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Preface to the Second Edition

In the seven years that have passed since the publication of the first edition of
Surveying for Engineers there have been several developments in engineering
surveying, particularly in Electromagnetic Distance Measurement (EDM), micro
computers, data processing and in the acceptance of the need for a greater degree
of control when setting out engineering works.

Consequently, when compiling this second edition, we have attempted to keep
in step with current attitudes and, although the style of the book remains the same,
several significant changes have been made.

The optical levels and levelling chapters have been combined as have the three
distance measurement chapters. Much of the optical distance measurement material
has been removed since such equipment and methods have been largely superseded
by EDM techniques.

New chapters have been introduced dealing with triangulation, trilateration,
intersection and resection since engineers are coming into contact with these
techniques to a much greater extent than was the case in the past.

Within exist ing chapters, many amendments and changes have been incorporated.
The setting-out chapter has been extended since this topic has gained in importance
in recent years . The new Department of Transport design standards for highways
are discussed in the curve chapters, trigonometrical heighting is introduced into
the theodolites chapter, computerised plotting methods are discussed in the detail
surveying chapter and more worked examples have been included throughout the
book .

An introductory chapter has been added to provide a background to the subject
and a guide to the professional and government bodies which are involved in
surveying.

Although the book has been written with civil engineering students in mind , it
is hoped that it will also be found useful by practising engineers as well as by any
other students who undertake engineering surveying as a subsidiary subject.

The text covers engineering surveying up to the end of virtually all first-year
and most second-year degree, diploma and BTEC courses in civil engineering,
engineering geology, geography, surveying and other related disciplines at
universities, polytechnics and colleges of technology. Other courses for which it
is thought useful are 0 and A level surveying and the professional examinations
of the various civil engineering related institutions.

J. UREN
W. F. PRICE
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1
Introduction

Surveying, to the majority of engineers, is the process of measuring lengths, height
differences and angles on site either for the preparation of large-scale plans or in
order that engineering works can be located in their correct positions on the ground.
The correct term for this is engineering surveyingand it falls under the general title
of land surveying.

Land surveying itself is only one of several different types of surveying which
come under the auspices of the surveyors' professional body , The Royal Institution
of Chartered Surveyors (RICS).

1.1 The Royal Institution of Chartered Surveyors

The RICS has seven divisions as shown in figure 1.1. The scope of these divisions
is described by the RICS as follows.

quantity
surveying

ROYAL INSTITUTIONOF CHARTERED SURVEYORS

I,---------,I~r-----I-I-I
general building agriculture minerals planning land
r.roctice surveying and land surveying and surveying

agency development

Figure 1.1 Divisions of the RICS

1.1.1 General Practice

The basic expertise of the General Practice Surveyor is valuation , that is, the
assessment of what an interest in property is worth at a particular time . This may
be in connection with purchase , sale, letting, investment, mortgage, rating,
insurance, compensation or taxation.

A General Practice Surveyor may also be involved with Estate Agency (the
negotiation for sale or purchase , leasing or auction of all types of property) and
Estate Management (the management and maintenance of residential , commercial
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and industrial property, acting on behalf of both landlord and tenant). Some
specialise in housing or in the valuation and auction of furniture and works of art
and plant and machinery.

1.1.2 Building Surveying

The Building Surveyor offers a specialist service on all matters relating to con
struction; for example , the restoration of old buildings and the construction of
new, building maintenance, the administration and control of contracts, building
law and regulations. Building Surveyors carry out structural surveys and provide
services to the general public , commerce and industry and public authorities.

1.1.3 Quantity Surveying

The Quantity Surveyor is an expert in the financial, contractual and communica
tion aspects of the construction industry and is the impartial link between the
client , the architect, the engineer and the builder. The Quantity Surveyor controls
the cost of constructing a building, a road or a complex engineering installation,
for example, from the design stage to the final completion of the contract. The
QS is responsible for the contractual negotiation, for monitoring the progress of
construction and agreeing the final account.

1.104 Land Agency and Agriculture

Land Agents and Agricultural Surveyors traditionally work in rural surroundings.
The majority are employed in private practice where their work includes the
valuation, sale and management of rural property and the sale by auction of live
and dead stock; they are also concerned with forestry , farm management and
rural planning.

1.1.5 Minerals Surveying

Minerals Surveyors plan the development and future of mineral workings. They
advise on planning applications and appeals, mining law and working rights,
mining subsidence and damage, the environmental effects of mines and the re
habilitation of derelict land. A Minerals Surveyor also manages and values mineral
estates, and surveys mineral workings on the surface or in deep underground mines.

1.1.6 Planning and Development

Planning and Development Surveyors specialise in all aspects of urban and rural
planning, working as part of a team and offering advice on economics and
amenities, conservation and urban renewal schemes. Development Surveyors work
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closely with the planners to implement their plans within a given timescale and
budget.

1.1.7 Land Surveying

The Land Surveyor is trained to measure land and its physical features accurately ,
and to record these features in the form of a map or a plan . It is work such as this
which makes possible the publications of the Ordnance Survey of Great Britain
(see section 1.7). Land Surveyors also undertake measurement and positioning
for construction works.

1.2 Land Surveying

Land surveying can be broken down into several subsections as shown in figure 1.2.
However, it must be stressed that there is considerable overlap between these
sections, particularly as regards the basic methods and instruments used. The
scope of each section is described by the RICS as follows.

I
cadastral
surveying

LAND SURVEYING

I-I-------,~'-----I---.--
geodetic topographical phologrammetry hydrographic engineering
surveying surveying surveying surveying

Figure 1.2 Components of land surveying

1.2.1 Geodetic Surveying

Geodetic surveys cover such a large area that the curved shape of the Earth has to
be taken into account. Such surveys involve advanced mathematical theory and
require precise measurements to provide a framework of accurately located points .
These points can be used to map an entire continent , to measure the true size and
shape of the Earth or to carry out associated scientific studies such as the deter
mination of the Earth's magnetic field, or to detect continental drift.

1.2.2 Topographical Surveying

Topographical surveys establish the position and shape of natural and man-made
features over a given area, usually for the purpose of producing a map of an area.

Such surveys are usually classified according to the scale of the fmal map.
Small-scale surveys cover large areas such as an entire continent, country or county,
and may range in scale from 1:1000 000 to 1:50 000 like the familiar Ordnance
Survey maps of Great Britain. Medium-scale maps range in scale from about
1: 10000 to 1: 1000 and may cover the area of a small town, for example. Large-
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scale maps show details and present information which cannot be obtained from
a map purchased in a shop and are therefore usually commissioned for a specific
purpose. These maps range in scale from I: 500 up to I :50 or larger and are often
provided to meet the needs of arch itects, civil engineers, or government depart
ments.

1.2.3 Photogrammetry

Surveys at most scales may be undertaken by photogrammetry, using photographs
taken with special cameras from an aircraft or on the ground. Viewed in pairs, the
photographs produce three-dimensional images of the surveyed features , from
which maps or numerical data can be produced, usually with the aid of sophisti-

~cated and expensive stereo-plotting machines and computers.

1.2.4 Hydrographic Surveying

Hydrographic surveys at many different scales are carried out afloat , on rivers,
canals , lakes , seas and oceans.

Hydrographic surveyors fix the position of their survey vessel, to determine the
depth of water and to investigate the nature of the sea bed . Their traditional role
for centuries has been to map the coastlines and sea bed in order to produce
navigational charts for mariners. More recently, much of the ir work has been for
offshore oil exploration and production.

Hydrographic surveys are also used in the design, construction and ma intenance
of harbours, inland water routes, river and sea defences, in control of pollution
and in scientific stud ies of the ocean.

1.2.5 Cadastral Surveying

Cadastral surveys are those which establish and record the boundaries and owner
ship of land and property. In the United Kingdom, cadastral surveys are carried
out by Her Majesty's Land Registry , a government department, and are based on
the topographical detail appearing on Ordnance Survey maps . Cadastral work is
mainly limited to overseas countries where National Land Registry Systems are
under development.

1.2.6 Engineering Surveying

Engineering surveying can be considered to be that part of land surveying which
applies to the construction industry in some way . Its requirements and purposes
are discussed in the following section.
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The term engineering surveying is a general expression for any survey work carried
out in connection with the construction of particular engineering features, for
example, roads, railways, pipelines , dams, power stations, airports and so on . Its
main purposes are listed below.

(1) To produce up-to-date plans of the areas in which engineering projects
are to be built. The scales of the plans are usually considerably larger than those
produced in the other forms ofland surveying; 1:500 is a commonly used engineer
ing survey scale although larger scales such as 1:200, 1: 100 and 1: 50 are also used .
Cross sections and longitudinal sections are often drawn with exaggerated vertical
scales (see chapter 12). These plans form the basis for the design of the construc
tion , and hence the reliability of the design depends to a great extent on the
precision and thoroughness with which the original survey is carried out.

(2) To determine the necessary areas and volumes of land and materials that
may be required during the construction.

(3) To ensure that the construction is built in its correct relative and absolute
position on the ground.

(4) To record the final as-built position of the construction including any
amendments.

(5) To provide permanent control points from which particularly important
projects can be surveyed, for example, monitoring the faces of dams to check for
any movement.

In order that these aims can be achieved, equipment and techniques of sufficient
precision should be used both before and during construction. However, it is not
always necessary to use the highest possible precision ; some projects may only
require angles and distances to be measured to 01' and 0.1 m, whereas others may
require precisions of 01" and 0.001 m. It is important that the engineer realises
this and chooses equipment and techniques accordingly . To help with this choice,
the precisions of the various equipment and techniques are emphasised throughout
the book.

1.4 Principles of Engineering Surveying

The principles of engineering surveying are straightforward and follow a logical
step-by-step sequence as follows.

(1) Carry out a reconnaissance, that is, look round the area and choose
suitable positions for the location of control points. Adopt the universal surveying
adage of working from the whole to the part , that is, choose a small number of
primary (first-order) control points which form a well-defined network of figures
covering the whole area and break these down into smaller networks of figures,
as necessary, covering particular parts inside the main area by establishing
secondary (second-order) and , if necessary, tertiary (third-order) control points.

(2) Construct the points. This can range from establishing concrete pillars to
simply driving wooden pegs into the ground.
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(3) Take field measurements of all the necessary angles, heights and distances.
Take extra measurements for checking purposes, these are known as redundant
observations. All the information should be recorded carefully in field books or
on booking forms.

(4) Calculate the positions of the control points; checking the calculations
wherever possible. Usually, both the elevation and the plan position (coordinates)
of each point are calculated.

(5) If a plan is to be produced, additional field measurements are taken to
locate the existing features in the area. This is known as detail surveying. The
drawing is produced and passed on to the designer who uses it as a basis for the
design of the particular engineering project.

(6) If the control points are to be used for setting out work, calculations
are undertaken to obtain the relative angles and distances required to establish
the exact position of the engineering feature from the control points and the
setting out is then undertaken.

(7) Additional drawings may be produced from the field measurements if
cross sections , longitudinal sections or other plan information is required. Further
calculations may be carried out to obtain area, volume or other information.

1.5Scale

All engineering plans and drawings are produced at particular scales, for example,
1:500, 1: 100 and so on. The scale value indicates the ratio of horizontal and/or
vertical plan distances to horizontal and/or vertical ground distances that was used
when the drawing was produced, for example , a horizontal plan having a scale of
1:50 indicates that for a line AB

horizontal plan length AB = ~

horizontal ground length AB 50

and, if line AB as measured on the plan = 18.2 mm, then

horizontal ground length AB =18.2 x 50 =910 mm

The term 'large-scale' indicates a small ratio, for example, 1: 10, 1:20 , whereas the
term 'small-scale' indicates a large ratio, for example, 1:50 000.

On engineering drawings, scales are usually chosen to be as large as possible to
enable features to be drawn as they actually appear on the ground. If too small a
scale is chosen then it may not be physically possible to draw true representations
of features and in such cases conventional symbols are used; this is a technique
commonly adopted by the Ordnance Survey.

It must be stressed that the scale value of any engineering drawing or plan must
always be indicated on the drawing itself. Without this it is incomplete and it is
impossible to scale dimensions from the plan with complete confidence.

1.6 Units

Wherever possible throughout the text, Systeme International (SI) units are used
although other widely accepted units are introduced as necessary . Those units
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which are most commonly used in engineering surveying are as follows .

7

(1) Units oflength

millimetre (mm), metre (m) , kilometre (km)
1 mm = 10-3 m = 10-6 km

103 mm = 1 m = 10-3 km
106 mm = 103 m = 1 km

(2) Unit ofarea

square metre (m")

(3) Unit ofvolume

cubic metre (m")

(4) Units ofangle

The SI unit of angle is the radian (rad) . However, most surveying instruments
measure in degrees (0), minutes (') and seconds (") and some European countries
use the gon (g), formerly the grad, as a unit of angle. The relationship between
these systems is as follows

1 circumference = 21T rad = 360° = 400g

and , taking 1T to be 3.141 592 654 gives

90° = 1.570 796 327 rad = 100g

1° = 0.017453293 rad = 1.111111111 g

l' = 0.000 290 888 rad = 0.018 518 519g

I" = 0.000 004 848 rad = 0.000 308 642 g

1 rad = 57 .295 779 513° = 63.661977 236 g

0.0 1 rad = 34.377467708' = 0.636619 772 g

0.0001 rad = 20 .626480 625" = 0.006366 1989

100g = 90° = 1.570 796 327 rad
Ig = 0.9°=0.015707963rad
O.l g = 5.4 ' =0.001570796rad
0.01g = 32.4" = 0.000 157 080 rad

8"
= 8" sin I" = --

cosec i"
8 rad= --

206265

A useful approximate relationship which can be used to convert small angles from
seconds of arc to their equivalent radian values is

8"

1.7 The Ordnance Survey

The Ordnance Survey (OS) is the principal surveying and mapping organisation in
Great Britain. Its work includes geodetic surveys and associated scientific work ,
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topographical surveys and the production of maps of Great Britain at various
scales.

Its range of map production is extremely wide and maps are available from the
small-scale Routeplanner map, which is revised every year and contains the whole
of Great Britain on one sheet at a scale of 1:625 000, to the large-scale 1: 1250
maps, which each represent a ground area of 500 m x 500 m.

As far as engineering surveying is concerned, the OS maps of particular interest
are those at the scales of 1:1250, 1:2500, 1:10000 and occasionally 1:50 000 .

(1) 1: 1250

These are the largest scale maps published by the OS. They cover urban areas of
not less than 10 km2 containing a population of 20 000 or more. The National
Grid (see section 5.11) is shown at 100 m intervals and height information is
depicted by means of spot heights and bench marks (see section 2.1.5).

(2)1 :2500

These cover most of the country except mountain and moorland areas and large
urban areas. The National Grid is shown at 100 m intervals and height information
is depicted by means of spot heights and bench marks. These are the smallest
scale OS maps which show bench marks.

(3) 1: 10000

These maps cover the whole of the country. They are the largest scale of Ordnance
Survey mapping to cover mountain and moorland areas and to show contours.
The National Grid is shown at 1000 m intervals.

(4) 1:50000

This scale is covered by the Landranger series of OS maps. Each map covers an
area of 40 km x 40 km and the National Grid is shown at 1000 m intervals.
Altogether , 204 maps cover England, Scotland and Wales.

(5 ) Digital Maps

An increasing number of large-scale OS maps are now being produced by
automated digital methods.

A digital map is defined as the representation of conventional map detail in a
form suitable for manipulation by computer. Once the map data has been
digitised, it can be used to plot a map at any scale, combine the data from several
maps and select the particular features required. In this way, maps at 1: 10000
scale are being produced from the data originally digitised for 1: 1250 and 1:2500
scale map production. The digital 1: 10000 scale maps are printed in three colours
(water in blue , contours in brown and other features in black) instead of two
colours as on conventionally printed maps at this scale.

Digital map data is available from the OS on magnetic tape in a variety of
formats for use with most types of mainframe computer. A program is available
for plotting the data.
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1.7.1 Other OS Services

In addition to their wide range of maps, the Ordnance Survey provides many other
services, some of which are of particular interest to engineering surveyors. These
include

(1) SUSI, Supply of Unpublished Survey Information

9

This service provides the most up to date large-scalemapping information available.
Before a new edition of the 1: 1250 or 1:2500 series maps is drawn and printed,

locally based as surveyors note and survey any ground changes on to their work
ing drawings known as Master Survey Drawings (MSDs). Potential customers may
call at local as offices and examine the MSD of the area they require in order to
determine whether it contains the information they need. Some offices are equip
ped to provide film or paper copies of the MSD on demand.

(2) SIM, Survey Information ofMicrofilm

This service provides copies of published 1: 1250 and 1:2500 scale maps and of
surveyors MSDs containing fixed amounts of subsequent survey change.

When a new map edition is published, a microfilm copy is made and distributed
to certain as agents equipped with special microfilm viewer and printout equip
ment. Customers can view the map they require and obtain a paper printout at
original map scale on demand .

Microfilm copies of the surveyors MSD are produced when the drawing shows a
fixed amount of survey change, and paper printouts at scale from this updated
microfilm are also available from as Microfilm Agents. This updating process
continues until the amount of recorded change warrants the publication of a new
map edition when the cycle will begin again.

(3) Survey Control and Levelling Information

To produce its maps, the as has a framework of survey control points (triangula
tion stations, see section 6.3.2) and height marks (bench marks, see section 2.1.5)
throughout Great Britain. These points are used frequently in engineering work
and survey information is available as follows

(a) Triangulation Stations. Station descriptions are available which include
the name, nature of station, National Grid coordinates, elevation and many other
details.

(b) Minor Control Points. Detailed descriptions of these points which are
established in urban areas to control the large-scalesurveys are available.

(c) Levelling. Precise heighting information in Great Britain is available from
the as in the form of bench mark lists. Each list provides information on bench
marks in a one kilometre square area and carries the same reference number of the
corresponding National Grid 1:2500 scale map .
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TABLE 1.1
Pocket Calculator Functions for Engineering Surveying

Function or Facility

Display

Arithmetic

Trigonometrical

Degrees, rad, gon (grad)

Decimal degrees

Polar/Rectangular

Progralllllable

Printer connection

General purpose

Logarithms

Floating Point

Rechargeable Batteries

Storage registers (memory)

Pre-prograllllled constants

Statistical functions

Notes

Should be at least 8 digit, preferably 10.

Basic functions required .

. . -1 -1 tan- l essentta 1.srn , sm , cos, cos , tan,

Facility for using trigonometrical functions
in degree, rad and gon (grad) modes useful"

Conversion between deg, min, sec and
decimal degrees needed.

Conversion between polar (bearing and distance)
and rectangular form (~E and AN) simplifies
co-ordinate calculations greatly.

Useful (but not essential) for most calculations
provided that program storage is availaple for
repeat calculations . Some models use plbg-in
modules to extend prograllllling capability.

Hard-copy facility avoids transposition errors.

l/x, x
3 , 1;, yX occur frequently in engineering

surveying.

log x, lOX, in x, eX sometimes used.

Essential when dealing with large or small
numbers .

Preferable with AC current use.

Useful i n complicated problems.

11 required .

; and s not essential but sometimes convenient.



INTRODUCTION

1.8 Aims and Limitations of this Book

11

Engineers use land surveying simply as one of the means by which they can under
take their work and there is a definite limit to the surveying knowledge required
by them , beyond which the surveying becomes of interest rather than importance.
Specialist land surveyors are usually called in to deal with any unusual problems.

The main aim of this book, therefore, is to provide a thorough grounding in the
basic land surveying techniques required in engineering. Its originality is not so
much in the topics it contains, but more in the emphasis placed on each topic and
the depth to which each is covered .

Although it is likely that engineers will come into contact with hydrographic
surveying and photogrammetry at some stage in their careers, these are specialist
subjects which require considerably more space to cover them to sufficient depth
than that available here . Consequently, they are not included and space is instead
given to a thorough discussion of the equipment and techniques used in general
site work and plan production. Further information on hydrographic surveying and
photogrammetry can be found in the references listed in section 1.9.

The text is limited mainly to plane surveying, that is, the effect of the curvature
of the Earth is ignored . This is a valid limitation since the effect of the curvature
of the Earth is negligible for areas up to 200 km 2 and it is unlikely that many
engineering projects or construction sites will exceed this. The only time that
curvature is considered in the text is in the section dealing with trigonometrical
heighting where long sight lengths may be used .

Modern equipment is discussed at all times except where the more traditional
equipment is ideal for illustrating a particular technique, and the use of electronic
calculators and computers is discussed wherever applicable . Since the pocket
calculator has now become an essential aid to engineering surveyors and is used
extensively in their work , anyone thinking of purchasing a calculator is recom
mended to study table 1.1 before doing so, in order to ensure that the final choice
has those features which will be most useful for surveying calculations.

A note of caution must be introduced at this point. Although the methods
involved in engineering surveying can be studied in textbooks, such is the practical
nature of the subject that no amount of reading will turn a student into a com
petent engineering surveyor: Only by undertaking some practical surveying, under
site conditions, and learning how to combine the techniques and equipment as
discussed in this text will the student eventually become proficient and produce
satisfactory results.

1.9 Further Reading

W. A. Seymour, A History of the Ordnance Survey (Dawson, 1980).
J. B. Harley, Ordnance Survey Maps: A Descriptive Manual (Ordnance Survey,

Southampton, 1975) .
A. E. Ingham , Hydrography for the Surveyor and Engineer, 2nd Edition (Crosby

Lockwood Staples , London, 1984).
P. R. Wolf, Elements ofPhotogrammetry, 2nd Edition (McGraw-Hill, Tokyo,

1983) .
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Levelling

Levelling is the name given to the process of measuring the diffe rence in elevation
between two or more points. In engineering surveying, levelling has many applica
tions and is used at all stages in construction projects from the initial site survey
through to the final setting out. Specialised equipment is required to undertake
levelling: an optical level with its tripod and a levelling staff

2.1 Levelling Terminology

2.1.1 Level Line

When levelling, the heights of points on the Earth 's surface are determined and
these must all be based on the same reference height for consistency. Such a refer
ence height is a level line or level surface and is defined as a surface on which all
points are normal to the direction of gravity as defined by a suspended plumb bob .
Since the surface of the Earth is curved, level surfaces are also curved, as shown in
figure 2.1.

meansea level
h

P

levelsu-foceat

l-_---t----=-=--=-=~r:'-'
horizontolline at P

direction of grav ity '(the verticals) at P and Q

F igure 2 .1 Level and horizontal lines
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2.1.2 Horizontal Line

A horizontal line is one which is normal to the direction of gravity at a particular
point, as shown in figure 2.1, and is, therefore, tangential to the level surface at
each point chosen.

The difference between a horizontal line and a level line is called curvature , a
factor discussed further in section 2.8.4.

2.1.3 Datum

13

In levelling operations, a level line is chosen to which the elevation of all points is
related and is known as a datum or datum surface . This can be any surface but the
most commonly used datum is mean sea level and, for Great Britain, this is the
mean sea level as measured at Newlyn in Cornwall. Since the Ordnance Survey (OS)
of Great Britain use this datum, it is called the Ordnance Datum and any heights
referred to Ordnance Datum are said to be Above Ordnance Datum (AOD). All
heights marked on OS maps and plans will be AOD.

2.1.4 Reduced Level

The height of a point relative to the chosen datum is said to be its reduced level
(RL).

2.1.5 Bench Marks

These are permanent reference marks or points, the reduced levels of which have
been accurately determined by levelling.

Ordnance bench marks (OBMs) are those which have been established by the
Ordnance Survey throughout Great Britain and are based on the Ordnance Datum.
The most common type are permanently marked on buildings and walls by a cut
in vertical brickwork or masonry , an arrow or crowsfoot mark indicating the bench

-E~~~31--

arrow or _1'\
crawsfaot mark ~

cut bench mark

Figure 2.2 Bench marks

rivet bench mark

- - - section through
centre of cut
bench mark
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mark. On horizontal surfaces, DBMs consist of a rivet or bolt, the position of the
RL being shown in figure 2.2 for both types.

Temporary or transferred bench marks (TBMs) are marks set up on stable points
near construction sites to which all levelling operations on that particular site will
be referred . These are often used when there is no OBM close to the site. The height
of a TBM may be assumed at some convenient value, usually 100.00 m, or may be
accurately established by levelling from the nearest OBM. Various suggestions for
the construction of TBMs are given in chapter 14.

2.2 Optical Levels

This instrument, usually referred to as a level is used to establish a horizontal line
of sight at each point where it is set up. A horizontalline (see also section 2.1.2) is
one which is normal to the vertical. The direction of the vertical is that which a
freely suspended plumb line takes up, that is, the direction of gravity (see figure
2.3).

The level consists of a telescope and a spirit level which help to establish a
horizontal line. The telescope provides an accurate line of sight and enables the
level to be used over distances suitable for surveying purposes. The spirit level,
fixed to the telescope, enables the optical axis of the telescope to be set in a
horizontal position.

2.2.1 The Surveying Telescope

Since the type of telescope used in levels is also used in theodolites (see chapter 3),
the method of construction is considered in detail.

,/' freely suspended plumb line

----t-.----horizontal line

1
direction af gravity (thevertical)

atP

Figure 2.3 The vertical
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The surveying telescope is internally focusing as shown in figure 2.4. Incorporated
in the design of the telescope are special cross lines which, when the telescope is
adjusted correctly, are seen clearly in the field of view. These lines provide a refer
ence against which measurements can be taken. This part of the telescope is called

focusing screw

diaphragmfocusing lens

line of collimation
----jtt--------==~ofk

object lens

Figure 2.4 Internal focusing telescope shown correctly adjusted

the diaphragm and consists of a circle of plane glass upon which a series oflines is
etched, the more common patterns being shown in figure 2.5. Conventionally, the
vertical and horizontal lines are called the cross hairs.

The object lens, focusing lens, diaphragm and eyepiece are all mounted on the
same optical axis and the imaginary line passing through the centre of the cross
hairs and the optical centre of the object lens is called the line ofcollimation or
the line of sight. When using the level, all readings are taken using this line . The
diaphragm is held in the telescope by means of four adjusting screws so that the
position of the line of collimation within the telescope can be moved (see section
2.2.9).

The action of the telescope is as follows. Light rays from a distant point pass
through the object lens and are brought to focus in the plane of the diaphragm by
axial movement of the concave lens . This is achieved by mounting the concave lens
on a tube within the telescope, this tube being connected, via a rack and pinion, to
a focusing screw attached to the side of the telescope. The eyepiece, a combination
oflenses, has a fixed focal point that lies outside the lens combination and , by
moving the eyepiece, th is point can be made to coincide with the plane of the
diaphragm. Since the image of the object has already been focused at the diaphragm ,
an observer will see in the field of view of the telescope the distant point focused
against the cross hairs marked on the diaphragm. Furthermore, the optical arrange
ment is such that the object viewed through the eyepiece is magnified.

EBEBEB
Figure 2.S Diaphragm patterns
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2.2.2 Parallax

SURVEYING FOR ENGINEERS

It must be realised that for the surveying telescope to operate correctly the image
of a distant point or object must fall exactly in the plane of the diaphragm and the
eyepiece must be adjusted so that its focal point is also in the plane of the diaphragm.
Failure to achieve either of these settings results in a condition called parallax and
this is a major cause of error in both levelling and theodolite work. Parallax can be
detected by moving the eye to different parts of the eyepiece when viewing a
distant object; if different parts of the object appear against the cross hairs then the
telescope has not been properly focused and parallax is present , as seen in figure
2.6.

It is impossible to take accurate readings under these circumstances since the line
of sight alters for different positions of the eye. Parallax must be removed before
any readings are taken when using any optical instrument with an adjustable eye
piece.

To remove parallax , the eyepiece is first adjusted while viewing a light back
ground , for example , the sky or a booking sheet, until the cross hairs appear in
sharp focus. The distant point at which readings are required is now sighted and
brought into focus and is viewed while moving the eye. If the object and cross
hairs do not move relative to each other then parallax has been eliminated; if
there is apparent movement then the procedure should be repeated.

/
plane of image of distant point

parallax present

Figure 2.6 Para/lax

2.2.3 The Spirit Level

parallax eliminated

All surveying instrument spirit levels (including those of the theodolite) are con
structed in a manner similar to that shown in figure 2.7.

The bubble tube is a barrel-shaped glass tube (or vial) partially filled with alcohol
or ether, chosen because of their very low freezing points. Marked on the glass vial
is a series of graduations and the imaginary tangent to the surface of the vial at the



capstan or
adjusting screws -----r-r--'r-I

Figure 2 .7 Section ofa spirit level
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bubble
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the vertical

centre of these graduations is known as the principal tangent of the spirit level. The
remaining space in the tube is an air bubble which , under the action of gravity,
always comes to rest so that the ends of the bubble are equally displaced about
the vertical.

If the bubble takes up a position in the tube with its ends an equal number of
graduations (or divisions) either side of the centre of the vial (see figure 2.8a), the
principal tangent is horizontal and is normal to the vertical.

If the bubble does not lie in the centre of the vial, the principal tangent is not
horizontal (see figure 2.8b).

This property of the spirit level is used in levels as a means of setting the line of
collimation horizontal (see section 2.2.4).

A feature of many levels is a coincidence bubble reader or split bubble in which
an arrangement of prisms is used, as in figure 2.9, to observe both ends of the
bubble simultaneously. Instead of adjusting the bubble to be between graduations,
a horizontal setting of the tube is achieved by bringing the ends of the bubble into
coincidence . In most instruments a magnified image of the bubble ends is seen,
enabling a very accurate setting of the bubble to be achieved.

horizontal line

horizontal principal the vertical \

_

ta_ngJen_t _ inclined principal
tangent

.~-+----=-- - - - G=-J-'\'\-~-~::''t=:.S~~~

(0)

Figure 2.8 Principal tangent

(b)
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i~.·=1
eyepiece

PLAN view of prism arrongement

level not level

image of bubble ends seen
in eyepiece

SIDE view

Figure 2.9 Coincidence bubble reader

2.2.4 Principle of the Level

By attaching a surveying telescope to a spirit level such that the principal tangent is
parallel to the line of collimation, a horizontal line of collimation may be set. This
is achieved by adjusting the inclination of the telescope until the bubble lies in the
centre of its graduations; the line of collimation now coincides with the horizontal
plane through the instrument, as shown in figure 2.10. The method of obtaining
this coincidence varies slightly from instrument to instrument.

2.2.5 The Tilting Level

Figure 2.11 shows photographs of a tilting level. On this instrument the telescope
is not rigidly attached to the tribrach and can be tilted a small amount in the
vertical plane about a pivot placed below the telescope . Hence the.name tilting
level. The amount of tilt is controlled by the tilting screw placed near the tele
scope eyepiece .

The levelling head comprises the trivet stage, some form of levelling device and
tribrach. The telescope and main spirit level can be moved independently of the
tribrach over a limited range and a second level is fitted to the instrument and is
mounted on the tribrach. This is always a small circular level known as a pond
level which contains a pond bubble that can be levelled independently of the
main spirit level fixed to the telescope .

line of collimation
after instrument levelled

J

Figure 2 .10 Principle of the level
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(b)

11

12

13

14

Figure 2 .11 Tilting level : (a) general features; (b) main spirit level being set using tilting screw.
1. Reflecting mirror (for main spirit level) ; 2. main spirit level ; 3. eyepiece ;
4. capstan screws; 5. tilting screw; 6. wing nut; 7. spherical levelling head;
8. horizontal circle ; 9. tribrach; 10. object lens; 11. focusing screw; 12. pivot;
13. clamp. 14. tangent screw; 15. pond level
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Figure 2 .12 Tilting level with conventional footscrew arrangement (courtesy Wild Heerbrugg
(UK) Ltd)

As with many surveying instruments, various designs are possible. Figure 2.11
shows a tilting level in which the conventional three footscrew arrangement (see
figure 2.12) is replaced by a spherical joint which enables the level to be quickly,
but only approxima tely, levelled.

Many tilting levels incorporate coincidence bubble readers for greater accuracy
in setting the main bubble (see figure 2.9).

2.2.6 Use of the Tilting Level

After setting up the tripod with its top levelled by eye, the level is attached to it.
Using the footscrews or spherical joint, the tribrach is set approximately level by
centralising the pond bubble . This ensures that the instrument is almost level.

Parallax is now removed and the telescope rotated until it is pointing in the
direction in which the first reading is required . The telescope is lightly clamped in
position and the pointing finely adjusted using the slow motion screw. At the
position of reading so set, the tilting screw is turned until the main bubble in the
spirit level attached to the telescope is brought to the centre of its run or
coincidence is obtained. This ensures that the optical axis of the telescope or ,
more precisely, the line of collimation is exactly horizontal in the direction in
which the reading is to be taken. When the telescope is rotated to other directions,
the main bubble will change its position for each setting of the telescope since the
standing axis is not exactly vertical. Therefore, the main bubble must be relevelled
before every reading is taken .
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In the automatic level, examples of which are shown in figure 2.13, a spirit bubble
is no longer used to set a horizontal line of collimation. Instead, the line of colli
mation is directed through a system of compensators which ensure that the line of
sight viewed through the telescope is horizontal even if the optical axis of the tele
scope tube itself is not horizontal.

Whatever type of automatic level is used it must be levelled within approxi
mately 15' of the vertical to allow the compensators to work. This is achieved by
either a three footscrew arrangement or a spherical joint used in conjunction with
a pond bubble mounted on the tribrach.

(0) (b)

Figure 2.1 3 Automatic levels (n ote absence of main spirit level); (a) courtesy of Wild
H eerbrugg (UK) Ltd; (b) co urtesy of Kern and Co . Ltd

The principle of the compensator is shown in figure 2.14, which has been exag
gerated for clarity . The level is set up in a similar manner to the tilting level so that
the pond bubble on the tribrach is centralised. This sets the standing axis of the
instrument to within a few minutes of the vertical at the point of setting up. The
small angle 8 (8 is less than 15') between the standing axis and the vertical is also
the angle of tilt of the telescope. The function of the compensator, C, is to deviate
all horizontal rays of light entering the telescope tube at the same height as P
(about which the telescope is pivoted by angle 8) through the centre of the cross
hairs, D.

Free suspension compensators operate using a system of mirrors or prisms which ,
being freely suspended within the telescope tube,.take up a position according to
the angle of tilt of the telescope .
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Figure 2 .14 Principle ofautomatic level

Mechanical compensators also use a system of prisms or mirrors, but, in this case,
one (or more) is fixed to the telescope tube using a spring. When the telescope tilts,
the spring is deformed by the weight of the prism attached to it and this is propor
tional to the amount of tilt of the telescope .

Both systems use some form of damping , otherwise the compensators, being
light in weight, would tend to oscillate violently for long periods when the tele
scope is moved or affected by wind and other vibrations. Air damping is usually
employed in which the compensator is attached to a piston, this moving in a
closed cylinder.

Every commercially available automatic level uses a different compensating
system and the description of all these is beyond the scope of this book. However,
one example of a free suspension compensator is given since these are more
common than mechanical compensators.

Figures 2.15a and b show a compensator made up of three prisms. Two of these
are suspended and one is attached to the telescope housing. When the telescope is
horizontal, the line of sight is as shown in figure 2.15a. If the standing axis does not
coincide with the vertical , the telescope tilts through angle 0 from the horizontal at
P (see figure 2.15b). The suspended prisms, however , also tilt through angle 0 so as
to deflect a horizontal ray at P through the cross hair intersection, D.

2.2.8 Use of the Automatic Level

When an automatic level has been roughly levelled, the compensator automatically
moves to a position to establish a horizontal line of sight. Therefore , no further
levelling is required after the initial levelling.

As with all types of level, parallax must be removed before any readings are
taken.
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Figure 2.15 Free suspension compensator

In addition to the levelling procedure and parallax removal, a test should be
made to see if the compensator is functioning before readings commence. One of
the levelling footscrews should be moved slightly off level and, if the reading to a
levelling staff (section 2.3) remains constant, the compensator is working. If the
reading changes, it may be necessary to gently tap the telescope to free the com
pensator. On some automatic levels this procedure is not necessary since a button
is attached to the level which is pressed when the staff has been sighted. If the
compensator is working, the horizontal hair is seen to move and then return
immediately to the horizontal line of sight.

The particular advantage of the automatic level is the greater speed with which
accurate levelling may be carried out compared with using conventional levels. This
is attributable to the fact that there is no main bubble to centralise . In addition, the
compensating system eliminates errors caused by either forgetting to set the bubble
or setting it inaccurately.

A disadvantage with automatic levels is that either a strong wind blowing on the
instrument or machinery operating nearby will cause the compensator to oscillate,
resulting in vibrating images. To overcome this the mean of several readings should
be taken.

2.2.9 Permanent Adjustment of the Level

In the preceding sections, the operations necessary to set up various types of level
have been described, the objective being in all cases to level the instruments such
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that the line of collimation , as viewed through the eyepiece , is horizontal. Adjust
ments of this nature are called temporary adjustments since these are carried out
for every instrument position and, in some cases, for everypointing of the telescope .

So far, for every level discussed, the assumption has been made that once the
temporary adjustments have been completed, the observed line of collimation is
exactly horizontal. This, however, will only occur in a perfectly adjusted level, a
case seldom met in practice. Hence, some checking method is required to ensure
that the level is correctly adjusted. This is known as a permanent adjustment and
should be undertaken at regular intervals during the working life of the equipment ,
for example , once a week, depending on its usage.

Tilting level adjustment

The only permanent adjustment check necessary for a tilting level is to ensure that
the line of collimation is parallel to the principal tangent so that when the main
bubble is centred the line of collimation is horizontal.

If the line of collimation is not set exactly horizontal then a collimation error is
present in the level.

The usual method of testing and adjusting a level is to carry out a two-peg test.
Alternatively, reciprocal levelling can be used (see section 2.10.2).

The two-peg test is carried out as follows, with reference to figures 2.160 and b .

(I) On fairly level ground , hammer in two pegs A and B a maximum of60 m
apart. Let this distance be L metres .

(2) Set up the level exactly midway between the pegs at point C and level
carefully.

(3) Place a levelling staff (see section 2.3) at each peg in turn and obtain
readings S', andS2 , as in figure 2.16a.

(0)

x

S S2

line of collimation true horizontal plane
x

S; S1

A

].
c
.1. Liz

B

~I

(b)
r- l

S4

ls~
L --

S3 S3 /\
I.

Figure 2.1 6 Two-peg test

L
B 0I L/lO I.. .. .
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Since AC = CB the error , x , in the readings Stand S2, will be the same. This
error is due to the collimation error, the effect of which is to incline the line of
collimation by angle 0:. This gives

25

St - S2=(St'+X)-(S2'+X)=St'-S2'

=true difference in height between A and B.

In figure 2.16 the assumption has been made that the line of collimation lies
above the true horizontal plane. Even if this is not the case it does not affect the
calculation procedure since the sign of the collimation error is obtained in the
calculation as shown in the example at the end of this section .

(4) Move the level so that it is, preferably, L/10m from peg B at D (see
figure 2.16b) and take readings S3 at Band S4 at A. Compute the apparent differ
ence in height between A and B from (S3 - S4) '

If the instrument is in adjustment (St - S2) = (S3 - S4)'
If there is any difference between the apparent and true values, this has occurred

in a distance of L metres and hence

Collimation error (e) = (St - S2) - (S3 - S4) m per L metres.

If the error is found to be less than ±3 mm per 60 m the level is not adjusted .
Instead, any readings taken must be observed over equal or short lengths so that
the collimation error cancels out or is negligible.

(5) To adjust the instrument at point D, the correct reading that should be
obtained at A, S4', is computed from

, 66
S4 =S4 - - e

60

A check on this reading is obtained by computing S3' and by comparing
(S3' - S4') with the true difference in height (see the worked example in this
section) .

(6) With the level still at D and observing the staff reading S4 at A, the tilting
screw is adjusted until a reading of S4' is obtained. However, this causes the main
bubble to move from the centre of its run, so it is brought back to the centre by
adjusting the bubble capstan screws (see figure 2.7) with a pair of small spanners .

(7) The test should be repeated to ensure that the adjustment has been
successful.

Automatic level adjustment

As with a tilting level, the standing axis of an automatic level is set only approxi
mately vertical, the compensators automatically correcting for any slight variation
from the vertical. Consequently, the two-peg test or reciprocal levelling (see
section 2.10.2) must again be carried out to ensure that once the pond bubble is
central the line of collimation observed is horizontal.

Having deduced the correct reading Sa' as before (see figure 2.l6b), the adjust
ment can be made by one of two methods.
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For most instruments the cross hairs are moved using the diaphragm adjusting
screws until the appropriate reading is obtained.

In some levels, however, it is necessary that the compensator itself is adjusted.
Since this is a delicate operation, the level should be returned to the manufacturer
for adjustment under laboratory conditions.

Some automatic levels have, in addition to a movable diaphragm , a special
adjusting screw for the compensator. When adjusting such an instrument, the
compensatorscrew should never be touched as its setting is precisely carried out
by the manufacturer.

Worked example

Question

The readings obtained from a two-peg test carried out on an automatic level with a
single level staff set up alternately at two pegs A and B placed 50 m apart were as
follows:

(I) With the level midway between A and B

staff reading at A = 1.283 m
staff reading at B = 0.860 m

(2) With the level positioned 5 m from peg B on the line AB produced

staff reading at A = 1.612 m
staff reading at B = 1.219 m

Calculate

(1) The collimation error of the level per 50 m of sight
(2) The reading that should have been observed on the staff at A from the

level in position 5 m from B.

Solution

(1) Referring to figures 2.16a and b

Sl =0.860 m S2 =1.283 m S3 =1.219 m S4 =1.612 m
collimation error, e = (0.860 - 1.283) - (1.219 - 1.612)

= -0.030 m per 50 m

(2) For the instrument in position 5 m from peg B, the reading that should
have been obtained on the staff when held at A is

, 55 (
S4 = 1.612 - - -0.030) = 1.645m

50

This is checked by computing (S3' - S4') and by comparing with (8 1 - S2) as
follows

S3' = 1.219 - ~ (-0.030) = 1.222 m
50
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(checks)

When solving problems of this nature it is important that the lettering sequence
given in figure 2.16 for S1 to S4 is adhered to. If it is not , incorrect answers will
be obtained.

2.3 The Levelling Staff

The levelling staff is used for measuring distances vertically above or below points
on which it is held relative to a line of collimation as defmed by the level. Many
types of staff are in current use and these can have lengths of 3, 4, 4 .25 or 5 m.
The staff can be rigid, telescopic, hinged , folding or socketed in three sections for
ease of carrying and is usually made of metal, although wooden staves are still
available. The staff markings can take various forms but the 'E ' -type staff face
conforming to British Standard (BS) 4484, as shown in figure 2.17, is the most
common. The staff can be read directly to 0.01 m, with estimation to 0.001 m.

Since the staff is used to measure a vertical distance it must be held vertically
and some staves are fitted with periscope-type handles and a pond bubble to assist
in this operation. If no permanent bubble is fitted , a detachable pond bubble may

1---i~t----+----1.067

red-

- - - -+- - - 1.0 50

----t----l.031

•
--.----::!1IE--t----1.000

II
_--II

block

-1-----0.950

Figure 2.17 Levelling staff with reading examples
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be used. This device is mounted on a metal angle bracket and is held against the
staff when levelling. If no bubble is available, the staff should be slowly swung
back and forth through the vertical and the lowest reading noted. This will be the
reading when the staff is vertical.

2.4 Principles of Levelling

In a correctly levelled instrument, the line of collimation coincides with a horizon
tal line which lies in a horizontal plane. If the height of this plane is known , the
heights of ground points can be found.

In figure 2.18 , a level has been set up at point II and readings R 1 and R 2 re
corded with the staff placed vertically in turn at ground points A and B. If the
reduced level of A (RL A) is known then , by adding staff reading R 1 to RLA, the
reduced level of the line of collimation at instrument position II is obtained. This
is known as the height of the plane ofcollimation (HPC) or the collimation level.
Thus

collimation level at II = RLA + R 1

From figure 2.18 , it can be seen that to obtain the reduced levelof point B(RLB) ,

staff reading R 2 must be subtracted from the collimation level, hence

RLB =collimation level - R 2 =(RL A +R 1) - R 2

=RLA+(R 1 -R2 )

Since the direction of levelling is from A to B, the reading on A, R 1, is known as a
back sight (BS) and that on B, R 2 , a fore sigh t (FS) .

From the above expression for RLB and considering figure 2.18, the height
difference between A and B is given by , in both magnitude and sign, (R 1 - R 2 ) .

Furthermore, since R 1 is greater than R 2 and hence (R 1 - R 2 ) is positive, the base
of the staff must have risen from A to B and the expression (R 1 - R 2 ) is known as
a rise.

Referring to figure 2.18 , assume the level is now moved to a new position 12 in
order that the reduced level of C may be found . Reading R 3 is first taken with the
staff still at point B but with its face turned towards 12 • This will be the back sight
at position 12 , the fore sight R 4 being taken with the staff at C. At point B, both a

RLB_2.. __

c

Figure 2 .18 Principles of levelling
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FS and a BS have been recorded consecutively, each from a different instrument
position. A point such as B is called a change point (CP).

From the staff readings taken at 12 , the reduced level of C (RLc) is calculated
from

29

RLc = RLB + (R 3 - R 4 )

The height difference between Band C is given both in magnitude and sign by
(R3 - R 4 ) . In this case, since R 3 is smaller than R 4 , (R3 - R 4 ) is negative. The
base of the staff must , therefore , have fallen from B to C and the expression
(R 3 - R 4 ) is known as a fall .

In practice, a BS is the first reading taken after the instrument has been set up
and is always to a point of known or calculated reduced level. Conversely, a FS is
the last reading taken before the instrument is moved. Any readings taken between
the BS and FS from the same instrument position are known as intermediate
sights (IS).

2.5 Field Procedure

A more complicated levelling sequence is shown in cross section in figure 2.l9a, in
which an engineer has levelled from an OBM to a TBM to find the reduced levels of
points A to E. Figure 2.l9b shows the levelling in plan view. The field procedure is
as follows.

0
0
<I (0) 18E 0,...

I ~CD
oi E<t
:?:
al
0

Figure 2 .19 Levelling sequence
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(1) The level is set up at some convenient position 11 and a BS of2.191 m
taken to the OBM, the foot of the staff being held on the OBM and the staff held
vertically.

(2) The staff is moved to points A and B in turn and readings taken. These
are intermediate sights of 2.505 m and 2.325 m respectively.

(3) A change point must be used in order to reach D owing to the nature of
the ground. Therefore, a change point is chosen at C and the staff is moved to C
and a reading of 1.496 m taken. This is a FS.

(4) While the staff remains at C, the inst rument is moved to another position,
12 • A reading is taken from the new position to the staff at C. This is a BS of
3.019 m.

(5) The staff is moved to D and E in turn and readings taken of 2.513 m (IS)
and 2.811 m (FS) respectively , E being another CPo

(6) Finally, the level is moved to 13 , a BS of 1.752 m taken to E and a FS of
3.824 m taken to the TBM.

(7) The final staff position is at a point of known RL. This is most import
ant as all levelling fieldwork must start and finish at points of known reduced level,
otherw ise it is not possible to detect misclosures in the levelling (see section 2.6).

2.6 Booking and Reduced Level Calculations

The booking and reduction of the readings discussed in section 2.5 can be done by
one of two methods.

2.6.1 The Rise and Fall Method

The readings are shown booked by the rise and fall method in table 2.1. These are
normally recorded in a level book cont aining all the relevant columns. Each line of

TABLE 2.1
R ise and Fall Method
(all values in metres)

as IS FS RI SE FAll IIIlTIAl AOJ AOJ RE~IARKS

Rl Rl

2.191 49.87 49.87 OBM 49.87 AOO
2. 505 0.314 49.556 +0.003 49.56 A
2. 325 0.180 49.736 +0.003 49.74 B

3.019 1.496 0.829 50.565 +0.003 50.57 C (CP)
2.5 13 0. 506 51.071 +0.006 51 .08 0

1. 752 2.811 0.298 50.773 +0 .006 50.7 8 E (CP)
3. 824 2.072 48.701 +0. 009 48:71 Tall 48.71 AOO

- -- - --- -- -- -
6.962 8.13 1 1. 515 2.684 49.87

6.962 1. 515 48.701
+f .169 +1. 169 +---r:T69
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the level book corresponds to a staff position and this is confirmed by the entries
in the 'remarks' column . The calculation proceeds in the following manner, in
which the reduced level of a point is related to that of a previous point.

(1) From the OBM to A there is a fall (see figure 2.19). A BS of2.191 m has
been recorded at the OBM and an IS of 2.505 m at A. The resulting height differ
ence is given by (2.191 - 2.505) =-0.314 m. The negative sign indicates the fall
and is entered against point A. This fall is subtracted from the RL of the OBM to
obtain the initial reduced level of A as 49.556 m.

(2) The procedure is repeated and the height difference from A to B is given
by (2.505 - 2.325) = +0.180 m. The positive sign indicates a rise and this is
entered opposite B. The RL of B is (RLA + 0.180) = 49.736 m.

TABLE 2.2
Height ofCollimation Method

(all values in metres)

as IS FS HPC INITIAL ADJ ADJ REMARKSRL RL

2.191 52.061 49.87 - 49.87 OBM 49.87 AOD
2.505 49.556 +0.003 49.56 A
2.325 49.736 +0.003 49.74 B

3.019 1.496 53.584 50.565 +0.003 50.57 C (CP)
2.513 51 .071 +0 .006 51 .08 D

1.752 2.811 52.525 50.773 +0.006 50.78 E (CP)
3.824 48.701 +0 .009 48.71 TBM 48.71 AOD

6.962 8.131 49.87
6.962 48.701

+1.169 +Tl69

(3) This calculation is repeated until the initial reduced level of the TBM is
calculated , at which point a comparison can be made with the known value (see
(6) below).

(4) When calculating the rises or falls the figures in the FS or IS columns
must be subtracted from the figures in the line immediately above, either in the
same column or one column to the left. At a CP, the FS is subtracted from the IS
or BS in the line above and the BS on the same line as the FS is then used to con
tinue the calculation with the next IS or FS in the line below.

(5) When the INITIAL RL column of the table has been completed, a check
on the arithmetic involved is possible and must always be applied . This check is

~(FS) - ~(BS) = ~(FALLS) - ~(RISES) = FIRST RL - LAST RL

It is normal to enter these summations at the foot of each relevant column in the
levelling table (see table 2.1). Obviously, agreement must be obtained for all three
parts of the check and it is stressed that this only provides a check on the INITIAL
RL calculations and does not provide an indication of the accuracy of the readings.
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(6) In table 2.1, the difference between the calculated and known values of
the RL of the TBM is -0.009 m. This is known as the misclosure and gives an
indication of the accuracy of the levelling. If the misclosure is outside the allow
ablemisclosure (see section 2.7) then the levelling must be repeated. If the mis
closure is within the allowable value then it is distributed throughout the reduced
levels. The usual method of correction is to apply an equal , but cumulative,
amount of the misclosure to each instrument position, the sign of the adjustment
being opposite to that of the misclosure. Table 2.1 shows a misclosure of
-0.009 m, hence a total adjustment of +0.009 m must be distributed. Since there
are three instrument positions, +0.003 m is added to the reduced levels found from
each instrument position. The distribution is shown in the ADJ (adjustment)
column of table 2.1, in which the following cumulative adjustments have been
applied . Levels A, Band C, +0.003 m; levels D and E, +(0.003 + 0.003) = +0.006 m;
the TBM, +(0.003 + 0.003 + 0.003) = +0.009 m. No adjustment is applied to the
initial bench mark since this level cannot be altered.

(7) The adjustments are applied to the INITIAL RL values to give the ADJ
(adjusted) RL values as shown in table 2.1. These adjusted RL values are used in
any subsequent calculations and are quoted only to the same number of decimal
places of metres as the reduced levels of the OBM and TBM used.

2.6.2 The Height of Collimation Method

The level book for the reduction of the levelling of figure 2 .19 is shown in the
height of collimation form in table 2 .2. This method of reducing levels is based on
the HPC being calculated for each instrument position and proceeds as follows.

(1) If the BS reading taken to the OBM is added to the RL of this bench
mark, then the HPC for the instrument position II will be obtained . This will be
49 .87 + 2.191 =52 .061 m and is entered in the appropriate column.

(2) To obtain the INITIAL reduced levels of A, Band C the staff readings
to those points are now subtracted from the HPC.The relevant calculations are

RL of A = 52 .061 - 2.505 = 49.556 m

RL of B =52.061 - 2.325 =49 .736 m

RL ofC =52.061 - 1.496 =50.565 m

(3) At point C, a change point, the instrument is moved to position 12 and a
new HPC is established . This collimation level is obtained by adding the BS at C to
the RL found for C from II ' For position 12 , the HPC is 50.565 + 3.019 = 53.584 ill.

The staff readings to D and E are now subtracted from this to obtain their reduced
levels.

(4) The procedure continues until the initial reduced level of the TBM is
calculated and the misclosure found as before. With the INITIAL RL column in the
table completed , only a two-sided check can be applied :

~(FS) - ~(BS) =FIRST RL - LAST RL

After applying the check, any misclosure is distributed as for the rise and fall
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method, the ADJ RL values again being quoted to the same number of decimal
places of metres as the reduced levels of the OBM and TBM used.

2.6.3 Summary of the Two Methods
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The rise and fall method, although it involves more arithmetic, is preferred since it
checks all the reduced level calculations whereas the collimation method does not
check the calculations of the intermediate reduced levels.

However, the collimation method is quicker where a lot of intermediate sights
have been taken since fewer calculations are required and it is a good method to
use when setting out levels where, usually, many readings are taken from each
instrument position .

2.7 Accuracy in Levelling

For normal engineering work and site surveys the allowable misclosure for any
levelling sequence is given by

allowable misclosure =±S.jn mm

where n is the number of instrument positions . For example, the allowable mis
closure for tables 2. J and 2.2 is ±S.j3 = ±9 mm.

When the actual and allowable misclosures are compared and it is found that the
actual value is greater than the allowable value, the levelling should be repeated. If,
however, the actual value is less than the allowable value, the misclosure should be
distributed equally between the instrument positions as described in section 2.6.1.

2.8 Errors in Levelling

Many sources of error exist in levelling and those most commonly met in practice
are discussed.

2.8.1 Errors in the Equipment

Collimation error

This can be a serious source of error in levelling if sight lengths from one instrument
position are not equal, since the collimation error is proportional to the difference
in sight lengths. Hence, in all types of levelling, sights should be kept equal , parti
cularly back sights and fore sights. Also, before using any level it is advisable to
carry out a two-peg test to ensure that the collimation error is as small as possible
(see section 2.2.9).
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Parallax

This effect , described in section 2.2.2 , must be eliminated before any readings are
taken .

Defects of the staff

It is possible that staff graduations may be incorrect and new or repaired staves
should be checked against a steel tape. Particular attention should be paid to the
base of the staff to see if it has become badly worn. If this is the case then the staff
has a zero error. This does not affect height differences if the same staff is used for
all the levelling but introduces errors if two staves are being used for the same series
of levels. When using a three-section staff, it is important to ensure that the staff is
properly extended by examining the graduations on either side of each joint. If
these joints become loose, the staff should be returned for repair.

Tripod defects

The stability of tripods should be checked before any fieldwork commences by
testing to see if the tripod head is secure, that the metal shoes at the base of each
leg are not loose and that, once extended, the legs can be tightened sufficiently.
When fitted , the wing nuts must be tightened before readings are taken.

2.8.2 Field Errors

Staffnot vertical

Since the staff is used to measure a vertical difference between the ground and the
line of collimation, failure to hold the staff vertical will result in incorrect readings.
As stated in section 2.3 , the staffis held vertical with the aid of periscope-type
handles and a pond bubble , or it is rocked. At frequent intervals the pond bubble
should be checked against a plumb line and adjusted if necessary.

Unstable ground

When the instrument is set up on soft ground and bituminous surfaces on hot days,
an effect often overlooked is that the tripod legs may sink into the ground or rise
slightly while readings are being taken. This alters the height of collimation and it
is therefore advisable to choose firm ground on which to set up the level and
tripod, and to ensure that the tripod shoes are pushed well into the ground.

Similar effects can occur with the staff and for this reason it is particularly
important that change points should be at stable positions such as manhole covers,
kerbstones, concrete surfaces, and so on. This ensures that the base of the staff
remains at the same level during all observations to its position. If a stable point
cannot be found for a change point , a change plate or footplate should be used on
soft ground. Alternatively, a large stone firmly pushed into the ground can be used.

For both the level and staff, the effect of soft ground is greatly reduced if read
ings are taken in quick succession.
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Handling the instrument and tripod

As well as vertical displacement, the HPC may be altered for any set-up if the tripod
is held or leant against. When levelling, avoid contact with the tripod and only use
the level by light contact through the fingertips. If at any stage the tripod is dis
turbed, it will be necessary to relevel the instrument and to repeat all the readings
taken from that instrument position.

Instrument not level

For automatic levels this source of error is unusual but , for a tilting level in which
the tilting screw has to be adjusted for each reading, this is a common mistake. The
best procedure here is to ensure that the main bubble is centralised before and
after a reading is taken .

When using an automatic level, the compensator may stick , causing the observed
line of collimation to vary from the horizontal. Methods of overcoming this are
given in section 2.2.8.

2.8.3 Reading and Booking Errors

Extra care must be taken when reading the staff since an inverted image is obtained
with tilting levels. Very often this results in faulty readings being recorded by in
experienced observers, although the difficulty of reading an inverted staff image
usually diminishes with practice.

Another source of reading error is sighting the staff over too long a distance ,
when it becomes impossible to take accurate readings. It is, therefore, recommended
that sighting distances should be limited to 60 m but, where absolutely unavoidable ,
this may be increased to a maximum of 100 m.

Many mistakes are made during the booking of staff readings, and the general
rule is that staff sightings must be carefully entered into the levelling table
immediately after reading.

2.8.4 The Effects of Curvature and Refraction on Levelling

Consider a level set up at point A as in figure 2.20 and that a staff is held at B in the
vertical position. If the level is adjusted correctly the line of collimation A'B' will
be horizontal and will follow the horizontal line to intersect the staff at B'. The line
of collimation at the instrument position A' will, however, be tangential to the level
line through the instrument (see figure 2.20). If the Earth is considered to be a
sphere , this level line is equidistant from the centre of the Earth at all points (see
section 2.1.1).

Since the level line intersects the staff at B", the staff reading at B will be too
great by B'B" (== c). This is caused by the curvature of the Earth, and to account for
the incorrect staff reading a curvature correction, c , can be computed as follows.

In triangle A'B'O let L be the length of sight A'B', R the radius of the earth at
mean sea level, taken to be 6375 km (== OA == OB), h the height of the line of colli-
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Figure 2 .20 Curvature and refraction

mation at A above mean sea level (= AA' = BB" = height of the level line A'B") and
D the length of level line of sight A'B" .

By Pythagoras

or

c(2R + 2h + c) = L 2

so that

c = L2 /(2R + 2h + c)

Since c and h are small compared with R they can be ignored in the expression,
hence c = L 2 /2R .

However, L is difficult to ascertain, but since c is very small compared with L
it is assumed that L = D.

If c is in metres and D in kilometres, c = 0.0785 D 2

The effect of refraction is to bend the line of sight towards the Earth to follow
line A'X, as shown in figure 2.20. Refraction is a variable effect depending on
atmospheric conditions but for ordinary work the line A'X can be considered to
be circular with a radius seven times that of R . In magnitude, therefore, refraction
has a value of 1/7 that of curvature but is of opposite sign. The combined curvature
and refraction correction is thus (6/7) X 0.0785D2 = 0.0673D2

• The combined
correction for a length of sight of 120 m amounts to - 0.001 m and the effect of
both is thus negligible when undertaking levelling if sightings are less than 120 m,
as should always be the case.
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However, curvature and refraction effects cannot always be ignored when
calculating heights using theodolite methods and this is discussed in section 3.4.

2.8.5 Weather Conditions
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Windy conditions cause the level to vibrate and give rise to difficulties in holding
the staff steady. Readings cannot be recorded accurately under these circumstances
unless the instrument is sheltered and the minimum number of sections of the staff
used.

In hot weather, the effects of refraction are serious and produce a shimmering
effect near ground level. This makes it impossible to read accurately the bottom
metre of the staff which, consequently, should not be used.

2.9 Summary of the Levelling Fieldwork

When levelling, the following practice should be adhered to if many of the sources
of error are to be avoided.

(1) Levelling should always start and finish at points of known reduced level
so that misclosures can be detected. When only one bench mark is available, level
ling lines must be run in loops starting and finishing at the bench mark.

(2) Where possible, all sight lengths should be below 60 m.
(3) The staff must be held vertically by suitable use of a pond bubble or by

rocking the staff and noting the minimum reading.
(4) BS and FS lengths should be kept equal for each instrument position. For

engineering applications, many IS readings may be taken from each set-up. Under
these circumstances it is important that the level has no more than a small colli
mation error.

(5) Readings should be booked immediately after they are observed and
important readings, particularly at change points, should be checked .

(6) The rise and fall method of reduction should be used when heighting
reference or control points.

2.10 Additional Levelling Methods

2.10.1 Inverted Staff

Occasionally, it may be necessary to determine the reduced levels of points such
as the soffit of a bridge, underpass or canopy. Generally, these points will be above
the line of collimation. To obtain the reduced levels of such points, the staff is held
upside down in an inverted position with its base on the elevated points. When
booking an inverted staff reading it is entered in the leyelling table with a minus
sign , the calculation proceeding in the normal way, taking this sign into account.

An example of a levelling line including inverted staff readings is shown in
figure 2.21 , table 2.3 showing the reduction of these readings.



38

TBMA
20.79mi

SURVEYING FOR ENGINEERS

underside of bridge

y

III
o
en
N

CP

~I

TBM B
19.14m

Figur e 2 .2 1 Inverted staf f levelling

TABLE 2.3
Inverted StaffReadings

(all values in metres)

OS IS FS RISE FALL INITIAL AOJ AOJ REMARKSRL RL

1. 317 20.79 - 20. 79 TBM A 20.79
- 3. 018 4.335 25.125 -0.001 25.12 X

1.427 2.894 5.91 2 19.213 -0.001 19. 21 CI'
-2. 905 4. 332 23.545 -0.0 02 7:1.54 y
-3. 602 0.6'l7 :>~ . :>~ 2 -o .on:> ;> ~ .;>~ 7

1.49B s. 100 19. 142 -0 .00 2 I'J . I ~ 1m, I: l'J.l ~

-
2. 744 4.392 9.364 11.012 20. 79

2.744 9.364 19.142
._ - -- --

+1. 648 + 1.648 + 1.648

Each inverted reading is denoted by a minus sign and the rise or fall computed
accordingly. For example , the rise from TBM A to point X is 1.317 - (-3.018) =
4.335 m. Similarly, the fall from point Z to TBM B is - 3.602 - 1.498 = -5.100 m.

An inverted staff position must not be used as a change point since there is often
difficulty in keeping the staff vertical and in keeping its base in the same position
for more than one reading.

2.10.2 Reciprocal Levelling

True differences in height are obtained by ensuring that BS and FS lengths are
equal when levelling. This eliminates the effect of any collimation error that may
be present in the optical level used.
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There are certain cases, however, when it may not be possible to take readings
with equal sight lengths as, for instance , when a line of levels has to be taken over
a wide gap such as a river. In these cases, the technique of reciprocallevellingcan
be adopted. Reciprocal levelling also provides an alternative to the two-peg test as
a means of determining the amount of collimation error present in an optical level.

Figure 2.22 shows two points A and B on opposite sides of a wide river. The
line of collimation has been assumed to be elevated above the horizontal plane.
This may not be the case but does not affect the calculations . To obtain the true
difference in level between A and B

B line of collimotion A
c,

\c \ _
b,

true horizontal plaoe at

Figure 2 .22 Reciprocal levelling

(I) A level is placed at 11 , about 5 m from A, and a staffis held vertically at
A and B. Staff readings are taken at A (ad and B (b d.

(2) The level is next taken to position 12 where readings a2 and b 2 are
recorded .

Let the true difference in levelbetween Aand B be MI.For instrument position 11

(2.1)

(2.2)

where CI is the effect of the collimation error between A and B. For instrument
position 12

MlAB = (a2 - C2) - b2

C2 being the effect of the collimation error between Band A.
Adding equations (2.1) and (2.2) gives

MlAB = i[(al - b, +cd + (a2 - C2 - b2 ) ]

Since the observations are taken over the same sighting distances with the same
level, the effects of the collimation error will be the same for both cases. Hence
CI = C2 and

(2.3)
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This result indicates that the true difference in level is the mean of the two observed
differences in level recorded at 1I and 12 .

Subtracting equations (2.1) and (2.2) gives

O=al - (b l - cd - (a2 - c2) +b2

but CI = C2 = c, hence the collimation error (e) in the level is given by

e = t[(a2 - b2) - (al - bd] per L metres (2.4)

where L is the horizontal distance between A and B (see also section 2.2.9).

When reciprocal levellingwith one level, the two sets of observations must follow
each other as soon as possible. Where this is not possible, two levels have to be used
simultaneously. It must be realised that the levels should have the same collimation
error or the true height difference will not be obtained.

Question

Reciprocal levelling across a river estuary using a single level and staff gave the
following results between points A and B. The horizontal distance AB was measured
by EDM as 55.33 m.

Instrument position Staff position

X A
X B
Y A
Y B

Staff reading (rn)

1.564
2.382
2.247
3.101

(1) Determine the RL of B if that of A is 5.79 m AOD.
(2) Calculate the collimation error in the level per 60 m of sight.

Solution

(1) The RL ofB
With reference to figure 2.22 and equation (2.3)

MlA B = t[(1.564 - 2.382) + (2.247 - 3.101)]

=t[(-0.818) + (-0.854)] =-0.836 m

Hence, RL of B =5.79 - 0.836 =4.95 m AOD (rounded to 2 decimal places)
(2) The collimation error per 60 m of sight

From equation (2.4)

e = t[(2 .247 - 3.101) - (1.564 - 2.382)] per 55.33 m

= -0.036 m/55.33 m

therefore

1lim . /60 -0.036 x 60 0 03co ation error m = = - . 9 m
55.33

This is too large a value and should be removed (see section 2.2.9).
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2.11 Applications of Levelling

Levelling has many uses in civil engineering construction. Levels are need princi
pally in setting out, sectioning and contouring. Contouring is described in detail
in section 2.12 .

2.11.1 Setting Out

The applications of levelling in setting out are fully described in chapter 14.

2.11.2 Sectioning

This aspect of levelling is usually undertaken for construction work such as road
works, railways and pipelines. Two types of section are often necessary and these
are called longitudinal and cross sections.

On many road schemes, the longitudinal section and cross sections can be
generated by a computer interrogating a Digital Terrain Model (DIM). This is
discussed further in section 10.16 .
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Longitudinal sections

In engineering surveying, a longitudinal section (or profile) is taken along the com
plete length of the proposed centre line of the construction showing the existing
ground level. Levelling is used to measure heights at points on the centre line so
that the profile can be plotted.

Generally , this type of section provides data for determining the most economic
formation level , this being the level to which existing ground is formed by construc
tion methods. The optimum position for the formation level is usually found by
drawing the longitudinal section with the mass haul diagram (see chapter 13).

The fieldwork in longitudinal sectioning normally involves two operations.
Firstly , the centre line of the section must be set out on the ground and marked

with pegs. For most works, this is done by theodolite and some form of distance
measurement so that pegs are placed at regular intervals (frequently 20 m) along
the centre line. Further details of the techniques involved in this stage are given in
chapters 9, 10 and 14. Secondly , as soon as the centre line has been established
levelling can commence .

The levelling techniques adopted should all conform with the general rules
already put forward and these will dictate where the level is to be set up , what
bench marks are used and when change points are necessary. For longitudinal
sections, it is usually sufficiently accurate to record readings to the nearest 0 .01 m.
Levels are taken at the following points, the object being to survey the ground
profile as accurately as possible.

(1) At the top and ground level of each centre-line peg, noting the through
chainage of the peg.

(2) At points on the centre line at which the ground slope changes.
(3) Where features cross the centre line, such as fences, hedges, roads, pave

ments, ditches and so on. At points where, for example, roads or pavements cross
the centre line, levels should be taken at the top and bottom of kerbs . At ditches
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and streams, the levels at the top and bottom of any banks as well as bed levels are
required.

(4) Where necessary , inverted staff readings to underpasses and bridge soffits
would be taken.

In order to be able to plot levels obtained in addition to those taken at the
centre-line pegs, the position of each extra point on the centre line must be known.
These distances are recorded by measurement with a tape , the tape being positioned
horizontally between appropriate centre-line pegs.

The method of booking longitudinal sections should always be by the height of
collimation method since many intermediate sights will be taken. Distances denot
ing chainage should be recorded for each level and most commercially available
level books have a special column for this purpose. Careful booking is required to
ensure that each level is entered in the level book with the correct chainage. Good
use should be made of the 'remarks' column in this type of levelling so that each
point can be clearly identified when plotting.

