site layout features in plans for linear

projects. The main shortcoming of the 1line of balance method with
regard to this aim 1is perhaps the simplicity of the model and it's

lack of applicability to non-linear projects.

This chapter discusses work carried out during this research

that has expanded the line of balance method to allow the
integration of site layout factors for linear projects.

4.2 Network representation of Line of balance

The 1line of balance method in it's original form is too simple

for use with many construction applications. Scriver (36) devised an
extension to the 1line of balance method whereby a network

representation of a linear project was produced. This network was
similar to a Jjob-on-node critical path network with several more

relationships defined. The relationships wused in this network
representation were:

a) Time-after relationship (Time lag)

This relationship is similar to a normal network connection and

is 1illustrated 1in figure (4.2.1)(a). It may be expressed as "job B
must succeed Jjob A by at least x time units, at any coincident

position".
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b) Distance-after relationship (Distance lag)

This relationship is similar to the one ébove, but in this
instance the relationship 1is governed by the progress difference
between the activities. It may be expressed as "job B must succeed

job A by at least x progress units, at any particular time". Normally
the progress units will be a distance measure. Figure (4.2.1)(b)

illustrates this relaticnship.

c) Time-between relationship (Time buffer)

This relationship is illustrated in figure (4.2.1)(c) and may be

expressed as "at any coincident location, job A may not commence

within x time units of job B, and similarly, job B may not commence
within y time units of job A",

d) Distance-between relationship (Distance buffer)

This relationship is illustrated in figure (4.2.1)(d) and may be
expressed as "at any coincident location, job A may not commence
within x distance units of job B, and similarly, job B may not
commence within y distance units of job A"

Figure (4.2.1) shows the network representation of the four
types of relationships. Relationships (a) and (b) are uni-directional
and imply a sequence of work, and may therefore be defined as lags,
whilst relationships (c) and (d) are bi-directional and may be
defined as buffers. Many of these relationships are applicable to

both linear activities and to non-linear activities, and figure
(4.2.2) gives a line of balance chart example for each application.

The network representation, is called "Fully Defined network"
aids in the construction of a line of balance chart for the pro ject.
Scriver produces a fully defined network for an example road and
bridge project, and then illustrates the steps used to proauce a plan
based on the line of balance chart.



JoB A — JOB B

a) Time Lag

b) Distance Lag

X
JOB A » JOB B

c) Time Buffer

J0B A 3+++++++" JOB B

d) Distance Buffer

Fiqure (4.2.1) Relationships in the Network representation
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Scriver's work 1is the first occurence of a planning method,

based on the line of balance method, that has attempted to expand and
model the relationships that occur between activities in a

construction project. Work carried out during this research has
followed on from Scriver's work and has extended the line of balance
method yet further. The further extensions are described in the
following sections.

4.2.1 Percentage complete relationships

The time and distance relationships (as discussed in section
(4.2)) may be used to represent most situations that may arise in
construction planning. There may be cases, however, where progress

is measured 1in temms of the percentage of an activity completed
instead of time and distance. Typically this may arise when the work

content for a section 1is not linear with either time or distance.
In a road project this may occur whilst excavating through a hill

consisting of Dboth rock and clay. If another area of the site
requires a certain percentage of the volume of cut for fill,

regardless of whether 1t 1is clay or rock, then this cannot be

modelled purely by time and distance 1links. This is because the
volume excavated is linear with neither time or distance.

Percentage complete 1links and buffers may often be modelled 1in
terms of time or distance, but it 1is wuseful to include them for

completeness.
4.2.2 Must link

The earliest reference to must links was made Roy (29), who
developed a network planning method which incorporated them. A must

link may be expressed as "job B must follow job A by x time units®.
They were initially discussed with reference to the line of balance

method 1in Johnstons work on highway construction, which is described
in section (3.2).

Johnston used the example of the laying and rolling of macadam,
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indicating that the rolling must almost immediately follow the laying
of the macadam. A similar effect may be achieved simply by combining
the laying and rolling operations into one. In reality however, there

would wusually be some delay between the laying and rolling operations

to reduce interference between the two teams of plant. We may model
this situation with a combination of a 1lag (time, distance or

percent) and a must link (time, distance or percent) between the two
operations, as illustrated (for distance) in figure (4.2.2.1).

LAY ING o3 ROLLING

Figure (4.2.2.1) Must link for Macadam Laying

4.2.3 Interactive production rate

The 1nteractive production rate is a complicated relationship,
but one that 1s necessary to model situations that may arise in
construction. This relationship may be expressed in qualitive terms

as "if job B follows job A then the rate of work for job B will

altered by a factor of x". Figure (4.2.3.1) illustrates a situation
where this may arise for the drainage construction of a road project.

In this case, the production rate of the drainage may be doubled if
it follows the general excavation and grading of the road.

