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Chapter 1

Introduction
1.1

Definition, Categories, and Purpose of
Surveying

Definition
Surveying is the process of determining the relative position of natural and manmade features on or under the earth’s surface, the presentation of this information
either graphically in the form of plans or numerically in the form of tables, and the
setting out of measurements on the earth’s surface. It usually involves
measurement, calculations, the production of plans, and the determination of
specific locations.
The surveyor may be called on to determine heights and distances; to set out
buildings, bridges and roadways; to determine areas and volumes and to draw
plans at a predetermined scale.

Categories
There are two major categories of surveying:
1.

Plane Surveying
Plane surveying deals with areas of limited extent and it is assumed that the
earth’s surface is a plane and therefore no corrections necessary for the
earth’s curvature.

2. Geodetic Surveying
Geodetic surveying is concerned with determining the size and shape of the
earth and it also provides a high-accuracy framework for the control of lowerorder surveys. The highest standards of accuracy are necessary. Geodetic
surveys cover relatively large areas (eg a state or country) for which the
effects of earth curvature must be considered.

Branches
Apart from the two main categories, we may also classify surveys according to
their different branches and those disciplines directly associated with surveying:
1. Topographic Surveys are concerned with the measurement and mapping of
the physical features of the earth. These features are all natural and manmade features.
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2. Engineering Surveys cover surveys carried out as part of the preparation for,
and carrying out of, engineering works, including roads, railways, pipelines,
drainage etc.
3. Cadastral Surveys are concerned with the measurement, definition and
mapping and recording of property boundaries.
4. Hydrographic Surveys are those made for determining the shape of the
bottom of lakes, rivers, harbours and oceans. They also include the
measurement of the flow of water in streams and the estimation of water
resources.
5. Aerial Surveys are made from an aeroplane, and for the purpose of mapping
the terrain. The control for such a map is obtained from ground surveys, but
the details are obtained from aerial photographs. This includes making
measurements and interpretations from aerial photographs.
6. Astronomic Surveys are surveys made to determine the latitude, longitude
and azimuth from observations to the stars.
7. Mining Surveys are those made to determine survey control for the
development of both surface and underground mines within the mining
industry, and the determination of volumes in mine production.
8. Computing is a specialised area of surveying where complex computer
programs are used to solve problems within the surveying industry.
9. Consulting is another specialised area of surveying where specialist
surveyors are hired for a short period of time to advise on the requirements
for a specific task or to perform the specific task.
The above surveys have a common stem in skills and training. They have little or
nothing in common with marine surveys, public opinion surveys, quantity surveys
etc.

1.2

History of Surveying

It is quite probable that surveying had its origins in ancient Egypt. The Great
Pyramid of Khufu at Giza was built c. 2700 BC, 755 feet long and 480 feet high.
Its nearly perfect squareness and north-south orientation affirm the ancient
Egyptians' command of surveying.
Evidence of some form of boundary surveying as early as 1400 BC has been
found in the fertile valleys and plains of the Tigris, Euphrates, and Nile rivers.
Clay tablets of the Sumerians show records of land measurement and plans of
cities and nearby agricultural areas. Boundary stones marking land plots have
been preserved.
There is a representation of land measurement on the wall of a tomb at Thebes in
Egypt (1400 BC) showing head and rear chainmen measuring a grain field with
what appears to be a rope with knots or marks at uniform intervals. Other persons
are shown. Two are of high estate, according to their clothing, probably a land
overseer and an inspector of boundary stones.
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Fig. 1.1
There is some evidence that, in addition to a marked cord, wooden rods were
used by the Egyptians for distance measurement.
The Egyptians had the groma, which was used to establish right angles. It was
made of a horizontal wooden cross, pivoted at the middle and supported from
above. From the end of each of the four arms hung a plumb bob. A plumb bob is
a shaped weight that hangs from a string. Because of the weight, the string will
always be vertical.

Fig. 1.2
Egyptian Groma
By sighting along each pair of plumb bob cords in turn, the right angle could be
established. The device could be adjusted to a precise right angle by observing
the same angle after turning the device approximately 90°. By shifting one of the
cords to take up half the error, a perfect right angle would result.
There is no record of any angle-measuring instruments of that time, but there was
a level consisting of a vertical wooden A-frame with a plumb bob supported at the
peak of the A so that its cord hung past an indicator, or index, on the horizontal
bar. The index could be properly placed by standing the device on two supports
at approximately the same elevation, marking the position of the cord, reversing
the A, and making a similar mark. Halfway between the two marks would be the
correct place for the index.

Fig. 1.3
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Thus, with their simple devices, the ancient Egyptians were able to measure land
areas, replace property corners lost when the Nile covered the markers with silt
during floods, and build the huge pyramids to exact dimensions.
The Greeks used a form of log line for recording the distances run from point to
point along the coast while making their slow voyages from the Indus to the
Persian Gulf about 325 BC.
The Greeks introduced the astrolabe, which is an instrument to measure the
altitude of stars above the horizon, in the 2nd century BC. It took the form of a
graduated arc suspended from a hand-held cord. A pivoted pointer that moved
over the graduations was pointed at the star. The instrument was not used for
nautical surveying for several centuries, remaining a scientific aid only.
During their occupation of Egypt, the Romans acquired Egyptian surveying
instruments, which they improved slightly and to which they added the water level
and the plane table.
About 15 BC the Roman architect and engineer Vitruvius mounted a large wheel
of known circumference in a small frame, in much the same fashion as the wheel
is mounted on a wheelbarrow; when it was pushed along the ground by hand it
automatically dropped a pebble into a container at each revolution, giving a
measure of the distance travelled. It was, in effect, the first odometer.

Fig. 1.4
The water level consisted of either a trough or a tube turned upward at the ends
and filled with water. At each end there was a sight made of crossed horizontal
and vertical slits. When these were lined up just above the water level, the sights
determined a level line accurate enough to establish the grades of the Roman
aqueducts.
In laying out their great road system, the Romans are said to have used the plane
table. It consists of a drawing board mounted on a tripod (a three legged stand
similar to that used by photographers) or other stable support.

Fig. 1.5
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It also consists of a straightedge ruler, usually with sights for accurate aim (the
alidade) to the objects to be mapped, along which lines are drawn. It was the first
device capable of recording or establishing angles. Later adaptations of the plane
table had magnetic compasses attached.
Arab traders brought the magnetic compass to the west in the 12th century AD.
Plane tables were in use in Europe in the 16th century. Surveyors practised the
principle of graphic triangulation and intersection. In 1615 Willebrord Snell, a
Dutch mathematician, measured an arc of meridian by instrumental triangulation.
In 1620 the English mathematician Edmund Gunter developed a surveying chain,
which was superseded only by the steel tape in the beginning of the 20th century.

