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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has been removed since such equipment and methods have been largely superseded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 existing 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 O and A level surveying and the professional examinations
of the various civil engineering related institutions.

J. UREN
W.F.PRICE
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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 surveying and 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.

ROYAL INSTITUTION OF CHARTERED SURVEYORS

|
| | | | |

general building quantity agriculture minerals planning land
practice surveying surveying and land surveying ond 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.

1.1.4 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.

LAND SURVEYING

|

geodetic topographical ~ photogrammetry hydrographic cadastral engineering
surveying 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 final map.
Small-scale surveys cover large areas such as an entire continent, country or county,
and may range in scale from 1:1 000000 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 1:500 up to 1:50 or larger and are often
provided to meet the needs of architects, 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-
scated 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 their work has been for
offshore oil exploration and production.

Hydrographic surveys are also used in the design, construction and maintenance
of harbours, inland water routes, river and sea defences, in control of pollution
and in scientific studies 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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1.3 Engineering Surveying

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 of land 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.

1.5 Scale

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 _ 1
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, Systéme International (SI) units are used
although other widely accepted units are introduced as necessary. Those units



INTRODUCTION

which are most commonly used in engineering surveying are as follows.

(1) Units of length

millimetre (mm), metre (m), kilometre (km)
1mm=10"3m=10"° km

10°mm= 1m=10"3%km

10 mm= 103m= 1km

(2) Unit of area

square metre (m?)

(3) Unit of volume

cubic metre (m?3)

(4) Units of angle

The SI unit of angle is the radian (rad). However, most surveying instruments
measure in degrees (°), minutes (') and seconds (") and some European countries
use the gon (8), formerly the grad, as a unit of angle. The relationship between
these systems is as follows

1 circumference = 27 rad = 360° = 4008

and, taking 7 to be 3.141 592 654 gives

90° = 1.570 796 327 rad = 1008
1°=0.017453293 rad = 1.111 1111118
1' =0.000290888 rad =0.018 518 5198
1” = 0.000 004 848 rad = 0.000 308 6428

1rad =57.295779513° = 63.661977 2368
001rad =34.377467708 = 0.636619772¢
0.0001 rad = 20.626 480625" = 0.006 366 1988

1008 =90° =1.570796327 rad
18 = 0.9°=0.015707 963 rad
0.18 = 54’ =0.001570796 rad

0.01% =32.4" = 0.000 157 080 rad

A useful approximate relationship which can be used to convert small angles from
seconds of arc to their equivalent radian values is
6" 0"
"

0 rad = =0"sinl"= ——
206265 cosec 1

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, 1:10 000 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 km? containing a population of 20000 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: 10 000 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.



INTRODUCTION 9

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

This service provides the most up to date large-scale mapping information available.

Before a new edition of the 1: 1250 or 1:2500 series maps is drawn and printed,
locally based OS 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 OS 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 of Microfilm

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 OS 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 OS 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 OS 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-scale surveys are available.

(c) Levelling. Precise heighting information in Great Britain is available from
the OS 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

Notes

Display
Arithmetic
Trigonometrical

Degrees, rad, gon (grad)

Decimal degrees

Polar/Rectangular

Programmable

Printer connection

General purpose

Logarithms

Floating Point

Rechargeable Batteries
Storage registers (memory)
Pre-programmed constants

Statistical functions

Should be at least 8 digit, preferably 10.
Basic functions required.
sin, sin”!, cos, cos'], tan, tan™! essential.

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 (As and Av) simplifies
co-ordinate calculations greatly.

Useful (but not essential) for most calculations
provided that program storage is available for
repeat calculations. Some models use plug-in
modules to extend programming capability.
Hard-copy facility avoids transposition errors.

1/xs x3, Yx» y* occur frequently in engineering

surveying.
Tog x, 10%, 2n x, e* sometimes used.

Essential when dealing with large or small
numbers.

Preferable with AC current use.
Useful in complicated problems.
n required.

x and s not essential but sometimes convenient.
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1.8 Aims and Limitations of this Book

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? 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 of Photogrammetry, 2nd Edition (McGraw-Hill, Tokyo,
1983).



Levelling

Levelling is the name given to the process of measuring the difference 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.

level surface at

horizontal ine ot P reference heighth | yizontal line ot Q@

mean sea level

direction of gravity'(the verticals) at P and Q

Figure 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

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

reduced level

!

e
)]

rivet bench mark

arrow or
crowsfoot mark

section through
centre of cut
bench mark

cut bench mark

Figure 2.2 Bench marks
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mark. On horizontal surfaces, OBMs 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 horizontal line (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.