EXCAVATION |- -—-—*2 DRAINAGE

Figure (4.2.3.1) Interactive production rate for draina

This type of relationship may also be used with time or distance
based interactive production factors. For instance, deterioration of

an excavated trench occurs in direct proportion to the time delay
before the backfilling of the trench. If the 1laying of the pipe

occurs a long time after the excavation of the trench then the laying
operation will be affected by the deterioration of the trench. This

is illustrated in figure (4.2.3.2), where dt represents the time
di fference between the operations.
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EXCAVATION l--m—. 24 LavING

Fiqure (4.2.3.2) Interactive production rate for pipework

The example above illustrates the wuse of an interactive
production rate 1link between two linear activities. If the
relationship is wused in conjunction with a non-linear activity then
certain site layout factors, such as the positioning of a material
store (or other similar facility), may be modelled. The provision of
a material store will usually aid in the construction of any activity
which requires the material used. The benefit of a material store,
however, is inversely proportional to it's distance from the
activity. If a material store holds the pipes used in a pipe laying

cperation, for example, then the production rate of the pipe laying
team will slow down as the work face moves away from the material

store. This 1s assuming, of course, that the make up of the pipe
laying team remains the same. The positioning of the material store

is therefore important in the production of efficient plans for the
project. If the material stores are modelled using interactive

production rates, then many plans may be produced with different
material store positions. Each of these plans may then be evaluated

in terms of the effect on project completion and resource continuity.

4.2.4 Minimum work distance, time or percentage

Figure (4.2.4.1) illustrates a situation where an end constraint
precedes a start constraint. In this situation the project is delayed

by having a fast operation occurring between two slower operatiaons.
This delay is caused by the continuity of the "sandwiched" team.



Chainage

Time

Figure (4.2.4.1) Inbalance in Production rates

In normal line of balance practice, a planner would try to
reduce the production rate of the sandwiched team in order to achieve
parity between the three operations, as shown in figure (4.2.4.2).

Chainage

Time

Figure (4.2.4.2) Parity in production rates

If however, the sandwiched team may not be slowed down, then it

may be necessary to split it into smaller discontinuous sections, to
produce a line of balance chart as illustrated in figure (4.2.4.3).
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Chainage

Time

Figure (4.2.4.3) Split-down of the faster team

In order to do this each resource must be given a "minimum

distance" (or time or percent) to define a sensible minimum work
package for a team to produce in one continuous stretch. The penalty

for allowing this split-down of the work is the extra time that a
resource will stay on site. This may be offset to some extent by the
saving in site overheads and liquidated damages due to over-run.

A further example of the split-down of work may be considered in
the situation as illustrated in figure (4.2.4.4).

Chainage

Time

Figure (4.2.4.4) Inbalance in production rates

In this case the split-down may result in a chart as illustrated

in figure (4.2.4.5). In order to achieve this plan many teams of the
slower resource need to be employed. This situation is similar to

Lumsden's method (30) of doubling or tripling team sizes to achieve
faster outputs.
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Chainage

Time

Figure (4.2.4.5) Overlapping of the slower team

4.2.5 Internal buffers

If situations like those illustrated in figure (4.2.4.5) occur,

it may be necessary to define internal ©buffers to prevent
interruption of work due to conflict between rTesource teams of the

same type.

4.2.6 Access Diamonds

Access dlamonds are symbols used in the network representation
to indicate the position of possible access points. At these
positions, access may be specified by the planner, before the
formation of the plan. The plans may thus be produced with different
combinations of access points on the construction site.

The iterative production of plans with different access points
allocws the planner to investigate the value of the provision and

preparation of the access points by comparisons of the savings in
contract duration, and resources employed. This is a futher case

where site layout effects have been included in the extended line of

balance method.
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4.2.7 Either receivers

Normal networking 1links as shown in figure (4.2.7.1)) have the
meaning "job C may commence on the completion of both jobs A and B".

Figure (4.2.7.1) Normal network links

There may be some cases where an activity 1is free to commence on

the completion of one of many preceding activities. This may occur
when access 1s provided by one of the preceding activities. Figure

(4.2.7.2) shows an "either receiver" and this has the meaning of " job
C may commence on the completion of either job A or job B".

G

JOB B
Figure (4.2.7.2) Either receiver

4.2.8 Linear and Non-linear activities

In order to distinguish between linear activities and non-linear
activities the following notation illustrated in figure (4.2.8.1) has

been adopted.
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L INEAR INON-LINEARl

Fiqure (4.2.8.1) Linear and Non-linear notation

4.2.9 Simple example for a road project

The road project consists of a stretch of road 100 metres long,
consisting of the following activities:

Activity Rate (m/day) Min. Distance (m)

Drainage 12 20
Earthworks 20 40
Sub-base 20 20
Road-base 25 33
Sur face 35 25
Finishes 20 50

The activities will be constructed in the order in which they
appear above, with the exception of the drainage which will be not

constrained by any of the roadworks. Distance lags of 20m will exist
between the roadwork activities. The network for the project is shown

in figure (4.2.9.1).

Figures (4.2.9.2) and (4.2.9.3) show the 1line of balance charts
for one resource team for each activity and two resource teams for

each respectively.