Fig. 1.6
A surveyors chain consists of a series of links, each link about 0.2m long, used to
measure distances accurately. Every 10 links (about 2m) has a small disc
hanging from the chain, so that the position can be accurately measured.

Fig. 1.7
The study of astronomy resulted in the development of angle-reading devices that
were based on arcs of large radii, making such instruments too large for field use.
With the publication of logarithmic tables in 1620, portable angle measuring
instruments came into use. They were called topographic instruments, or
theodolites. They included pivoted arms for sighting and could be used for
measuring both horizontal and vertical angles. Magnetic compasses may have
been included on some.
The vernier, an auxiliary scale permitting more accurate readings (1631), the
micrometer microscope (1638), telescopic sights (1669), and spirit levels (about
1700) were all incorporated in theodolites by about 1720.
The development of the circle-dividing engine about 1775, a device for dividing a
circle into degrees with great accuracy, brought one of the greatest advances in
surveying methods, as it enabled angle measurements to be made with portable
instruments far more accurately than had previously been possible.
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By the late 18th century modern surveying can be said to have begun. One of the
most notable early feats of surveyors was the measurement in the 1790s of the
meridian from Barcelona, Spain, to Dunkirk, France, by two French engineers,
Jean Delambre and Pierre Méchain. This was to establish the basic unit for the
metric system of measurement.
Many improvements and refinements have been incorporated in all the basic
surveying instruments. These have resulted in increased accuracy and speed of
operations and have opened up possibilities for improved methods in the field.
During the nineteenth century, the combination of a hot air balloon and a camera
were used to produce maps and plans. It was difficult to survey large areas
because the balloons were slow moving and a new photographic negative had to
be loaded into the camera after each photograph was taken. In 1862 union
soldiers used cameras mounted in hot air balloons to map behind the confederate
lines.
It was not until the turn of the twentieth century, with the developments of the
aircraft and invention of the roll of photographic film, that aerial photographs
started to be used extensively within the survey industry.
The first light wave Electronic Distance Measurement instrument was developed
in 1943 to measure the velocity of light. Once the velocity of light was known, it
was then possible to reverse the process so that a distance could be measured.
In 1954, the light wave was replaced by a radio wave to increase the distance
that could be measured. In the late 1960s, lasers were first used with EDMs.
In the mid to late 1970s, the United States of America sent their first Global
Positioning System satellites into space. The final development was the extensive
use of computers to perform most common data processing and recording of
survey data.

1.3

The Survey Process

The following sequence of steps is commonly followed when carrying out a
survey:
(i) Reconnaissance
During the reconnaissance phase, the surveyor will obtain an overall picture
of the area that the project will be conducted in. They will select where the
control points will be located, the accuracy required for the control, and which
survey instruments will be required for the project.
(ii) Measurement and Marking
During the measurement and marking phase, the surveyor will perform all the
observations in the field required to accurately determine the control points,
as well as placing and observing to any temporary points such as wooden
pegs. They would also perform any calculations from the observations, such
as angular and linear misclose and area and volume calculations.
(iii) Plan Preparation
During the plan preparation phase, the calculations that were performed from
the field observations would be further enhanced and used to produce the
final plans for the project.
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Note:
Control

–

The accepted surveying practice is to work from the whole to
the part when establishing control. That is, select a small
number of primary control points that cover the whole area
and form a well-defined network of figures. These are
broken down into a smaller network of figures as required.

Accuracy

–

Some projects do not require the highest possible accuracy,
and, therefore, it is not always necessary to use the highest
possible precision. This point is further reinforced by the
usual contracting requirement that the job be done in the
shortest possible time at the least possible cost. Equipment
and techniques to be used need to be carefully considered
so that the project is completed according to instructions,
using the most appropriate methods.

1.4

Units of Measurement

The system of measurement used for surveying in Australia is Système
International (SI). Throughout this text SI units will be used; the most commonly
used in surveying being shown below.
Quantity

Unit

Symbol

Length

kilometre
metre
millimetre

km
m
mm

Area

square metre
hectare

m
ha

Volume

cubic metre

m3

Angle

degrees
minutes
seconds

°
'
"

Mass (Weight)

Kilogram

kg

Temperature

Degrees
Celsius

°C

2

The S1 unit for an angle is the radian (rad), but most surveying instruments
measure in degrees, minutes and seconds, which is known as the sexagesimal
system. This is the only unit of measure that is not SI.
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1.5

Responsibilities, Role and Tasks of a
Surveyor

Surveying is classified as a learned profession because the modern surveyor
needs a wide background of technical training and experience and must exercise
independent judgement.
A Surveyor is a semi-professional who is the leader of a small, but expert team,
usually consisting of the surveyor with one or more survey assistants.
A surveyor must have a thorough knowledge of mathematics, particularly
geometry and trigonometry and calculus, a solid understanding of survey theory
and instruments. They must also have a thorough knowledge of methods in the
areas of geodesy, photogrammetry, remote sensing, cartography and computers,
with some competence in economics (including office management), geography,
geology, astronomy and town planning, and a familiarity with laws pertaining to
land and boundaries. They are governed by a professional code of ethics.
The surveyor, as the leader of the team, will be required to make most of the
decisions necessary for the smooth running of the team to ensure that the
required tasks are fulfilled.

Responsibilities of a Surveyor
The responsibilities of the surveyor are many and varied, but can generally be
reduced to the following:
a. Responsibility to the Task
The surveyor is responsible for completing the task required in the most
efficient manner and in the time available.
All effort must be made to ensure that the information supplied by the
surveyor is as accurate as is possible to complete the task. Not all tasks
require the same order of accuracy. By an understanding of the task the
surveyor must decide on the accuracy to be achieved.
b. Responsibility to the Client or Employer
The surveyor has a responsibility to the client or employer to produce what
the client requires, within the budget restraints.
This may need patience and tact in explaining to the client the limitations to a
task.
c. Responsibility to the Community
The surveyor has a responsibility to the community in general, to ensure that
work undertaken by his team does not damage property or interfere with
members of the community.
Permission must be sought before accessing private property or before
removing trees or shrubbery to enable survey measurements.
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The surveyor has a responsibility to protect the public in the purchases and
sales of land.
d. Responsibility to the team
The surveyor, as the leader of the survey team, has a responsibility to the
members of that team and must ensure that their needs are met regarding
their leave, pay, OH&S etc.
The surveyor has a responsibility to ensure that all members of the team
receive the training needed, not only to complete the task at hand, but also to
enable them to advance within their chosen professions.

Role of a Surveyor
The role of the surveyor is that of the leader of the team. With that role come the
responsibilities outlined above.
The role of the surveyor is to perform the measurements necessary to complete
any task required.