When all the fieldwork has been completed and the level book checked,the
results can be plotted. The longitudinal section for a small valley is shown in
figure 2.23b and its associated level book in figure 2.23a. A longitudinal section
is shown in chapter 12, figure 12.12.

Cross sections

A longitudinal section provides information only along the centre line of a proposed
project. For works such as sewers or pipelines, which usually are only of a narrow
extent in the form of a trench cut along the surveyed centre line, a longitudinal
section provides sufficient data for the construction to be planned and carried out.
However, in the construction of other projects such as roads and railways , existing
ground level information at right angles to the centre line is required. This is pro 
vided by taking cross sections. These are sections taken at right angles to the centre
line such that information is obtained over the full width of the proposed
construction.

For the best possible accuracy in sectioning a cross section should be taken at
every point levelled on the longitudinal section. Since this would involve a con
siderable amount of fieldwork , this rule is generally not observed and cross sections
are, instead, taken at regular intervals along the centre line usually where pegs have
been established . A right angle is set out at each cross section either by eye for
short lengths or by theodolite for long distances or where greater accuracy is
needed. A ranging rod is placed on either side of the centre line to mark each
cross section.

The longitudinal section and the cross sections are usually levelled in the same
operation. Starting at an OBM, levels are taken at each centre-line peg and at inter
vals along each cross section. These intervals may be regular , for example, 10 m,
20 m, 30 m on either side of the centre-line peg or , where the ground is undulating,
levels should be taken at all changes of slope such that a good representation of
existing ground level is obtained over the full width of the construction. The pro
cess is continued taking both longitudinal and cross section levels in the one
operation and the levelling is finally closed on another known point.
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Such a line of levels can be very long and can involve many staff readings and it
is possible for errors to occur at stages in the procedure. The result is that if a large
misclosure is found, all the levelling will have to be repeated, often a soul destroy
ing task. Therefore, to provide regular checks on the levelling it is good practice to
include points of known height such as traverse stations or TBMs at regular inter
vals in the line of levels and then , if a large discrepancy is found, it can be isolated
into a short stretch of the work.

Examples of plotted cross sections are shown in figure 2.24 and figure 12.13,
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and the applications of the results in earthwork calculations are considered in
chapters 12 and 13.

2.12 Contouring

45

A contour is defined as a line joining points of the same height above or below a
datum. These are shown so that the relief or topography of an area can be inter
preted, a factor greatly used in civil engineering design and construction.

The difference in height between successivecontours is known as the contour or
vertical interval and this interval dictates the accuracy to which the ground is repre
sented . The value chosen for any application depends on

(1) the intended use of the plan
(2) the scale of the plan
(3) the costs involved
(4) the nature of the terrain .

Generally, a small vertical interval of up to 1 m is required for engineering pro 
jects, for large-scaleplans and for surveys on fairly even sites. In hilly or broken
terrain and at small scales, a wider vertical interval is used. Very often, a com
promise has to be reached on the value chosen since a smaller interval requires
more fieldwork time, thus increasing the cost of the survey.

Contours can be obtained either directly or indirectly using mathematical or
graphical interpolation techniques. Once plotted, in addition to indicating the
relief of an area, contours can be used to provide sectional information.

2.12.1 Direct Contouring

In this method the positions of contours are located on the ground by levelling.
A level is set up in the area so that as much ground as possible can be covered

by staff observations from the instrument position. A back sight is taken to a bench
mark or other point of known reduced level and the height of collimation calculat
ed. For example

RL of bench mark =51.87 m AOD

BS = 1.78 m

HPC =53.65 m

To locate each contour the required staff readings are

At 50 m contour = 53.65 - 50.00 = 3.65 m

51 m contour = 53.65 - 51.00 = 2.65 m

52 m contour = 53.65 - 52.00 = 1.65 m

53 m contour =53.65 - 53.00 =0.65 m:
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Considering the 52 m contour, the surveyor directs the person holding the staff
to move until a staff reading of 1.65 m is obtained. At this point a signal is given by
the surveyor so that the staff position can be marked with a peg or chain arrow.
With the staff in other positions the procedure is repeated until the complete 52 m
contour is clearly marked on the ground. Only one contour is set out at anyone
time.

When other contours are located, care must be taken to ensure that the pegs or
chain arrows of different contours are coded so that one set cannot be mistaken
for another. As soon as all the contours have been marked on the ground the plan
positions of all the pegs or chain arrows have to be established . This can be done
by some convenient detail surveying method as given in chapter 8.

Since two operations are involved the method takes longer than others. The
advantage of the technique is that it is accurate .

2.12.2 Indirect Contouring

This involves the heighting of points that do not, in general, coincide with the con
tour positions. Instead , the points levelled are used as a framework on which contours
are later interpolated on a drawing.

Two of the more common methods of indirect contouring involve taking levels
either on a regular grid pattern or at carefully selected points.

Grid levelling

The area to be contoured is divided into a series oflines forming squares and
ground levels are taken at the intersection of the grid lines.

The sides of the squares can vary from 5 to 30 m, the actual figure depending on
the accuracy required and on the nature of the ground surface. The more irregular
the ground surface the greater the concentration of grid points. Methods of setting
out the grid are numerous and one such method is considered here .

Four lines of ranging rods are set out by taping, as shown in figure 2.25, such
that each ranging rod marks a grid point. Stepping of the tape will be necessary to
establish a horizontal grid. To obtain the ground level at each grid point the person
holding the staff lines the staff in with the two ranging rods in each direction that
intersect at the point being levelled, and a reading is taken. The procedure is
repeated at all grid points . Where a ranging rod marks a grid point the staff is
placed against the rod and the reading taken .

When taking each reading, a suitable reference system should be adopted, for
example, B8 as shown in figure 2.25 , and rigorously maintained during the location
of each point and the booking of each reading.

Following the fieldwork , the levels are reduced , the grid is plotted and the con
tours interpolated either graphically or mathematically , taking into account the
general shape of the land as observed during the fieldwork .

This method of contouring is ideally suited to gently sloping areas but the set.
ting out of the grid on a large area can take a considerable time. Furthermore, if
visibility is restricted across the site, difficulties can occur when locating grid points.
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Figure 2.25 Grid levelling

Contours from selected points

For large areas or areas containing a lot of detail , contours can be drawn from levels
taken at points of detail or at prominent points on open ground such as obvious
changes of slope. These points will have been plotted on the plan by one of the
methods discussed in chapter 8 and hence the position of each level, or spot height
as it is called, is known . These spot heights will form a random pattern but the
contours are drawn by interpolation as in grid levelling.

This technique is obviously well suited to detail surveying and is the usual
method of contouring such surveys. As in all methods, a sufficient number of levels
must be recorded so that the ground surface can be accurately represented on the
site plan.

2.12.3 Interpolating Contours

In the direct method of contouring, spot heights are located at exact contour
values, plotted on a plan and individual contours are drawn by joining spot heights
of equal value with a smooth curve.

In the indirect methods, the plotted spot heights will not be at exact contour
values and it is necessary to locate points between them on the plan which do have
exact contour values. This is known as interpolation and it can be carried out
either mathematically or graphically.

The assumption is made when undertaking interpolation that the surface of the
ground slopes uniformly between the spot heights. Hence, careful positioning of
spot heights in the field is essential if accurate contours are to be produced.

Mathematical Interpolation

This can be a laborious process when there are a large number of spot heights.
The height difference between each spot height is calculated and used with the
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horizontal distance between them to calculate the position on the line joining the
spot heights at which the required contour is located.

With reference to figure 2.26, in which the positions of the 36 m and 37 m con
tours are to be located between two spot heights A and B of reduced level 37.2 m
and 35.8 m AOD respectively, by simple proportion

0.2 = ~ 1.4
x y 28 .7

from which

x = 4.1 m

y = 24.6 m

Horizontal distances x and yare scaled along line BA on the plan to fix the
positions of the 36 m and 37 m contours respectively.

When all the exact contour positions have been plotted, they are joined by
smooth curves as in the direct method .

plan view

sectionalong AS

37.2m-A

lAm

35 .8 m

I.
y

28.7m

Figure 2 .26 Mathematical interpolation of contours

Grophkallnte~owtion

This is a much quicker method where there are large numbers of spot heights. The
procedure is as follows.

(I) A piece of tracing paper is prepared with a series of equally spaced hori
zontallines as shown in figure 2.27a. Every tenth line is drawn heavier than the
others .
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(0)

Figure 2.27 Graphical interpolation of contours

(b) 36m
contour
position

(2) The tracing paper is then laid between pairs of spot heights and rotated
until the horizontal lines corresponding to the known spot height values pass
through the points as shown in figure 2.27b.

(3) The heavy lines indicate the positions of the contour lines where they
pass over the line joining the spot heights and these positions are pricked through
on to the drawing paper using a sharp point.

(4) The reduced level of each contour is written lightly next to its position.
When all the exact contour positions have been located they are joined by smooth
curves.

2.12.4 Obtaining Sections from Contours

It is possible to use contours to obtain sectional information for use in the initial
planning of such projects as roads, pipelines, earthworks and reservoirs.

Figure 2.28 shows part of a contoured plan of an area. The line XX is the
proposed route for a straight section of a road centre line and relevant cross
sections are shown at chainages 525 m to 625 m. Using the contours, the approxi
mate shape of the longitudinal and cross sections can be obtained by scaling height
and distance information from the plan at points where the section lines cut con
tours as shown in figure 2.29.
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Figure 2.28 Contoured plan
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2.13 Further Reading

M. A. R. Cooper , Modern Theodolites and Levels, 2nd Edition (Granada, London,
1982).



3
Theodolites and their Use

Theodolites are precision instruments used for measuring angles in the horizontal
and vertical planes.

3.1 Principles of Angle Measurement

Figure 3.1 shows two points Sand T and a theodolite set up on a tripod over a
ground point R. The RL of S is considerably greater than that of R which, in tum,
is considerably greater than that of T.

The theodolite is mounted at point L, a vertical distance h above R for ease of
observation.

The horizontal angle at L between Sand T is angle MLN, where M and N are the
vertical projections of Sand T on to the horizontal plane through L.

The vertical angles to S and T from L are angle SLM (an angle ofelevation) and
angle TLN (an angle ofdepression) .

In order to measure horizontal and vertical angles, the theodolite must be centred
over point R using a plumbing device and must be levelled to bring the angle read-

vertical Planes\,:>

\

horizontal plane~
through L

N

T

Figure 3.1 Horizontal and vertical angles
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ing systems of the theodolite into the appropriate planes. Although centring and
levellingensure that horizontal angles measured at point L are the same as those
that would have been measured if the theodolite had been set on the ground at
point R, the vertical angles from L are not the same as those from R and hence
the value of h, the height of the instrument, must be taken into account when
height differences are being calculated.

3.2 Constructional Features of Theodolites

All types of theodolite are similar in construction and the general features are
shown in figure 3.2. The various parts of the theodolite and their functions will
now be described.

25

2
24

3
4 23

5 22
6
7 21
8

20

9
19
18

10 1711
16

12 15

14

13

Figure 3.2 Theodolite (on face left) : 1. reflecting mirror for altitude level; 2. altitude level ;
3. vertical circle ; 4. main telescope focus; 5. eyepiece; 6. plate level; 7. altitude
level setting screw; 8. standard; 9. reflecting mirror for reading system; 10. and
11. lower plate clamp and tangent screw; 12 . horizontal circle ; 13. wing nut;
14. trivet; 15 . levelling footscrew ; 16 . fine centring clamp; 17. tribrach; 18. and
19. upper plate tangent screw and clamp ; 20. standard; 21. telescope tangent
screw; 22. micrometer screw; 23. circle reading telescope; 24. telescope clamp;
25. telescope objective
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3.2.1 Basic Components ofa Theodolite

(I) The trivet stage forms the base of the instrument. In order to be able to
centre the theodolite, some tripods have a clamping screw for fixing the trivet to
the tripod. This enables the trivet to take up a variable position on the tripod head.

The trivet also carries the feet of three threaded levelling footscrews .
(2) The tribrach supports the remainder of the instrument and is supported

in tum by the levelling footscrews . The tribrach can, therefore, be levelled inde 
pendently of the trivet stage.

Many instruments have the facility for detaching the upper part of the theodo
lite from the tribrach. A special target or other piece of equipment can then be
centred in exactly the same position occupied by the theodolite, as shown in
figure 3.3 . This ensures that angular and linear measurements are carried out
between the same positions, thereby reducing errors , particularly centring errors
(see section 3.3.4).

The use of the equipment in this way .isknown as the three-tripod system arid
is described in section 5.7.

(3) The lower plate of the theodolite carries the horizontal circle. The term
glass arc is often used to describe theodolites because the horizontal and vertical

(0) (b)

Figure 3.3 Forced centring: (a) Kern system (courtesy Kern and Co. Ltd): (b) Wild system
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circles on which the angle graduations are photographically etched are made of
glass. Many types of glass arc theodolite are available, varying in reading precision
from I' to 0.1" although 20" and I" reading theodolites are most commonly used
in engineering surveying.

(4) An upper plate or alidade is recessed into and can be free to rotate within
the lower plate. The upper plate carries the horizontal circle reading system. The
various circle reading systems are described in section 3.2.2.

The plate level is also fixed to the upper plate which is identical to the spirit
level of an optical level as shown in figure 2.7 and is mounted on the upper plate.

(5) On earlier models, the upper and lower plates each have a separate clamp
and slow motion or tangent screw and, to distinguish these, the upper plate screws
are milled and the lower plate screws are serrated .

For this type of theodolite, if the lower plate is clamped and the upper plate
free, rotation in azimuth givesdifferent readings on the horizontal scale. If the
lower plate is free and the upper plate clamped, rotation in azimuth retains the
horizontal scale reading, that is, the horizontal circle rotates.

Most modern theodolites do not have a lower plate clamp and tangent screw.
There is a facility for altering the position of the horizontal circle within the
instrument and this is achieved using one control only, called the horizontal circle
setting screw.

(6) The upper plate also supports two frames called the standards.
Supported in bearings carried on the standards is the trunnion or transit axis of
the theodolite .

(7) Attached to the trunnion axis are the main telescope , the circle reading
telescope , the micrometer screw and the vertical circle. The micrometer screw is
used when horizontal and vertical circle readings are being taken (see section
3.2.2) .

The focusing screw of the telescope is fitted concentrically with the barrel of
the telescope and the diaphragm (and also the circles) can be illuminated for night
or tunnel work .

When the main telescope is rotated in altitude about the trunnion axis from one
direction to face in the opposite direction it has been transitted. The side of the
main telescope, viewed from the eyepiece, containing the vertical circle is called
the face.

The construction of the main telescope is similar to those used in optical levels
as described in section 2.2 and it can be clamped in the vertical plane, a tangent
screw being provided for fine vertical movement. Fine horizontal movement is
achieved using the upper plate tangent screw (and lower plate tangent screw, if
fitted).

(8) The vertical circles of theodolites are not all graduated in the same way
and it is necessary to reduce the readings to obtain the required vertical angles
(see section 3.2.2). Some of the graduation systems in use are shown in figure 3.4.

(9) Attached to the vertical circle is the altitude level. In order that vertical
angles can be recorded with respect to the horizontal plane through the trunnion
axis, the altitude bubble is centred prior to reading the vertical circle by turning
the altitude level setting screw. Alternatively , the altitude level may be of the
coincidence type as described for optical levels in section 2.2. Movement of the
altitude level setting screw does not alter the direction of pointing of the main
telescope.
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Figure 3.4 Vertical circle graduations

On some theodolites, the altitude bubble may be replaced by an automatic
vertical index which requires no manual setting. Once such a theodolite has been
levelled using the plate level it is ready to read vertical angles.

(10) The arrangement of the axes of the theodolite is shown in figure 3.5 .
When the instrument is levelled, the vertical axis is made to coincide with the

point to which
011 0Il\I1es ore ---~;lp'ooC:'

referred

line of collimation

Figure 3.5 Theodolite axes

vertical at the point where the instrument is set up . This is achieved by using the
levelling footscrews and plate level as described in section 3.3.1.

(11) Centring the theodolite involves setting the vertical axis directly above a
particular point. A hook is provided so that a plumb line can be suspended under
neath the tribrach or centring clamp in order to roughly centre the instrument
within 5 mm. Fine centring is done using the optical plummet. This consists of a
small eyepiece, either built into the tribrach or the alidade, the line of sight of
which is deviated by 90° so that a point corresponding to the vertical axis can be
viewed on the ground. The two types of optical plummet are shown in figure 3.6.

Some instrument tripods can be fitted with a centring rod as a further method
of improving centr ing accuracy. The rod either forms part of the tripod or is
detachable.

As shown in figure 3.7, the top of the rod is attached to an adaptor plate which,
when the rod is moved, slides on the tripod head. A pond level fixed to the rod
enables it to be set vertically. When the rod is placed in a vertical position with its
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(b) 2

Figure 3.6 Sections through lower halves of theodolites showing: (a) optical plummet
mounted on alidade; (b) optical plummet mounted on tribrach, 1. Eyepiece;
2. line of sight along vertical axis [courtsey of Wild Heerbrugg (UK) Ltd)

(0) (b)

Figure 3.7 Kern centring rod . (a) Section through centring rod : 1. adaptor plate for theodolite ;
2. tripod head with spherical surface; 3. trivet; 4. clamp ;5. pond level ; 6. centring
rod ; 7. tripod leg. (b) Centring rod in use (courtesy Kern and Co. Ltd)
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base centred over a station mark , the rod and hence the adaptor plate is clamped
and the theodolite is centred automatically by fixing it to the adaptor plate.

Table 3.1 shows a comparison of three centring methods.

TABLE 3.1

Method

Suspended

Plumb bob.

Optical

Plummet.

Centring

Rod.

Advantages

Cheap

Not affected

by weather.

Quicker than

optical p1U111llet .

Useful in hilly

terrain.

Disadvantages

Difficult to use

in windy conditions.

Mus t be in good

adjustment.

Takes longer to use.

Extra piece of

equipment to carry.

Accuracy of

centring over

point

1 - 2 111II

1 111II

1mm

3.2.2 Circle Reading Methods

Since the standards are hollow on modern theodolites and the circles are made of
transparent glass, it is possible to direct light into the instrument and through the
circles using prisms, and to magnify and read the images using a circle reading
telescope. There are three types of scale reading systems in common use.

Optical scale reading system

In this reading system , a fixed plate of transparent glass, upon which are etched two
scales from 0' to 60', is mounted in the optical path of the light directed through
the horizontal and vertical circles, as shown in figure 3.8 for the Wild T16.

When viewed through the circle eyepiece these two scales are seen superimposed
on portions of the horizontal and vertical circles and are highly magnified, Read
ings are obtained directly from the fixed scales, as shown for the Wild T16 instru
ment in figure 3.9. The length of each scale corresponds exactly to the distance
between the images of the circle graduations and there is no possibility of
ambiguity.

This system is often referred to as the direct reading system since no micrometer
adjustment is required (see next sections) to obtain readings.



THEODOLITES AND THEIR USE 59

ref lect ing
mirror

circle reading
eyepiece

horizontal circle

<;

Figure 3.8 Wild T1 6 reading system (courtesy Wild Heerbrugg (UK) Ltd)

Only one side of the circle is seen by this method and any circle eccentricity is
not eliminated but these errors are likely to be less than the reading accuracy
which is direct to I' with estimation to 0.1' .

Single-reading optical micrometer reading system

This reading system does not have a fixed scale mounted in the optical path.
Instead , an optical micrometer is built into the instrument on the standard con
taining the reading telescope. The micrometer arrangement and optical paths for
such a theodolite are shown in figure 3.10 for the WildTI.

The important part of the optical micrometer is the parallel-sided glass block,
This can be rotated by turning the micrometer screw to which the block is geared.
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vertical circle reading 95° 54.4'
horizontal circle reading 130·04.6'

vertical circle reading 96° 06.5 '
horizontal circle reading 235° 56.4'

Figure 3.9 Wild T16 and reading examples (courtesy Wild Heerbrugg (UK) Ltd)

If light from the circles enters the block at a right angle it will pass through un
deviated , as shown in figure 3.lla. If, however, the block is rotated through an
angle (), the light will be deviated by an amount, d , parallel to the incident ray
(see figure 3.llb). It can be shown that the amount of this shift , d , is directly pro
portional to the angle of rotation of the block, (). This principle is used to obtain
angle readings using index marks built into the optical path which are seen super
imposed on the circle images. Suppose the horizontal scale is set as in figure 3.12 ;
the reading will be 62° +x . By turning the micrometer screw and hence the parallel.
sided glass block , the 62° graduation can be displaced laterally until it appears to
coincide with the index marks as in figure 3.12 . The horizontal scale has, therefore,
effectively been moved an amount x proportional to the rotation of the glass block .
This angular rotation is recorded on a micrometer scale attached to the glass block,
the relevant portion of which is seen in the circle eyepiece .
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light path
fo< Vond H

parallel
sided gloss
block

micrometer
screw

Figure 3.10 Wild Tl reading system (courtesy Wild Heerbrugg (UK) Ltd)

(0)

Figure 3.11 Parallel-sided glass block

(b)

d
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Figure 3.12
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index marks

horizontal circle reading 05
0

13' 35 "

v

.. -
Hz

horizontal circle reading 327059' 36"

Figure 3.13 Wild Tl and reading examples (courtesy Wild Heerbrugg (UK) Ltd)
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The circle readings are made up of two parts, as shown in figure 3.13. As with
the optical scale system, only one side of the circle is read, hence the term single
reading optical micrometer. The reading accuracy of the Wild T1 is direct to 20"
with estimation to 5" , or direct to 6" with estimation to 3" .

63

Double-reading opticalmicrometer reading system

When reading horizontal (or vertical) angles on a theodolite, if the opposite sides of
the circle are read simultaneously and meaned, the effects of any circle eccentricity
errors are eliminated. This is demonstrated in figure 3.14, which shows the horizon
tal circle in plan view (the same theory can be applied to the vertical circle). If the

(0)

Figure 3.14 Circle eccentricity errors

11"40'

B 19'"40'

(b)

line joining two diametrically opposed points A and B on the upper plate corres
ponds with the centre of the horizontal circle on the lower plate (figure 3.14a) the
readings at A (11 0 40' +x) and B (191 0 40' +y) would be recorded with a mean of
11040' + t(x +y). The B degrees are not taken into account. In this case, x=y
and, in theory, only one of the readings, A or B, need be taken. In most cases, how
ever, there is a small displacement between the centre of the horizontal circle and
the line joining the two points A and B (see figure 3.14b). The readings here would
be A (II 0 40' + x d and B (I 910 40' +y d,where Xl =X + 0 and y 1 =Y - 0,0
being the eccentricity error. If only one side of the circle is read, the error 0 will
be included, but if the mean is taken, this gives

11040' + t(Xl +yd = 11040' + t«x + 0)+ (y - 0))

= 110 40' + t(x +y)

which is the same value obtained when assuming that 0 = O.
If only one side of the circle is read, circle eccentricity errors will be eliminated

by reading on both faces provided the value of 0 remains constant. Reading only
one side of the circle is an acceptable practice when using 20" theodolites but,
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when using theodolites reading to 1" or less, the effects of a variable circle eccen
tricity must be accounted for and this is achieved with the double-reading optical
micrometer system. However, instead of noting two separate readings at opposite
ends of the circles and calculating the mean, an arrangement is used whereby only
one reading is necessary for each setting. With reference to figure 3 .14b, imagine
that the readings at the opposite ends of the circle were to be deviated through
optical paths so that they were viewed simultaneously in the circle eyepiece, as
shown in figure 3.15.

If the 110 40' and 1910 40' graduations are made to appear to coincide using
parallel-sided glass blocks , they will be optically deviated by amounts x 1 and Y 1

respectively. The mean reading of 110 40' + i(x 1 +Y 1) will be free from circle
eccentricity errors provided a suitable optical micrometer system is used to record
the mean of the lateral displacement of the two circle images.

The optical arrangement of the double reading Wild T2 is shown in figure 3.16.
The optical micrometer basically consists of two parallel-sided glass plates which
rotate equally in opposite directions. The images of each side of the circle are
brought into coincidence by rotating a single micrometer screw geared to these
plates, the amount of rotation being recorded, via a cam, on the moving micro
meter scale. The optics are designed so that the micrometer scale reading is the
mean of the two circle displacements, free of eccentricity error. The method of
reading the Wild T2 is illustrated in figure 3.17.

Double-reading theodolites can use slightly differing optical micrometer systems.
In some there is only one parallel plate and this displaces an image of one side of
the circle so that it coincides with the other side which is stationary. The parallel
plates are replaced by wedges in some designs.

Very often, these instruments do not show the horizontal and vertical scales
together in the same field of view. A change-over switeh is provided to switch from
one scale to the other.

3.2.3 Electronic Theodolites

A theodolite that produces a digital output of direction or angle is known as an
electronic theodolite, examples of which are shown in figure 3.18.

When using such an instrument, the operator does not have to look into a circle
reading telescope or set a micrometer screw to give a reading; instead the circle
readings are displayed automatically using light emitting diodes (LEDs) or a liquid
crystal display (LCD) similar to those found on hand-held calculators.

To obtain a digital readout, the glass circles of electronic theodolites are coded
by photographically and chemically etching on to them a pattern similar to that
shown in figure 3.19. Within the alidade, incident light from internal sources is
directed through each coded circle and the light pattern emerging through a circle
is detected by an array of photodiodes. These are fitted opposite the light sources
on the other side of each circle.

When measuring horizontal angles, the alidade is rotated with respect to the
horizontal circle which causes the amount of incident light passing through the
horizontal circle to vary in proportion to the angle through which the alidade has
been rotated. This varying light intensity is changed into an electrical signal by the
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index mark

Figure 3.15

. »>I~~~~~
harozontal
circle

"-...cont ra- ratati ng
parallel plates

Figure 3.16 Wild T2 reading system (courtesy Wild Heerbrugg (UK) Ltd)
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L"0

horizontal or vertical circle reading 94" 12'44"

horizontal or vertical circle reading 94"12' 44"

Figure 3.17 Wild T2 and reading examples (courtesy Wild Heerbrugg (UK) Ltd)

photodiodes and this in turn is passed to a microprocessor which converts the
signal into an angular output.

A similar system is used for vertical angles.
Both horizontal and vertical outputs can be either displayed and recorded

manually or transferred directly into a data storage unit (see section 4.13 .2) for
future computations.

All types of electronic theodolite can have an EDM unit fitted to enable angles
and distances to be measured simultaneously. If the same microprocessor controls
both the circle reading and EDM functions, then the instrument is referred to as an
electronic tacheometer. These instruments are described in section 4.13.2.
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Figure 3.18 Electronic theodolites (courtesy of Kern and Co . Ltd and Wild Heerbrugg (UK)
Ltd)

3.3 Field Procedures

3.3.1 Setting up the Theodolite

The following notes assume that the theodolite is to be erected over a ground mark
which is a peg driven into the ground. A nail driven into the top of the peg defines
the exact position for centring. The mark is referred to as station W.

(l) Leaving the instrument in its case, the tripod is first set up over station W.
The legs are placed an equal distance from the peg and their height adjusted to suit
the observer. The tripod head should be made as level as possible by eye.

(2) The plumb bob supplied with the instrument is suspended from the tripod
head so that it is immediately above the station mark. The line and distance between
the plumb bob and the peg are noted and each leg, in turn, is moved parallel to this
line for the appropriate distance . The tripod head is relevelled and the procedure
repeated until the plumb bob is within a few millimetres of the nail.

The tripod legs are now firmly pushed into the ground and all the wing nuts
tightened.
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Figure 3.19 B inary coded glass circle

(3) The theodolite is carefully taken out of its case, its exact position being
noted to assist in replacement , and is securely attached to the tripod head . When
ever carrying a theodolite, always hold it by the standards and not the telescope .

(4) If centring is to be carried out using an optical plummet, it is essential
that the line of collimation of the plummet is vertical, that is, the vertical axis of
the theodolite must be truly vertical before the optical plummet can be used.
Therefore, the theodolite is finely levelled before centring takes place.

The fine levelling procedure is as follows.

(a) The alidade is rotated until the plate level is parallel to two footscrews as
in figure 3.200. These footscrews are turned until the plate level bubble
is brought to the centre of its run. The levelling footscrews should be
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turned in opposite directions simultaneously, remembering that the
bubble will move in a direction corresponding to the movement of the
left thumb .

(b) The alidade is turned through 90° clockwise (see figure 3.20b) and the
bubble centred again using the third footscrew only.

(c) The above operations are repeated until the bubble is central in positions
(a) and (b).

(d) The alidade is now turned until it is in a position 180° clockwise from
(a) as in figure 3 .2Oc. The position of the bubble is noted.

(e) The alidade is turned through a further 90° clockwise as in figure 3.2Od
and the position of the bubble again noted.

(f) If the bubble is still in the centre of its run for both condit ions (d) and
(e) the theodolite is level and no further adjustment is needed. If the
bubble is not central it should be off centre by the same amount in both
conditions (d) and (e). This may be, for example, two divisions to the
left.

(g) To remove the error, the alidade is returned to its initial position (figure
3.200) and, using the two footscrews parallel to the plate level, the
bubble is placed in such a position that half the error is taken out ; for
example, in the case quoted, so that it is one division to the left .

(h) The alidade is then turned through 90° clockwise as in figure 3.20b and
half the error again taken out such that , for the example quoted, it is
again one division to the left .

(i) Conditions (g) and (h) are repeated until half the error is taken out for
both positions .

(a)

leveilinC} footscrew
~-~/

(b)

(e)

Figure 3 .20 Fine levelling

(d)
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(j) The alidade is now slowly rotated through 360 0 and the plate level
bubble should remain in the same position.

The theodolite has now been finely levelled and the vertical axis of the instru
ment is truly vertical.

From the foregoing discussion, it can be seen that the plate bubble is not neces
sarily in the centre of its run when the theodolite is level. However, as long as the
bubble is always set up at the position found by this procedure the theodolite can
be used perfectly satisfactorily until a permanent adjustment of the plate level can
be carried out (see section 3.5).

(5) The centring clamp directly underneath the trivet is now released and this
allows the theodolite to move a small amount on the tripod head . The ground mark
is viewed through the optical plummet and the alidade positioned such that the
plummet cross hairs intersect the ground mark. This is known as fine centring.

For some types of theodolite , centring is carried out by releasing a clamp directly
underneath the tribrach, thus enabling the theodolite to be moved on the tribrach.

Whatever centring method is used, this may upset the fine levelling and, after
each centring movement, it may be necessary to relevel the instrument and to re
centre.

(6) If the theodolite centring is carried out using a plumb bob , the centring
clamp is released and the instrument positioned so that the plumb bob is suspended
directly over the station mark. This is done before the theodolite is levelled.

(7) When the theodolite has been levelled and centred, parallax is eliminated
by accurately focusing the cross hairs against a light background and focusing the
instrument on a distant target (see section 2.2.2).

At this stage the theodolite is ready for reading angles and this procedure is
described in section 3.3.2.

Having completed all the angular observations , the theodolite is carefully
removed from the tripod head and returned to its case. The tripod is folded up
after releasing the wing nuts. Before removing the theodolite from the tripod head,
the three footscrews should be set central in their runs.

If other stations are to be occupied, the theodolite must never be left on the
tripod when moving between stations since this can distort the axes and, if the
operator trips and falls, the instrument may be severely damaged.

3.3.2 Reading, Booking and Calculating Angles

It is assumed that the theodolite has been set up over a point W as described in
section 3.3 .1 and that the horizontal and vertical angles to three distant points X,
Y and Z are to be measured. Targets must be set up at these points and suitable
types of target are discussed in section 5.5 .2.

Horizontal angles

The observation procedure starts with the selection of one station as the reference
object (RO) . This point will be the most reliable and preferably the most distant of
all the stations to be sighted. All the horizontal angles are referred to this point as
shown in table 3.2, in which the horizontal angles XWYand XWZ are required.
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TABLE 3.2
Angle Booking

71

STATION W

HORIZONTAL CIRCLE
POINT FACE LEFT FACE RIGHT MEAN REDUCED FINAL ANGLES

X (ROI 00 03 50 180 04 30 00 04 10 00 00 00
Y 17 22 10 197 23 10 17 22 40 17 18 30

Z 83 58 50 264 00 00 83 59 25 83 55 15

X (ROJ 90 12 30 270 13 30 90 13 00 00 00 00
Y 107 31 10 287 32 10 107 31 40 17 18 40

Z 174 07 30 354 08 40 174 08 05 83 55 05

Clockwise

XWY =
170 18' 35"

Clockwise
XWZ =
830 55' 10"

VERTICAL CIRCLE

POIN1 ~~~~~t FACE LEFT FACE RIGHT I="~'~PUF~P-r I="a~i DH~~ BT FINAL ANGLE
X 1.16 m 88 10 30 271 51 20 01 49 30 01 51 20 +01 50 25
y 1.52 m !l9 34 50 ~70 27 30 00 25 10 00 27 30 +00 26 20

Z 1.47 m 92 44 10 267 13 40 02 44 10 02 46 20 - 02 45 15

DIAGRAM REMARKS

Z N SURVEY TITLE A3 Road Improvement

t DATE 11 July 1985

THEOUOLITE HEIGHT 1.48 m

THEODOLITE NUMBER 816421
Y OBSERVER J .U .

BOOKER W.F.P.
W

X(R~
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The procedure is as follows.

{l) Set the horizontal circle reading to approximately 00° 10' using the hori 
zontal circle setting screw and sight the RO on face left (FL) obtaining exact
coincidence between the vertical hair and the target set up at the RO. Read the
horizontal circle.

(2) Swinging the telescope to the right , sight Y and Z in turn and record the
horizontal circle readings at both sightings.

(3) Transit the telescope so that the theodolite is now on face right (FR),
sight Z and record the horizontal circle reading.

(4) Swing left to Y and X recording the horizontal circle readings.
(5) At this stage, one round of angles has been completed. The theodolite is

changed to face left and the zero changed by setting the horizontal circle to read
approximately 90° when sighting X, the RO. The setting of the minutes should
also be different from that of the first round.

(6) Repeat steps (2) to (4) inclusive to complete a second round of angles.

At least two rounds of angles should be taken at each station in order to detect
errors when the angles are computed since each round is independently observed.
Both rounds must be computed and compared before the instrument and tripod
are moved. It is important to use the same point on the vertical hair when sighting.
Do not use the intersection of the cross hairs since setting coincidence here is time
consuming and unnecessary.

Vertical angles

These should be read after the horizontal angles to avoid confusion in the booking
of the results. Vertical angles can be observed in any order of the stations. General
points in the procedure are given below for the booking shown in table 3.2.

{l) It is usual to take all face left readings first. The horizontal hair is used for
setting coincidence in this case and it is again not necessary to use the intersection
of the cross hairs but it is important that the same point on the horizontal hair is
used on both faces.

(2) The altitude bubble (if fitted) must be brought to the middle of its run
before every reading is taken . When reading the vertical circle it is necessary for the
recorded angles to be reduced. This is shown in table 3.2.

(3) Readings should again be taken on both faces but in this case only one
round of angles need be taken.

Booking and calculating angles

Table 3.2 shows the horizontal and vertical angle booking and calculation for this
example .

The mean horizontal circle readings are obtained by averaging the FL and FR
readings. To simplify these calculations, the degrees of the FL readings are carried
through and only the minutes and seconds values are meaned. These mean horizon
tal circle readings are then reduced to the RO in the Reduced Direction column to
give the horizontal angles. The final horizontal angles are obtained by meaning the
values obtained from each round.
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From the readings obtained, it can be seen that the vertical circle is graduated as
shown in figure 3.4a and therefore it is necessary to reduce the FL and FR readings
to ascertain whether the angles are either elevation (+) or depression (-). The final
vertical angles are obtained by meaning these reduced FL and FR readings.

In addition, the following procedures should be adopted.

(1) For both types of angle, the stations are booked in clockwise order. This
should be the order of observation.

(2) If a single figure occurs in any reading, for example, a 2 or a 4, this should
be recorded as 02 or 04. If a mistake is made the number should always be re
written, for example, if a 4 is written and should be 5, this should be recorded as
1r 5, not s.

(3) Never copy out observations from one field sheet to another.
(4) The booker, as readings are entered, should be checking for consistency in

horizontal collimation on horizontal angles and verticalcollimation on vertical
angles. These effects are described in section 3.5 and, referring to table 3.2, the
checks are as follows.

For horizontal angles, the difference (FL - FR) is computed for each sighting
considering minutes and seconds only. This gives the following results for the first
round.

Station
X
Y
Z

(FL - FR)
-00' 40"
-01' 00"
-01' 10"

This shows the readings to be satisfactory since (FL - FR), for a 20" theodolite ,
should agree to within r for each point observed, considering the magnitude and
the sign of the difference . If, for example , the difference for station Z was -11' 10"
then an operator errorof 10' is immediately apparent. In such a case, the readings
for station Z would be checked .

A similar process is applied to the vertical circle readings to check for consis
tency in vertical collimation.

For a 1" theodolite, (FL - FR) should agree within a few seconds, depending
on the length of sight and the type of target used.

3.3.3 Importance of Observing Procedure

The method of reading angles may be thought to be somewhat lengthy and repeti
tious but it is necessary to eliminate certain instrumental errors discussed in section
3.5.

(1) By taking the mean of FL and FR readings for horizontal and vertical
angles, the effects of horizontal collimation, vertical collimation and trunnion axis
dislevelment are all eliminated.

(2) Observing on both faces also removes any errors associated with an
inclined diaphragm provided the same positions are used on each cross hair for
observing.
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(3) In addition to circle eccentricity (see section 3.2.2), the horizontal circle
axis may not coincide with the vertical axis. Furthermore, the graduations may be
irregular . These effects are very small and are reduced by changing the zero be
tween rounds. Two rounds of angles would not be sufficient to reduce these errors
significantly: the reason for observing two rounds is to provide a check on observa
tions.

(4) The effect of an inclined vertical axis (plate level not set correctly) is not
eliminated by observing on both faces but any error arising from this is negligible if
the theodolite is carefully levelled. Since this error is proportional to the tangent of
the vertical angle of the sighting, care should be taken when recording angles to
points at significantly different elevations.

3.3.4 The Effect ofMiscentring the Theodolite

Suppose a horizontal angle ABC (0) is to be measured but , owing to miscentring,
the theodolite is set up over B' instead of B as in figure 3.21. As a result, horizontal
angle AB'C is measured.

A

c

Figure 3.21 Miscentring

The miscentring distance, e, is equal to distance BB' and the maximum error in
owill occur when distance e bisects the observed angle AB'e as shown in figure
3.21 .

The total error in angle ABC will be (0: + ~).

With reference to figure 3.21, since 0: is very small it can be assumed that

x = DAB 0: (0: in radians)

But

sin (0/2) = (x/e)

Hence

x = e sin (0/2)

Therefore

0: = (e/DA B) sin (0/2) (0: in radians)

since 0: (in radians) = 0:" sin I" for small angles.
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01." = e sin (0/2) cosec 1" (cosec 1" = 206265)
DAB

75

(3.1a)

/3" = .s: sin (0/2) cosec 1" (3.lb)
DBC

The significance of this is that for relatively small values ofD , 01. and /3 will be large.
Therefore, care must be taken in centring when sighting over short distances. The
worked example in section 3.7.1 illustrates this point.

3.4 Height Measurement by Theodolite (Trigonometrical Heighting)

If the reduced levels of several points some distance apart in hilly terrain are
required then levelling can be a very tedious task . However, if an accuracy in the
order of ±lOO mm is acceptable and the points are visible from other points of
known elevation, an alternative and much quicker method is to use a theodolite .

The technique of using a theodolite to obtain heights is known as trigonometri
cal heighting and involves the measurement of the vertical angle between a known
point and the point of unknown height. Since the slope distance between the
points is required in the calculation, trigonometrical heighting is best undertaken
with the aid of an EDM system fitted to the theodolite .

The EDM reflector is set up over the point being sighted and the vertical angle
to it is measured with a theodolite reading to 1" or better. Several measurements
of the vertical angle are taken and the mean value used.

Because the slope length of the line of sight between the points may be in the
order of kilometres, it is necessary to take into consideration the effects of the
curvature of the Earth and the refraction of light by the atmosphere .

In single ended trigonometrical heighting (see section 3.4.1), the observations
are taken from one end of the line only and curvature and refraction must be
allowed for in the calculations.

In reciprocal trigonometrical heighting (see section 3.4 .2), observations are
taken from each end of the line but not at the same time. Curvature and refraction
must again be taken into account.

In simultaneous reciprocal trigonometrical heighting (see section 3.4.3), the
observations are taken from each end of the line at exactly the same time in order
that the curvature and refraction effects will cancel each other out in the calcula
tions. The simultaneous method also provides a means of measuring the coefficient
of atmospheric refraction.

If care is taken , the accuracy of heights obtained by each method over distances
of several kilometres can be as follows

single ended method
reciprocal method
simultaneous method

±200mm
±100 mm
± 50mm
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The accuracy of heights obtained by single ended and reciprocal methods
depends to a great extent on the value of the coefficient of atmospheric refraction
used in the calculations.

3.4.1 Single Ended Observations

Figure 3.22 shows a single ended observation carried out between points A and B.
In this case, the theodolite is reading an angle of elevation , 8, between the horizon
tal at T and the direction of the telescope pointing along TS.

If the height difference between A and B was calculated using 8, an incorrect
result would be obtained because of curvature and refraction effects. Between A
and B the curvature of the Earth is represented by vertical distance FG which is
the difference between the level and horizontal lines through T over distance AB.
Refraction causes the theodolite line of sight to be deviated along TP although
vertical angles are measured along TS.

From figure 3.22, the height of B (HB) relative to the height of A (HA ) is given
by

HB = HA + i + L sin [(+ 8) + ('y - a)] - b

where

i = height of theodolite trunnion axis above point A
b = height of EDM reflector above point B
L = slope distance between A and B obtained from the EDM readout
8 =vertical angle obtained from the theodolite T
'Y = curvature angle between A and B
a = refraction angle between A and B.

theodolite telescope oxis alongTS
actuol~ne of sight refractedolong TP

mean sealevel

verllcol ot A

Figure 3.22 Single ended observation

\- ----
level line
throughT

verticalot B
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The angle M) = ('Y - a) can be considered as a correction to the observed vertical
angle to account for curvature and refraction. The correction M) is obtained as
follows with reference to figure 3.22.

FG SP
'Y ~ - rad and a ~ - rad

D D

77

where D = Leos 8 = horizontal distance between A and B. Therefore

88 = .!. (FG - SP) radians
D

From section 2.8 .4

FG =D2J2R

where R = average radius of the Earth between A and B, and from figure 3.22

SP = aD

The coefficient of atmospheric refraction, k, is given by

k = (aJ~)

where ~ = the angle subtended by AB at the centre of the Earth. Therefore

kD2

SP =k~D = - (since ~ ~ D/R)
R

Substituting for FG and SP in equation (3 .2) gives

1 [D
2

kD
2 J .88 = - - - -- radians

D 2R R

From which

(3.2)

(3.3)
D(I -2k)

88 = seconds
2R (sin 1")

This leads to the following general equation for single ended trigonometrical height
ing, which can be applied to all cases:

HB =HA + i - b +L sin .[(±8) + 88] (3.4)

where + 8 is used for an angle of elevation and - 8 is used for an angle of depression.
When using equation (3.3) in Great Britain , the value of R is often taken as

6375 km and the value of k is usually assumed as 0.07. However, the value of k is
open to some doubt because of atmospheric uncertainties and, as a result, it is
recommended that for any particular survey the simultaneous method should be
used wherever possible.

If any single ended observations are necessary, the value of k which should be
applied can be calculated from simultaneous readings taken at approximately the
same time.

The worked example in section 3.7.2 shows how single ended observations are
used to calculate the heights of points.
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3.4.2 Reciprocal Observations

Although each direction is not necessarily observed on the same day, the accuracy
obtained from this method will be improved if the same time of day is used for
each observation since the k values should be comparable.

The two observations are each computed as for the single ended method, the
final height difference being obtained by meaning the two individual height differ
ences.

3.4.3 Simultaneous Reciprocal Observations

In this method two theodolites are required in order that observations can be taken
from each end at exactly the same time to eliminate the effect of refraction. Since
the sighting distances in each direction are also exactly the same, the effect of curva
ture is also eliminated.

The worked example in section 3.7.2 shows how the simultaneous reciprocal
method can be used both to calculate heights of points and to calculate a value of
k for use in single ended observations.

3.5 Adjustments of a Theodolite

There are two types of adjustment necessary, these being the station or temporary
adjustments and the permanent adjustments.

The station adjustments are carried out each time the theodolite is set up and
have been described in section 3.3 .1. These adjustments are fine centring, fine
levelling and removing parallax.

Figure 3.5 shows the arrangement of the axes of the theodolite when it is in
perfect adjustment. This configuration is rarely achieved in practice and the pur-
pose of the permanent adjustments is to set the instrument so that the axes take up
positions as close as possible to those shown in figure 3.5. The permanent adjust
ments should be carried out when first using an unknown instrument and periodically
thereafter since the setting of the axes tends to alter with continual use of the
theodolite .

3.5.1 Plate Level Adjustment

The aim of this test is to set the vertical axis truly vertical when the plate level
bubble is central. In other words, the plate level principal tangent is to be set per
pendicular to the vertical axis.

(1) Level the theodolite as described in section 3.3 .1 until the plate level
bubble is in the same position for a complete 360 0 rotation of the alidade. The
bubble is not necessarily in the middle of its run .

(2) In this position the vertical axis is truly vertical and only the bubble is out
relative to its main divisions.

(3) Bring the bubble back to the centre of its run using the bubble capstan
screws (see figure 2.7) .



THEODOLITES AND THEIR USE

3.5.2 Horizontal Collimation Adjustment
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The aim of this test is to set the line of sight (line of collimation) perpendicular to
the trunnion axis. This error can be detected as soon as face left and face right read
ings have been taken . For example, the theodolite used in table 3.2 has a horizontal
collimation error since FL and FR readings do not differ by exactly 1800

• This
error is caused by a displaced vertical hair and can be reduced using the following
adjustment.

(1) Set up and level the theodolite on reasonably flat ground such that there
is a clear view of approximately 100 m on either side. A marking arrow is placed at
point A, approximately 100 m from the instrument, and the vertical hair aligned
to it on face left (see figure 3.23a) .

(2) The telescope is transitted and a second arrow placed at point B, again
approximately 100 m from the instrument. The theodolite is now on face right
(see figure 3.23b).

(3) Keeping face right, the telescope is rotated in azimuth and exact coinci
dence obtained at A (figure 3.23c) .

(4) The telescope is again transitted so that it is now face left. If there is no
collimation error, B will be intersected. Usually, however, B is not intersected and
a third arrow is placed on the line of sight next to B, at C (figure 3.23d). The dis
tance BC represents four times the collimation error and, if it is small, it is usually
ignored (see section 3.3.3).

(5) If BC is greater than 10 mm, the error should be removed and to help in
this a fourth arrow is placed at D such that CD =DF.

(6) The vertical hair is moved using the diaphragm adjusting screws until
point D is intersected.

(7) To check the adjustment, transit the telescope, reintersect A and retransit.
The vertical hair should exactly intersect F.

3.5.3 Diaphragm Orientation

In carrying out the horizontal collimation adjustment, the diaphragm is moved.
This may upset the setting of the vertical hair in a plane perpendicular to the trun 
nion axis so that it no longer sweeps out a vertical plane when the trunnion axis is
horizontal (see section 3.5.5).

Assuming that a horizontal collimation adjustment has just been completed, the
following procedure should be adopted.

(1) Relevel the instrument carefully and sight A on either face.
(2) Move the telescope up and down while observing A. If the vertical hair

stays on point A then it is set correctly.
(3) If adjustment is necessary, the diaphragm is moved until the vertical hair

remains on point A while moving the telescope in altitude.

Tests 3.5 .2 and 3.5.3 are interdependent and both tests are undertaken con
secutively until a satisfactory result is obtained for each.

The diaphragm is constructed by the instrument manufacturer so that the hori
zontal and vertical hairs are perpendicular. Setting the vertical hair vertical therefore
sets the horizontal hair in a horizontal plane.
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8 =collimation error
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Figure 3.23 Plan view of horizontal collimation test

3.5.4 Adjustment of the Vertical Indices (Index Error or Vertical Collimation)

The aim of this test is to set the vertical circle to some multiple of 90 0 when the
line of sight is horizontal and the altitude bubble is central (if fitted) .

This error is shown by the difference between FL and FR vertical angles. The
adjustment is as follows.

(1) Direct the telescope on to a vertically held levelling staff positioned about
50 m away from the instrument, and centralise the altitude bubble .

(2) Using the vertical circle tangent screw, set the vertical circle to read
exactly a multiple of 900 and note the staff reading.

(3) Transit the telescope and repeat (1) and (2) .
(4) If the indices are in adjustment, the staff readings will be the same. If a

difference of more than 10 mm occurs, the error has to be removed, otherwise it is
ignored (see section 3.3.3).

(5) The horizontal hair is set at the mean of the two readings using the tele
scope tangent screw. This causes the vertical angle reading to move from the hori-
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zontal . The angle is reset to the horizontal using the altitude bubble setting screw.
This causes the altitude bubble to move off centre. The bubble is recentred using
the bubble capstan screws.

For a theodolite with an automatic vertical index, the manufacturer's handbook
should be consulted for the correct adjustment procedure .

3.5.5 Trunnion Axis Dislevelment

The purpose of this test is to set the trunnion axis perpendicular to the vertical axis.
The trunnion axis will then be horizontal when the instrument is levelled. If the
trunnion axis is not horizontal the telescope will not defme a vertical plane and this
will give rise to incorrect vertical and horizontal angles.

In glass arc theodolites, it is rare for this not to be the case owing to their excel
lent construction and, consequently, most do not provide for this adjustment.
However, satisfactory results will be obtained by meaning FL and FR readings.

3.5.6 Adjustment of the Optical Plummet (if fitted)

The line of collimation of an optical plummet must coincide with the vertical axis
of the theodolite when it is levelled. Two tests are possible, depending on the type
of instrument used.

If the optical plummet is on the alidade and can be rotated about the vertical axis
(figure 3.6a)

Secure a piece of paper on the ground below the instrument and make a mark where
the optical plummet intersects it. Rotate the alidade through 1800 in azimuth and
make a second mark. If the marks coincide , the plummet is in adjustment. If not,
the correct position of the plummet axis is given by a point midway between the
two marks.

Consult the instrument handbook and adjust eithe r the diaphragm (cross hairs)
or objective lens on the optical plummet.

If the optical plummet is on the tribrach and cannot be rotated without disturbing
the levelling (figure 3.6b)

Set the theodolite on its side on a bench with its base facing a wall and mark the
point on the wall intersected by the optical plummet. Rotate the tribrach through
1800 and again mark the wall. If both marks coincide , the plummet is in adjustment.
If not , the plummet diaphragm should be adjusted to intersect a point midway
between the two marks .

3.6 Further Reading

M. A. R. Cooper,Modem Theodolites and Levels, 2nd Edition (Granada, London,
1982) .
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3.7 Worked Examples
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3.7.1 Miscentring a Theodolite

Question

From a traverse station Y, the horizontal angle between two stations X and Z was
measured with a 1" theodolite as 123°18'42".

The theodolite at Y was miscentred by 9 mm and the horizontal distances YX
and YZ were measured as 69.41 m and 47.32 m respectively.

Calculate the maximum angular error in angle XYZ owing to the theodolite
being miscentred.

Solution

For the maximum angular error, equation (3.1) gives

0: = 0.009 sin [123°J 206265 = 23.5"
69.41 2

{3 = 0.009 sin [123°1 206265 = 34.5"
47.32 2 J

Therefore

maximum angular error = (0: + (3) = 58"

3.7.2 Simultaneous Reciprocal Trigonometrical Heighting

Question

Simultaneous reciprocal trigonometrical heighting observations were taken from
station A to station B and from station B to station A as follows

At station A At station B
Instrument height =1.49 m Instrument height =1.53 m
Target height =1.50 m Target height =1.75 m
Vertical angle to B =-01° 17'26" Vertical angle to A =+01° 17'03"

Immediately after these simultaneous observations, the following single ended
observation was taken from station A to a station C:

Target height at C = 1.96 m
Vertical angle to C = -02°24'53"

The height of station A was 117.43 m AOD and the slope distances AB and AC
were measured using EDM equipment as 1863.12 m and 1543.28 m, respectively.
The radius of the Earth is 6375 km. Calculate

(1) the height of station B
(2) the value of the coefficient of atmospheric refraction which prevailed

during the observations
(3) the height of station C.
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Solution

(1) The height ofstation B
From the observation at station A, equation (3.4) gives

HB =HA + i - b + L sin [(- 8) + 08]

But 88 can be ignored when simultaneous observations are taken, therefore

HB = 117.43 + 1.49 -1.75 + 1863 .12 sin(-01°17'26")

From which

HB =75 .208 =75.21 m

From the observation at station B, equation (3.4) gives

HA = HB + i - b + L sin [(+ 8) + 88]

Which, again ignoring 88, gives

117.43 =HB + 1.53 - 1.50 + 1863.12 sin (+0 1° 17'03")

From which

HB =75.646 =75.65 m

Therefore

Height of B = 75.21 + 75 .65 = 75.43 m AOD
2

(2) The value ofk
From the two height differences calculated above, the true height difference is
obtained from

HA - HB from the observation at A = 42 .222 m

HA - HB from the observation at B = 41.784 m

Hence

T hei h diff 42 .222 + 41.784 42003rue etg t 1 terence = = . ill
2
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(3.5)

(3.6)

This is substituted into equations (3.5) and (3 .6) in turn to calculate first 88 and
then k.

Substitution into equation (3 .5) gives

HB - HA = -42.003 = 1.49 - 1.75 + 1863 .12 sin [(-01 ° 17'26") + 88]

From which

&8 = 24.27"

From equation (3.3)

08 = D (1 - 2k) seconds
2R (sin 1")
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where

Hence

From which
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D =L cos 8 =1863.12 cos(OI°17'26") =1862.65 m

24.27 = 1.86265 (1 - 2k)206 265
2(6375)

k = 0.0973

Substituting into equation (3.6) and solving for &8 and then for k gives

&8 = 24.20" and k = 0.0984

Hence

I f k 0.0973 + 0.0984 -- 0.098mean va ue 0 = ------
2

(3) The height ofstation C
Since the observation to C was taken immediately after the simultaneous recipro
cal observations, k = 0.098 can be used, therefore

DA C = 1543.28 cos(02°24'53") = 1541.91 m

And

&8 = 1.54191 (1 - 2(0.098»206265 = 20.06"
2(6375)

Substituting into equation (3.4) gives

Hc = 117.43 + 1.49 - 1.96 + 1543.28 sin [(-02°24'53") + 20.06"]

From which

Hc =52.09 =52.1 m AOD



4
Distance Measurement

The measurement of distance is one of the fundamental operations in engineering
surveying and is carried out by taping , tacheometric or Electromagnetic Distance
Measurement (EDM) techniques. Whichever of these is used, the usual requirement
in engineering surveying is for horizontal distances . Various methods of obtaining
horizontal distances using these techniques are discussed in this chapter.

4.1 Steel Tapes

The most commonly used steel tapes now available are in 20 m, 30 m or 100 m
lengths, either encased in plastic or leather boxes with a recessed winding handle ,
or mounted on an open winding frame with a folding handle . The former usually
incorporate a small loop or grip on the end of the tape , this marking the zero point ,
whereas on open wound tapes the zero is marked on the band itself. Examples of
steel tapes and their graduations are shown in figure 4.1.

Various systems are used for graduating the tape and it is, therefore , essential to
ascertain at which point on a tape the zero point is marked and to inspect the tape
markings before fieldwork commences. All steel tapes are manufactured so that
they measure their nominal length at a specific temperature and under a certain
pull. These standard conditions, very often 20°C and 50 N, are printed somewhere
on the first metre of the tape . The effects of variations from the standard conditions
are discussed in sections 4.2.4 and 4.2.5.

4.2 Steel Taping: Fieldwork and Corrections

Distance measurement using steel tapes involves determining the straight-line
distance between two points.
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Figure 4 .1 Steel tapes (note the different zero points)

4.2.1 Ranging

When the length to be measured is less than that of the steel tape, measurements
are carried out by unwinding and laying the tape along the straight line between the
points. The zero of the tape (or some convenient graduation) is held against one
point , the tape is straightened , pulled taut and the distance read directly on the
tape at the other point.

When the length of the line between two points exceeds that of the tape , some
form of alignment is necessary to ensure that the tape is positioned along the
straight line required. This is known as ranging and is achieved using ranging rods
and marking arrows (see figure 4.2) .

marking arrow
(made of steel)

\'
metal shoe

~ coloured bunting attached

I
~ (or arrow brightly painted)

,300 -400 m~ 1

I. 500mm .1
ranging rod (made of wood or metal tubing and
painted red and white for easy identification)

Figure 4 .2 Ranging rod and marking arrow
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For measuring long lines two people are required, identified as the leader and the
fol/ower, the procedure being as follows for a line AB. This method of measurement
is known as ranging by eye .

(l) Ranging rods are erected as vertical as possible at the points A and Band,
for a measure in the direction of A to B, the zero point of the tape is set against A
by the follower.

(2) The leader, carrying a third ranging rod, unwinds the tape and walks
towards point B, stopping just short of a tape length, at which point the ranging
rod is held vertically.

(3) The follower removes the ranging rod at A and, stepping a few paces
behind point A, lines up the ranging rod held by the leader with point A and with
the rod at B. This lining-in should be done by the follower sighting as low as
possible on the poles.

(4) The tape is now straightened and laid against the rod at B by the leader ,
pulled taut and the tape length marked by placing an arrow on line .

(5) For the next tape length the leader and the follower move ahead simul
taneously with the tape unwound, the procedure being repeated but with the
follower now at the first marking arrow. Before leaving point A, the follower re
places the ranging rod at A as this will be sighted on the return measurement from
B to A, which should always be taken as a check for gross errors.

(6) As measurement proceeds the follower picks up each arrow and, on com
pletion, the number of arrows held by the follower indicates the number of whole
tape lengths measured. This number of tape lengths plus the section at the end less
than a tape length gives the total length of the line.

The accuracy of ranging may be improved by using a theodolite (see chapter 3).
The theodolite is set over one point and sighted on to the other, thereby establish
ing the line. The taping procedure is slightly altered, each intermediate setting of a
ranging rod being achieved using the theodolite . This method, however, requires
three people, one for aligning and two for measuring and takes slightly longer in
the field .

4.2.2 Slope Measurements and Slope Corrections

The method of ranging described in section 4.2 .1 can be carried out for any line,
either sloping or level. Since all surveying calculations, plans and setting-out designs
are based or drawn in the horizontal plane, any sloping length measured must be
reduced to the horizontal before being used for calculations or plotting. This can be
achieved by calculating a slope correction for the measured length or by measuring
the horizontal equivalent of the slope directly in the field.

Consider figure 4.3a which shows a sloping line AB. To record the horizontal
distance D between A and B, the method of stepping may be employed in which a
series of horizontal measurements is taken . To measure D 1 the tape zero is held at
A and the tape then held horizontally and on line towards B against a previously
lined-in ranging rod. The horizontality of the tape should, if possible, be checked
by a third person viewing it from one side some distance away.
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At some convenient tape graduation (preferably a whole metre mark) the hori
zontal distance is transferred to ground level using a plumb line (a string line with
a weight attached) or a drop arrow (a marking arrow to which a weight is attached).

The tape is now moved forward to measure D 2 in a similar manner. It is recom
mended that the maximum length of an unsupported tape should be 10 m and that
this should be considerably shorter on steep slopes since the maximum height
through which a distance is transferred should be 1.5 m.

As an alternative to stepping, the slope angle, 0, can be determined and the hori
zontal distance D calculated from the measured slope distance L as shown in
figure 4.3b. Alternatively, a correction can be computed from

C=L(1-cosO)

hence

D=L-C

This correction is always negative.
The slope angle can be measured using an Abney level, a hand -held device shown

in figure 4.4 . To use the Abney level, an observer first distinctly marks his eye
height (h in figure 4.3b) on a ranging rod which is then placed at point B. Stand
ing at point A and looking down the sighting tube, the cross-wire is seen and is set
against the mark on the ranging rod at B. The observer's line of sight will be A'B',
which is parallel to AB (see figure 4.3b) . To record 0 the milled wheel is turned
until the image of the bubble appears centrally against the cross-wire when viewed
through the sighting tube . A fine adjustment is provided by the slow motion screw.

A simple vernier, attached to the milled wheel, is then read with the aid of a
small reading glass against the scale attached to the sighting tube. This gives a
measure of 0 to within 10 minutes of arc.

Where better accuracy is required, a theodolite can be used to measure o. The
theodolite is set up at A and the slope angle measured along A'B' (see figure 4.3b).
In this case, h will be the height of the theodolite trunnion axis above ground level.
Details of the use of the theodolite are given in chapter 3.

Comparing the two methods of obtaining horizontal distance, stepping is more
useful when the ground between points is very irregular, whereas the Abney level
or theodolite are suitable only for measurements taken on uniform slopes.

A third method is available if the height difference between the two points is
known and the slope between them is uniform. In figure 4.3c , if bJI is the height
difference between A and B, then by Pythagoras

D = (L 2 - bJI2)} =L(I - bJI2/L2)+
Using the binomial theorem this expands as

(4.1)

All terms in equation (4.1) with a higher power than the square can be omitted,
giving

D = L - bJI2/2L

Hence, a slope correction of _(bJI212L) is obtained and it is always negative.
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Figure 4.3 Slope measurements
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Figure 4.4 A bney level

4.2.3 Standardisation

reading gloss sight ing tube eyepiece

Under given conditions a tape has a certain nominal length . However, with a lot of
use, tapes tend to alter in length and a 30 m tape may be reading , say, 30 .011 m or
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29.967 m over a full length. As this effect can produce serious errors in length
measurement , standardisation of steel tapes should be carried out frequently against
a reference tape. This should be done on a smooth, flat surface such as a surfaced
road or footpath. The reference tape should not be used for any fieldwork and
should be checked by the manufacturer as often as possible. From standardisation
measurements a correction is computed as follows.

IfL is the recorded length of a line, I the nominal tape length (say 30 m) and
l' the standardisation length (say 30.011 m), then

Corrected length = L (1'/1)

Alternatively, a correction can be computed from

C = L ((l I - I)jI)

The sign of the correction depends on the values of I' and I.

4.2.4 Tensioning

The steel used for tapes, in common with many metals, is elastic and the tape length
varies with applied tension . This effect tends to be overlooked by an inexperienced
engineer and , consequently, errors can arise in measured lines.

Every steel tape is manufactured and calibrated with a standard tension applied,
a typical figure being 50 N. Therefore, instead of merely pulling the tape taut, an
improvement in accuracy is obtained if the tape is pulled at its standard tension.
This is achieved using spring balances specially made for use in ground taping to
gether with a device called a roller grip . When measuring, one end of the tape is
held firm near the zero mark , the spring balance and roller grip are hooked to the
other end of the tape and the spring balance handle is pulled until its sliding index
indicates that the correct tension is applied, as shown in figure 4.5 . This tension is
then maintained while measurements are taken .

When setting out , this method of tensioning can be difficult and a constant ten 
sion handle can be used to minimise errors. The use of the constant tension handle
is shown in figure 4.6 and since the correct tension is always applied to the tape it
is particularly suitable for use by unskilled operatives.

Figure 4 .5 Tensioning equipment (Crown copyright)
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Figure 4 .6 Constant tension handle (Crown copyright)
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Should a tape be subjected to a pull other than the standardising value, it can
be shown that a correction to an observed length is given by

C= L(TF - Ts)/AE

where TF is the tension applied to the tape in the field (N), Ts is the standardisation
tension (N), A the cross-sectional area of the tape (mm"), E the modulus of elasti
city for the tape material (for steel tapes, typically 200000 N mm-2) and L the
recorded length of line (m) . The sign of the correction depends on the magnitudes
ofTF and Ts.

4.2.5 Temperature Variations

In addition to the points covered in 4.2.3 and 4.2.4, steel tapes contract and expand
with temperature variations and are, therefore, calibrated at a standard temperature,
usually 20°C.

In order to improve accuracy, the temperature of the tape has to be recorded
since it will seldom be used at 20°C, and special surveying thermometers are used
for this purpose . When using the tape along the ground , measurement of the air
temperature can give a different reading from that obtained close to the ground, so
it is normal to place the thermometer 'alongside the tape at ground level. For this
reason, the thermometers are usually metal-cased for protection. When in use they
should be left in position until a steady reading is obtained since the metal casing
can take some time to reach a constant temperature . It is also necessary to have the
tape in position for some time before readings are taken to allow it also to reach
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the ambient temperature. It is bad practice to measure a distance in the field in
winter with a tape that has just been removed from a heated office .

The temperature correction is applied as follows. If ex is the coefficient of expan
sion of the tape metal (for example , ex = 0.000 0112 per "C for steel), ts the tem
perature of standardisation (usually 20°C) , tr the mean field temperature eC) and
L the observed length (m), the correction to L is given by C =OIL (tF - ts) and its
sign is given by the magnitudes of tF and te-

4.2.6 Sag (Catenary)

When the ground between two points is very irregular, surface taping can prove to
be a difficult process and it may be necessary to suspend the tape above the ground
between the points in order to measure the distance between them . This can be
done by holding the tape in tension between tripods or wooden stakes, the stakes
being driven in approximately 1 m above ground level. For long lines, these tripods
or stakes must be aligned by theodolite before taping commences . When measuring
distances less than a tape length on site between elevated points on structures, the
tape may be suspended for ease of measurement.

Whatever the case, the tape will sag under its own weight in the shape of a
catenary curve as shown in figure 4 .7.

length measured with tape
suspended in catenary

length required

J

Figure 4 .7 Measurement in catenary

Since the distance required is the chord AB, a sag correction must be applied to
the catenary length measured. This correction is given by

w2L 3 cos? e
C=- ----:--

24TF2

where e is the angle of slope between tape supports, w the weight of the tape per
metre length (N/m) , TF the tension applied to the tape (N) and L the length of
the supported tape (rn).

4.2.7 Combined Formula

The corrections discussed in the preceding sections are usually calculated separately
and then used in the following equation
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D = L - slope ± standardisation ± tension ± temperature ± sag

where
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(4.2)

D = horizontal length of the line
L = length recorded on the steel tape.

Equation (4.2) can be used both when measuring and when setting out horizontal
distances , as shown in the worked examples in section 4.5.

4.2.8 Booking of Taped Lines

An example booking sheet for a taped line is shown in figure 4.8. From the
example , note the following

(1) Each whole tape length (for example , 30 m) is recorded as measurement
proceeds as this guards against a gross error of 30 m.

(2) The slope angles are written alongside the linear measures and the total
length is recorded at changes of slope.

(3) The corrections can be computed on the field sheet and the true hori
zontallength of the line calculated .

(4) The example shows the line measured in one direction only . It should be
standard practice to measure a line twice, the second measure being in the reverse
direction (Y to X in the example shown in figure 4.8) . If the two measures agree
(for example , to 1 in 10 000 for engineering surveys) then a mean is computed for
the line; if not , a further measure is necessary.

4.3 Steel Taping: Errors and Accuracy

The principal sources of error are discussed below and an assessment of the effect
each has on accuracy is given.

(I ) An incorrect tape length is a serious source of error and standardisation
is essential, suitable corrections being applied to all measures.

(2) Incorrect slope measurements can result in errors in the calculation of
horizontal distances . To achieve an accuracy better than 1 in 5000, an Abney level
should not be used to measure slopes in excess of 4°. Care must also be exercised
when stepping to ensure that the tape does not sag excessively, that it is held
horizontally and that the horizontal distance is transferred vertically.

(3) When the correct tension is not applied to a tape, incorrect lengths are
obtained . This is the most neglected aspect of taping. It is recommended that for
all linear measurements, especially in setting out where accuracy better than 1 in
5000 is required , tapes should be tensioned correctly.

(4) Ignoring temperature variations also gives rise to errors and , as with ten
sioning, it is stressed that for accuracy to be better than 1 in 5000, the field tem
perature should be recorded and a temperature correction applied.