35



I DRAIN ‘
EXCAVATE
20 10

SUB-BASE

1“‘ 2ﬂ

RCAD-BASE

o 20

SURFACE

)
20 2o

FINISHES

Fiqure (4.2.9.1) Network representation for the Road prIo ect
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4.5 Road and Culvert Example

This example is used to examine the usage of the extended line
of balance method. The solutions are carried out by hand with
intuitive decision making occuring throughout their production.
Sections (4.4) and (4.5) illustrate two "automatic" methods of
solution using the extended 1line of balance method, and these
automatic methods will be evaluated against the hand-worked
solutions.

The project consists of a stretch of road with possible access
at 0, 200, 400 and 700 metre chainages. At chainage 200m the road
crosses a culvert. See figure (4.3.1).

ACCESS oo
/ oo
o
ACCESS — -
Fo0O
ACCESS boo
700
STREANM,

ACCESS

Figure (4.3.1) Sketch of the Road and culvert project

The information concerning the activities is shown below:

Activity Rate Duration Min. Dist Dist. Buffer

(m/week) (weeks) (m) (m)
Earthworks 20 - 100 50
Sub-base 20 - 50 50
Road-base 20 - 50 50
Sur face 20 - 100 50
Finishes 15 - 50 50
Drainage 7 - 100 50
Culvert -~ 9 - 50

39



The plans are produced subject to the following constraints:

a) The roadworks are constructed in the order in which they
appear above, with the exception of the drainage which will be
subjected to no constraints.

b) The excavation of the road will provide the necessary access
for any succeeding activity or the culvert.

N

c) The culvert construction must precede all roadworks except
for excavation at chainage 200m.

The presence of many feasible access points requires the usage

of the "access diamonds" as described in section (4.2.6). These occur
at chainages 0, 200, 400 and 700m. In order to model this situation

the project is split into three sections consisting of 0-200, 200-400
and 400-700 chainage ranges, with the access diamonds at the relevant

chainages between them. These sections may then be planned in much
the same manner as the earlier example described in section (4.2.9).

Figure (4.3.2) 1is the network representation of the road and

culvert project. The plans produced from this network are
illustrated in figures (4.3.3) to (4.3.6) inclusive, and represent
some plans with different access points.
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4.4 Priority method of solution

The priority method is the first of two "automatic" methods of
solution for the network representation of the extended 1line of

balance method. The solution technique will be described with
reference to the road and culvert example illustrated in section

(4.3), and whose network is shown in figure (4.3.2).

A major problem in the production of the extended line of
balance charts is the difficulty in deciding on the placement order

of the bars on the chart. In the road and culvert example in section
(4.3) the solutions were formed with intuitive decision making by
the plamer with regards to the placement order and relative
importance of each operation. This intultive decision making is
usually based on the planner being able to "look shead" and envisage

possible states of the line of balance chart at a later stage of
it's production. An analogy is that of a chess player who may project

the probable positions of the chess pieces on the board five or ten
moves hence. The player can then evaluate the merit of the first of
these five or ten moves by the state of the board in the future.

The automatic methods will not be able to benefit from this
style of "look ahead" decision making. The priority method 1is
essentially heuristic and defines the placement order of the bars

before the start of the production of the line of balance chart.

The order of placement of any bar in the priority method is
found by considering the number of 1logical steps the bar is from any
active access point. If the access diamonds at chainages 0 and 700
are active, and those at 200 and 400 are passive, then placement
order is illustrated as in figure (4.4.1).
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The excavate section between chainages 200 to 400 has a
placement order of 2 because it is removed from the nearest active

access diamond by 2 steps. It follows then, that different access
combinations will produce different plans by virtue of having
different placement orders.

The advantage of this method is that the placement order of the

bars will roughly reflect the order in which the operations will be
carried out on site.

The construction of the line of balance chart is carried out by
"drawing" the bars on the chart in the placement order defined
above. Figure (4.4.2) at the end of this section shows the state of
the chart after the placement of the order 1 activities.

The placement of the order 2 activities poses more of a
problem. This set of activities consists of:

culvert (200)
excavate (200-400)
sub-base (0-200)
sub-base (400-700)
drainage (200-400)

When activities have the same placement order and are coincident
in position and time then conflict will occur in trying to place the
bars on the chart. It is therefore necessary to define a secondary
placement order for the set of conflicting activities. This secondary
placement order has to be defined by the user before the construction
of the chaft, and would normally reflect the order in which the
activities would be carried out. For example, sub-base (0-200) and
excavate (200-400) do not fall within the same chainage sections,
although they are instanteously coincident at chainage 200. In this
case, because excavate generally precedes sub-base, the excavate (200-
400) will be placed before sub-base (0-200). The wisdom of this
decision is illustrated when one considers that the sub-base (0-200)
will be constrained by the previously placed excavate (0-200), and
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consequently conflict between excavate (200-400) and sub-base (0-200)
may be totally avoided.