P freely suspended plumb line

T horizontal line

Pl

direction of gravity (the vertical)
at P

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
eyepiece

i

focusing lens diaphragm
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 of lines 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 of collimation 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
2.29).

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
of lenses, has a fixed focal point that lies outside the lens combination and, by
moving the eyepiece, this 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.

Figure 2.5 Diaphragm patterns
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2.2.2 Parallax

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.

centre of cross hairs

/

plane of image of distant point

parallax present parallax eliminated

Figure 2.6 Parallax

2.2.3 The Spirit Level

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
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i bubble
plaster of Paris bubble tube ball joint

capstan or
adjusting screws /

/ 227 Z

s =

Figure 2.7 Section of a spirit level

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 the vertical
tangen
ngent inclined principal P/
tangent

(a) (b)

Figure 2.8 Principal tangent
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PLAN view of prism arrangement
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level not level

image of bubble ends seen
L1 in eyepiece

bubble tube
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 horizontal plane line of collimation
before instrument levelled through instrument after instrument levelled

Figure 2.10 Principle of the level
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(a)

(b)

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 approximately, 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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2.2.7 The Automatic Level

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.

(a) (b)

Figure 2.13 Automatic levels (note absence of main spirit level); (a) courtesy of Wild
Heerbrugg (UK) Ltd; (b) courtesy 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 & (3 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 §) 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 of automatic 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 § from the horizontal at
P (see figure 2.15b). The suspended prisms, however, also tilt through angle & 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 every pointing 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 2.16a and b.

(1) On fairly level ground, hammer in two pegs A and B a maximum of 60 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, and S,, as in figure 2.164.

line of collimation true horizontal plane

(a)

L/2 L2

(b)

Figure 2.16 Two-peg test
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Since AC = CB the error, x, in the readings S; and S, , 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 «. This gives

S1— 8 =(S,"tx)— (S, +x)=8," -8,
= 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/10 m from peg B at D (see
figure 2.16b) and take readings S5 at B and S, at A. Compute the apparent differ-
ence in height between A and B from (S5 — S4).

If the instrument is in adjustment (S; — S,) =(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) = (S; — §3) — (S5 — 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, S,’, is computed from

Sy =8, — — e
4 4 60
A check on this reading is obtained by computing S5’ 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 S, at A, the tilting
screw is adjusted until a reading of S, 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 S, as before (see figure 2.16b), 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
compensator screw 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 aiternately at two pegs A and B placed 50 m apart were as
follows:

(1) 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 fiom 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

$;=0860m S,=1283m S§3=1219m S;,=1.612m
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

Sy =1.612 — 2—(5) (—0.030)=1.645 m

This is checked by computing (S3' — S4") and by comparing with (S; — S,) as
follows

S3'=1.219 — 355 (-0.030)=1.222m
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Hence

(S5’ — S4')=1.222 — 1.645=-0423=(S, — S,)
(checks)

When solving problems of this nature it is important that the lettering sequence
given in figure 2.16 for S, to S, 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 defined 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

1.067

1.050

1.031

red—

1.000

0973

black™™
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 I, and readings R, and R, re-
corded with the staff placed vertically in turn at ground points A and B. If the
reduced level of A (RL,) is known then, by adding staff reading R, to RL4, the
reduced level of the line of collimation at instrument position I, is obtained. This
isknown as the height of the plane of collimation (HPC) or the collimation level.
Thus

collimation level at I; =RL 5 +R;

From figure 2.18, it can be seen that to obtain the reduced level of point B (RLg),
staff reading R, must be subtracted from the collimation level, hence

RLg = collimationlevel - R, =(RLy +R;) — R,
=RL, + (R, - Ry)

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

From the above expression for RLy and considering figure 2.18, the height
difference between A and B is given by, in both magnitude and sign, (R, — R,).
Furthermore, since R, is greater than R, and hence (R, — R,) is positive, the base
of the staff must have risen from A to B and the expression (R; — R,) is known as
arise.

Referring to figure 2.18, assume the level is now moved to a new position I, in
order that the reduced level of C may be found. Reading R is first taken with the
staff still at point B but with its face turned towards I,. This will be the back sight
at position I, the fore sight R4 being taken with the staff at C. At point B, both a

HPC}= RLa + Ry HPC = RLg + Ry

|R' / i Rel o, / Re

RLp - e

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 I,, the reduced level of C (RL() is calculated
from

RLC = RLB + (R3 — R4)

The height difference between B and C is given both in magnitude and sign by
(R3 — Ry). In this case, since R is smaller than R4, (R3 — R,) is negative. The
base of the staff must, therefore, have fallen from B to C and the expression
(R3 — R4) isknown 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 2.19a, in

which an engineer has levelled from an OBM to a TBM to find the reduced levels of
points A to E. Figure 2.195 shows the levelling in plan view. The field procedure is
as follows.

a
2
€ (a) b |8
® e
o C E -
< [} N~
b3 o @
8 g I, — <
A ® 3
N I3 -
I
~
- <
5 |3 vﬂ”a 3
e 13 J I»
o foi
A
A
e
R
E

(b)

osM
TBM

Figure 2.19 Levelling sequence
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(1) The level is set up at some convenient position I; and a BS 0of 2.191 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 instrument is moved to another position,
I,. 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 CP.