(5) When taping , a straight-line distance is required and if the tape is poorly
aligned or not straightened properly this will not be the case. If a tape is 0.6 m off
line in the centre of two 30 m tape lengths the resulting accuracy is 1 in 5000.
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CORRECTIONS DATE 14 SEPT 85

(i) STANDARDISATION

Nominal length = 30m

Standardised length

= 30.012m

C 101.234 x 30.012-30
30

= + 0.04Om

(ii) TEMPERATURE

C = 0.0000112 x 101.234

x (10-20)

= -O.Ol1m

(iii) SLOPE CORRECTIONS

1. 30.00(1-cos1020')

= -0.008m

2. 45.50(1-cos1050')

= -0.023m

3. 25.73(1-cos2030')

= -0.024m

Total slope correction

= -0.055m

XY = 101.234 +0.040

-0.011 -0.055

XY 101. 208m

y

101.234

90

75.50

60-
30

0-

X

OBSERVERS WFP/JU

BOOKER

NOTES

(a) Mean temperature

= 10°C

(b) Tape positioned

on the ground and

pulled at

standard tension

-r SLOPE 2°30'

-r SLOPE 1°50'

I SLOPE 1°20'

Figure 4 .8 Example booking of a taped line
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(6) The effects of sag must be considered for more accurate work .
(7) Mistakes in reading the tape , in booking and in recording the number of

tape lengths are gross errors and the chance of detecting any such error is greatly
increased if the line is measured twice, once in each direction.

Considering the above factors , the general rules for steel taping can be summar
ised as follows.

(1) For a maximum accuracy of I in 5000, measurements can be taken over
most ground surfaces if only standardisation and slope corrections are applied.
Slope angles should be measured using an Abney level or stepping can be employed.

(2) If the tape is tensioned correctly and temperature variations are taken
into account, the accuracy is increased to approximately I in 10 000. On specially
prepared surfaces or over spans less than a tape length, accuracies of 1 in 20000
can be achieved. This assumes that sufficient care is taken when standardising the
tape and in reducing slope measurements to the horizontal.

(3) To further increase accuracy (in excess of 1 in 20000), sag corrections
should be applied and on long lines ranging by theodolite is recommended.

4.4 Steel Taping: Applications

The steel tape has applications in nearly every aspect of surveying since it is a cheap
form of distance measurement and yet retains a suitable accuracy.

Some of the uses of steel taping in engineering surveying are shown in table 4.1,
together with an indication of the accuracy normally required for each type of
project. Further details of the types of work listed in table 4.1 are given in subse
quent chapters.

4.5 Steel Taping: Worked Examples

4.5.1 Measuring a Horizontal Distance with a Steel Tape

Question

A steel tape of nominal length 30 m was used to measure a line AB by suspending
it between supports. The following measurements were recorded .

Line Length measured Slope angle Mean temperature Tension applied
AB 29.872 m 3°40' 5°C 120 N

The standardised length of the tape was known to be 30.014 m at 20°C and
50 N tension.

If the tape weighs 0.17 N/m and has a cross-sectional area of 2 rnm? , calculate
the horizontal length of AB.

Young's modulus (Error the tape material is 200 kN/mm2 and the coefficient
of thermal expansion (0:) is 0.0000112 per °C.
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Type of work
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TABLE 4.1

Accuracy required

Location of spoil heaps

and soft detail.

Setting out sewer pipelines.

Location of hard detail.

Measuring traverse legs.

Setting out road centrelines,

grids, baselines, offset pegs.

General site setting out,

setting out buildings,

establishing secondary control.

Setting out primary control.

1 in 500 - 1 in 500,P

1 in 5000 - 1 in 10 000

1 in 10 000 - 1 in 20 000

1 in 20 000 upwards

Note: Refer to section 4.3 for guidance on how to achieve

the various accuracies listed.

Solution

A series of corrections is computed as follows

slope correction =-L (1 - cos 8) =- 29.872 (1 - cos 3°40')

= -0.0611 m

standardisation correction = L «I' - l)/I)

= 29.872«30.014 - 30.000)/30.000)

=+ 0.0139m

tension correction = L (TF - Ts)/AE = 29.872 (120 - 50)/(2 x 200000)

=+ O.0052m

temperature correction = a(tF - ts)L

= 0.0000112 x (5 - 20) x 29.872

= -O.OOSOm



sag (catenary) correction = -

DISTANCE MEASU REMENT

w2L 3 cos2 8

24TF
2

__ (0.17)2 X (29.872)3 X cos2 3°40'

24 x (120)2

= -0.0022 m
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The horizontal length of AB is given by substituting the corrections into equation
(4.2) as follows

horizontal length AB

= 29.872 - 0.0611 +0.0139 +0.0052 - 0.0050 - 0.0022

=29.8228 =29.823 m (rounded to the nearest mm)

4.5.2 Setting Out a Slope Distance with a Steel Tape

Question

On a construction site, a point R is to be set out from a point S using a steel tape
of nominal length 50 m. The horizontal length of SR is designed as 35.000 m and
it lies on a constant slope of 03°27' .

During the setting out the steel tape is laid on the ground and pulled at a ten
sion of 70 N, the mean temperature being 12°C.

The standardised length of the tape at 50 N tension and 20°C is 50.027 m. The
coefficient of thermal expansion of the tape material is 0.000 0112 per °c, Young's
modulus is 200 kN/mm2 and the cross-sectional area of the tape is 2.4 rnm?.

Calculate the length that should be set out on the tape along the direction SR
to establish the exact position of point R.

Solution

Equation (4 .2) is again used but in this caseD is known and L must be calculated .
The slope, standardisation, tension and temperature corrections must all be

calculated. The sagcorrection does not apply since the tape is laid along the ground .
Although L is not known , for the purposes of calculating the corrections it is

sufficiently accurate to use D instead of L in the individual formulae. Therefore

slope correction = -D(1 - cos 8)

= -35.000(1 - cos 03°27') = - 0.0634 m

standardisation correction = D((l' - l)/l)

=35.000«50.027 - 50.000)/50.000)

= + 0.0189 m

tension correction = D(TF - Ts)/AE

= 35.000(70 - 50)/(2.4 x 200000)

= + 0.0015 m
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temperature correction = a(tF - ts)D

= 0.0000112(12 - 20)35 .000

= - 0.0031 m

The slope length SR is obtained from equation (4.2) as follows

D SR = L SR - slope ± standardisation ± tension ± temperature

From which

35.000 = L SR - 0.0634 + 0.0189 + 0.0015 - 0.0031

Therefore

L SR = 35.0461 = 35.046 m (rounded to the nearest mm)

4.6 Other Types of Tape

In addition to steel tapes, the following tapes are sometimes used in engineering
surveys.

Synthetic tapes (jibreglass, plastic or woven) are available in a variety of lengths .
When compared to steel tapes, synthetic tapes are lighter , more flexible and less
likely to break but they tend to stretch much more when pulled. As a result,
synthetic tapes are used mainly in detail surveying (see chapter 8) , sectioning (see
section 2.11.2) and in similar work where precisions in the order of 1 in 1000 are
acceptable in linear measurements.

Invar tapes are made from an alloy of nickel and steel and have a coefficient of
thermal expansion approximately one-tenth or less that of steel. Consequently,
these tapes are almost independent of temperature changes and are ideal for use
where very precise measurements are required. However, since invar tapes are
expensive and must be handled with great care to avoid bends and kinks , they are
not used for ordinary work.

4.7 Chaining

The land chain, the simplest form of linear measuring device, is, in metric form,
20 m, 30 m, 50 m or 100 m in length. The 20 m and 30 m chains are usually con
structed from stiff wire and consist of links each 200 mm in length as shown in
figure 4.9 .

The links are connected by three small rings which give the chain flexibility. The
brass handles at each end form part of the measurement. Every metre along the
chain is marked by a tag and every fifth metre numbered.

The 50 m and 100 m chains are made of plastic. They are marked at 0.1 m and
0.05 m intervals and should be standardised regularly since the plastic can stretch.

Comparing the steel tape and chain it is obvious that the chain is very robust in
construction and can be handled fairly roughly . Repairs are easily carried out in the
field and the chain can be cleaned by washing and drying. In contrast , the steel tape
is easily broken and has to be handled with reasonable care, maintenance being more
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200mm

stiff wire links

brass handle

numbering tag

Figure 4 .9 Section of 20 m and 30 m chains

troublesome. The steel tape , however, is much more accurate than the chain and
this is the important difference as regards distance measurement.

The fieldwork involved in the measurement of a line using a chain is identical to
that using a steel tape but the accuracy expected when measuring with a chain and
applying slope and standardisation corrections is only about 1 in 1000. Any errors
due to temperature variations and incorrect tensioning are, therefore, negigible and
are not considered in chaining. Similarly, the effects of poor alignment and sag are
not so critical. When measuring slope angles, an Abney level should be used or the
line stepped . Booking is carried out as described for steel tapes in section 4.2.8.

The only useful application of the chain is in the production of site plans,
further details of which are given in chapter 8.

4.8 Optical Distance Measurement

Two disadvantages with taping are, firstly, that the measuring process takes place
on the ground (if the terrain is undulating this can be very difficult) and, secondly ,
when a lot of linear measurements are required, taping can be laborious and time
consuming.

Opticaldistancemeasurement (ODM) techniques overcome the first problem in
that they are undertaken above ground level, and overcome the second problem
since they can usually be carried out in a shorter time than that required for surface
taping.

The ODM technique which has the greatest application in engineering surveying
is stadia tacheometry and this is discussed in section 4.9. The more specialised
technique of subtense tacheometry is discussed in section 4.10. Other ODM tech
niques involving special tacheometers and attachments are not discussed since these
have been superseded by electromagnetic distance measuring methods (see sections
4.11 to 4.15).
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4.9 Stadia Tacheometry
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This uses a theodolite or level and a levelling staff. It involves the use of the two
short lines marked on the diaphragm of the major ity of theodolite and level tele
scopes. These lines are called the stadia hairs or stadia lines and are marked as
shown in figure 4.10. The distance between the stadia hairs is fixed and is called
the stadia interval.

If observations are made to a levelling staff, the stadia hairs , when viewed through
the instrument telescope , will appear to cover a certain length (s) of the staff, the
value of s depending on the horizontal distance (D) between the instrument and
staff (see figure 4.10) .

4.9.1 BasicPrinciple

Figure 4.11 shows the optical system for measurement of a horizontal distance D
between the vertical axis of an externally focusing telescope and a graduated staff.
Although now obsolete , this type of telescope is simpler in design than modem
telescopes and for this reason is used to demonstrate tacheometric principles
(modern telescopes are considered in section 4.9.2).

The externally focusing telescope consists of two concentric tubes. The eye
piece and diaphragm are mounted at the end of one tube and focusing is achieved
by movement of the object lens which is fixed at the end of the other tube (see
figure 4.11) .

In figure 4.11 , the axis of the telescope is horizontal, f is the focal length of the
object lens, ab the stadia interval (i) and AB the staff intercept (s).
Now D = I +I +d and lis = Iii
Therefore

D =(fli)s +(f +d)

For a particular instrument , the ratio (fli) is a constant known as the multiplying
constant (K) . The distance (f +d) is known as the additive constant (C). This term

theodolite

Figure 4.10 Stadia tacheometry

] i = stadia int erval

levelling staff~
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Figure 4 .11 Stadia principle

will vary slightly when focusing is achieved owing to the movement of the object
lens, that is, the value of d varies while focusing. However, for practical purposes
this variation is small and the term (f +d) can be considered constan t. Hence, the
stadia equation can be stated as D = Ks +C.

For ease of calculation of D , most theodolites and levels are designed such that
K(= fli) = 100. Further, it is obviously inconvenient to have an additive constant
and it would be useful if C =O. To achieve this , some externally focusing telescopes
have an extra lens, known as an anal/aetie lens, placed in the telescope tube at a
fixed length from the object lens. This lens has the effect of making C =0 and
hence the stadia formula becomes D = 100s. Such a telescope is known as an
anal/aerie telescope.

4.9.2 The Internally Focusing Telescope

All modern telescopes use a concave lens, placed inside the telescope tube , to
enable internal focusing to be carried out (see section 2.2.1).

The derivation of the stadia formula for internally focusing telescopes is very
complicated but it can be shown that the result D =Ks + C is still valid. Strictly,
in this case, K is a variable as well as C but , in practice , the variation in K will be
very small and can be ignored. Furthermore, by suitable optical design, modem
telescopes can be assumed to be anallactic and the value of C is taken to be zero.

These assumptions break down if the horizontal distance is less than approxi
mately 10m to 20 m.

4.9.3 Theory with Inclined Line ofSight

Although a stadia survey could be carried out with the telescope horizontal, work
would be tedious in hilly terrain and so the basic formula must be modified to
cover the general case when the telescope is inclined.
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I

0 = horizontal distance

z

.1

m

Figure 4.12 Stadia with inclined line of sight

Figure 4.12 shows a vertically held levelling staff observed with an internally
focusing telescope of which the line of sight is inclined to the horizontal.

Since A'B' is the staff intercept that would be recorded on a staff at Z held per
pendicular to the line of sight, L = Ks + C. If the line of sight IZ makes an angle
owith the horizontal, A'B' makes an angle of 0 with the vertical. Therefore

L =Ks cosO + C

But

hence

D =L cosO

D = Ks cos? 0 + C cos 0

hence

From the one pointing of the telescope, the vertical component ofD(V) is also
obtained as follows

V = L sin 0 = Ks cos 0 sin 0 + C sin 0

V = i(Ks sin 28) + C sin 0

The vertical component is used in the calculation of reduced levels. Figure 4 .12
shows the observation of a staff held at X by a theodolite at P with the line of
sight above the horizontal. The heights of these points are RLx and RLp above
datum. If hi (= IP) is the height of the instrument at P above the station mark at P
and m (= ZX) is the centre hair reading of the staff at X, then RLx = RLp +hi + V
-m.

In general it can be stated that

RLx = RLp +hi ± V - m

where V is positive for an angle of elevation and negative for an angle of depression.
This demonstrates one of the advantages of stadia tacheometry, namely, for one

pointing of the instrument with the staff at an unknown point , both the horizontal
distance to and reduced level of that point can be found .
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4.9.4 Accuracy and Sources of Error in Vertical Staff Stadia Tacheometry

The accuracy of basic stadia tacheometry depends on two categories of error,
instrumental errors and field errors .

103

Instrumental errors

These include

(l) An incorrectly assumed value for K, the multiplying constant, that is, an
error in the construction of the diaphragm.

(2) Errors arising out of the assumption that modern telescopes are anallactic
and that the stadia formula D =Ks +C is applicable when , strictly, both K and C
are variable.

The possible errors due to (l) and (2) above limit the overall accuracy of distance
measurement by stadia tacheometry to 1 in 1000 .

Field errors

These can occur from the following sources

(1) When observing the staff, incorrect readings may be recorded which result
in an error in the staff intercept, s. Assuming K = 100, an error of ± 1 nun in the
value of s results in an error of ± 100 mm in D.

Since the staff reading accuracy decreases as D increases, the maximum length
of a tacheometric sight should be 100 m.

(2) Nonverticality of the staff can be a serious source of error. This and poor
accuracy of staff readings form the worst two sources of error. The error in dis
tance due to the nonverticality of the staff is proportional to both the angle of
elevation of the sighting and the length of the sighting. Hence, a large error can be
caused by steep sightings, long sightings or a combination of both. It is advisable
not to exceed 8 =± 10° for all stadia tacheometry .

(3) A further source of error is in reading the vertical circle of the theodolite .
If the line of sight is limited to ± 10°, errors arising from this source will be small
provided no misreading or noncentring of the altitude bubble takes place. Usually,
it is sufficiently accurate to measure the vertical angle to ± r and, although it is
possible to improve this reading accuracy, it is seldom worth doing so owing to the
magnitude of all the other errors previously discussed.

Considering all the sources of error , the overall accuracy expected for distance
measurement is 1 in 500 and the best possible accuracy is only 1 in 1000.

The vertical component V, is subject to the same sources of error described
above for distances, and the accuracy expected is approximately ± 50 mm.

4.9.5 Applications ofStadia Tacheometry

Vertical staff tacheometry is ideally suited for detail surveying by radiation tech
niques. This is discussed fully in chapter 8.

Since the best possible accuracy obtainable is only 1 in 1000, the method is
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best restricted to the production of contoured site plans and should not be used
to measure distances where precisions better than this are required.

4.10 Subtense Tacheometry

Subtense procedures involve a method in which no graduated staff is used. Instead,
a bar of fixed length , called a subtense bar, is positioned at one end of the line and
a theodolite at the other. The angle subtended by the bar is measured using a I"
theodolite and, knowing the length of the bar, the distance can be calculated since
it is proportional to the subtense angle.

4.10.1 Sub tense Principle

Figure 4.13 illustrates the subtense method . The subtense bar is positioned horizon
tally along AB and is of length b. It is positioned at rightangles to the line being
measured, C being the mid-point of the bar. Points D, E and F lie in the horizontal
plane through X (the theodolite position) vertically below A, B and C.

The theodolite will record the horizontal angle DXE (cf» between the vertical
planes AXD and BXE. The horizontal distance XF(D) is given by

D = (b/2) cot (cf>/2 )

Since the ends of the subtense bar could be positioned horizontally anywhere in
the vertical lines through D and E, the horizontal angle cf> is always recorded by the
theodolite. Therefore , the horizontal distance (D) is obtained directly without the
need for measuring the slope angle.

4.10.2 The Subtense Bar

A typical subtense bar, mounted on a tripod, is shown in figure 4.14 . It is usually
arranged to fit into a standard tribrach and can therefore be part of a three-tripod
system. The bar can be set horizontal using the tribrach footscrews in conjunction
with a levelling bubble attached to the bar. A sighting device is fixed to the bar
which enables it to be set at right angles to the line being measured.

On the bar are two targets which are set a precise distance apart, usually 2 m.
Since subtense bars are usually metallic , changes in temperature will affect the
length of bar between targets and this can give rise to serious errors in the measured
distance. Consequently, all modern subtense bars are made ofinvar, a metal with an
extremely low coefficient of expansion. To further check any expansion of the
invar, various compensating systems have been developed and these ensure that the
length between targets remains virtually unchanged for a large variation in tempera
ture . The invar strip and compensating system are usually housed in a sealed tube
for protection, the targets being spring or tension mounted at the ends of the tube .
The accuracy obtainable by most manufacturers for the stability in the nominal
length of the bar is ±0 .05 mm for a temperature change of ±30°C. This indicates
that a bar length of 2 m is known with a proportional error of 1 in 40 000.
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A

horizontal plane through X

Figure 4.13 Subtense principle
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target

Figure 4.14 Subtense bar (courtesy Wild Heerbrugg (UK) Ltd)

4.10.3 Subtense Angle

The magnitude of a subtense angle is usually of the order of 10 to 20 and must be
measured with an accuracy of ± 1" to obtain the required accuracy in distance
measurement (see section 4.10.4). AI" theodolite is, therefore, usually employed
and it is necessary to measure the subtense angle a number of times to achieve ± 1"
accuracy. Normally, ten repeated readings are recorded , the mean result being used
in the calculation of distance. It is good practice to use different parts of the hori
zontal circle when taking these measurements. Since both targets are at the same
elevation there will be no error due to trunnion axis dislevelment and all measures
can be taken on a single face.
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4.10.4 Accuracy and Sources ofError in Subtense Tacheometry

A distance measured by subtense methods is subject to the following sources of
error.

(1) Incorrect length of bar.
Since most bars are constructed with a proportional accuracy of 1 in 40000

(see section 4.10.2), errors from this source are negligible.

(2) Incorrect setting of the bar at right angles to the line being measured.
To maintain an accuracy of I in 20000, the bar must not be misaligned by

more than ±34'. When properly adjusted , the sighting telescope attached to the
bar can achieve an accuracy of a few minutes, so that this source of error can be
disregarded.

(3) Nonhorizontality and poor centring of the bar and the theodolite over
the station marks.

Errors occur if the bar is not levelled or set over the station mark correctly. As
most subtense bars are mounted in tribrachs, errors from this category may be
neglected provided the optical plummet and levelling bubble on the bar are in
good adjustment.

(4) Errors in the measured subtense angle.
This is the most serious source of error in subtense work and great care must be

taken when measuring the subtense angle.
If the subtense angle is measured with a 1" theodolite and the mean of ten

repeated readings is used (see section 4 .10.3) , the error in the subtense angle should
not exceed ± I" and, if a 2 m subtense bar is used, the following proportional
accuracies can be achieved.

10 000 8330 6670 5830 5000 4500

D(m)
Proportional
error (I in n)

40 50 60 70 80 90 100 150 200

4170 2730 2060

For distances less than 40 m, the proportional accuracy is not increased since
the subtense bar targets appear large when viewed through the theodolite ; accurate
angular measurements therefore become difficult.

4.10.5 Applications ofSubtense Tacheometry

Subtense methods are suitable only for measuring traverse lines. Subtense fieldwork
is slow but can give good accuracy. One important factor to consider is that the
line of sight on subtense measurements can be very steep with no loss of accuracy
in the horizontal distance. This may be useful in quarries, in connecting rooftop
traverses to ground level and in setting out where steep slopes are involved on such
projects as bridge works, tunnelling, tall buildings and so on .
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4.11 Electromagnetic Distance Measurement
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The rapid development of Electromagnetic Distance Measurement (EDM) equip
ment in recent years has enabled the surveyor and engineer to measure distances,
particularly over long ranges, much more easily and to a higher precision than is
possible using taping or optical methods. As a result of these technical advances,
many changes have taken place in surveying techniques. For example, the applica
tion of traversing and combined networks in control surveys covering large areas is
now possible with the same or better precision than triangulation; detail surveying
using theodolite-mounted EDM devices gives rise to more efficient methods of pro
ducing maps and plans and many modern setting-out techniques would be impos
sible without EDM equipment.

To use an EDM system, the instrument is set over one end of the line to be
measured and some form of reflector is set over the other end such that the line of
sight between the instrument and the reflector is unobstructed. An electromagnetic
wave is transmitted from the instrument towards the reflector where part of it is
returned to the instrument. By comparing the transmitted and received waves, the
instrument is able to compute and display the required distance.

Since there are at present in excess of fifty different EDM systems available,
any detailed operating instructions for any particular instrument have been exclud
ed. Such information is available in the handbooks supplied by manufacturers for
their respective instruments.

4.12 Electromagnetic Waves

When a length is measured with EDM equipment, no visible linear device is used to
determine the length as, for instance , when a tape is aligned in successive lengths
along the line being measured. The question often asked is what , then, are electro
magnetic waves?

For the simplest treatment they can be considered to be the means by which
electrical energy is conveyed through a medium, particularly the atmosphere . If an
electric current is fed to an aerial this creates an electrical disturbance in and around
the aerial. The disturbance is not confined to the aerial but spreads out into space
by varying the electric and magnetic fields in the medium surrounding the aerial.
Therefore , energy is propagated outwards and , since the energy is transmitted by
varying electric and magnetic fields, the energy is said to be propagated by electro
magnetic waves.

The electromagnetic waves so created require no material medium to support
them and can be propagated in a vacuum or in the atmosphere. The type of electro
magnetic wave generated depends on many factors but, principally, on the nature
of the electrical signal used to generate the waves.

4.12.1 Properties ofElectromagnetic Waves

Although electromagnetic waves are extremely complex in nature , they can be
represented in their simplest form as periodic sinusoidal waves and therefore have
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predictable properties. Associated with periodic waves are certain characteristics
by which all electromagnetic radiation is defmed.

Figure 4 .15 shows a sinusoidal waveform which has the following properties.

(1) The wave completes a cycle in moving from such identical points as A to
E or D to H on the wave and the number of times in one second the wave corn
pletes a cycle is termed the frequency of the wave. The frequency is represented
by f hertz, 1 hertz (Hz) being 1 cycle per second.

(2) The wavelength of a wave is the distance which separates two identical
points on the wave or is that length traversed in one cycle by the wave and is
denoted by Ametres.

(3) The period is the time taken by the wave to travel through one cycle or
one wavelength and is represented by T seconds.

(4) The velocity of the wave' is the remaining property.

Whereas frequency, wavelength and period can all vary according to the electri
cal disturbance producing the wave, the velocity (v) of an electromagnetic wave
depends on the medium through which it is travelling . The velocity of an electro
magnetic wave in a vacuum is termed the speed of light and is given the symbol c.
The value of c is known at the present time as 299792458 m/s.

All of the above properties of electromagnetic waves are related as follows

f= (ciA) =(lIT)

For simple calculations, c is assumed to be 3 x 108 m/s.
A further term associated with periodic waves is the phase of the wave. As far

as EDM is concerned, this is a convenient method of identifying fractions of a wave
length or cycle . The symbol normally used is r/J , often quoted in degrees , and one
cycle or wavelength has a phase ranging from 00 to 3600

• The points shown in
figure 4 .15 have the following phase values .

r/J degrees

A B
360 or 0 90

C

180

D E

270 360 or 0

F

90

G H
180 270

As can be seen, a quoted phase value can apply to the same point on any cycle
or wavelength. This has importance when measuring lengths using electromagnetic
waves (see section 4.12 .2) .

B F

zero
-+---+------=+----If-----mognitude

one wave lengthor cycle

Figure 4 .15 Electromagnetic wave (sine wave)
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In an EDM system, distance is determined by measuring the phase difference be
tween transmitted and reflected signals. This phase difference is usually expressed
as a fraction of a cycle which can be converted into distance when the frequency
and velocity of the wave are known .

The methods involved in measuring by phase comparison are outlined as follows.
In figure 4.16a, an EDM instrument has been set up at A and a reflector at B so

that distance AB = D can be measured.
Figure 4.16b shows the same EDM configuration as in figure 4.160, but only the

details of the electromagnetic wave path have been shown. The wave is transmitted
from A towards B, is instantly reflected at B and received back at A. For clarity, the
same sequence is shown in figure 4.16c but the return wave has been opened out.
Points A and A' are the same since the transmitter and receiver would be side by
side in the same unit at A.

From figure 4.16c it is apparent that the distance covered by the wave in travel
ling from A to A' is given by

2D <n): + D.A

where D is the distance between A and B, A the wavelength of the measuring unit,
n the whole number of wavelengths travelled by the wave and D.A the fraction of a
wavelength travelled by the wave.

Thus, the distance D is made up of two separate elements and is determined by
two processes.

(1) The phase comparison or D.A measurement is achieved using electrical
phase detectors.
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Figure 4 .16 Principle of phase comparison
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Consider a phase detector , built into the unit at A, which senses or measures the
phase of the electromagnetic wave as it is transmitted from A. Let this be 1/>1
degrees. Assume the same detector also measures the phase of the wave as it returns
at A' (1/>2°). These two can be compared to give a measure of D.'A using the relation
ship

D.'A = phase difference in degrees x 'A = (1/>2 -1/>1 t x 'A

360 360

The phase value 1/>2 can apply to any incoming wavelength at A' and the phase
comparison can only provide a means of determining by how much the wave travels
in excess of a whole number of wavelengths.

(2) Some method of determining n'A, the other element comprising the un
known distance, is required. This is often referred to as resolving the ambiguity of
the phase comparison and can be carried out by one of three methods.

(a) The measuring wavelength can be increased manually in multiples of 10
so that a coarse measurement ofD is made, enabling n to be deduced.
(b) D can be found by measuring the line using three (or more) different,
but closely related, wavelengths, to form simultaneous equations of the form
2D = n'A + D.'A. These can be solved, making certain assumptions, to give a
value for D.
(c) Most modem instruments use electromechanical or electronic devices to
solve this problem automatically, the machine displaying the required dis
tance D.

4.12.3 Analogy with Taping

Referring to the example of figure 4.16, assume the measuring wavelength is 30 m.
From the diagram n = 6, 1/>1 = 0° and 1/>2 = 90°.

The double distance is given by

2D=n'A+D.'A=n'A+ (1/>2-l/>d x'A=(6 x30)+ (90 -0) x 30
360 360

Hence

D = 93.75 m

Imagine the distance between A and B was to be measured with a tape x metres
in length. Following section 4.2.1, this would involve aligning the tape in successive
lengths along the line AB (giving mx where m is the number of whole tape lengths)
and noting the fraction of a tape length remaining (Ax) to complete the measure
ment. Hence D = mx + Ax.

If x = 30 m, measurement of AB would be recorded as

D = 3 x 30 + 3.75 = 93.75 m

Measurement of a length using electromagnetic waves is, therefore , directly
analogous to taping, indeed it can be said that in EDM the electromagnetic wave
has replaced the tape as the measuring medium.
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When designing an EDM instrument, a manufacturer must decide what frequency
(or wavelength) to use in the phase comparison or measuring process .

Modern phase comparison techniques are capable of resolving to 1/10 000 of
the wavelength used in the measuring process and, assuming ±IO mm to be the
worst accuracy requirement for surveying equipment, the longest measuring wave
length should be 100 m. This accuracy requirement sets a lower frequency limit of
3 MHz to the measuring process and to increase accuracy it might be thought that
the obvious answer would be to use an extremely high frequency of propagation.
Although this would be the ideal solution, it cannot be done at the moment owing
to limitations in electronic technology. At the present time, it is difficult to use
phase comparison techniques at frequencies greater than 500 MHz (X= 0.6 m).

This presents a problem because electromagnetic waves in the frequency range
3-500 MHz are easily absorbed when transmitted through the atmosphere. This
difficulty can be overcome by transmitting high power electromagnetic waves, but
this is impractical in the case of portable surveying equipment.

In order to be able to transmit the measuring waves through the atmosphere , the
process of modulation is used. Using this process , the measuring wave (the one used
in the phase comparison) is electronically superimposed on a carrier wave of much
higher frequency, this higher frequency being chosen to correspond to an atmos
pheric window where much less attenuation of the wave occurs. In the EDM
measurements the carrier wave is thus transmitted and is, in fact, acting as a medium
for carrying the distance information.

Two methods of modulating the carrier wave are used in EDM.

Amplitude modulation

With amplitude modulation, the carrier wave has a constant frequency and the
modulating wave (the measuring wave) information is conveyed by the amplitude
of the carrier, as shown in figure 4 .17.

measuring wove

modulated corr ier wove

Figure 4 .17 Amplitude modulation
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Frequency modulation

When frequency modulated, a carrier wave has a constant amplitude but its
frequency varies in proportion to the amplitude of the modulating wave, as seen
in figure 4.18.

measuring wave

modulated corr ier wave

Figure 4.18 Frequency modulation

4.13 Instrument Characteristics

EDM instruments are conveniently classified according to the type of carrier wave
employed. This section briefly describes the characteristics predominant for each
type of instrument.

4.13.1 Microwave Instruments

The carrier frequency used by this group of instruments is typically 10 GHz
(1 GHz = 109 Hz). This order of frequency is capable of being transmitted over
large distances of up to 100 km in clear conditions and a characteristic of this
EDM instrument is long range.

As phase comparison techniques are used to measure the distance and a signal
has to be returned to the point of comparison, so some form of reflector must be
used at the remote end of the line. A passive reflector used at these frequencies
would return only a very weak signal for comparison and, hence, electronic reflec
tion of the signal has to be used. This is achieved by placing at the remote terminal
of the line another instrument, which in some cases is identical to the measuring or
master instrument. This remote instrument receives the transmitted signal, amplifies
it and retransmits it back to the master in exactly the phase at which it was received.
Phase comparison is thus possible and, since the signal is amplified as well as reflec
ted, a greater working range is obtained .

Microwave EDM instruments thus require two instruments and two operators in
order to measure a length.



DIST ANCE MEASUREMENT 113

A speech facility between the master and the remote is provided on all micro
wave instruments to help the operators proceed through the measuring sequence.

At microwave frequencies , the signals are radiated from small aerials , called
dipoles , mounted on the front of each instrument: These radiators produce a
directional signal with a beam width varying from 2° to 20° , depending on the
instrument. so alignment of the master and remote units is not critical .

Frequency modulation is used in all microwave instruments and in most units
the method of varying the measuring wavelength in multiples of 10 is used to
obtain an unambiguous measurement of distance .

Typical microwave instruments are shown in figure 4.19. The maximum range
of such instruments is 25-50 km, the accuracy being of the order of ± 10 mm ±
3 mm/km. The fixed component of the accuracy is due to instrumental errors
and the variable component is due to atmospheric errors .

In civil engineering, microwave instruments are used mainly in the establishment
of control for very large projects and in road and pipeline traverses.

4. I3. 2 Infrared Instruments

The near infrared radiation band, of wavelength about 0 .9 J,Lm , is used for carrier
waves by instruments in this group . The reason for the predominance of infrared
instruments in EDM is due to the carrier wave source which, in every case, is a
gallium arsenide (GaAs) infrared emitting diode. These diodes can be very easily
directly amplitude modulated at the high frequencies required for EDM and thus

(0) (b)

Figure 4 .19 Microwave EDM instruments: (a) Tellumat CMW20 ..(b) TellumatCMW6
(courtesy Tellumat Ltd)
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provide a simple and inexpensive method of producing a modulated carrier wave.
Since infrared is a form of high frequency electromagnetic radiation, the trans

mitted power in infrared carrier waves falls off rapidly with distance and the range
of such instruments is not as great as that of microwave units. To overcome signal
loss, the infrared carrier is transmitted as a highly collimated beam using a lens/
mirror system and the beam divergence is usually less than 15 minutes of arc. This
requires that the transmitted wave should be carefully aligned as it has to be reflec
ted at the remote end of the line .

Since the infrared wavelength is close to the visible light spectrum, infrared
carrier waves can be treated as beams of light and a plane mirror could be used to
reflect them, but this would require very accurate alignment. Instead, a special
form of reflector known as a corner cube prism (or retroreflector) is always used .
These are constructed from the corners of cubes of glass which have been cut away
in a plane making an angle of 45° with the faces of the cube as shown in figure 4.20.

Infrared or visible light, directed into the cut face, is reflected by the inner sur
faces of the prism which are highly silvered. Such a reflector will return a beam
along a path exactly parallel to the incident path over a range of angles of incid
ence of about 20° to the normal of the front face of the prism. As a result , the
alignment of the prism is not critical and it is quickly set in the field.

Hence, infrared instruments require one measuring unit and work in conjunc
tion with passive corner cube reflectors.

corner cube prism construction

Figure 4.20 Corner cube prism [retroreflector}

prism mounted in housing

, ,,

reflected lioht emerges
porollel to incident light

To obtain an unambiguous measurement of distance, many ingenious systems
have been developed for infrared instruments and all use electromechanical or
electronic devices, the total distance being displayed automatically.

The main disadvantage with infrared systems is that their power output is low
and , consequently, the range of such instruments is limited to 1 km or less with a
single prism. However , range can be extended to 2 or 3 km in most systems using
reflectors consisting of 3 or 9 prism arrays as shown in figure 4.21. For most
engineering applications in developed countries, these ranges are adequate and ,
owing to the fact that infrared instruments can be made very light and compact,
they are used extensively in engineering and land surveying.
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(0) (b)

Figure 4 .21 Prism arrays: (a) single reflector with offset target; (b) triple reflector;
(c) nine prism reflector
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The accuracy obtainable from infrared instruments is usually about ± 10 mm,
irrespective of distance in most cases.

Without doubt. the most useful facility with infrared instruments is that they
can be combined with a theodolite in some way since the infrared units are light
and compact. This facility enables angles and directions to be measured simul
taneously and two types of system can be identified : combined theodolite and
EDM systems and electronic tacheometers.

In the comb ined theodolite and EDM systems, a specially designed lightweight
EDM unit is attached to a standard theodolite as shown in figure 4.22, the EDM
unit and theodolite being operated independently in the field. To aid setting out
work when using pole-mounted reflectors (see figure 4 .23) , some EDM units in
clude a continuous readout facility or tracking mode in which the distance
measurement is repeated automatically approximately once per second . To enable
the assistant holding the reflector to take readings directly, a remote receiver or
communication system can be used. A remote receiver (see figure 4.24) is attached
to a reflector using a special lock and the receiver decodes the infrared signal trans
mitted from the EDM unit to display slope or horizontal distances on a readout
built into the rear of the receiver. A communication system consists of an EDM
instrument fitted with a small microphone inside the control panel and a small

(oj (bl

Figure 4 .22 Combined theodolite and EDM systems: (a) Geodimeter 220 (courtesy Geotronics
(UK) Ltd) ; (b) Kern DM502 (courtesy Kern and Co. Ltd)
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Figure 4 .23 Pole-mounted reflector
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Figure 4.24 Remote receiver: 1. rear of prism housing; 2. remote receiver displaying distance
of 87.120 m (courtesy Kern and Co. Ltd)
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receiver and loudspeaker which are attached to the pole-mounted reflector (see
figure 4.25). One-way voice communication is then possible from instrument to
reflector using the infrared as a carrier wave. Combined theodolite and EDM
systems represent great improvements over taping , and for distances in excess of
one steel tape length such systems are gradually replacing other setting-out methods.

The electronic tacheom eter is a combination of an electronic theodolite (see
section 3.2.3) and some form of EDM device as shown in figure 4.26. All electronic
tacheometers are purpose-built angle and distance measuring systems which some
times cannot be separated (see figure 4.27). These instruments are controlled by a
keyboard, this in turn being connected to a microprocessor that is either built
into or attached to the unit. The microprocessor controls the angle and distance
measuring systems and can also act as a calculator for slope reductions, height
calculations, rectangular coordinate calculations and so on .

A feature of such systems is a portable data storage unit or recording unit (see
figure 4.28) which is capable of storing digital angle and distance information in
solid state form, the data being fed into the unit via a microprocessor or by hand .
These storage units have sufficient memory for aworking day and the contents of
the unit can be transferred on to magnetic tape or transmitted by telephone to an
office for processing by computer. Alternatively, the storage unit can have its own
microprocessor or it can be connected to a portable microcomputer to enable
survey computations to be performed in the field.

Figure 4 .25 Communication system (courtesy Geotronics (UK) Ltd)
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Figure 4.26 Electronic tacheometers - combined EDM and electronic theodolite (courtesy
Kern and Co . Ltd and Wild Heerbrugg ( UK ) Ltd)

4.13.3 Loser Instruments

The helium-neon laser (A = 0.6328 p.m,f= 4 .74 x 1014 Hz) has been used as a
carrier wave in a number of EDM instruments and the most successful application
has been in long range distance measurers of relatively good accuracy. Long ranges
are possible due to the capability of the laser to produce a high power in a beam of
very low angular divergence, and an improved accuracy is possible since the laser is
a form of coherent and stable radiation that can be frequency modulated. Typical
maximum ranges for laser instruments are between 30 and 60 km with accuracies
of ± 5 mm ± 1 ppm.

When long ranges are measured by EDM, the atmospheric uncertainties impose a
limit on the precision attainable but, by measuring distances with two-colour instru
ments, accuracies of ±O.! to ±0.2 ppm over ranges in excess of 20 km have been
recorded. This improvement in accuracy is achieved by measuring each distance
simultaneously using two lasers of differing wavelength, which enables atmos
pheric effects to be accounted for.
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Figure 4.27 Electronic tacheometers - purpose built (courtesy Hall and Watts Ltd and
Geotronics (UK) Ltd)

4.14 EDM Corrections

When measurements are taken using an EDM instrument , atmospheric and instru
mental effects may give rise to errors in the distances displayed and corrections are
required to account for these. In addition , it is usual to apply a series of geometric
corre ctions to the slope distances measured in order that hor izontal distances may
be obtained.

4.14.1 Atmospheric Effects

All electromagnetic waves, when moving through a vacuum , travel with the same
velocity (c) but when travelling in the atmosphere their velocity (v) is reduced from
the free space value owing to the retarding action of the atmosphere.

Consequently, the velocity of the carrier and measuring (or modulating) waves
will vary for all measurements.

Since v is a variable depending on atmospheric conditions, the modulating wave
length will also vary since it is given by A= vi!.The significance of this is that the
measuring unit Ais not constant and the distance recorded by the instrument will
be in error.
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Figure 4 .28 Data storage or recording un its (courtesy Geotronics (UK) Ltd and Wild
Heerbrugg (UK) Ltd)

To correct for this , many of the short range infrared systems use an atmospheric
correction switch which is set according to the atmospheric pressure and tempera
ture prevailing at the time of measurement, these being measured on site. Charts
and tables provided by the manufacturer enable the temperature and pressure to
be converted into an appropriate switch setting. In effect , changing the setting on
the switch changes the frequency of the measuring wave. This compensates for the
change in velocity and keeps the wavelength of the measuring unit constant.

Another method of removing atmospheric effects in EDM measurements is to
enter corrections directly into the EDM unit using a dial mounted on the instrument
for this purpose . As with the atmospheric correction switch , the atmospheric con
ditions must be measured and the correction, usually in ppm (= parts per million
or the correction to the distance in mm/krn), is deduced from charts supplied with
the instrument.

Whatever method is used to correct for atmospheric effects, it is evident that
this requires meteorological conditions to be determined at some stage in the
measurement of an EDM line . Great care should be taken when recording this data
as the main factor that limits the accuracy of any EDM measurement is the uncer
tainty in the meteorological conditions. It is worth remembering that temperatures
estimated to ±SOC will produce an error of about 10 ppm in the distance as will
atmospheric pressures estimated to ±2S mm Hg. Also, since the atmospheric cor
rection is proportional to the distance being measured , extra care should be taken
in the recording of meteorological conditions when measuring long lines.



122

4.14.2 Instrumental Errors
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All EDM measurements are subject to the following instrumental errors.

Scale error (or frequency drift)

This is caused by variations in the modulation frequency , f ,of the EDM inst rument
and the error is therefore proportional to the distance measured. Consequently, the
effect is much more noticeable on long lines and can usually be ignored for the
short range instruments.

Zero error (or index error)

This occurs if there are differences in the mechanical , electrical and optical centres
of the EDM instrument and reflectors. Analogous to miscentring a theodolite (see
section 3.3.4), the error is not dependent on range and care must be taken to
eliminate it.

Cyclic error (or instrument nonlinearity)

This error is caused by unwanted inte rference between electrical signals generated
in the EDM unit and can be investigated by measuring a series of known distances
spread over the measuring wavelength of the instrument. If a calibration curve of
(observed - known) distances is plotted against distance and a periodic wave is
obtained, the EDM instrument has a cyclic error. The effect of this can usually be
ignored for ordinary engineering surveys but may have significance on longer lines
or where a high precision is required.

4.14.3 Further Corrections

When the corrected slope distance (L) has been obtained from an EDM measure
ment, further corrections must be applied to it. If lines of less than 10 km are
considered, the following corrections are necessary.

Slope correction

This is the same as for taping as discussed in section 4.2.2.

Slope correction = t:JIl or L (1 - cos 8)
2L

where

horizontal distance = D = (L - slope correction)
Ml is the height difference between the instrument and the

reflector and
8 is the vertical angle along the line of measurement.

Height correction

When a survey is to be based on the National Grid coordinate system (see section
5.11), the line measured must be reduced to its equivalent length at mean sea level
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(MSL) (see section 2.1.3). The height or MSL correction is given by (see also
section 6.3.3)

on.;
Height correction = - -

R
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where hm is the mean height of the instrument and reflector above MSL and R the
radius of the Earth (6375 km).

The correction is negative unless a line below MSL is measured.

Scale factor (F)

The grid distance must be used for National Grid calculations (see section 5.11)

grid distance = horizontal MSL distance x F

4.15 Applications of EDM to Civil Engineering and Surveying

Generally , the use of EDM in engineering surveying operations results in a saving in
time and , in most cases, an improvement in the accuracy of distance measurement
when compared with taping (particularly in excess of one steel tape length) and
with optical methods.

When using EDM, rapid and accurate surveying of detail is possible owing to the
long ranges attainable and fewer control stations are required (in comparison with
stadia surveys discussed in section 8.5) . Consequently, EDM has replaced tacheo
metric methods and chain surveying for the production of site plans. In addition,
both the combined theodolite/EDM and electronic tacheometer systems are
extremely well adapted to forming digital terrain models (DTMs, see section 8.8)
and if data storage units are used these can be interfaced directly with the com
puter forming the model.

As angles and distances can be measured simultaneously with the latest infrared
short range equipment, many setting out operations are now simplified . Some
instruments have a continuous readout facility and this enables distances of many
hundreds of metres to be set out in one sighting, often over ground that would be
unsuitable for taping . The ability to take measurements across congested sites is
also a great advantage.

As a consequence of the continuing development of EDM instruments, some
setting-out techniques are changing. In roadworks, EDM can be used to coordinate
the major control points for the initial survey of the route and then can use these
stations to establish the road centre line by polar methods (see section 14.8 .2 and
section 14.17) rather than tangential angles methods (see sections 9.9.1 and 10.8.2).

Another instance of changing techniques is that buildings can be set out from
two or more instrument stations by polar coordinates rather than by using a theo
dolite to establish right angles (where appropriate) at each corner.

These methods have been helped by the advent of advanced pocket calculators
and computers and many local authorities now issue contractors with a computer
printout for setting out engineering works in the form of bearing and distance
tables (see table 10.2).
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A further use of EDM in civil engineering is in tunnelling, where it is used in the
surveying necessary for the establishment of headings at ground level and for the
measurement of the depths of shafts. EDM has also been used successfully for
positioning piles and other inshore marine structures.

Although EDM equipment has tremendous potential in civil engineering, particu
larly for the measurement of slope and horizontal distances, its main drawback is
its cost. The theodolite-mounted infrared devices such as those of figure 4 .22 repre
sent the least expensive systems currently available and their use is now common in
civil engineering. Electronic tacheometers (figures 4.26 and 4.27), although much
more sophisticated, are not used extensively by civil engineering contractors since
their high cost is justified only by organisations who can maintain a large volume
of survey work . Prices are changing rapidly and it would serve no purpose to quote
current rates here, but suffice it to say that EDM equipment is very expensive and ,
altho ugh it can be hired at a daily , weekly or longer rate , these hire charges are also
very high. This cost must be taken into account when planning a project and
weighed against the cost and accuracy of the alternative methods, that is, ODM
and taping .

4.16 Further Reading

C. D. Burnside, Electromagnetic Distance Measurement, 2nd Edition (Granada,
London, 1982) .

S. H. Laurila, Electronic Surveying in Practice (Wiley, 1983).
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Traversing

One of the principles of engineering surveying, as discussed in section 1.4, is that
horizontal and vertical control must be established for surveying detail and for set
ting out engineering projects . A traverse is one means of providing a network of
horizontal control in which position is determined by a combination of angle and
distance measurement between successive lines joining control stations.

5.1 Types of Traverse

5.1 .1 Gosed Traverses

Two cases have to be distinguished with this type of traverse. In figure 5.1, a
traverse has been run from station X (of known posit ion) to stations 1,2, 3 and
another known point Y. Traverse X123Y is, therefore , closed at Y. This type of

x
y

3

Figure 5.1 Link traverse

traverse is called a link, connectingor closed-route traverse .
In figure 5 .2, a traverse starts at station X and returns to the same point X via

stations 1,2 and 3. Station X can be of known position or can have an assumed
position. In this case the traverse is called a polygon, loop or closed-ring traverse
since it closes back on itself.

In both types of closed traverse there is an external check on the observations
since the traverses start and finish on known or assumed points.
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3

2

Figure 5.2 Polygon traverse

5.1.2 Open Traverses

These commence at a known point and finish at an unknown point and, therefore,
are not closed. They are used only in exceptional circumstances since there is no
external check on the measurements.

5.2 Traverse Specifications and Accuracy

The accuracy of a traverse is governed largely by the type of equipment used and
the observing and measuring techniques employed. These are dictated by the pur
pose of the survey.

Many types of traverse are possible but three broad groups can be defmed and
are given in table 5.1.

The most common type of traverse for general engineering work and site surveys
would be of typical accuracy 1 in 10 000. The chapter notes are concerned mainly
with an expected accuracy range of about 1 in 5000 to I in 20000.

An important factor when selecting traversing equipment is that the various
instruments should produce roughly the same order of precision, that is, it is point
less using a 1" theodolite to measure traverse angles if the lengths are being measured
with a chain . Table 5.1 gives a general indication of the grouping of suitable equip
ment.

5.3 Bearings and Coordinates

5.3.1 Who/e-circ/e Bearings

To establish the direction of a line between two points on the ground , its bearing
has to be determined.

The whole-circle bearing (WCB)of a line is measured in a clockwise direction in
the range 0

0
to 360

0
from a specified reference or north direction. Examples of

whole-eircle bearings are given in figure 5.3.
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TABLE 5.1
General Traverse Specifications

TYPE TYPICAL PURPOSE ANGULAR OISTANCE
ACCURACY MEASUREMENT MEASUREMENT

Geodetic 1 in 50 000 (1) Major Control 0.1" EOM
or better for mapping large theodolite

areas
(2) Provision of
very accura te
reference points
for engineering
surveys

General in 5000 (1) General 1" or 20" EOM, steel
to engineering surveys, theodolite tapes,

in 50 000 that is, setting subtense methods
out and site
surveys
(2) Secondary
control for mapping
large areas

Low in 500 (1) Small scale 20" or l' Synthet ic tapes.
Accuracy to detail surveys theodolite chai ns, stadia

i n 5000 (2) Rough large tacheometry
sca1e deta i1
surveys
(3) Prel iminary
or reconnaissance
surveys

A

N B

8 := whole circle
beoring of
line AB

o

a = whole circle
beoring of
line CO

N

a

Figure 5.3 whole-circle bearings

5.3.2 North Directions

The specified reference or north direction on which bearings are based may be true
north, magnetic north, some entirely arbitrary direction assigned as north, or grid
north.
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True north

The accurate determination of this direction is undertaken only for special surveys.
True north is not normally used in traversing for engineering surveys. However, an
approximate value can be scaled from Ordnance Survey (OS) maps.

Magnetic north

This is determined by a freely suspended magnetic needle and can be measured
with a prismatic compass.

A prismatic compass is a hand-held device which consists , basically, of a mag
netic needle freely supported at its centre and usually immersed in oil to dampen
oscillations. The needle will always indicate magnetic north although it can be un
reliable in areas of strong local magnetic attraction and also when held near metal
objects . For this reason, a prismatic compass must never be held against a metal
ranging rod when taking readings.

The compass is graduated from 00 to 360 0 in half-degree intervals and is so
designed that the magnetic bearing is obtained directly. The precision of the read
ing system is, at best , only ±15' owing to difficulties in holding the compass steady
and the rather crude sighting system.

Magnetic north is used only in reconnaissance surveys or to give a general indica
tion of north when an arbitrary north is chosen for the survey.

Arbitrary north

Arbitrary north is most commonly used to define bearings in engineering traverses.
Any convenient direction is usually chosen to represent north even though it is

not , in general, a true or magnetic north direction.
If a link traverse is being run between sets of known stations then the north

direction may be determined from the values previously assigned to these known
points .

Grid north

This north direction is based on the National Grid, which is discussed in section 5.11.

5.3.3 Rectangular Coordinates

The coordinate system adopted for most survey purposes is a plane, rectangular
system using two axes at right angles to one another as in Cartesian geometry. One
is termed the north (N) axis and the other the east (E) axis. The scale along both
axes is always the same.

With reference to figure 5.4 , any particular point P has an easting (E) and a
northing (N) coordinate, always quoted in the order easting, northing unless
otherwise stated.

The position of each traverse station in a scheme in relation to all the others is
specified in terms of these E and N coordinates.

Bearings are related to the north axis of the coordinate system.
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Figure SA R ectangular coordinate system

For all types of survey and engineering works, the origin is taken at the extreme
south and west of the area so that all coordinates are positive . If, at some stage in
a survey, negative coordinates arise, the origin should be moved such that all co
ordinates will again be positive.

5.4 Traversing Fieldwork: Reconnaissance

5.4.1 General

This is one of the most important aspects of any surveying operation and must
always be undertaken before any: angles or lengths are measured .

(1) The main aim of the reconnaissance is to locate suitable positions for
stations and hence a poorly executed reconnaissance can result in difficulties at
later stages in the survey, leading to wasted time and inaccurate work.

(2) An overall picture of the area is obtained by walking all over the site
(more than once is recommended) , keeping in mind the requirements of the survey
and balancing this against the accuracy and hence method of survey to be used. If
an existing map or plan of the area is available, this is a useful aid at this stage.

(3}Where possible, work from the whole to the part as described in section
1.4, but an attempt should be made to keep the number of stations to a minimum .

(4) The lengths of traverse legs should be kept as long as possible to mini
mise the effect of any centring errors (see sections 3.3.4 and 5.5 .1).

(5) If the traverse is being run for a detail survey then the method which is
to be used for this subsequent operation must be considered .

For most sites a polygon traverse is usually sited around the perimeter of the
area at points of maximum visibility. It should be possible to observe cross checks
or lines across the area to enable other points inside the area to be fixed and also
to assist in the location of angular errors.

Traverses for roadworks and pipelines generally require a link traverse since
these sites tend to be long and narrow. The shape of the road or pipeline dictates
the shape of the traverse.
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(6) If the linear measurements are to be carried out using a tape or chain the
ground conditions between stations should be suitable for this purpose . Try to
avoid steep slopes or badly broken ground along the traverse lines. It is also better
if there are as few changes of slope as possible. Roads and paths that have been
surfaced are usually good for ground measurements.

(7) Stations should be located such that they are clearly intervisible, prefer
ably at ground level, that is, with a theodolite set up at one point , it should be
possible to see the ground marks at adjacent stations and as many others as pos
sible. This eases the angular measurement process and enhances its accuracy .

(8) Stations should be placed in firm, level ground so that the theodolite and
tripod are supported adequately when observing angles at the stations.

Very often stations are used for a site survey and at a later stage for setting out.
Since some time may elapse between the site survey and the start of the construc
tion the choice of firm ground in order to prevent the stations moving in any way
becomes even more important. It is sometimes necessary to install semi-permanent
stations (see section 5.4.2) .

(9) Owing to the effects of lateral refraction and shimmer, traverse lines of
sight should be well above ground level (greater than 1 m) for most of their length
to avoid any possible angular errors due to rays passing close to ground level
(grazing rays) . These effects are serious in hot weather.

(10) When the stations have been sited, a sketch of the traverse should be
prepared approximately to scale. The stations are given reference letters or numbers.
This greatly assists in the planning and checking of fieldwork .

5.4.2 Station Marking

When a reconnaissance is completed, the stations have to be marked for the
duration, or longer, of the survey.

Station markers must be permanent, not easily disturbed and they should be
clearly visible. The construction and type of station depends on the requirements
of the survey.

For general purpose traverses, wooden pegs are used which are hammered into
the ground until the top of the peg is almost flush with ground level. If it is not
possible to drive the whole length of the peg into hard ground the excess above the
ground should be sawn off. This is necessary since a long length of peg left above
the ground is liable to be knocked. A nail should be tapped into the top of the peg
to define the exact position of the station.

Figure 5.5 shows such a station. Several months use is possible with this type of
marker.

Stations in roadways can be marked with 75 mm pipe nails driven flush with the
surface. The nail surround should be painted for easy identification. These marks
are fairly permanent, but it is usually prudent to enquire if the road is to be re
surfaced in the near future .

A more permanent station would normally require marks set in concrete ; com
mon station designs are shown in figure 14.2. These have to be placed with the
permission of land owners as subsurface concrete blocks placed in a field could do
considerable damage to farm machinery .
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Figure 5 .5 Station peg Figure 5 .6 Witnessing sketch

A reference or witnessing sketch of the features surrounding each station should
be prepared, especially if the stations are to be left for any time before being used,
or if they will be required again at a much later stage. Measurements are taken from
the station to nearby permanent features to enable it to be relocated. A typical
sketch is shown in figure 5.6.

S.S Traversing Fieldwork: Angular Measurement

Once the traverse stations have been placed in the ground the next stage in the field
procedure is to use a theodolite to measure the included angles between the lines.

This requires two basic operations: setting the theodolite over each station mark,
and observing the directions to the required stations.

In most cases it will be necessary to provide a signal at the observed stations
since the station marks may not be directly visible. The theodolite and signals have
to be erected perpendicularly above the station marks, otherwise centring errors
will result.

5.5.1 Centring Errors

The measurement of traverse angles requires that the theodolite and signals be
located in succession at each station. If this operation is not carried out accurately,
centring errors are introduced, the effect of which depends on the length of the
traverse leg, as discussed in section 3.3.4.

If a target displacement of 10 mm occurs on a 300 m traverse leg, the resulting
angular error is 7". The same displacement on a 30 m leg will produce an angular
error of 70". If this occurred during a traverse , the error would be carried through
the rest of the traverse, and all subsequent bearings would be incorrect.

Hence, the effect of relatively small centring errors can be serious on short
traverse legs.

If the theodolite is also displaced a further source of error arises.
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The conclusion is that with both theodolites and signals care in centring is
vital, especially when traverse legs are short.

5.5.2 Station Signals

Signals should be perfectly straight objects set up vertically and centred exactly
over the station mark.

If a signal is not vertical then a centring error will be introduced, even though
the base of the signal may be centred accurately over the mark . This is demon
strated by figure 5.7.

From figure 5.7, the lower the point of observation on the target, the smaller
will be the centring error. For this reason, the lowest visible point on any signal
should always be observed when measuring angles. However, this does not apply
to special traverse targets (see section 5.7) .

A subject not often considered is the width or diameter of a signal. It is a waste
of time trying to observe a direction to a ranging rod when the line of sight is only
30 m, since accurate bisection is difficult to achieve. The width of a target should
be proportional to the length of sight. Suggestions for some simple types of target
are as follows.

(1) The station mark should be observed directly if possible. This can often
be the case over short lines if the mark is a nail in the top of a wooden peg.

(2) If the mark cannot be seen directly , a pencil held on the mark can be
used for convenience.

(3) A marking arrow can be held with its point on the mark or inserted in
the top of the peg on the line of sight directly behind the nail.

(4) A tripod can be set up such that a plumb bob can be suspended from it
directly over the mark. The plumb line can then be observed. Care must be exercised
to ensure that the plumb bob does not rest on the mark as the string will then no
longer be vertical, as shown in figure 5.8.

(5) For longer lines, ranging poles can be used. These must be carefully
centred over the mark and must be held vertically by hand or in a ranging rod
stand. The lowest part of the rod must be observed.

station peg

if signal observed I
at this point _Ie
centnng error I
(e) results I

I
I
I
I
I

base of signal
centred
correctly

plumb bob "
resting~
on mark I

I
I

correctly
suspended
plumb line

Figure 5 .7 Signal not vertical Figure 5.8 Plumb line not vertical
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The general case at any station in a traverse is that the angle to be measured will be
between some signal at a back station and some signal at a forward station, as
shown in figure 5.9.

bockstation
(previous theodolite
station)

Figure 5 .9 Left-hand angle

direction in which traverse isrun

/
LEFT-HAND ANGLE

theodolite station

forward station
(next theodalite
station)

When readings have been taken to both stations, the angle abstracted may be
either

or

(1) left-hand angle = mean forward circle reading 
mean back circle reading

(2) right-hand angle =mean back circle reading -
mean forward circle reading.

For computations, either can be chosen, but, for a particular traverse, it is
important that the same angle should be abstracted at every station.

It is conventional , however, that the left-hand angle is chosen, the reason being
that in computations the left -hand angle is added to the bearing to the back station
to give the bearing to the forward station. If the right-hand angle is abstracted, this
would have to be subtracted, an operation that is more liable to error (see section
5.8.3).

For polygon traverses, the internal angles of the polygon-will be the left-hand
angles if fieldwork proceeds in an anticlockwise direction around the traverse.

5.5.4 Field Procedure and Booking

The method given in chapter 3 for the reading and booking of angles should be
adhered to whenever possible.

In the case where no standard booking forms are available, the angles can be
entered in a field book, as in figure 5.10, in which two complete rounds of angles
have been observed and the zero changed between rounds. The reasons for this are
discussed in section 3.3.2.
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Figure S.10 Booking traverse angles

5.5.5 Errors in Angular Measurements

The various sources of error that may arise when measuring traverse angles are
summarised as follows.

(1) Inaccurate centring of the theodolite or signal.
(2) Nonverticality of the signal.
(3) Inaccurate bisection of the signal.
(4) Parallax not eliminated .
(5) Lateral refraction, wind and atmospheric effects.
(6) Theodolite not level and not in adjustment (see sections 3.3.3 and 3.5).
(7) Incorrect use of the theodolite.
(8) Mistakes in reading and booking.

5.6 Traversing Fieldwork: Distance Measurement

For the purposes of traversing, distance measurement of the traverse legs is nor
mally undertaken using steel taping or EDM, both of which are discussed in chapter
4.

5.7 The Three-tripod System

Very often, short traverse legs are unavoidable , for example, in surveys in mines and
tunnels and on congested sites. Some manufacturers provide special equipment for
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use on short traverse lines and it is known as the three-tripod system. This type of
equipment is now used extensively in ordinary traverse work.

As described in section 3.2.1 , the main feature of the system is that the body of
the theodolite can be lifted from the tribrach and replaced by a special target. Thus,
with the use of three or more tripods, the theodolites and targets can occupy the
same positions and centring errors are greatly reduced . Distance measuring equip
ment can also be placed in the tribrachs and linear measurements are therefore
made between exactly the same points as angular measurements .

The system operates as follows, with reference to figure 5.11.

A E

o

Figure 5.11 Three-tripod traversing

When angle ABC is measured

(1) At A a tripod is set up and a tribrach attached to the tripod head. A
special target is placed into the tribrach and clamped in position. The target or trio
brach will have a tube or pond bubble attached so that the target can be set vertical
by levellingusing the tribrach footscrews. In order to be able to centre the target,
the tribrach usually has an optical plummet.

(2) At B the theodolite is set up in the normal manner .
(3) At C a tripod and target is set up as at A.

When angle BCD is measured

(1) At A the tripod and target are moved to D, where the target is again
centred and set vertical.

(2) At B the theodolite is unclamped, removed from its tribrach and inter
changed with the target at C. Hence, at Band C, the tripods and tribrachs remain
undisturbed and there is no need for recent ring.

When angle CDEis measured

(1) At B the tripod and target are moved to E.
(2) The theodolite and target at C and D are interchanged, the tribrachs (and

centring) remaining undisturbed.
The process is repeated for the whole traverse. If four tripods (or more) are used

this speeds up the fieldwork considerably as tripods can be moved and positioned
while angles are being measured.
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Three tripod systems are more expensive than basic systems and more equip 
ment has to be moved around the site by the engineer and his assistants . However,
the advantages of the dramatic reduction of centring errors and a saving in time far
outweigh these disadvantages.

5.8 Traversing Calculations

5.8.1 Abstract ofFieldwork

When all the traverse fieldwork has been completed, a single sheet or record con
taining the mean angles observed and mean horizontal (corrected) lengths measured
should be prepared. It is preferable to show all the data on a sketch of the traverse
as this helps in the following calculations and can minimise the chance of a mistake .

Such an abstraction of field data is shown in figure 5.12, the angles and lengths
being entered on to a traverse diagram. The example shown in figure 5.12 will be
referred to through section 5.8.

arbitrary N F

B

GIVEN DATA: bearing AF = 70· 00' 00"
coordinates of A =500.00 mE

1000.00mN

all lengths corrected and reduced to horizontal

all angles are mean observed angles

c

E
o
~

,..:
Q)
N

Figure 5.12 Traverse diagram

5.8.2 Angular Misclosure

Determination ofmisclosure

For a closed traverse, before any coordinate calculations can commence, the whole
circle bearings of all the lines have to be calculated, the initial stage in the process
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being to check that the observed angles sum to the required value .
The observed angles of a polygon traverse can be either the internal or external

angles; whichever is abstracted depends on the direction in which the traverse is run
(see section 5.8.3).

The angular misclosures are found by comparing the sum of the observed angles
with one of the following theoretical values.

(1) Sum of internal angles = (2n - 4) x 90°

or (2) Sum of external angles = (2n +4) x 90°

where n is the number of angles or sides of the polygon.
For the traverse , the observed angles are summed and a check is made according

to one of the above formulae.
When the bearings in a link traverse are calculated , an initial back bearing (see

section 5.8.3) can usually be determined from known points at the start of the
traverse and , to check the observed angles, a final forward bearing (see section
5.8.3) is computed from known points at the end of the traverse. The method for
obtaining a bearing from coordinates is given in section 5.10. The angular mis
closure in a link traverse is found by using the following theoretical relationship

sum of left-hand angles =(final forward bearing - initial back
bearing) + (n - 1) x 180°

where n is the number of left-hand angles measured .
For both types of traverse, care must be taken to ensure that the correct angles

have been abstracted and summed, that is, the internal or external angles in a poly
gon traverse and the left-hand angles in a link traverse . When the angles have been
summed and checked, a very large misclosure probably means that an incorrect
angle has been included, or one of the angles has been excluded.

Allowable misclosure

Owing to the effects of occasional miscentring, slight misreading and small bisection
errors , a small misclosure will result when the summation check is made .

The allowable misclosure (E) is E" = ±KS(NY'r where N is the number of traverse
stations, S the smallest reading interval on the theodolite in seconds , for example,
60" ,20", 1", and K the multiplication factor of 1 to 3, depending on weather con
ditions, number of rounds taken, and so on . The allowable misclosure for the
traverse shown in figure 5.12 varies from approximately 50" to 150" (assuming a
20" theodolite was used).

Adjustment

When the actual misclosure is known and is compared to its allowable value, two
cases may arise.

(1) If the misclosure is acceptable (less than the allowable) it is divided
equally between the left -hand angles. An equal distribution is the only acceptable
method since each angle is measured in the same way and there is an equal chance
of the misclosure having occurred in any of the angles.
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No attempt should be made to distribute the misclosure in pr opc i uo n to the
size of an angle.

(2) If the misclosure is not acceptable (greater than the allowable) the angles
should be remeasured if no gross error can be located in the angle bookings or
summation.

It may be possible to isolate a gross error in a small section of the traverse if
check lines have been observed across it.

Example of angular misclosure and adjustment

The determination of the misclosure and adjustment of the angles of the polygon
traverse given in figure 5.12 is shown in table 5.2.

Example 5.12.2 at the end of this chapter shows how the angles in a link traverse
are adjusted.

5.8.3 Calculation of Whole-eircle Bearings

Types and determination of bearings

Consider figure 5.13, which shows two legs of a traverse . The decision has been
made to calculate the traverse in the direction . . . X to Y to Z . . . This defines the
bearings as follows.

Bearings XY and YZ are forward bearings since they are in the same direction in
which calculations are proceeding.

Bearings YX and ZY are back bearings since they are opposite to the direction in
which the traverse calculation is proceeding.

Directions ZY and YZ differ by ± 180°, as do those ofYX and XV. Therefore,
the forward bearing of a line differs from the back bearing by ± 180°. Since whole
circle bearings must lie in the range 0° to 360°, some multiple of 360° is either
subtracted from or added to a forward or back bearing outside this range to bring
the resulting bearing into the range 0° to 360°. For example

a bearing of 520° =a bearing of (520 - 360)° =160°

a bearing of - 200° = a bearing of (-200 + 360t = 160°

Bearings are calculated relative to the selected north line , usually starting from a
given or assumed bearing for one line.

If bearing YX was known, this could be drawn as shown in figure 5.13 relative
to the selected north line.

For the direction of computation shown in figure 5.13 , the left-hand angle "'tv
has been abstracted and the known bearing YX is a back bearing.

If "'tv is added to the backbearing YX it can be seen from figure 5.13 that the
resulting angle will be the forward bearing YZ. Thus

forward bearing YZ = back bearing YX + "'tv

Therefore, in general , for any particular traverse station

forward bearing = back bearing + left-hand angle

For polygon traverses when working in an anticlockwise direction around the
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TABLE 5.2

STATION LEFT HAND ANGLE AillUS1MENT ADJUSTED LEFT HAND ANGLE

A 115° 11' 20" - 20" 115° 11' 00"

B 95° 00' 20" - 20" 95° 00' 00"

C 129° 49' 20" - 20" 129° 49' 00"

D 130° 36' 20" - 20" 130° 36' 00"

E noo 30' 00" - 20" 110° 29' 40"

F 138° 54' 40" - 20" 138° 54' 20"

Sums 720° 02' 00" - 02' 00" 720° 00' 00"

Required Sum «2x6) - 4) x 90 Adjustment per angle

720° 00' 00" (02' 00") /6

Misclosure + 02' 00" 20"

traverse , the left -hand angles will be the internal angles of the traverse and when
working in a clockwise direction, the left-hand angles will be the external angles.

Either clockwise or anticlockwise can be run since abstracting the left-hand
angles will always give the correct angles for the bearings computations.

N

•

z

bockbeairq YX

x

Figure 5.13 Whole -circle bearing calculation

Example ofbearing calculation

Some of the bearings of the lines of the traverse shown in figure 5.12 will now be
computed using adjusted left-hand angles. Figures 5.14 and 5.15 show sections of
this traverse.
At station A in figure 5.14



140 SURVEYING FOR ENGINEERS

B

Figure 5.14

c
Figure 5 .15

forward bearing AB =back bearing AF + left-hand angle at A

= 70° 00' 00" (given) + 115° 11' 00"

= 185° 11' 00"

A t station B in figure 5.15

forward bearing BC = back bearing BA + left -hand angle at B

But back bearing BA = forward bearing AB ± 180°

= 185° 11' 00" ± 180°

=365° 11' 00" or 05° 11' 00"

= 05° 11' 00" (to keep bearing in range 0 to
360°)

Hence forward bearing BC = 05° 11' 00" + 95° 00' 00"

= 100° 11' 00"

The bearings of all the lines can .be computed in a similar manner ; the complete
calculation is given in table 5.3.