A secondary placement order for this project (excepting
drainage which unconstrained) may be defined as:

excavate
culvert
sub-base
road-base
sur face
finishes

The position of the culvert in the secondary placement order
may be suject to argument, and is discussed later.

Figure (4.4.3) shows the state of the chart after the placement
of the order 2 activities and figure (4.4.4) shows the final
extended line of balance chart.

The only minor difference between figure (4.4.4) (priority

method solution) and figure (4.3.6) (hand-worked solution) occurs as
a consequence of the positioning of the surface (0-200) bar. In the

priority method solution the bar is broken at chainage 100 to allow
for the minimum distance criterion imposed on the surfaces of 100m.

In the hand-worked solution, the planner was able to "look ahead" to
see that the continuity of the surface bdf from chainage 150 to 200
could be maintained for at least another 50m (to bring it up to the
minimum distance of 100m) beyond chainage 200.

The major failing of the priority method, although not

illustrated in the worked example, occurs when high priority non-
linear activities bhave 1long durations. Consider the case in this
example, if the culvert has a long duration. As this activity has a
high order priority in comparison to most of the roadworks, the
roadworks around chalnages 150 to 250, would be severely delayed DBy
the culvert construction. The hand worked solutions in this Case
would probably delay the start of the construction of the culvert
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until all roadworks within the vicinity of chainage 200 were

completed. This would allow for continuous resource usage apd
consequently lower resource costs, with 1little delay to the project

duration. The priority method does not have this flexibility. Any
planning method, however, regardless of whether it 1s a critical path
analysis or a line of balance method, does generally require slight
modification to the constraints after the production of the initial
plan, and the priority method is no exception.
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4.5 Day-by-Day method of solution

The Day-by-Day approach to solution of the extended network
representation was developed in any attempt to limit the conflict
between activities at coincident positions. It was felt that the

conflict was often generated by the blanket placement of large bars.
For example, excavate (0-200) in figure (4.4.4) could feasibly be

placed in smaller sections (of at least minimum size) in order to
reduce any conflict that may have occured with other activities.

The general approach may be described as "do as little as
possible, and only when necessary". The basic idea of the day-by-day
method 1is to step through the project on a daily basis to find bars

that can be either started or extended. If a bar may be started, then
a minimum distance section must be drawn immediately to comply with
minimum distance constraints. This will tend to have a knock on
effect to the bars that have already been partially drawn, with

extensions to these bars being necessary in order to check any
distance or time constraints between the adjacent bars. An extension

to a bar is only carried out when it is required by the commencement
or continuation of a lower priority bar. If no bars may be started in

the time frame being considered, then the existing bars are extended
on a daily basis, starting with the lower priority activities and

any associated knock-on's, until new bars may be started.

The method is described more fully with the aid of a worked
example. The worked example is that of the road and culvert project

with active access at chainages 0 and 700 (as in section (4.4). The
first few stages of the drawing of the chart are given below.

a) Week O

Activities started : excavate (0-100)
excavate (600-700)
drainage (0-100)
drainage (600-700)
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These four bars represent the minimum work distances for the

activities that may commence at week 0. The chart after this set of
allocations 1is illustrated in figure (4.5.1), which may be found at

the end of this section.

b) Week 2.5

At this time, the sub-base at chainages 0 and 700 may commence.

The minimum distance for sub-base 1is 50m and this length may be drawn
for sub-base (0-50) and sub-base (650-700).

c) Week 5

Road-base (0-50) and road-base(650-700) may be drawn. In order
to check the end distance constraints at 50m and 650m, sub-base (50-

100) and sub-base(600-650) are required. These two sub-base sections

in turn require excavate (100-150) and excavate(550-600). This is the
first example of the knock-on effect. Notice that because a minimum

distance for the excavate has already been drawn, the continuation of
the excavation may occur 1in stretches of less than the minimum
distance. The chart at the end of this set of bar drawing is shown in

figure (4.5.2).

d) Week 7.5

At week 7.5, surfacing of the road is free to start at chainage

0 and 700. As surfacing 1s a faster operation than the road- base
operation, however, the distance lags between the operations will be

end constraints at chalnages 100 and 600. This consequently means
that the surfacing may not be considered for placing before the road-
base operations reach chalnages 150 and 550, because there is a

distance lag of 50m between these operations.

The continuatlon of the road-base, sub-base and excavation

continues on a weekly basis until either the surfacing may commence,
or other activities come up for consideration.
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e) Week 10

Excavation has reached chainage 200. This means that the
culvert construction may commence. The excavation between chainages
200 and 400 may also commence, and these two activities come into
direct conflict. A decision has to be made concerning the order
in which these should be drawn. This is a similar situation to that
which arose in the priority method, with the subsequent formation of

a secondary placement order, as discussed in section (4.4). In this
example, the placement order will be:

culvert
excavate

sub-base
road-base
sur face
finishes

that defimed in section (4.4), the final chart produced would be the
same as the one produced with the priority method, figure (4.4.6).