(6) Finally, the level is moved to I3, 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,
otherwise 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 containing all the relevant columns. Each line of

TABLE 2.1
Rise and Fall Method
(all values in metres)
BS s Fs RISE  FALL  INITIAL ADJ ADJ REMARKS
RL RL
2.10 49.87 - 49.87 O0BM 49.87 AOD
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)
2.513 0.506 51.071  +0.006 51.08 D
1.752 2.811 0.298 50.773  +0.006 50.78 E (CP)
3.824 2.072 48,701  +0.009 4871 TBM 48.71 AOD
6.962 8.131 1.515 2.684 49.87
6.962 1.515 48,701
+1.769 41,769  + 1.169
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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 0of 2.191 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 as49.556 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 (RL, + 0.180) = 49.736 m.

TABLE 2.2
Height of Collimation Method
(all values in metres)

INITIAL ADJ
BS IS FS HPC RL ADJ RL REMARKS
2.191 52.061  49.87 - 49.87 0BM 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 +1.169

(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

2(FS) — 2(BS) = S(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-
able misclosure (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, B and 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 I, 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, B and C the staff readings
to those points are now subtracted from the HPC. The relevant calculations are

RLof A=52.061 —2.505 =49.556 m
RL of B =52.061 — 2.325 =49.736 m
RL of C =52.061 — 1.496 = 50.565 m

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

2(FS) — Z(BS) =FIRST RL — LASTRL
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

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 = £5v/n mm

where 7 is the number of instrument positions. For example, the allowable mis-
closure for tables 2.1 and 2.2 is £54/3 = 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

Staff not 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 staff is 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.



LEVELLING 35
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” (= ¢). This is caused by the curvature of the Earth, and to account for
the incorrect staff reading a curvature correction, ¢, 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), & the height of the line of colli-
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horizontal line at AA'

level line =~

mean sea level

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

(R+h+c) =(R+h)*+L?

or

cQR+2h+c)=L?
so that

c=L%/2R +2h+¢)

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

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

If ¢ is in metres and D in kilometres, ¢ = 0.0785 D?

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 0.0785D? = 0.0673D?. 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

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.
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Figure 2.21 Inverted staff levelling
TABLE 2.3
Inverted Staff Readings
(all values in metres)
BS Is Fs RISE  FAaLL  INITIAL - apy ADJ prmarks
RL 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 5.912 19.213  -0.001 19.21 CP
-2.905 4.332 23.545  -0.002 23.50 Y
-3.602 0.697 2A4.212 -0.002 24.24 7
1.498 5.100 19.142  -0.002 1914 1BM & 19.14
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 reciprocal levelling can
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 iine of collimation A

7 \]: ____________ /: _______________ Iy
o < ;

true horizontal plane

by %
5m /

Figure 2.22 Reciprocal levelling

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

(2) The level is next taken to position I, where readings a, and b, are
recorded.

Let the true difference in level between A and B be AH. For instrument positionI;
AHpg =a; — (by —¢3) 2.1

where ¢, is the effect of the collimation error between A and B. For instrument
position I,

AHpg = (a; — ¢2) — by 2.2)

¢, being the effect of the collimation error between B and A.
Adding equations (2.1) and (2.2) gives

AHpp =-}[(a1 — by tc1)+(ar — 2 — by)]

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
¢, =c, and

AHpp = 3[(ay — by) + (a2 — b2)] (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 I; and I,.
Subtracting equations (2.1) and (2.2) gives
0=a; —(by —¢1) — (a2 —¢3) + b,
but ¢; =¢, =c, hence the collimation error (¢) in the level is given by
e =%[(@s — by) — (@, — by)] per L metres (2.4)
where L is the horizontal distance between A and B (see also section 2.2.9).
When reciprocal levelling with 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  Staff reading (m)

X A 1.564
X B 2.382
Y A 2.247
Y B 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 of B
With reference to figure 2.22 and equation (2.3)

AHpp = 7[(1.564 — 2.382) + (2.247 — 3.101)]
=$[(~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 =7[(2.247 — 3.101) — (1.564 — 2.382)] per 55.33 m
=-0.036 m/55.33 m
therefore

—0.036x60 _ 4039m

55.33

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

collimation error/60 m =




LEVELLING 41

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 (DTM). This is
discussed further in section 10.16.