Tasks of a Surveyor
The tasks performed by a surveyor will depend on which branch of surveying they
practise in.
The most common tasks involve the determination of height and distances.
For the Cadastral Surveyor, the main tasks involve the determination of property
boundaries.
For the Topographical Surveyor, the main tasks involve the location of detail on
the earth’s surface for the production of maps.
For the Engineer Surveyor, the main tasks include the setting out of buildings,
sewers, drains, bridges and roadways; determining areas and volumes of regular
and irregular figures; the preparation of detailed drawings and plans.
For the Mine Surveyor, the main tasks include the setting out of mine lease
boundaries and the calculation of end-of-month volumes.

1.6

Responsibilities, Role and Tasks of a Survey
Assistant

The survey assistant is an important and integral part of any survey party.
Most measurements performed by a surveyor require the assistance of another
person, be it levelling with a staffman or distance measurement with a chainman.

9
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Responsibilities of a Survey Assistant
The main responsibility of the survey assistant is to assist the surveyor in
performing his or her tasks.

Role of a Survey Assistant
As mentioned above, most surveys require at least two people, the surveyor and
another, to be able to undertake the necessary measurements.
The role of the Survey Assistant is to be that second person in the performance of
survey measurements.

Tasks of a Survey Assistant
The tasks performed by the Survey Assistant will depend on what the surveyor is
undertaking.
The primary task for the Survey Assistant will be as a chainman and a staffman,
although he/she may also be required to make sure that the equipment is kept
clean and ready to be used.
The Survey Assistant will also look after the vehicle, making sure that it is
refuelled, cleaned and correctly packed for use. Each morning the Survey
Assistant will pack the vehicle with the survey equipment needed for the day.
While on the work site, the Survey Assistant will also perform the manual labour,
such as clearing lines of sight of vegetation and clearing around survey control
points.
While traversing, the Survey Assistant will also work ahead of the Surveyor,
plumbing tripods and targets over control points for the Surveyor to observe to.
In general, the Survey Assistant will perform whatever task is needed to help the
Surveyor complete their work.
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Chapter 2

Survey Control
2.1

Introduction

The primary purpose of surveying is to locate points of precise position on the
earth’s surface. To achieve this, a network of primary survey control stations (or
points) have been established throughout Australia. From these primary control
points further secondary survey control stations have been located.

2.2

Survey Control Stations

A Survey Control Station (also known as a Standard Survey Mark - SSM) is a
permanent point of known Reduced Level (height) and Horizontal Position
(Latitude and Longitude or Eastings and Northings).
A Standard Survey Mark is normally a brass plaque set in concrete, such as the
one below, although metal spikes and metal rods set in concrete or driven long
distances into the ground are also used.

Fig 2.1
Standard Survey Mark
These stations are usually positioned below ground level to protect them from
being accidentally or purposely destroyed. An identification plaque is located
nearby so that it can be easily found.

11

CHAPTER 2 – SURVEY CONTROL

Fig 2.2 Plaque for a Standard
Survey Mark

Fig 2.3 Plaque for a Bench
Mark

On the plaque is shown the distance and bearing (direction) to the survey control
point.

Fig 2.4
Identification plaque for a Survey Control Point on a lamp post
In Western Australia this plaque could be either yellow for a survey control point
where the height and the position of the point is known, or blue for a survey
control point where only the height is known (this is known as a bench mark).
There are other plaques, such as a white one that indicates the centre line of a
road – control used by Main Roads WA.
A Reduced Level is a known height above or below Mean Sea Level. This height
is determined by a survey method known as Levelling, which will be discussed in
later chapters.
A Bench Mark is a point of known Reduced Level. Only the vertical position of a
Bench Mark is known, whereas both the horizontal and vertical positions of a
Standard Survey Mark are known.
In the past a Bench Mark was made by cutting a bench out of the base of the
trunk of a well grown tree, as shown in the diagram below. A blaze was made
above the bench mark with the details of the bench mark cut into the blaze.
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Fig 2.5
Bench Mark cut into a tree
Because of the nature of trees, the section near the bottom of the tree does not
grow. Because most of these were located along highways, they were easily
damaged by motor vehicles, and therefore the practice of using trees was
discontinued.
Most Bench Marks today are brass plaques, the same as Standard Survey
Marks, as shown below.

Fig 2.6
A brass plaque Bench Mark
From the primary Survey Control Stations, a surveyor will need to extend the
control onto the work site in the form of Secondary Control. They will do this by
performing a Bearing and Distance traverse commencing at a primary survey
control station to obtain the horizontal control of the secondary control point and a
level traverse to obtain the Reduced Level of the point.
Most secondary control points that are established for a specific task are marked
with a survey peg, usually made of redgum or hardwood measuring about 50mm
x 50mm square and about 250mm long. These pegs are also used to mark the
corners of buildings, as well as to mark the corner points of property boundaries.
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Fig 2.7
Survey Peg
In the centre of a Survey Peg there is usually a flat-headed nail. It is to this nail
that surveyors will make their measurements.
Often a surveyor will use a nail driven into the road or a mark on the road, usually
near a street corner as a survey mark. The nail may have a small aluminium plate
around it, making the mark more visual and can be reused by other surveyors.

Fig 2.8
Metal nail in the road with an aluminium plate
More often than not a surveyor will make a temporary mark in the road, such as a
chip taken out of the concrete gutter marked with spray paint or an unmarked nail
in the road. Such a survey mark is a Temporary Survey Mark (TSM) that can be
destroyed or forgotten after the particular task has been completed.

Fig 2.9 Nail without a plate

Fig 2.10 Chip in the road
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2.3

Protecting Survey Control Stations

All construction projects are set out from survey control points of some sort, either
primary survey control points or from secondary survey control points. For this
reason, it is very important that these points are protected from either accidental
damage or from purposeful destruction.

Fig 2.11
Standard Survey Mark set below ground
Most standard survey marks consist of a brass plaque set in precast concrete.
These are buried in the ground to a distance of about 150-200mm. Above that is
a precast metal or concrete cover and lid. The metal cover and lid are totally
detached from the survey mark, so that if the cover is run over or knocked, the
survey mark will not be disturbed.
In areas where there is little or no chance of the standard survey mark being
disturbed, the mark consists of the same brass plaque set in precast concrete.
This time the mark is set above ground by about 75mm, with a metal pole a short
distance away so that the mark can be easily found, as shown in the diagrams
below.

15
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Fig 2.12
Standard Survey Mark set above ground
Most Standard Survey Marks are well protected from the time that they are
established.
Secondary control points are not so well protected because most are close to the
construction site. Surveyors try to protect secondary marks by a variety of ways.
These include:
a. Recovery Marks
After the control point has been placed in the ground, four further pegs or
metal rods are placed so that there is a peg on each side of the control point.
If a string is placed across each of the opposing recovery marks, they will
intersect directly over the nail in the survey peg.
If the control point is destroyed, it can be replaced by using the recovery
marks.
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Fig 2.13
Recovery Marks
b.