The process continues in a similar fashion until all the
activities have been placed. The final plan produced is illustrated
in figure (4.5.3).

The day-by-day method of producing plans for the network

representation produces plans that are similar to those produced by
the priority method. The "do as little as possible" policy adopted by
the day-by-day method effectively breaks the projects into the
smallest sections possible for placement. This suggests that the plan
produced was as flexible as possible, given the constraints imposed
on it. The fact that the two different methods arrived at similar
solutions tend to lend credence to the methods themselves. The
problems with the priority method and the day-by-day method 1in
"looking ahead" are problems in the heuristic nature of the methods.
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4.6 Conclusicns to extended line of balance

The extended line of balance is capable of modelling many site
layout features in the production of plans. The model allows
different access points for the project to be considered, and a set
of plans may be produced with different combinations- of these access
points. Thls set of plans may be evaluated to give one satisfactory
plan and corresponding access pattern.

The second site layout feature modelled is the positioning of
material stores, which was discussed in conjunction with the

interactive production rate in section (4.2.3). Suitable material
store positioning may be achieved by a similar iterative approach to
the production of plans.

The major problem in line of balance style planning is that it
is essentially a method for linear projects. Birrell (34) (see
section (3.2)) tried to extend the application of the line of
balance style planning to non-linear projects, but the constraints
imposed by his method in essence rendered it difficult to apply to
general construction projects.

The aim of this research was to produce a method that was

capable of handling site layout features in all types of
construction, regardless of whether it was linear or non-linear. For

all their merits, the 1line of balance method, and it's various
extensions are not capable of achieving this goal. The succeeding
chapters present a method which 1is applicable to all styles of

projects.
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CHAPTER 5

THE MODEL

5.1 Introduction

Previous chapters have discussed the use of many planning models
in the construction industry, of which network analysis and the Line

of balance planning method are the most common., Network analysis
generally does not incorporate site layout factors in it's
formulation, although an experienced planner may include them in the
production of networks. The Line of Balance method may allow some
site layout factors to be modelled, however, it is essentially a
linear project planning method, and consequently it's applicability
1s largely restricted to linear projects.

The aim of this research was to develop a planning method which
modelled site layout features and was generally applicable to all

types of construction site. Site layout information may be split into
two types. The first of these is "macro" site layout which concerns

the relative positioning of the structures and work areas across the
whole site. This type of site information is useful in planning

efficient resource movements around the site. The second type of site
layout is "micro" site layout. This category concerns the relative

positioning of work within very small areas. Often the seguencing of
work packages within a small area is defined by it's positional

relationship with other work packages, and the role of the "micro"
site layout 1in this model is to define the sequencing of work.

The model developed follows on from the 1line of balance method,
with resource teams "flowing" through the site. In the 1line of

" balance method, the direction of the progression of work is defined

in terms of a single path, with the resources moving from one area in
the path to another carrying out work. Subsequent resources follow
one another 1n a defined order. The single path and predefined
resource order allows linear projects to be planned very efficiently
with . no resource interference. In non-linear projects, however, these
constraints make this model unusable, firstly because there is no
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predefined direction of work, and secondly because not every work

type will occur in every area. In non-linear projects, a multi-
directional progression of work must be modelled.

-

The allocation of the resources is controclled by means of a
priority system, whereby certain areas on the site are considered
more important than others. This has the effect of influencing the
progression of work, although in a less rigid fashion than that used
in the 1line of‘balanceimethod. Priorities would typically model the
site geography features such as access points and routes, highly
valued structures, and also a dynamic resource priority which would
endeavour to reduce unnecessary resource movement.

The site geography is modelled by means of a fine grid
coordinate system with the work content of the project being

allocated by position, to their corresponding grid squares. The plan
1s then produced by a resource scheduler, which allocates a resource

to groups of grid squares at a time, producing feasibly sized work
areas. The size of the allocation areas is dependent on the

particular resource being used and the work type, and a resource
model has been developed which incorporates work areas, work buffers

and transfer speeds.

The theory of this model is developed in this and succeeding

chapters. The remaining sections in this chapter deal with the

following topics:

a) Formulation of the Site map.

b) Logic Formation.
c) The use of Knowledge in the Logic Formation.

5.2 Map formulation

The Site map forms an integral part of the model, and it's
function is to store the information concerning the distribution of
work thoughout the site.

The site is mapped by sectioning it into small areas by means of
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a grid coordinate system. The size and shape of the grid squares
would depend on the type of construction, although a fine grid square
dimension of O0.5m x 0.5m would satisfactorily model most situations.

The small grid square dimension is advantageous for many different
reasons.

Firstly, a fine grid system allows a greater accuracy of the
information stored within the mep, not only in terms of work content,
but also in temms of structure definition and geographical

positioning. This in turn will produce more realistic, and hopefully
more accurate work schedules.

Secondly, the grid square should reflect the smallest possible

working area of any resource on site. For example, a labourerwith a
shovel may excavate a hole of one grid square (0.5m x 0.5m) in area,

and a mechanical digger may excavate any multiple of similar sized
grid squares. The converse is not trie.