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 2.23q. 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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Figure 2.24 Cross section drawing and associated level book
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and the applications of the results in earthwork calculations are considered in
chapters 12 and 13.

2.12 Contouring

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 successive contours 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-scale plans 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= 178 m
HPC =53.65m

To locate each contour the required staff readings are
At 50 m contour = 53.65 — 50.00=3.65m
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 any one
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 pointslevelled 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 of lines 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.



LEVELLING 47

A B C D E F G H I J
_.————-"’—\‘~rr—
1 -t -+ -+ - @ -0 - 4 + -+ t
' ' [ 1 1 ' + . i
2 [3 + -t - 0-@®- t - -+ -
. ' v ' - ' four lines of
3 -t -+ +-o-o-¢-¢—o-‘_/rongingrods
. N
4 o-o-o-o-o‘-/;/
] ' [l ] [ '
levelling 5 o-0-0-0-0-0
staff lined P
in for every 6 TS
9ridpoint\ . - - '
7 - @ -0 -+t -+ -4 -+
. [ -
8 ®-0-+ -+ -+ -+
—eieor o

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 aumber 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

X y 28.7
from which
x= 41m
y=24.6m

Horizontal distances x and y are 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 /\

A
(RL=372m)

) A B (RL=358 m)
\Q‘r/
section along AB
37.2 m—A
37m
14m |[2m 02m
36 m
358m - B

287m

Figure 2.26 Mathematical interpolation of contours

Graphical Interpolation

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

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



LEVELLING 49

confour
position

(a)

Figure 2.27 Graphical interpolation of contours

(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 2.29 Longitudinal and cross sections from contours

2.13 Further Reading

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



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 S and 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 turn,
is considerably greater than that of T.

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

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

The vertical angles to S and T from L are angle SLM (an angle of elevation) and
angle TLN (an angle of depression).

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

Figure 3.1 Horizontal and vertical angles
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ing systems of the theodolite into the appropriate planes. Although centring and
levelling ensure 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.

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 of a Theodolite

(1) 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 turn 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 -is known as the three-tripod system and
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

(o) (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 1’ to 0.1” although 20" and 1" 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 gives different 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 korizontal 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

trunnion axis

point to which
all angles are
referred

line of collimation
vertical axis|

principal tangent of
9/ plate level

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 centring 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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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)

(a) (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
Me thod Advantages Disadvantages Accuracy of
centring over
point
Suspended Cheap Difficult to use 1-2m
Plumb bob. in windy conditions.
Optical Not affected Must be in good 1 mm
Plummet. by weather. adjustment.

Takes longer to use.

Centring Quicker than Extra piece of 1 mm
Rod. optical plummet. equipment to carry.
Useful in hilly

terrain.

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.
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Figure 3.8 Wild T16 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 1’ 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 Wild T1.

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'

95

20 30 40 50 e‘o‘

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 3.11a. If, however, the block is rotated through an
angle 4, the light will be deviated by an amount, d, parallel to the incident ray

(see figure 3.11b). 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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Figure 3.10 Wild T1 reading system (courtesy Wild Heerbrugg (UK) Ltd)
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Figure 3.11 Parallel-sided glass block
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Figure 3.13 Wild T1 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",

Double-reading optical micrometer 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

11°40' A 11°40'
A
8 191°40' B °40'
191°40
(a) (b)

Figure 3.14 Circle eccentricity errors

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 3.144) the
readings at A (11° 40’ + x) and B (191° 40’ + y) would be recorded with a mean of
11° 40" + 3(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 3.145). The readings here would
be A(11°40' +x,)and B(191° 40" +y,), wherex; =x+8andy, =y — 8,8
being the eccentricity error. If only one side of the circle is read, the error § will

be included, but if the mean is taken, this gives

11° 40" + 3(e; +y,)=11°40" + 3((x +8) + (v — 8))
=11°40" + 3(x +)

which is the same value obtained when assuming that 6 = 0.

If only one side of the circle is read, circle eccentricity errors will be eliminated
by reading on both faces provided the value of 8 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 11° 40’ and 191° 40’ graduations are made to appear to coincide using
parallel-sided glass blocks, they will be optically deviated by amounts x, and y,
respectively. The mean reading of 11° 40’ + §(x, +y,) 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 switch 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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Figure 3.16 Wild T2 reading system (courtesy Wild Heerbrugg (UK) Ltd)
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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.

(1) 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 Binary 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 3.20a. 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 3.20c. The position of the bubble is noted.

(e) The alidade is turned through a further 90° clockwise as in figure 3.20d
and the position of the bubble again noted.