Survey Stakes

Survey Stakes are wooden
stakes made from red gum or
hardwood, each measuring
about 25mm x 25mm and
about 1m long.
These stakes are used to
indicate where a peg has
been placed in the ground, so
that the peg can easily be
found and any machine operators working in the area
can easily see the location of
each peg.

Fig 2.14
Survey Stake

To protect a survey peg, survey stakes are placed around the location of the
peg and bright coloured flagging (25mm wide plastic tape) is either wrapped
around each of the stakes or wound from one stake to another. The bright
coloured flagging ensures that the stakes can be easily seen by anyone
working in the area.

Fig 2.15
Control Point protection
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c. The third method commonly used to protect Survey Pegs is by enclosing the
peg inside a wooden fence, similar to the method above. The fence must be
built far enough back so that the surveyor can set up the instruments inside
the fence.

Fig 2.16 Control Point protection
d. The fourth method of protecting Survey Pegs is to place the peg well out of
the way of any possible construction work. This is not always possible as the
secondary control points must be placed in such locations that as much of the
construction site can be seen as possible.

18
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Chapter 3

Introduction to Levelling
3.1

Definition

Levelling
Levelling is the process of determining the difference in elevation between two or
more points on the earth's surface. It is of particular importance to engineering
works, both in the design stages and during construction operations.

3.2

Methods of Obtaining Differences in Height

There are many different ways of obtaining differences in height, the more common
of which are outlined below. In this text, only spirit levelling will be discussed in
depth, although a brief outline will be given of electronic levelling.

Spirit Levelling
Spirit levelling is any means of levelling that uses a spirit level (bubble), similar to the
bubble in a carpenter’s level, as part of the procedure. It is the term usually applied
to the traditional use of level and staff in obtaining differences in height. The term
Differential Levelling is also used to describe the same process.
The telescope of a level provides a horizontal line (line of collimation or a line of
sight). The height of points are determined by measuring downwards from this line,
by sighting on to a graduated staff held on each point in turn.

Fig 3.1
If R is the reading on the staff, the difference in level between points A and B is:
h = RA - RB
The level provides a horizontal line, not a level line, but the difference between the
two is insignificant for sights of less than 150m. The difference is cancelled if sights
are of equal length.
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Barometric Heighting
Barometric Heighting is the determination of differences in height based on the
premise that atmospheric pressure decreases as altitude increases. The difference
in atmospheric pressure is obtained by using an aneroid barometer. This method is
suitable for exploratory surveys where portability, compactness and time are
important considerations, and a high degree of accuracy is not required, although
careful observation can obtain results of the order of ±0.1m.

Trigonometrical Heighting
Trigonometrical heighting is the determination of difference in height by measuring
vertical angles and distances. The term often relates to long sights where allowance
must be made for the curvature of the earth. To obtain an accurate difference in
height between the two points, it is essential that both the distance and the vertical
angle is measured from both the observation station to the target station and from
the target station to the observation station.

Electronic Levelling
This is a general term used to describe not so much the method, but the type of
equipment used. It includes alignment lasers, rotating head lasers and digital readout levels. These are discussed near the end of the chapter.

3.3

Definitions

Level Line:

A line that is at a constant height relative to Mean Sea Level. It
must therefore be a curved line.

Fig 3.2
Horizontal Line:

A line that is tangential to a level line at any particular
point and is perpendicular to the direction of gravity at
that point. This is a straight line.

Level Datum:

A reference level to which the elevation of other points
may be referred. In Australia, the Australian Height
Datum is the commonly adopted reference level. The
AHD is an adjusted value of Mean Sea Level
throughout Australia. A level datum may also be
assigned an arbitrary value (Arbitrary Datum).
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Bench Mark (BM):

A fixed point of reference having a known elevation
above (or below) a particular datum. TBM is a
temporary bench mark, a bench mark that may be
used for a specific task and then discarded.

Standard Survey Mark
(SSM):

A permanent survey mark of known Reduced Level
and horizontal position.

Reduced Level (RL):

The elevation of a point above (or below) the adopted
datum.

Backsight:

The first sight taken after setting up the level
instrument.

Foresight:

The last sight taken before moving the instrument to a
new position.

Intermediate Sight:

Any sight taken between a backsight and the next
foresight.

Line of Collimation:

The line of sight as defined by the intersecting
crosshairs and represents a horizontal line.

Change Point:

The staff station in a series of levels common to a
foresight and the next backsight.

3.4

The Level

The level is the instrument used to obtain height differences of points above or
below a horizontal line. If this horizontal line is at a known height with respect to a
known datum, then the reduced level of points may be determined - see the diagram
below.

Fig 3.3
Although the fundamental principle of a levelling instrument is to establish a
horizontal line, accuracy requirements vary widely. For this reason many different
types of levels have been designed, each of which provides optimum performance
within its given accuracy classification.
Levels are essentially a telescope, with a compensator for setting a line of sight
horizontally. It will provide a magnification of the levelling staff graduations, and at
the same time it must be free of parallax.
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3.5

Types of Levels

1. Dumpy levels
2. Tilting levels
3. Automatic levels
Both Dumpy and Tilting levels have the line of collimation (sight) set horizontal by
means of a levelling tube (bubble). This will set the line of sight at 90° to the vertical
axis ie to the direction of gravity.
‘Automatic’ levels will still produce a horizontal line of sight if the telescope is almost
horizontal which will put it in the range of the compensator. To level these
instruments, the vertical axis is set vertical by centring the circular bubble.

Fig 3.4
Nikon automatic level with suspension compensator prism
Automatic levels use a set of compensators (prisms) inside the telescope to set and
maintain the line of sight horizontal. They are used almost exclusively in surveying,
and will be the only instrument discussed in this text.

Fig 3.5
WILD automatic level with fixed and suspended prisms

Crosshairs
When sighting through the telescope of a level the observer will see one vertical
crosshair and usually three horizontal crosshairs, as shown in the diagram below.
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Fig 3.6
The long central horizontal crosshair is the crosshair used to obtain a reading from
the staff during levelling. The two smaller horizontal crosshairs are called stadia lines
and are used by a surveyor to measure the distance between the level and the staff.
Stadia readings are not covered as part of this text.

Parallax
With all optical instruments, the image of the target must be sharply focused on the
crosshairs before any observations are made. If this is not so, parallax will occur,
and could result in staff readings being taken which are not the ‘true’ readings.
The phenomenon of parallax can be observed when the observer's head is moved
up or down or from side to side when looking through the eyepiece, and the
crosshairs appear to move with respect to the image behind them. Accurate sighting
is therefore impossible.
The diagram below shows parallax as the target image is formed slightly in front of
the crosshairs (it could also be formed behind the crosshairs).