Finally, a small grid system allows the simple and realistic
generation of interconnections between the different types of work in
any particular area (see section 5.3). A disadvantage of having a

small grid coordinate system is that large quantities of information
are necessary. The acquisition and storage of this information is

discussed in a later chapter (see chapter 10).

Certain types of more specialized construction may allow
different shapes and sizes of grid to be used. A road project, for

example, may bhave grid squares that reflect the width of the road.
Similarly, a trenching operation may have grid square dimensions
equal to the minimum pipe run. The application of this chainage style
of coordinate system 1is limited to isolated linear structures, as

they are unsatisfactory for modelling non-linear structures or a
combination of non-linear and linear structures on one site. It is

possible, however, to use the small, square coordinate system to
model a wide range of possible types of construction, and for this

reason, the rest of the model is described with reference to this

more_general system.
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The allocation of work to the grid squares is carried out by
breaking-down the construction of the structures into their elemental
parts (jobs or activities). An elemental part of a structure may be
defined as a quantity of work which is distinguished from other
guantities of work by the use of different work methods or resources
during it's construction. Consider a trenching operation, as
illustrated in figure 5.2.1, as an example.

Figure (5.2.1) The Trenching Operation

The four activities involved in this operation are:

a) Excavate
b) Lay bedding material
c) Lay pipe
d) Backfill



The work in the grid squares A and B can be defined as:

A B
Bedding Bedding
Excavate Excavate
Backfill Backfill

Lay Pipe

The sequence of construction within these grid squares is still

undefined, and the formation of this sequence is the topic of the
next section (5.3).

5.3 Logic Formation

Logic defines the sequence of construction of any activities 1in

a project. Logic can be broadly split into two categories (after
Birrell (34)):

a) Absolute logic
b) Preferential logic

Absolute logic may be thought of as the type of logic which is

defined by the physical nature of the work. Examples of this type
are numerous and range from "first storey precedes second storey" in
high-rise construction to "steel reinforcement fixing precedes

concrete pouring".

Preferential logic is that adopted by a planner to suit one
particular method. They are largely resource, material or access
based 1in nature, and typically allow for constraints such as batching

plant limitatlions, crane usage and the construction of haul roads.

This type of logic depends largely on the envisaged work method
adopted by the plamner, and in this respect is not very flexible to

change or variations.

If an individual grid square is considered in isolation then the
sequence of work within this square is defined entirely by the first
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category of logic, the absolute logic. Preferential type of logic may

exist between adjacent grid squares, as resources will generally have
operating areas that are larger than a single grid square in size. In

order to accomodate such resources the grid squares have to be
"bundled" to achieve feasible sized areas. The extent of this

bundling depends largely on the resources employed during
construction, and will be different for different resources.

Preferential 1logic may therefore change significantly during the
course of construction, and for this reason is handled by a resource

scheduler which incorporates working and operating areas 1in 1it's
resource model. This scheduler is discussed in chapter 7.

The absolute logic, is unchanging through the course of the

construction and can be formed before the commencement of any
schedule. Consider a grid square, taken in isolation, from the

trenching operation discussed previously. Figure (5.3.1) shows, in
job-on-node terms, the sequence of work in that grid square.

EXCAVATE BEDDING LAY PIPE BACKFILL

Ficure (5.3.1) Sequence of work of the Trenching operation

If the height above a datum (level) is considered for each

activity then the end level of a preceding activity is equal to the

start level of the succeeding activity. This continuity in levels
forms the basis of the formation of the simple grid square logic, and

will be called the "Level method".

Generally, absolute 1logic exists only between activities 1in
their own grid square, i.e. there are rarely any inter-grid square

absolute 1logic links. Inter-grid square logic links tend to be of the
preferential type as discussed in a previous paragraph. There is one
type of situation, however, where absolute logic 1links do exist
across grid boundaries. Consider the roof truss and column

arrangement shown in figure (5.3.2).

o
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Figure (5.3.2) Roof truss and columns

In this situation, it is impossible to erect the roof truss
before the two end columns are completed. As the constraint is
defined purely by the structure itself, the logic that exists between
the roof truss and the columns, is of the absolute type. Clearly this

situation cannot be incorporated into the Level method, although some
provision has to be made for it.

The roof truss problem arises because of the nature of the roof

truss. Because the roof truss is pre-fabricated, it is of a fixed
size, and consequently has rather similar size constraints to those
that exist for the resources. If erection gang is restricted to
working 1in areas that are equal to the size of the truss (i.e. 12
grid squares), then erection of the roof truss camot be carried out
until all the grid squares become available. The end grid squares are
controlled by the Level method, however, and will not become

available until the columns are completed. The roof truss situation
can be recognised during the formation of the logic using the Level
method by discontinuities in the start and end levels in a grid

squares.
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The level discontinuities may possibly cause further problems
for the Level method, because as at any one time there may be the
possibility of more than one active work face. So, for example, the
concreting of the floor below the truss could feasibly be one working
face, and the erection of the truss another. This means that the
sequence produced for each grid square may not be single pathed, but
may be dual or multiple pathed. This model has been developed with
only the single path sequencing being considered, and if multiple
paths do occur, the sequencing of these will be handled by decision
rules, as described later in section (5.4).