Every bearing calculation finishes by recalculating the initial (given) bearing.
This final computed bearing must be in agreement with the initial bearing and, if
any difference occurs, an arithmetic mistake has been made , and the bearing calcu
lation must be checked before proceeding to the next stage in the calculation.

5.8.4 Computation of Coordinate Differences

The next stage in the traverse computation is the determination of the coordinate
differences of the traverse lines.

The information available at this point will be the bearings and horizontal lengths
of all the lines.
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Figure 5.16 Coordinate differences

Coordinate differences

The coordinate differences are computed as shown in figure 5.16 . Coordinates of
station A are EA , NA which are known . Coordinates of station Bare E B , NB which
are to be calculated .

8AB =whole circle bearing of line AB

DAB = horizontal length of line AB

M AB = eastings difference in moving from station A to station B

D.NAB = northings difference in moving from station A to station B

With reference to figure 5.16

EB = E A + M AB = EA +DAB sin eAB

N B =NA + D.NAB =NA +DAB cos 8AB

(5.1)

(5.2)

For the traverse, each line is considered separately and the coordinate differences
M and D.N computed.

If a pocket calculator is used , values of M and D.N can be obtained directly
from equations (5.1) and (5.2) for any value of e. Alternatively , the polar/
rectangular key found on most calculators can be used. Since the method by which
this is achieved depends on the make of calculator , the handbook supplied with the
calculator should be consulted.

Examples ofcoordinate difference calculation

The traverse data of figure 5.12 are again used in the following examples. The
bearings are the whole-circle bearings given in table 5.3.

Consider line AB in both figure 5.12 and figure 5.17 .

From equation (5.1)

M AB = DAB sin eAB

=429.37 sin 1850 II' 00" =429.37 (-0.09034)

= -38.79 m
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Similarly, from equation (5.2)

D.NAB = DAB cos 8AB

= 429.37 cos 185° 11' 00" = 429.37 (-0.99591)

= -427.61 m

For line BC shown in figures 5.12 and 5.18, the coordinate differences are given
by

M Bc =DBC sin 8BC

= 656.54 sin 100° II' 00" = 656.54 (+0.98425)

=+646 .20 m

t:.NBC = D B C cos (} BC

= 656 .54 cos 100° II' 00" = 656.54 (-0.17680)

= -116.08 m

As with the bearing calculations, the coordinate difference results are always
presented in tabular form since errors are easier to detect.

For the traverse ABCDEFA (figure 5.12) all the calculations for coordinate
differences are given in table 5.3.

5.8.5 Misclosure

When the M and D.N values have been computed for the whole traverse as in
table 5.3, checks can be applied to the computation.

For polygon traverses these are

'EM =0 and 'ED.N =0

since the traverse starts and finishes at the same point.
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For link traverses (figure 5.1) these are

I:.1lE=Ey - Ex and I:.b.N=Ny -Nx

where station X is the starting point and station Y the final point of the traverse .
Since stations X and Yare of known position, the values of Ey - Ex and Ny - N x
can be calculated.

In both cases, owing to field errors in measuring the angles and lengths, there
will normally be a misclosure on returning to the starting point on a polygon
traverse or on arrival at the final known station in a link traverse.

This linearmisclosure is computed and any adjustment is allocated appropriately .
Therefore , before the station coordinates are calculated, the IlE and b.N values

found for the traverse are summed and the misc1osures,eE and eN, are found by
comparing the summations with those expected.

These misclosures form a measure of the linear misclosure of the traverse and
can be used to determine the accuracy of the survey. Consider figure 5.19 which
shows the starting point A of a polygon traverse.

Owing to field errors, the traverse ends at A' instead of A. The linearmisclosure,
e, is given by

e =(eE2 +eN2)"I
To obtain a measure of the accuracy of the traverse, this rnisclosure is compared

with the total length of the traverse legs, I:.D , to give the fractional linearmisc/osure,
where

fractional linearmisclosure = 1 in (I:.D/e) (for example, 1 in 10000)

This fractional misclosure is always computed for a traverse and is compared
with the value required for the type of survey being undertaken. For appropriate
values of the fractional linear misclosure see table 5.1.

If, on comparison, the fractional linear misclosure is better than the required
value, the traverse fieldwork is satisfactory and the misc1osures, eE and eN are dis
tributed throughout the traverse.

x

B

AO"-----:----.u

c

Figure 5.19 Traverse misctosure
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If , on comparison, the fractional linear misclosure is worse than that required,
there is most likely an error in the measured lengths of one or more of the legs.
The calculations should , however, be thoroughly checked before remeasuring any
lengths.

An example determination of the fractional linear misclosure can be obtained
from table 5.3 , remembering that the traverse is a polygon . From the table

(1) "iM =-38 .79 + 646 .20 + 231.22 + 3.01 - 491.42 - 350 .01

= + 0.21 m

Hence

eE =+ 0.21 m since "iM should be zero

(2) "it:.N= - 427 .61 - 116.08 + 194.Q-1 + 278.38 + 189.57 - 127.39

= - 0.12m

Hence

eN = - 0.12 m since "it:.N should also be zero

Therefore, linear misclosure =e = [(+0.21)2 + (-0.12)2 J~ =0.24 m. From figure
5.12 and table 5.3 "iD = 2574 m.
Therefore , fractional linear misclosure = 1 in (2574/0.24) :::::: 1 in 10700.

This procedure is shown at the bottom of table 5.3.

5.8.6 Distribution of the Misclosure

Many methods of adjusting the linear misclosure of a traverse are possible but, for
everyday engineering traverses of accuracy up to 1 in 20000, one of two methods
is normally used.

Bowditch method

The values of the adjustment found by this method are directly proportional to the
length of the individual traverse lines.

Adjustment to M (or t:.N) for one particular traverse leg

length of traverse leg concerned
= oE (or oN) =- eE (or - eN) x

total length of the traverse

Transit method

In this method, adjustments are proportional to the values of M and t:.N for the
various lines.

Adjustment to M (or t:.N) for one particular traverse leg

M (or t:.N) of the traverse leg concerned
= oE (or oN) = - eE (or - eN) x

absolute "iM (or "it:.N) for the traverse
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For both methods, the negative signs are necessary since if eE (or eN) is positive,
the adjustments will be negative, and if eE (or eN) is negative the adjustments will
be positive.

For the Bowditch method, the adjustment of the values of M and tiN given in
table 5.3 is as follows.

The misclosures have already been determined as eE =+0 .21 m and eN =
-0.12 m, and the total length of the traverse is 2574 m.

For line AB

OEA B =-0.21 x (429/2574) =- 0.04 m

ONA B = +0.12 x (429/2574) = +0 .02 m

For line BC

OEBe = -0.21 x (65772574) = - 0.05 m

oNBe = +0 .12 x (657/2574) = +0 .03 m

This process is repeated for the whole traverse. These adjustments, applied to the
M and tiN values, would normally be tabulated as shown in table 5.3.

Applying the transit method to the same example gives

absolute 'LM =1761 m and absolute 'LtiN =1342 m

Hence for line AB

OEA B = -0.21 x (39/1761) = -0.00 m

ONA B = +0.12 x (428/1342) = +0.04 m

and for line BC

6EBe =-0.21 x (646/1761) =-0.08 m

oNBe = +0 .12 x (116/1342):= +0 .01 m

Again, the computation is repeated for each line of the traverse.
Both the transit method and Bowditch's method will alter the original bearings

by a very small amount . It is not necessary to recalculate these bearings unless the
traverse is to be used for subsequent control work such as setting out.

Checks on both methods of adjustment should be undertaken as follows. If the
adjustment has been carried out successfully

'LoE should = - eE

'LoN should = - eN

These checks must be carried out before calculating the adjusted M and tiN values.

5.8.7 Calculation of the Final Coordinates

For polygon traverses, in order to compute the coordinates of the stations, the
coordinates of the starting point have to be known. These starting coordinates may
either be assumed for an area to give positive coordinates for the whole surveyor,
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occasionally, may be given if a previously coordinated station is used to start the
traverse.

For link traverses, the coordinates of the starting and finishing points will be
known from a previous survey and the coordinates will be determined relative to
these known values.

The coordinates of each point are obtained by adding or subtracting the adjusted
!i.Eand AN values as necessary, working around the traverse.

When all the coordinates have been calculated, there is a final check to be
applied.

For a polygon traverse, the final and initial coordinates should be equal as these
represent the same station.

For a link traverse, the final coordinates should equal those of the second known
point .

If this check does not hold , there is an arithmetical mistake and the calculations
should be investigated until it is found .

At this stage for the polygon traverse which has been referred to throughout this
discussion (that shown in figure 5.12), the adjusted !i.E and AN values have now
been determined and, since the coordinates of the starting point, station A, have
been given as 500.00 mE and 1000.00 mN, the coordinates of the other traverse
stations can be obtained from these initial coordinates and the adjusted !i.E and
AN values found by the Bowditch method. For example

(1) E B = E A ± !i.EA B = 500.00 - 38.83 = 461.17 m

NB =NA ± ANA B = 1000.00 - 427.59 = 572.41 ill

(2)Ec=EB ±!i.EBc =461.17+646.15= 1107.32m

Nc =NB ± ANBc = 572.41 - 116.05 = 456.36 m

This process is repeated until station A is recoordinated as a check. The com
plete calculation is shown in table 5.3 .

5.8.8 The Traverse Table

For each particular step in the traverse computation every calculation should be
tabulated.

There are many variations of the layout that can be adopted but the format
given in table 5.3 is recommended.

Table 5.3 shows the calculation for the polygon traverse ABCDEFA of figure
5.12 . This table should be thoroughly studied , referring to the relevant preceding
sections of this chapter to enable a complete understanding of how the table is
compiled to be gained.

5.8.9 Precision of Computation

When using calculators ilnd computers, care must be taken to use only the appro
priate amount of the eight (sometimes more) significant figures presented by the
display.
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It must be realised that any quantity calculated cannot be quoted to a higher
precision than that of the data supplied or that of the field observations.

Some examples are given to demonstrate this principle.

(1) In section 5.8.4 , all the coordinate differences were calculated to the
nearest 0.01 m.

Using a calculator, it would have been possible to compute , for example, M AB

as -38 .790524 m but without significance since the traverse legs were only measured
to the nearest 0.01 m. Hence, the figure is rounded to -38 .79 m since the co
ordinate differences can also, at best , be quoted only to the nearest 0.01 m.

(2) With reference to the example traverse of figure 5.12, the coordinates of
station A were given as 500 .00 mE and 1000 .00 mN.

These are written in this manner to indicate that the position of station A is
known to the nearest 0.01 m. Thus, all coordinates derived from this station can, at
best , be quoted only to the nearest 0.01 m.

If the coordinates of station A were recorded as 500.0 mE and 1000 .0 mN, this
implies that the position of A is known only to the nearest 0.1 m. If this were the
case, all subsequent coordinates can, at best, be quoted only to the nearest 0.1 m
even though the coordinate differences can, perhaps, be quoted to 0.01 m.

When the coordinates are quoted as 500 .000 mE and 1000.000 mN, it is now
possible to quote coordinates of other stations to 0.001 m so long as the fieldwork
techniques used warrant this.

However, since the M and tiN values in the example traverse are known only to
the nearest 0.01 m, all the coordinates derived from those of station A can be
determined only to 0.01 m, even if the coordinates of station A are quoted to
0.001 m.

This reaffirms the earlier statem ent that it is the least precise component in the
calculations which determines the precision of the final result.

The above notes refer not only to traversing but also to any calculations in
engineering .

5.9 Plotting Traverse Stations

When the final coordinates have been computed for a traverse, the stations have to
be plotted if a site plan is being prepared.

A common mistake is to plot the stations using the bearings or left-hand angles
and the lengths between stations. This is known as plotting by angle (or bearing)
and distance . Such a method is NEVER used in traversing and the preferred and
most accurate method of plotting traverse stations is to use the computed co
ordinates.

The methods given in the following sections for plotting traverse station co
ordinates apply also to triangulation and other stations (see chapters 6 and 7) when
these have to be used in plan production.
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5.9.1 Orientating the Survey and Plot

149

Before commencing any plot (that is, before constructing the grid), the extent of
the survey should be taken into account such that the plotted survey will fall
centrally on to the sheet.

In the case where the north direction is stipulated, the north-south and east-west
extents of the area should be determined and the stations plotted for the best fit
on the sheet.

If an arbitrary north is to be used, the best method of ensuring a good fit is to
assign a bearing of 900 or 2700 to the longest side. This line is then positioned
parallel to the longest side of the sheet so that the survey will fit the paper properly.

Sometimes it may be necessary to set the arbitrary north to a particular direction
in order to ensure that the survey will fit a particular sheet size. This will often be
the case with long, narrow site surveys where, to save paper and for convenience,
the plot of the survey is to go on to a single or a minimum number of sheets or the
minimum length of a roll. The boundary of the survey should be roughly sketched
and positioned until a suitable fit is obtained . Again, the longest or most convenient
line should be assigned a suitable arbitrary bearing.

Where the north point is arbitrary, it has to be established before the coordinate
calculation takes place. In order to estimate the extent of the survey it should be
sketched , roughly to scale, using the left-hand angles and the lengths between
stations.

5.9.2 Coordinate Grid

The first stage in plotting coordinates is to establish a coordinate grid.
Coordinated lines are drawn at specific intervals, for example, 10 m, 50 rn, 100 m

in both the east and north directions to form a pattern of squares. The stations are
then plotted in relation to the grid.

When drawing the grid, T-squares and set squares should not be used since they
are not accurate enough. Instead , the grid is constructed in the following manner.

(1) From each corner of the plotting sheet two diagonals are drawn , as shown
in figure 5.20a.

(2) From the intersection of these diagonals an equal distance is scaled off
along each diagonal using a beam compass. This scaled distance must be large, see
figure 5.20b .

(3) The four marked points on the diagonals are joined using a steel straight
edge to form a rectangle. This rectangle will be perfectly true and is used as the
basis for the coordinate grid (see figure 5.20c) .

On all site plans and maps it is conventional to have the north point (true, mag
netic or arbitrary) on the drawing such that the north direction is from the bottom
to the top of the sheet and roughly parallel to the sides of the sheet. This will be
achieved if the grid framework is constructed as described.

(4) By scaling equal distances along the top and bottom lines of the rectangle
and joining the points, the vertical (E) grid lines will be formed . The horizontal (N)
grid lines are formed in a similar manner using the other sides of the rectangle (see
figure 5.20d and e) .
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Figure 5.20 Establishing coordinate grid

AIl lines must be drawn with the aid of a steel straight edge and all measure
ments must be taken from lines AB and Be and not from one grid line to the next.
This avoids accumulating errors.

(5) The grid lines should now be numbered accordingly. The size of a grid
square should not be greater than 100 mm by 100 mm. His not necessary to plot
the origin of the survey if it lies outside the area concerned .
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5.9.3 Station Plotting

When plotting by coordinates, the procedure is as follows.
Let the station to be plotted have coordinates 283 .62 mE, 427.45 mN and let it

be plotted on a 100 m grid previously prepared as described in section 5.9.2.

(1) The grid intersection 200 mE, 400 mN is located on the prepared grid.
(2) Along the 400 mN line, 83.62 m is scaled off from the 200 mE inter

section towards the 300 mE intersection and point a is located (see figure 5.21).
Similarly, point b is located along the 500 mN line. Points a and b are joined with
a pencil line.

(3) Along the 200 mE line, 27.45 m is scaled from the 400 mN intersection
towards the 500 mN intersection to locate point c. Point d is found by scaling
27.45 m along the 300 mE line. Points c and d are joined.

(4) The intersection of lines ab and cd gives the position of the station.
(5) To check the plotted position, dimensions X and Yare measured from

the plot and compared with their expected values. In this case, X should equal
100.00 - 83 .62 = 16.38 m and Y should equal 100.00 - 27.45 = 72.55 m.

(6) When all the stations have been plotted, the lengths between the plotted
stations are measured and compared with their accepted values.

(7) The traverse lines are added by carefully joining the plotted stations. This
is to aid in the location of detail (see section 8.5) .

300 mE83.62 m200 mE

500 mN--t::::::::=======~-+-500mN

y

27.45 m

c d

/_--- -------- .-:-x
a I 27.45m

-,
83 .62 m

Figure 5.21 Station plotting

5.10 Whole-circ1e Bearing and Distance Calculation from Coordinates

In section 5.8.4 it was shown that , knowing the whole-circle bearing and length of
a line, the coordinates of one end of the line could be computed if the coordinates
of the other end were known .
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For the reverse case, where the coordinates of two points are known, it is pos
sible to compute the whole-circle bearing and the horizontal distance of the line
between the two points.

This type of calculation is commonly used in engineering surveying when setting
out works by polar coordinates. This is discussed in section 14.8.2.

In link traversing, it is often necessary to calculate the whole-circle bearings of
the start and finish lines from the coordinates of the existing, known stations.

The weBs and horizontal distances can be calculated by one of two methods;
either by considering the quadrant in which the line falls or by using the rectangular/
polar conversion key found on most calculators. If this type of calculation is under
taken using a computer which does not have a rectangular/polar facility , any pro
grams written must be based on the quadrants method.

5.10.1 By Quadrants

Referring to figure 5.22, suppose the coordinates of stations A and B are known
to be (EA, NA) and (EB' NB) and that the whole-circle bearing of line AB «(JAB)
and the horizontal length of AB (DAB) are to be calculated. The procedure is as
follows.

N

+
I

A= 469.72, 338 .46
B = 268.14, 116.19

I
I
I
I
I
I

B -- -- - - - - - - -- ---- - J

I~ .I
Figure 5.22

(1) A sketch showing the relative positions of the two stations should always
be drawn in order to determine in which quadrant the line falls. This is most im
portant as the greatest source of error in this type of calculation is wrong identifi
cation of quadrant. For whole circle bearings the quadrants are shown in figure
5.23.

(2) (JAB is given by (in figure 5.22)

(JAB =tan- 1 (MA B/M1A B) + 1800 =tan-1 [(£B - EA)/(NB - NA)] + 1800

= tan-1 [268.14 - 469.72J+ 1800 = tan-1 [-201.58] + 1800

116.19 - 338.46 -222 .27
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= tan- 1 (0.906915) + 1800

= 42 0 12' 19" + 1800
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Hence

BA B = 222 0 12' 19"

It must be realised that , in general, the final value of BAB will depend on the
quadrant of the line and a set of rules, based on the quadrant in which the line falls,

N

IV I

270·-----+----90·

Figure 5.23 Quadrant

m

180·

n

can be proposed to determine the whole circle bearing. These rules are shown in
table 5.4 .

(3) Having now found BAB , DAB is given by

DAB =(MAB/sin BAB)=(D.NAB/COS BAB)

For figure 5.22

--------.,.,-=

- 20 1.58 = 300.06 m
-0.671 789

-222.27 = 300.06 m (check)
-0.740743

When evaluating D, both of the above should be calculated as a check against
gross error. In the case where small differences occur between the two results , the
correct answer is given by the trigonometric function which is the slower changing,

TABLE 5.4

QUADRANT

FORMULA

IIIIII

e = tan- 1 (6E/ 6N) + 1800

IV

e = tan- 1(6E/ 6N) + 3600

Note : (M/6N) must be calculated allowing for their signs .
For a l ine XV, 6Exy = Ey - Ex and 6Nxy = Ny - Nx
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for example , if 8 = 5°, D found from (f:.N/cos 8) gives the more accurate answer
since the cosine function is changing less rapidly than the sine function at this
angle value. I

Alternatively, D may be given by D = (LiE2 + f:.N2». If an electronic calculator
is being used then this method will give a satisfactory answer but provides no check
on the result . For this reason, the method involving the trigonometrical functions
is preferred .

Examples of this type of calculation are given in section 5.11 and section 5.12.2 .

5.10.2 By Rectangular/Polar Conversion

If a calculator is available which is fitted with a rectangular/polar key, values of D
and 8 can be obtained directly. When using this function , the coordinate values
must be entered into the calculator in the correct sequence otherwise the wrong
bearing will be obtained. In all cases, if 8 is displayed as having a negative value,
360° must be added to give the correct whole-circle bearing. This is due to the fact
that calculators display 8 either between 0° and +180° or between 0° and - 180°.

5.11 The National Grid

All Ordnance Survey (OS) maps and plans in Great Britain are based on a rectangular
coordinate system known as the National Grid . Whole-circle bearings on this co
ordinate system are related to the north axis of the National Grid, a direction known
as grid north. The network of stations which form the basis of this grid are known as
triangulation stations (see section 6.3.2) and these are specially constructed pillars
or permanent marks on prominent features such as churches, tall buildings, water
towers and so on. Triangulation stations, which are distributed throughout the
country , have been very accurately coordinated on the National Grid by the OS and
are, therefore , very useful in many engineering projects, particularly road schemes,
when used as reference or control points for setting out works (see section 14.6)
or as known points in link traverses.

The National Grid is derived from a map projection. This is a means of represent
ing the curved surface of the Earth on a plane so that maps and grids can be drawn.
In forming the National Grid , the relative positions of points on the grid are altered
slightly from their ground positions as a result of using a map projection to account
for the curvature of the Earth . Therefore, distances and bearings calculated from
National Grid coordinates will not, in some cases, agree with their equivalent
measured in the field.

To convert measured distances to grid distances the scale factor (F) must be
used as follows

grid distance = measured distance x F

The scale factor varies across the country, as shown in table 5.5.
In practice, bearings derived from National Grid coordinates are assumed to

agree with those obtained from measurements, provided the length of any individual
line is less than 10 km.
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TABLE 5.5

National Grid Easting (km) Scale Factor (F)

400 400 0.999 60
410 390 60
420 380 61
430 370 61
440 360 62

450 350 63
460 340 65
470 330 66
480 320 68
490 310 70

500 300 72
510 290 75
520 280 78
530 270 81
540 260 84

550 250 88
560 240 92
570 230 0.999 96
580 220 1.000 00
590 210 04

600 200 09
610 190 14
620 180 20
630 170 25
640 160 31
650 150 1.000 37

5.11.1 Examples

Use of localscale factor in traversing

Suppose the traverse shown in figure 5.12 was to be based on the National Grid . In
this case the coordinates of station A would be given as National Grid values, the
given bearing AF would have to be related to grid north and all the measured dis
tances would have to be converted to grid distances in order to calculate the
National Grid coordinates of stations B to F.
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If the National Grid easting of station A was approximately 451 km E, the scale
factor for the traverse would be 0.99963 (see table 5.5) . Hence

grid distance AB = 429.37 x 0.99963 = 429.21 m

grid distance BC =656 .64 x 0.99963 =656.30 m

and so on for the other traverse legs.
These lengths would be used in place of those in table 5.3 .

Use of local scale factor in setting out

In a road scheme, let the National Grid coordinates of a point on the road centre
line be 612910.74 mE, 157062.28 mN. This point is to be set out by polar co
ordinates (see section 14.8.2) from a nearby traverse station with National Grid
coordinates 613112.33 mE, 157238.91 mN.

The setting out distance is calculated as follows.

Ali =613 112.33 - 612910.74 =201.59 m

t.N =157238.91 - 157062.28 =176.63 m

grid distance = (!:iE 2 + t.N2 )i- = 268.02 m

F = 1.00016 (by interpolation from table 5.5)

Therefore

horizontal setting out distance =(268 .02/1.00016) =267 .98 m

5.12 Worked Examples

5.12. ] Polygon Traverse

Question

The traverse diagram of figure 5.24 is a field abstract for a polygon traverse
ABCDEA.

Calculate the adjusted coordinates of stations B, C, D and E, adjusting any
misclosure by the Bowditch method.

The coordinates of station A are 500.00 mE, 500.00 mN and the line AB has
an assumed whole circle bearing of 90°00'00".

Solution

The complete solution is given in the traverse table shown in table 5.6.

(1) Since the extemal angles are given, these will be the left-hand angles if the
solution follows the clockwise direction. For this traverse, no attempt should be
made to compute in an anticlockwise direction as this would involve subtraction
of angles and errors may result.

(2) The bearing calculation always starts with the assumed or given bearing.
In the example, bearing AB is given as 90° and is, for the clockwise direction , a
forward bearing and is entered as such in the traverse table .
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(3) The sum of the left -hand angles gives a misclosure of +00'50" and since
there are five angles, each has an adjustment of -10" .

(4) The fractional linear misclosure is rounded off to 1 in 14500. It is not
necessary to quote this to better than three significant figures. 1 in 14500 would
be acceptable for most engineering work .

(5) Adjustment of the t:.E and t:.N values by the Bowditch method gives the
adjustments as shown. For example calculations, consider line CD.

5ECD = - eE x (length CD/"iD)

=- 0.07 x (430/1743) =-0.02 m

5Nc D = - eN x (length CD/"iD)

=-0.10 x (430/1743) =-0.03 m

Note that lengths of each line and "iD need only be used to three significant
figures for required adjustments of two significant figures and that the total of the
individual adjustments for the t:.Eand t:.Nvalues must equal - eE and -eN
respectively.

(6) The coordinate computation starts and ends with the station of known
position A. The final check is to ensure that the derived coordinates of A agree
with the start coordinates of A.
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5.12.2 Link Traverse

Question

A link traverse was run between stations A and X as shown in the traverse diagram
of figure 5.25.

The coordinates of the controlling stations at the ends of the traverse are as
follows

A
B
X
Y

E(m)

1769.15
1057 .28
2334.71
2995 .85

N(m)

2094 .72
2492.39
1747.32
1616.18

Calculate the coordinates of stations 1, 2, 3 and 4, adjusting any rnisclosure by
the Transit method.

Solution

The complete solution is given in the traverse table shown in table 5.7 .

(1) The solution follows the direction A to X as this will give the left-hand
angles, as shown in figure 5.25 .

To Y
---x

all angles are mean observed
ongles

all lengths corrected and
reduced to horizontol

to B 1O~
<; 115°37'00" ro'P

" ",0

Figure 5.25
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(2) When link traversing, the starting and closing bearings may either be given
directly or implied by the coordinates of the stations used to start and end the
traverse . In this case, coordinates are given and it is necessary to compute the
initial and final bearings.

(a) Initial back bearing AB
Figure 5.25 is a sketch of the traverse, approximately to scale, and , there

fore, shows that the bearing AB is in the fourth quadrant. Hence, the whole
circle bearing, 6AB, is given by (see section 5.10.1)

6AB =tan-I (t::.EAB/~AB)+ 360°

= tan -I [(1057 .28 - 1769.15)/(2492.39 - 2094 .72)] + 360°

= tan - I (-711.87/397.67) +360°

= tan ? (1.79010) + 360°

Hence

Therefore

6AB = 299° 11'20"

Alternatively, a rectangular/polar conversion can be used as described in
section 5.10.2 .
(b) Final forward bearing XY

From figure 5.25 , the bearing XY lies in the second quadrant hence

6xy = tan-I (t::.EXy/~xy)+ 180°

= tan-I [(2995.85 - 2334.71)/(1616.18 - 1747.32)] + 180°

= tan-I (661.14/-131.14) + 180°

= tan "! (-5.04148) + 180°

Hence

6xy = - 78° 46 '50" + 180°

Therefore

6xy = 101° 13'10"

Again , a rectangular/polar conversion can also be used.
(3) The angular misclosure is found as follows (see also section 5.8 .2)

Sum of left-hand angles = 1061 °59'50"

(final forward bearing - initial back bearing) + (n - 1) x 180°

=(101°13'10" - 299°11'20") + (5 x 180°)

=(461 ° 13'10" - 299° 11'20") + 900°

=1062°01'50"

The misclosure is, therefore , - 02'00" and each left-hand angle is adjusted by
adding 20" to it.
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(4) To evaluate the misclosures eE and eN for the link traverse the following
formulae are used (see also section 5.8.5)

I:-till - (Ex - EA ) = eE

I:-MV - (Nx - NA ) = eN

These are evaluated as shown in table 5.7 .
(5) Adjustments to the till and MV values are by the Transit method. Example

derivations are given for the line joining stations I and 2 as follows .

OE12 = - eE x (till/abs I:-till) = +0.10 x (132/849)

= +0.02 m

8N12 = - eN x (MV/abs I:-MV) = +0.06 x (141/870)

= +0.01 m

The terms abs I:-till and abs I:-MV are the summations of the till and MV values
regardless of sign.

The till, MV, abs I:-till and abs I:-MVvalues are required only to three significant
figures .

(6) The check on the fmal coordinates is satisfactory since the derived coor
dinates for station X agree with those given.



6
Triangulation and Trilateration

In the previous chapter, the method of establishing horizontal control by traversing
is described . However, horizontal control can also be established by such methods
as triangulation, trilateration, intersection and resection . Triangulation and tri
lateration are described in this chapter and intersection and resection in chapter 7.

A triangulation network consists of a series of single or overlapping triangles as
shown in figure 6.1, the points (or vertices) of each triangle forming control
stations. Position is determined by measuring all the angles in the network and by
measuring the length of one or more baselines such as AB or HJ in figure 6.1 .
Starting at a baseline, application of the Sine Rule in each triangle throughout the
network enables the lengths of all triangle sides to be calculated. These lengths,
when combined with the measured angles, enable the coordinates of the stations
to be computed.

A trilateration network also takes the form of a series of single or overlapping
triangles but in this case position is determined by measuring all the distances in the
network instead of all the angles. To enable station coordinates to be calculated ,

H

Figure 6.1 Triangulation network
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the measured distances are combined with angle values derived from the side
lengths of each triangle .

Until the advent of EDM, the measurement of distances in a trilateration scheme
with sufficient accuracy was a very difficult and time consuming process and
because of this trilateration techniques were seldom used for establishing horizon
tal control. Traversing techniques were also limited since it was not possible to
maintain a uniformly high accuracy when traversing over long distances. As a
result , triangulation was used extensively in the past to provide control for surveys
covering very large areas. For example , the triangulation network throughout
Great Britain that provides control for mapping was first established by the
Ordnance Survey (see section 1.7) between 1783 and 1853, and was subsequently
resurveyed from 1935 to 1962.

Nowadays, however, because of the high precision and accuracy of modern EDM
equipment (see section 4.13) , traversing, triangulation and trilateration can all be
used as methods of establishing horizontal control.

Triangulation and trilateration are often used together in combined networks in
which a combination of angles and distances is measured . When properly observed
and adjusted , combined networks are the most accurate form of horizontal control.

For engineering surveys, separate triangulation or trilateration networks are
often used on sites where control is required to be spread over large areas. Such
projects may include major roads and bridges, dams, pipeline crossings, irrigation
schemes and so on. Although combined networks have the same applications, they
are usually used to provide reference points for monitoring and for othe r precise
engineering work .

Once a control system has been established on site, the stations in the network
can be used either for control extension or directly in detail surveying, setting out
and other everyday engineering surveying activities .

6.1 Triangulation Specifications

As in traversing, triangulation surveys can be carried out using a number of different
field techniques, each giving a different standard of precision in the values obtained
for the coordinates of the stations. The specifications given in table 6.1 are a general
guide to triangulation classification and associated precisions , the precision of a
survey being linked to the field methods and type of equipment used.

For ordinary engineering work and site surveys, a precision in the range 1 in
10 000 to 1 in 20 000 is normally required for horizontal control and the notes in
this chapter are directed towards such second-order surveys only.

6.2 Triangulation Figures

Although triangulation schemes could be made up entirely from single triangles as
in figure 6.2a, it is often better to use a more compli cated network involving such
figures as braced quadrilaterals (figure 6.2b) and centre point polygons (figures
6.2c and 6.2d) . Compared to a network consisting of simple triangles , these figures
usually require more fieldwork and the subsequent computations are often more
complicated. However, the advantage of incorporating such figures into a network
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T ABL E 6.1
General Triangulation Specifi cations

165

Typical preclslon
(or misclosure i n
Length of basel ines)

First-Order
Pr imary

1 in 100 000

Second-Order
Secondary

1 in 20 000

Third-Order
Ter ti ary

1 i n 5000

App l icat ions (1) Nati onal control (1) Secondary fra me- (1) Small scal e
networks work support ing topographi c

nat ional network mapp ing and
deta i1 surveys

(2) Reference points (2) Engineering (2) Eng ineering
for engineering projects projects
projec ts

(3) Scientifi c and (3) Topographical
geodetic s t udies surveys

Triangle misc10sure
average less than 1" 3" 5"
ma ximum less than 3" 5" 10"

Number of rounds of
angles nonna ll y required 16 4 2

Theodoli te requi red 0. 1" or 0.2" 1" 1"

chain of triongles

braced~iloterals

centre-point trialgle

centre- point polygon

Figure 6.2 Triangulatio n fig u res
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is that more checks can be applied to the observed angles. For instance , only one
check is possible with individual triangles (~angles = 180°) whereas four checks
are possible with a braced quadrilateral (see section 6.4.1).

The inclusion of figures more elaborate than simple triangles in a control scheme
strengthens the network by increasing the number of redundant measurements
taken, this in turn increasing the number of checks possible on the fieldwork.

In triangulation computations (see section 6.4), lengths are obtained for use in
coordinate calculations by applying the Sine Rule to the various triangles making
up the network. This should be borne in mind when establishing the positions of
control points since a further means of strengthening a network is to avoid the use
of small angles since the sine function is less reliable for small angles than for those
approaching 90°. As a guide, wherever possible, angles ofless than 25° should not
be included in triangulation figures and, if this is the case, the network is said
to be well-conditioned.

The final choice of figure in any triangulation scheme is usually determined by
the topography of the site, the precision required and the need for a strong network.

6.3 Triangulation Fieldwork

The methods that can be used to establish and observe a triangulation network vary
considerably between primary and tertiary schemes and it is again emphasised that
the following sections are concerned solely with the applicat ion of second-order
triangulation to civil engineering and construction sites (see also section 6.1) .

6.3.1 Reconnaissance

The reconnaissance for a triangulation scheme is the most important part of the
survey and is carried out to determine the positions of the control stations in the
network. Since this is linked to the size and shape of the figures to be used in the
scheme and to the number of angles to be observed, the reconnaissance will deter
mine the amount of fieldwork that will have to be undertaken.

To start the reconnaissance, information relevant to the survey area should be
gathered, especially that relating to any previous surveys. Such information may
include existing maps, aerial photographs and any site surveys already prepared for
the construction project.

From this information, a network diagram should be prepared, approximately to
scale, showing proposed locations for the stations.

Following this, it is essential that the survey area is visited, at which time the
final positions for the stations are chosen .

Many of the guidelines given in section 5.4 for reconnaissance when traversing
are also applicable here, but for second-order triangulation particular attention
must be paid to the following.

(1) When establishing the stations, it is essential that the strongest network is
obtained. In general, it is advisable not to include angles less than 25° in the scheme
and braced quadrilaterals and centre point polygons should be included wherever
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possible. A reliable diagram is required for determining the strength of the network
and, to construct this, it may be necessary to take approximate measurements of
some angles and distances in the field to supplement the network diagram already
prepared.

(2) Since lines of sight between all adjacent stations must be uninterrupted,
wherever possible, stations should be placed on high ground overlooking the con
struction site.

(3) As with all control surveys, the layout of stations in relation to the survey
work for which they are intended must be carefully planned .

(4) The stations should be located in positions which provide at least one and
preferably two long lines for use as baselines. The longer the baselines, the stronger
the figure.

6.3.2 Station Marks and Signals (Targets)

Upon completion of the reconnaissance , the exact positions for the survey stations
are marked in some way .

The triangulation stations set up by the OS are permanently marked by using an
elaborate arrangement in which a metal plate is set into a concrete pillar, both of
these being centred over an underground marker as in figure 6.3'. Although this
type of station construction could be used in engineering surveys, the cost is high
and a less expensive pillar is shown in figure 14.2. Also shown in figure 14.2 is a
suitable design for a mark set into a buried concrete block. For surveys of a tem
porary nature (a few months only) wooden pegs can be used for station markers
and these are discussed in section 5.4 .2.

For each station in the network, reference sketches should be prepared (see
figure 5.6).

To enable angles to be observed in a triangulation scheme, each station must
have some form of signal erected vertically above the station mark. For engineering
sites, the type of signal used is usually temporary and depends on the distance over
which the target is sighted. Those signals suggested in section 5.5 .2 for traversing
apply equally to small triangulation networks and their use is recommended.

For both theodolites and targets on small triangulation schemes, forced centring
equipment , where theodolite and target are compatible with the same tribrach,
should be used if available. This equipment is shown in figure 3.3. If theodo-
lites equipped with centring rods are to be used to observe angles, the rod itself can
be used as a built in target (see figure 3.7).

6.3.3 Baseline Measurement

In triangulation work, the lengths of all the triangle sides are computed throughout
the network to enable the coordinates of all the stations to be determined. Since
these computed lengths are derived from one or more baselines, it is essential that
every effort is made to measure the baselines as precisely as possible since the com
puted triangle side lengths cannot be more precise than the measured baseline
lengths (see also section 5.8.9).
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EDM equipment , described in sections 4.11 to 4.15 , is usually used to measure
baselines and long lines should be chosen for measurement to improve the strength
of the network. When using the EDM equipment, the meteorological conditions at
the time of measurement must be monitored carefully and suitable corrections
made (see section 4.14.1). Any systematic instrumental errors present in the equip
ment must be allowed for by careful calibration of the EDM unit. The instrument
manufacturer may offer a calibration service but this can be carried out on site
using methods given in the references to chapter 4.

Care must also be taken to reduce the line measurement from the slope to the
horizontal. This can be achieved either by observing vertical angles or by determin
ing the reduced levels of each end of the baseline, the necessary corrections for this
being given in section 4.14.3 .

For surveys that are to be based on the National Grid (see section 5.11), the
scale factor is applied to the measured distance and, if the distance has been measur
ed at an appreciable elevation, it must be reduced to its equivalent length at mean
sea level (MSL), since MSL is the datum height for the National Grid. The correc
tion to MSL is derived as follows .

A

0 ; centre of Earth

o

Figure 6.4 Reduction to mean sea level

In figure 6.4, the horizontal distance between A and B, DAB, has been measured
at a mean height hm above sea level. By proportion, the equivalent value of DAB at
sea level, SAB, is obtained from

SAB DAB

R R +h m

or

R
SAB = (DAB) --

R +h m

where R is the average radius of the Earth, which is 6375 km for Great Britain.
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Alternatively, a correction to DAB can be computed from

hmC=DA B -
R

where SAB =DAB - C (the correction is always negative for lines above MSL).
The following example shows the application of the MSL correction.

Question

The horizontal length of a baseline FG is measured by EDM as 879.842 m (correct
ed for meteorological and systematic effects). If the heights of stations F and G are
h F = 415.17 m AOD and hG = 427.20 m AOD, calculate the length of FG at MSL.

Solution

The mean sea level distance SFG is given by

S -(D ) R - (879.842)6375000 = 879.784m
FG - FG R +hm - (6375000+421)

Since

h
m

= 415.17 + 427.20 = 421.19 m
2

Alternatively, a MSL correction can be computed using

C-D hm - 879.842(421.19) =0.058m
- FG R - 6375000

which gives

SFG = D FG - C = 879.842 - 0.058 =879.784 m

The proportional effect of the MSL correction in this case is approximately 1 in
15000.

If suitable terrain can be found , an alternative to using EDM is to measure base
lines using steel or invar tapes . The procedures for this are given in chapter 4 but it
should be noted that, compared to EDM, it is more difficult to maintain accuracy
when taping lines greater than a few hundred metres in length unless catenary
taping can be utilised . This, however , is a very time consuming and labour intensive
method of taping which is not normally used in second-order surveys.

For some surveys, the baseline length is given in the form of coordinates for two
(or more) stations already fixed by a previous survey. If such a fixed baseline has
been specified for triangulation work, it is advisable to check the length between
and the condition of the station marks forming the baseline before beginning the
survey.

6.3.4 AngleMeasurement

The instrument required for measurement of the angles in triangulation networks is
a 0.1"/0.2" or 1" double reading optical micrometer theodolite as described in
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section 3.2.2 or an electronic theodolite as described in section 3.2.3. The
theodolite is set up and the angles are observed and booked in rounds using the
methods given in section 3.3 .

Since the reliability of any triangulation network depends greatly on the angles,
it is essential that a good accuracy is obtained when measuring these, and extra care
must be taken to centre the instrument and targets to reduce to a minimum any
centring errors (see section 3.3.4). It is also necessary to protect the instrument
from the heating effects of the sun and from vibration. To overcome these difficul 
ties, an umbrella can be used to shield the theodolite and tripod from direct sun
light, and heavy weights such as sandbags can be attached to the tripod to reduce
the effects of wind.

The effects of the sun causing differential heating and wind causing vibration are
greatly reduced if the instrument is supported on a pillar (see figure 6.3) and for all
first-order surveys their use is essential, and they should also be used, if possible,
for second-order work.

When observing triangulation angles, all the field procedures used should aim to
minimise any instrumental and gross errors; section 3.3.2 gives details of the correct
procedures.

Since many rounds of each angle may be required, readings should be spread
evenly over the range of the horizontal circle and micrometer run in order to
reduce any errors in the theodolite reading system. For each round, the zero
should be changed by an interval I , where

180° r
1= +--

n n

where

n = number of rounds to be observed
r = run of micrometer.

If , for example , a I" reading theodolite having a micrometer run of 10' were to be
used on four rounds , the zeros should be 00°00'00",45°02'30",90°05'00" and
135°07 '30".

6.3.5 Orientation

As in traversing, the North axis of the rectangular grid on which the triangulation
scheme is based must be orientated to a specified direction. In engineering work,
one of a number of north directions may be selected as described in section 5.3.2.

Generally, it is usual to set the scheme to align with one of the following.

(1) The National Grid, by using a baseline defined by two existing OS pillars.
The coordinates of the points can be used to calculate the bearing of the baseline.

(2) Any other grid, by using existing points defmed by another survey.
(3) Any other north direction to suit site conditions such as a structural or

site grid (see section 14.6.2).
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6.4 Triangulation Computations

The methods used to calculate the rectangular coordinates in triangulation networks
are very similar to those used in traversing (see section 5.8) and follow a similar
sequence as shown in the following sections.

6.4.1 Adjustment ofAngles

The observed angles in triangulation schemes can be adjusted using either rigorous
or semi-rigorous methods.

A rigorous method is one which allows all the angles in a network to be adjusted
simultaneously. Since these techniques are very complicated they are usually
applied to first-order surveys and are beyond the scope of this book .

Semi-rigorous methods , unlike rigorous adjustments, adopt a step-by-step
approach in which each figure throughout a network is adjusted in turn. As a result
of this , it is possible to obtain slightly different values for the adjusted angles,
depending on which route of computation is chosen through the network.

The only semi-rigorous adjustment required for a network consisting of simple
triangles is that the sum of the angles in each triangle must equal 1800 and each
angle is adjusted by one-third of the misclosure in the triangle in question. Since
only one check is possible on the observed angles in a triangle, triangulation net
works consist ing of triangles alone are not strong unless frequent check baselines
are introduced into the scheme.

When networks consist of more complicated figures, such as braced quadrilaterals
and centre point polygons , additional checks on the angular measurements are
made possible since extra geometric conditions are present in each figure . Table 6.2
shows the number of conditions that exist in the commonly used triangulation
figures.

The semi-rigorous adjustment of the more complex triangulation figures is
usually carried out by the method ofequal shifts. This is now shown for a braced
quadrilateral and an equal shifts adjustment of a centre point triangle is given in
section 6.4.3.

TABLE 6.2
Adjustment Conditions in Triangulation and Trilateration Figures

Figure Number of Conditions
Triangulation Trilateration*

Simple triangle
Braced quadrilateral
Centre point triangle
Centre point quadrilateral
Centre point pentagon

* see section 6.6

I

4

5

6
7

o
I

I

I

I
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Question

The field abstract of figure 6.5 shows the observed angles for a braced quadrilateral
PQRS.

Calculate the adjusted values of all the angles in this quadrilateral using the
method of equal shifts.

Solution

The complete angular adjustment for the quadrilateral is given in table 6.3.

S Angle Observed voIue

1 YJO 20' 50"
2 54 10 45
3 55 44 38
4 39 43 39
5 41 53 49
6 42 37 47
7 54 54 56
8 40 33 30

Station coordinates
mE mN

p 188582 1632.47
Q 140100 1045.76

Q

Figure 6 .5 A bstract for braced quadrilateral

Four geometric conditions must be satisfied when adjusting the observed angles
of a braced quadrilateral : three angle conditions and a side condition . The angle
conditions are, referring to the numbering system of figure 6.5

(a) Langles 1 to 8 =360°
(b) Angles 1+2 =Angles 5 + 6
(c) Angles 3 + 4 = Angles 7 + 8.

In this example

Langles 1 to 8 =359°59'54"

and 0.75" is added to each angle to adjust them to 360° as shown in columns 1 and
2 of table 6.3.

Angle conditions (b) and (c) are known as adjustments to opposites and for
figure 6.5

Angles 1 + 2 = 84°31'35"
Angles 5 + 6 = 84°31 '36"

Difference ~ = 01"
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In order to satisfy the condit ion (angles 1 + 2 = angles 5 + 6), each angle must be
changed by an amount t./4 = 0.25". Since (5 + 6) >(l + 2) in this case, 0 .25" is
subtracted from 5 and 6 and added to 1 and 2. These adjustments, including those
for 3 + 4 and 7 + 8 are shown in column 3 and in the lower part of table 6.3.

Application of the adjustmen t to 3600 and the adjustments to opposites gives
the first adjusted angles of column 4.

The fourth geometric condition to be satisfied in a braced quadrilateral is a side
condition of the form

a-cIv"l= -----
(ab +cd) sin 1"

where

I v" I = magnitude of a side adjustment to be applied to each first
adjusted angle

a = sin 1 x sin 3 x sin 5 x sin 7
b =cot 1 + cot 3 + cot 5 + cot 7
c = sin 2 x sin 4 x sin 6 x sin 8
d = cot 2 + cot 4 + cot 6 + cot 8

c = 0.228 221840
d = 4.179 873602

a. b, c and d are all computed using the first adjusted angles.
For PQRS of figure 6.5

a = 0.228 202099
b = 4.206102699

which gives

Iv"l = 2.1"

Since c >a for this quadrilateral , the side adjustment of 2.1" is subtracted from the
angles used to compute c, that is, angles 2, 4, 6 and 8, and added to the angles used
to compute a, that is, angles 1,3 ,5 and 7. The application of the side adjustment
is shown in columns 5 and 6 of table 6.3.

In the case where a > c for a quadrilateral , the side adjustment is added to angles
2, 4, 6 and 8 and subtracted from angles 1,3 ,5 and 7.

It is important to note that the application of the side adjustment given here
(and the adjustments to opposites) refers only to the numbering sequence adopted
in figure 6.5 .

The side adjustment is checked by computing further a and c values using the
final adjusted angles of column 6. In all adjustments, a should equal c or very nearly
so to give Iv" I = 0 which indicates a properly satisfied side condition. Since the
final a and c values in table 6.3 agree, when rounded, to the seventh decimal place,
the side adjustment has been applied correctly. If the final a and c values in any
side adjustment do not agree to at least the sixth decimal place, the adjustment has
not been applied correctly and should be checked . A common mistake is to allo
cate the incorrect + or - sign to the adjustment such that it is added when it
should have been subtracted and vice versa. .

Although not always necessary, column 7 shows the final adjusted angles of
column 6 rounded to the same precision as the original observations.
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6.4.2 Coordinate Calculations

The procedures involved in the calculation of coordinates are best illustrated using
the braced quadrilateral PQRS of figure 6.5.

The baseline length DpQ and bearing OpQ for PQRS are given by

DpQ = [(EQ - Ep)2 + (NQ - N p) 2 Ji =761.104 m

[
EQ - EpJ

OpQ =tan- 1 + 180°
NQ -Np

By application of the Sine Rule to triangle PQR, the following can be written

sin 1 sin(2 + 3) _ sin 4

DQ R D pR D pQ

or

D
pR

= sin(2 + 3) D
. 4 PQsm

and

sin 1
DQR =-.- DPQ

sm4

Since all the angles have been observed in the quadrilateral , these equations give the
unknown side lengths Dp R and DQ R . A similar set of calculations in triangle PQS
will give the unknown side lengths in that triangle.

The other triangles QRS and PSR in the quadrilateral should also be solved since
these triangles provide a check on the side length RS and show the consistency in
calculating the side lengths QS and PRo

Table 6.4 shows the complete calculation of the side lengths in PQRS using the
final adjusted angles calculated in section 6.4.1.

The bearings (0) ofPQRS can be evaluated as follows.
For triangle PQR

OPQ = 219°34'05"

+ 1 = 30°20'53"

0PR =249°54'58"

oOP = 39°34'05"

- (2 + 3) = 109°55'27"

0QR = 289°38'38"

0RQ - 0RP =109°38'38" - 69°54'58" =39°43'40" =angle 4

(check)
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T ABLE 6.4
Side Length Calculation for a Braced Quadrilateral

Triangle Side Fonnu1a Sta t ion Angle Horizontal
l engt h (m)

PQR PQ Baseline 761.104
P 1 = 30°20' 53"
Q 2 + 3 =109°55'27"
R 4 = 39°43'40"

180°00 '00"

PR DpQ sin (2 + 3)/si n 4 1119 .546
QR DpQ si n l ls i n 4 601 .666

PQS PQ Basel i ne 761.104
P + 8 = 70°54' 19"
Q 2 • 54°10'44"
S 7 = 54°54'57"

180°00 '00"

PS DpQ sin 2/sin 7 754.165
QS DpQ si n (1 + 8)/s in 7 878.919

QRS QR Ba seline 601 .666
Q 3 = 55°44' 43"
R 4 + 5 = 81°37'32"
S 6 = 42°37'45"

180°00'00"
QS DQR sin (4 + 5)/s i n 6 878.922 (check)
RS DQR sin 3/s in 6 734 .296

PSR PS Basel i ne 754.165
P 8 = 40°33' 26"
s 6 .. 7 = 97°32' 42"
R 5 = 41°53'52"

180°00'00"
PR Dps sin (6 + 7)/si n 5 11 19. 544 (check)
SR DpS si n 8/ sin 5 734.293 (check)

For triangle PQS

OpQ = 219°34'05"

+(l + 8) = 70°54'19"

Ops =290°28'24"

OQP = 39°34'05"

- 2 = 54°10'44"

oQS = 345°23'21"

0SQ - 0SP =165°23' 21" - 110°28'24" =54°54'57" =angle 7

(check)
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When all the lengths and bearings of the quadr ilateral sides have been computed,
the coord inates of R and S are evaluated by computing traverses to include these
unknown stations. The method is identical to that for a link traverse (see section
5.12.2) and the coordi nates of Rand S are derived in traverses QRP and QSP as
shown in table 6.5.

TABLE 6.5
Coordinate Calculations in a Braced Quadrilateral

Triangle Side Bearing Hori zont al llE(m ) l1N(m) Co-ordinates
StationLength (m) mE I1W

PQR 1401.00 1045.76 0
QR 2B9038 , 38" 601 .666 -566.649 202.264

834.35 1248.02 R
RP 69°54' 58" 1119.545 1051 .466 384.447

1885.82 1632.47 P
(check)

PQS 1401 .00 1045.76 Q
OS 345°23' 21 " 878.921 -221.710 850.498

1179. 29 1896.26 S
SP 110°28'24" 754.165 706.528 -263.785

1885.82 1632.47 P
(check)

6.4.3 Worked Example: Adjustment and Computation ofa Centre Point Triangle

Question

The field abstract for a triangulation scheme established for a small construction
site is shown in figure 6.6. Using this data , calculate the coordinates of stations S
andW.

Solution

The procedure for solving the centre point triangle is as follows.

(1) The observed angles are first adjusted using the equal shifts method as
shown in table 6.6. The geometric conditions to be satisfied in a cent re point
triangle are

(a) the angles in any triangle must sum to 1800 (refer to columns 1 and 2 in
table 6.6)
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B,",,-~_

Figure 6.6 Abstract for centre-point triangle

Arv1e ~ IIOIue

I 26° 10' 48"
2 27 37 16
3 35 46 10
4 32 57 52
5 28 23 12
6 29 04 37
7 126 11 59
8 111 15 52
9 122 32 02

Station ~mN
F 719.37 250.00
B 250.00 447.15

F

(b) the angles at the centre station must sum to 360° without altering any
previous adjustment (see columns 3 and 4)

(c) the side condition i v" I = a - c "
(ab + cd) sin 1

where

a=sin1xsin3xsin5
c=sin2xsin4xsin6

b = cot 1 + cot 3 + cot 5
d = cot 2 + cot 4 + cot 6

The application of the side condition is shown in columns 5, 6 and 7 of table 6.6.
(2) The coordinates of the baseline FB are used to give (J FB = 292°47'02"

and DFB = 509 .09(4) m. Since the coordinates of F and B are given for the net
work, they must NOT be altered .

(3) The lengths of the sides of all the triangles are calculated as shown in
table 6.7.

(4) The bearings of the sides of all the triangles are calculated in the
sequences given below.
For triangle FBW

(JFB = 292°47'02"

+ I = 26°10'45"

(JFW = 318°57'47"

(JBF = 112°47'02"

- 2 = 27°37'16"

(JBW = 85°09'46"

(JWB - (JWF = 126°11'59" = angle 7 (check)
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TABLE 6.7
Calculation ofSide Lengths in a Centre-point Triangle

Triangle Side Formula Station Angle Horizontal
Length (m)

FBW FB BaseIi ne 509.094
F 1 = 26°10'45"
B 2 = 27°37 '16"
W 1 =126°11' 59"

180°00'00"

181

WBS

WFS

FW DFB sin 2/5 i n 7
WB DFB sin 1/5; n 7

WB Baseline

BS DwB sin 8/sin 4
loiS DwB 5in 3/s in 4

WF BaseIi ne

FS DwF sin 9/sin 5
loiS DwF sin 6/s;n 5

W 8 = 111°15'55"
B 3 = 35°46'10.
S 4 = 32°57'55"

180°00'00"

W 9 = 122°32'06"
F 6 = 29°04'41"
S 5 = 28°23'13·

180°00'00.

292.489
278.330

278.330

476.685
298.992

292.489

518.667
298.996 (check)

For triangle WBS

0WB = 265°09'46"

+8 =111°15'55"

0ws = 16°25'41"

0BW = 85°09'46"

- 3 35°46'10"

0SB - 0sw = 32°57'55" = angle 4

For triangle FWS

(check)

0FW = 318°57'47"

+6 = 29°04'41"

0FS = 348°02'28"

0WF = 138°57'47"

- 9 = 122°32'06"

0ws = 16°25'41" (check)

0sw - 0SF = 28°23'13" = angle 5 (check)

(5) The coordinates ofW and S are evaluated in link traverses BWF and BSF
as shown in table 6.8.
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TABLE 6.8
Coordinate Calculations in a Centre-point Triangle

Triangle Side Bearing Horizontal M:(m) llN(m) Co-ordi nates StationLength (m) mt: nw

BWF 250.00 447.15 B
BW B5009 '46" 278.330 277 .339 23.470

527.34 470.62 W
WF 138°57 '47" 292.489 192.032 -220.620

719.37 250.00 F

BSF 250.00 447.15 B
BS 49°23'36" 476.685 361.897 310.256

611 .90 757 .41 S
SF 168°02'28" 518.667 107.473 -507.410

719.37 250.00 F

6.S Reduction to Centre (Eccentric Stations)

It is often useful in triangulation schemes to incorporate prominent points such as
church spires into the network since these form very good natural targets which are
visible from considerable distances. Unfortunately, it is very difficult and some
times impossible to centre a theodolite over such a station, which makes direct
angle measurement equally difficult or impossible. This problem can be overcome
if the angles at the spire are deduced from triangles that include the spire as one of
the stations, but this is not good practice since it is not then possible to apply
checks (kangles = 180°) in these triangles.

A field procedure that can be adopted to obtain angles at the spire or other mark,
while at the same time maintaining a checking facility , is to set the theodolite at a
point as near as possible to the spire. From this eccentric station , angles are observ
ed to all points in the network as if the inaccessible point (spire) itself was being
occupied .

Since the angles observed at the eccentric station will be slightly different to
those which would have been observed at the inaccessible or main station, correc
tions are applied to the measured angles to give those applicable to the main
station. This correction procedure is known as reduction to centre .

In figure 6.7, stations C, Y and M are triangulation stations, station C being in
accessible. At station E, the eccentric station, the directions to C, Y and Mare
observed and the distance EC measured. This distance should be as small as possible
and measured as accurately as possible. The observed directions to Y and Mare
converted to their equivalents at station C by applying corrections Ct and C2 which
are obtained from

c" = ± d sin a
D sin 1"



TRIANGULATION AND TRILATERATION

Figure 6.7 Reduction to centre

where
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C" = correction (in seconds) to a direction
d = eccentric distance EC
cx =clockwise angle measured at E from the inaccessible station

to a control station
D = distance from E (or C) to the same station corresponding to cx.

The sign of the correction is given by sin cx and if the ratio diD < 1/40 the
formula cannot be used, but the ratio is not likely to be less than this in practice.
The distances D are found by making provisional solutions of the triangles formed
by the main station and the observed stations.

For figure 6.7

So that

" dsincxl
Ct =

DEY sin 1"

d sin CXz

DEM sin 1"

or

direction CY = direction EY + c 1

direction CM =direction EM - Cz (since CXz > 180°)

A

angle MCY in main triangulation scheme

= direction CY - direction CM

= direction EY +Cl - (direction EM - Cz)
A

= angle MEY+ Cl + Cz

The following worked example shows the application of the reduction to centre
technique.

Question

At inaccessible station L in a triangu){ltionnetwork an eccentric station E was set
up nearby in order to obtain angle PLM. The following measurements were taken
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DLE =3.321 m
A

PEM = 78°22'45"
A

LPM = 63°38'12"
A

Calculate the value of angle PLM.

D pM = 1011.07 m

MEL = 71°36'28"
A

LMP = 38°01'54"

Solution

The station geometry for this example is shown in figure 6.8. Converting the
observed angles taken at E into clockwise directions gives, with direction EL as RO

direction EP = al = 210°00'47"

direction EM = a2 = 288°23'32"

not 10scale

101t.07m

M

Figure 6.8

A

To obtain directions LP and LM and hence angle PLM, corrections Cl and C2 are
required where, with EL = d

" dsinal
Cl = ."

D LP sin 1

A provisional solution of triangle PLM gives

A A A

PLM = 180° - (LPM +PML) = 78°19'54"
A A

D LP = DpM (sin PML/sin PLM) = 636 .06 m
A A

DL M = DpM (sin LPM/sin PLM) = 925.03 m



TRIANGULATION AND TRILATERATION

Hence

185

"Cl = 3.321 sin 210°00'47"

636.06 sin 1"

3.321 sin 288°23 '32"

925 .03 sin 1"

The corrected directions from L are

= -539" = -08'59"

= - 703" = -11 '43"

direction LP = direction EP +ct" = 210°00'47" - 08'59"

= 209°51'48"

direction 1M = direction EM +c/' = 288°23'32" - 11'43"

=288°11'49"

Therefore
r-:

PLM = direction LM - direction LP = 78°20'0 I"

6.6 Trilateration

A trilateration network , like triangulation, may consist of a series of single triangles,
braced quadrilaterals and centre point polygons or combinations of these but, un
like triangulation, the observed quantities are the distances not the angles. The
precise measurement of distances on a large scale has been made possible by the
development of EDM.

Many of the field techniques employed in triangulation (see section 6.3) are
applicable to trilateration and the reconnaissance to establish the shape of a trio
lateration network follows the same general principles as that for triangulation.

The distances should also be measured in accordance with the guidelines given
for triangulation as should any angles observed to establish bearings in the network .

The methods used in trilateration computations are very similar to those used in
triangulation and proceed as follows.

(1) Using the measured or calculated baseline length and all the measured
lengths, the angles in the network are calculated using the Cosme Rule. This is
carried out by breaking down all the figures into their constituent triangles and
proceeding as follows.

In triangle ABC of figure 6.9, the angles are given by

D A C
2 +DA B

2 - D BC
2

cos Q = --------
2DAcDA B

D A B
2 +D BC

2 - D A C
2

cos {j = --------
2DA BD BC

D A C
2 +D BC

2 - DA B
2

cos 'Y = ---"-=-=------==-=-------':..:.=..-
2DAcDA B



186

Figure 6.9 Trilateration

A
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B

c

(2) Each triangle is checked using a + (3 + 'Y = 180
0

•

(3) The angles derived in (1) are adjusted using the method of equal shifts.
(4) Starting at the baseline, all the lengths of the sides in the network are com

puted using the adjusted angles. In addition, the bearings of all the triangle sides
throughout the network are computed, again using the adjusted angles.

(5) The computed bearings and distances obtained in (4) are used to calculate
coordinates throughout the network.

A disadvantage of trilateration is that, compared to triangulation, the number of
geometric conditions for adjustment is less than that for equivalent figures. Taking,
for example, a simple triangle such as BFD in figure 6.10, three observations are
made in triangulation (angles a, (3 and 'Y) to fix two unknowns, E F and NF • This
gives rise to one redundant measurement and one adjustment condition 0: + (3 + 'Y=
1800

• If the same triangle were part of a trilateration network, two observations
would be made (lengths b and d) to fix two unknowns and, consequently, no
redundancy and no adjustment condition exist.

The use of single triangles in control extension by trilateration is, therefore, not
recommended .

B~~__~_--"_-<")F

Ea. Na ondED.Noknown

o

Figure 6.10
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The number of conditions for adjustment in various triangulation and trilatera
tion figures is compared in table 6.2 . From this, it is evident that triangulation
should always be used in preference to trilateration on small control schemes since
more checking of fieldwork is possible.

6.7 Combined Networks

The most effective use that can be made of trilateration is to combine it with a
triangulation scheme to form a combined network. This greatly improves the
strength of both types of control surveys.

The ideal combined network is one which has all its angles and distances measured
but a triangulation or trilateration network can be enhanced by adding just a few
distances or angles to those already measured .

Without doubt , properly planned and observed combined networks can be the
best possible type of horizontal control but the adjustment of such schemes must
be carried out rigorously to allow for the many geometric conditions possible.
Since the rigorous procedures required are usually applied to first-order surveys,
details are not given in this book but further reading on the topic is suggested at
the end of this chapter.

6.8 Further Reading

E. M. Mikhail and G. Gracie, Analysis and Adjustment ofSurvey Measurements
(Van Nostrand Reinhold, New York, 1981).

P. Richardus, Project Surveying, 2nd Edition (A. A. Balkema, Rotterdam and
Boston , 1984).
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Intersection and Resection

Two techniques commonly employed in extending horizontal control surveys and
in setting out are intersection and resection .

Intersection is a method of locating a point without actually occupying it. In
figure 7.1, points A and B are stations in a control network already surveyed and,
in order to coordinate unknown point C which lies at the intersection of the lines
from A and B, angles a and {3 are observed.

Resection is a method of locating a point by taking angle observations from it
to at least three known stations in a network . In figure 7.2, point W can be fixed
by observing angles a and {3 subtended at resection point W by control stations D,
C and L.

Coordinatesof D. CondL known

C
B

I
I
I
I
I
I
I

,", I

-- --:.1'-6
C

Figure 7.1 Intersection

o ,,, ,,, ,,

w

Figure 7.2 Resection

L
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7.1 Intersection

Intersections can be computed in three ways.

7.1.1 Intersection by Solution of Triangle

In triangle ABC of figure 7.1, the length and bearing of baseline AB are given by

DAB = [(EB - EA )2 + (NB - NA?]~

(JAB = tan- 1 [EB - E A]

N B - NAJ
The Sine Rule gives

189

sin a
D BC = -.- DAB

sm r
where

sin (j
D AC = -.- DAB

Sill r

r= 1800 - (a + (j)

The bearings in the triangle are given by

(J AC = (JAB + a (J BC = (J BA - (j

These bearings and distances are used to compute the coordinates of A along line
AC as

E c =EA +DAC sin(JAC Nc =NA +DAC COS(JAC

The computations are checked along line BC using

EC = E B + D BC sin 8 BC

7.1.2 Intersection using Angles

Nc =NB + DBc cos 8BC

Adopting the clockwise lettering sequence used in figure 7.1, the coordinates of C
can be obtained directly from

(NB - NA) +EA cot (j +E B cot a
Ec = -----------

cot a + cot (j

(EA - E B) +NA cot (j +N B cot a
N c = ------------

cot a + cot (j

A disadvantage of this method compared to solving the triangle is that no check is
possible on the calculations.
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7.1.3 Intersection using Bearings

If the bearings of lines AC (8Ad and BC (8Bd in figure 7.1 are known , the co
ordinates of C are given by

EA cot 8AC - E B cot 8BC - NA +N BEc
cot 8AC - cot 8 BC

NA tan 8AC - N B tan 8 BC - EA +E B
N C = --=-=---..:...::..:'-------==----=-='--------=-=----=-

tan 8AC - tan 8 BC

As with intersection using angles, no check on the computations is possible.

7.1.4 Intersection from Two Baselines

When solving intersections using the formulae given in the previous sections, two
quantities are observed in each case (ex and por 8AC and 8Bd to define two un
knowns Ec and N c . Consequently, no redundancy exists in the fixation and it is
not possible to check the observations. It is, of course, possible to check the com
putations when solving the triangle but this method does not enable the angles ex
and 13 to be checked.

One method of detecting gross errors in the observations is to observe additional
angles from a second baseline. This is shown in figure 7.3 where the angles 6 and tP
have been added to those already observed in figure 7.1.

o

A

I
I

I
I

I
I

• I
, I

• I
• I
• I-------6t1

C

Figure 7.3 Intersection from two baselines

The coordinates of point C in figure 7.3 are found by solving the intersections
formed by the triangles ABC and BDC, the two sets of coordinates obtained being
compared. If the differences between the two intersections are small, it is assumed
that the observations contain no gross errors and the average coordinates from the
two sets are taken as the final values.
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7.1.5 Worked Example: Intersection

191

Question

The coordinates of stations S, A and L are ES =1309.12 mE, N s =1170.50 mN,
EA =1525.43 mE,NA =958 .87 mN,EL =1231.08 mE andNL =565 .81 mN.
Calculate the coordinates of point Bwhich has been located by intersection from
stations S. A and L by observing the following angles: BSA = 85°38'49" , SAB =
55°50'53", BAL= 41°41'48" and ALB = 68°09'32" .

Solution

Referring to figure 7.4 and clockwise triangle SAB,the coordinates of B are given
by the angles method (see section7 .1.2) as

I" /'\

E
- (NA - N s) +Es cot SAB +EA cot BSA

B-
cot asA +cot S~B

(958 .87 - 1170.50) + 1309.12 cot 55°50'53" + 1525.43 cot 85°38'49"

cot 85°38'49" + cot 55°50'53"

= 1050.45 m
A A

(Es - EA ) +N s cot SAB +NA cot BSA
N B = x '"

cot BSA +cot SAB

= (1309 .12 - 1525.43) + 1170.50 cot 55°50'53" +958.87 cot 85°38'49"

cot 85°38'49" +cot 55°50'53"

= 862.45 m

Figure 7.4

/
/

/
/

/
/

Bq----- ---
\

\

\
\

\
\

L

s

55°50'53"
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To check the fieldwork and computations, the intersection of B in triangle BAL
must also be computed as follows

A '"
E (N L - NA ) +EA cot ALB +E L cot BAL = 1050 .50 m

B = cot BAL + cot ALB
'" A

N
B

= (EA - Ed +NA ;.ot ALB +~L cot BAL = 862.46 m
cot BAL +cot ALB

Since the two results for EB andNB agree within 0.05 m, no gross error has occur
red in the observations and the final coordinates are the mean values from the two
sets, that is

EB = 1050.48 m N B = 862.46 m

7.2 Resection

A resection is carried out in the field by observing the angles subtended at the un
known point by at least three known stations and in the three-point resections
shown in figure 7.5 , P is located in each case by measurement of angles IX and {3 .

B
a

C A C

I

B C I
A I

¥
p

A A,Band C = control stations

Figure 7.5 Possible configurations for a three-point resection

A three -point resection can be solved in a number of ways. However, no matter
which method is used, it must be noted that if points A, B, C and P in figure 7.5
all lie on the circumference of the same circle then the resection is indeterminate.
This condition is present when 0 + IX + {3 = 180

0
•

One method of solving a three -point resection is as follows. In each quadrilateral
ABPC of figure 7.s

IX+ {3 + 'Y + <P +0 = 360
0

or

'Y = [360 0
- (IX + (3 + 0)] - <p = R - <p

where R can be deduced .
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In triangles ABP and APC

D - sin r - sin ~ b
AP--.-c- - .-

sin a sm 13

From which

K= sin"y = bsina
sin ~ c sin 13

which can be evaluated.
Substituting "y = R - ~ gives a further expression for K
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K = sineR - ~)

sin ~

Therefore

sin R cos ~ - cos R sin ~ . R A.. R---'---------'- = sm cot'/' - cos
sin ~

A.. K + cosRcot e> ----
sinR

This expression enables ~ and all the angles in ABPC to be found, which in turn
enables the coordinates of P to be calculated by solving triangles ABP and APC
(see section 7.1.1) . Both triangles are solved in order to provide a check on the
calculations since the coordinates found for P in each triangle should be identical.