Fig 3.7 Parallax
The correct method to eliminate parallax is to focus the cross hairs until they are
sharp and well defined. This can best be done by holding a piece of white paper in
front of the telescope and then focus the cross hairs.
It is normal for it to be necessary to readjust for parallax each time a different person
observes through an instrument, as each person’s eye is different. Changing
parallax does not change the reading.
Once the cross hairs are focused, the image can be brought into focus.
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3.6

Other Equipment

1. Levelling Staff
The Levelling Staff may be rigid, telescopic or hinged, and is usually made of
metal or fibreglass. Most are either 3m or 5m in length when extended.
It is essential that a staff has a solid ‘foot’ or base.
A staff must have some provision for attachment of a levelling bubble to ensure
that the staff is held vertical.
There are two types in common use:
i.

Direct reading staff with 5mm graduations. (Fig 3.8(A))

ii.

The 'E' type, with 10mm graduations and alternate metre graduations in
black and red. (Fig 3.8(B))

Fig 3.8(A)

Fig 3.8 (B)

Warning!!
Aluminium staves should NEVER be used in close proximity to power
lines. There is a grave risk of electrocution if an aluminium staff
comes within 2m of a high tension line.
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2. Change Plates
Change Plates are used to provide a solid base upon which to place the foot
of the staff when in soft ground such as on grass or sand, or on smooth, hard
surfaces, such as concrete. They may be of two types:
•

a long spike with a metal plate on top

•

a triangular plate with small feet to push into the ground.

In both cases a raised centre section to place the foot of the staff on is
necessary.

Fig 3.9 Typical change plate
3. Staff Bubble
Since a vertical distance is required, it is necessary to hold the staff vertically.
The staff bubble assists the staff person to hold the staff vertical. It consists of a
circular bubble and stock and is held against the side of the staff.

Fig 3.10 A staff bubble
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Chapter 4

Level Traversing - Rise and Fall
Method
4.1

Principle of Spirit Levelling

Spirit levelling is a procedure that enables the difference in height between two or
more points to be established, and as a consequence, if the Reduced Level of one
of the points is known, then the Reduced Level of all other points can be calculated.

Level Traverse
A level traverse is the process by which height is transferred from one point to
another, using the following procedure:
•

The staff is set up on a point of known height.

•

The level instrument is set up and levelled away from the staff, usually no more
than 40m.

•

A reading is taken to the staff. This is the initial Backsight.

•

The staff is then moved to approximately the same distance from the instrument
as it was for the Backsight reading, in the direction that the traverse is moving.
The change plate is set into the ground at this point. This point is known as a
Change Point.

•

A reading is taken to the staff. This reading is a foresight.

•

The difference between the two readings will give the difference in height
between the two points. By adding this difference to the known Reduced Level
of the first point, the Reduced Level of the second point (the change point) can
be obtained.

•

The instrument is moved to station 2 on the other side of the staff in the direction
of the traverse.

•

Without changing the position of the change plate, the staff is rotated so
that it faces towards the instrument.

•

The procedure of reading a Backsight, moving the staff and reading a Foresight
is then repeated, throughout the traverse, until the required point is reached.

•

Good survey practice requires the traverse to close back onto a Benchmark, so
that any error in the readings can be eliminated

This procedure is shown diagrammatically in Figure 4.1.
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Fig 4.1
Remember, all levelling commences on a backsight and finishes on a
foresight.
There may also be a need to determine the height of points along a traverse that do
not fall at Change Points. At these points only one reading is taken to the staff,
before it is moved. These points are called Intermediate Points. There can be as
many Intermediate Points as are needed at any one position for the instrument, but
there can only be one Backsight and one Foresight for any one instrument position.

4.2

Reduction of Levels

There are two methods used to convert the Backsight, Foresight and Intermediate
Sight readings into Reduced Levels:
•

Rise and Fall Method

•

Height of Collimation Method.

Rise and Fall Method
The following outline is the Rise and Fall method of calculating Reduced Levels from
the observations made during a level traverse.
The Rise and Fall Method is best used for traverses, where there is a large number
of Backsights and Foresights.
There are 7 columns to the form and as many rows as are necessary for the
traverse.
Backsight
(BS)

Intermediate
Sight (IS)

Foresight
(FS)

Rise
+

Fall
-

Reduced
Level

Comments

Each row is used only for those observations made at a particular staff point,
regardless of where the instrument is.
The Backsights, Intermediate Sights and Foresights are booked into the appropriate
column in the order in which they were observed. Using the readings from the
following example:
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Fig 4.2
From the above information:
1. The initial Backsight (1.125) and Reduced Level (100.000) for the first staff
position are written on the first row.
2. The Intermediate Sight (3.260) for the next staff position is written on the second
row.
3. The Intermediate Sight (2.755) is written on the third row.
4. On the fourth row is written the foresight at the Change Point (1.765) as well as
the Backsight at the same point (1.660) in the following way.
Backsight
(BS)

Intermediate
Sight (IS)

Foresight
(FS)

Rise
+

Fall
-

1.125

Reduced
Level

Comments

100.000

TBM
IS
IS
CP

3.260
2.755
1.660

1.765

In the same way all of the readings would be entered as follows
Backsight
(BS)

Intermediate
Sight (IS)

Foresight
(FS)

1.125

Rise
+

Fall
-

Reduced
Level

Comments

100.000

TBM
IS
IS
CP
IS
IS
IS
CP
IS
IS
CP

3.260
2.755
1.660

1.765
0.340
0.795
0.860

1.350

2.570
1.455
1.876
3.765

The above extract of booking is largely self-explanatory. Note:
Each reading is booked on a separate line except for the backsight and foresight at
change points. The backsight is booked on the same line as the foresight because
it refers to the same point at which the STAFF is located. As each line refers to a
specific point where the staff is placed, it should be noted in the comments column.
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Reducing the Observations to obtain the difference in Heights
After the observations have been correctly booked in the table, as above, the
differences in height are calculated. These are calculated by subtracting each
reading from the reading before it. If the difference is positive it is booked as a rise, if
it is negative it is booked as a fall. The difference is booked on the same line as the
second reading.
Backsight
(BS)
1.125 (1A)

Intermediate
Sight (IS)

Foresight
(FS)

Rise
+

3.260 (2A)
2.755 (3A)
1.660 (1B)

Reduced
Level
100.000

2.135
1.765 (4A)

0.340 (2B)
0.795 (3B)
0.860 (4B)
1.350 (1C)

Fall
-

0.505
0.990
1.320

2.570 (5B)
1.455 (2C)
1.876 (3C)
3.765 (4C)

0.455
0.065
1.710
0.105
0.421
1.889

Comments
TBM
IS
IS
CP
IS
IS
IS
CP
IS
IS
CP

In the above example initially 2A is subtracted from 1A. The difference is -2.135 and
because it is negative, it is therefore booked in the fall column on the same line as
2A.
Next 3A is subtracted from 2A, with the difference of +0.505, and because it is
positive, it is booked in the rise column on the same line as 3A.
Similarly, 4A is subtracted from 3A and the difference being +0.990 is booked in the
Rise column, because it is positive, on the same line as 4A. That concludes the
observations made at instrument station A.
The procedure re-commences for the next instrument station, 2B from 1B, 3B from
2B, 4B from 3B and 5B from 4B, with the differences booked in the same manner.
Similarly, the procedure re-commences for the next instrument station with 2C from
1C, 3C from 2C and 4C from 3C, with the differences booked in the same manner.