(f) If the bubble is still in the centre of its run for both conditions (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
3.20a) 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 3.205 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.

levelling footscrew

Q)
\

(a) \plote level (b)

= O

o O O C!

(c) (d)

Figure 3.20 Fine levelling
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6)) The alidade is now slowly rotated through 360° 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 XWY and XWZ are required.
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TABLE 3.2
Angle Booking
STATION W
HORIZONTAL CIRCLE
POINT | FACE LEFT | FACE RIGHT MEAN REQUCED FINAL ANGLES
x (Ro) |00 o3 [50 | 180 (04 | 30j00 |oa |10 oo |oo |00
Y 17 122 |10 |97 |23 | 1w0]17 {2240 17 |18 |30
z 83 |58 {50 |264 |00 | 0o[83 |59 [ 25| 83 {55 |15
x (RO)[90 |12 {30 [270 [13] 30 {90 |13 | 00| 0o |00 {00
Y 107 (31 |10 [287 [32] 10]107 |31 [ 40 17 |18 |40
z 174 o7 |30 354 |o8 | 40174 |08 | 05| 83 |55 | 05
Clockwise
XWY =
17° 18* 35¢
Clockwise
XWZ =
83° 55' 10"
VERTICAL CIRCLE
POINY (PRGRT | FACE LEFT | FACE RIGHT | pace“rflr | pafrCHIERr |FinaL aneLe
X 1.16m| 88 J10 J30 [271 |51 20| 01 [49 f30 [ o1 | 51|20 [*01[50]25
Y 1.52m| 89 |34 |50 [ 270 |27 |30 | 0o [25 {10 { oo | 27] 30 ([+00] 26 20
z 1.47m| 92 |48 |10 | 267 |13 {40} 02 |44 {10 |02 | 46| 20| 024515
DIAGRAM REMARKS
7 N SURVEY TITLE A3 Road Improvement
DATE 11 July 1985
THEOUOLITE HEIGHT 1.48 m
THEODOLITE NUMBER 816421
Y OBSERVER J.U.
BOOKER W.F.P.
W
X (RO)
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The procedure is as follows.

(1) 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.

(1) 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
4 5,not 4.

(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 vertical collimation 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 (FL —- FR)
X —00' 40"
Y —-01' 00"
Z -01' 10"

This shows the readings to be satisfactory since (FL — FR), for a 20" theodolite,
should agree to within 1’ 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 error of 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 of Miscentring the Theodolite

Suppose a horizontal angle ABC (6) 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.

Figure 3.21 Miscentring

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

The total error in angle ABC will be (a + f).
With reference to figure 3.21, since a is very small it can be assumed that

x =Dp a (o in radians)

But

sin (6/2) = (x/e)
Hence

x =esin (8/2)
Therefore

a = (e/Dap) sin (8/2) (a in radians)

since « (in radians) = &” sin 1” for small angles.
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Then
o= —° sin(8/2) cosec 1" (cosec 1” = 206 265) (3.12)
Dap
Similarly
8"= -2 sin(8/2) cosec 1" (3.1b)
Dyc

The significance of this is that for relatively small values of D, a and 8 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 £100 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 +200 mm
reciprocal method +100 mm
simultaneous method * 50 mm
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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, 6, 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 (Hp) relative to the height of A (H,) is given
by

Hg=Hj +it+Lsin [(+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
0 = vertical angle obtained from the theodolite T

v = curvature angle between A and B

a = refraction angle between A and B.

theodolite telescope axis along TS
actual line of sight refracted along TP

horizontal
lineat T

e

level line

through T

mean sea level

vertical ot A vertical ot B

Figure 3.22 Single ended observation
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The angle 660 = (¥ — a) can be considered as a correction to the observed vertical
angle to account for curvature and refraction. The correction §6 is obtained as
follows with reference to figure 3.22.

v FG rad and a= grad
D D

where D = L cos 0 = horizontal distance between A and B. Therefore

56 = 1% (FG — SP) radians (2)
From section 2.8.4
FG =D?/2R
where R = average radius of the Earth between A and B, and from figure 3.22
SP=aD
The coefficient of atmospheric refraction, &, is given by
k= (a/B)
where § = the angle subtended by AB at the centre of the Earth. Therefore
SP=kBD = k D (since B~ D/R)

Substituting for FG and SP in equation (3.2) gives
66 = 1 [E - ED—Z] radians
D | 2R R
From which
D(1—2k)
2R (sin 1")

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

Hy =H, +i— b+ L sin [(£6) + 58] (3.4)

60 = seconds (3.3)

where + 6 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° 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).
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3.5.2 Horizontal Collimation Adjustment

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 180°. 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 3.235).