Although the calculations can be checked in three -point resections, the fieldwork
cannot be checked since a unique position is obtained for the resected point by ob
serving only three directions and deriving two angles.

To introduce some redundant data into a resection requires further directions to
be observed and for most engineering surveys it is normal to observe four directions
(giving three angles), the extra angle being used to check the fieldwork. The method
of applying this check in a four-point resection is as follows.

(1) Choose three direct ions out of the four observed and compute a three
point resection. The observed angles (or combinations of these) that give the two
resection angles nearest to 90° should be used in this calculation .

(2) Using the coordinates of P found in (1) , calculate the value of one of the
angles not used in the three-point resection.

(3) Compare the angle calculated in (2) with its observed value. If the two are
in close agreement, it is assumed that no gross error has occurred in the observations
and the resection coordinates obtained in (1) are accepted for further work .

7.2.1 Worked Example: Four-point Resection

Question

Using the resection data given in table 7.1 , calculate the coordinates of point A.

Solution

The layout of the four control stations and point A are shown in figure 7.6. Using



194 SURVEYING FOR ENGINEERS

TABLE 7.1

Station mE mN Angle Observed value

M 845.11 1952.50 ~IAP 30°40 '11"

P 1312.59 2205.90 PAT 26°47 '52"

T 1621.29 1835.07 TAW 56°47'08"

W 1729.04 1158.60

p

Figure 7.6

this , observed directions AM, AT and AWare selected for the coordinate calculation
since the geometry of these directions gives resection angles at A closest to the
optimum of 90°. The remaining direction AP will be used to check the fieldwork .

For the resection formed at A by M, T and W (see figure 7.7), angle -y is given by

-y=cot-1 [K+.COSRJ
[ smR

where

and

K = DMT sin~

DwT sin a

785.01 sin 56°47'08"----....,.---....,..=1.137219
685.00 sin 57°28'03"

R = 360° - (0: +~ +5) = 138°05'37"
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M

Figure 7.7

which gives

\
\
\
\
\

A

byrecl~/polor conversialS

0TW = 785.0Im
0TW =685.00 m

8"T = 98°36'1('
BWT = 350°56'59"

I> = BT.. - BTW = 107°39'12"
Il =MAP + pAT=57°28'03"
/3 =TAW =56°47' 08"

= coCI [1.137219 + cos 138°05 '37"J = cot-I (0.588372)
"'/ l sin 138°05 '37"

=59°31'43"

The coordinates of A are found by solvingtriangle AMT as follows

MTA = 180° - ("'/ + 0:) = 180° - (59°31 '43" + 57°28'03"} = 63°00'14"

D :. sin MTA D = sin 63°00'14" (785.01) = 829 .66 m
MA sin 0: MT sin 57°28'03"

8MA = 8MT +"'/ = 98°36'11" + 59°31 '43" = 158°07'54"

EA =EM +DMA sin8 MA = 1154.14m

N A =NM +D MA cos 8MA = 1182.54 m

A check on the computations only is provided by solving triangle ATW in which

I/> = R - "'/ = 78°33'54" ATW = 180° - (I/> + (3) = 44°38'58"
A

Dw
sin ATW ° , "A = . DwT = 575.40 m 8WA = 8WT -1/>= 272 2305

SIn {3

EA =Ew +DwA sin8wA = 1154.14 m

NA =Nw +DwA cos 8WA = 1182.54 m

The observations for the resection are checked, in this example , by comparing the.....
observed and calculated values for angle MAP.

The coordinates found above for A give, by calculation

8AP = 08°48'05" 8AM = 338°07'53"
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From which
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MAP= 8AP - 8 AM = 30°40'12"

Since MAP (observed) = 30°40' 11", a difference of only 1" exists between the two
values and therefore no gross errors have occurred . Hence , the coordinates of A are

EA = 1154.14 m, NA = 1182.54 m
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Detail Surveying and Plotting

In this chapter, methods are described for the preparation of plans at the common
engineering scales of between I :50 and 1: 1000 . The drawings so produced are used
as records of existing areas or as a basis for the design and setting out of engineering
works.

8.1 Control Networks

All detail surveys are based on a framework of control stations which must be
established on the ground before detail can be located. These stations can be fixed
by traversing (see chapter 5), by triangulation or trilateration (see chapter 6) or
occasionally by using intersection and resection (see chapter 7).

Upon completion of the control survey, the stations are plotted using their co
ordinates (see section 5.9) . All plotting of control stations should be done to an
accuracy of 0.2 mm and, when plotted, the lengths between the stations should be
scaled from the plan and checked against their ground values. Following this, all the
survey lines from which detail is to be located are constructed on the survey plan.

The methods by which detail can be added to the basic control network are dis
cussed in section 8.5 .

8.2 Drawing Paper and Film

The type of paper or film used for survey drawings is usually some form of plastic
film or cartridge paper.

Plasticfilm is most commonly used as this has an extremely good dimensional
stability , this being the most important factor when selecting a material on which to
plot a survey. Pencil or ink can be used on plastic quite easily and both of these can
be erased without leaving unsightly marks. In addition, plastic is waterproof and is
a transparent material which enables direct contact copies of the finished plan to be
taken .

Cartridge paper is frequently used for pencil drawings and temporary ink work.
Since many different grades of this paper are made, care must be taken to select a
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grade that has a good dimensional stability and a texture that is capable of taking
repeated erasures without becoming fibrous or tearing. The ability of the paper to
take ink without absorbing it to such an extent that line thicknesses are affected is
also important.

Other types of drawing medium are NOT reconunended for survey drawings as
these do not , in general, have a suitable dimensional stability .

When plotting the survey, it is usual to prepare a master drawing from field notes
and a tracing is made of this on to plastic film for the purposes of reproduction (see
section 8.6).

8.3 Detail

The term 'detail' is a general one that implies features both above and below ground
level and at ground level.

Buildings, roads, walls and other constructed features are called hard detail,
whereas natural features including rivers and vegetation are known as soft detail.
Other definitions include overhead detail (for example , power and telephone lines)
and underground detail (for example, water pipes and sewer runs).

Many types of symbols are used for representing detail and a standard format
has yet to be universally agreed. Those symbols and abbreviations shown in figure
8.1 are fairly comprehensive and their use is recommended . However, it will be
noted from figure 8.1 that more abbreviations rather than symbols are given for
detail . This is due to the fact that, at the large scales used for engineering surveys,
the actual shapes of many features can be plotted to scale and, therefore, do not
need to be represented by a symbol.

When detail surveying, the amount and type of detail that is located (or picked
up) for any particular survey varies enormously with the scale (see section 1.5) and
the intended use of the plan.

8.4 Specifications for Detail Surveys

The accuracy required in detail surveying should always be considered before the
survey is started. This is governed by two factors: the scale of the finished plan,
and the accuracy with which it can be plotted.

For plan positions , it is usual to assume a plotting accuracy for detail of 0.5 nun
and for various scales this will correspond to certain distances on the ground . These
lengths are an indication of the accuracy required at the scales in question. How
ever, even if a plan is to be plotted at 1:500, part of it may at a later date be
enlarged to 1:50 so it is always better to take measurements in the field to a
greater accuracy than that required for the initial plan. A good compromise is
obtained by recording all distances, where possible, to the nearest 0.01 m.

For contours , the vertical interval depends on the scale of the plan and suitable
vertical intervals are listed in table 8.1 for general purpose engineering surveys.
Usually, the accuracy of a contour is guaranteed to one-half of the vertical interval .

All spot levels taken on soft surfaces (for example, grass) should be recorded to
the nearest 0.05 m and those taken on hard surfaces to 0.01 m. In areas where there
is insufficient detail at which spot levels can be taken, a grid of spot levels should be
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CONVENTIONAL SIGN LIST

Building

BUildinQ (open sided)

Foundat ions

r
f .:· ~- " "": :~ -: ~ '". ;.- ".", ." - .
t ," " __ , '.._.. ..._--~,..; :...
,--------..,
: Found :
,---------'

Overheed lines
(with description)

Public Utility prefixes electricity El

gas G
water W

=--i=-_=-
Walls (under 200 mm wide)~ Hedge

Gate
Walls (200 mm and over)

RetoininQ well

Fences (with description)

corrugated iron

barbed wire

thoin link

CI

BW

CL

RW
Stump

Individual tree
(r = surveyed radius)

Embankments and
cuttings_

oS

G
J~~J~~I~Jr:JI~~r~~r

chestnut palirlCJ

closeboord

interwoven

iron railings

CP

CB

IW

IR

Contours
(to be drawn on
natural surfaces
only)

O.S. bench mark

--'011__

~
/: '01_

//,011
/~o~-

~'O.-

'tBM 147.91

post and chain PC

past and wire PW

post and rail P R

Street furniture

inspection~ IC

manhole MH

GPO inspecti on cover GPO

gully G

grating Gr

Spot level +164.28

Cover level CL

Invert level IL

Water level (with dote) WL

Traverse station ~

O.S. trig . station 8

drain

kerb outlet

road siQn

telephone call box

ballard

lamp post

electricity past

telegraph pole

Dr

KO

RS

TCB

B

LP

EP

TP

Roads

kerbs

edQeof surfacinQ - - - - - - - -

footpoth ===[~====

track Track

tarmac TM

concrete CONC

Figure 8.1
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surveyed in the field and plotted on the plan, the size of the grid depending on the
scale, as shown in table 8.1.

TABLE 8.1

SCALE

Contour vertical i nt erval

Spot level grid size

8.5 Locating Detail

1:50 1:100 1:200 1:500 1:1000

0 .05m O.lm 0 .25m 0.5m 1m

2m 5m 10m 20m 40m

Detail can be located from the control point framework by one of two methods,
either by using offsets and ties or by using radiation methods.

Offsets and ties can only locate detail in the plan position. If height information
is required , spot levels must be obtained at a later date by levelling at points of
detail that have already been located.

Radiation methods usually enable both plan and height information to be
obtained.

8.5.1 Offsets and Ties

Figure 8.2a shows the method of offsets in which lengths x and y are recorded in
the field in order to locate a point of detail P. The offsets are taken at right angles
to the lines running between control points . A variation on the offset method is
shown in figure 8.2b where ties from two (or more) points are used to locate P.

In practice , a tape or a chain is usually laid along the control line to measure the
x distances shown in figure 8.2, and the offsets and ties are usually measured using
a synthetic tape.

A,a control stations
p

A

I.

Figure 8.2

y
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Since an offset is a line measured at right angles to a survey line to a particular
feature , it is necessary to establish a right angle. This is achieved by holding the
zero of the tape on the point of detail and swinging the tape over the chain. The
minimum reading obtained occurs at the perpendicular and the position of the tape
at this point indicates the distance along the tape or chain for the offset measure
ment.

For best results, an offset should never be longer than 10m owing to possible
errors in the tape length and the uncertainty of establishing an accurate right angle.
Where detail has to be located beyond 10 m from the survey line, ties should be
used. Usually two ties are taken but , occasionally , if the distances involved are long,
three should be measured . The maximum length of a tie should not be greater than
one tape length.

As well as measuring offsets and ties, the dimensions of certain features may be
recorded , for example, the widths of paths or roads with parallel sides, the spread
and girth of trees , the lengths around buildings and the radius of circular features .
Sometimes it is acceptable to survey rectangular buildings by fixing the two corners
of the longest side by ties or offsets and by recording the remaining dimensions and
plotting accordingly .

Detail surveying using offsets and ties can only locate detail in the plan
position. Since all survey plans must include height information this has to be
added at some stage in the survey by taking spot heights at points of detail that
have already been located (see section 2.12.2).

8.5.2 Booking Offsets and Ties

When booking offsets and ties, the fieldbook should always be neat and consistent
and, as a general standard, all fieldwork must be capable of being plotted by some
one who was not involved in the field survey. An emphasis should, therefore , be
placed on clear, legible writing and large diagrams.

Long survey lines should be continued over as many pages as necessary and each
new line should be started on a new page. It is important that all necessary infor
mation is recorded and explanatory notes should be given where appropriate since
nothing should be left to memory . This applies especially to unusual features which
do not have a conventional symbol.

Figure 8.3 shows a typical booking . This may be drawn either in a field book or
on loose-leaf sheets. Conventionally, a double line is drawn through the centre of
the page and this represents the survey line. Entr ies start at the bottom of the page
and, standing at station A, facing station B, detail that is on the right-hand side of
the line is booked on the right-hand side of the page and vice versa. Only continuous
lengths from station A are recorded in between the double lines, the total length
between A and B being written sideways with a line drawn on each side. No attempt
is made to draw the sketch to scale and complicated features are exaggerated. The
running dimensions around the buildings are also shown in figure 8.3 and are dis
tinguished from other measurements by being inserted in brackets.
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Figure 8.3 Example booking for offsets and ties

8.5.3 Plotting Offsets and Ties

When the basic control network has been plotted (see section 8.1), the detail for
each control line can be added by marking off the distances along each line corres
ponding to the points on the tape or chain at which offsets and ties were taken.
From these points, the relevant offset and tie lengths can be scaled to fix the points
of detail with the aid of a set-square and a pair of compasses.

If spot levels have been taken by levelling at some of the points of detail, these
can be added and contours interpolated from them (see section 2.12.3).
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All construction marks lire erased after the detail and contours have been added
to the plan.

8.5.4 Radiation by Stadia Tacheometry

A full description of the theory ofstadia tacheometry is given in section 4.9 and its
application to detail surveying is considered here.

Stadia tacheometry is used to locate points of detail by the radiation method ,
the basis of which is shown in figure 8.4, where rand 0 are measured in the field to
locate P.

A,S conlrol stoticos

~-p-0

A S

Figure 8.4

The component r is measured by tacheometry and 0 by reading the horizontal
circle of the theodolite or level used. An important difference between stadia tacheo
metry and the method of offsets and ties is that the height of each point is obtained
in addition to its plan position . Tacheometry can, therefore, be used effectively in
contouring, particularly in open areas where there are no points of clearly defined
detail. It can, also, be used for a complete detail survey but, assuming a plotting
accuracy of 0.5 rnm, stadia tacheometry can be used only at scales less than 1:200
or for soft detail.

8.5.5 Fieldwork for Stadia Tacheometry

A network of control stations is again used as a base for the survey and, during the
reconnaissance, it must be remembered that the length of a single tacheometric
observation is limited to 100 m. This implies that, for each station, the maximum
coverage on unrestricted sites should be a radius of 100 m.

Several methods of observation are possible and the following description is
given as a general purpose approach . It is assumed that the staff is held vertically,
that a theodolite is being used and that the reduced levelsof the control stations
are known .

(l) Set the instrument up over a station mark and centre and level it in the
usual way. For a detail survey it is standard practice to measure horizontal and
vertical angles on one face only and hence the theodolite should be in good
adjustment.

(2) Measure and record the height of the trunnion axis above the station
mark.
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(3) Select a suitable station as RO, sight this point and record the horizontal
circle reading. It may be necessary to erect a target at the RO if it is not well
defined . All the detail in the radiation pattern will now be fixed in relation to this
chosen direction. Some engineers prefer to set the horizontal circle to zero along
the direction to the RO, although this is not essential.

(4) With the staff in position at a point of detail , rotate the telescope until
the staff is aligned along the vertical hair in the field of view. Turn the vertical slow
motion screw until the lowest reading stadia hair is set to a convenient mark on the
staff such as 1 m, 2 m or the nearest 0.1 m. Read and record the three hairs.

A check can be applied to the stadia readings since the centre or middle reading
should be the mean of the other two within ± 2 mm.

(5) Signal the person holding the staff to move to the next staff point.
(6) To save time, while the staff is moving, the vertical circle is read, first

levelling the altitude bubble. This is followed by a reading of the horizontal circle.
These readings need only be taken with an accuracy of ± 1' .

(7) The procedure is repeated until all the observations have been completed.
As far as is practicable, each of the staff points should be selected in a clockwise
order to keep the amount of walking done by the person holding the staff to a
minimum,

(8) The final sighting should be to the RO to check that the setting of the
horizontal circle has not been altered during observations. If it has, all the readings
are unreliable and should be remeasured. Hence , it is advisable that , during a long
series of tacheometric readings, a sighting on to the RO should be taken after, say,
every 10 points of detail.

8.5.6 Booking Stadia Tacheometry Observations

A systematic approach to booking is essential.
Various systems of booking can be used and a sample field sheet , suitable for

most types of work, is shown in table 8.2. All the information in columns (1) to
(4) is recorded in the field, the remainder being computed in the office at a later
stage, The vertical circle readings entered in column (2) must be those as read
directly on the instrument , reduction being carried out in column (5) where neces
sary. Particular note should be paid to the accuracy of the computation. The
horizontal distance in column (7) is recorded to 0.1 m and the reduced levels in
column (10) to am m.

The booking form should also incorporate a sketch identifying all the staff
points (see figure 8.5). In addition, this diagram should indicate miscellaneous
information such as types of vegetation, widths of tracks and roads , heights and
types of fences and so on.

8.5.7 Plotting Stadia Tacheometry

The network of control stations is first plotted as described in section 8.1. To plot
the detail and spot levels, a protractor and a scale rule are required. With reference
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to figure 8.5 and table 8.2, the procedure is as follows to plot the detail located
from station D.

(1) Attach the protractor to the survey plan using masking tape such that its
centre is at station D and it is orientated to give the same reading to the RD, station
E, as was obtained in the field on the horizontal circle of the theodolite ; in this
case, 00°00' .

(2) Plot the positions of the horizontal circle readings taken to the detail
points around the edge of the protractor. Identify each by its staff position, that is,
DI , D2, D3 and so on.

(3) Remove the protractor and very faintly join point D to the plotted hori
zontal circle positions. Extend these lines.

(4) Using the calculated horizontal distance values from table 8.2, measure
from point D along each direction, allowing for the scale of the plan, to fix the plan
positions of the points of detail.
. (5) Write the appropriate reduced level value taken from table 8.2 next to
each point of detail.

(6) Using the field sketches, the detail is now filled in between these points
and the contours drawn by interpolation (see section 2.12.3). All construction
marks are erased after the detail and contours have been added.
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Figure 8 .5 Example sketch for a tacheomatic survey
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8.5.8 Radiation using a Theodolite and Tape
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This technique is very similar to stadia tacheometry, except that no staff is read and
no vertical angles recorded. Instead, the distance to each point is measured directly
using a steel or synthetic tape with the tape being held horizontally in each case.
The disadvantages of this are that no levels are obtained and the range is limited to
one tape length unless ranging is introduced. The best application of this method is
in dense detail where stadia tacheometry would become tedious owing to the
amount of office work involved, and especially over distances less than 30 m.

8.5.9 Radiation using Electromagnetic Distance-measuring Equipment

This technique uses combined theodolite and EDM systems or electronic tacheo
meters (see section 4.13.2). Using the latest equipment, slope distances can be
obtained directly with accuracies of ± 10 mm at ranges of up to 500 m. Many
instruments have a simple calculator built into the distance measuring unit that will
compute the horizontal distance and the height difference to a point of detail when
the vertical angle, measured in the normal way, is fed into the calculator. Heights
are, therefore, obtained simultaneously with horizontal distance and have a similar
accuracy.

The latest developments in electromagnetic distance measuring equipment are in
computerised tacheometry whereby the field observations are fed directly into a
recording unit (see section 4.13.2). These units are then interfaced with a computer
for automatic plotting of the plan.

The main disadvantage of this and electromagnetic techniques in general is the
cost of such systems.

8.6 The Completed Survey Plan

Figure 8.6 shows parts of a survey plan based on a traverse network. Included in
the title block are details of the location of the survey, the key showing the
symbols and abbreviations used, the scale, the date of the survey and the names
of the surveyors involved in the production of the plan. On the finished plan , a
north sign is added (not shown in figure 8.6) and the coordinate grid information
is transferred to the border.

Contour lines have been shown on naturalsurfaces only and have NOT been
drawn through embankments and cuttings which have their own symbol as indio
cated in the key .

The traverse lines have been removed but the positions of the traverse stations
are shown since they may be required for future use.

In practice, the original survey plan is usually prepared by hand by the surveyor
who undertook the fieldwork . This plan would not normally have a title block or
border. However, when completed, this master drav :" 9 prepared by the surveyor
is passed to a drawing office where all the detail is traced in ink on to plastic film
and the title block and border are added .
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Photocopies of the traced drawing are usually taken for use on site. Consequently,
extreme care must be taken with the tracing since any errors in it will be transfer-
red to all the copies taken.

8.7 Computer Aided Plotting

In the previous sections of this chapter, methods have been given for plotting large
scale detail surveys by hand. The process of hand drawing survey plans is extremely
time consuming and very often the individual surveyor or engineer does not have
the ability to achieve a high standard of presentation in inked work . This problem
is usually overcome by passing the initial drawing to a drawing office for tracing
and annotating, but this adds to the expense and increases the time taken for the
survey.

In recent years, a number of advances have been made in computer technology
such that many powerful desk top computers are now available with sophisticated
peripherals. Using these , many survey organisations and large civil engineering
contractors have developed their own in-house systems for the plotting of survey
plans by computer. In addition, manufactured systems are also available for auto
mated plotting of survey plans. The elements of an automated survey plotting
system are shown in block form in figure 8.7. The various stages involved are
described in the following sections .

dota
acq.Jisition

data
prc>ceW1g

dala
output

.....-----'---,

computer

Figure 8.7 Computer aided plotting system
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8.7.1 Data Acquisition

SURVEYING FOR ENGINEERS

Field data can be fed into the computer automatically by using a data storage unit
(see figure 4.28) or it can be entered manually from traditional field sheets. For
each point surveyed in the field, a code is used to define the type of detail being
observed, the annotation (if any) to be shown on the plan at the point of detail
and any other information such as running dimensions or names of features. In
effect , this code replaces the field sketch but it is recommended that sketches be
drawn as aids to the subsequent plotting.

The electronic tacheometer (see section 4 .13 .2) is capable of recording angles
and distances with their appropriate codes directly into a data storage unit. The
contents of the data storage unit can be transferred on to cassette tape , the tape
being mailed to the office for computer processing or the contents can be trans
ferred directly from the data storage unit into the computer. Suitable interfaces
are required for this movement of data.

Combined theodolite and EDM systems can also be used in conjunction with a
data storage unit but in many cases the data acquisition is semi-automatic in that
the readings from the theodolite and EDM unit, with their appropriate codes, have
to be entered into the data storage unit by hand. Data transfer to the computer is
then the same as for the electronic tacheometer system.

Using the traditional approach, all field observations can be entered on to field
sheets and, with the aid of accompanying sketches, the data is coded and transfer
red into the computer using the keyboard.

8.7.2 Data Processing

Once entered into the computer, all data are stored in a field observation file . With
the aid of specially devised software, the computer operator checks RO readings
and then the three-dimensional coordinates (E, Nand RL) are automatically com
puted for each point of detail surveyed in the field . This information, together
with the code for each point, is stored in a coordinate file. At this stage, it is neces
sary to begin editing the coordinate file in order to ensure that information shown
on the final plot is in the correct position, is annotated correctly and fits the
descriptions given by the field surveyor. This editing process is carried out using
software often known as an interactive graphics routine . The interactive graphics
enable any small area of the coordinate me to be selected for display on the graphics
screen. Information viewed can then be changed , moved or erased on the graphics
screen as desired by using a light pen (see figure 8.8) or an electronic cursor. As
points are changed , new coordinates are computed and the point code altered
accordingly . This information is displayed, via the coordinate file, on the alpha
numeric monitor. Various layers of information or combination oflayers can be
presented to the screen for editing. These layers are made up by the coordinate
flle using the point codes and the layers can contain such data as characters, line
work, symbols, buildings, spot levels, roads, water features, underground services,
overhead lines and so on.

The coordinate me is also used to produce computer generated contours. Since
contours should not be drawn across certain features such as embankments, cuttings,
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Figure 8 .8 Interactive graphics using light pen (courtesy of the Central Survey Branch . PSA,
D oE)

ditches , buildings and so on, the computer is instructed not to draw contours
through these features . This is achieved by labelling, in the coordinate file, the edges
of the embankments and so on with suitable codes. The contour information is
usually contained in a separate information layer.

8. 7.3 Data Output

After all editing has been carried out, the plan is drawn by a plotting table or a flat
bed plotter in ink on plastic film. Sections of computer plots are shown in figures
8.9 and 8.10. The contours shown across the tarmac surface in figure 8.10 have
been drawn deliberately as part of a runway resurfacing survey. Asan alternative
to a full plot , various layers can be drawn for specialised uses, for example , a plan
highlighting underground services can be drawn if required .

Inaddit ion to a graphical output, the contents of the coordinate file can be
stored on tape or disc for future use. In some systems, the coordinate file is used
to create DTMs (Digital Terrain Models) which are discussed in the following section .
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Figure 8.9 Part of a survey plotted by computer (produced by the Central Survey Branch,
PSA , DoE)

8.8 Digital Terrain Models (DTMs)

A DTM is a means of representing the shape of natural surfaces in digital form suit
able for storage in a computer. To form a DTM, a detail survey is carried out in the
area for which the DTM is required . Since the shape of natural surfaces varies in a
random way, the network of points surveyed to represent the shape of the ground
will usually form a random pattern consisting of horizontal coordinates with
associated heights.

In many cases, photogrammetric methods involving aerial surveys are used to
provide surface information for DTMs. These methods are well suited to obtaining
three-dimensional information over large areas where ground techniques would
become laborious .

A DTM is usually formed from the field data using one of the following
techniques.

A square grid DTM is one in which data points are obtained at the nodes of a
square grid. This model is formed by the computer interpolating the height of each
grid node from the field data provided .

A triangular grid DTM is one in which data points are interpolated at the corners
of linked triangles which are positioned to give the best representation of the
ground surface.
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Figure 8.10 Computer generated contours (produced by the Central Survey Branch, PSA ,
DoE)
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A string DTM is one which uses the field data directly to form the model. In
these models , ground information is recorded as a series of two or three-dimensional
st rings. For example , existing roads , buildings, hedges and so on can fonn strings
and these can be surveyed in sequen ce in the field. Three-dimensional coordinates
can be calculated for each point surveyed and the line joining each discrete point
represents the string stored in a computer. In such models , contours are a form of
two-dimensional string and point strings can also be defined for detail such as
individual trees, pylons and so on .

The methods given in section 8.7.1 for data acquisition in computer aided plot
ting also apply to data acquisition for a DTM but the computer functions and data
output are different in many respects. With appropriate computer programs, a
DTM can be used to produce a survey plan and this can be drawn if a suitable
plotter is available. However , DTMs have many more applications than plan pro
duction and, when combined with a suitable computer system , DTMs have been
applied very successfully to road alignment design and to the estimation of earth
work quantities. These applications are discussed in section 10.16.

8.9 Further Reading

Department of Transport, Technical Memorandum H5/78, Model Contract for
Topographical Survey Contracts (Department of Transport , 1978).
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Circular Curves

In the design of roads and railways, straight sections of road or track are connected
by curves of constant or varying radius as shown in figure 9.1. The purpose of the
curves is to deflect the road through the angle between the two straights, (J. For
this reason, (J is known as the deflection angle.

The curves shown in figure 9.1 are horizontal curves since all measurements in
their design and construction are considered in the horizontal plane. The two main
types of horizontal curve are

(1) circular curves , which are curves of constant radius as shown in figure 9.la
(2) transition curves , which are curves ofvarying radius as shown in figure 9.1b.

This chapter covers the design and setting out of circular curves and chapter 10
covers transition curves.

R R

o
(0)

r= OJ

(b)

stroight

Figure 9.1 Horizontal curves: (a) circular curve ; (b) transition curve

9.1 Types of Circular Curve

A simple circular curve consists of one arc of constant radius, as shown in figure 9.2.
A compound circular curve consists of two or more circular curves of different



CIRCULAR CURVES

c

o

Figure 9.2 Circular curve geometry

215

radii. The centres of the curves lie on the same side of the common tangent , as
shown in figure 9.17 in section 9.1 I .

A reverse circular curve consists of two consecutive circular curves, which may
or may not have the same radii, the centres of which lie on opposite sides of the
common tangent, as shown in figure 9.18 in section 9.12.

9.2 Terminology of Circular Curves

Figure 9 .2 illustrates some of the terminology of horizontal curves and it is impor
tant that these terms are fully understood before proceeding with the derivations
of the fonnulae used.
In figure 9.2
Q is any point on the circular curve TPU
S is the mid-point of the long chord TSU
P is the mid-point of the circular curve TPU
intersection point =I
tangent points = T and U
deflection angle =8 =external angle at I =angle cm
radius of curvature = R
centre of curvature = 0
intersection angle =(180 0

- 8) =internal angle at I =angle TIU
long chord = TU
tangential angle = for example , angle ITQ = angle from the tangent length at T
(or U) to any point on the curve
mid-ordinate = PS
radius angle = angle TOU = deflection angle cm
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external distance = PI
tangent length = IT = IV

SURVEYING FOR ENGINEERS

9.2.1 Important Relationships in Circular Curves

In figure 9.2, triangle lTV is isosceles, therefore angle lTV = angle JUT = 8/2 . Hence ,
referring to figure 9.3 :

The tangential angle, 0:, at T to any point, X, on the curve TU is equal to half
the angle subtended at the centre ofcurvature, 0, by the chord from T to that
point.
Similarly , in figure 9.4 :

The tangential angle, 13, at any point, X, on the curve to any forward point, Y,
on the curve is equal to half the angle subtended at the centre by the chord between
the two points.

Another useful relationship is illustrated in figure 9.5, which is a combination
of figures 9.3 and 9.4 .
From figure 9.3, angle TOX =2 0:, hence angle ITX =0:.

From figure 9.4, angle XOY = 2 13, hence angle AXY = 13.

Figure 9 .3

o
Figure 9.4

o

tangent to
curve at X

o
Figure 9.S

o

Figure 9 .6
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Therefore, in figure 9.5, angle TOY = 2(a + (3) and it follows that angle ITY =
(a + (3). In words, this can be stated as

The tangential angle to any point on the curve is equal to the sum of the tan
gential angles from each chord up to that point.

The relationships illustrated in figures 9.3, 9.4 and 9.5 are used when setting ou t
the curves by the method of tangential angles (see section 9.9.1).

9.2.2 Useful Lengths

From the geometry of figure 9.2, the following can be derived

tangent length (IT and IV)
external distance (PI)
mid-ordinate (PS)
long chord (TO)

9.3 Radius and Degree Curves

= R tan 8/2
=R (sec (8/2) - I)
=R (I - cos (8/2)
= 2R sin 8/2

Circular curves can be referred to in one of two ways.

(I) In terms of their radius, for example , a 750 m curve. This is known as a
radius curve .

(2) In terms of the angle subtended at the centre of the curve by a 100 marc,
for example, a 2° curve. This is known as a degree curve , and is shown in figure 9.6 .

In figure 9.6 , arc VW= 100 m and subtends an angle of DO at the centre of cur
vature O. The curve TO is, therefore , a DO degree curve.

The relationship between the two types of curve is given by the formula DR =
(18 000/1T), in which D is in degrees and R in metres, for example , a curve of radius
1500 m is equivalent to

DO = 18000 = g =3.8200
(l5001T) 1T

that is, a 1500 m radius curve = a 3.820° degree curve.

9.4 Length of Circular Curves (L c)

(I) For a radius curve, Lc = (R 8) m, where R is in metres and 8 is in radians.
(2) For a degree curve, Lc = (1008 /D) m, where 8 and D are in the same units ,

that is, degrees or radians.

9.5 Through Chainage

Through chainage or chainage is simply a distance and is usually in metres. It is a
measure of the length from the starting point of the scheme to the particular point
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U stroicjlt

·r
R

Figure 9 .7 Chain age along a circular curve

in question and is used in road, railway, pipeline and tunnel construction as a means
of referencing any point on the centre line.

Figure 9.7 shows a circular curve, of length L e and radius R running between two
tangent points T and V , which occurs in the centre line of a new road. As shown in
figure 9.7, chainage increases along the centre line and is measured from the point
(Z) at which the new construction begins. Z is known as the position ofzero chain
age.

Chainage continues to increase from Z along the centre line until a curve tangent
point such as T is reached . At T, the chainage can continue to increase in two direc
tions , either along the curve (that is, from T towards V) or along the straight (that
is, from T along the line II produced). Hence it is possible to calculate the chainage
of the intersection point I.

In the design stage, when only the positions of the straights will be known , chain
age is considered along the straights. However, once the design has been completed
and the lengths of all the curves are known, the centre line becomes the important
feature and chainage values must be calculated from the position of zero chainage
along the centre line only . This is done in order that pegs can be placed at regular
intervals along the centre line to enable earthwork quantities to be calculated (see
chapters 12 and 13). Hence if the chainage of the intersection point , I, is known
and the curve is then designed, the chainages of tangent points T and V,which both
lie on the centre line, can be found as follows with reference to figure 9.7

through chainage of T =through chainage of I - IT
through chainage of V =through chainage of T +L e

A common mistake in the calculation of through chainage is to assume that
(II + IV) = L e. This is not correct. Similarly, the chainage of V does not equal the
chainage off + IV. To avoid such errors the following rule must be obeyed:

When calculating through chainage from a point which does not lie on the centre
line (for example , point I in figure 9.7) it is necessary to first calculate the chainage
of a point which lies further back on the centre line (that is, in the direction of zero
chainage) before proceeding in a forward direction on the centre line.
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In circular curve design there are three main variables: the deflection angle e, the
radius of curvature R and the design speed v.

All new roads are designed for a particular speed and the chosen value depends
on the type and position of the proposed road (see section 10.3) . The Department
of Transport (DTp) stipulate design speeds for particular classes of road. This leaves
eand R to be determined.

When designing new roads, there is usually a specific area (often referred to as a
band a/interest) within which the proposed road must fall to avoid certain areas of
land and unnecessary demolition. When improving roads, this band of interest is
usually very clearly defined and is often limited to the immediate area next to the
road being improved . Hence, in both cases, there will be a limited range of values for
both e and R in order that the finished road will fall within this band of interest.

If at all possible, emust be measured accurately in the field before the design
begins. If this is not immediately possible, an approximate value of e can be measur
ed using a protractor from the two straights drawn on the plan of the area. This
value is then used for an initial design which is later amended once ehas been accur
ately determined. The alteration will, however, be slight and the approximate value
of e is ideal for ensuring that the design will fit adequately into the area.

R is chosen with reference to design values again stipulated by the DTp. These
values are discussed in much greater detail in chapter 10 but basically they limit
the value of the minimum radius which can be used at a particular speed for a
wholly circular curve. If a radius value below the minimum is used it is necessary
to incorporate transition curves into the design.

An initial radius value, greater than the minimum without transitions is chosen,
the tangent lengths are calculated using Rand e and they are fitted on the plan . If
there are no problems of fit this initial design value can be used, otherwise a new
radius value would be chosen and a new fit obtained . Eventually, a suitable R value
would be selected. The design is completed by calculating the superelevation
required for the curve. This is fully discussed in section 10.2.

This trial and error method is suitable if any value ofR above the minimum with
out transitions can be used and literally thousands of designs are possible and will
all be perfectly acceptable . However, if a curve has to have particular tangent
lengths, the following procedure can be adopted

(1) exact tangent length =R tan e/2
(2) only R is unknown, hence it can be calculated
(3) R should be checked against the DTp values (see chapter 10) to ensure

that it is greater than the minimum without transitions. If it is not, transitions must
be incorporated.

Having obtained e and chosen a value for R by one of the methods just described,
the rest of the design procedure can be followed through and the curve set out on
site.

The following sections, 9.7 to 9.10 inclusive, deal with the design method and
the setting out procedures in much greater detail .
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9.7 Location of the Intersection and Tangent Points in the Field

It is not sufficiently accurate to scale the position of the tangent points from a plan
and they must be accurately set out on site. The procedure is as follows with refer
ence to figure 9.8.

(1) Locate the two tangent lines AC and BD and define them by means of a
suitable target (see section 5.5.2)

(2) Set a theodolite up on one of the lines (say AC) and sight towards the
intersection of the two tangents at 1.

(3) Drive in two pegs x and y on the line AC such that BD will intersect the
line xy. The exact position of the tangent line should be marked by nails in the top
of the pegs (see figure 5.5).

(4) Join pegs x and y by means of a string line.
(5) Set up the theodolite on BD pointing towards I and fix the position of I

by driving in a peg where the line of sight from BD intersects the string line.
(6) Set up the theodolite over I and measure angle AlB, hence angle 8 .
(7) Calculate tangent lengths IT and IV usingR tan 8/2 .
(8) Measure back from I to T and V , drive in pegs and mark the exact points

by nails in the tops of the pegs.
(9) Check the setting out by measuring angle ITV, which should equal 8/2 .

The use of two theodolites simplifies the procedure by eliminating steps (3)
and (4) .

A

Figure 9.8

u

B

9.8 Location of the Tangent Points when the Intersection Point is Inaccessible

Occasionally, it is impossible to use the method described in section 9.7 owing to
the intersection point falling on a very steep hillside, in marshy ground or in a lake
or river and so on. In such cases, the following procedure should be adopted to
determine 8 and locate the tangent points T and V . Consider figure 9.9.

(1) Choose points A and B somewhere on the tangents such that it is possible
to sight from A to B and B to A and also to measure AB.

(2) Measure AB.
(3) Measure angles a and f3 , deduce 'Y and hence 8.
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(4) Vse the Sine Rule to calculate IA and lB.
(5) Calculate IT and IV from R tan 012.
(6) AT =IA - IT and BV =IB - IV, hence set out T and V . If A and Bare

chosen to be on the other side of T and V, AT and BU will have negative values.
(7) If possible, sight from T to V to check. Measure angle lTV which should

equal 012.

9.9 Setting Out Circular Curves

Several methods are considered, of which the tangential angles methods using either
one or two theodolites and the methods involving coordinates are the most accurate.

9.9.1 Tangential Angles Method

The method requires one theodolite and a tape. The formula used for the tangential
angles is derived as follows and uses the relationships developed in section 9.2 .1.
Consider figure 9.10, in which tangential angles 0:1 and 0:2 are required. The assump
tion is made that arc TK = chord TK if chord ~ R/20.

tangent
at K

L

o

Figure 9 .10
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Therefore

Hence

Similarly
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chord TK = R2cxI (CXI in radians)

CXI = (TK /2R) X (l80/1T) degrees

CX2 = (KL/2R) X (l80/1T) degrees

Note that the chord for CX2 is KL not TL.
In general

CX =(l80/21T) x (chord length/radius) degrees

= 1718.9 x (chord length/radius) minutes

Calculation procedure

(l) Determine the total length of the curve.
(2) Select a suitable chord length s; (R/20) , for example , 10 m, 20 m. This

will leave a sub-chord at the end and it is usually necessary to have an initial sub
chord in order to maintain equal chord lengths.

This is very important since pegs are usually placed on the centre line of the
curve at exact multiples of through chain age to help in subsequent earthwork cal
culations, for example , pegs would be required at chainages 0 m, 20 m , 40 m, 60 m
and so on if a 20 m chord has been selected . The chord must be';;;; (R/20) in order
that the assumptions made in the derivation of the formula still apply.

(3) A series of tangential angles is obtained from the formula previously
derived, for example, CXl , ( CX I + CX 2), (CXI + CX 2 + CX3) and so on corresponding to
chords TK, KL, LM and so on .

In practice, CX 2 = CX3 = CX4 and so on , since all the chords except the first and the
last will be equal. Therefore , usually only three tangential angles need to be calcu
lated.

(4) All the cumulative angles are measured from the tangent point with refer
ence to the tangent line IT but the chord lengths swung are individual, not cumula
tive .

(5) The results are normally tabulated before setting out the curve on site .

Setting-out procedure

(1) The tangent points are fixed and the theodolite is set up at one of them ,
preferably the one from which the curve swings to the right. This ensures that the
tangential angles set on the horizontal circle will increase from 0°.

(2) The intersection point is sighted such that the horizontal circle is reading
zero.

(3) The tangential angle for the first chord is set on the horizontal circle .
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(4) The first chord is then set out by lining in the tape with the theodolite
and marking off the length of the chord from the tangent point.

The chord lengths used in the calculations are considered in the horizontal plane ,
therefore the chord lengths set out must be either stepped or slope lengths must be
calculated and used .

(5) The horizontal scale of the theodolite is set to the value of the first two
tangential angles, that is (0:1 + 0:2) , and the tape again lined in.

With one end of the tape on the point fixed for the first chord, the length of the
second chord is marked off. In practice, points are normally located by a peg in the
top of which a nail is driven to within 5 to 10 mm of the top to mark the exact
position . The end of the tape can be secured over the nail while the next point is
located.

(6) This procedure is repeated until point V is set out. As a check, the tangen
tial angle lTV should equal 8/2 .

An example based on this method is given in section 9.15.1.

9.9.2 Setting Out using Two Theodolites

This method is based on the tangential angles method and is used when the ground
between the tangent points is of such a character that taping proves difficult, for
example , very steep slopes, undulating ground, ploughed fields or if the curve is
partly over marshy ground. The method is as follows and is shown in figure 9.11 .

Two theodolites are used , one being set at each tangent point. One disadvantage
of the method is that two of everything are required , for example , two engineers ,
two instruments and , preferably, two assistants to locate the pegs.

Figure 9.11

a,

R R

1360-6/2 + ad

The method adopted is one of intersecting points on the curve with the theodo-
lites .

In figure 9.11, to fIX point Z
0:1 is set out from T relative to IT and
(360° - (8/2) + 0:1) is set out from V relative to VI.
The two lines of sight intersect at Z where an assistant drives in a peg. Good

liaison between the groups is essential and, for large curves, two-way radios are a
very useful aid.
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9.9.3 Offsets from the Tangent Lengths

This method requires two tapes or a chain and a tape. It is suitable for short curves
and it may be used to set out additional points between those previously established
by the tangential angles method. This is often necessary to give a better defmition
of the centre line. Consider figure 9.12.

Required The offset AB, from a point A on the tangent , to the curve.
In triangle OBC

OB2 = OC2 + BC2

Therefore

R2 = (R _ X)2 + y2

From here there are two routes

either

or

(2)R 2 =R2 _ 2RX + X 2 + y2

Dividing through by 2R gives

X = (y2 /2R) + (X 2/2R)

but (X 2 /2R) will be very small since R is very large compared with X , therefore it
can be neglected. Therefore

x= (y2 /2R) (9.1)

Equation (9.1) is accurate only for large radii curves and will give errors for small
radii curves where the effect of neglecting the second term cannot be justified.

Once the tangent points are fixed , the lines of the tangents can be defined using
a theodolite or ranging rods and the offsets (X) set off at right angles at distances
(Y) from T and then from U. Half the curve is set out from each tangent point.

Figure 9 .12

o

TA= Y
AB=X

T

Figure 9 .13

o

ED= FH= Y
HD= FE= X

Xm = mid-onfinote
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This method also uses two tapes or a chain and tape. It is suitable for curves of small
radius such as boundary walls and kerb lines at road intersections. Also, it is a very
useful method when the tangent lengths are inaccessible and method 9.9.3 cannot
be used .
Consider figure 9.13 .

Required The offset HD from the long chord TV at a distance Y from F. In this
method all offsets are established from the mid-point F of the long chord TV. Let
the length of chord TV = W. In triangle TFO

Therefore

Hence

Therefore

(9 .2)

In triangle ODE

OD2 = OE2 + DE2

Therefore

R 2 = (OF + X)2 + y 2

Hence

(9 .3)

But

OF=(R -Xm )

Therefore from equation (9.2)

OF =y(R2 - (W/2)2)

Therefore from equation (9.3)

X = y(R2 _ y2) _ y(R 2 _ (W/2)2)

Once the tangent points are fixed , the long chord can be defined and point F
established. The offsets are then calculated at regular intervals from point F, firstly
along FT and secondly along FV.

Again, it is very useful to tabulate the offsets from FT and FV before beginning
the setting out.

When setting out , the distance Y to a particular point is measured from F
towards T and V and the corresponding offset X set out at right angles at that point.
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9.9.5 Setting-out Methods involving Coordinates

These methods are nowadays used in preference to the more traditional techniques.
In such methods, which are suitable for all horizontal curves, the National Grid

or local coordinates of points on the curve are calculated and these points are then
fixed by either

(1) intersection from two of the control points in the main survey network
surrounding the proposed scheme (see figure 9.14) ; or

(2) bearing and distance (polar rays) from control points in the main survey
network (see figure 9.15). To fix point A, a: is turned off from direction PQ and
distance PA measured and to fix point B, (3 is turned off and distance PB measured.

For a complete curve, consider figure 9.16. Points A, B, C, D, E and F are points
to be set out at regular intervals of through chainage on the curve from control
points P and Q.

A ond B fixedby poIor
roys from SAJrvey stotionsPond Q

B

Q

----- - ---
- A....

p

., A

A and B fixed by intersection
from survey stations P and Q

Figure 9 .14 Figure 9 .15

Figure 9 .16

Procedure

(l) Locate T and U as discussed in sections 9.7 and 9.8.
(2) Obtain coordinates of T and U either by taking intersection observations

from P and Q or by including T and U in a traverse with P and Q.
(3) Calculate chord lengths TA, AB, BC and so on and respective tangential

angles as normal .
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(4) Calculate bearings TA, AB, BC and so on.
(5) Calculate the coordinates of points A to U from T, treating TABCDEFU

as a closed route traverse.
(6) Derive bearings PA and QA, PB and QB, PC and QC, and so on from their

respective coordinates.
(7) Calculate the lengths PA and QA, PB and QB, PC and QC, and so on from

their respective coordinates.
(8) Set out the curve by either

(i) intersection from P and Q using bearings PA and QA, PB and QB, and
so on ; or
(ii) polar rays from P or Q, using bearings PA or QA, PB or QB, and so on,
and lengths PA or QA, PB or QB, and so on .

Section 9.15 .2 shows an example involving the setting out of a circular curve by
intersection from nearby traverse stations.

9.9.6 Summary ofSetting-out Methods

Several methods have been discussed and the one finally chosen depends, to some
extent, on the project involved.

Generally , tangential angles methods and methods involving coordinates are
used owing to their greater accuracy, and the latter are now widely used since
calculators and computers have greatly reduced the laborious time that was once
associated with the calculation of coordinates. Indeed , computers and desk calcu
lators are now used for all but the simplest curves.

The advantages and disadvantages of coordinate based methods are discussed in
section 10.12.

Offset methods are used for less important curves, for example, housing estates,
minor roads, kerb lines, boundary walls and so on, and the long chord method is
particularly useful when the tangent length is inaccessible for some reason and the
tangent length method cannot be used.

9.10 Obstructions to Setting Out

If care has been taken in route location and in the choice of a suitable radius there
should be no obstruction to setting out other than the need to clear the ground
surface. However, should obstructions arise, one of the coordinate methods of set
ting out described in section 9.9.5 can be used to set out the sections of the curve
on either side of the obstruction to allow work to proceed. Once the obstruction
has been removed, the same method can be employed to establish the missing
section of the centre line.

9.11 Compound Circular Curves

These consist of two or more consecutive circular curves of different radii without
any intervening straight section .
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The object of such curves is to avoid certain points, the crossing of which would
involve great expense and which cannot be avoided by a simple circular curve.

Today they are uncommon since there is a change in the radial force (see section
10.1) at the junction of the curves which go to make up the compound curve. The
effect of this, if the change is marked, can be to give a definite jerk to passengers,
particularly in trains.

To overcome this problem, either very large radii should be used to minimise the
forces involved or transition curves should be used instead of the compound curve.

A typical two-curve compound curve is shown in figure 9.17.
In figure 9.17, AB = common tangent through Tc and (a + (j) = e.

The design of such a curve is best done by treating the two sections separately
and choosing suitable values for a, {j, R 1 and R 2 and proceeding as for two simple
circular curves, that is; TITc and TcT2·

In compound circular curves, the tangent lengths IT 1 and IT2 are not equal.

Figure 9 .1 7 Compound cur ve

9.12 Reverse Circular Curves

0,

F igure 9 .18 R everse cur ve

These curves consist of two consecutive curves of the same or different radii with
out any intervening straight section and with their centres of curvature falling on
opposite sides of the common tangent. They are much more common than com
pound circular curves and, like such compound curves, they can be used to avoid
obstacles. Often , however , they are used to connect two straights which are very
nearly parallel and which would otherwise require a very long simple circular curve.

A typical reverse circular curve is shown in figure 9.18. In order to conne ct the
two straights Till and T212 it is necessary to introduce a third straight 111 2. A trial
and error method using several different straights is employed until a suitable point ,
Tc - is chosen .

Once the point Tc has been decided , the reverse curve can be considered as two
separate simple curves with no intermediate straight section , that is, TITc and
TcT2 •
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With reference to figure 9.18, T, I, =I, Tc and TcI 2 =12 T2 but I, Tc does not
necessarily equal TcI 2 .

9.13 Summary of Circular Curves

Although circular curves are straightforward in nature, much of their terminology
also applies to transition curves and it is vital , therefore , that a good understanding
of circular curves is attained before proceeding to study transitions.

Nowadays, although still used, circular curves tend to be used in conjunction
with transition curves rather than in isolation and there is an increasing tendency
to omit the circular curve section of such composite curves and design wholly
transitional curves. This is discussed much more fully in chapter 10.

9.14 Further Reading

Department of Transport, Roads and Local Transport Directorate, Departmental
Standard TD 9/81. Road Layout and Geometry: Highway Link Design (Depart
ment of Transport, 1981).

Department of Transport, Highways and Traffic Directorate, Departmental Advice
Note TA 43/84 : Highway Link Design (Department of Transport, 1984).

9.15 Worked Examples

9.15.1 Setting out by the Tangential Angles Method

Question

It is required to connect two straights whose deflection angle is 13° 16'00" by a
circular curve of radius 600 m.

Make the necessary calculations for setting out the curve by the tangential angles
method if the through chainage of the intersection point is 2745 .72 m.

Use a chord length of 25 m and sub-chords at the beginning and end of the curve
to ensure that the pegs are placed at exact 25 m multiples of through chainage.

Solution

Consider figure 9.19

Tangent length =R tan 8/2 = 600 tan 6°38'00" = 69 .78 m

Therefore

through chainage ofT = 2745 .72 - 69.78 = 2675.94 m

To round this figure to 2700 m (the next multiple of25 m) an initial sub-chord is
required. Hence

length of initial sub-chord = 2700 - 2675 .94 = 24 .06 m

length ofcircular curve =R 8 =(600 x 13.2667 x n)/180 =138.93 m
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Figure 9.19

Therefore
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choinoge I" 2745.72 m
6°38' 00"

through chainage ofV =2675.94 + 138.93 =2814.87 m

Hence a final sub-chord is also required since 25 m chords can only be used up to
chain age 2800 m. Therefore

length of final sub-chord =2814.87 - 2800 =14.87 m

Hence three chords are necessary

initial sub-chord of
general chord of
final sub-chord of

24.06 m
25.00 m
14.87 m

The tangential angles for these chords are obtained from the formula Q = 1718.9 x
(chord length/radius) min as follows

for initial sub-chord = 1718.9 x (24 .06/600) =68 .93' =01°08 '56"
for general chord = 1718.9 x (25 .00/600) =71.62' =01°11'37"
for final sub-chord = 1718.9 x (14 .87/600) =42.60' =00°42'36"

Applying these to the whole curve, the tabulated results are shown in table 9.1. The
points on the centre line are designated C1 , C2 , C3 ,C4 and C5 for use in example
9.15.2.

As a check, the final cumulative tangential angle shown in table 9.1 should equal
0/2 within a few seconds . Also the sum of the chords should equal the total length
of the circular arc.

Note that since Q is proportional to the chord length, any chords of equal length
will have the same tangential angle and this is simply added to the cumulative total.

9.15.2 Setting out from Coordinates by Intersection

Question

The circular curve designed in example 9.15.1 is to be set out by intersection
methods from two nearby traverse stations A and B. The position of the tangent
point, T , is set out on the ground and its coordinates are obtained by taking obser-
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TABLE 9.1

Chainage Chord Length Individual Tangential Cumulative
Point Tangential(m) (m) Angle Angle

T 2675.94 0 00' 00' 00" 00' 00' 00"

C1 2700.00 24.06 01' 08' 56" (llll 01' 08' 56"

C, 2725.00 25.00 01' 11' 37" (ll,) 02' 20' 33"

C3 2750.00 25.00 01'11' 37" (ll3) 03' 32' 10"
C, 2775.00 25.00 O~O 11' 37" (ll') 04° 43' 47"
Cs 2800.00 25.00 01' 11' 37" (llS) 05° 55' 24"
U 2814.87 14.87 00° 42' 36" (lld 06° 38' 00"

E 138.93 (checks)

vations to it from A and B. Observations taken from T to the intersection point , I,
enable the whole-circle bearing of TI to be calculated as 63°27' 14".

The coordinates of A, Band T are as follows

A 829.17 mE, 724.43 mN
B 915.73 mE, 691.77 mN
C 798.32 mE, 666.29 mN

Using the relevant data from example 9.15.1, calculate

(1) the coordinates of all the points on the centre line of the curve which lie
at exact 25 m multiples of through chainage

(2) the bearing ABand the bearings from A required to establish the directions
to all these points

(3) the bearing BAand the bearings from Brequired to establish the directions
to all these points .

Solution

Figure 9.20 shows all the points to be set out together with traverse stations A and
B.

Figure 9.20
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(1) Coordinates ofall the points on the centre line

Coordinates ore,
With reference to figure 9.21 and table 9.1

N

Figure 9 .21

bearing TCI =bearing TI +al

= 63°27'14" + 01°08'56" = 64°36'10"

horizontal length TC I = 24.06 m

Therefore

M TC, = 24.06 sin 64°36'10" = + 21.735 m

!:1NTC1 = 24.06 cos 64°36'10" = + 10.319 m

Hence

Ec, = ET + (MTC , )

= 798.32 + 21.735 = 820 .055 m

Nc =NT + (!:1NT C )I ,

=666.29 + 10.319 =676.609 m

These are retained with three decimal places for calculation purposes but are finally
rounded to two decimal places.

Coordinates of C2

With reference to figure 9.22 and table 9.1

AI + (90° - al) + (90° - a2) = 180°

Hence

AI = at +a2

= 01°08'56" + 00°11'37" = 02°20'33"
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Figure 9 .22

Therefore

bearing C I Cz = bearing TCI + Al

= 64°36'10" + 02°20'33" = 66°56'43"

From table 9.1, horizontal length CI Cz = 25.00 m, therefore

M c C = 25.00 sin 66°56'43" = + 23.003 m
1 2

!:iNc C =25 .00cos66°56'43"=+ 9.790m
1 2

Hence

Ec =Ec +(Mc c )
2 1 1 2

= 820.055 + 23.003 = 843 .058 m

Nc =Nc + (!:iNc c )
2 I 1 2

= 676.609 + 9.790 = 686.399 m

Coordinates ore,
With reference to figures 9.21, 9.22 and table 9.1

Az = Qz + Q3

= 01°11'37" + 01°11'37" = 02°23'14"

bearing CZC 3 = bearing CIC Z + AZ

= 66°56 '43" + 02°23'14" = 69°19'57"

From table 9.1 , horizontal length CZC3 = 25.00 m, therefore

M c c = 25.00 sin 69° 19'57" = + 23.391 m
2 3

!:iNc C =25.00cos69°19'57"=+ 8.824m
2 3

233
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Therefore
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EC3 =Ec, + (LlEc,c)

= 843 .058 +23.391 = 866 .449 m

Nc =Nc +(t:.Nc c)
3 '2 '2 3

=686.399 +8.824 =695.223 m

Coordinates ofC4 and Cs

These are calculated by repeating the procedure used to calculate the coordinates
of C3 from those of C2 • The values obtained are

C4 = 890 .187 mE, 703.065 mN

Cs = 914.231 mE, 709.911 mN

Coordinates of U

These are calculated twice to provide a check.
Firstly , they are calculated from point C, by repeating the procedure used to

calculate the coordinates of C3 from those of C2 • The values obtained are

U = 928.660 mE, 713.505 mN

Secondly, they are calculated by working along the straights from T to I to U
as follows

bearing II = 63°27'14"

horizontal length II = 69.78 m (see example 9.15.1)

Hence

LlETI = 69.78 sin 63°27'14" = + 62.423 m

t:.NTI = 69.78 cos 63°27'14" = + 31.186 m

Therefore

EI =ET + (LlETI )

= 798.32 + 62.423 = 860 .743 m

N I = NT + (t:.NTI )

=666.29 + 31.186 =697.476 m

From example 9.15.1, 8 = 13°16'00", hence

bearing IV = bearing II +8

=63°27'14" + 13°16'00" =76°43'14"

horizontal length IV = 69.78 m
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From which
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M IU = 69 .78 sin 76°43'14" = + 67.914 m

t:.NIU =69.78 cos 76°43'14" =+ 16.029 m

Eu =EI + (MIU )

=860.743 + 67.914 =928.657 ill

N u = N I + (t:.NIU )

=697.476 + 16.029 =713.505 m
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These check, within a few millimetres, the values obtained for the coordinates of
U calculated around the curve.

All the coordinates are listed in table 9.2 and have been rounded to two decimal
places.

(2) BearingAB and the bearings to the points from A

These are calculated from the coordinates of the points using either the quadrants
method or by using rectangular/polar conversions as discussed in section 5.10. The
bearings are listed in table 9.2.

(3) Bearing BA and the bearings to the poin ts from B

Again, one of the methods discussed in section 5.10 is used. The bearings are listed
in table 9.2.

TABLE 9.2

Point Chainage Coordinates Bearing from A Bearing from B
(m) mE mN

T 2675.94 798.32 666.29 207 56 59 257 45 23
C1 2700 .00 820.05(5) 676.61 190 47 34 260 59 44

C. 2725 .00 843.06 686.40 159 56 24 265 46 26
C, 2750.00 866.45 695.22 128 04 39 274 00 33
C, 2775.00 890.19 703.06(5) 109 17 51 293 51 17
Cs 2800 .00 914.23 709.91 99 41 09 355 16 36
U 2814.87 928.66 713.50(5) 96 15 55 30 44 59

Bearing AB = 1100 40' 19" Bearing BA = 290 0 40' 19"



10
Transition Curves

A transition curve differs from a circular curve in that its radius is constantly chang
ing. As may be expected, such curves involve more complex formulae than curves
of constant radius and their design can be complicated. Circular curves are un
questionably more easy to design than transition curves-they are easily set out on
site-and so the questions naturally arise, why are transition curves necessary, and
why is it not possible to use circular curves to join all intersecting straights?

10.1 Radial Force and Design Speed

The reason for the two types of curve is due to the radial f orce acting on the
vehicle as it travels round the curve.

A vehicle travelling with a constant speed v along a curve of radius r is subjected
to a radial force P such that P = (mv 2 /r) , where m is the mass of the vehicle.

This force is, in effect, trying to push the vehicle back on to a straight course.

On a straight road, r =infinity, therefore P =0
On a circular curve of radius R, r =R, therefore P =(mv 2 /R )

Roads and railways are designed for particular speeds and hence v, the design
speed, is constant for any given road; v is, in fact , the 85 percentile speed , that is,
the speed not normally exceeded by 85 per cent of the vehicles using the road .

Similarly, the mass of the vehicle can be assumed constant , therefore P ex I /r,
that is, the smaller the radius , the greater the force.

Therefore, any vehicle leaving a straight section of road and entering a circular
curve section of radius R will experience the full force (mv 2 /R ) instantaneously.

If R is small, the practical effect of this is for the vehicle to skid sideways, away
from the centre of curvature, as the full radial force is applied .

To counteract this , the Department of Transport (DTp) lay down minimum radii
for wholly circular curves. These are discussed in section 10.3 . If it is necessary to
go below the minimum stipulated radius at a particular speed, transition curves
must be incorporated into the design.
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p=o
r > 00

r = R

P maximum

transition curve, length Lr transit ion curve, lengt h Lr

/

p=o
, = 00

Figure 10.1 Composite curve

Transition curves are curves in which the radius changes from infinity to a par
ticular value. The effect of this is to gradually increase the radial force P from zero
to its highest value and thereby reduce its effect.

Usually the road curve consists of two transitions and a circular curve (see
figure 10.1).

For a vehicle travelling from T to U, the force P gradually increases from zero to
its maximum on the circular curve and then decreases to zero again. This greatly
reduces the tendency to skid and reduces the discomfort experienced by passengers
in the vehicles. This is one of the purposes of transition curves; by introducing the
radial force gradually and uniformly they minimise passenger discomfort. However ,
to achieve this they must have a certain property. Consider figure 10.1.

For a constant speed v, the force P acting on the vehicle is (mv2Ir). Since any
given curve is designed for a particular speed and the mass of a vehicle can be
assumed constant , it follows that P ex I/r.

However, if the force is to be introduced uniformly along the curve, it also
follows that P must be proportional to I, where I is the length along the curve
from the entry tangent point to the point in question.

Combination of these two requirements gives I ex I/r or rl =K , where K is a
constant. If L T is the total length of each transition and R the radius of the
circular curve, then RL T = K .

Hence, if the transition curve is to introduce the radial force in a gradual and
uniform manner it must have the property that the product of the radius of curva
ture at any point on the curve and the length of the curve up to that point is a
constant value. This is the definition of a spiral and because of this , transition
curves are also known as transition spirals. The types of curves used are discussed
further in section 10.6.

A further purpose of transition curves is to gradually introduce superelevation
and this is discussed in section 10.2.

10.2 Superelevation

Although transition curves can be used to introduce the radial force gradually in an
attempt to minimise its effect , this effect can also be greatly reduced and even
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Figure 10.2 Superelevation
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B

eliminated by raising one side of the roadway or one side of the track relative to the
other. Th is procedure is shown in figure 10.2 and the difference in height between
the road channels is known as the superelevation. By applying such superelevation,
the resultant force (see figure 10.2) can be made to act perpendicularly to the road
surface, thereby forcing the vehicle down on to the road surface rather than throw
ing it off.

The maximum superelevation (SE) occurs when r is a minimum. With reference
to figure 10.2.

tan Q = (mv Z/R)jmg

Therefore

tan Q = (VZ/gR)

But

SE =B tan Q

Therefore

maximum SE =(BvZ /gR)

This value is constant on the circular curve and is gradually introduced on the
entry transition curve and gradually reduced on the exit transition curve. If a
wholly circular curve has been designed, between one-half and two-thirds of the
superelevation should be introduced on the approach straight and the remainder
at the beginning of the curve. The superelevation should be run out into the straight
at the end of the curve in a similar manner.

For high design speeds, wide carriageways and small radii, the maximum super
elevation will be very large and if actually constructed will be alarming to drivers
approaching the curve. Also, any vehicle travelling below the design speed will tend
to slip down the road surface and the driver will have to understeer to compensate.
Should the maximum SE be constructed then any vehicle travelling at the design
speed will travel round the curve without the driver needing to adjust the steering
wheel.

Therefore , because of these aesthetic effects, the DTp stipulate maximum and
minimum values for superelevation.
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10.2.1 Maximum and Minimum Allowable Values ofSuperelevation

The DTp lay down the following rules for maximum superelevation.

(1) It should normally balance out only 45 per cent of the radial force P.
(2) It should not normally be steeper than 7 per cent (approximately 1 in

14.5) and , wherever possible , should be kept within the desirable value of 5 per
cent (1 in 20) .

(3) On sharp curves in urban areas superelevation shall be limited to 5 per
cent.

metresSE =

Therefore, although the maximum theoretical SE = (Bv2 /gR ), in practice , the
maximum allowable SE = 0.45 (Bv2/gR). Also, once calculated, if this maximum
allowable value gives a cross slope greater than 7 per cent then only 7 per cent
should be used, for example , even if the design requires a superelevation of 10 per
cent, only 7 per cent should be used.

The other 55 per cent of the radial force and any extra superelevation not
accounted for in the final design are assumed to be taken by the friction between
the road surface and the tyres of the vehicle. Hence the reason for vehicles skidding
in wet or greasy conditions.

Expressing v in kph , R in metres and substituting for g gives the maximum
allowable superelevation as

B x v2

282.8 x R

or , expressing the maximum allowable superelevation as a percentage, s, such that
s = 100(SE)/Bgives

s per cent = ---
2.828 x R

These expressions for maximum allowable superelevation hold for values of R down
to the absolute minimum values only (see section 10.3) .

The minimum allowable SE, to allow for drainage , is 1 in 40 , that is, 2.5 per
cent.

Further details on superelevation can be found in the references given in section
10.17 .

10.3 Current Department of Transport Design Standards

The DTp stipulates allowable radii for particular design speeds. These are shown in
table 10.1 which has been reproduced from the DTp publication Departmental
Standard TD 9/81, Road Layout and Geometry: Highway Link Design. This
standard replaces previous DTp publications including Layout ofRoads in Rural
Areas and Roads in Urban Areas.

An advice note , TA 43/84, referenced in section 10.17, provides a useful
guide to TD 9/81.
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TABLE 10.1
Current Department of Transport Highway Design Standards

(published here by permission of the Controller ofHer Majesty's Stationery Office)

DESIGN SPEED kph.

A. STOPPING SIGHT DISTANCE m.

120 100 85 70 60 50 v' / R

Al Desirable Minimum
A2 Absolute Minimum

8. HORIZONTAL CURVATURE m.

295 215 160 120
215 160 120 gO

90 70
70 50

Bl Minimum R • without el iminat ion of
Adverse Camber and Trans i t ions

82 Minimum R • with Superelevation of 2.5 %
B3 I I "II I I " 3.5%
B4 Desirable Minimum R .. 5%
B5 Absolute Minimum R .. 7%
86 lim iting Radius .. 7%

at sites of special difficulty
(Category B Design Speeds only)

C. VERTICAL CURVATURE

2880 2040
2040 1440
1440 1020
1020 720

720 510
510 360

1440 1020
1020 720
720 510
510 360
360 255
255 180

720 510
510 360
360 255
255 180
180 127
127 90

5
7.07

10
14.14
20
28.28

Cl FOSO Overtaking Crest K Value
C2 Desirable Minimum· Crest K Value
C3 Absolute Minimum .. .. ..
C4 Absolute Minimum Sag K Value

D. OVERTAKING SIGHT DISTANCE

400 285 200
182 100 55 30
100 55 30 17

37 26 20 20

142 100
17 10
10 6.5
13 9

01 Full Overtak ing Sight Distance FOSD m. 580 490 410 345 290

• Not recorrrnended for use in the design of single carriageways
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10.3.1 Use of the Design Standards
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It is strongly recommended that the DTp publicat ion from which table 10.1 has
been taken , together with its advice note, be studied in great detail before the
commencement of any highway link design (see section 10.17).

The following example is included merely as a guide to the use of the standard
in horizontal curve design work. Many factors , which are discussed in great detail
in the standard itself, may influence the final choice of design.

Examples of the use of table 10.1 in vertical curve design are discussed in
chapter 11.

Question

Two intersecting straights on a section of a highway designed for a speed of 85 kph
are to be joined using a horizontal curve. With reference to the current DTp design
standards, summarise the various choices of radii that are available.

Solution

From table 10.1, if a wholly circular curve is to be used, the minimum value of R
must be 1440 m (row BI).

If transition curves are to be included in the design then the following radii are
permissible for various superelevation values (rows B2 to B5):

for superelevation = 2.5 per cent, R must be ~ 1020 m
for superelevation s; 3.5 per cent, R must be ~ 720 m
for superelevation " 5 per cent , R must be ~ 510 m (Desirable Minimum)
for superelevation " 7 per cent, R must be ~ 360 m (Absolute Minimum)

In certain special cases, R can be lowered to 255 m (row B6) provided that 7 per
cent superelevation is used. However, wherever possible, radii values greater than
the desirable minimum ones should be used.

10.4 Use of Transition Curves

Transition curves can be used to join intersecting straights in one of two ways.

1004.1 Composite Curves

Figure 10.1 shows such a design. Transition curves of equal length are used on either
side of a circular curve of radius R .

Although this type of design has widespread use, it has the disadvantage that the
radius and hence the radial force is constant on the circular section and, if this force
is large, the length of the circular section represents a danger length over which the
maximum force applies. The values given for limiting radii in table 10.1 do greatly
reduce this occurrence but the use of transitions as described in section 10.4.2 is
often preferred.
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r=R

o

Tc =common tangent

r = (Xl

Figure 10 .3 Wholly transitional curve

10.4.2 Wholly Transitional Curves

Figure 10.3 shows such a design.
This curve has a constantly changing radius and hence a constantly changing

force , therefore the re is only a short length over which the force is high and hence
safety is increased. It is not always possible, however, to fit this type of curve
between the two intersecting straights.

The road shown in figure 10.3 consists of transitions of equal length and these
are discussed further in section 10.14.