Determination of Heights
The next step is to determine the height of each point along the traverse.
Backsight
(BS)
1.125

Intermediate
Sight (IS)

Foresight
(FS)

3.260
2.755
1.660

Fall
2.135 (2)

1.765
0.340
0.795
0.860

1.350

Rise
+

0.505 (4)
0.990 (6)
1.320 (8)
0.455 (10)
0.065 (12)
1.710 (14)
0.105 (16)
0.421 (18)
1.889 (20)

2.570
1.455
1.876
3.765

Reduced Level
100.000 (1)
97.865 (3)
98.370 (5)
99.360 (7)
100.680 (9)
100.225 (11)
100.160 (13)
98.450 (15)
98.345 (17)
97.924 (19)
96.035 (21)

Comments
TBM
IS
IS
CP
IS
IS
IS
CP
IS
IS
CP

Starting with the initial Reduced Level of 100.000m, indicated by (1), the first
difference in height is added to it ALGEBRAICALLY. This means that a rise is
added to the Reduced Level, while a fall is subtracted from the Reduced Level.
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From this (2) is added to (1), 100.000 + (- 2.135), to produce the height (Reduced
Level) of the next point, as indicated by (3).
The next Rise/Fall (4) is then added to this Reduced Level (3) to give the height
(Reduced Level) of the next point, as indicated by (5). Similarly, (6) is added to (5) to
give (7), (8) is added to (7) to give (9) and so on down the Rises and Falls.
This would produce a final height (Reduced Level) of 96.035m.
This gives us a general formula of:
RLnew = RLold + Rise - Fall
This can be shown diagrammatically below.

Checks
There are three very important checks that must be applied to the above reductions
to ensure that there have not been any mathematical errors. It is important to
remember that these checks will NOT determine errors in observations or the
accuracy of the observations, but only errors in the mathematics. These checks are:
Σ backsights - Σ foresights = Σ rises - Σ falls = last reduced level - first reduced level
Intermediate Sights do NOT form part of these checks. The checks are shown in the
table below.
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Backsight

Intermediate

Foresight

Rise

Fall

Reduced

(BS)

Sight (IS)

(FS)

+

-

Level

1.125

Comments

100.000 (1)
3.260

2.135 (2)

2.755

0.505 (4)

1.660

1.765
0.340

98.370 (5)

0.990 (6)

99.360 (7)

1.320 (8)

100.680 (9)

0.795

0.455 (10)

100.225 (11)

0.860

0.065 (12)

100.160 (13)

1.710 (14)

98.450 (15)

1.455

0.105 (16)

98.345 (17)

1.876

0.421 (18)

97.924 (19)

1.889 (20)

96.035 (21)

1.350

2.570

3.765
Σ = 4.135

97.865 (3)

Σ = 8.100

Σ = 2.815

- 8.100

-3.965

Σ = 6.780

- 6.780

-100.000

- 3.965

- 3.965

As can be seen from the table above, if the three numbers at the bottom are the
same, then the mathematics are correct.

4.3

Inverted Sights

It is sometimes necessary to obtain the Reduced Level of an overhead object, such
as the underside of a bridge. In all such exercises, it is the Height of Collimation that
is important. In the diagram below, the Bench Mark has a height of 50.000m and the
reading on the staff at the Bench Mark is 2.240. Hence, the height of the Line of
Collimation - that is, the Line of Sight - is 50.000 + 2.240 = 52.240m.

Fig 4.3
Once this Height of Collimation is obtained, the staff is inverted and a reading taken.
In this example, the reading is 4.270. This is added to the Height of Collimation,
52.240 + 4.270 = 56.510m. This is the Reduced Level of the underside of the girder.
Since the base of the staff is up on the underside of the girder, the reading taken
from the inverted staff is called an Inverted Reading. In order to fit this reading into
the normal Rise/Fall method of calculating heights, it is booked as a negative value
and treated in exactly the same way as a normal reading. This is shown below.
Backsight
(BS)
2.240 (1)

Intermediate
Sight (IS)

Foresight
(FS)

Rise
+

-4.270 (2)

6.510
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Fall
-

Reduced
Level
50.000
56.510

Comments
BM
Girder
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From the method outlined above (1) - (2) = 2.240 - (-4.270) = 2.240 + 4.270 = 6.510
This value then represents a rise of 6.510m and is booked in the rise column to give
the height of the girder at 56.510m.
When an Inverted Staff Reading is in a traverse, it will appear as follows, and is
treated normally.
Backsight
(BS)
2.240 (1)

Intermediate
Sight (IS)

Foresight
(FS)

-4.270 (2)
0.897 (3)

Rise
+

Fall
-

6.510
3.879 (4)

5.167
2.982

Reduced
Level
50.000
56.510
51.343
48.361

Comments
BM 1
Girder
Pt A
BM 2

Using the normal method:
(1) − (2) = 2.240 − (-4.270) = 2.240 + 4.270 = 6.510
Height of girder = 50.000 + 6.510 = 56.510 m
(2) − (3) = - 4.270 − 0.897 = -5.167
Height of Pt a = 56.510 − 5.167 = 51.343 m
(3) − (4) = 0.897 − 3.879 = -2.982
Height of BM2 = 51.343 -2.982 = 48.361 m
The normal checks are carried out. When an inverted staff reading is recorded as a
foresight or a backsight, it is added algebraically when summing the backsights or
the foresights.
Most times when an Inverted staff reading is taken in a traverse, it will be an
intermediate sight.
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Chapter 5

Level Traversing - Height of
Collimation Method
5.1

Introduction

As mentioned in chapter 4, there are two methods used to convert the Backsight,
Foresight and Intermediate Sight readings into Reduced Levels:
•

Rise and Fall Method

•

Height of Collimation Method.

The Rise and Fall method has been outlined in chapter 4. In this chapter we will
examine the Height of Collimation Method.
The Height of Collimation Method is not particularly suited to Level Traverses, but
rather is suited where there is a large number of Intermediate Sights such as the
centre line and cross sections of a road.