It the columns and beams are cast in insitu concrete, however,
the beams can Dbe constructed before the completion of the columns
because the beams are supported by falsework. This falsework will
supply the necessary level continuity between the lower beam (or

floor) and the higher beam, to allow the formation of this logic by
the Level methcd.

Inter-grid square logic links may be necessary in other

situations where damage to completed work may occur due to other work
in adjacent areas. This may occur in a road project where drainage

and sub-base activities occur in adjacent grid squares. If
the sub-base 1s carried out before the drainage, then damage may
occur to the sub-base during the excavation of the trench for the

drainage. This situation also cannot be simulated by this model.

The Level method 1is not capable of modelling every situation
that may arise, even within solitary grid squares. Figure (5.3.3)

shows, also in job-on-node form, the sequence that would typically be
produced by the Level method for the trenching operation. The logic
link from the backfill to the excavation is formed, in this case,

because the end level of the backfill is equal to the start level of
the excavation.
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EXCAVATE II BEDDING II LAY PIPE l BACKF ILL

Fiqure (5.3.3) Loqgic loop formed by the Level method

Another situation that the Level method is not capable of

modelling 1s highlighted 1in the construction of a floor slab. The
activities involved in the floor slab are:

Excavate

Blinding concrete
Formmwork

Steel fixing

Pour concrete
Strike formwork

and would typically require a sequence as illustrated in figure
(5.3.4)(a), yet the Level method would yield a sequence as

1llustrated in figure (5.3.4)(b), because the formwork, steel and
concrete activities are all coincident.

EXCAVATE BLIND F ORMWORK STEEL [~ CONCRETE STRIKE

Figure (5.3.4)(a) Normal sequence for the Floor Slab

=
EXCAVATE STEEL STRIKE
|CONCRETE ‘

Figure (5.3.4)(b) Level method sequence for the Floor Slab

Finally, consider the situation where the pipe runs underneath

the floor slab. In this instance, in grid squares where the pipe and
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slab operations are coincident, the pipe excavation and slab
excavation form the same activity over the range of levels from the
slab base and above. To avoid the duplication of work, the start
level of the pipe excavation should be redefined to coincide with the
end level of the slab excavation. The pipe backfill should also be
modified 1in a similar way to give an end level equal to the base of
the slab.

These three problems, and the multiple path sequencing problem
indicate that there is a need to firstly recognise instances in which
the Level method is either not suited to, or not capable of,
handling; and secondly to form knowledge-based decision rules to

solve them. The solution of these problems 1is discussed in the next
section (5.4).

5.4 Knowledge in Logic Formation

Before 1including knowledge in the logic formation using the

Level method, it 1s necessary to be able to recognise cases Where
it may be necessary.

There are effectively two situations where knowledge 1is
required. The first of these is where two activities are coincident
(i.e. have overlapping start and end levels) and are uni-directional
(1.e. either both downwards acting, where the start levels are higher
than the end levels, or both upwards acting, where the start levels
are lower than the end levels). This 1is the situation that arose in
the floor slab problem discussed in section (5.3), where the
coincidence of all the concreting activities produced a sequence as
illustrated 1in figure (5.3.4)(b). The same situation was responsible
for the clash between the pipe excavate and the slab excavate, also
discussed in section (5.3).

The second situation is encountered where there is g3 change 1in

the direction of work, from one activity to another. This is the "U"
bend situation which was responsible for the incorrect link from the
backfill and excavate in the slab construction. It was, however, also
responsible  for correctly linking the excavate to the blinding
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concrete 1n the same example. This indicates, then, that the U bend

situation does not always require a knowledge based rule to decide on
the correct links. The logic loop problem may be overcome to a large

extent if one of the activities is a start activity. A start activity
may be 1dentified if 1it's start level coincides with the site

existing ground level (E.G.L) in 1it's grid sauare. This solution is
not generally applicable, however, as it is feasible that neither of

the activities 1is a start activity.

In these situations it is necessary to have some decision rule
in order to produce satisfactory logic 1links. The decision rules are

knowleage based, i.e. the model requires some experience of past
decisions for similar circumstarces. If the model comes across one of

the situations where errors may possibly be made, then it searches
it's knowledge base for a suitable solution to this problem. If a

solution camnot be found, then it prompts the user for a solution,
and stores this in the knowledge base, for future use.

The knowledge base is made up of two sub bases. The first is a

general knowledge base which may be used for all construction
contracts. This knowledge base holds more general informatlion about

the sequencing of work which is applicable to all types of
construction. The second knowledge base is project specific and holdé

information particular to the project concerned. The project
knowledge base will generally not be transportable from one project

to another, although project knowledge bases for distinct types of
construction, such as road building and pipe laying, may be

applicable to similar types of project. This means that once a
library of knowledge bases is compiled, very little further work is

involved in their upkeep and use.