10.5 Length of Transition Curve to be Used (LT )

Whatever length is used, it must be checked to ensure that passenger discomfort is
minimised . This depends on a parameter known as the rate ofchange ofradial
acceleration (c).

In practice, the value of c is kept below a certain maximum value and the
length of curve is calculated from it.

10.5.1 Rate of Change of Radial Acceleration

Consider figure 10.4 .

LT = total length of each
transition curve

r =(Xl

Figure 10.4

o
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The radial force at any point on the curve is given by P = (mv2/r), but force =
mass x acceleration, hence the radial acceleration at any point on the curve is given
by (v2/r).

Since v is constant for any given curve, the radial acceleration is inversely pro
portional to the radius. Therefore , the rate at which the radial acceleration changes
is inversely proportional to the rate at which the radius changes. The faster the
change in radius, the greater the rate of change of radial acceleration and hence the
faster the introduction of the radial force , resulting in a greater passenger discomfort

The transition curve must , therefore , be long enough to ensure that the radius
can be changed at a slow enough rate in order that the radial force can change at a
rate which is acceptable to passengers.

The rate of change of radial acceleration, therefore , should be treated as a safety
or comfort factor the value of which has an upper limit beyond which discomfort
is too great. The DTp recommended maximum value of cis 0.3 m/s3 although this
can be increased to 0.6 m/s3 in difficult cases.

A summary of the design method together with the final choice of a c value is
given in section 10.13 .

10.5.2 Length from Rate of Change of Radial Acceleration

In figure lOA

the radial acceleration at T 1 =(v2 /R ) and
the radial acceleration at T =zero

Therefore , the change in radial acceleration from T to T 1 = (v2 /R ), but the time
taken to travel along the transition curve = L T [v, Hence , the rate of change of radial
acceleration =c =(v2 /R )/(LT/v). Therefore

c = (v3/L T R )

Hence

Ifv is in kph

L T = (v3 /cR ) where v is in m/s

L T = (v 3 /3.63cR) metres

and this is the formula used in the design of transition curves.

10.6 Type of Transition Curve to be Used

Although an expression for the length of the transition curve is now known, it is
still not possible to set out the curve on site. This requires the equation of the
transition.

In the following sections, two different transitions are considered , the clothoid
and the cubic parabola.

In section 10.1 it was shown that for a transition curve the expression r/ = K
must apply , that is, the radius of curvature must decrease in proportion to the
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length . The c1othoid is such a curve and, because of this it is usually referred to as
the ideal transition curve or the ideal transition spiral. It is discussed in section 10.7.

Another transition curve in common use is the cubic parabola and, although it
does not have the property that rl is always constant, it can be used over a certain
range and the design calculations involved are much simpler than those for the
c1othoid. The cubic parabola is discussed in section 10.8.

It is recommended that the clothoid section be studied first since much of the
cubic parabola theory is based on it.

10.7 The Clothoid

Figure 10.5 shows two points M and N close together on the transition curve. rp is
the deviation angle between the tangent at M and the straight IT ; 0 is the tangential
angle to M from T with reference to IT ; x is the offset to M from the straight IT at
a distance y from T; 1is the length from T to any point, M, on the curve.

tangent at M

s

tangent at N

t----=--_--lN

Figure IO.S

The distance MN on the curve is considered short enough to assume that the
radius of curvature at both M and N is the same. Therefore

0/ =rorp

but it has been shown that rl = K is required , hence

1orp= - 0/
K

Integration gives rp = 12 12K+ constant , but when 1= 0, rp = 0, hence the constant =
O. Therefore

rp = 12 12K

but K =rl =RL T hence

rp = 12 12RL T (rp being in radians)

This is the basic equation of the c1othoid. If its conditions are satisfied and speed
is constant , radial force will be introduced uniformly.
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The maximum value of I/J will occur at the common tangent between the transi
tion and the circular curve, that is, when / = L T , hence

I/Jrnax = LT/2R (in radians)

10.7.1 Setting Out the Clothoid by Offsets from the Tangent Length

Figure 10.6 shows an enlarged section of figure 10.5. Since M and N are close, it
can be assumed that curve length MN is equal to chord length MN and expressions
for ox and oy can be derived as follows.

.... .... 0........ \
8y »> \

........... \8,r
.... \

»> 1+ \

Figure 10 .6

Ox =8/ sin I/J =(I/J _1/J3 /3! + I/Js /5! - . . .)8/

= [(I2/2K) - (/2 /2K)3 /3! + (/2 /2K)s /5! - . ..] 8/

Integration gives x = (/3 /6K) - (/7 /336K 3) + WI /42 240K S
) _ •••

oy = 8/ cos I/J = (1 _1/J2 /2! +1/J4/4! - )8/

= [1 - (/2 /2K)2 /2! + (/2 /2Kt /4! - ] 8/

Integration givesy = [/- (/5 /40K 2) + (/9/3456K 4 ) _ • •• ]

There are no constants of integration since x = y = 0 when / = O.
These formulae can be used to set out the clothoid as follows . In figure 10.7

(1) choose / and calculate x and y;
(2) set out x at right angles to the tangent length a distance y from T

towards I.

X3
X2

T
r

• y,

Y2
Y3

Figure 10.7
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However, calculation of x and y is difficult since they are both in the form of
infinite series. Special tables have been produced, however, listing values for these
series up to and including the second term and the widespread use of electronic
calculators has also eased the calculation process.

10.7.2 Setting Out the Clothoid by Tangential Angles

With reference to figure 10.5, tan 0 = xjy , hence, by calculating x and y for a
particular length I along the curve, 0 can be calculated . Infinite series are again
involved.

The calculation procedure and the method of setting out are identical to those
for the cubic parabola and are dealt with in section 10.8.2.

10.8 The Cubic Parabola

The cubic parabola formulae are derived by making certain assumptions in the
derivation of the clothoid formulae .

10.8.1 Setting Out the Cubic Parabolaby Offsets from the Tangent Length

In section 10.7.1, formulae involving infinite series were developed for setting out
the clothoid by means of offsets from the tangent. The assumption is now made
that the second and subsequent terms in these formulae can be neglected . Hence
x =(/ 3/6K) and y =I. Substituting for I givesx =0'3 /6K) . But K =rl =RLT hence

x = 0'3/6RL T )

This is the basic equation of the cubic parabola and it can be used to set out the
curve by offsets from the tangent lengths in a similar manner to that shown for the
clothoid in figure 10.7. In this case, however, since it is assumed that the length is
the same whether measured along the curve or along the tangent, the offset , x , is
calculated for different values ofy and set out as shown in figure 10.7.

10.8.2 Setting Out the Cubic Parabolaby Tangential Angles

With reference to figure 10.5, tan 0 =xly . But x =y3 /6RL T for the cubic parabola,
hence

tan 0 =0'3 /6RLT )/y =0'2 /6RL T )

Here another assumption is made in that only small angles are considered. There
fore tan 0 = 0 radians, hence

o= y2 /6RL T radians
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A useful relationship can be developed between 0, the tangential angle, and 1/>,
the deviation angle, as follows. I/> = 12/2RL

T is the basic equation of the clothoid,
but for the cubic parabolay = I. Therefore

I/> = y 2 /2RL T for the cubic parabola

However

o= y 2 /6RL T for the cubic parabola

Hence it follows that for the cubic parabola

o = 1/>/3 and omax = I/>max/3

This relationship is shown in figure 10.8.

r= R circular arc

'=00

straight T

Figure 10 .8

In order that the tangential angles can be set out by theodolite an expression in
terms of degrees or minutes is necessary, therefore

s=(y2 /6RL T ) (I80/1T) 60 minutes

Hence

s = (1800/1TRL T ) [2 minutes

since y =I.
The actual setting-out procedure is as follows.

Setting out the first peg

(1) II is chosen as a chord length such that it is";; R/20, where R is the mini
mum radius of curvature.

(2) 01 is calculated from II .
(3) A theodolite is set at T, aligned to I with a reading of zero and 01 is

turned off.
(4) A chord of length II is swung from T and lined in at point A as shown in

figure 10.9.

Setting out the second and subsequent pegs

(1) 02 is calculated from 12 ,

(2) 02 is set on the horizontal circle of the theodolite .
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Figure 10.9
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Figure 10 .10

(3) A chord oflength (/2 - 1d is swung from A and lined in at point Busing
the theodolite as shown in figure 10.10 .

(4) The system is repeated for all subsequent setting out points. Often , as with
circular curves, a sub-chord is necessary at the beginning of the curve to maintain
pegs at exact multiples of through chainage and hence a fmal sub-chord is often
required to set out the common tangent between the transition and circular curves.

10.8.3 Validity of the Assumptions made in the Derivation of the Cubic
ParabolaSetting-out Formulae

Three assumptions are made during the derivation of the formulae .

(1) The second and subsequent terms in the expansion of sin tP and cos tP are
neglected as being too small. This will depend on the value of cp.

(2) Tan 0 is assumed to equal 0 radians. Since 0 = tP/3 this will also depend
on the value of cp.

(3) y is assumed to equal 1, that is, the length along the tangent is assumed to
equal the length along the curve. Again, the value of cp will be critical since the
greater the deviation, the less likely is this assumption to be true .

Hence, all the assumptions are valid and the cubic parabola can be used as a
transition curve only if tP is below some acceptable value.

If the deviation angle remains below approximately 12° , there is no difference
between the clothoid and the cubic parabola. However, beyond 12° the assump
tions made in the derivation of the cubic parabola formulae begin to break down
and , to maintain accuracy , further terms must be included, thereby losing the
advantage offered by the simple equations. In fact, as shown in figure 10.11, once
the deviation angle reaches 24°06' 'Y no longer equals tP, even if the formulae are
expressed as infinite series, and the cubic parabola becomes useless as a transition
curve because its radius of curvature begins to increase with its length , that is, rl is
no longer constant. Hence, in theory , the cubic parabola can be used as a transition
curve only if tPmax is less than approximately 24° but, in practice, it tends to be
restricted to curves where tPmax is less approximately 12° and omax is less than
approximately 4° (since tPmax = omax/3) in order that the simple formulae can be
used.
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.,.= clothoid deviation ongle

y =cubic porobolo deviotion ongle

r =00

T

Figure 10 .11

10.9 Choice of Transition Curve
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In practice both the clothoid and the cubic parabola are used. The angles involved
are usually well below the limiting values for the cubic parabola and hence the
final choice is usually one of convenience or habit.

The remainder of the chapter is devoted to the cubic parabola.
It would appear that there is enough known about the cubic parabola to enable

it to be set out on the ground. This is not true as one parameter remains to be
calculated and this is known as the shift. It is necessary to calculate the shift in
order that a value can be obtained for the tangent lengths.

10.10 The Shift of a Cubic Parabola

Figure 10.12 shows a typical composite curve arrangement. The dotted arc between
V and W represents a circular curve of radius (R +S) which has been replaced by
a circular curve TIT2 of radius R plus two transition curves, entry TT 1 and exit
T2 U. By doing this the original curve VWhas been shifted inwards a distance S,
where S =VG =WK. This distance S is known as the shift .

The tangent points and the lengths of the original curve and the new curve are
not the same and the lengths of the circular arcs are not the same.

Figure 10.13 shows an enlargement of the left-hand side of figure 10.12. In
quadrilateral VJT 10

angle OVJ = angle JT 10 = 90°

Hence

angle IJT 1 =angle T 1 OV =rprnax
shift = S = VG = (VH - GH) = (MT1 - (GO - HO))

But, from the cubic parabola equation
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Figure 10 .12
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Figure 10.13

x =(y3 /6RL T )

Wheny =L T , X =MT I , therefore

MTI =LT
3/6RL

T

Hence

o

common tangent

S = L T
3/6RL T - (R - R cos epmax)

= L T
2 /6R - R [1 - (1 - epinax/2! + ep~ax/4! - .. .)]

This expression for S involves an infinite series but , again assuming small deviation
angles, terms greater than epinax can be neglected as being too small. Hence

S = L T
2 /6R - R epinax/2!

Therefore
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Hence

S = LT
2/24R

and this is the formula for the shift of a cubic parabola transition curve.

10.10.1 Characteristics of the Shift and the Cubic Parabola
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In figure 10.13, F is the point at which the shift meets the transition curve.
Since the angles involved are small, it is assumed that FT 1 = GT 1 and since GT 1

forms part of the circular curve and is equal to Rr/Jmax it follows that FT 1 = Rr/Jmax'
But r/Jm ax =LT/2R . hence FT 1 =R(L T/2R) =LT/2. Hence FT must also equal
LT/2 . Using the formula x =y 3/6RL T and the assumption thaty =I. when
y =LT/2 and x =VF then

VF =(LTf2)3 /6RL T =LT
2 /48R

But

Therefore

VF = 1- x shift = FG

This gives the property that the shift at VG is bisected by the transition curve and
the transition curve is bisected by the shift. Figure 10.14 shows the effect of this
on the geometry of a composite curve. Hence the total length of the composite
curve (L total ) is given by either

L to tal = TF + FF' + F'U = LT/2 +R8 +LT/2

or

o

Figure 10.14



252 SURVEYING FOR ENGINEERS

10.11 Setting Out a Composite Curve by Traditional Methods

This method assumes that the intersection point, I, can be located . The calculations
involved are shown in the example in section 10.18 .1 and the steps involved in the
setting-out procedure are summarised below.

10.11.1 Location of the Tangent Points

With reference to figure 10.14

(l) Calculate the shift from S = L T 2 /24R.
(2) Calculate IV = (R +S) tan 8/2.
(3) VT =LT/2 , hence IT =(R +S) tan 8/2 +L T/2 =IV.
(4) Measure back from I to locate T and forward from I along the other

straight to locate U.

10.1l.2 Setting Out the Entry Transition Curve from T to T1

This can be done using either offsets from the tangent length or by tangential angles.
The tangential angles method is preferred since a theodolite will be required to set
out the circular arc. Point T1 will be the last one established on this curve.

10.11.3 Setting Out the Central Circular Arc from T1 to T2

In order that this can be set out it is necessary to establish the line of the common
tangent at T 1 •

The final tangent ial angle from T to T 1 will be omax = if>max/3. This is shown in
figure 10.15. The procedure is as follows.

(1) Move the theodolite to T 1 , align back to T with the horizontal circle read
ing (180 ° - 2 omax).

(2) Rotate the telescope in azimuth until a reading of 00°00'00" is obtained .
This is the common tangent along TIN.

(3) Set out the circular arc from T1 to T2 using tangential angles calculated
from the circular curve formula

Q = 1718.9 x (chord length/radius) minutes

(4) Finally , point T2, the second common tangent point is established.

Figure 10 .15
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10.11.4 Setting Out the Exit Transition Curve from U to T2
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Normally this curve is set out from U to T2 . The theodolite is moved to U, aligned
on I with reading 360°00'00" and the curve is set out by the tangential angles
method, the angles being subtracted from 360°00'00". This again establishes the
position of T2 and the two positions of T2 provide a check on the setting out.

10.12 Setting Out by Coordinates

Section 10.11 described the traditional method of establishing a curve from its
tangent points . Other methods that are used are those involving coordinates. Such
methods use intersection techniques and polar coordinates (bearing and distance)
to establish the centre line and are very useful since they enable the centre line to
be re-established as and when necessary, since during construction the centre line
may have to be located several times. Such methods were discussed in section 9.9.5.
They are equally applicable to transition curves and they are usually calculated with
the aid of a computer and the results presented on a printout.

Many forms of computer program and printout can be used and only one
example can be given here.

Table 10.2 shows a typical format for a printout and gives all the information
required to set out the curve shown in figure 10.16. The curve is to be set out by

station 9

Figure 10 .16

polar coordinates from nearby traverse stations, each centre-line point being estab
lished from one station and checked from another. The calculations undertaken to
produce table 10.2 are summarised as follows.

(1) The coordinates of the traverse stations are found from the original site
traverse.

(2) The horizontal alignment is designed and the intersection and tangent
points located on the ground. They are incorporated into the original site traverse
and their coordinates calculated .

(3) Suitable chord lengths are chosen to ensure that the centre line is pegged
at exact multiples of through chainage and the tangential angles are calculated for
both the transition curves and the central circular arc.
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(4) The coordinates of the points to be established on the cent re line are
calculated using the chord lengths, tangential angles and the coordinates of the
intersection and tangent points.

(5) The nearest two traverse stations which are visible from and which will
give a good intersection to each proposed centre-line point are found and the polar
coordinates calculated from each traverse station to the centre-line point.

(6) The computer repeats this procedure for all the points on the centre line
and a printout is obtained with a format similar to that shown in table 10.2.

An example showing the calculations involved when a composite curve is to be
set out from coordinates is given in section 10.18 .2.

10.12./ Advantages of using Coordinates

(1) If the printout is available, the work can be set out by anyone who is
capable of using a theodolite . A knowledge of curve design is not necessary .

(2) When setting out from nearby traverse stations, the construction work can
proceed unhindered since there is no need to set the theodolite at the tangent points.

(3) Any disturbed pegs can quickly be relocated from the traverse stations.
When the tangent points are used, however, they themselves can often be lost during
construction and have to be relocated.

(4) During the construction it will be necessary to relocate the centre line
several times as the various stages in the operation are reached . This is easily done
from nearby traverse stations using coordinates.

(5) Each point on the curve is fixed independently of any other point on the
curve and this removes the chance of errors accumulating from one point to the
next as may occur when setting out by tangential angles.

(6) Key sections of the curve can be set out in isolation, for example , a bridge
centre line , in order that work can progress in more than one area of the site .

(7) Obstacles can be by -passed.

10.12. 2 Disadvantages of using Coordinates

(1) There is very little check on the final setting out. Large errors will be
noticed when the curve does not take the required shape but small errors could
pass unnoticed.

(2) Often long distances are involved in the bearing and distance method and,
if only tapes are available, accurate measurement can be difficult to achieve. This
problem can be overcome by using either intersection methods or electromagnetic
distance measuring techrliques (see chapter 4) .

10.13 A Design Method for a Composite Curve

Figure 10.17 shows the composite curve that is to be designed . The design is based
on the fact that the composite curve must deflect the road through angle O.

The circular curve takes (0 - 2<Pmax) and each transition takes <Pmax .
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Figure 10.17
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Given: design speed, v, and the road type.
Problem : to calculate a suitable curve to fit between the straights TI and IV.
Solution : Before detailing the design method, it must be noted that there are many
solutions to this problem , all of them perfectly acceptable . Hence, the following
method can only be a guide to design from which a suitable rather than a unique
solution can be found . The procedure is based on the DTp design standards and is
as follows.

(I) The deflection angle, 8, must , if possible, be accurately measured on site.
This is discussed in section 9.6.

(2) Use a value of R greater than the desirable minimum radius for the design
speed and road type in question and let c = 0.3 m/s3

, that is, start off with the
recommended limiting values for both Rand c so that they can be amended later
if necessary.

(3) Calculate the length of each transition from L T = v3 /3 .63 cR .
(4) Calculate the shift, S, from S = LT

2 /24R .
(5) Calculate the tangent lengths IT and IV from (R +S) tan 8/2 +L T/2 .
(6) The working drawings should show the two straights superimposed on

the existing area. The calculated lengths IT and IV should now be fitted on the plan
to see if they are acceptable. Owing to the band ofinterest discussed in section 9.6 ,
it may be necessary to alter the lengths of IT and IV in order to obtain a suitable
fit. This can be done by altering Rand/or c.

Ideally , R should be greater than the desirable minimum value and c must be
kept below 0.6 m/sj

• However, if necessary R can be reduced to the limiting value
with 7 per cent superelevation to reduce the effect of the large radial force that
may result.

The process is an iterative one and ends when the tangent lengths are of an
acceptable length to fit the given situation.

(7) Once a suitable radius has been found, calculate I/Jrnax from L T/2R radians.
(8) Calculate (8 - 2I/Jrnax), hence the length of the circular arc from

R (8 - 2I/Jrnax) '
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(9) Calculate the superelevation (see section 10.2) .
(10) Set out the curve on site using one of the methods discussed earlier.

The examples given in sections 10.18.1 and 10.18.2 show the calculations in
volved when setting out a composite curve.

10.13.1 Important Consideration in Design

Often a horizontal alignment is designed in conjunction with a vertical alignment
and it is necessary that they should be of the same length.

Therefore , as a precaution, the total length of the composite curve should be
calculated using one of the formulae given in section 10.10.1 , and checked to
ensure that it is greater than the required length of vertical curve. If it is not, then
the length of horizontal curve should be increased to that of the vertical curve.

This need to equate the horizontal and vertical alignments is discussed in
section 11.9.1.

10.14 Wholly Transitional Curves

These are curves which consist only of transitions. They can be considered as a
composite curve which has a central circular arc of zero length. Figure 10.18
shows such a curve.

Wholly transitional curves have the advantage that there is only one point at
which the radial force is a maximum and, therefore , the safety is increased. Un
fortunately, it is not always possible to fit a wholly transitional curve into a given
situation .

This section deals with the design of wholly transitional curves with equal tan
gent lengths only . Although it is possible to design and construct wholly transitional
curves with unequal tangent lengths by using a different rate of change of radial
acceleration for each half of the curve, they are rarely used and space does not
permit a discussion on their method of design.

o

Figure 10 .18 Wholly transitional curve
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Wholly transitional curves with equal tangents have a very interesting property.
With reference to figure 10.18, since the circular arc is missing, it follows that

o=2<Pmax but <Pmax =LT/2R

Hence

o= 2LT/2R = LT/R

Therefore, for a wholly transitional curve

e=LT/R (10 .1)

In addition, all the other transition curve equations still apply and consequently
the equation for length must still apply, that is

LT =v3 /3.63 cR (10 .2)

From equations (I0.1) and (10 .2)

RO = v3 /3.63 cR

Therefore

R =(v3 /3 .63 cO)+ metres

This leads to the property of wholly transitional curves that for any given two
straights there is only one symmetrical wholly transitional curve that will fit be
tween them for a given design speed if the rate of change of radial acceleration is
maintained at a particular value, that is, since v and 0 are usually fixed , R has a
unique value if c is maintained at , say, 0.3 m/s3

.

This is, in fact , the method of designing such curves and it is summarised as
follows

(I) Choose a value for c, usually near to 0.3 m/s3
•

(2) Substitute this into the equation R = (v3 /3 .63 coy:' and hence calculate
the minimum radius of curvature .

(3) The radius value must be checked against the DTp values. R must , if pos
sible, be greater than the desirable minimum value and must always be greater than
the limiting value.

If R checks, LT can be calculated using either equation (I 0.1) or equation (I0.2).
If R does not check then the value of c must be reduced and the calculation

repeated .
The example given in section 10.18.3 shows the way in which the radius value

is checked .
(4) Having calculated L T it is necessary to ensure that the curve will fit within

the band of interest (see section 9.6). The assumption is usually made with wholly
transitional curves that the length along the tangent is equal to the length of the
transition curve. This is shown in figure 10.19.

However, for accurate work , it is best to use the formula previously derived for
IT and IU, namely

IT = IU = (R +S) tan 0/2 + LT/2

Hence, the tangent length is checked for fit on the working drawings. If it does not
fit , it is necessary to return to the start of the calculations and change some of the
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variables, either v, 8 or c. It is not always possible to fit a wholly transitional curve
between straights within the limits stipulated by the DTp.

(5) The superelevation is calculated and the curve is set out by either tangen
tial angles, offsets or coordinates.

10.15 Summary of Horizontal Curve Design

In sections 9.6 ,10.13 and 10.14, methods for designing wholly circular, composite
and wholly transitional curves were discussed. Usually, these three techniques are
combined into one general design and considered as possible solutions to the same
problem , the aim being to design the best curve to fit a particular set of conditions.

Often. only the design speed and class of road are known and the problem be
comes one of choosing the ideal combination of 8 , R and c to fit into the band of
interest concerned while maintaining current design standards.

If a vertical curve is designed in conjunction with the horizontal curve, the
problem is further compli cated by the need to make the two curves compatible.

Hence , when undertaken manually , the design can be ted ious and time consum
ing. Fortunately, the iterative processes involved are ideal for solution by computer
and such methods are now in widespread use. The basic steps of the design are
written into the computer program and the curve parameters, v, 8, c and R together
with chainage values, reduced levels and any external constraints are fed into the
computer which runs the program and calculates suitable values for the radius of
curvature, deflection angle, rate of change of radial acceleration, superelevation
values, tangential angles, chord lengths and so on . These results are presented in
list form on a printout from the computer.

In addition , if the program is suitably modified and coordinates of nearby
traverse stations are fed in, as discussed in section 10.12, polar coordinates for set
ting out the curve can be obtained similar to those shown in table 10.2 . The
examples given in section 10.18 show the steps involved.

10.16 Computer Aided Road Design

In highway alignment design, many factors such as design standards, topography,
environment and the visual impact of the road have to be considered. This creates
a demand for a number of alternative routes to be studied for any given road
scheme and , for each route, the ability to produce a visual representation or model
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of the proposed road is highly desirable as a means of checking design work and for
presentation at public hearings.

The preparation of different alignments by hand methods involves much work
and the drawing of perspective views for each design manually is an almost impos
sible task. However, by using a computer system in road design, these problems can
be overcome to such an extent that many trial designs can be studied and presented
with relative ease.

At present, various computer systems are available for highway design and, in
Great Britain, the two most widely used systems are BIPS (British Integrated Pro
gram System for highway design) which is operated by the Department of Transport,
and MOSS (MOdelling SyStems) which is operated by MOSS Systems Ltd.
Although these and other computer systems use widely differing program suites to
produce a road design, the general concepts are similar and the block diagram of
figure 10.20 shows the various stages involved. These are described briefly as follows.

Initially, a digital terrain model (DTM) is produced of the area covered by the
corridor or band of interest. The DTM is formed using air or ground survey methods
as described in section 8.8 and is essentially a map of the area stored digitally in a
computer. In addition to surface information, the results of any site investigations
can also be stored in the DTM. Such data may include ground-water conditions,
geotechnical characteristics of the area and any other properties which may affect
the design.

Afte r the DTM has been completed, many trial alignments can be studied by the
computer. For horizontal alignments, two methods are used by the computer: the
conventional method in which straight sections of road are joined by circular and/
or transition curves (see chapter 9 and previous sections of this chapter) or a new
technique based on curves known as cubicsplines . A cubic spline is a curve of con
tinually changing radius, the equation of which takes the form of a cubic poly
nomial. Cubic splines are specified to fit between given location points, for example,
straights, end points of a scheme, points the curve must pass through to avoid
obstacles and so on .

For vertical alignment design (see chapter 11), three methods are used by the
computer: the traditional method based on intersecting gradients and parabolic
curves, an extension of this traditional method in which parabolic curves are fitted

horizontal

ground survey
alignment

vertical
aerialsurvey alignment

site investigation earthwork
quantities

I
preliminary and plOl contract tabulate

'---1 DTM final designs I-- drawings f- seningaut
dote

I
draw
perspectives

Figure 10 .20 Stages involved in computer aided road design
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to various fixed elements along the horizontal alignment such as sections of gradient ,
bridges, tie-ins to existing road junctions and so on, and the cubic spline method
mentioned above. .

Each combined horizontal and vertical alignment, as designed by the computer,
is passed through the DTM and the computer produces a longitudinal section , as
many cross sections as desired and an estimate of the earthwork quantities involved.
This considerably shortens the time required to carry out these procedures by
manual methods, details of which can be found in chapters 12 and 13. In addition,
for any alignment , the computer system can .also produce perspective drawings
showing views along the proposed road . Such drawings can be used for visually
checking the design and for preparing material for reports, exhibitions and public
enquiries . The flexibility of the BIPS and MOSS systems enables any amount of
design data to be combined with DTMs and it is possible to carry out a much more
thorough preliminary design than that which could ever be undertaken by conven
tional methods.

As soon as the optimum alignment has been chosen, further data is entered into
the DTM to enable a set of contract drawings to be produced by the computer
interfaced with a suitable plotter. If all the relevant information for the optimum
road alignment is computerised, these drawings will consist of a series of plans
showing all aspects of the road construction including longitudinal and cross
sections along the main alignment and also at interchanges , junctions, sliproads and
so on. Based on these, schedules of earthwork quantities can be produced by the
computer along any section of road and setting-out tables can be computed giving
angles and distances relative to existing survey stations.

The greatest benefits of using a computer system in road design are the ability
to investigate different alignments and a reduction in the overall time taken for the
design and production of contract drawings. If the design should change at any
time, these changes can be entered reasonably quickly into the system and modi
fied drawings produced.

Since the development of the necessary software for a computer aided design
facility requires personnel with extensive computing experience and a computer
with a large storage capacity, they can be set up only by government departments
such as the Department of Transport or by specialist firms such as MOSS Systems
Ltd . In the case of the Department of Transport, the expense involved in develop
ing BIPS is justified by the large volume of design work undertaken by the depart.
ment each year. For any smaller organisation requiring a design facility , a software
package can be purchased (for example, from MOSS) and programmed into a
computer. This can involve a considerable capital outlay which limits the use of
computer aided design systems at present. In the near future, however, it is expect
ed that the development of microcomputers will reduce the costs involved.

Further information on computer aided road design systems can be found in
references given in the following section.

10.17 Further Reading

Department of Transport, Roads and Local Transport Directorate, Departmental
Standard TD 9/81, Road Layout and Geometry: Highway Link Design
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(Department of Transport, 1981) .
Department of Transport, Highways and Traffic Directorate, Departmental Advice

Note TA 43/84: Highway Link Design (Department of Transport, 1984) .
Department of Transport, BIPS 3 Introductory Guide (Department of Transport).
MOSS Systems Ltd , MOSS Surface Modelling by Computer (1984) .

10.18 Worked Examples

IO.18.I Setting Out a Composite Curve by the Tangential Angles Method

Question

The deflection angle between two straights is measured as 14°28'26". The straights
are to be joined by a composite horizontal curve consisting of a central circular arc
and two transition curves of equal length.

The design speed of the road is 85 kph and the radius of the circular curve is
600m.

If the through chainage of the intersection point is 461.34 m, draw up the setting
out table for the three curves at exact 20 m multiples of through chainage using the
tangential angles method. The rate of change of radial acceleration should be taken
as 0.3 m/s3

•

Solution

Consider figure 10.21.

Design ofentry transition, from T to T1

L T =v3 /3 .63 cR =(853/3 .63
X 0.3 x 600) =73.13 m

S =L T
2 /24R =(73 .132/24 x 600) =0.37 m

IT =(R +S)tan 8/2 +L T/2 =76.24 + 36.56 =112.80 m

Therefore

through chainage of T =461.34 - 112.80 =348 .54 m
through chainage of T1 = 348 .54 + 73.13 = 421.67 m

Dota

R = 600m
B = 14°28' 26"

Ch.I = 461.34 m
V = 85 kph
C = 0.3 m/s3

o

Figure 10.21



TRANSITION CURVES 263

TABLE 10.3

Through Chord
t 6 Cumulative Clockwise Tangential

Chainage lenjth (m) (minutes) Angle from T relative to TI
(m) (m

348.54· (T) 0 0 0 00 00 00

360 .00 (Cd 11 .46 11.46 1.715 00 01 43 (6d
380.00 (C.) 20.00 31.46 12.924 00 12 55 (6.)
400.00 (C,) 20.00 Sl .46 34.579 00 34 35 (6,)
420.00 (C..) 20.00 71 .46 66.681 01 06 41 (6.)
421.67 (Td 1.67 73.13 69.834 01 09 50 (smax)

E73.13 (checks)

Therefore, to keep to exact 20 m through chainage values, the chord lengths for the
entry transition curve are as follows

initial sub-chord length = 11.46 m

general chord length =20.00 m

f inal sub-chord length = 1.67 m

Using the formula for tangential angles, 0 = (1800 12 )/(rr RL T ) , table 10.3 is
obtained. As a further check on table 10.3, 1>max/3 should be calculated and com
pared with omax

1>max =(LT/2R) rad =209.50 min =03°29'30"

Hence

1>max/3 = 01°09'50" (checks)

Design of the central circular are, from T 1 to T 2

The circular arc takes (8 - 21>max); 1>max = 03°29 '30", hence 21>max = 06°59'00"
Therefore

(8 - 21>max) = 07°29'26" = 0.13073 rad

Therefore

length ofcircular arc =L c =R (8 - 21>max)

= 600 (0.13073) = 78.44

Hence

through chainage of T2 = 421 .67 + 78.44 = 500.11 m

Therefore, using 20 m chords and keeping to exact 20 m multiples of through
chainage, the chord lengths for the circular arc are as follows

initial sub-chord length = 18.33 m

general chord length = 20.00 m

final sub-chord length = 0.11 m
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TABLE 10.4

Through
Chainage

(m)

Chord
Len~th

(m)

Tangential Angle
for each chord. Cumulative Clockwise Tangential Angle

from T relative to the common tangent

421.67 (Td
440.00 (C,)

460.00 (C6 )

480.00 (C7 )

500.00 (C.)

500.11 (T.)

0 00 00 00 00 00' 00

18.33 00 52 31 (ad 00 52 31

20.00 00 57 18 (a,) 01 49 49

20.00 00 57 18 (a3) 02 47 07

20.00 00 57 18 (a.) 03 44 25

0.11 00 00 19 (as) 03 44 44

08 .44 (checks)

Using the formula for circular curve tangential angles, ex = 1718.9 (chord length/
radius) min, table 10.4 is obtained. As a check on table 10.4, the final cumulative
tangential angle should equal (8 - 2cf>max)/2 within a few seconds

(8 - 2cf>max)/2 =03°44'43" (checks)

Design of the exit transition curve, from U to T2 (that is, in the opposite direction)

Since the curve is symmetrical, the length of the exit transition again equals 73.13 m.
Therefore

through chainage of U =500.11 + 73 .13 =573.24 m

To keep to exact 20 m multiples of through chainage, the chord lengths for the exit
transition curve, working from U to T2 , are as follows

initial sub-chord length from U = 13.24 m

general chord length = 20.00 m

final sub-chord length to T 2 = 19.89 m

Again, using [; =(1800 12)/(rrRLT ) min, the setting-out table shown in table 10.5 is
obtained.

TABLE 10.5

Through Chord
l

Cumulative Clockwise Tangential
Chainage lenyth (m) Angle from U relative to UI

(m) (m o I II

573.24 (U) 0 0 00 00 00 360 00 00
560.00 (Cll) 13.24 13.24 00 02 17 (611) 359 57 43

540.00 (C1 0 ) 20.00 33.24 00 14 26 (6 1 0 ) 359 45 34
520.00 (C,) 20.00 53.24 00 37 01 (6,) 359 22 59
500.11 (T.) 19.89 73.13 01 09 50 (6max) 358 50 10

E73.13 (checks)
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The check that omax =cf>max/3 must again be applied

omax = (360° - 358°50'10") =01°09'50"

cf>max/3 = 01°09'50" (checks)

The tangential angles for the exit transition curve are subtracted from 360°
since it is set out from U to T2. The two positions of T2 provide a check on the
setting out.

/0./8.2 Setting Out a Composite Curve by Coordinate Methods
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Question

The composite curve calculated in the worked example in section 10.18.1 is to be
set out by bearing and distance methods from two horizontal control points G and
H. The intersection point , I, and the entry tangent point , T, have been set out on
site and the coordinates of these, together with those of points G and H are listed
in table 10.6 . Using the data calculated in the worked example in section 10.18.1,
calculate

TABLE 10.6

Point mE mN

G 727.61 893.83
H 940.57 886.28

I 789.14 863.72

T 704.95 788.64

(1) the coordinates of all the pegs that are to be placed along the centre line,
(2) the bearing GH that must be set on the theodolite at G and the bearings

and horizontal lengths from G that are necessary to set out all the pegs on the
centre line using a combined theodolite and EDM system.

Solution

Figure 10.22 shows all the points to be set out. Their chainage values and the
required tangential angles and chords are listed in tables 10.3 , 10.4 and 10.5.

(1) Coordinates ofall the points on the centre line

Coordinates ofC1

From figure 10.23 and table 10.3

bearing TC1 = bearing II + 01
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Figure 10 .22

boseline GH

N

1

C2

Figure 10 .2 3

But

82-8,

Figure 10 .24

1146m

M n =EI - ET =789.14 - 704 .95 =84.19 m

b.Nn =N1-NT =863.72 -788.64 =75.08 m

and, from a rectangular/polar conversion

bearing II = 48° 16'25"

Hence

bearing TC I = 48°16'25" + 00°01'43" = 48°18'08"

Therefore, since the horizontal length of TC I =11.46 m

t:.ETC , = 11.46 sin 48° 18'08" = + 8.557 m

b.NT C = 11.46 cos 48° 18'08" = +7.623 m
I

Therefore, the coordinates ofClare

ECI =ET +(MTC, ) =704.95 + 8.557 =713.507 m
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N c , = NT + (MlT C, ) = 788.64 + 7.623 = 796 .263 m

These are retained with three decimal places for calculation purposes but are
finally rounded to two decimal places.

Coordinates ofC2

With reference to figure 10.24, application of the Sine Rule in triangle TCI C2

gives

TC I = _ _C_l~
sin {31 sin (52 - 5d

Substituting values from table 10.3 gives

sin ji, = 11.46 (sinOOOII'12")
20.00

Hence

There fore

and

bearing CI C2 = bearing TC I + 'Y

= 48°1 8'08" + 00°17'37" .= 48°35 '45"

Therefore, the coordinates ofC2 are obtained as follows

M c C = 20.00 sin 48°35'45" = + 15.001 m, ,
Mlc ,c, = 20.00 cos 48° 35'45" = + 13.227 m

Ec , = EC I + 15.001 = 728.508 m

N c, = Nc , + 13.227 = 809 .490 m

Coordinates of C3

With reference to figure 10.25, the chord length TC2 can be taken to equal the

N

t r

A CzC, C3

T 2000m

l146m

Figur e 10 .25

267
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curve length TC2, that is

TC2 = TC I + CIC2 = 31.46 m

In triangle TC2C3

TC2 = C2C3

sin (j2 sin (03 - 02)

sin (j2 = 31.46 (sin 00°21'40")
20.00

(j2 =00°34'05"

And ,since(-y+(jl) =(03 - 02) +(j2

-y =00°21'40" + 00°34'05" - 00°06'25"

= 00°49'20"

and

bearing C2C 3 =bearing CI C2 +-y

= 48°35'45" + 00°49'20"

= 49°25'05"

Therefore , the coordinates ofC, are obtained as follows

M C,c
3

= 20.00 sin 49°25'05" = + 15.190 m

M c c =20.00 cos 49°25 '05 " =+ 13.011 m
2 3

E C 3 =Ec, + 15.190= 743.698m

N C 3 =Nc, + 13.011 =822.501 m

Coordinates of C4 and T I

The coordinates of C4 and T I are calculated from those of C3 and C4 respectively
by repeating the procedure used to calculate the coordinates of C3 from those of
C2 • The values obtained are as follows

C4 = 759.188 mE, 835.152 roN

T I = 760.498 mE, 836.187 mN

Coordinates ofCs
Point Cs lies on the central circular arc as shown in figure 10.26 . From this figure
and the data in table 10.4

bearing T IZ = bearing Tl + c/Jmax

=48°16'25" + 03°29'30" =51°45'55"

and

bearing TICs = bearing T 1Z + QI

= 51°45'55" + 00°52'31" = 52°38'26"
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li C5 = 18.33 m

Figure 10.26

Hence the coordinates ofCs are obtained as follows

MT,cs = 18.33 sin 52°38'26" = + 14.569 m

MIT c = 18.33 cos 52°38'26" = + 11.123 m
1 s

Ec, = ET , + 14.569 = 775J)67 m

Nc, =NT t + 11.123 = 847.310m

common tangent

{ z
\
C5

269

Coordinates ore;
With reference to figure 10.27 and table 10.4

A= (al + a2) = 01°49'49"

bearing CSC6 = bearing TICs + A

= 52°38'26" + 01°49'49" = 54°28'15"

T,

2000m

Figure 10 .27

And the coordinates of C6 are obtained as follows

M csc = 20.00 sin 54°28'15" = + 16.276 m•
Mlcsc• = 20.00 cos 54°28'15" = + 11.622 m

Ec• = Ecs + 16.276 = 791.343 m

NC6 "Nc, + 11.622= 858.932m
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Coordinates src; Cs and T2
These coordinates are calculated using procedures similar to those used in the
worked example in section 9.15.2 in the Circular Curves chapter. The values
obtained are as follows

C7 = 807 .998 mE, 870.005 mN

c, = 825.013 mE, 880.517 mN

T2 = 825.108 mE, 880 .573 mN

Coordinates of U, Cll • CI O, C9 and T 2

Using the deflection angle, bearing IV is calculated from

bearing IV = bearing TI +8

= 48°16 '25" + 14°28'26" = 62°44'51"

Using the tangent length IV, the coordinates of U are calculated from those of I as
follows

AEIU = 112.80 sin 62°44'51" =+ 100.279m

tiNIU =112.80 cos 62°44'51" =+ 51.653 m

E u = E I + 100.279 = 889.419 m

N u = NI + 51.653 = 915.373 m

Starting from U and working back to T2, the coordinates ofpoints Cll , ClO • C9
and T 2 are calculated by repeating the procedures used to calculate the coordin
ates of points CI , C2 , C3 , C4 and T I ' The data required for this is given in table
10.5. The coordinate values obtained are as follows

CI I = 877 .653 mE, 909.302mN

CI O = 859.933 mE, 900.028 mN

C9 = 842.356 mE, 890.486 mN

T2 = 825 .109 mE, 880.579 mN

The coordinates of T2 are calculated twice and this provides a check on the calcu
lations . In this example, the two sets of coordinates for T2 differ by 0.001 m in
the eastings and by 0.006 m in the northings which is perfectly acceptable.

The coordinates of all the points on the curve are listed in table 10.7 and have
been rounded to two decimal places.

(2) Setting out data from point G

The bearings and lengths are calculated from the coordinates listed in table 10.7
using one of the methods discussed in section 5.10. The required bearings and
lengths are also listed in table 10.7.
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TABLE 10.7

Through Coordinates Bearing from G Horizontal length
Point Chainage from G

(m) 'mE mN 0 (m)

T 34B.54 704.95 788.64 192 09 25 107.60
C1 360.00 713.51 796.26 188 13 23 98.58
C2 380.00 728.51 809.49 179 23 19 84.34
C3 400.00 743.70 822.50 167 17 18 73.12
C. 420.00 759.19 835.15 151 42 43 66.64
T1 421 .67 760 .50 836.19 150 17 26 66.36
C5 440.00 775.07 847.31 134 25 37 66.46
C6 460.00 791.34 858.93 118 42 22 72.66
C7 480.00 808.00 870.01 106 30 17 83.84
C8 500 .00 825.01 880.52 97 46 53 98.31
T2 500.11 825.11 880.58 97 44 20 98.40
C9 520.00 842.36 890.49 91 40 02 114.80
C1 0 540 .00 859.93 900 .03 87 19 02 132.47

Cll 560.00 877.65 909.30 84 06 48 150.84
U 573 .24 889.42 915.37 82 25 03 163.24

Bearing GH = 92° 01 I 50"

10.18.3 A Wholly Transitional Curve

Question

Part of a proposed rural road consists of two straights which intersect at an angle
of 168°16'. These are to be joined using a wholly transitional horizontal curve
having equal tangent lengths. The design speed of the road is to be 100 kph and
the rate of change of radial acceleration 0.20 m/s3

•

Calculate the minimum radius of the curve and comment on its suitability.

Solution

Consider figure 10.28. From section 10.14

R = (v3 /3.63 cO)"}

But

0= 11°44' =0.20479 rad

Therefore

R = (100 3/3 .63 X 0.20 x 0.20479)-i = 723.40 m
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v = 100kph

8 = (180°-168°16')
= 11°44'

c =0 .20m/53

Figure 10.28
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o

From table 10.1, the desirable minimum radius for this road is 720 m, the
absolute minimum radius is 510 m and the limiting radius at sites of special diffi
culty is 360 m, hence this design is acceptable . If the radius had been less than the
desirable minimum it would have been advisable to alter one of the variables,
either v. 8 or c, to increase the radius above the desirable minimum value.
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Vertical Curves
In the same way as horizontal curves are used to connect intersecting straights in
the horizontal plane, vertical curves are used to connect intersecting straights in
the vertical plane. These straights are usually referred to as gradients .

As with horizontal curves, vertical curves are designed for particular speed values
and the design speed is constant for each particular vertical curve.

11.1 Gradients

These are usually expressed as percentages, for example , 1 in 50 =2 per cent ,
1 in 25 = 4 per cent. The Department of Transport (DTp) recommend desirable and
absolute maximum gradient values for all new highways and these are shown in
table 11.1. Wherever possible, the desirable maximum values should not be exceed
ed. Any gradient steeper than 4 per cent on motorways and 8 per cent on all other
highways is considered to be substandard.

For drainage purposes the channels should have a minimum gradient of 0.5 per
cent. This is achieved on level sections of road by steepening the channels between
gullies while the road itself remains level.

Further details concerning gradients can be found in the DTp publications
referenced in section 11.15 .

TABLE 11.1
(published here by permission of the Controller ofHer Majesty's Stationery Office)

Desirable Maximum Absolute Maximum
Type of Road Gradient Grad ient

Motorways 3% 4%

Dual Carriageways 4% 8%

Single Carriageways 6% 8%
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In the design calculations, which are discussed later in the chapter, the algebraic
difference between the gradients is used . This necessitates the introduction of the
sign convention that gradients rising in the direction of increasing chainage are con
sidered to be positive and those falling are considered to be negative.

This leads to the six different types of vertical curve. These are shown in figure
ll.l together with the value of the algebraic difference (A). Note that A can be
either positive or negative and is calculated in the direction of increasing chainage.

Throughou t the remainder of this chapter , reference will be made to the terms
crest curve and sag curve and , in order to avoid confusion, these terms are defined
as follows. A crest curve, which can also be referred to as a summit or hogging curve ,
is one for which the algebraic difference of the gradients is positive , and a sagcurve,
which can also be referred to as a valley or sagging curve , is one for which the
algebraic difference of the gradients is negative.

Hence , in figure ll.l , (a), (b) and (f) are crest curves and (c), (d) and (e) are sag
curves .

R

A = (tm)-(+n)
hence A is positive

(0)

A =(+m) -(-n)
hence A is positive

(b)

R

A= (-m)-(-n)
hence A is negative

( c)

R

A =(-m)-(tn)
hence A is negative

(d)

R

p
tm%

A =(tm)-(tn)
hence A is negative

(e)

Figure 11.1 Types of vertical curve

11.2 Purposes of Vertical Curves

A =(-m)-(-n)
hence A is positive

(f)

There are two main requirements in the design and construction of vertical curves.
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In order that vehicles travelling at the design speed can stop or overtake safely it is
essential that oncoming vehicles or any obstructions in the road can be seen clearly
and in good time .

This requirement is achieved by the use of sight distances and K-values which
are discussed in sections 11.6 and 11.7.

11.2.2 Passenger Comfort and Safety

As the vehicle travels along the curve a radial force, similar to that which occurs in
horizontal curves, acts on the vehicle in the vertical plane . This has the effect of
trying to force the vehicle away from the centre of curvature of the vertical curve.
In crest design this could cause the vehicle to leave the road surface, as in the case
of hump-back bridges, while in sag design the underside of the vehicle could come
into contact with the surface , particularly where the gradients are steep and oppos
ed. This results in both discomfort and danger to passengers travelling and must ,
therefore , be minimised . This is achieved firstly by restricting the gradients (see
table 11.1) , which has the effect of reducing the force , and secondly by choosing a
suitable type and length of curve such that this reduced force is introduced as
gradually and uniformly as possible. The K-values discussed in section 11.7 also
ensure that sufficient comfort is provided.

11.3 Type of Curve Used

In practice , owing to the restrictions placed on the gradients, vertical curves can be
categorised as flat ; the definition of a flat curve is that if its length is L; and its
radius R then Lv/R < 1/10. This definition does assume that the vertical curve
forms part of a circle of radius R but , again owing to the restricted gradients , there
is no appreciable difference between a circular arc, an ellipse or a parabola and the
definition can be applied to all three types of curve by approximating the value of
R.

The final choice of curve is governed by the requirement for passenger safety
and comfort discussed in section 11.2.2 . In practice a parabolic curve is used to
achieve a uniform rate of change of gradient and therefore a uniform introduction
of the vertical radial force . This uniformity of rate of change of gradient is shown
as follows

x =cy2 , dx/dy =2cy, d2x/dy2 =2c =constant

11.4 Assumptions made in Vertical Curve Calculations

The choice of a parabola simplifies the calculations and further simplifications are
possible if certain assumptions are made . Consider figure 11.2 , which is greatly
exaggerated for clarity and shows a parabolic vertical curve having equal tangent
lengths joining two intersecting gradients PQ and QR.
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+n% R

S = mid-point of curve

W=mid-point of chord
u, W

I.P f _
Q' horizontol through P

Figure 11.2

The assumptions are as follows

(1) Chord PWR = arc PSR = PQ + QR.
(2) Length along tangents =horizontal length, that is PQ =PQ'.

Assumptions (1) and (2) are very important since they are saying that the length
is the same whether measured along the tangents, the chord, the horizontal or the
curve itself.

(3) QU = QW, that is, there is no difference in lengths measured either in the
vertical plane or perpendicular to the entry tangent length.

In general , vertical curves are designed such that the two tangent lengths are
equal , that is, PQ = QR, but it is possible to design vertical curves with unequal
tangents and these are discussed in section 11.13.

These assumptions are valid if the DTp recommendations for gradients as listed
in table 1l.1 are adhered to.

11.5 Equation of the Vertical Curve

Since the curve is to be parabolic , the equation of the curve will be of the form
x = cy2 , y being measured along the tangent length and x being set off at right
angles to it . In fact , from the assumptions , x can also be set off in a vertical direc
tion without introducing any appreciable error.

The basic equation is usually modified to a general equation containing some of
the parameters involved in the vertical curve design. This general equation will be
developed for the equal tangent length crest curve shown in figure 11.3, but the
same equation can be derived for sags and applies to all six possible combinations
of gradient.

Consider figure 11.3. Let QS = e and let the total length of the curve = L y •

Using the assumptions

level of Q above P = (m/lOO) (L y/2) = (mL y/200)

level of R below Q = (n/l00) (l.,y/2) = (nL y/200)

Hence

level of R above P = (mL y/200) - (nL y/200) = (m - n)Ly/200
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-n %

-----------------]R _ _ nL'/200

x x (in either direction)

Figure 11 .3

But, from the assumptions, PW= WR, therefore ,

level ofW above P =(m - n)Ly/400

But, from the properties of the parabola

QS =QW/2 =SW

Therefore

QS =t(mLy/200 - (m - n)Ly/400) =(m +n)Ly/800

But (m + n) = algebraic difference of the gradients = A , therefore

QS =e =LyA/800

The equation of the parabola is x =cy2 , therefore at point Q, wheny =L y/2 ,
x = e, hence

Therefore

c = e/(L y/2)2

Therefore, substituting in the equation of the parabola gives

x =ey2 /(L y /2)2

But, from above

e = L yA/800

Therefore

11.6 Sight Distances
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The length of curve to be used in any given situation depends on the sight distance .
This is simply the distance ofvisibility from one side of the curve to the other.
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There are two categories of sight distance

(1) Stopping Sight Distance (SSD) which is the theoretical forward sight
distance required by a driver in order to stop safely and comfortably when faced
with an unexpected hazard on the carriageway, and

(2) Full Overtaking Sight Distance (FOSD) which is the length Ofvisibility
required by drivers of vehicles to enable them to overtake vehicles ahead of them
in safety and comfort.

Since it requires a greater distance to overtake than .to stop, the FOSD values are
greater than the SSD values.

When designing vertical curves, it is essential to know whether safe overtaking is
to be included in the design. If it is then the FOSD must be incorporated, if it is
not then the SSD must be incorporated.

It is usually necessary to consider whether to design for overtaking only at
crest curves on single carriageways since overtaking should not be a problem on
dual carriageways and visibility is usually more than adequate for overtaking at
sag curves on single carriageways.

The DTp specify sight distances for both stopping and overtaking at various
design speeds and these are shown in sections A and D respectively of table 10.1.
They were obtained as follows.

The SSD ensures that there is an envelope of clear visibility such that , at one
extreme , drivers of low vehicles are provided with sufficient visibility to see low
objects , while, at the other extreme , drivers of high vehicles are provided with
visibility to see a significant portion of other vehicles. This envelope of visibility
is shown in figure 11.4 in which 1.05 m represents the drivers' eye height for low
vehicles and 2.00 m that for high vehicles; a lower object height of 0.26 m is used
to include the rear taillights of othe r vehicles and an upper object height of
2.00 m ensures that a sufficient portion of a vehicle ahead can be seen to identify
it as such.

The FOSD ensures that there is an envelope of clear visibility between the
1.05 m and 2.00 m drivers' eye heights above the centre of the carriageway as
shown in figure 11.5.

stopping sight distance (SSO)

Figure 11.4 Measurement ofSSD

1.05m

full overlalling sightdistance (FOSDl

Figure 11.5 Measurement ofFOSD
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In the past it was necessary to use the appropriate sight distance for the road type
and design speed in question to calculate the minimum length of the vertical curve
required. Nowadays, however , constants, known as Kwalues , have been introduced
by the DTp and greatly simplify the calculations.

The minimum length of vertical curve (min Lv) for any given road is obtained
from the formula

min L; = K A metres (ILl)

where K is the constant obtained from the DTp standards for the particular road
type and design speed in question and A is the algebraic difference of the gradients,
the absolute value (always positive) being used.

Section C of table 10.1 shows the current DTp K-values for various design speeds.
The K-values ensure that the minimum length of vertical curve obtained from
equation (II.!) contains adequate visibility and provides sufficient comfort .

There are three categories of K-values for crests and one category of K-values for
sags. The units of K are metres and their values have been derived from the sight
distances discussed in section 11.6.

11.7.1 CrestKwalues

If a full overtaking facility is to be included in the design of single carriageways
then the FOSD crest K-valuesgiven in row C1 of table 10.1 should be used in
equation (ILl).

If overtaking is not considered in the design then, if possible , to ensure more
than adequate visibility , K-values in excess of the desirable minimum crest K-values
given in row C2 of table 10.1 should be used. If, owing to site constraints, this
cannot be done, then it is permissible to use K-values as low as the absolute mini
mum crest K-values given in row C3 of table 10.1. These still ensure adequate
visibility.

11.7.2 SagK-values

Only one set ofK-values is given for sags since overtaking visibility is usually un
restricted on this type of vertical curve. Row C4 of table 10.1 Iists.the absolute
minimum sagK-valueswhich will ensure adequate visibility and comfort.

Examples of the use of K-values are given in the following section.

11.8 UseafK-values

Example (1)

Dual carriageway, design speed 85 kph, Crest.
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From table 10.1

FOSD crest K-value
desirable minimum crest K -value
absolute minimum crest K-value

=285m
= 55 m
= 30m

Since a dual carriageway is being designed, overtaking is not critical . Therefore,
from equation (11.1)

if possible , use L; ~ 55A metres
otherwise use L; ~ 30A metres

Example (2)

Single carriageway, design speed 60 kph, Crest.
From table 10.1

FOSD crest K-value = 142 m
desirable minimum crest K-value = 17 m
absolute minimum crest K-value = 10 m

Since a single carriageway is being designed, a decision has to be made as to
whether or not full overtaking is to be allowed for in the design.

If full overtaking is to be included, equation (11.1) gives

min L; = 142A metres

If full overtaking is not to be included, it would appear that, from equation
(11.1)

min Lv = 17A metres

However , the current DTp standards state that for crests on single carriageways,
unless FOSD crest K-values can be used , it is sufficient to use only the absolute
minimum crest K-values since the use of the desirable minimum crest K -values may
result in sections of road having dubious visibility for overtaking.

In summary, this means that on single carriageway crests, overtaking should be
either easily achieved or not possible at all. Hence, in this example

if possible , usc L; ~ 142A metres
otherwise use L; = lOA metres

Further details on restrictions involved in the design of single carriageways can be
found in the current DTp standards referenced in section 11.15 .

Example (3)

Single carriageway, design speed 100 kph, Sag.
From table 10.1

absolute minimum sagK-value = 26 m

Therefore , from equation (11.1), use L; ~ 26A metres.
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11.9 Length of Vertical Curve to be Used
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Often the value for the minimum length of curve obtained from the K-values is not
used, a greater length being chosen. This may be done for several reasons, for
example, it may be necessary to fit the curve into particular site conditions. How
ever, there is another factor which must be considered before deciding on the final
length of a vertical curve. This is the necessity to try to fit the vertical alignment of
the road to the horizontal alignment.

11.9.1 Phasing of Vertical and Horizontal Aligments

Usually, when designing new roads or improving existing alignments, the procedure
is as follows.

(1) Design or redesign the horizontal alignment.
(2) Take reduced levels at regular intervals along the proposed centre line and

plot a longitudinal section (see section 2.11 .2).
(3) Superimpose chosen gradients on the longitudinal section, altering their

percentage gradient and position as necessary to try to balance out any cut and fill
(see section 12.2 and chapter 13) and also to try to get the vertical curve tangent
points to coincide with those of the horizontal curve.

It is this third stage which often gives the final length of the vertical curve. The
tangent points of the vertical curve must, wherever possible, coincide exactly with.
the tangent points of the horizontal curve, where applicable. This is to avoid the
creation of optical illusions . If a vertical curve is started during a horizontal curve
then to a driver travelling along the curve the road appears disjointed owing to the
vertical directional change of the vertical alignment being inflicted on the horizon
tal curve at a point where the horizontal radial force and supere1evation may be
severe. This can lead to driver error and must be avoided wherever possible.

In most cases, the horizontal curve will be greater in length than the minimum
required for the vertical curve and it will be necessary to increase the vertical curve
length to that of the horizontal curve. Should the minimum vertical curve length be
greater than the length of the horizontal curve then the opposite will apply.

When phasing vertical and horizontal alignments, the curves should run between
the start and finish tangent points and not between any two tangent points. This is
shown in figure 11.6 . To introduce the two alignments at different tangent points
would again create optical illusions.

11.10 Setting Out the Vertical Curve

Once the length and gradients have been decided, it is necessary to plot the curve
on the longitudinal section as a check on the design and then set it out on the
ground.

In order that these can be done, it is necessary to calculate the reduced levels
(RL) of points along the proposed centre line.
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parabalic vertical curve

( a) Cnmpatible

parobalic vertical curve

( b I Incompatible

horizontal
alignment

vertical
alignment

harizontal
alignment

vertical
alignment

Figure 11.6 Phasing of horizontal and vertical alignments

With reference to figure 11.7, if P is datum level, the level of any point Z on the
curve with respect to P is given by Ml, where

Ml::: [(m)y /lOO - (A)y2/200Lv ]

This is a general expression and Ml can be either positive or negative, depending on
the signs of m and A .

All Ml values are related to the RL of P and should be added to or subtracted
from this to obtain the reduced levels of points on the curve which lie a general
distance y along the curve from P.

Figure 11.7

R

datum

-n%
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Hence, reduced levels of points on the curve can be calculated and plotted on
the longitudinal section (see section 12.2). If the design is acceptable, the reduced
levels of the points are set out on site using sight rails as described in chapter 14.

11.11 Highest Point of a Crest, Lowest Point of a Sag

In order that drainage gullies can be positioned effectively, it is necessary to know
the through chainage and reduced level of the highest or lowest point of the vertical
curve . The highest point of a crest occurs when !iH is a maximum and the lowest
point of a sag occurs when !iH is a minimum.

For a maximum or minimum value of!iH, d(Mf)/dy = 0, therefore

d m Ay
dy (Mf) = 100 - 100L

y
=0

Hence, m/IOO= Ay/IOOLy, therefore y = Lym/A for a maximum or minimum value
!iH. This gives the point along the curve at which the maximum or minimum level
occurs. To find the reduced level at this point it is necessary to substitute this
expression for y back into the equation for !iH. Therefore

!iHmax/min = (m/lOO) (Lym/A) - (A/200L y) (L/m 2 /A 2)

Hence

!iHmax/min =L ym 2 /200A

above or below point P.

11.12 Summary of Vertical Curve Design

Problem

To design a vertical curve to fit between two gradients for a particular design speed .

Solution

(1) Calculate A.
(2) From the current DTp design standards obtain the appropriate K-value

for the design speed and road type.
(3) Use the K.~alue to calculate the minimum required length of vertical

curve.
At this stage it may be necessary to phase the vertical and horizontal alignment

as described in section 11.9 .1 and an alteration in gradients may be necessary. An
attempt should also be made on the longitudinal section to balance out cut and fill.

(4) The reduced levels of the entry and exit tangent points on the vertical
curve should be measured in the field once the final length has been chosen and
these positions are known.

(5) The formula for !iH is used together with the reduced level of the entry
tangent point to calculate the reduced levels of points on the curve itself. As a
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check on the calculations , the reduced level of the exit tangent point should be
calculated using the formula and it should equal that found in (4).

(6) The curve is plotted on the longitudinal section by plotting the reduced
levels calculated in (5) and, if acceptable, is set out on site using sight rails set some
convenient height above the formation level.

11.13 Vertical Curves with Unequal Tangent Lengths

The foregoing discussion has been limited to vertical curves having equal tangent
lengths . These are easy to design and can be fitted to the majority of cases but,
occasionally, either to meet particular site conditions or to avoid large amounts of
cut and/or fill, it becomes necessary to design a curve having unequal tangent
lengths.

With reference to figure 11.8, the easiest method of designing such a curve is to
introduce a third gradient BCDwhich splits the total curve PR into two consecutive

Figure 11 .8

+m per cent

\

Q
I

Ie

LZ

,i

equal tangent length curves PC and CR. The common tangent line BCD is parallel
to the chord PR and C is the common tangent point between the two curves.

The first curve PC is equal in length to the entry tangent length PO and the
second curve CR is equal in length to the exit tangent length OR. B is the mid-point
of PO and D is the mid-point of OR.

From figure 11.8

PC = L 1 , CR = L 2

L; =L 1 +L 2

PB = BC = PO = L 1

2 2

CD=DR= OR. =~
2 2
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When calculating RLs at regular chainage intervals along the curves, each curve is
treated as a separate equal tangent length vertical curve. The worked example in
section 11.16.2 shows how this is done .

11.14 Computer Aided Road Design

Nowadays, vertical alignments are often designed in conjunction with horizontal
alignments using complete highway design computer systems such as BIPS and
MOSS. These are discussed in detail in section 10.16.

11.15 Further Reading

Department of Transport , Roads and Local Transport Directorate, Departmental
Standard TD/81 , Road Layout and Geometry: Highway Link Design (Depart
ment of Transport, 1981).

Department of Transport, Highways and Traffic Directorate, Departmental Advice
Note TA 43/84: Highway Link Design (Department of Transport, 1984).

11.16 Worked Examples

11.16.1 Vertical Curve having Equal Tangent Lengths

Question

The reduced level at the intersection of a rising gradient of 1.5 per cent and a falling
gradient of 1.0 per cent on a proposed road is 93.60 m AOD. Given that the K-value
for this particular road is 55, the through chainage of the intersection point is
671.34 m and the vertical curve is to have equal tangent lengths, calculate

(1) the through chainages of the tangent points of the vertical curve if the
minimum required length is to be used

(2) the reduced levels of the tangent points and the reduced levels at exact
20 m multiples of through chainage along the curve

(3) the position and level of the highest point on the curve.

Solution

Figure 11.9 shows the curve in question. Minimum L; =KA =55 x 2.5 =137.5 m.
Therefore

through chainage ofP = 671.34 - (137.5/2) = 602.59 m

through chainage ofR = 671.34 + (137.5/2) = 740.09 m

From the diagram it is obvious that P and R are both lower than Q, therefore ,
ignoring the signs of m and n

reduced level ofP =93.60 - (mL v/200) =93.60 - 1.03

= 92.57 m
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Fi gu re 11.9

93.60mAOD
__ 2 _

K = 55
A ={+1 .5)-{-1 .0l=+2.5

choinage
Q =671 .34m

-1.0%

reduced level of R =93.60 - (nLy/200) =93.60 - 0.69

= 92.91 m

To keep to exact mult iples of 20 m of through chainage there will need to be an
initial short value ofy of 620 .00 - 602.59 = 17.41 m.y will increase in steps of
20 m and the finaly will be equal to the length of the curve, that is 137.5 m.

The reduced levels of points on the curve are given by

RL = 92 .57 + [(m )y/lOO - (A )y2 /200Lyl
working from P towards R.

The results are tabulated and shown in table 11.2.
As a check on the calculations , the reduced level of R should equal that calculat

ed earlier as is the case in this example.
The highest poin t on the curve occurs when

y = Lym/A = (137.5 x 1.5)/2.5 = 82.50 m

T ABLE 11.2
(all quantities are in metres)

Chai nage y (mlyll OO (Aly' / 200Lv
/',/1 RL

602.59 (P) 0 0 0 0 92.57

620.00 17.41 +0.261 +0 .028 +0.233 92.80
640.00 37.41 +0.561 +0. 127 +0.434 93.00
660.00 57.41 +0.861 +0 . 300 +0.561 93.13
680.00 77.41 +1.161 +0.545 +0. 616 93. 19
700.00 97.41 +1.461 +0.863 +0 .598 93. 17
720 .00 117.41 +1 .761 +1. 253 +0 .508 93.08
740.00 137.41 +2. 061 +1. 71 7 +0.344 92.91
740 .09 (R) 137.50 +2 .063 +1. 719 +0.344 92.91
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The highest level on the curve =92.57 + Lvm 2 1200A

=92 .57 + (137 .5 x 1.52 )/(200 x 2.5) =93.19 m

287

These can be confirmed by inspection of table 11.2.
In this example both m and A are positive and the positive sign has been retained
in the calculations . When either m or A is negative, the negative sign should also be
reta ined and taken into account in the equation for Ml in order that Ml can have
the correct sign.

The reduced levels shown in table 11.2 are rounded to the nearest 10 mm since
the initial data was only quoted to this precision.

11.16.2 Vertical Curve havingUnequal TangentLengths

Question

A parabolic vertical curve is to connect a -2.50 per cent gradient to a +3.50 per
cent gradient on a highway designed for a speed of 100 kph. The K-value for the
highway is 26 and the minimum required length is to be used.

The reduced level and through chainage of the intersection point of the gradients
are 59.34 m AOD and 617.49 m respectively and, in order to meet particular site
conditions, the through chainage of the entry tangent point is to be 553 .17 m.
Calculate

(1) the reduced levels of the tangent points,
(2) the reduced levels at exact 20 m multiples of through chainage along the

curve.

Solution

A = (-2.50) - (+3.50) = -6.00

Hence

min L; = 26 x 6.00 = 156.00 m

Figure 11.10 shows the required curve and, from this, the tangent lengths are

L 1 = PQ = 617.49 - 553.17 = 64.32 m

L 2 = QR = 156.00 - 64.32 = 91 .68 m

Since these are unequal, a third gradient BCD is introduced as discussed in section
11.13.

(1) Reduced levels ofP and R
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R

Figure 11. 10

From figure 11.10, it can be seen that

RL = RL + (2.50)PQ = 59.34 + (2.50)64.32 = 60.95 m AOD
p Q 100 100

RL = RL + (3.50)QR = 59.34 + (3.50)91.68 = 62.55 m AOD
R Q 100 100

(2) Reduced levels at exact 20 m multiples of through chainage along the curve

through chainage ofP = 553.17 m

through chainage of R = through chainage of P + L;

=553.17+ 156.00=709.17m

Also, from figure 11.10, it can be seen that

gradient of BCD = gradient of PR

(- 2.50)Ll + (+3.50)L2
= per cent

Lv

(- 2.50)64.32 + (+3.50)91.68
= per cent

156.00

= +1.03%

For the vertical curve PC, the reduced levels are calculated from P to C with refer
ence to RLp using

RL = RLp + [(m)y/lOO - (A)y2 /200L d
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TABLE 11.3
(all quantities are in metres)

2
Chainage tj (m)y/100 (A)tj /200L 1 ilH RL

553.17 ( P) 0 0 0 0 60.95
560 .00 6.83 -0 .17 -0 .01 -0.16 60.79
580 .00 26.83 -0 .67 -0 .20 -0 .47 60.48
600.00 46.83 -1.17 -0.60 -0.57 60.38
617.49 (C ) 64.32 -1.61 -1.14 -0.47 60.48

where m = -2.50 per cent , L 1 = 64.32 m,A = (-2.50) - (+1.03) = -3 .53 per cent,
through chainage of C = through chainage of Q= 617.49 m.
The RLs calculated along curve PC are shown in table 11.3.

For the vertical curve CR, the reduced levels are calculated from C to R with
reference to RLc using

RL = RLc + [(m)y/l00 - (A)y2 /200L 2]

where m = +1.03 per cent , L 2 = 91.68 m, A = (+1.03) - (+3.50) = -2.47.
The RLs calculated along curve CR are shown in table 11.4. Note that the value

obtained for the RL of point R in table 11.4 agrees with the value obtained in the
solution to the first part of the question.