(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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I trunnion axis
|
o _-90-38
8= collimation error

(d) 90-3

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° 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 90° 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 trunnijon axis will then be horizontal when the instrument is levelled. If the
trunnion axis is not horizontal the telescope will not define 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 180° 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 either 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
pomt on the wall intersected by the optical plummet. Rotate the tribrach through
180° 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, Modern Theodolites and Levels, 2nd Edition (Granada, London,
1982).
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3.7 Worked Examples

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

a= 9009 1123 H06265 = 23.5"
69.41 2

0.009 sin 123 206265 =34.5"
47.32 2

Therefore
maximum angular error = (a + §) = 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 =175m
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 of station B
From the observation at station A, equation (3.4) gives

Hyg=Hj +i—b+Lsin [(—8)+80] 3.5)
But 66 can be ignored when simultaneous observations are taken, therefore

Hp =117.43 + 1.49 — 1.75 + 1863.12 5in(—01°17'26")
From which

Hy=75208=7521m
From the observation at station B, equation (3.4) gives

Hy, =Hg +i—b+Lsin [(+6)+80)] (3.6)
Which, again ignoring 86, gives

117.43 = Hg +1.53 — 1.50 + 1863.12 sin(+01°17'03")

From which
Hg =75.646=7565m
Therefore
Height of B = —7—&;—75—65 = 7543 m AOD

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

H, — Hg from the observation at A =42.222 m

H, — Hpg from the observation at B=41.784 m
Hence

True height difference = EL;“E =42.003 m

This is substituted into equations (3.5) and (3.6) in turn to calculate first 66 and
then k.
Substitution into equation (3.5) gives

Hp — Hy = —42.003 = 1.49 — 1.75 + 1863.12 sin [(—01°17'26") + 56
From which
50 =24.27"
From equation (3.3)
_D(1-2k)

66 =
2R (sin 17)

seconds
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where
D=L cos 8 =1863.12 cos(01°17'26") = 1862.65 m
Hence
- 186265 (1 — 2k)206 265
2(6375)
From which

k=0.0973

Substituting into equation (3.6) and solving for 88 and then for k gives
86 =24.20" and k =0.0984

Hence

mean value of k = 929—71.%29?8—4 =0.098

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

Dac = 1543.28 c0s(02°24'53") = 154191 m
And
9 = 1.54191
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

(1 ~ 2(0.098))206 265 = 20.06"

Hc =52.09=52.1m AOD



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 prinied 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).

coloured bunting attached

marking arrow '.— (or arrow brightly painted)

(made of steel) | 300-400 mm|

l.__s00mm |
metal shoe

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
follower, the procedure being as follows for a line AB. This method of measurement
is known as ranging by eye.

(1) Ranging rods are erected as vertical as possible at the points A and B and,
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 4.3¢ 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, 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, 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, @, 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—cos®)
hence
D=L-C

This correction is always negative.

The slope angle can be measured using an A bney level, a hand-held device shown
in figure 4.4. To use the Abney level, an observer first distinctly marks his eye
height (% 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 @ 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  to within 10 minutes of arc.

Where better accuracy is required, a theodolite can be used to measure 0. The
theodolite is set up at A and the slope angle measured along A'B’ (see figure 4.3b).
In this case, & 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 Ak is the height
difference between A and B, then by Pythagoras

D=(L* — AW?)T=L(1 — AR?/L?)%
Using the binomial theorem this expands as

D=L[1-(AR?[2L?) — (AR /8L*) — .. ] 4.1)
A.ll. terms in equation (4.1) with a higher power than the square can be omitted,
giving

D=L - AR?2L

Hence, a slope correction of —(Ah?[2L) is obtained and it is always negative.
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D=D,+ D+ D5
(a)

D=L cos 6 B
(b)

D=L -Ah2/2L B
(c)

Figure 4.3 Slope measurements

milled wheel bubble
bubble tube ranging rod\

cross wire
_ - eye height/
- \\\ slow motion screw
7, N .
scale 7 N vernier scale
/7 / \\\
reading glass sighting tube eyepiece

Figure 4.4 Abney level

4.2.3 Standardisation

89

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.

If L is the recorded length of a line, / the nominal tape length (say 30 m) and
I’ the standardisation length (say 30.011 m), then

Corrected length = L(I'/])
Alternatively, a correction can be computed from
C=L(("~n/)

The sign of the correction depends on the values of /" and /.

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)

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), Ty is the standardisation
tension (N), 4 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
of Ty and Tg.

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 « is the coefficient of expan-
sion of the tape metal (for example, & = 0.000 0112 per °C for steel), ¢g the tem-
perature of standardisation (usually 20°C), #¢ the mean field temperature (°C) and
L the observed length (m), the correction to L is given by C = ol (¢F — tg) and its
sign is given by the magnitudes of ¢ and tg.