5.2

Height of Collimation Method

The Height of Collimation Method works by calculating the height of the
instrument, and then subtracting each of the Intermediate Sights from that height.
From Figure 5.1 for the first instrument station the line of sight is 1.125 metres
above the bench mark, that is, RL of line of sight = 100.000 + 1.125 metres;
therefore, the RL of instrument = 101.125 metres.

Fig 5.1
Then RL of intermediate points for this set up of the instrument will be the height
of the instrument less the staff reading.
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Point

Height of Instrument

IP 1
IP 2
CP

101.125
101.125
101.125

Staff Reading
-

RL

3.260 m
2.755 m
1.765 m

=
=
=

97.865 m
98.370 m
99.360 m

The levels recorded are set out diagrammatically in Figure 5.1
The position of the instrument is now changed and so the height of the instrument
is changed.
RL (CP 1) +

BS

=

HI

99.360

+

1.660

=

101.020 m

HI

–

IS

=

RL

100.020

-

0.340

=

100.680 m

and so

and so on to the end of line.
BS

IS

FS

1.125

HI
101.125

Remarks

100.000

TBM

3.260

97.865

IP 1

2.755

98.370

IP 2

99.360

CP 1

0.340

100.680

IP 3

0.795

100.225

IP 4

0.860

100.160

IP 5

98.270

CP 2

1.455

98.165

IP 6

1.876

97.744

IP 7

95.855

CP 3

1.660

1.765

1.350

2.750

101.020

99.620

3.765
4.135

RL

8.280

Table 5.1
Note:
As with the Rise and Fall method, there are checks that can be applied for the
Height of Collimation method.
Several versions of checking exist, and the following is perhaps the most
straightforward.
•

Treat BS and FS observations as one entity, and IS observations as another.

•

Σ(BS) - Σ(FS) should equal LAST RL - FIRST RL.

•

For each instrument station:
The sum of IS observations plus the sum of their corresponding RLs, divided
by n (the number of IS readings), should equal the collimation height.

Σ(IS) + Σ(RL) = Height of Collimation
n
Referring to the example above and applying this check:
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(3.260 + 2.755) + (97.865 + 98.370)
2
6.015 + 196.235
2

= 101.125

= 101.125

This agrees with the height of collimation, shown as 101.125 for the first
instrument station. This is repeated for each instrument station.
The complete check is a little tedious and it is doubtful if it is used at all in low
accuracy work. Important work is always reduced by the Rise and Fall method.
The Height of Collimation method is often used where the number of intermediate
sights is large.

5.3

Comparison: Rise and Fall Method with
Height of Collimation Method

The Rise and Fall method of reducing levels is primarily suited to traversing over
long distances, but it is also used for cross section levels, `as-constructed' levels
and many other applications. The three built-in self-checks are its chief
advantage over the Height of Collimation method, even though the calculations
take a little longer. It is used when there are a large number of change points.
The Height of Collimation method is ideal for setting out heights on a building site
or for setting out batters for cross sections. It is suited for any setting out of levels
(heights). It is also suited for the recording of a large number of spot heights in a
small area for contour interpolation. The arithmetic involved is less than that in
the Rise and Fall method, but the checking procedure is lengthier. It is used when
there are a large number of intermediate sights.
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Chapter 6

Adjustment of the Automatic
Level
There are two distinct types of adjustments of levels, namely:
•

temporary adjustments, and

•

permanent adjustments.

6.1

Temporary Adjustments

Temporary adjustments are the adjustments performed each time that the level is
set up, as outlined below:
•

Set the tripod feet firmly into the ground, and so that the head of the tripod is
approximately horizontal.

•

Remove the level from its case.

•

Attach the level securely to the tripod.

•

Level the instrument to the circular bubble using the three footscrews.

•

Remove parallax.

•

Focus on the staff.

Parallax is removed by:
1.

observing to the sky or a light background through the telescope and
adjusting the eyepiece focus until the crosshairs appear sharply
defined, and

2.

sighting at a distant object and focusing the telescope until the image is
clearly defined.

During the levelling procedure the person holding the staff should:
•

face the instrument, ensuring that the staff is held truly vertical by the staff
bubble

•

keep his/her fingers off the face of the staff, to ensure that the staff markings are
not obscured.
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6.2

Permanent Adjustments

There are two permanent adjustments to be performed on an automatic level.
1. Centring the circular bubble
For any automatic level to operate correctly the circular bubble must be in
adjustment, otherwise the compensator will not operate and the line of sight will
not be horizontal. To check and if necessary adjust the bubble:
a.

Level the instrument by the bubble, using the three footscrews.

b.

Turn the level so that the telescope is across any two footscrews check the position of the bubble.

c.

Turn the telescope through 180° and again check the position of the
bubble.

d.

If the bubble is still centred it is in adjustment; otherwise, correct it back
half way with the footscrews and the other half with the bubble
adjustment screws below the bubble.

2. Testing that the line of sight is horizontal
The second permanent test that must be performed on an automatic level is to
ensure the line of sight is horizontal ie: at right angles to the direction of gravity.
This test is called the two peg test. The diagram below relates to the procedure
to test for the horizontality of the line of sight, or horizontal collimation.
Procedure:
a.

Select two points (A and B) 60 − 80m apart on fairly level ground.

Fig 6.1
b.

Set the instrument up midway between these two points, and take a
staff reading to each point. Book these results (1.430, 1.740) and
calculate the difference, as shown in Figures 6.3 and 6.4.

c.

Shift the instrument to one end of the line, to be 2 −3m away from the
staff at A. Read the staff at A and B again, booking the results (1.630,
1.940) and calculate the difference, as shown in Figures 6.3 and 6.4.
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Fig 6.2 Staff Readings before Adjustment
d.

If the difference from the first set of readings is the same as the
difference from the second set of readings, then the instrument is in
adjustment - for normal use, allow a difference of about ±0.005m.

e.

If the differences are not the same, determine the expected staff
reading on staff B. ie staff reading at A ± difference between first and
second readings = expected staff reading at B.

f.

Adjust the level to this reading with the capstan screw.
** Checking the results after adjustment is always a good safety
measure.

Example
A
1.
2.