TABLE 11.4
(all quantities are in metres)

2

Chai nage y (m)y/100 (A)y /200L 2 ilH RL

617.49 (C) 0 0 0 0 60.48
620.00 2.51 +0 .03 0.00 +0 .03 60.51
640.00 22.51 +0.23 -0 .07 +0 .30 60.78
660.00 42.51 +0 .44 -0.24 +0.68 61. 16
680.00 62.51 +0 .64 -0.53 +1.17 61.65
7pO.00 82.51 +0 .85 -0.92 +1 .77 62.25
709.17 (R) 91.68 +0.94 -1.13 +2 .07 62.55



12
Calculation of Areas
and Volumes

With the high costs of areas of land and volumes of material it is vital that the
engineer makes as accurate a measurement as possible of any such quantities in
volved in a particular project.

This chapter deals with some of the more important and most often used tech
niques in the calculation of areas and volumes and for convenience is divided into
three sections, that is, calculation of plan areas, calculation of cross-sectional areas
and the calculation of volumes .

12.1 Calculation of Plan Areas

Such areas fall into one of three categories; they are either straight sided , irregular
sided or a combination of both.

12.1.1 Areas enclosed by Straight Lines

Into this category fall areas enclosed by traverse , triangulation, trilateration or detail
survey lines. The results obtained for such areas will be exact since correct geo
metric equations and theorems can be applied .

Areas from triangles

The straight-sided figure can be divided into well-conditioned triangles , the areas of
which can be calculated using one of the following formulae.

(1) Area = y[S(S - a) (S - b) (S - c)] where a, band c are the lengths of
the sides of the triangle and S = t (a + b +c).

(2) Area = t (base of triangle x height of triangle) .
(3) Area = ta b sin C where C is the angle contained between side lengths

a and b.
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The area of any straight-sided figure can be calculated by splitting it into triangles
and summing the individual areas.

Areas from coordinates

In traverse, triangulation and trilateration calculations, the coordinates of the
junctions of the sides of a straight-sided figure are calculated and it is possible to
use them to calculate the area enclosed by the control network lines. This is
achieved using the cross coordinate method.

Consider figure 12.1, which shows a three -sided clockwise control network ABC.
The required area = ABC.

N

Figure 12 .1

area of ABC = area of ABQP + area of BCRQ - area of ACRP

These figures are trapezia for which the area is obtained from

area of trapezium = (mean height x width)

Therefore

area of ABQP = t(N I +N 2 ) (E2 - Ed

Hence equation (12 .1) becomes

area ABC = t(N1 +N2)(E2 - Ed + tCN2 +N3)(E3 - E2 )

-t(N I +N3)(E3 -Ed

Therefore

(12 .1)

2 x area ABC =NIE2 - N IE I +N2E2 - N2E1 +N 2E3 - N 2E2

+N3E3 -N3E2 -N1E3 +N1E1 -N3E3 +N3EI

Rearranging, this gives

2 x area ABC = (N1E2 +N2E3 +N3E1 ) 

(E1N2 +E2N3 +E3Nd

The similarity between the two brackets should be noted.
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Although the example given is only for a three-sided figure, the formula can be
applied to a figure containing N sides and the general formula for such a case is
given by

2 x area =(N1E2 +N 2E3 +N 3E4 + +NN-1EN +NNEI)

- (E1N2 +E2N3 +E3N4 + +EN-INN +ENNd

If the figure is numbered in the opposite direction, the signs of the two brackets
are reversed.

The cross coordinate method can be used to subdivide straight-sided areas as
shown in the worked example in section 12.4 .1 and can also be used to calculate
the area of irregular cross sections as discussed in section 12.2.5 .

12.1 .2 Areas Enclosed by Irregular Lines

For such cases only approximate results can be achieved . However, methods are
adopted which will give the best approximations.

Give and take lines

In this method an irregular-sided figure is divided into triangles or trapezia, the
irregular boundaries being replaced by straight lines such that any small areas ex
cluded from the survey by the lines are balanced by other small areas outside the
survey but included as shown in figure 12.2.

excludedarea~~

YlP~~
give and take line includedarea

Figure 12.2

The positions of these lines can be estimated by eye on a survey plan. The area is
then calculated using one of the straight-sided methods.

Graphical method

This method involves the use of a transparent overlay of squared paper which is laid
over the drawing or plan. The number of squares and parts of squares which are en
closed by the area is counted and , knowing the plan scale, the area represented by
each square is known and hence the total area can be computed. This can be a very
accurate method if a small grid is used.

Mathematical methods

The following two methods make a mathematical attempt to calculate the area of
an irregular-sided figure.
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Trapezoidal rule Figure 12.3 shows a control network contained inside an area
having irregular sides. The shaded area is that remaining to be calculated after using
one of the straight-sided methods to calculate the area enclosed by the control
network lines.

Figure 12.4 shows an enlargement of a section of figure 12.3. The offsets 0 1 ,

O2 , 0 3 • •• 0 8 are either measured directly in the field or scaled from a plan.
The trapezoidal rule assumes that if the interval between the offsets is small, the

boundary can be approximated to a straight line between the offsets . Hence , figure
12.4 is assumed to be made up of a series of trapezia as shown in figure 12.5. There 
fore , in figure 12.5

traverse line

02

\ irreoular boundary

offsets at reoular int ervals

Figure 12 .4
Figure 12 .3

L

Figure 12 .5

A
1

= (0 1 +02 ) L' A
2

= (0 2 +03 ) L ,etc.
2 ' 2

Hence, for N offsets, the total area (A) is given by

A = (01 +O2 ) L + (02 +0 3 ) L + ... + (ON-1 +ON) L
222

Which leads to the general trapezoidal rule shown below

The trapezoidal rule applies to any number of offsets .
Consider the following example.
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Question

The following offsets , 8 m apart , were measured at right angles from a traverse line
to an irregular boundary.

Om 2.3 m 5.5 m 7.9 m 8.6 m 6.9 m 7.3 m 6.2 m 3.1 mOm

Calculate the area between the traverse line and the irregular boundary .

Solution

Area = 8.0 (0 + 0 + 2(2.3 + 5.5 + 7.9 + 8.6 + 6.9 + 7.3 +6.2 +3.1))
2

= 4 x 2(47.8) =382.4 m2

Simpson 's rule This method assumes that instead of being made up of a series of
straight lines, the boundary consists of a series of parabolic arcs. A more accurate
result is obtained since a better approximation of the true shape of the irregular
boundary is achieved. Figure 12.6 shows this applied to figure 12.5.

L L L L L L L
I' 'I' 'I' 'I' 'I' 'I' 'I' 'I

0
1"'(1 A 2 k[J A~

v~
O2 0 3 0

4 o~
0 6 parabolic arc

Figure 12 .6

Simpson's rule considers offsets in sets of three and it can be shown that the
area between offset 1 and 3 is given by

L
Al +A 2 = - (0 1 +402 +03 )

3

Similarly

Hence, in general

Total area = L (0 1 +ON +4 ~ even offsets + 2 ~ remaining odd offsets)
3

However,N MUST be an ODD number for Simpson's rule to apply .
When faced with an even number of offsets, as in figure 12.6, when using

Simpson's rule, the final offset must be omitted (for example , Os), the rest of the
area calculated and the last small area calculated as a trapezium (that is, using the
trapezoidal rule) . Consider the example given during the derivation of the trape
zoidal rule solved using Simpson's rule.
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Solution

There are an even number of offsets, 10, hence calculate the area between I and 9
by Simpson's rule and the area between 9 and 10 by the trapezoidal rule.

Areal_9 = 8.0 [0 + 3.1 + 4(2.3 + 7.9 + 6.9 + 6.2) + 2(5.5 + 8.6 + 7.3)]
3

= 8.0 [3.1 + 4(23.3) + 2(21.4)
3

= 8.0 x 139.1 =370.9 m2
3

Area9_10 = 8.0 (3.1 + 0) = 12.4 m 2

2

Therefore

total area = 370 .9 + 12.4 = 383.3 m2

Note the difference between this result and that obtained using the trapezoidal
rule. Simpson's rule will give the more accurate result when the boundary is
genuinely irregular and the trapezoidal rule will give the more accurate result when
the boundary is almost a series of straight lines. In general for irregular-sided
figures , Simpson's rule should be used.

12.1.3 The Planimeter

The planimeter is a mechanical device for determining the area of any irregular
sided plane figure . A high degree of accuracy can be achieved. Figure 12.7 shows
the main features of a planimeter. The integrating unit can also be in digital form
as shown in figure 12.8.

The area is obtained from the measuring unit consisting of an integrating disc
which revolves and alters the reading as the tracing point is moved round the peri
meter of the figure . It is possible to read to 1/1000 of a revolution of the disc. The
reading is directly related to the length of the tracing arm.

On a fixed tracing arm instrument the readings are obtained directly in mm? and
then have to be converted according to the plan scale to obtain the ground area .

On a movable arm instrument the tracing arm length can be set to particular
values depending on the plan scale such that the readings obtained give the ground
area directly .

The planimeter can be used as follows.

With the pole block outside the figure

This is the most common method of use and is shown in figure 12.9.

( 1) Point A is marked and the scale read .
(2) The tracing point is moved clockwise round the perimeter of the figure

back to point A and the scale is again read.
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(b)

pole arm

pole black
(heavy weight)
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)
measuring or
integrating unit

tracing arm

disc spindle

Figure 12.7 Planimeter: (a) main features; (b) integrating unit

Figure 12 .8 Digital planimeter
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Figure 12.9 Figure 12.10

(3) The difference between the two readings multiplied by any necessary
factor gives the ground area.

With the pole block inside the figure

This is essentially the same as for the pole block outside, but a constant must be
added , as shown in figure 12.10 . The shaded area is known as the zero circle and is
that area which is not registered on the scale owing to the disc being dragged at
right angles to its direction of rotation during the measurement. This constant is
given with the planimeter and will also have to be converted as necessary.

Whichever method is used, the planimeter should always be checked over a
known area and if a discrepancy is found a further correction factor should be com
puted and applied to all the planimeter readings. Testing bars are usually provided
with the planimeter for this purpose .

12.2 Calculation of Cross-sectional Areas

In the construction of a road , railway, large diameter underground pipeline or
similar, having set out the proposed centre line on the ground , levels are taken at
regular intervals both along it and at right angles to it to obtain the longitudinal and
cross sections. This is shown in figure 12.11, the fieldwork being described in detail
in section 2.11.2 .

When plotting the longitudinal section , the vertical alignment is designed and the
formation levels along the centre line are calculated. A typical longitudinal section
showing the formation level is shown in figure 12.12 .

Each cross section (CS) is drawn and the area between the existing and proposed
levels is calculated. Figure 12.13 shows typical cross sections.

Both the longitudinal section and the cross sections are usually drawn with their
horizontal and vertical scales at different values, that is

Scales for longitudinal section

horizontal-as road layout drawings, for example , 1 in 500

vertical-exaggerated, for example , 1 in 100
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longitudinal section
along£

Scales for cross sections

horizontal-exaggerated, for example, in 1 in 200

vertical-exaggerated, for example, 1 in 50

The reason for exaggerating the vertical scales of both sections and the horizontal
scale of the cross sections is to give a clear picture of the exact shape of the sections.

If the cross sections have different horizontal and vertical scales it is still possible
to calculate their areas either by the graphical method or by using a planimeter as
normal and applying a conversion factor. Consider the following example.

Question

A cross-sectional area was measured using a fixed arm planimeter which gave read
ings directly in mm" . The initial planimeter reading was set to zero and the flnal
reading was 7362. If the horizontal scale of the cross section was 1 in 200 and the
vertical scale 1 in 100, calculate the true area represented by the cross section.

Solution

Difference between planimeter readings = 7362 rnm? . But 1 rnm? does , in fact,
represent an area (200 mm x 100 mm) since the horizontal and vertical scales are
1 in 200 and 1 in 100 respectively. Hence

7362 mrn? =(7362 x 200 x 100) mm2 =147.24 m2

Once the areas of all the cross sections have been obtained they are used to calcu
late the volumes of material to be either excavated (cut) or imported (fill) between
consecutive cross sections . Such volume calculations are considered in section 12.3.

Although, in the example given above, a planimeter was used to measure the
cross-sectional area, this is not the only method available; any of the methods dis
cussed in section 12.1 can be employed or, alternatively, one of the following
methods can be used. Five types of cross section are considered .
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CALCULATION OF AREAS AND VOLUMES

12.2.1 Existing Ground Level Horizontal

Figure 12.14 shows a sectional drawing of a cutting formed in an area where
existing ground level is constant.

From figure 12.14

areaofcross section = h(2b + nh)

plan width = 2W = 2(b +nh)

For an embankment, the diagram is inverted and the same formulae apply .

301

w

original
grw>d
surface

Figure 12 .14 Level section

12.2.2 The Two-level Section

w
"I

'-....... side slape
1vertical inn
horizontal

depIhat ~ = h
side slopes =1in n
formation width = 2b
sidewidth =W
planwidth '" 2W

A cutting with a constant transverse slope is shown in figure 12.15, where WG =
greater side width; WL =lesser side width ;h =depth of cut on centre line from

Figure 12 .15 Two -level section
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existing to proposed level; I in n = side slope; 1 in s = ground or transverse slope.
Considering vertical distances at the centre line gives

b WL- - +h - -
n s

and

WG =~ +h+ WG
n n s

Multiplying by sn gives

WLs = bs +hsn - WLn

and

WGs = bs +hsn + WGn

Hence

W
- s(b+nh)

L-
s+n

and

W
- s(b+nh)

G-
s -n

The plan width is given by (WL + WG). The cross-sectional area (A) of the cutting
is given by

A = area ABF + area BCF - area DEF, hence

[ bJ b
2

A =t h +;; (WL +WG ) - -;;

Again, for embankments, figure 12.15 is inverted and the same formulae apply.

12.2.3 The Three-level Section

A cutting with a transverse slope which changes gradient at the centre line is shown
in figure 12.16, where Wl and W2 are the side widths, h = depth of cut on the
centre line from the existing to the proposed levels, I in n = side slope , 1 in Sl and
I in S2 = transverse slopes.

Cross sections of this type are best considered as consisting of two separate half
sections on either side of the centre line. There are eight possible types of half
section as shown in figure 12.17.

Using techniques similar to those used to derive the formulae for the two-level
section in figure 12.15 , it is possible to derive the following formulae for three-level
sections.
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Figure 12.16 Three-level section

303

If If
I I

(0)

b b

Figure 12 .17 Half sections

(b) (e)

(g)

w

(d)

(h)

For the half sections shown in figure 12.170, b, c andd

W=s(b+nh)
(s - n)

For the half sections shown in figure 12.17e, I. g and h

W=s(b+nh)
(s +n)
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The cross-sectional area (A) of any combination of any two of the eight types of
half section is given by

A= ! (h +!!..-) (sum of side widths) - ~
2 n n

12.2.4 Cross Sections involving both Cut and Fill

Figure 12.18 shows the four types of section that can occur in practice where the
depth of cut or fill on the centre line is not great enough to give either a full cutting
or a full embankment but instead gives a cross section consisting partly of cut and
partly of fill. Such a section can occur when a road is being built around the side of
a hill and is used for economic reasons since the cut section can be used to provide
the fill section and very little earth-moving distance is involved.

With reference to figure 12.18, h = depth of cut or fill on the centre line from
the existing to the proposed levels, WI and W2 =the side widths, A I and A 2 =the
areas of cut or fill, 1 in s =transverse slope , 1 in n and 1 in m =side slopes.

Two different side slopes are shown since often a different side slope is used for
cut compared to that used for fill,

Formulae for WI. W2 • Al andA 2 can be derived as follows by again considering
vertical distances along the centre line. Consider figure 12.19 which shows a more
detailed version of the cross section shown in figure 12.180.

and

But

and

WI b
+h l--

n n

W2 b +h 2--
m m

WI - hh l = -
s

W2h 2 = - +h
s

Substituting for h I and h 2 and multiplying by sn and sm respectively gives

WI s =bs + Win - hsn

and

Hence

b - nh
Wi =s --

s-n
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(a)

(b)

(c)

Figure 12 .18 Se ctions involving cut and fill

and

The plan width is given by (WI + W2 ) .

The cross-sectional areas are obtained as follows

Al =t(b-sh)h l

and
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Figure 12.19

but

and

Hence

and
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w,

sh

AI

h

~
s b

n
.£
m

b b

_ b-nh -h
s-n

b - sh

s- n

= b+mh +h
s-m

b+sh

s - m

AI = (b - !.h)2
2(s - n)

A
2

= (b +Sh)2
2(s - m)
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b - mh
W2 =s - - -

s - m

The formulae derived above for WI . W2 . A I and A 2 apply to cross sections
similar to those shown in figure 12.18a and d.

For cross sections similar to those shown in figure 12.18b and c, the formulae
are amended slightly as follows

b +nh
WI =s - 

s -n

A
I=(b+sh)2

2(s - n)
A

- (b - sh)2
2 -

2(s - m)

With any cross section partly in cut and partly in fill, it is essential that a draw
ing be produced so that the correct formulae can be used.

The worked example in section 12.4.2 illustrates the application of these
formulae .

12.2.5 Irregular Sections

Figure 12.20 shows a cutting, the ground surface of which has been surveyed using
the levelling methods discussed in section 2.11.2 . For each point surveyed, the RL
and offset distance (x) will be known .

Although the area of such a section could be found using a planimeter or by a
mathematical method the cross coordinate method (see section 12.1.1) can also be
used. In order to apply this method, a coordinate system which has its origin at the
intersection of the formation level and the centre line is used. Offset distances (x
values) to the right of the centre line are taken as positive and those to the left of
the centre line are taken as negative; heights (y values) above the formation level
are considered to be positive and those below the formation level are considered to
be negative. For figure 12.20 , the points defining the section will have the coordin
ates given in table 12.1. These coordinates are used to obtain the area of this
section by substituting them into the following cross coordinate formula

2 x Area = (N IE2 +N 2E3 +N 3E4 + +NIIEd

- (EIN2 +E2N3 +E3N4 + +EIINI)

since a clockwise order is given in figure 12.20 for the points.

+Y

3
4

2

5

formation level

6 7

8

11

10

Figure 12 .20 Irregular section
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TABLE 12.1

Point n= 2 3 4 5 6 7 a 9 10 11

En 0 -b -x3 -x4 -x5 0 x7 xa Xg xlO b

Nn 0 0 Y3 Y4 Y5 Y6 Y7 Ya Yg YlO 0

A similar process can be applied to embankments and also to those sections in
volving both cut and fill. For the cut and fill sections, separate calculations are
required.

In this type of area calculation, careful attention must be paid to the algebraic
signs involved.

12.2.6 Using the Cross-sectional Areas and Side Widths

The cross-sectional areas are used to calculate volumes and this is discussed in
section 12.3. However, before they can be used to obtain volumes it is necessary
to modify their calculated values by making allowance for the depth of the road
construction. The cross-sectional area of the road construction should be calculated
or scaled from a plan of the construction and added to cross-sectional areas in cut
and subtracted from cross-sectional areas in fill. Cross sections partly in cut and
partly in fill should be inspected on the cross-sectional drawings and their areas
modified accordingly .

The side widths, either separately or together in the form of the plan width, are
used to mark the extent of the embankments and cuttings on the working drawings.

This is shown in figure 12.21. They help firstly in the calculation of the area of

r-CS23

~ edge of verge

chonnel

Figure 12.21



CALCULATION OF AREAS AND VOLUMES 309

land which must be obtained for the construction and secondly in the calculation
of the area of the site to be cleared and stripped of topsoil before construction can
begin.

12.3 Calculation of Volumes

Volumes of earthworks can be calculated in several ways, three of which are con
sidered here : volumes from cross sections, volumes from spot heights and volumes
from contours.

12.3.1 Volumes from CrossSections

The cross sections calculated in section 12.2 are used to calculate the volume con
tained between them. Two methods are considered, both comparable to the
trapezoidal rule and Simpson's rule for areas.

End areas method

This is comparable to the trapezoidal rule for areas. If two cross-sectional areas A I

and A 2 are a horizontal distance d I apart , the volume contained between them
(VI) is given by

V - d (AI +A 2 )
I - I 2

This leads to the general formula for a series ofN cross sections

Ytotal = VI + V2 + V3 + . . .+ VN_ I

=d
l

(AI +A 2 ) +d
2

(A 2 + A 3 )

2 2

d (AN-I + AN)+ N-I -
2

and.If d, =d2 =d3 =dN- I =d

d
total volume = - (A I +AN + 2(A 2 +A 3 + . . .AN-d)

2

The end areas method will give accurate results if the cross-sectional areas are of the
same order of magnitude.

Prismoidalformula

This is comparable to Simpson's rule for areas and is more accurate than the end
areas method.

The volume contained between a series of cross sections a constant distance
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Figure 12 .22
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apart can be approximated to the volume of a prismoid which is a solid figure with
plane parallel ends and plane sides. This is shown in figure 12.22 .

It can be shown that for a series of three cross sections the volume , VI _ 3 , con
tained between them is given by

This is the prismoidal formula and is used for earthwork calculations of cuttings
and embankments and gives a true volume if either

(1) the transverse slopes at right angles to the centre line are straight and the
longitudinal profile on the centre line is parabolic, or

(2) the transverse slopes are parabolic and the longitudinal profile is a straight
line.

Hence, unless the ground profile is regular both transversely and longitudinally it
is likely that errors will be introduced in assuming that the figure is prismoidal over
its entire length. These errors , however , are small and the volume obtained is a good
approximation to the true volume.

Iffigure 12.22 is extended to include cross section 4 (A 4 ) and cross section 5
(A 5 ) , the volume from CS3 to CS5 (V 3-5) is given by

d
V3 - 5 = - (A 3 +4A 4 +A 5 )

3

Therefore, the total volume from CS1 to CS5 (/I) is

This leads to a general formula for N cross sections, where N MUST be ODD, as
follows

V = !!... (A 1 +AN +4 k even areas + 2 k remaining odd areas)
3

This is often referred to as Simpson's rule for volumes and should be used wherever
possible. The worked example given in section 12.4.2 illustrates the application of
the prismoidal formula.
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Effect ofcurvature on volum e

The foregoing discussion has assumed that the cross sections are taken on a straight
road or similar. However, where a horizontal curve occurs the cross sections will no
longer be parallel to each other and errors will result in volumes calculated from
either the end areas method or the prismoidal formula .

To overcome this, Pappus ' theorem must be used and this states that a volume
swept out by a plane constant area revolving about a fixed axis is given by the
product of the cross-sectional area and the distance moved by the centre of gravity
of the section .

Hence the volumes of cuttings which occur on circular curves can be calculated
with a better degree of accuracy. Figure 12.23 shows an unsymmetrical cross section
in which the centroid is situated at a horizontal distance c from the centre line,
where c is referred to as the eccentricity . The centroid may be on either side of the
centre line according to the transverse slope.

Figure 12.24 shows this cross section occurring on a circular curve of radius R.

Length of path of centroid = (R +c) () rad

From Pappus' theorem, the volume swept out is V = A(R +c) () rad. But

() rad=L/R ,hence V=LA(R +c)/R.

Therefore

V=L (A +~c) =LA (1 +~) =LA'

In the expression for V, LA is the volume of a prismoid of length L and the term
Ac/R can be regarded as the correction to be made to the cross-sectional area before
calculating the volume as that of a normal prismoid . The correc ted area can be
expressed as

A' =A (1 ±*)
The ± sign is necessary since the centroid can lie on either side of the centre line.
The negative sign is adopted if the centroid lies on the same side of the centre line
as the centre of curvature and the positive sign if on the other side.

Figure 12.23

t
\

o

L = length of ore
olong centreline t

Figure 12 .24
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In practice , the shape of the cross section will not be constant so that neither A
nor c will be constant. However, the ratio c/R will usually be small and it is generally
sufficiently accurate to calculate the correction for each cross section and to use
either the end areas method or the prismoidal formula to determine the volume.

Example ofvolume calculation from cross sections

Figure 12.25 shows a longitudinal section for a series of cross sections taken at 20 m
intervals along the proposed centre line of a road , together with the resulting cross
sections. The procedure for calculating the volume contained between CSI and CS6
is as follows.

(l) Calculate cross-sectional areas CSI to CS6 using one of the methods dis
cussed in sections 12.1 and 12.2.

(2) Calculate the volume using either the end areas method or the prismoidal
formula. If the cross sections are all of the same type, one of the formulae, prefer
ably the prismoidal, can be used. However, if the cross sections are changing as in
figure 12.25 it is best to work from one cross section to the next as follows.

CSI to CS

20
Volume of cut = - (l10.6 + 64.3) =1749 m3

2

Volume of fill = zero

CS2 to CS3

20
Volume of cut = - (64.3 + 36.2) =1005 m3

2

~
~

t

Figure 12 .2 5

~
~

t

~
~

t

F=±=J
~
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20--_ ._-
(29.3 - 11.6)

The volume of fill presents a problem. Between CS2 and CS3 there is a point at
which the fill begins. A good estimate of the position of this point must be made to
enable accurate volume figures to be obtained. This is best done by assuming that
the rate of increase of fill between CS2 and CS3 is the same as that between CS3
andCS4.

Between CS3 and CS4, the area of fill increases from 11.6 m2 to 29.3 m2 in a
distance of 20 m. If this is extrapolated back as shown in figure 12.26, the point at
which the fill begins between CS2 and CS3 can be found.

In figure 12.26

~=
11.6

hence

d, = 13.1 m

Therefore

volume of fill = 13.1 (0 + 11.6) = 76 m3

2

Figure 12 .26

CS2 CS3 CS4

This extrapolation method will work only if the area of fill at CS4 is greater than
twice the area of fill at CS3 otherwise a meaningless result will be obtained, that is,
d I >d. The only solution to such an occurrence is to inspect the cross-sectional
drawings and the longitudinal section and to make a reasoned estimate of the
position at which the fill begins.

The extrapolation method is suitable for both cut and fill , whether increasing or
decreasing.

CS3 to CS4

20
volume of cut = - (36 .2 +9.6) = 458 m 3

2

20
volume of flll = - (11.6 + 29.3) =409 m3

2

CS3 to CS5 The volume of cut must be calculated using the extrapolation method.
From CS3 to CS4 the area of cut decreases from 36.2 m2 to 9.6 m2 in a distance of
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20 m. Hence, the distance from CS4 towards CS5 at which the cut decreases (d 2 ) is
given by

d 2 = ~~~ =7.2m
36.2 - 9.6

Therefore

volume of cut = 7.2 (9.6 + 0) =3S m3

2

20
volume of fill = --- (29.3 + 59 .7) =890 m3

2

CS5 to CS6 In this case the cross section changes from all fill to all cut. Again, for
accuracy, it is necessary to estimate the position where the fill section ends and the
cut section begins. The relevant part of the longitudinal section is shown in figure
12.27.

d

Figure 12.27

CS5 CS6

A linear relationship involving the cross-sectional areas can be used

ss.: d
As As +.46

hence

d - dA s
1 -

As +A 6

The volume of fill is obtained from [dil2] (As + 0) and the volume of cut is
obtained from [(d - dd/2] (0 +A 6 ) . In this case

20 x 59.7
d 1 = =ll.lm

59.7 + 47.4
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Therefore

volume offill =~ (59.7 + 0) =331 m3

2

(20 - ILl)
volume of cut = (0 +47.4) =211 m3

2

This linear method applies equally when the cross section changes from all cut
to all fill.

12.3.2 Volumes from Spot Heights

This method is used to obtain the volume of large deep excavations such as base
ments, underground tanks and so on where the formation level can be sloping,
horizontal or terraced.

A square, rectangular or triangular grid is established on the ground and spot
levels are taken at each grid intersection as described in section 2.12 .2. The smaller
the grid the greater will be the accuracy of the volume calculated but the amount
of fieldwork increases so a compromise is usually reached .

The formation level at each grid point must be known and hence the depth of
cut from the existing to the proposed level at each grid intersection can be calcu
lated.

Figure 12.28 shows a 10 m square grid with the depths of cut marked at each
grid intersection. Consider the volume contained in grid square hI h 2h6hS ; this is
shown in figure 12.29.

4.77m

3.21 m

5.14m

4 .76 m

reo of each
quare =100 mZ

7

o
h, hz h3 h4

4.76 5.14 6.72 8 .1

h5 he hr he
3.21 4.77 5.82 6.0

hg h,o hI' plan a
1.98 2.31 3.55 grid S

Figure 12 .28 Figure 12.29

It is assumed that the surface slope is constant between grid intersections, hence
the volume is given by

volume = mean height x plan area

=t(4.76 +5.14 +4.77 +3.21) x 100 =447 m3

A similar method can be applied to each individual grid square and this leads to
a general formula for square or rectangular grids
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total volume = A (~ single depths + 2 ~ double depths
4

+ 3 ~ triple depths +4 ~ quadruple depths)

+<5V

where A = plan area of each grid square; single depths = depths such as hi and h4

which are used once; double depths = depths such as h 2 and h 3 which are used
twice; triple depths = depths such as h 7 which are used three times; quadruple
depths =depths such as h 6 which are used four times; <5 V =the total volume outside
the grid which is calculated separately.

Hence, in the example shown in figure 12.28

volume contained within the grid area = 100 [4.76 + 8.10
4

+ 6.07 + 1.98 + 3.55 + 2(5 .14 + 6.72 + 3.21 + 2.31) + 3(5.82)

+4(4.77)]

= 25(24.46 + 34.76 + 17.46 + 19.08)= 2394 m3

The result is only an approximation since it has been assumed that the surface
slope is constant between spot heights.

If a triangular grid is used , the general formula must be modified as follows

(1) A '/3 must replace A/4 where A' = plan area of each triangle and
(2) depths appearing in five and six triangles must be included .

12.3.3 Volumes from Contours

This method is particularly suitable for calculating very large volumes such as
those of reservoirs, earth dams, spoil heaps and so on.

The system adopted is to calculate the plan area enclosed by each contour and
then treat this as a cross-sectional area. The contour interval provides the distance
between cross sections and either the prismoidal or end areas method is used to
calculate the volume. If the prismoidal method is used, the number of contours
must be odd.

The plan area contained by each contour can be calculated using a planimeter
or one of the other methods discussed in section 12.1. The graphical method is
particularly suitable in this case.

The accuracy of the result depends to a large extent on the contour interval but
normally great accuracy is not required, for example in reservoir capacity calcula
tions, volumes to the nearest 1000 m3 are more than adequate. Consider the
following example.

Figure 12.30 shows a plan of a proposed reservoir and dam wall. The vertical
interval is 5 m and the water level of the reservoir is to be 148 m. The capacity of
the reservoir is required .

The volume of water that can be stored between the contours can be found by
reference to figure 12.31, which shows a cross section through the reservoir and
the plan areas enclosed by each contour and the dam wall.
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Figure 12 .30

13700
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140 ............
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wall of dam-

Figure 12.31

12300

9800

4600

11200

7100

total volume > volume between 148 m and 145 m contours +

volume between 145 m and 120 m contours +

small volume below 120 m contour.

Volume between 148 m and 145 m contours is found by the end areas method to
be

:::: (t5 100; 13700) x 3 :::: 43 200 m3

Volume between 145 m and 120 m contours can also be found by the end areas
method to be

:::: ~ (13700+4600+2(12300+ 11200+9800+7100»
2

:::: 247750 m3

The small volume below the 120 m contour can be found by decreasing the
contour interval to say, 1 m and using the end areas method or the prismoidal
formula. Alternatively, if it is very small, it may be neglected. Let this volume
:::: 0 V. Therefore
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total volume =43 200 + 247750 + [) V (12.2)

= (290950 + [) V) m 3

(this would usually be rounded to the nearest 1000 m"). The second term in equa 
tion (12.2) was obtained by the end areas method applied between contours 145 m
and 120 m. Alternatively, the prismoidal formula could have been used between the
145 m and 125 m contours (to keep the number of contours ODD) and the end
areas method between the 125 m and 120 m contours. If this is done, the volume
between the 145 m and 120 m contours is calculated to be 248583 m" .

12.4 Worked Examples

12.4.1 Division ofan Area using the Cross Coordinate Method

Question

The polygon traverse PQRSTP shown in figure 12.32 is to be divided into two
equal areas by a straight line that must pass through point R and which meets line
TP at Z. The coordinates of the points are given in table 12.2. Calculate the co
ordinates of point Z.

Q

p

R

Figure 12 .32

Solution

The traverse is lettered and specified in a clockwise direction. Hence, using the
clockwise version of the cross coordinate method gives

area PQRSTP = i(1452 532 - 1314662) = 68935 m2

Therefore

area PQRZP =area ZRSTZ =(68935/2) =34467.5 m2



Point

P

Q

R

S

T

CALCULATION OF AREAS AND VOLUMES

TABLE 12.2

mE

613.26

806.71

942.17

901 .89

652.08

mN

418.11

523.16

366.84

203.18

259.26
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Let point Z have coordinates (Ez. N z) .
Applying the clockwise version of the cross coordinate method to area PQRZP

gives

68935 = 213432.58 - 51.27Ez - 328.9lNz

from which

Ez = 2818.365 - 6.41525Nz

A similar application to area ZRSTZ gives

Ez = 2.69651N z - 286.765

Solving equations (12.3) and (12.4) gives

Ez =632.16 m,Nz =340.78 m

As a check, since Z lies on the line PT

ET - E p should equal E z - E p

NT -Np Nz -Np

Substituting the coordinates of P, T and Z gives

-0.2444 = - 0.2444

which checks the coordinates of Z as calculated above.

12.4.2 Cross SectionalAreaand Volume Calculations

(12.3)

(12.4)

Question

The centre line of a proposed road of formation width 12.00 m is to fall at a slope
of 1 in 100 from chainage 50 m to chainage 150 m.

The existing ground levels on the centre line at chainages 50 m, 100 m and
150 mare 71.62 m, 72.34 m and 69.31 m respectively and the ground slopes at
1 in 3 at right angles to the proposed centre line.
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If the centre line formation level at chainage 50 m is 71.22 m and side slopes
are to be 1 in 1 in cut and 1 in 2 in fill, calculate the volumes of cut and fill
between chainages 50 m and 150 m.

Solution

Figure 12.33 shows the longitudinal section from chainage 50 m to chainage 150 m.
Hence

71.62
71.22

existing

--=======7: ~::=== --
proposed 0 .50 m '\

1in 100

horizontol

Figure 12 .33

Ch 50m Ch 100m Ch 150m

Cross Section 100 m

the centre-line formation level at chainage 100 m = 71.22 - 0.50

=70.72m

the centre-line formation level at chainage 150 m =71.22 - 1.00

= 70.22 m

Figure 12.34 shows the three cross sections.
Since all the cross sections are part in cut and part in fill the formulae derived

in section 12.2.4 apply

Cross Section 50 m s =3, b =6 m, n =2, m =1

h =71.62 - 71.22 =+ 0.40 m, that is, cut at the centre line

This cross section is similar to that shown in figure 12.180, hence

(b +Sh)2 (6 + 3 X 0.40)2
areaofcut =A 2 = = ._ - - =12.96 m2

2(s-m) 2(3-1)

areaoffill =A 1 = (b - Sh)2 = (6 - 3 X 0.40)2 =11.52 m2
2(s - n) 2(3 - 2)

s =3, b =6 m, n =2, m =1

h = 72.34 - 70.72 = + 1.62 m, that is, cut at the centre line

This cross section is similar to cross section 50 m, hence again

(6 +3 x 1.62)2
areaofcut =A = =29.48 m2

2 2(3 _ 1)
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choinoge 50 m

choinoge 100 m

choinoge 150 m

Figure 12.34

areaoffill =A
1

= (6 - 3 x 1.62)2 = 0.65 m2
2(3 - 2)
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Cross Section 150 m = 3, b = 6 m, n = 2, m = 1

h = 69.3 1 - 70.22 = -0.91 m, that is, fill at the centre line

This cross section is similar to that shown in figure 12.18b, hence

areaofcut v A;» (b-sh)2 = (6-3xO.91)2 =2.67m2
2(s -m) 2(3-1)

area offill v Ai » (b+shi = (6+3xO.91)2 =38.11m2
2(s - n) 2(3 - 2)

The prismoidal formula can be used to calculate the volumes since the number of
cross sections is odd, hence

volume ofcut = 50 [12 .96 + 2.67 + 4(29.48)] = 2225.8 m 3

3

volume offill = 50 [11.52 + 38.11 + 4(0.65)] = 870.5 m3

3

These figures would normally be rounded to at least the nearest cubic metre.



13
Mass Haul Diagrams

During the construction of long engineering projects such as roads, railways, pipe
lines and canals there may be a considerable quantity of earth required to be
brought on to the site to form embankments and to be removed from the site
during the formation of cuttings.

The earth brought to form embankments may come from another section of the
site such as a tip formed from excavated material (known as a spoil heap) or may
be imported on to the site from a nearby quarry. Any earth brought on to the site
is said to have been borrowed.

The earth excavated to form cuttings may be deposited in tips at regular inter
valsalong the project to form spoil heaps for later use in embankment formation or
may be wasted either by spreading the earth at right angles to the centre line to
form verges or by carting it away from the site area and depositing it in suitable
local areas.

This movement of earth throughout the site can be very expensive and, since the
majority of the cost of such projects is usually given over to the earth-moving , it is
essential that considerable care is taken when planning the way in which material is
handled during the construction. The mass haul diagram is a graph of volume against
chainage which greatly helps in planning such earth-moving.

The x axis represents the chainage along the project from the position of zero
chainage.

The y axis represents the aggregate volume of material up to any chainage from
the position of zero chainage.

When constructing the mass haul diagram, volumes of cut are considered positive
and volumes of fill are considered negative. The vertical and horizontal axes of the
mass haul diagram are usually drawn at different scales to exaggerate the diagram
and thereby facilitate its use.

The mass haul diagram considers only earth moved in a direction longitudinal to
the direction of the centre line of the project and does not take into account any
volume of material moved at right angles to the centre line.



MASS HAUL DIAGRAMS

13.1 Formation Level and the Mass Haul Diagram
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Since the mass haul diagram is simply a graph of aggregate volume against chainage
it will be noted that if the volume is continually decreasing with chainage, the pro
ject is all embankment and all the material will have to be imported on to the site
since there will be no fill material available for use. Such an occurrence will involve
a great deal of earth-moving and is obviously not an ideal solution.

If a better attempt had been made in the selection of a suitable formation level
such that some areas of cut were balanced out by some areas of fill, a more econo
mical solution would result. Because of this vital connection between the formation
level and the mass haul diagram the two are usually drawn together as shown in
figure 13.1 and section 13.2 describes its method of construction.

LONGITUDINAL SECTION

exist ing level

,
I
I
I I

MASS HAUL CURVE
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Figure 13.1
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700

13.2 Drawing the Diagram

Figure 13.1 was drawn as follows.

(1) The cross-sectional areas are calculated at regular intervals along the
project, in this case every 50 m.

(2) The volumes between consecutive areas and the aggregate volume along
the site are calculated, cut being positive and fill negative.

(3) Before plotting, a table is drawn up as shown in table 13.1. One of the
columns in table 13.1 shows bulking and shrinkage factors. These are necessary
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TABLE 13.1
Mass Haul Diagram Calculations

Chainage
Individual Bulking/ Corrected Individual Aggregate Volume (m3)
volume (m3) Shrinkage Volumes (m3)

(metres) Cut(+) Fill(-) Factors Cut(+) Fill (-) Cut(+) Fill (-)

0 0

50 40 800 1.1 44 800 - 756

100 730 1.1 803 + 47

150 910 1.1 1001 +1048

200 760 1.1 836 +1884

250 450 1.1 495 +2379

300 80 110 1.1 88 110 +2357

350 520 520 +1837

400 900 900 + 937

450 1120 1120 - 183

500 970 970 -1153

550 620 620 -1773

600 200 200 0 .8 160 200 -1813

650 590 0 .8 472 -1341

700 850 0 .8 680 - 661

750 1120 0 .8 896 + 235

owing to the fact that material usually occupies a different volume when it is used
in a man-made construction to that which it occupied in natural conditions. Very
few soils can be compacted back to their original volume.

If 100 m" of rock are excavated and then used for filling, they may occupy
110m3 even after careful compaction and the rock is said to have undergone
bulking and has a bulking factor of 1.1.

If 100 m3 of clay are excavated and then used for filling they may occupy only
80 m3 after compaction and the clay is said to have undergone shrinkage and has a
shrinkage factor of 0.8.

Owing to the variable nature of the same materi al when found in different parts
of the country, it is impossible to standardise bulking and shrinkage factors for
different soil and rock types. Therefore, a list of such factors has deliberately not
been included since it would indicate a uniformity that , in practice, does not exist.
Instead , it is recommended that local knowledge of the materials in question should
be considered together with tests on soil and rock samples from the area so that
reliable bulking and shrinkage factors (which apply only to that particular site) can
be determined.

As far as the mass haul diagram is concerned, it is the volumes of fill that are
critical, for example , if the hole in the ground is 1090 m3

, the required volume is
that amount of cut which will fill the hole . There are two methods which can be
used to allow for such bulking and shrinkage. Either the calculated volumes of fill
can be amended by dividing them by the factors applying to the type of material
available for fill or the calculated volumes of cut can be amended by multiplying
them by the factors applying to the type of material in the cut. In table 13.1 the
latter has been done.
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(4) The longitudinal section along the proposed centre line is plotted, the
proposed formation level being included.

(5) The axes of the mass haul diagram are drawn underneath the longitudinal
profile such that chainage zero on the profile coincides with chainage zero on the
diagram.

(6) The aggregate volume up to chainage 50 is plotted at x = 50 m. The
aggregate volume up to chainage 100 is plotted at x = 100 m and so on for the
rest of the diagram.

(7) The points are joined by curves or straight lines to obtain the finished
mass haul diagram.

13.3 Terminology

(1) Haul distance is the distance from the point of excavation to the point
where the material is to be tipped.

(2) A verage haul distance is the distance from the centre of gravity of the
excavation to the centre of gravity of the tip .

(3) Free haul distance is that distance , usually specified in the contract, over
which a charge is levied only for the volume of earth excavated and not its move
ment. This is discussed further in section 13.5.

(4) Free haul volume is that volume of material which is moved through the
free haul distance.

(5) Overhaul distance is that distance , in excess of the free haul distance , over
which it may be necessary to transpo rt material. See section 13.5.

(6) Overhaul volume is that volume of material which is moved in excess of
the free haul distance .

(7) Haul. This is the term used when calculating the costs involved in the
earth-moving and is equal to the sum of the products of each volume of material
and the distance through which it is moved. It is equal to the total volume of the
excavation multiplied by the average haul distance and on the mass haul diagram is
equal to the area contained between the curve and balancing line (see section 13.4).

(8) Freehaul is that part of the haul which is contained within the free haul
distance.

(9) Overhaul is that part of the haul which remains after the freehaul has been
removed. It is equal to the product of the overhaul volume and the overhaul distance

(l0) Waste is that volume of material which must be exported from a section
of the site owing to a surplus or unsuitability.

(11) Borrow is that volume of material which must be imported into a section
of the site owing to a deficiency of suitable material.

13.4 Properties of the MassHaul Curve

Consider figure 13.1.

(1) When the curve rises the project is in cut since the aggregate volume is
increasing, for example section ebg. When the curve falls the project is in fill since
the aggregate volume is decreasing, for example section gcj. Hence, the end of a
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section in cut is shown by a maximum point on the curve , for example point g, and
the end of a section in fill is shown by a minimum point on the curve , for example
pointj.

The vertical distance between a maximum point and the next forward minimum
represents the volume of an embankment, for example (gh +kj), and the vertical
distance between a minimum point and the next forward maximum represents the
volume of a cutting, for example (ef +gh).

(2) Any horizontal line which cuts the mass haul curve at two or more points
balances cut and fill between those points and because of this is known as a
balancing line.

In figure 13.1, the x axis is a balancing line and the volumes between chainages
a and b, band c, and c and d are balanced out, that is, as long as the material is suit 
able, all the cut material between a and d can be used to provide the exact amount
of fill required between a and d.

The x axis, however, does not always provide the best balancing line and this is
discussed further in section 13.6.

When a balancing line has been drawn on the curve, any area lying above the
balancing line signifies that the material must be moved to the right and any area
lying below the balancing line signifies that the material must be moved to the left.
In figure 13.1, the arrows on the longitudinal section and the mass haul diagram
indicate these directions of haul.

The length of balancing line between intersection points is the maximum haul
distance in that section, for example the maximum haul distance in section be is
(chainage c - chainage b).

(3) The area of the mass haul diagram contained between the curve and the
balancing line is equal to the haul in that section, for example afbea, bgchb and
ckdjc .

If the horizontal scale is 1 mm =R m and the vertical scale is 1 mm =S m3 , then
an area of T mm2 represents a haul of TRS m3 m. This area could be measured
using one of the methods discussed in chapter 12. Note that the units of haul are
m3 m (one cubic metre moved through one metre).

Instead of calculating centres of gravity of excavations and tips, which can be a
difficult task , the average haul distance in each section can be easily found by
dividing the haul in that section by the volume in that section, for example

. area bgchb m3 m
the average haul distance between b and c = 3

gh m

(4) If a surplus volume remains, this is waste and must be removed from the
site, for example I m; if a deficiency of earth is found at the end of the project this
is borrow and must be imported on to the site . It is possible for waste and borrow
to occur at any point along the site and this is discussed in section 13.6.

13.5 Economics of Mass Haul Diagrams

When costing the earth-moving, there are four basic costs which are usually included
in the contract for the project.
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(1) Cost offreehaul
Any earth moved over distances not greater than the free haul distance is costed
only on the excavation of its volume, that is £A per m3

•

(2) Cost .of overhaul
Any earth moved over distances greater than the free haul distance is charged both
for its volume and for the distance in excess of the free haul distance over which it
is moved. This charge can be specified either for units of haul , that is, £8 per m3 m,
or for units of volume, that is £C per m3

•

(3) Cost of waste
Any surplus or unsuitable material which must be removed from the site and
deposited in a tip is usually charged on units of volume, that is, £D per m3

. This
charge can vary from one section of the site to another depending on the nearness
of tips.

(4) Cost of borrow
Any extra material which must be brought on to the site to make up a deficiency is
also usually charged on units of volume, that is, £E per m". This charge can also
vary from one section of the site to another depending on the nearness of borrow
pits or spoil heaps.

The following example illustrates how the costs of freehaul and overhaul can be
calculated. The example given in section 13.6.1 illustrates how the costs of borrow
ing and wasting can affect the final decision as to how the earth should be moved
around the site.

13.5.1 Example of Costing using the Mass Haul Diagram

Question

In a project for which a section of the mass haul diagram is shown in figure 13.2,
the free haul distance is specified as 100 m. Calculate the cost of earth -moving in

+ 100m

u

ol-----.....::::""""---T-----:~--_T___-----:::::OO".e;...-

3500

Cl>

§
g
Cl>

g, 1900
e
'"'"o

Figure 13. 2

the section between chainages 100 m and 400 m if the charge for moving material
within the free haul distance is £A per m3 and that for moving any overhaul is £B
per m3 m.
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The x axis should be taken as the balancing line and the areas between the curve
and the balancing line in figure 13.2 were measured with a planimeter and, on con
version, found to be as follows

area of (J +K +L +M) = 396000 m3 m

area J= 181300

Solution

This type of problem can be solved in one of two ways.

Solution 1 - Using planimeter areas only
Between chainages 100 m and 400 m, the x axis balances cut and fill and the total
volume to be moved in that sectionis given in figure 13.2 as uw = 3500 m" .

The free haul distance of 100 m is fitted to figure 13.2 so that it touches the
curve at two points r and s This means that the volume uv is the free haul volume
and is, therefore, only charged for volume.

uv =(3500 - 1900)m3 =1600 m3

Therefore, area J can be removed since it is costed as £(l600A).
This leaves volume vw, which is equal to 1900 m3

, to be considered. This
volume is the overhaul volume and has to be moved over a distance greater than the
free haul distance. This distance through which it is moved has two components, the
free haul distance and the overhaul distance, and this leads to two costs.

(1) The overhaul volume moved through the free haul distance is costed on
its volume only. This is area K in figure 13.2. The cost = £(1900A).

(2) The overhaul volume moved through the overhaul distance is the overhaul
and is shown in figure 13.2 as areas L and M. The cost is that involved in moving
area M to area L and is obtained as follows.

area contained in Land M = (J + K +L +M) - (J +K)

= 396000 - (181 300 + (1900 x 100»

= 24700 m3 m

Hence

cost of this overhaul = £(247008)

Therefore

total cost = free haul volume cost + overhaul volume costs

= £(1600A) + (£(1900A) +£(24 700B»

= £(3S00A) + £(24 700B)

Solution 2 - Using average haul distance and overhaul distance
Average haul distance between chainages 100 m and 400 m

haul between chainages 100 m and 400 m

total volume between chainages 100 m and 400 m
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= 396000 = 113 m
3500

but the free haul distance = 100 m, hence

overhaul distance = 113 - 100 =13 m

therefore

overhaul = overhaul volume x overhaul distance

= 1900x 13=24700m3 m

As for solution 1, the cost of moving material over the free haul distance

= (free haul volume + overhaul volume) x £A

= £350OA (areasJ andK)

cost of overhaul = £24 700B (moving area M to area L)

therefore

total cost = £3S0OA + £24 700B

13.6 Choice of Balancing Line
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In the example given in section 13.5.1, the x axis was used as the balancing line.
This is not always ideal. Figure 13.3 shows three possible balancing lines for the
same mass haul diagram. In figure 13.3a the x axis has been used and this results in
waste near chainage 230 m.

In figure 13.3b a balancing line is shown which gives wastage near chainage 0 m.
This may be better and cheaper if local conditions provide a suitable wasting point
near chainage zero.

(a)

waste

separate boioncinlllines

(e)

Figure 13 .3
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In figure 13.3c two different balancing lines have been used, be and de. This
results in waste near chainage 0 m where the curve is rising from a to b, borrow
near chainage 125 m where the curve is falling from c to d and waste near chainage
210m where the curve is rising from e to f. The two waste sections may be used to
satisfy the central borrow requirement if economically viable.

Which choice is best depends on local conditions, for example , proximity of
borrow pits , quarries and suitable tipping sites. However, the following factors
should be considered before a final choice is made.

(I) The use of more than one balancing line results in waste and borrow at
intermediate points along the project which will involve extra excavation and trans
portation of material .

(2) Short, unconnected, balancing lines are often more economical than one
long continuous balancing line, especially where the balancing lines are shorter than
the free haul distance since no overhaul costs will be involved.

(3) The direction of haul can be important. It is better to haul downhill to
save power and, if long uphill hauls are involved, it may be better to waste at the
lower points and borrow at the higher points.

(4) The main criterion should be one of economy. The free haullirnit should
be exceeded as little as possible in order that the amount of overhaul can be mini
mised.

(5) The haul is given by the area contained between the mass haul curve and
the balancing line. Since the haul consists of freehaul and overhaul , if the haul area
on the diagram can be minimised, the majority of it will be freehaul and hence over
haul will also be minimised. Therefore, the most economical solution from the haul
aspect is to minimise the area between the curve and the balancing line. However, as
shown in figure 13.3c , this can result in large amounts of waste and borrow at inter
mediate points along the project. The true economics can only be found by con
sidering all the probable costs, that is, those of hauling, wasting and borrowing .

(6) Where long haul distances are involved, it may be more economical to
waste material from the excavation at some point within the free haul limit at one
end of the site and to borrow material from a location within the free haul limit at
the other end of the site rather than cart the material a great distance from one end
of the site to the other.

This possibility will become economical when the cost of excavating and hauling
one cubic metre to fill from one end of the site to the other equals the cost of
excavating and hauling one cubic metre to waste at one end of the site plus the cost
of excavating and hauling one cubic metre to fill from a borrow pit at the other end
of the site.

In practice, several different sets of balancing lines are tried and each costed
separately with reference to the costs of wasting , borrowing and hauling. The most
economical solution is usually adopted. The following example illustrates how this
can be done .
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13.6.1 Example of the Use ofBalancing Lines in Costing
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Question

In a project for which a section of the mass haul diagram is shown in figure 13.4 ,
the free haul distance is specified as 200 m. The earth-moving charges are as follows

cost of free haul volume = £A per m3

cost of overhaul volume = £B per m3

cost of borrowing = £E per rrr'

Calculate the costs of each of the following alternatives

(1) borrowing at chainage 1000 m only
(2) borrowing at chainage am only
(3) borrowing at chainage 300 m only.

Solution

The 200 m free haul distance is added to figure 13.4 as shown, that is, rs = tu =
200 m. The volumes corresponding to the horizontal lines rs and tu are interpolat
ed from the curve to be +433 m3 and - 2007 m3 respectively.

(1) Borrowing at chainage 1000 m only
In this case, acg is used as a balancing line and borrow is required at g (chainage
1000 m) to close the loop cefgc.

_ 59 1 h _

+1017

t m3

+433

b

100 200 300

o' chainoge 9

I 400 500 600 700 800 900 1000
I
I
I
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- 2007 - - - - - - - - - - - - - - - - - - - - - -'<-------'7"

-2553 - - - - - - - - - - - - - - - - - - - - - - - --
e

Figure 13.4
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hence

hence

therefore
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free haul volume in section ac = 1017 - 433 = 584 m3

free haul volume in section cg = 2553 - 2007 = 546 m3

total free haul volume =584 + 546 =1130 m 3

overhaul volume in section ac = 433 m3

overhaul volume in section cg = 2007 m3

total overhaul volume = 2440 m 3

borrow at g = 591 m3

cost of borrowing at chainage 1000 m only

= £113OA + £24408 + £591£

(2) Borrowing at chainage 0 m only
In this case, hdfis used as a balancing line and borrow is required at h (chainage
am) to close the loop habdh.

The total free haul volume again equals 1130 m 3

overhaul volume in section hd = 433 + 591 = 1024 rrr'

overhaul volume in section df = 2007 - 591 = 1416 m3

hence

total overhaul volume = 2440 m 3

borrow at h = 591 m3

therefore

cost of borrowing at chainage 0 m only

= £113OA + £24408 + £591£

This is the same as the cost of borrowing at chainage 1000 m provided that the cost
of borrow is the same at chainages am and 1000 m.

(3) Borrowing at chainage 300 m only
In this case, two separate balancing lines ac and df are used and borrow is required
at c (chainage 300 m) to fill the gap between c and d.

As before, total free haul volume = 1130 m" , however

overhaul volume in section ac = 433 m3

overhaul volume in section df= 2007 - 591 = 1416 m3

hence

total overhaul volume = 1849 m 3

borrow at c = 591 m3
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cost of borrowing at chainage 300 m only

= £1l3OA + £1849B + £591£
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This is the cheapest alternative assuming that the costs of borrow at chainages am,
300 m and 1000 m are all equal. Considerably less overhaul is required when borrow
ing at chainage 300 m only.

13.7 Uses of Mass Haul Diagrams

Mass haul diagrams can be used in several ways .

13.7.1In Design

In section 13.1, the close link between the mass haul diagram and the formation
level was discussed. If several formation levels are tried and a mass haul diagram
constructed for each, that formation which gives the most economical result and
maintains any stipulated standards, for example, gradient restrictions in vertical
curve design, can be used .

Nowadays, mass haul diagrams tend to be produced using computer graphics and
this greatly reduces the time required to obtain several different possible mass haul
diagrams for comparison purposes. Both the BIPS and MOSS computer road design
systems discussed in section 10.16 have subroutines for determination of earthwork
quantities.

13.7.2 In Financing

Once the formation level has been designed, the mass haul diagram can be used to
indicate the most economical method of moving the earth around the project and
a good estimate of the overall cost of the earth-moving can be calculated.

13. 7.3 In Construction

The required volumes of material are known before construction begins, enabling
suitable plant and machinery to be chosen, sites for spoil heaps and borrow pits to
be located and directions of haul to be established.

13.7.4 In Planning Ahead

The mass haul diagram can be used to indicate the effect that other engineering
works, for example tunnels and bridges, within the overall project will have on the



334 SURVEYING FOR ENGINEERS

earth-moving. Such constructions upset the pattern of the mass haul diagram by
restricting the directions of haul but, since the volumes and hence the quantities of
any waste and borrow will be known, suitable areas for spoil heaps and borrow pits
can be located in advance of construction, enabling work to proceed smoothly.



14
Setting Out

A definition often used for setting out is that it is the reverse of surveying. What is
meant by this is that whereas surveying is the process of producing a plan or map
of a particular area, setting out begins with the plan and ends with some particular
engineering project correctly positioned in the area. This definition can be mis
leading since it implies that setting out and surveying are opposites. This is not true ..
Most of the techniques and equipment used in surveying are also used in setting out
and it is important to realise that setting out is simply one application of surveying.

A better definition of setting out is provided by the International Organisation
for Standardization (ISO) in their publication ISO/DP 7078 Building Construction
which states that

'Setting Out is the establishment of the marks and lines to define the position
and level of the elements for the construction work so that works may proceed with
reference to them. This process may be contrasted with the purpose of Surveying
which is to determine by measurement the positions of existing features .'

Attitudes towards setting out vary enormously from site to site, but, frequently ,
insufficient importance is attached to the process and it tends to be rushed to ,
supposedly , save time. Unfortunately, such haphazard procedures can lead to errors
which in turn require costly corrections.

The British Standard Code of Practice for Accuracy in Building, BS 5606, speci
fies particular techniques and equipment to be used in setting out as do several
international bodies, notably the International Council for Building Research,
Studies and Documentation (CIB), the International Federation of Surveyors
(FIG) and the International Organisation for Standardization (ISO) . Further infor
mation on these bodies and their publications are given in sections 14.18 and 14.19.

However, although progress is being made in the production of national and
international standards, the main problems of the lack of education in and the poor
knowledge of suitable setting out procedures remain. Good knowledge is vital since,
despite the lack of importance often attached to the process, setting out is probably
the most important stage in any civil engineering construction. Errors in setting out
cause delays which leave machinery and plant idle, resulting in additional costs.

This chapter deals with some of the techniques and equipment used in setting
out and, since horizontal and vertical curves are discussed in other chapters, con
centrates on setting out procedures used for other engineering schemes.
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14.1 Personnel Involved in Setting Out and Construction

The Client or Promoter is the person , company or government department who
requires the particular scheme to be undertaken and finances the project. Usually ,
the Promoter has no engineering knowledge and therefore commissions an Engineer
(possibly a firm of Consulting Engineers or the City Engineer of a local authority)
to provide the professional expertise. A formal contract is sometimes established
between these two parties.

It is the responsibility of the Engineer to investigate various solutions, to under
take the site investigation and to prepare the necessary calculations, drawings,
specifications and quantities for the proposed scheme. The calculat ions and draw
ings give the form and construction of the work ; the specifications describe all
materials and workmanship and the quantities are used as a method of costing the
work and , subsequently, as a means of calculating payment for the work executed.

Upon completion of these documents, the scheme is put out to contractors to
submit tenders. From the tenders received, a Contractor is nominated to carry out
the work and a contract is, subsequently , made between the Contractor and the
Promoter.

Hence , three parties are now involved, the Promoter , the Engineer and the
Contractor.

Although the Engineer is not legally a party to the contract between the
Promoter and the Contractor, the Engineer acts as the agent of the Promoter and
ensures that work is carried out in accordance with the drawings , calculations,
specifications and quantities . The Promoter is rarely, if ever, seen on site. The
Engineer is represented on site by the Resident Engineer (RE). The Contractor is
represented on site by the Agent.

The responsibilities of the Resident Engineer are usually described in the docu
ment known as the conditions of contract. The RE is in the employ of the Engineer
who has overall responsibility for the contract. Many responsibilities are vested in
the Resident Engineer by the Engineer. The RE is helped on site by a staff which
can include assistant resident engineers and clerks of works.

The Agent , being in the employ of the Contractor, is responsible for the actual
construction of the works. The Agent is a combination of engineer , manager and
administrator who supervises assistant agents and site foremen who are involved
in the day to day construction of the work.

Many large organisations employ a Contracts Manager who mainly supervises
financial dealings on several contracts and is a link between head office and site .

As regards setting out , the Resident Engineer and the Agent usually work in
close cooperation and they have to meet frequently to discuss the work. The Agent
undertakes the setting out and it is checked by the Resident Engineer. Good com
munication is essential since, although the Resident Engineer checks the work, the
setting out is the responsibility of the Contractor and the cost of correcting any
errors in the setting out has to be paid for by the Contractor, providing the
Resident Engineer has supplied reliable information.

Setting-out records , to monitor the progress, accuracy and any changes from the
original design should be kept by both engineering parties as the scheme proceeds.
These can be used to settle claims but more usually provide the basis for amending
the working drawings and help in costing the various stages of the project.

Further detailed information on the topics discussed in this section can be found
in references given in section 14.19.
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There are two main aims when undertaking setting-out operations.

(1) The new structure must be correct in all three dimensions both relatively
and absolutely, that is, it must be of the correct size, in the correct plan position
and at the correct level.

(2) Once setting out begins it must proceed quickly and with little or no delay
in order that costs can be minimised.

There are many techniques used in practice to achieve these aims but all are
based on three general principles.

(1) Horizontal control points must be established within or near the design
area from which the design points can be set out in their correct plan positions.
This is horizontal control and is discussed in section 14.6.

(2) Reference marks of known height relative to an agreed datum are required
within or near the design area from which the design points can be set out at their
correct level. This is vertical control and is discussed in section 14.7.

(3) Accurate methods must be adopted to establish design points from this
horizontal and vertical control. This involves positioning techniques and is discussed
in section 14.8.

In addition, the chances of achieving the aims and minimising errors will be
greatly increased if the setting out operations are planned well in advance, taking
into account the considerations discussed in the following section.

14.3 Important Considerations

14.3.1 Recording and Filing Information

As work proceeds, the quantity of level and offset books, booking forms and other
setting out documents will quickly grow. Therefore, some form of filing or storage
system is necessary to give easy access to information.

14.3.2 CoreofInstruments

All instruments to be used on the site should be inspected and checked before work
commences and again at regular intervals during the work, that is, once per week
when used daily and at least once every month. In the case of levels and theodolites,
the permanent adjustments should be carried out and regular checks maintained.
All other equipment such as chains, tapes and ranging rods should be kept clean
and oiled where necessary.

All equipment must be stored carefully in a dry place. Tripod-mounted equip
ment should not be left unattended over a reference mark since such marks may be
near the traffic routes on site and the legs are easily knocked, resulting in damage
to essential and expensive equipment.

Further information on the care of instruments can be found in the national and
international standards referenced in section 14.19.
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14.3.3 Maintaining Accuracy

Once the control framework of plan and level points has been established, all design
points must be set out from this and not from any design points already established.
This avoids cumulative errors from one design point to the next.

14.3.4 Regular Site Inspection

The engineer should inspect the site daily for signs of moved or missing pegs. A
peg may be disturbed and replaced without the engineer being informed. Points of
known level should be checked at regular intervals, preferably at least once a week,
and points of known plan position should be checked from similar marks nearby.
All the control points must be permanently and clearly marked and protected on
site.

14.3.5 Error Detection

Once the setting out has begun it should be independently checked wherever
possible. This ensures that any errors are detected and can be corrected at an
early stage.

There is nothing to be gained from hiding errors as this does not removed them ;
they will only reappear at a later stage when dealing with them will be that much
more difficult and expensive.

14.3.6 Communication on Site

Lack of communication is one of the main causes of errors on construction sites.
The engineer must understand exactly what has to be done before going ahead and
doing it.

14.4 Stages in Setting Out

Setting out can be divided into two broad stages but the division is not easily
defined and a certain amount of overlap is inevitable.

14.4.1 First Stage Setting Out

The first stage in any construction is to set it out on the ground in its correct posi
tion. This involves preliminary operations followed by the establishment of horizon
tal and vertical control points on or near the site. This control is used to establish
corner points of buildings, road centre lines or any other major design points on the
scheme. The boundary of the scheme is also established to enable site clearance to
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begin. The first stage ends once excavation to foundation level and construction to
ground floor level or similar have been completed . The relevant sections of this
chapter are 14.5 to 14.10 inclusive.

14.4.2 Second Stage Setting Out

This continues on from the first stage, beginning at the ground floor slab or similar.
Horizontal and vertical control points are transferred from the area round the struc
ture on to the structure itself and used to establish the various elements required in
the floor by floor construction. The relevant sections of this chapter are 14.11 to
14.15 inclusive.

14.5 Preliminaries to Setting Out

The most important of these are listed below and they must be undertaken with a
great deal of care and not rushed. A mistake or lack of thought at this stage in the
construction can be extremely costly at a later date.

14.5.1 Checking the Design

The design information must be checked before any setting out is done. Occasion
ally it may not be possible to set out part of the design owing to obstacles on site
and this must be referred back to the designer.

14.5.2 Reconnaissance

The engineer should become familiar with the area and check for any irregularities
or faults in the ground surface which may 'cause problems. An on-site inspection is
vital; simply looking at the site plan in the office is not sufficient. Any discrepan
cies between the area and the plan should be noted.

During this reconnaissance, suitable positions for reference marks can be tem
porarily marked with ranging rods or wooden pegs.

14.5.3 Survey Stations

With a little foresight, survey stations used to produce the survey plan can be left
in position to form a basis for the horizontal control of the site. These must, when
ever possible, be made permanent and protected to avoid their disturbance. A suit
able method ofconstruction and protection is shown in figure 14.6 and figure 14.7.
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14.5.4 Agreed Bench Marks
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To provide a basis for vertical control, all levels on site will normally be reduced to
a nearby ordnance bench mark (OBM). The actual OBM used will be agreed in
writing between the Engineer and the Contractor.

This bench mark is known as the master bench mark (MBM) and is used firstly
to establish points of known level near to the proposed structure, these are trans
ferred bench marks (TBMs), and secondly if there are other OBMsnearby their
heights should be checked with reference to the MBM and their amended heights
used. This ensures that only one MBM is used. The accuracy of this levelling should
be within ± 0.010 m.

It is also possible to use any nearby horizontal control stations as temporary
bench marks , providing they have been permanently marked.

14.5.5 Plans

Before any form of construction can begin, a preliminary survey is required. This
may be undertaken by the Engineer (see section 14.1) or a team of surveyors and
the result will be a contoured plan of the area at a suitable scale (usually 1: 500 or
larger) showing all the existing detail . It is usually prepared from a traverse or from
a triangulation scheme and the traverse stations are often left in position to provide
control points. This first plan is known as the site or survey plan .

The Engineer takes this site plan and uses it as a basis for the design of the pro
ject. The proposed scheme is drawn on the site plan and this becomes the layout
or working drawings. All relevant dimensions are shown and a set of documents
relating to the project and the drawings is included. These form part of the scheme
when it is put out to tende r. The Contractor who is awarded the job will be given
these drawings.

The Contractor uses these layout drawings to decide on the location of the
horizontal and vertical control points in the area from which the project is to be
set out and on the positions of site offices, stores , access points and spoil heaps .
All this information together with all angles and lengths necessary to relocate the
control points should they become disturbed is recorded on a copy of the original
site plan and forms what is known as the setting-out plan.

As work proceeds, it may be necessary to make slight amendments to the original
design to overcome unforeseen problems . These will be agreed between the Resident
Engineer and the Agent. Any such alterations are recorded on a copy of the work
ing drawings to form what is known as the as built drawing or record drawing .

14.6 Methods of Horizontal Control

This is the establishment of reference marks of known plan position, that is, known
coordinates, from which design points on the project may be set out by one of the
methods discussed in section 14.8.2.

The process used in establishing horizontal control ~s one of working from the
whole to the part . This entails the use of a major control network enclosing the
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whole area, which in Great Britain would be several points on the National Grid.
From these National Grid stations, main site control stations are established from
which the design is set out. Figure 14.1 shows a scheme involving National Grid
stations, main site control stations and secondary site control in the form of
baselines.

If National Grid stations are to be used, any distances calculated from their co
ordinates which are used to establish further control points will have to be corrected
using the scale factor, as shown in section 5.11.1.

The main site control may be the original control stations used in the production
of the site plan prior to design work. If this is the case and they are to be used in
the setting-out operation, they must be resurveyed before setting out commences
since they may alter position owing to settlement or vandalism in the time period
between the end of the original survey and the start of the setting-out operations.

The main control points should be located as near as possible to the site in open
positions for ease of working , but well away (up to 100 m if necessary since this is
easily accommodated by modern EDM equipment) from the construction areas and
traffic routes on site to avoid them being disturbed. Since design points are to be
established from them, they must be clearly visible and as many proposed design
points as possible should be capable of being set out from each control point.

The construction and protection of control points is very important. Wooden
pegs are often used for nonpermanent stations but they are not recommended
owing to their vulnerability. Should they be the only means available, figure 5.5
shows suitable dimensions.
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For longer life the wooden peg can be surrounded in concrete but, preferably,
permanent stations similar to those illustrated in figure 14.2 should be built.