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

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

w2L3 cos® 9
24Tg?
where 0 is the angle of slope between tape supports, w the weight of the tape per

metre length (N/m), T the tension applied to the tape (N) and L the length of
the supported tape (m).

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 4.2)
where

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-
zontal length 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.

(1) 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

(1) _STANDARDISATION

Nominal length = 30m

Standardised length

C = 101.234 x 30.012-30

30.012m

30
+ 0.040m

(ii) TEMPERATURE

cC=0.

X

0000112 x 101.234
(10-20)

=0.011lm

(1ii) SLOPE CORRECTIONS

1. 30.00(l-cos1°20")

=0.008m

2. 45.50(1-cos1°50")

-0.023m

3. 25.73(1-cos2°30')

Total

XY =

~-0.024m

slope correction
=0.055m

101.234 +0.040
-0.011 -0.055

101.208m

Figure 4.8 FExample booking of a taped line

75.50

DATE 14 SEPT 85

OBSERVERS WFP/JU

BOOKER WFP

NOTES

(a) Mean temperature
= 10°C

(b) Tape positioned
on the ground and
pulled at

standard tension

T SLOPE = 2°30'
l SLOPE = 1°50°'
T SLOPE = 1°20'
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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 1 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 1 in 10 000. On specially
prepared surfaces or over spans less than a tape length, accuracies of 1 in 20 000
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 20 000), 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 29.872m 3°40’ 5°C 120N

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

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

Young’s modulus (E) Yor the tape material is 200 kN/mm? and the coefficient
of thermal expansion () is 0.000 011 2 per °C.
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TABLE 4.1

e of work Accuracy required

Location of spoil heaps 1 in 500 - 1 in 5000

and soft detail.

Setting out sewer pipelines. 1 in 5000 - 1 in 10 00O

Location of hard detail.

Measuring traverse legs.
Setting out road centrelines,

grids, baselines, offset pegs. 1 in 10 000 - 1 in 20 000

General site setting out,
setting out buildings,

establishing secondary control.

Setting out primary control. 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 6) = —29.872(1 — cos 3°40")
=—-0.0611 m
standardisation correction = L((I' — )/])
=29.872((30.014 — 30.000)/30.000)
=+0.0139m
tension correction = L(Tg — Tg)/AE = 29.872(120 — 50)/(2 x 200 000)
=+0.0052 m
temperature correction = a(tg — tg)L
=0.0000112 x (5 —20) x 29.872
=—0.0050m
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w?L3 cos? 0
24 Tg?
__ (0.17)* x(29.872)° x cos® 3°40’
24 x (120)?

sag (catenary) correction = —

=-0.0022m

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/mm? and the cross-sectional area of the tape is 2.4 mm?.

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 case D is known and L must be calculated.
The slope, standardisation, tension and temperature corrections must all be

calculated. The sag correction 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 §)
= —-35.000(1 — cos 03°27") = — 0.0634 m
standardisation correction = D((I' — 1)/)
=35.000((50.027 — 50.000)/50.000)
=+0.0189m
tension correction = D(Tg — Tg)/AE
=35.000(70 — 50)/(2.4 x 200 000)
=+0.0015m
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temperature correction = a(tg — tg)D
=0.0000112(12 —20)35.000
=-0.0031 m
The slope length SR is obtained from equation (4.2) as follows

Dggr = Lgg — slope * standardisation * tension + temperature

From which

35.000 = Lgg — 0.0634 + 0.0189 + 0.0015 — 0.0031
Therefore

Lgg =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 (fibreglass, 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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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.

Optical distance measurement (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

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 majority 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 Basic Principle

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 modemn
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 (¥) and AB the staff intercept (s).

NowD =1+ f+dandl/s= fli
Therefore

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

For a particular instrument, the ratio (f/7) is a constant known as the multiplying
constant (K). The distance (f + d) is known as the additive constant (C). This term

jI i = stadia interval

~ image of

levelling staff

/

levelling staff

Figure 4.10 Stadia tacheometry
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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 constant. 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 (= f/i) = 100. Further, it is obviously inconvenient to have an additive constant
and it would be useful if C = 0. To achieve this, some externally focusing telescopes
have an extra lens, known as an anallactic 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
anallactic 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, modern
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 10 m to 20 m.

4.9.3 Theory with Inclined Line of Sight
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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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
6 with the horizontal, A'B’ makes an angle of § with the vertical. Therefore

L=Kscos8+C
But D=L cosf
hence D=Kscos®>  +Ccos 6

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

V=Lsin0 =Kscos@ sinf + Csin 6
hence V = 3(Ks sin 20) + Csin 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 &; (= 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 +h; + V
—m.