The knowledge takes the form of three types of decision rule:

a) Link
b) No Link
c) Change levels
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5.4.1 Link Knowledge

This decision rule may be used to force a logic link between two
activities. This may be necessary when the model is unable to

determine the precedence to coincident activities. 1In the concreting
situation that was discussed previously, we may define our concrete

rules as:

formwork ——— steel fixing
steel fixing ———= corcrete
concrete ——— strike formwork

This would yield a modified sequence for the slab problem as
1llustrated previously in figure (5.3.4)(a).

5.4.2 No Link

This may be used to prevent a logic loop link being formed in

the logic. This decision rule may be used to prevent the backfill to
excavate link being generated in the pipe laying operation.

5.4.3 Change levels

This rule may be used to change the 1levels of two coincident,

unidirectional activities, as in the pipe excavate and the slab
excavate example. There are two possible ways in which the levels may

be changed. Consider the general case of activities A and B, which
are colncident, unidirectional activities as illustrated in figure

(5.4.3.1)(a).
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Figure (5.4.3.1) Level Changing

Figure (5.4.3.1) shows the two ways inwhich the levels may be
changed. Figure (5.4.3.1)(b) shows a "fixed-end" level change, where

the end levels of the two activities remains the same. In the
situation, the start level which borders on the coincidence area, is

changed to the end level which also borders on the coincidence area,
i.e. 1in this case Sa becomes equal to Eb. Figure (5.4.3.1)(c) shows a

"fixed-start" level change where the start levels remain the same,
and the end level which borders on the coincidence area is changed,

i.e. in this case Ea becomes equal to Sb.

This level changing not only has the effect of controlling the
logic, but also of eliminating the duplication of work.

5.5 The End-product

The logic formation produces a small network for every grid

square defining the sequence of work in that grid square, and is
based solely on the positional arrangement of the work in that

square. These small networks are not connected across grid
boundaries, as all inter-grid square connections are material or
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resource dependent, and are more satisfactorily handled by a resource

scheduler. The term network is perhaps misleading 1in describing the
sequencing of the work 1in the grid squares, as there are no

concurrent activities. The network for each grid square is a single
path chain of work, and shall be called an array. Each work activity

will be defined as an element of an array.

The site map can be represented as in figure (5.5.1) with each
grid square containing an array of work elements. This diagram shows
the information for the floor slab example ordered both in terms of
it's position 1in x and y, and also the sequence in which the work
will be carried out. Arranging the information in this manner allows

the model to recognise when similar work elements are adjacent to one
another, and available for work. This means that if the grid square

dimensions are too small for a resource to fulfill it's size quota
then adjacent grid squares can be "bundled" to give the required

size. Figure (5.5.2) shows the situation when some of the excavation
has been completed, and the consequential ‘"exposure" of some blinding

concrete.

The bundling of the adjacent grid squares 1is performed by the
resource scheduler, and is discussed in chapter 7.
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CHAPTER 6
PRIOCRITIES

6.1 Introduction

The previous chapter discussed the formation and processing of
the work information involved in the construction of a project, in a
manner that was suitable for a resource scheduler to use. The

scheduler has the task of allocating resources to work areas. In

order to dictate the progression of the allocation, a system is
needed that will model the site layout factors that have been

discussed 1in previous chapters. The area priorities are a means of
simulating these site related features.

An area priority is a number which is used to reflect the

importance of any particular grid square on the site. They can be
broadly sub-divided in 3 categories. These are:

a) Structure based priorities

b) Access and Site related priorities
¢) Resource related priorities

The balance or existence of these sub-priorities will depend

largely on the site itself, some lending themselves to highly access
related priorities, others to resource or structure based priorities.

The three priorites are all scaled so that their values are within
the same limits so that a three-way ratio or priority balance may be

used to reflect the different relative importance between the three.
This balance will be discussed in more detail in a later secton.

6.2 Structure based priorities

This 1s a very simple priority which relates priorities to all
the structures on site. This priority may be used to weight each grid
square by the importance of the work that it contains, and will

generally be used to influence the start times of different
structures. An occaslon where this may arise is where high value
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structures may be completed relatively early in the contract,

allowing the high earnings received to fund the latter stages of the
contract. The structure priority may also be used to allow the early

release of high intensity work areas. For example, one may consider
the excavation of the foundations of a high-rise building as
essential early 1in the contract, because the completion of the
excavation will allow an early start for the other resources in that
structure. Conversely, the excavation of a trench for a pipe run will
not release the same quantities of work, and consequently may be

given a relatively low structure priority.

The first type of structure priority is money-orientated and may
be calculated in two different ways. The first is to consider the
likely cost of the construction within a grid square. This requires
infomation concerning the cost of the resources and their rates of

work, and the cost of materials