All points must be protected and painted so that they can be easily found.
Figure 14.7 shows a method for protecting a transferred bench mark and this is
also recommended for horizontal control points.

Once established and coordinated, the main site control points are used to set
out design points of the proposed structure . They are, generally, used in one of the
following ways.

14.6.1 Baselines

Main site control points , such as traverse stations, can be used to establish baselines
from which setting out can be undertaken. Examples are shown in figures 14.1 and
14.3.

Subsidiary lines can be set off from the baseline to establish design corner points.
The baseline may be specified by the designer and included in the contract

between the Promoter and the Contractor.

y
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Figure 14.3 Baseline
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Baselines can take many forms : they can run between existing buildings; mark
the boundary of existing development; be the direction of a proposed pipeline or
the centre line of a new road.

The accuracy is increased if two baselines at right angles to each other are used
on site . Design points can be established by offsetting from both lines or a grid
system can be set up to provide additional control points in the area enclosed by
the baselines .

The use of baselines to form grids leads to the use of reference grids on site.

14.6.2 Reference Grids

A control grid enables points to be set up over a large area. Several different grids
can be used in setting out.

(I) The survey grid is drawn on the survey plan from the original traverse or
triangulation scheme . The grid points have known eastings and northings related
either to some arbitrary origin or to the National Grid . Control points on this grid
are represented by the original control stations.

(2) The site grid is used by the designer. It is usually related in some way to
the survey grid and should, if possible , actually be the survey grid, the advantage of
this being that if the original control stations have been permanently marked then
the designed points will be on the same coordinate system and setting out is greatly
simplified . If no original control stations remain, the designer usually specifies the
positions of several points in the site grid which are then set out on site prior to
any construction. These form the site grid on the ground.

Since all design positions will be in terms of the site grid coordinates, the setting
out is easily achieved as shown in figure 14.4.

The grid itself may be marked with wooden pegs set in concrete, the interval
between points being small enough to enable every design point to be set out from
at least two and preferably three grid points but large enough to ensure that move
ment on site is not restricted.

(3) The structural grid is established around a particular building or structure
which contains much detail , such as columns , which cannot be set out with suffi
cient accuracy from the site grid. An example of its use is in the location of column
centres (section 14.13) .

site grid
points

Figure 14.4 Site grid
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The structural grid is usually established from the site grid points and uses the
same coordinate system.

(4) The secondary grid is established inside the structure from the structural
grid when it is no longer possible to use the structural grid to establish internal
features of the building owing to vision becoming obscured.

Note : Errors can be introduced in the setting out each time one grid system is
established from another hence , wherever possible, only one grid system should be
used to set out the design points.

14.6.3 Offset Pegs

Whether used in the form of a baseline or a grid, the horizontal reference marks are
used to establish points on the proposed structure. For example, in figure 14.4, the
comers of a building have been established by polar coordinates from a site grid.

However, as soon as excavations for the foundations begin, the comer pegs will
be lost. To avoid having to re-establish these from reference points, extra pegs are
located on the lines of the sides of the building but offset back from the true comer
positions. Figure 14.5 shows these offset pegs in use.

The offset distance should be great enough to avoid the offset pegs being dis
turbed during excavation.

These pegs enable the corners to be re-established at a later date and are often
used with profile boards in the construction of buildings; this is further discussed
in section 14.7.5. Offset pegs can be used in all forms of engineering construction
to aid in the relocation of points after excavation .

Figure 14 .5 Offset pegs

14.7 Methods of Vertical Control

This is the establislunent of reference marks of known height relative to some speci
fied datum. The MBM discussed in section 14.5.4 is usually the datum used.

These points of known height are used to define a reference plane in space,
parallel to and usually offset from a selected plane of the proposed construction.
This plane may be horizontal, for example , a floor level in the case of a building, or
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inclined, for example, an embankment slope in earthwork construction.
Where coordinated grid points are set out for horizontal control, the points are

often levelled to provide vertical control. All such levelling should be done from the
MBM or a nearby TBM and not from any other point of known elevation.

14.7.1 Transferred or Temporary Bench Marks (TBMs)

The positions of TBMs should be fixed during the initial site reconnaissance so that
their construction can be completed in good time and they can be allowed to settle
before levelling them in. For this reason , permanent, existing features should be
used wherever possible. 20 mm diameter steel bolts 100 mm long driven into exist
ing door steps, ledges, footpaths, low walls and so on are ideal and any TBMs
constructed on the sides of walls should take the form of etched lines about 75 mm
long with the height and the familiar crowsfoot sign marked nearby.

Where TBMs are constructed on site, a design similar to that shown in figure
14.6 is recommended.

Each TBM is referenced by a number or letter on the site plan and the setting
out plan and should be protected since re-establishment can be time consuming . A
suitable method of protection is shown in figure 14.7.

50mmx50mm
angleiran or
reinforcing bar

Figure 14 .6

concrete

75mm x50mm
st akes

1\.--- 25 mm x100 mm
rails painted red
and white

50 mm x50 rnrnx 600 rrm
wooden peg or if main
station -angle iran stake

Figure 14 .7

All TBMs are relative to the agreed MBM or some other agreed datum (see
section 14.5.4). It is vital that the correct datum is used since the design levels are
usually based on th is.

There should never be more than 100 m between TBMs on site and the accuracy
of levelling should be within the following limits

site TBM relative to the MBM

spot levels on soft surfaces relative to a TBM

spot levels on hard surfaces relative to a TBM

± 0.010 m

±O.OlO m

± 0.005 m
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Because TBMs are vulnerable, they must be checked by relevelling at regular
intervals and , as soon as the project has reached a suitable stage, TBMs should be
established on permanent points on the new construction.

14.7.2 Sight Rails

These consist of a horizontal timber cross piece nailed to a single upright or a pair
of uprights driven into the ground. Figure 14.8 shows several different types of
sight rail.

reference
height

Roadworks, foot ings Corners of building~

and small diameter pipes

Figure 14.8 Sight rails

Lorge diameter pipes

The upper edge of the cross piece is set to a convenient height above the required
plane of the structure, usually to the nearest half metre , and should be at a height
above ground to ensure convenient alignment by eye with the upper edge. The
level of the top edge of the cross piece is usually written on the sight rail together
with the length of traveller required. Travellers are discussed in section 14.7.3.
Double sight rails are discussed in section 14.9.4 .

Sight rails are usually offset 2 or 3 metres at right angles to construction lines to
avoid them being damaged as excavation proceeds. This is shown in figure 14.9.

14.7.3 Travellers and Boning Rods

A traveller is similar in appearance to a sight rail on a single support and is portable.
The length from upper edge to base should be a convenient dimension to the nearest
half metre.

Travellers are used in conjunction with sight rails. The sight rails are set some
convenient value above the required plane and the travellers are constructed so that
their length is equal to this value. As excavation proceeds, the traveller is sighted in
between the sight rails and used to monitor the cutting or filling. Excavation or
compaction stops when the tops of the sight rails and the traveller are all in line.

Figure 14.9 shows a traveller and sight rails in use in the excavation of a trench
and figure 14.10 shows the ways in which travellers and sight rails can be used to
monitor cutting and filling in earthwork construction.
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Boning rods are discussed in section 14.9.6 .
There are several different types of traveller. Free-standing travellers are frequently

used in the control of superelevation on roads, a suitable foot being added to the
normal traveller as shown in figure 14.11 . Pipelaying travellers are discussed in
section 14.9.6.

14.7.4 Slope Rails or Batter Boards

For controlling side slopes in embankments and cuttings, sloping rails are used.
These are known as slope rails or batter boards.

For an embankment, the slope rails usually define a plane parallel to but offset
some perpendicular or vertical distance from the proposed embankment slope and
the slope rails are usually offset a distance x to prevent them being covered during
filling. Travellers are used to control the slope as shown in figure 14.12.

For a cutting, the wooden stakes supporting the slope rail are usually offset some
horizontal distance from the edge of the proposed cutting to prevent them being
disturbed during excavation. This is shown in figure 14.13 .
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Any relevant information is usually marked on the slope rails, for example ,
chainage of centre line, distance from wooden stakes to centre line, length of
traveller and side slope.

The calculations associated with slope rails are those necessary to obtain the
reduced levels at which two nails P and Q should be placed on the wooden stakes
holding the slope rail in order that it can be correctly positioned.

For an embankment, assuming a 1.5 m traveller is to be used as shown in figure
14.12, the reduced levels of P and Qare obtained as follows. Existing ground is
assumed to be level

RLQ = (RL A + h + 1.5) - (sh + 2x)/s

RLp = RLQ + (;cIs)

RLA, h and s will be known and x should be chosen (usually 1 m) .
Once calculated, the reduced level of nail Q (RL Q) and the reduced level of the

ground below Q (RLB) should be compared to ensure that (RL Q - RLB) > 0.5 m,
otherwise a longer traveller will have to be used to enable sighting in to be under
taken from a comfortable height.

For a cutting, a traveller is not required, as shown in figure 14.13, and the
reduced levels of P and Q are obtained as follows. Existing ground is assumed to be
level.

RLQ = (RLA - h) + (sh +x)/s

RLp = RLQ + (xis)

As for an embankment, RLA , hand s will be known and x should be chosen
(usually 1 m).

14. 7.5 Profile Boards

These are very similar to sight rails but are used to define corners or sides of build
ings.

In section 14.6.3 it was shown that offset pegs are used to enable building
corners to be relocated after foundation excavation.

Normally a profile board is erected near each offset peg and used in exactly the
same way as a sight rail, a traveller being used between profile boards to monitor
excavation.

Figure 14.14 shows profile boards and offset pegs at the four corners of a
proposed building.

The arrangement shown in figure 14.14 is quite an elaborate one and a simpler,
more often used type of corner arrangement is shown in figure 14.15 . Nails or saw
cuts are placed in the tops of the profile boards to define the width of the founda
tions and the line of the outside face of the wall. String or piano wire is stretched
between opposite profile boards to guide the width of cut while a traveller is used
to control the depth of cut.

A variation on corner profiles is to use a continuous profile all round the build
ing set to a particular level above the required structural plane. Figure 14.16 shows
such a profile with a gap left for access into the building area.
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The advantage of a continuous profile is that the lines of the internal walls can
be marked on the profile and strung across to guide construction.

Another type of profile is a transverseprofile and this is used together with a
traveller to monitor the excavation of deep trenches as shown in figure 14.17.

Figure 14 .17 Transverse profile

14.8 Positioning Techniques

Several methods of locating design points are available.

14.8.1 From Existing Detail

On small sites or for single buildings , the location of the new structure may have to
be fixed by running a line between corners of existing buildings and offsetting from
this . The offset dimensions have to be scaled from the plan but this can be inaccur
ate and it is not recommended.

14.8.2 From Coordinates

These are undoubtedly the best methods. Design points will be coordinated in
terms of the site grid or referenced to a baseline and they can be established by one
of the following techniques.

(1) By calculation of the bearing and distance from at least three horizontal
control points to each design point (this is known as setting out by polar coordin
ates) as shown in figure 14.180.

The angle a in figure 14.180 can be set out by one of two methods. In one method,
a is the angle to be set out after being calculated from a =WCB(ST) - WCB(SA).
The length l and the WCBsof ST and SA are calculated from the coordinates of S,
T and A as described in section 5.1O. In the alternative method, the horizontal
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Figure 14.18 Positioning techniques using coordinates

circle of the theodolite is set to read the WCB of ST and the telescope aligned on
point T with the instrument at station S. The telescope is then rotated towards
point A until the WCB of SA is read on the horizontal circle. In both methods, I is
the horizontal length to be set out from S to A and its value is calculated using
methods described in section 5.10.

(2) By intersection , with two theodolites, from two of the control points
using bearings only and checking from a third. Intersection is shown in figure
14.18b.

(3) By offsetting from one or more baselines as shown in figure 14.18c, the
offsets being calculated from the coordinates of the ends of the baselines and the
design point coordinates. If only one baseline is used, extra care should be taken
since there is very little check on the set out points.

Whichever method is used, the following points must be taken into consideration.

(1) All angles must be set off using a correctly adjusted theodolite otherwise
both faces should be used and the mean position taken.

(2) Since the design dimensions will be in the horizontal plane, any distance
set out with a steel tape should be stepped to a plumb line or computation of the
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slope distance will be necessary. The slope can be measured either using an Abney
level between two ranging rods or , for greater accuracy , a theodolite should be
used, again taking readings on both faces. Further corrections may be necessary if
high precision is required (see section 4.2) . If an EDM unit and pole-mounted reflec
tor are used to set out distances, the slope distances displayed should be reduced
to the horizontal.

(3) It is recommended that , wherever possible, each design point be set out
from at least three control points. This increases the accuracy since the effect of
one of the control points being out of position is reduced.

(4) To locate each design point , a large cross section wooden peg should be
driven into the ground at the point and the exact design position marked on top of
the peg with a fine tipped pen. A nail is then hammered into the peg at this point.

(5) Right angles should be set out by theodolite and the angle turned on both
faces using opposite sides of the horizontal circle to remove eccentricity and gradua
tion errors, for example . on face right use 00 to 900 and on face left use 1800 to
270

0
• The mean of two pointings is the correct angle.

Applications of coordinate methods of setting out are discussed in section 14.17.

14.8.3 From Free Station Points

This technique is shown in figure 14.19 and is a combination of resection (see
section 7.2) and setting out from coordinates (see section 14.8.2). It is particularly
applicable to large sites where the coordinates of prominent features and targets
on nearby buildings or parts of the construction are known . The procedure is as
follows

targe t

B
i

\
\
\
\
\
\

Figure 14.19 Free station point
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(l) The theodolite is set up at some suitable place in the vicinity of the
points which are to be set out. This gives rise to the term free station since the
choice of theodolite position is arbitrary .

(2) A resection is carried out to fix the position of the free station. Prefer
ably, observations should be taken to four known main site control points rather
than the minimum of three (see section 7.2).

(3) The coordinates of the free station are calculated.
(4) One of the methods described in section 14.8.2 is used to set out the

required points using the theodolite at the free station; usually the method of polar
coordinates is chosen.

If free station points are to be used widely on a particular site , it is essential that
there is a sufficient number of well-established control points around the site to
enable enough obstruction free sightings to be achieved while construction pro
ceeds. For good results with this method, theodolites reading to I" or better
should be used.

14.9 Setting Out a Pipeline

The foregoing principles are now considered in relation to the setting out of a
gravity sewer pipeline. The whole operation falls within the category of first stage
setting out.

14.9.1 General Considerations

Sewers normally follow the natural fall in the land and are laid at gradients which
will induce a self-cleansing velocity. Such gradients vary according to the material
and diameter of the pipe. Figure 14.20 shows a sight rail offset at right angles to a
pipeline laid in granular bedding in a trench .

Depth of cover is, normally , kept to a minimum but the sewer pipe must have a
concrete surround at least 150 mm in thickness where cover is less than 1 m or

offset sight roil

I .

Ii. of sewer pipe

existingground

-- - -- - - - - soffit level

offset

-:
dep1h of
Ct:Ne<

L ----1_ _ JSi~~~~- ----mer! level
g'orulor bedding for pipe

»;
length of
traveller
required for
initial
excxlIIOtion

distance

Figure 14.20



SETTING OUT

greater than 7 m. This is to avoid cracking of pipes owing to surface or earth
pressures.

14.9.2 Horizontal Control

355

The working drawings will show the directions of the sewer pipes and the positions
of manholes.

The line of the sewer is normally pegged at 20 to 30 m intervals using coordin
ate methods of positioning from reference points or in relation to existing detail.
Alternatively, the direction of the line can be set out by theodolite and pegs sighted
in.

Manholes are set out at least every 100 m and also at pipe branches and changes
of gradient, the actual positions being controlled as discussed in section 14.9.5 .

14.9.3 Vertical Control

This involves the erection of sight rails some convenient height above the invert
level of the pipe (see figure 14.20) .

The method of excavation should be known in advance such that the sight rails
will not be covered by the excavated material (the spoil) .

A suitable scheme for both horizontal and vertical control is shown in figure
14.21.

manholes setoulat changes \ \ , \«
of grod1enl and every 100 m \ \ \

\ or. \ \

- -_ _ ~/\ \ / Iine peg

~E\-- ; ~:::: :: :::--s- _ _ \ ~~~~, +
------- - - - - .-R!N sid- - _ \ 't \ \

------ . -.; _f! Of - - <0 \
I ~ ----=- _e! CQ.VOlj - - _ \ '0\ \

sighlroilsfor monhde --------...---:g~---:: • - - -~\~~;"
eslablished after excovotion \ ----------:..- - _ _ \ . _
of trench I - -- ~ -- _

offset sight ~ - - --_- - - -_
roilsetevery 25 m -: - ---..:::..: - - _- -

manhole of ________...- - _
sewer junction I -

Figure 14.21 Layout of horizontal and vertical control for a pipeline

14.9.4 Erection and UseofSight Rails

The sight rail upright or uprights are hammered firmly into the ground, usually off
set from the line rather than straddling it. Using a nearby TBM and levelling equip
ment , the reduced levels of the tops of the uprights are determined. Knowing the
proposed depth of excavation , a suitable traveller is chosen and the difference
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between the level of the top of each upright and the level at which the top edge
of the cross piece is to be set is calculated (see section 14.20.1). Figure 14.22 shows
examples of sight rails fixed in position. The excavation is monitored by lining in
the traveller as shown in figure 14.23.

Where the natural slope of the ground is not approximately parallel to the pro
posed pipe gradient , double sight rails can be used as shown in figure 14.24.

--1---[-- ,
linepeg' line peg 1_+.,.,..__~~ I

krown ' . [ ".~_~ lJ'~~ 1I
distance distance

formoltOn level height of troV€ller required

- - - - - - -- - -- - - - - - - - -
Figure 14.22

sight

J~~,~--_.~ .-~:.",-.:1
-----traveller

Figure 14 .23

var ious length travellers

Figure 14 .24 Double sight rails

14.9.5 Manholes

Control for manholes is usually established after the trench has been excavated and
can be done by using sight rails as shown in figure 14.25 or by using an offset peg
as shown in figure 14.26 .

14.9.6 Pipelaying

On completion of the excavation , the sight rail control is transferred to pegs in the
bottom of the trench as shown in figure 14.27. The top of each peg is set at the
invert level of the pipe.



SETTING OUT 357

<t
I known I ..• • SPIritlevel

o 1 / straight edge

r -- # /~~~~to check
'-- - ---- J

}-

:TH_ Si9ht roil

--.~ -
, I

I I
I ' I

-: - [ -~-,- proposed
manhole
position

& .':'-' "

centre of
offset peg

i
o
c
~

Figure 14 .25 Figure 14 .26

sight rail

line of sight

traveller

III
I~
01

"II
II
II
II
II
II
II

""~

sight roil

bottom of
trench ....... .a="'"""_~I:L.-----L--I... ~ I

~I
pegs placed using traveller

Figure 14 .27 Setting pegs in trench with traveller

Pipes are usually laid in some form of bedding and a pipelaying traveller is useful
for this purpose . Figure 14.28 shows such a traveller and its method of use.

Pipes are laid from the lower end with sockets facing uphill. They can be bedded
in using a straight edge inside each pipe until the projecting edge just touches the
next forward peg or the pipelaying traveller can be used. Alternatively, three travel
lers can be used together as shown in figure 14.29. When used like this the travellers
are known as boning rods .

pjpelayillQ
traveller

pipewall thickness
plus depth of

any bedding"-J::_
f

angle
iron
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Il!Yl!I

invert level
--~--

formation level

pipe

bedding added as
pipes laid

Figure 14 .28 Pipe laying traveller
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Figure 14 .29 Boning rods

14.10 SettingOuta Building to Ground-floor Level

This also comes into the category of first stage setting out. It is summarised below.
It is vital to remember when setting out that, since dimensions, whether scaled

or designed, are almost always horizontal, slope must be allowed for in surface
taping on sloping ground. The slope correction is additive when setting out.

(l) Two comers of the building will be set out from the baseline, site grid or
traverse stations using one of the methods shown in figure 14.18.

(2) From these two comers, the sides will be set out using a theodolite to
tum off right angles as shown in figure 14.30 .

The exact positions of each corner will be marked in the top of wooden pegs
by nails.

Offset pegs must be established at the same time as the corner pegs (see figure
14.5).

(3) The diagonals are checked as shown in figure 14.31 and the nails re
positioned on the tops of the pegs as necessary.

(4) Profile boards are erected at each corner or a continuous profile is used (see
figures 14.14 , 14.15 and 14.16) and excavation begins. The next step is to construct
the foundations ; these can take several forms but for the purposes of the remainder
of the chapter it will be assumed that concrete foundations have been used and a
concrete ground floor slab laid. This would have required formwork to contain the
wet concrete and this could have been set out by aligning the shuttering with string
lines strung between the profiles.

control
point ~

orner " r ight angles turned by theodolite

I ",
__ , ,~ """ , I =horizontal distance----- ''0 ~"
~~

control paint

Figure 14 .30 Setting out building sides by right angles
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offset peg

Figure 14.31 Checking diagonals

14.11 Transfer of Control to Ground-floor Slab

diagonals should be checked

359

This is done for horizontal control by setting a theodolite and target over opposite
pairs of offset pegs as shown in figure 14.32 and for vertical control as shown in
figure 14.33 .

target (over offset peg)

A

Figure 14.32 Transfer of horizontal con tro l to ground floor slab

Figure 14 .33 Transfer of vertical control to ground floor slab

14.12 SettingOutFonnwork

The points required for formwork can be set-out with reference to the control
plates by marking the lines between these plates as shown in figure 14.34.

On method of marking these lines on the slab is by means of chalked string
held taut and fixed at each corner posit ion. The string is pulled vertically away
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offset lines from reference lines

corner plate

Figure 14.34 Setting out form work

from the slab and released. It hits the surface of the slab, marking it with the chalk .
These slab markings are used as guidelines for positioning the formwork and

should be extended to check the positioning as shown in figure 14.35.

14.13 Setting Out Column Positions

Where columns are used, they can be set out with the aid of a structural grid as
discussed in section 14.6.2. Column centres should be positioned to within ± 2 to
5 mm of their design position. The structural grid enables this to be achieved.

Figure 14.36 shows the structural grid of wooden pegs set out to coincide with
the lines of columns. The pegs can either be level with the ground floor slab or
proftle boards can be used.

Lines are strung across the slab between the pegs or proftles to define the
column centres. If the pegs are at slab level the column positions are marked
directly. If profiles are used, a theodolite can be used to transfer the lines to the
slab surface. The intersections of the lines define the column centres.

Once the centres are marked , the bolt positions for steel columns can be accur
ately established with a template , equal in size to the column base, placed exactly
at the marked point. For reinforced concrete columns , the centres are established
in exactly the same way but usually prior to the slab being laid so that the rein
forcing starter bars can be placed in position.

14.14 Controlling Verticality in Multi-storey Structures

The setting-out lines marked on the ground floor slab (see figure 14.32) must be
transferred to each higher floor as construction proceeds. If they can be transferred
accurately , the verticality will be maintained.
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Figure 14 .36 Setting out column positions

The maintenance of verticality is the most important setting out feature of
multi-storey structures. Four methods are discussed.

1~1~IPfumbBobMefflom

Plumb bobs, usually weighing 3 kg, suspended on piano wire or nylon are used. Two
plumb bobs are needed in order to provide a reference line from which the upper
floors may be controlled. To dampen oscillations , the bob is often suspended in a
transparent drum of oil.

The bob is suspended from an upper floor and moved until it hangs over the
reference mark on the ground floor slab. Holes and openings must be provided in
the floors to allow the plumb bob to hang through and a centring frame is neces
sary to cover the opening to enable the exact point to be fixed .

Wind currents in the structure can be a problem and this method can be time
consuming if great accuracy is required . It is, however, a very useful method when
constructing lift shafts .
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14.14.2 Theodo/ite Methods

These methods assume that the theodolite is in perfect adjustment so that its line
of sight will describe a vertical plane when rotated about its trunnion axis. Two
methods are considered .

Using a theodolite only

The theodolite is set up on extensions of each reference line marked on the ground
floor slab in tum and the telescope is sighted on to the particular line being trans
ferred. The telescope is elevated to the required floor and the point at which the
line of sight meets the floor is marked. This is repeated at all four comers and eight
points in all are transferred as shown in figure 14.37 .

Once the eight marks are transferred, they are joined and the distances between
them measured as checks.

If the theodolite is not in perfect adjustment, the points must be transferred
using both faces and the mean position used. In addition, because of the large
angles of elevation involved, the theodolite must be carefully levelled.

Figure 14.37 Transfer of control in multi-storey structures by theodolite

Using a theodolite and targets

In figure 14.38, A and B are the offset pegs.

(1) The theodolite is set over reference mark A, carefully levelled and aligned
on the reference line marked on the side of the slab (see figure 14.32).

(2) The line of sight is transferred to the higher floor and a target accurately
positioned.

(3) A three-tripod traverse system is used and the target replaces the theodo
lite and vice versa.

(4) The theodolite, now at C, is sighted on to the target at A, transitted and
used to line in a second target at D. Both faces must be used and the mean position
adopted for D.
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Figure 14 .38 Transfer of control in multi-storey structures by theodolite and target

(5) A three-tripod traverse system is again used and the theodolite checks the
line by sighting down to the reference mark at B, again using both faces.

(6) It may be necessary to repeat the process if a slight discrepancy is found .
(7) The procedure is repeated along the other sides of the building.

14.14.3 Optical Plumbing Methods

The optical plummet of a theodolite can be used or a diagonal eyepiece can be
fitted to a theodolite but the best method is to use an optical plumbing device
specially manufactured for the purpose. Holes and openings must be provided in
the floors and a centring frame may be used to establish the exact position.

There are several variations of optical plummet. They consist of either one prism
which can be rotated to plumb up or down, or two prisms which enable simultan
eous up and down plumbing to be carried out.

Figures 14.390 and b show an optical plummet being used to plumb upwards to
a special centring device. This device is moved until the line of sight passes through
its centre .

Figure 14.39c shows downward plumbing. In this case the movable head of the
optical plummet is adjusted until the reference mark is bisected by the cross hairs.
The centring device is then set in place beneath the tripod and moved until the line
of sight passes through its centre.
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14.14.4 Column Verticality
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Columns one storey high are best checked by means of a long spirit level held up
against them as shown in figure 14.40 .

Multi-storey columns are best checked with a theodolite as shown in figure
14.410 and b. Either the edges or the centre lines of each column are plumbed with
the vertical hairs of two theodolites by elevating and depressing the telescopes. The
theodolites used must be free from error and carefully levelled; as a further pre
caution, both faces should be used to check the verticality .

14.15 Transferring Height from Floor to Floor

Height can be transferred by means of a weighted steel tape measuring each time
from a datum in the base of the structure as shown in figure 14.42. The base datum
levels should be set in the bottom of lift wells, service ducts and so on, such that
an unrestricted taping line to roof level is provided.
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Each floor is then provided with TBMsin key positions from which normal
levelling methods can be used to transfer levels on each floor.

Alternatively, if there are cast-in-situ stairs present , a level and staff can be used
to level up and down the stairs as shown in figure 14.43. Note that both up and
down levelling must be done as a check.

14.16 Setting Out Using Laser Instruments

Although a detailed description of laser techniques and equipment is beyond the
scope of this book, laser instruments are being used increasingly in setting-out
operations and a few of the more common applications are discussed here .

The laser generates a light beam of high intensity and of low angular divergence,
hence it can be projected over long distances without spreading significantly , These
characteristics are utilised in specially designed laser equipment and it is possible
to carry out many alignment and levelling operations by laser.

The type of laser used in surveying equipment is usually a helium-neon gas laser
which produces a bright red beam which can be seen clearly when intercepted by a
target . The lasers used in construction and surveying are low power with outputs in
the range 1 mW to 5 mW and these represent no hazard when the beam or its reflec
tion strikes the skin or the clothes of anyone in the vicinity. However, an output of
1 mW to 5 mW presents a serious hazard to the eyes and on no account should
anyone look directly into a laser beam and optical instruments should never be
used to find the position of the beam. Whenever lasers are being used, warning
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Figure 14.42 Transfer of height from
floor to floor using steel tape

Figure 14.43 Transfer of height from floor
to floor using levelling

signs must be placed in prominent positions. A detailed discussion of laser safety
can be found in A Guide to the Safe Use ofLasers in Surveying and Construction,
published by the RICS.

Although the use of laser equipment can have many advantages, such equipment
is generally expensive and its purchase is justified only by those contractors with a
high volume of setting-out work in which specialised laser equipment can be
exploited fully.

Two types of laser instrument are used in setting out and these are classified as
alignment lasers and rotating head lasers.

14.16 .1 Alignment Lasers

This type of laser produces a single beam output which, when used for alignment
purposes, has the important advantage of producing a constantly present reference
line which can be used without interrupting construction.
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The laser theodolite is either a purpose-built instrument or a standard theodolite
converted into a laser theodolite by means of a laser eyepiece attachment (see
figure 14.44) . The laser beam projected by these theodolites coincides exactly with
the line of collimation and is focused using the telescope focusing screw to appear
as a dot in the centre of the cross hairs (see figure 14.45). A special filter in the
eyepiece prevents any hazardous level of radiation reaching the observer's eye. This
beam can be intercepted with the aid of suitable targets over daylight ranges of
200-300 m and night ranges of 400-600 m. This type of instrument can be used
in place of a conventional theodolite in almost any alignment or intersection tech
nique and, once set up, the theodolite can be left unattended. However, since the
instrument could be accidentally knocked or vibration of nearby machinery could
deflect the beam it is essential that regular checks are taken to ensure that the
beam is in its intended position.

Figure 14.44 Laser theodolite (courtesy
Wild Heerbrugg (UK) Ltd)

Figure 14.45

For controlling verticality , a laser eyepiece can be attached to an optical plum
met . This is set up on the ground floor slab directly over the reference mark and
the beam is projected vertically either up the outside of the building or through
special openings in the floors. The beam is intercepted as it passes the floor to be
referenced by the use of plastic targets fitted in the openings or attached to the
edge of the slab. The point at which the beam meets the target is marked to pro
vide the reference. The essential requirement of the system is to ensure that the
beam is truly vertical.

When setting out pipelines, the use of a laser system eliminates the need for sight
rails and pipelaying travellers. A specially made pipelaying laser is shown in figure
14.46 and this can be set up on a stable base positioned either within the pipe itself,
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Figure 14.46 Pipelaying laser (courtesy Spectra-Physics Ltd)

in a manhole or supported on a tripod. Figure 14.47 shows typical arrangements .
When placed in a manhope or pipe, the unit will self-level provided it has been
rough levelled to within ± So. The laser is correctly aligned along the direction in
which the pipe is to be laid and the gradient of the pipe is set on the grade indicator
of the laser. During pipelaying, a plastic target is placed in the open end of the pipe
which is then moved horizontally and/or vertically until the laser beam hits the
centre of the target as shown in figure 14.48 . The pipe is then carefully bedded in
that position. The target is then removed and the procedure repeated. If the laser is
unintentionally moved off grade, the beam blinks on and off to provide a warning
of this until the unit has relevelled itself.

The laser has been used very successfully in tunnel alignment because the beam
is capable of showing the intended line of the tunnel on a continuous basis. If
tunnelling machines are used, the process of laser guidance can be made automatic
using photoelectric cells to detect the beam, the cells in turn controlling the move
ment of the machine . Since tunnel alignment by laser is a complicated setting-out
process, the development of such systems is usually undertaken by specialist
surveyors and engineers.

14.16.2 Rotating Head Lasers

These instruments, examples of which are shown in figure 14.49, are also known as
laser levels. They are usually mounted on a tripod and transmit a laser beam which
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Figure 14.47 Pipelaying laser set-ups (courtesy Spectra-Physics Ltd)

_ ·:·;..·· ·_ ~· ilJ:' !'· · · · · ·

Figure 14.48 Pipetaying with the aid of a laser

can be made to rotate at varying speeds to form a horizontal reference plane. The
reduced level of the reference plane can be obtained and this replaces the plane of
collimation of an optical level in setting out and levelling.

Many laser levels are self-levelling and have a built-in checking facility which
operates by shutting off the laser beam if it is knocked off level.

Rotating lasers are used in conjunction with a sliding battery-powered sensor
which is attached to a specially made levelling staff. The sensor will search for the
laser reference plane and then lock on to it , enabling the person holding the staff
to take a reading. This allows conventional levelling to be done and , if the laser level
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Figure 14.49 Rotating head lasers (courtesy Spectra-Physics Ltd)

can be set up near the centre of a construction site, many operatives can use the
reference plane simultaneously. This can be achieved on reasonably open and level
sites.

When used for setting out foundations, floor levels and so on, the sensor can be
fixed at some desired reading and the staff used as a form of traveller, the laser
reference plane replacing sight rails as shown in figure 14.50.

special levellingsteff
withdetectorsetat h

reference plane

h

~l--~,-, L
Figure 14 .50 Setting out with rotating head laser level

eJound level

formtion level
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Figure 14.51 shows further applications of a laser level. In these applications, the
reduced level of the horizontal reference plane is determined by setting the base of
the special levelling staff on a point of known reduced level. The maximum recom
mended distance from the laser to the staff is approximately 80-100 m.

Laser levels have also been used for controlling earth-moving and grading as
shown in figure 14.52. For this, the sensor unit is fixed outside an earth-mover or
grader cab and a special display unit is mounted inside the cab in full view of the
driver. When the laser sensor is close to the reference plane, the lights on the display
unit are energised and these indicate how much material is required to be removed
or fJ1led to reach formation level. Some lasers of this type also have the facility of
being able to set up an inclined plane for use in grading, and systems are available
for the remote control of earth digging and asphalt laying equipment.

14.17 Applications of Setting Out from Coordinates

Coordinate methods of setting out are described in section 14.8.2 and their applica
tion in the setting out of horizontal curves is discussed in section 10.12, where an
appraisal of the advantages and disadvantages of such methods can be found.

The system used in coordinate setting out is that of establishing design points by
either bearings and distances or by intersection using bearings only from nearby
control points. The bearings and distances are calculated from the coordinates of
the control and design points by the method described in section 5.10 .

If the bearing and distance method is used, a theodolite and some form of dis
tance measuring system are required whereas if the intersection method is used, two
theodolites are necessary. These two techniques are described in section 14.8.2.

The development of EDM equipment 'in which the reflecting unit can be mount
ed on a movable pole, enables distances to be set out very accurately and quickly
regardless of terrain and this is being used increasingly in bearing and distance
methods. However, EDM does have its limitations in setting out. It is ideal for use
with a theodolite in bearing and distance methods for establishing site grids and
other control points but such methods should not be used where alignment is criti 
cal, for example , setting out column centres, since the alignment obtained would
not be satisfactory owing to slight angular and/or distance errors . In any alignment
situation, it is best either to use one theodolite to establish the line and measure
distances along it using a steel tape or EDM or, preferably, to use two theodolites
positioned at right angles such that the intersection of their lines of sight establishes
the point which can be located DY lining in a suitable target.

In general, on site EDM would not be used if a steel tape could be used satisfac
torily and usually all lengths less than approximately 50 m would be set out and
checked using steel tapes. EDM would be used in cases where distances in excess of
approximately 50 m were involved and over very uneven ground where steel taping
would be difficult.

In all setting out , if the design is based on National Grid coordinates, the scale
factor must be taken into account as described in section 5.11.

The great advantage of coordinate methods is that they can be used to set out
virtually any civil engineering construction providing the points to be located and
the control points are on the same rectangular coordinate system. The calculations
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can be undertaken on a computer and the results presented on a printout similar in
format to that shown in table 10.2. The following two examples demonstrate the
versatility of coordinate based methods.

14.17.1 Setting Out and Controlling Piling Work

The equipment used in piling disturbs the ground , takes up a lot of space and
obstructs sightings across the area. Hence, it is not possible to establish all the pile
positions before setting out begins since they are very likely to be disturbed during
construction. Coordinate methods can be used to overcome this difficulty as
follows.

(1) Before piling begins a baseline is decided upon and the lengths and angles
necessary to set out the pile positions from each end of the baseline are calculated
from the coordinates of the ends of the baseline and the design coordinates of the
pile positions .

The position of the baseline must be carefully chosen so that taping and sighting
from each end will not be hindered by the piling rig. Figure 14.53 shows a suitable
scheme.

(2) Each bearing is set out by theodolite from one end of the baseline and
checked from the other. The distances are measured using a steel tape or, if possible,
EDM equipment with the reflecting unit mounted on a movable pole.

(3) The initial two or three positions are set out and the piling rig follows the
path shown in figure 14.53.

(4) The engineer goes on ahead and establishes the other pile positions as
work proceeds.

(5) A variation is to use two baselines on opposite sides of the area and
establish the pile positions from four positions instead of two .

++++++

+

+

+3

4

~ base line _ - ;~
\ ----~-

\'A B _- c----i5----E--~~ F -~beorings ond .
~_--+- + + +_- + + distonces to pile
~~__. -_-~____ positions

( ~, ----
, --

~ + '.y - + + + + + direction of
--------------~ trovel of piling

) rig

:..--+--~steelpins morking
pile positions

Figure 14.53
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(b)

Figure 14.54 Setting out bridges: (a) using structural grid ; (b) by bearing and distance

14.17.2 Setting Out Bridges

Figure 14.54 shows the plan view of a bridge to carry one road over another.

Procedure

(1) The centre lines of the two roads are set out by one of the methods dis
cussed in chapters 9 and 10.

(2) The bridge is set out in advance of the road construction. Secondary site
control points are established either in the form of a structural grid, which itself is
set up from main site control stations by bearings and distances (see figure l4.54a) ,
or , if this is not possible, in positions from which the bridge abutments can be set
out by bearings and distances. These positions may be at traverse stations or site
grid points (see figure l4.54b).

Whichever method is used, all the points must be permanently marked and pro
tected to avoid their disturbance during construction, and positioned well away
from the traffic routes on site.

(3) TBMs are set up. These can be separate levelled points or a control point
can be levelled and used as a TBM.

(4) If the method shown in figure l4.54a is used, the distances from the
secondary site control points to abutment design points are calculated and
set out by steel tape or EDM equipment, the directions being established by theodo
lite.

If the method shown in figure 14.54b is used, the bearings and distances from
the secondary site control points are calculated from their respective coordinates
such that each design point can be established from at least two and, preferably,
three control points.
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(5) The design points are set out and their positions checked .
(6) Offset pegs are established to allow excavation and foundation work to

proceed and to enable the abutments to be relocated as and when required.
(7) Once the foundations are established, the formwork , steel or precast units

can be positioned with reference to the offset pegs.
For multi-span bridges, a structural grid can again be established from the site

grid or traverse stations as shown in figure 14.55 and the centres of the abutments
and piers set out from this. Since points A to P may be used many times during the
construction, they should be positioned well away from site traffic and site opera
tions and permanently marked and protected.

Each pier can be established by setting out from its centre position using offset
pegs and profiles to mark the excavation area as shown in figure 14.56.

The required levels of the tops of the piers and the subsequent deck will be
established from TBMs set up nearby either by conventional levelling techniques
or by using a weighted steel tape as shown in figure 14.42 .

A B C 0 E F

abutment

umr
piers

: -,
I

t--
I I

I I I I
-- {

I I I I

L I I J

N M L K J H

Figure 14 .55

c_-

profile boards~~ '2
L t e.g. m---- -- -

Figure 14 .56

14.18 Accuracy of Setting Out

The accuracy to which setting out operations should be carried out has often been
neglected in the past. However, national and international standards are now avail
able which give recommendations regarding this question of accuracy. BS 5606,
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British Standard Code ofPractice on Accuracy in Building, published in 1978,
specifies permissible errors for various setting out activities , although it applies only
to buildings and not to all civil engineering works. ISO 4463, Measurement Methods
for Building, published by the International Organisation for Standardization (ISO),
recommends accuracy requirements for all normal types of building construction
but does not deal with specialist operations such as those required for precision
machinery .

Table 14.1 shows the expected precisions of various pieces of equipment when
used in engineering surveying by reasonably proficient operators. The equipment is
assumed to be in correct adjustment. The data in the table are taken from the
British Standard Code BS 5606 . The values shown in the table should be used both
by the designer when specifying the precision expected in the design in order that
what is designed can actually be set out, and by the engineer undertaking the set
ting out in order that equipment can be chosen which will maintain the design
standards and specifications.

The international standard for setting out, ISO 4463, specifies the precisions
within which the adjusted coordinates of control points should be established.
Other precisions are specified, including those for levelling and controlling
verticality.

A further international standard, ISO/DP 8322 Procedure for determining the
accuracy in use ofmeasuring instruments, is also recommended for study prior to
undertaking setting-out operations.

Section 14.19 lists these and other publications which will be found very useful
by anyone concerned with the correct methods of setting out on construction sites.

14.19 Further Reading

A. C. Twort, Civil Engineering Supervision and Management (Arnold, London,
1972).

Bulletin M83: 16, Measuring Practice on the Building Site, CIB Report No. 69 ,
(National Swedish Institute for Building Research , 1983).

A Manual ofSetting-out Procedures (CIRIA, 1973).
BS 5606, British Standard Code ofPractice for Accuracy in Building (British

Standards Institution, London, 1978) .
ISO 4463: Measurement methods for building - Setting out and measurement

Permissible measuring deviations (International Organisation for Standardiza
tion, Geneva).

ISO/DP 8322 Procedure for determining the accuracy in use ofmeasuring instru
ments (International Organisation for Standardization, Geneva).

BRE Digest 234 , Accuracy in Setting Out (Building Research Establishment, 1980).



14.20 Worked Examples

14.20.1 Pipeline Example
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Question

An existing sewer at P is to be continued to Q and R on a falling gradient of 1 in
150 for plan distances of 27.12 m and 54.11 m consecutively, where the positions
ofP, Q and R are defined by wooden uprights.

Given the following level observations, calculate the difference in level between
the top of each upright and the position at which the top edge of each sight rail
must be set at P, Q and R if a 2.5 m traveller is to be used.

Level reading to staff on TBM on wall CRL 89.52 m AOD)

Level reading to staff on top of upright at P

Level reading to staff on top of upright at Q

Level reading to staff on top of upright at R

Level reading to staff on invert of existing sewer at P

All readings were taken from the same instrument position.

E
:::; NO
CD ":0
..... (J') <f

co

0.39 m

0.16 m

0.35 m

1.17 m

2.84m

54.11 m

invert leveI
sloping ot
1 in 150

Figure 14 .57

level 0 .35 1.17---------------- -
___ wooden stoke

Q

R'o'
- - --- - - - - - - - - - - --- -- -ho;lzootal -

Solution

Consider figure 14.57.

Height of collimation of instrument = 89.52 + 0.39 = 89.91 m

Invert level of existing sewer at P = 89.91- 2.84 = 87.07 m

Hence, sight rail top edge level at P = 87.07 + 2.50 = 89.57 m

Level of top of upright at P =89.91- 0.16 =89.75 m

Hence, upright level- sight rail level = 89.75 - 89.57 = +0.18 m

That is, the top edge of the sight rail must be fixed 0.18 m below the top of the
upright at P.
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Fall of sewer from P to Q = -27.12 x (1/150) = -0.18 m

Hence, invert level at Q = 87.07 - 0.18 = 86.89 m

Hence, sight rail top edge level at Q = 86.89 + 2.50 = 89.39 m

But, level of top of upright at Q = 89.91 - 0.35 = 89.56 m

Hence, upright level - sight rail level = 89 .56 - 89.39 = +0.17 m. That is, the top
edge of the sight rail must be fixed 0.17 m below the top of the upright at Q.

Fall of sewer from P to R = - (27.12 + 54.11)/150= - 0.54 m

Hence, invert level at R = 87.07 - 0.54 = 86.53 m

Hence, sight rail top edge level at R = 86.53 + 2.50 = 89.03 m

But, level of top of upright at R = 89.91 - 1.17 = 88.74 m

Hence, upright level - sight rail level = 88.74 - 89.03 = - 0.29 m

That is, the top edge of the sight rail must be fixed 0.29 m above the top of the
upright at R.

This is achieved by nailing the sight rail to an extension piece to form a short
traveller and then nailing this to the upright such that it adds 0.29 m to its height.

14.20.2 Coordinate Example

Question

A rectangular building havingplan sidesof75.36 m and 23.24 m is to be set out with
its major axis aligned precisely east-west on a coordinate system. Coordinates of
the SE corner have been flxed as (348 .92, 591 .76) and this corner is to be fixed by
theodolite intersections from two stations P and Q whose respective coordinates
are (296 .51,540.32) and (371.30, 522.22). All dimensions are in metres.

Existing ground levels at the corners of the proposed structure were determined
as follows

SE (156 .82 m ADD), SW(149 .73 m ADD) , NE (151.45 m ADD) ,

NW(146.53 m ADD)

Calculate

(1) The respective clockwise angles (to the nearest 20") to be set off at P
relative to PQ and at Q relative to QP in order to intersect the position of the SE
corner.

(2) Surface setting-out measurements around the four sides of the building
together with the two diagonals, assuming even gradients along all lines,

Solution

Consider flgure 14.58.

(1) Calculation of 0: and f3
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NW 75.36m

SW

Figure 14.58

Q(371.30.522.22)

Let the SE corner of the building be X.

easting of X 348.92
easting of P 296.51

M px +52.41

northing of X
northing of P

~px

591.76
540.32

+51.44

northing of X
northing of Q

~QX

northing of Q

northing of P

~PQ

Therefore from a rectangular/polar conversion

bearing PX = 45°32'07"

easting of X 348 .92
easting of Q 371.30

M QX -22.38

Therefore from a rectangular/polar conversion

bearing QX = 342°09'37"

easting of Q 371.30

easting of P 296 .51

MPQ +74.79

Therefore from a rectangular/polar conversion

bearing PQ =103°36' 17"

Therefore

591.76
522 .22

+69.54

522 .22

540.32

-18.10

angle ex = bearing PQ - bearing PX = 58°04 10"

Hence

clockwise angle to be set offat P relative to PQ = 360° - 58°04'10"

=301°56'00"

and

angle {3 = bearing QX - bearing QP = 58°33'20"
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Hence

clockwise angle to be set offat Q relative to QP = 58°33'20"

Both answers have been rounded to the nearest 20".

(2) Calculation ofsurface measurements

Slope correction = +(LVl2 /U) (see section 4.2.2) where LVl is the height difference
and L the slope distance (but horizontal distance may be used without significant
error) .

From SE to SW corners , LVl = 156.82-149.73=7 .09;Lih 2 =50.27

From NE to NW corners , Lih=151.45 - 146.53 =4.92 ; Lih2 =24.21

From SE to NE corners , Lih =156.82 - 151.45 =5.37; LVl 2 =28.84

From SWtoNW corners, LVl =149.73 - 146.53 =3.20; LVl 2 =10.24

Slope distances are as follows

SE to SW corners = 75.36 + (50 .27/(2 x 75.36)) = 75.36 + 0.33

=75.69 m

NE to NW corners =75.36 + (24.21/(2 x 75.36)) =75.36 + 0.16

= 75.52 m

SE to NE corners = 23.24 + (28 .84/(2 x 23.24)) = 23.24 + 0.62

= 23.86m

SW to NW corners = 23.24 + (10.24/(2 x 23.24)) = 23.24 + 0.22

= 23.46 m

For the diagonals

Horizontal diagonals =(75.362 + 23.242 yi- = 78.86

From SE to NW corners , Lih =156.82 - 146.53 = 10.29; LVl 2 =105.88

From SW to NE corners, LVl = 151.45 - 149.73 = 1.72 ; LVl 2 = 2.96

Diagonal slope distances are as follows

SE to NW corners =78.86 + (105 .88/{2 x 78 .86)) =78.86 +0.67

= 79.53 m

SW to NE corners = 78.86 + (2 .96/{2 x 78 .86)) = 78.86 +0.02

= 78.88m
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Abney level 88
Absolute Minimum Radius 240, 241
Accuracy in building 335,377,378
Accuracy of computation 147
Accuracy of setting out 338,378
Additive constant 100
Agent 336
Alidade 55
Alignment 261 ,366,372
Alignment lasers 366
Altitude level setting screw 55
Amplitude modulation III
Anallactic lens 10 1
Angle adjustment 137,172
Angle and distance methods, see

Bearing and distance methods
Angle condition 173
Angle measurement 52, 131, 170

abstraction of angles 133, 170
allowable misclosure in traversing

137
angular misclosure 136
booking and calculating angles 72
errors in 134
field procedure and booking for

(in traversing) 133
horizontal angles 70
importance of observing procedure

73
in triangulation 170
vertical angles 72

Angle of depression 52
Angle of elevation 52
Angular misclosure 136
Arbitrary north 128
Area calculation 290-309, 319-21

As built drawing 340
Atmospheric conditions in EDM 120

measurement of 121
Atmospheric correction switch 121
Automatic level 21-7
Automatic vertical index 56, 81
Average haul distance 325,326,328

Back bearing 138
Back sight 28
Back station 133
Balancing line 325

choice of 329
example of its use in costing earth-

moving 331
Band of interest 219
Baselines 163,167,185,186,342,352
Batter board 347
Beam compass 149
Bearing and distance methods 123,

152,226,253,343,351
Bearings 126, 138
Bench marks 13

in setting out 340
BIPS 260, 285, 333
Boningrods 346,357
Booking angles 72
Borrow 325,326,327
Borrow pit 333
Bowditch method 145
Braced quadrilateral 164

worked example 173
Bridges, setting out 375
British Standards 27,335,378
BS 5606 335 ,378
Bulking 324
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Bulking factor 324

Cadastral surveying 4
Calculating angles 72
Calculator functions required 10
Care of instruments 337
Carrier wave III
Catenary 92
Centre line, establishment of 41
Centre of curvature 215
Centre point polygon 164, 178

worked example 178
Centring 56

errors in 54, 131
Centring frame 361 ,363
Centring rod 56, 167
Centroid 311
Chainage 217
Chaining 98
Chains 98
Chalked string 359
Change plate 34
Change point 29
Channels 238, 273
Check lines 129
Chord length 222
Circle eccentricity errors 63
Circular curves 214-35

design of 219
important relationships in 216
setting out 221
worked examples 229-35

Clamping screw 54
Client 336
Closed traverses 125
Clothoid 243 , 244-6, 248 , 249

setting out by coordinates 253
setting out by offsets 245
setting out by tangential angles 246

Coded circles 64
Coefficient of atmospheric refraction

75,77
calculation of 82

Coefficient of expansion 92
Coincidence bubble reader 17
Collimation error 24,33 ,38,39
Collimation level 28
Columns

setting out 360
verticality of 364

Combined networks 164,187
Combined theodolite and EDM

systems 116

Communication system 116
Compass 128
Compensators 21
Composite horizontal curves 241

design of 255
example of 262
setting out 252-5,265-71
total length of 251

Compound circular curves 214,227
Computer aided plotting 209-13,333
Computer aided road design 259,285
Computer curves 260
Computer methods 209, 253, 254,

259 , 285
Computer printouts 254
Constant tension handle 90
Continuous readout facility 116
Contour interval 45, 200
Contouring 45

by stadia tacheometry 203
Contours 45 , 198, 203, 207

computer generated 210, 211, 213
volumes from 316

Contract 336
Contractor 336
Control networks 197
Control plates 359
Control points 340, 341, 344

construction and protection of 342
Controlling verticality in structures

360
laser method 367
optical plumbing methods 363
plumb bob methods 361
theodolite methods 362

Conventional symbols 198, 199
Coordinate differences 140
Coordinate grid 149
Coordinates 128 , 176, 186

plan area calculation from 291
setting out by 226 , 230, 253 ,

351 ,353,372
Corner cube prism 114
Cosine Rule 185
Crest curve 274
Cross coordinate method 291

applications of 292,307,318
Cross hairs 15
Cross sections 6,42,261,297,300

horizontal 301
involving cut and fill 304
irregular 307
three-level 302



INDEX 385

Cross sections tcont'd)
two-level 301
used to calculate volumes 309,319

Cross-sectional area calculation 290 ,
297-309,319-21

use of 308
Cubic parabola 243 , 246-51

setting out by coordinates 253
setting out by offsets 246
setting out by tangential angles 246
validity of the assumptions made

in the derivation of 248
Cubic spline 260
Curvature

centre of 215
effect on volume calculations 311
of earth 13,35, 75
radius of 215

Curvature and refraction correction
36,77

Cut 281,283 ,298
Cutting 301, 322

monitoring excavation of 346-9
Cycle 108

Damping 22
Data storage unit 118, 207 , 210
Datum 13
Deflection angle 214
Degree curve 217
Department of Transport 219 ,236,273

highwaydesignstandards 239,273
Depth of cover 354
Depth of road construction 308
Design points 340, 351

setting out 351
Design speed 219, 236
Desirable Minimum Radius 240, 241
Detail 198

location of 200
setting out from existing 351

Detailsurveying 6,197-213
accuracy of 198
booking for 201, 204
fieldwork for stadia tacheometric

methods 203
offsets and ties 200, 202
radiation method 200, 203
specifications for 198
with EDM equipment 207
with theodolite and tape 207

Deviation angle 244
limiting value of 248, 249

Diagonal eyep iece 363
Diaphragm 15, 55

orientation of 79
Digital maps 8
Digital terrain models 41 , 123, 212,

260
Dipole 113
Direct reading system 58
Distance from coordinates 151
Distance measurement 85-124
Division of an area 292,318
Double sight rails 356
Drainage 273,283
Drawing paper 197
Drivers' eye height 278
Drop arrow 88

Earth-moving 322
con trolling by laser 372
cost of 326

Earthwork calculations 290 ,309
Easting 128
Eccentric stations 182
Eccentricity 3 11
Electromagnetic distance measure-

ment 107-24
analogy with taping 110
applications of 123
calibration of EDM instruments 169
corrections in 120-3
effect-of the atmosphere on 120, 121
in detail surveying 207
in triangulation and trilateration

169,185
instrumental errors in 122
phase comparison 109
properties of electromagnetic

waves 107
setting out by 372

Electronic tacheometers 66, 118, 210
Electronic theodolites 64
Embankment 301,322

monitoring construction of 346-9
End areas method 309
Engineer 336
Engineering surveying 5

principles of 5
Equal shifts adjustment 172 , 186

of a braced quadrilateral 173
of a centre point polygon 178

Establishing a right angle 353
Establishing the centre line 41
Excavation, monitoring of 3't6-51
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External distance 216
Eyepiece 15,367

laser 367

Face 55
Fall 29
Fill 281, 283, 298

monitoring 346-9
Fine centring clamp 70
First stage setting out 338
Flat curves 275
Focusing lens 15
Focusing screw 15, 55
Footplate 34
Footscrews 54
Fore sight 28
Formation level 41, 323
Formwork 358,359
Forward bearing 138
Forward station 133
Fractional linear misclosure

144
Free haul distance 325
Free haul volume 325
Free station point 353
Freehaul 325 ,327
Frequency 108
Frequency modulation 112

Geodetic surveying 3
Give and take lines 292
Glass arc 54
Gradients 273

algebraic difference of 274
Grazing rays 130
Grid distance 123, 154
Grid levelling 46 , 200
Grid north 128 , 154
Grids

used in plotting 149
used in setting out 343
used in volume calculations 315

Gullies 273, 283

Haul 325,326
minimisation of 330

Haul distance 325
Height, transference of 364
Height correction 122
Height of collimation method 32
Helium-neon laser 119, 365
Hertz 108
Highway Design Standards 239, 273

INDEX

Horizontal alignment 214-72
phasing with vertical alignment 281

Horizontal angle 52
measurement of 70

Horizontal circle 54
Horizontal circle setting screw 55
Horizontal collimation adjustment 79
Horizontal control 337,340
Horizontal curves 214-72

design of 219,239,255-61
Horizontal distances 85
Horizontalline 13,14
Hydrographic surveying 4

Ideal transition curve 244
Infrared EDM instruments 113
Intermediate sight 29
Interpolation 47
Intersection 188-92,223 , 226, 230,

255
by solution of triangle 189
from two baselines 190
using angles 189
using bearings 190
worked example 191

Intersection angle 215
Intersection point 215,220

location of 220
Invar 104
Invar tapes 98
Inverted staff 37
ISO 4463 378
ISO publications and standards 335,

378

K-values 275, 279
use of 279

Land surveying 3
Laser EDM instruments 119
Laser eyepiece 367
Laser safety 366
Lasers 119,365-73

alignment laser 366
applications of 367-73
laser level 368
laser theodolite 367
rotating head laser 368

Lateral refraction 130
Layout drawings 340
Left-hand angle 133
Level book 30
Levelline 12
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Level surface 12
Levelling 9, 12-51

allowable misclosure in 32, 33
effects of curvature and refraction

on 35
equipment errors 33
field errors 34
misclosure in 32
practical accuracy requirements

345 ,377
principles of 28
reading and booking errors in 35
worked examples 29-33,37-8,40

Levelling staff 27
for use with laser instruments 369

Levels 14-27
adjustments of 23-7
laser 368
principle of 18

Light, speed of 108
Limiting Radius Value 240
Line, measurement of a 86
Line of collimation 15,39
Line of sight 15
Linen tape, see Synthetic tapes
Long chord 215

setting out by offsets from 225
Longitudinal section 6,41 ,261,283,

297,299,325
Lower plate 54

Magnetic north 128
Manholes 355,356
Map projection 154
Marking arrow 86
Mass haul diagrams 322-34

examples of their use in costing
327,331

Master bench mark 340
Mean sea level 13

correction to 122, 169
Measurement of a line 86
Meteorological conditions 121, 169
Micrometer reading systems

double-reading optical 63
single-reading optical 59

Micrometer screw 55
Microwave EDM instruments 112
Mid-ordinate 215
Minimum Desirable Radius 240, 241
Miscentring 74

worked example 82
Modulus of elasticity 91

MOSS 260 , 285, 333
Multiplying constant 100

National Grid 8, 154, 169, 171 ,
341, 374

Newlyn 13
North directions 127, 171
Northing 128

Object lens 15
Offset pegs 344
Offsets 200, 201
Offsetting 352
Open traverses 126
Optical distance measurement 99-106
Optical illusions 281
Optical plumbing device 363
Optical plummet of a theodolite 56

adjustment of 81
Optical scale reading system 58
Ordnance bench mark 13,340
Ordnance Datum 13
Ordnance Survey 7, 13, 164
Origin 129
Overhaul 325,327
Overhaul distance 325, 328
Overhaul volume 325

Pappus' theorem 311
Parabolic vertical curve 275
Parallax 16

removal of 16
Period 108
Permanent adjustments

of a theodolite 78-81
of an optical level 23-7

Phase 108
Phase comparison 109
Phase difference 109
Photogrammetry 4
Piano wire 349,361
Piling, setting out 374
Pipelaying 356

with an alignment laser 367
Plan area calculation 290-309, 319-21

by planimeter 295
from coordinates 291
from triangles 290
graphical method 292
Simpson's rule 294
trapezoidal rule 293
using give and take lines 292
worked example 318
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Plan width 301 ,302,305
Plane of collimation 28
Plane survey ing II
Planimeter 295 , 298 , 328
Plans 207 , 340
Plate level 55

adjustment of 78
Plotting

accuracy of 197 , 198
computer aided 209-13
detail surveys 197
embankments and cuttings 308
offsets and ties 202
stadia tacheometry surveys 204
survey plans 207
traverses 148
vertical curves 281

Plumbbobs 67,361
Plumb line 88
Polar coordinates 123, 152 , 226,

253,343,351
Polar rays, see Polar coordinates
Polar/rectangular conversion 142 ,

152,154,381
Pole-mounted reflector 116
Polynomials 260
Pond level I 8
Positioning techniques 337,35 I

from coordinates 35 I
from existing detail 351

Principal tangent 17
Prismatic compass 128
Prismoid 310
Prismoidal formula 309
Profile 41
Profile boards 344, 349

continuous 349
transverse 35 I

Promoter 336
Proportional misclosure, see Fractional

linear misclosure

Quadrant 152

Radial acceleration 243
Radial force 228, 236, 275
Radiation method 200, 203, 207
Radius curve 217
Radius of curvature 215

Absolute Minimum Value 240, 241
Desirable Minimum Value 240, 24 1
Limiting Value 240, 241

Ranging 86

Ranging rods 86
Reciprocallevelling 24 , 25, 38

worked example 40
Reconnaissance 5,1 29,166,185,339
Record drawing 340
Rectangular coordinates 128 , 172
Rectangular/polar conversion 142, 152 ,

154 ,381
Reduced level 13
Reduction to centre 182
Redundant observations 6,166,186
Reference grids 343

secondary grid 344
site grid 343
structural grid 343
survey grid 343

Reference marks 337, 340, 344
Reference object 70
Reference plane 344
Reference sketch 13 I, 167
Reference tape 90
Refraction 36 ,75-7,82
Remote receiver 116
Resection 188 , 192-6, 353

four-point 193
free station point 353
three-point 192
worked example 193

Reservoir volume calculation 316
Resident Engineer 336
Retroreflector I 14
Reverse circular curves 215, 228
RICS 1,366
Right angles, establishment of 353
Right-hand angle 133
Rise 28
Rise and fall method 30
Roller grip 90
Round of angles 72 , 171

Sag 92
correction for 92

Sag curve 274
Scak 6,8,197 ,198,206,297,298
Scale factor 123, 154
Second stage setting out 339
Sectioning 41

from contours 49
Setting out 6, 335-82

accuracy of 378
alignmen t situations 372
baselines 342
bridges 375
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Setting out (cont'd)
buildings 358
column positions 360
definition of 335
form work 359
from free station points 353
from survey stations 339
ground floor slabs 358
importance of 335
maintaining accuracy in 338
offset pegs 344
piling 374
profile boards 349
reference grids 343
scale factor in 156
sight rails 346
slope rails or batter boards 347
transferred or temporary bench

marks 345
travellers and boning rods 346
using laser instruments 365
worked examples 379-82

Setting out a building 358
checking the diagonals 359

Setting out a pipeline 354-8,367,
379

general considerations 354
horizontal control for 355
pipelaying 356
vertical control for 355
with the aid of a laser 367
worked example 379

Setting out by coordinates 226, 230,
253 ,265 ,351 ,353,372

worked example 380
Setting out by EDM 123,372
Setting out circular curves 221-35,

265-71
by coordinate methods 226 , 230
by offsets from the long chords

225
by offsets from the tangent lengths

224
by tangential angle methods 221,

229
Setting out composite curves 262-71
Setting out transition curves 245-8,

252-5,262-72
Setting out vertical curves 281
Setting-out plan 340
Setting-out records 336
Sewers 354
Shift 249

Shimmer 37, 130
Shrinkage 324
Shrinkage factor 324
Shuttering 358
Side condition 173
Side slope 302
Side width 30 I, 308
Sight distances 275, 277
Sight rails 283,284,346,355

double 356
Sighting telescope 106
Signal width 131
S~nals 132, 167 , 168
SIM 9
Simple circular curves 214
Simpson's rule

for areas 294
for volumes 309

Sine Rule 176
Site clearance 227 ,309,338
Site plan 340
Slope angle 88
Slope correction 87, 122

in setting out 97 ,358
Slope measurement 87
Slope rail 347
Slow motion screw 55
Speed of light 108
Spirals 237
Spirit level 16,364
Split bubble 17
Spoil 322,355
Spoil heap 322
Spothcights 47,198,200,201

volumes from 315
Spot levels, see Spot heights
Spring balance 90
Stadia hairs 100
Stadia interval 100
Stadia lines, see Stadia hairs
Stadia tacheometry 100-4

accuracy and sources of error in 103
applications of 103
basic principle of 100
in detail surveying 203

Stadia tacheometry surveys 203-6
booking 204
fieldwork 203
plotting 204

Staff intercept 100
Standard conditions, in steel taping 85
Standardisation 89

correction for 90
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Standards 55
Stations 130,168,339,341

permanent 34 2
plotting of 151

Steel tapes 85
setting out using 352

Steel ta ping 85-98
applications 95
booking method for 93
combined formula for 92
general rules for 95
ranging for 86
sag effects in 92
slop e measurements and corrections

in 87
standardisation in 89
temperature variations in 92
tensioning effects in 90
worked examples 95-8

Stepping 87
Str ing line 358
Sub-chord 222
Subsidiary lines 342
Subtense angle 104
Subtense bar 104,105
Subtense tacheometry 104-6

accuracy and sources of error in
106

applications 106
subtense principle 104

Sup erelevation 219, 237
maximum and minimum values of

239
Survey plan 207, 340
Survey sta tions, in setting out 339
SUSI 9
Symbols, see Conventional symbols
Synthet ic tapes 98
Syst erne International (SI) 6

Tacheometers, electronic 66 , 118 ,
210

Tacheometry
stadia 100
subtense 104

Tangent length 216
setting out by offsets from 224 ,

245, 246
Tangent points 215

location of 220, 252
Tang ent screw 55
Tangential angles 215, 216, 244

settingoutby 221 ,246

Tapes
other types than stee l 98
steel 85

Target width 131
Targe ts 131,13 2,167,36 2
Teles cope 14, 55

analIactic 101
externally focusing 100
internally focusing 15, 101

Temperature
correction for 92
standard 91

Template 360
Temporary ben ch marks 14,345
Tender 336
Tension

correction for 91
standard 90

Tensioning 90
Testing bar 297
Theodolites 52-84

angle measurement using 70-3
centring method for 70
constructional features of 53
height measurement using 75-8,

82-4
importance of observing pro-

cedure 73
laser 367
levelling method for 68
permanent adjustments of 78
ranging with 87
setting up 67
worked examples 82-4

Thermometers 91
Three-level section 30 2
Three-tripod system 54,104,134,363
Through chainage 217
Ties 200, 201
Tilting level 18-25
Tip 322
Topographical surveying 3
Transferred bench mark 14,340,345

protection of 342, 345
Transferring height 364
Transit axis, see Trunnion axis
Transit method 145
Transition curves 214, 236- 72

composite curves 24 1
computer based curves 260
purposes of 23 7
rate of change of radial

acceleration 242
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Transition curves (cont 'd)
setting out 245-55,262-72
worked examples 262-72

Transition spirals 237
Transitting the telescope 55
Transverse slope 302
Trapezoidal rule

for areas 293
for volumes 309

Travellers 346,356
free standing 347
pipelaying 357

Traverse abstract (or diagram) 136
Traverse adjustment 145
Traverse plotting 148

coordinate grid 149
orientating the survey and plot

149
station plotting 151

Traverse specifications 126, 127
Traverse stations 130

plotting 151
Traverse ta ble 147
Traverses 125
Traversing 125-62

abstract of fieldwork 136
abstraction of angles 133
angle adjustment 137
calculation of final coordinates

146
calculation of whole-circle bearings

138
computation of coordinate differ

ences 140
distribution of misclosure in 145
errors in angular measurements

134
field procedure and booking 133
misclosure in 143
precision of computation 147
station marking 130
station signals 132
worked examples 156-62

Triangulation 163-87
adjustment of angles in 172
angle measurement in 170
baseline measurement in 168
coordinate calculations 176
equal shifts adjustment 172
figures 164
network 163
network diagram 166
orientation 171

reconnaissance 166
reduction to centre 182
station marks and signals 167
strengthening the network 166
worked examples 173, 178

Triangulation specifications 164 , 165
Triangulation stations 9,154 ,167
Tribrach 54
Trigonometrica1 heighting 75-8

worked example 82
Trilateration 163 ,164,185-7

network 163
Tripod defects 34
Trivet stage 54
True north 128
Trunnion axis 55, 88

adjustment of 81
Tunnel alignment by laser 368
Two-level section 301
Two-peg test 24

worked example 26

Umbrella 171
Units 6
Upper plate 55

Velocity 108
Vertical , direction of 14
Vertical alignment 260, 273- 89

phasing with horizontal alignment
281

Vertical angle 52
measurement of 72

Vertical circle 55
Vertical collimation adjustment 80
Vertical control 337,344
Vertical curves 273- 89

adequate visibility at 275 , 279
design of 260, 283
minimum length of 279 ,281
passenger comfort and safety on

275
phasing of vertical and horizontal

alignments 281
plotting on longitudinal section

281
setting out on the ground 281
validity of assumptions made in

276
with unequal tangent lengths 284,

287
worked examples 285

Vertical interval 45 , 200
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Verticality, see Controlling verticality
in structures

Visibility 275,277.279
Volume calculation 309-21

effect of curvature on 311
from contours 316
from cross sections 309-15
from spot heights 315
worked examples 312,315,317,

319-21

Waste 325,326,327
Wavelength 108
Well-conditioned network 166, 290

INDEX

Whole-circle bearings 126 , 138
from coordinates 151

Wholly transitional curves 242 ,257,
271

design of 258, 271
Witnessing sketch 131 , 168
Working drawings 256, 340
Working from the whole to the part 5,

129,340

Zero 72,171
Zero chainage 218
Zero circle 297
Zero error 34
Zero point of a steel tape 85, 86
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