In general it can be stated that

RLX =RLP +hii 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.

Instrumental errors
These include

(1) 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 (1) 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 mm 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 6 = +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 1’ 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 of Stadia 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 1"
theodolite and, knowing the length of the bar, the distance can be calculated since
it is proportional to the subtense angle.

4.10.1 Subtense 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 right angles 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 (¢) between the vertical
planes AXD and BXE. The horizontal distance XF(D) is given by

D = (b/2) cot (¢/2)

Since the ends of the subtense bar could be positioned horizontally anywhere in
the vertical lines through D and E, the horizontal angle ¢ 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 of invar, 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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Figure 4.13 Subtense principle

target sighting tube

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 1° to 2° and must be
measured with an accuracy of +1” to obtain the required accuracy in distance
measurement (see section 4.10.4). A 1" 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 of Error 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 40 000
(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 1 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 +1” and, if a 2 m subtense bar is used, the following proportional
accuracies can be achieved.

D (m) 40 50 60 70 80 90 100 150 200
Proportional
error (1inn) 10000 8330 6670 5830 5000 4500 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 of Subtense 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

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 of Electromagnetic 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 defined.
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 com-
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 A metres.

(3) The period is the time taken by the wave to travel through one cycle or
one wavelength and is represented by 7 seconds.

(4) The velocity of the waveis 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 ¢ is known at the present time as 299 792 458 m/s.

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

f=(c/N=1/T)

For simple calculations, ¢ is assumed to be 3 x 10% 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 ¢ , often quoted in degrees, and one
cycle or wavelength has a phase ranging from 0° to 360°. The points shown in
figure 4.15 have the following phase values.

A B C D E F G H
¢ degrees 3600r0 90 180 270 360010 90 180 270

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).

F

B
sinusoidal wave
A C 3 G zero
/ magnitude
D H

one wave lengthorcycle |

Figure 4.15 Electromagnetic wave (sine wave)
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4.12.2 Phase Comparison

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 4.164, 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 4.16¢ 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 =nX + AX

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 AX 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 AX measurement is achieved using electrical
phase detectors.

(a)

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 ¢,
degrees. Assume the same detector also measures the phase of the wave as it returns
at A’ (¢,°). These two can be compared to give a measure of A\ using the relation-
ship

. . (]
A = phase difference in degrees “ = (62 — 91)
360 360

The phase value ¢, 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 nA, 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 of D 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) + AX. These can be solved, making certain assumptions, to give a

value for D.

(c) Most modern instruments use electromechanical or electronic devices to

solve this problem automatically, the machine displaying the required dis-

tance D.

X A

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, ¢; = 0° and ¢, = 90°.
The double distance is given by

D=m+An=mr+ B279) 3 _6x30)+ CO=9D 30
360 360

Hence
D=9375m

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=3x30+3.75=93.75m

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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4.12.4 Modulation

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 1/10000 of
the wavelength used in the measuring process and, assuming +10 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 (A = 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.

AVAVAVA

measuring wave

modulated carrier wave

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.

AVAVAVA

measuring wave

modulated carrier 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 = 10° 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.
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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.

4.13.2 Infrared Instruments

The near infrared radiation band, of wavelength about 0.9 um, 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

(a) (b)

Figure 4.19 Microwave EDM instruments: (a} Tellumat CMW20; (b) Tellumat CMW6
(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.

glass cube prism mounted in housing

reflected light emerges
corner cube prism construction parallel to incident light

Figure 4.20 Corner cube prism (retroreflector)

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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(a) (6)

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 combined 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

(a) (b)

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

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 tacheometer 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 a working 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 Laser Instruments

The helium-~neon laser (A = 0.6328 um, f=4.74 x 10'* 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 £ 5mm % 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 0.1 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
corrections to the slope distances measured in order that horizontal 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 X = v/f. The significance of this is that the
measuring unit A is not constant and the distance recorded by the instrument will
be in error.
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Geodat

# Geodimeter

Figure 4.28 Data storage or recording units (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/km), 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 +5°C will produce an error of about 10 ppm in the distance as will
atmospheric pressures estimated to +25 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.
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4.14.2 Instrumental Errors
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 instrument
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 interference 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 = % or L(1—cos@)

where

horizontal distance = D = (L — slope correction)

AH 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)

Dh
Height correction = — T‘“

where h,,, 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,
although 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).



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 Closed 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 position) to stations 1, 2, 3 and
another known point Y. Traverse X123Y is, therefore, closed at Y. This type of

Figure 5.1 Link traverse

traverse is called a link, connecting or 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

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 t