1.740
1.955

B

Difference (A - B)

1.430
1.630

0.310 First set of readings
0.325 Second set of readings
-0.015

Collimation is First Difference – Second Difference = -0.015m over the distance
AB
This is expressed as Collimation = -0.015m / 80m
This is normally written onto a form similar to the table below.
Backsight

Foresight

Difference

1.740 (1)
1.630 (3)

Point

A
1.430 (2)

0.310 (1-2)

B

1.955 (4)

0.325 (4-3)

A

Collimation = -0.015m / 80m
Fig. 6.3
The true reading for point A should be 1.630 + 0.310 = 1.940. This means that
the crosshairs of the level would need to be adjusted down, from 1.955, until
they read 1.940.
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This can also be expressed using the normal booking form for the rise and fall
method of levelling. Either method is legitimate.
Backsight

Foresight

Rise

Fall

1.740 (1)
1.630 (3)

Point

A
1.430 (2)

0.310 (1-2)

1.955 (4)

B
0.325 (3-4)

A

Collimation = -0.015m / 80m
Fig.6.4
After the adjustment has been completed, the Two Peg Test must be repeated
to ensure that no error has occurred during the movement of the cross hairs.

Fig 6.5 Staff Readings after Adjustment
The normal practice in the surveying company is to have a permanent two peg test
set up. This is done with an old staff, broken into sections. Two sections are
attached to two objects, usually the walls of building, approximately 70 − 80m apart.
It is important that the sections of staff are attached to immovable objects and there
is an uninterrupted line of sight between them.
Once the initial observations have been made from the middle position, the
difference will always be the same, regardless of the height of the instrument. This
means that to check the error in any instrument it is only necessary to set up to do
the second set of readings, as the difference from the first set will always be the
same.
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Chapter 7

Misclosure and Adjustment of
Level Traverses
7.1

Misclosure

The acceptability of any set of level observations depends upon the magnitude of
the misclosure. This may be determined arbitrarily or calculated from an equation.
A major reason for arbitrarily selecting the maximum acceptable misclosure is the
use to which the Reduced Levels are going to be put; for example:
•
•
•

For a precise concrete foundation to support sensitive machinery the
maximum acceptable misclosure may be ±0.002 m.
For a sewer the maximum acceptable misclosure may be ±0.005 m.
For landscaping the maximum acceptable misclosure may be ±0.20 m.

These accuracy values should not be taken as being absolute as they could vary
depending upon the nature of landscaping, etc. They are only meant to be
examples.

7.2

Limits of Closure (Level Traverses and Site
Surveys)

There is a standard equation for each order of accuracy. A commonly used
accuracy is 3rd order, for which the National Mapping Council standard equation
is:
Misclosure (in mm) = ±12√k
where k is the distance traversed in kilometres.
Such an accuracy standard may be inappropriate for the short traverses used in
the majority of engineering surveys so other standards may be arbitrarily set,
according to circumstances.
A commonly used accuracy measure for normal engineering work and site
surveys is:
Misclosure in mm = ±5√n
where n is the number of instrument stations. The easiest way to determine the
number of instrument stations is to add up either the number of backsights or the
number of foresights (these must be the same). That is the number of times that
the instrument was set up.
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7.3

Adjustment

The distribution of misclose can be carried out by a variety of methods and the
following are examples only:
•

For level traverses of a high order the misclose is often adjusted according to
the principle that any error is proportional to the distance traversed. The first
and final elevations are assumed correct and all elevations between are
adjusted according to the length of the traverse to each point. If the levels are
observed out and back to all points of interest, a mean value may be adopted
for each station.

•

For less precise work and for most level traverses of less than 1 km the
method outlined in Table 7.1 (with explanatory notes) should meet the needs
of most organisations.

Note:
•

Adjustment methods normally assume that balanced backsight and foresight
distances have been maintained throughout the traverse.

•

Some adjustment methods result in the modification of RL values only, with
no attempt to alter BS, IS or FS readings. Other methods may require
modification of BS and/or FS readings prior to the reduction of final levels.

Table 7.1 below shows a level traverse with a misclose
Staff Readings
BS
IS
FS
1.422
1.304
1.712
1.753
0.430
0.854
1.766
2.738
3.175
3.168
+0.007

3.168

Rise

Fall

0.118
0.408
1.282
0.899
0.912
0.972
2.299
2.292
+0.007

RL
10.400
10.518
10.110
11.388
12.291
11.379
10.407

Adj

Adj RL

-0.003
-0.003
-0.003
-0.007
-0.007
-0.007

10.515
10.107
11.385
12.284
11.372
10.400

10.407
10.400
+0.007

Checks

Remarks

Table 7.1
Explanatory Notes:
1.

The three checks carried out as previously described
(ΣBS - ΣFS = ΣRise - ΣFall = Last RL - First RL) give a misclosure
of +0.007.

2.

If this misclosure is outside the allowable limits then the levelling must be
repeated. If the misclosure is within these limits then it is distributed
throughout the RLs.

3.

The correction to be applied is an equal, but cumulative, amount of
misclose to each instrument position. The sign of the adjustment is
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opposite to that of the misclose. Because the misclose is +0.007 then a
total adjustment of -0.007 must be distributed.
4.

Correction per instrument station:
Correction =

- Misclose
No of Instrument Station

=

- 0.007
2

To avoid fractions of a millimetre - 0.003 is applied to the initial Reduced
Levels calculated from the first instrument position, and another - 0.004
from the second, making a cumulative total of - 0.007.
No adjustment is applied to the initial Bench Mark since this level cannot be
changed, as it is a true reduced level.
5.

The adjustment procedure is identical for levels booked using the Height of
Collimation method.
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Chapter 8

Level Set-Out
8.1

Introduction

Often during the construction stage of a project a surveyor is required to establish
points at a particular height. The RLs of these points will have been predetermined
by calculations completed by either a surveyor or an engineer.
These heights could be required for any number of reasons, including the formation
heights of roads, the level of the floor of buildings, levels for landscaping or trenches
for water or sewerage pipes. Regardless of the reason for the height, it will be
precalculated. This height is normally referred to as the design height.

8.2

Determining the Location of the Design Height

To determine the exact location of the required design height, a stake approximately
1.0m in length is placed in the ground. This then leaves three possibilities:
1.

the required design height is above the top of the stake,

Fig 8.1
2.

the required design height falls somewhere on the stake, or

Fig 8.2
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3.

the required design height is below the bottom of the stake.

Fig 8.3
If the required design height falls on the stake, then it is marked at that height on the
stake.
If the required design height does not fall on the stake, then a reference height
needs to be marked on the stake that is a set distance above or below the required
design height.
This reference mark must be an even half metre interval from the design height, ie
0.5m, 1.0m, 1.5m, 2.0m, 2.5m, 3.0m etc.
This distance can be calculated in one of two ways, the moving staff method and the
static staff method.

Moving Staff Method
The reference height above or below the design height can be determined using the
Moving Staff Method:
1. Calculate the height of collimation of the instrument.
2. Determine the difference in height between the design height and the height of
collimation.
3. Place the staff against the side of the stake and move it up or down until the
sum or the difference of the staff reading and the difference in height between
the design height and the height of collimation totals an even half metre interval.
4. Mark the stake at the bottom of the staff. This is the reference mark that is an
even half metre interval from the design height.
This can best be shown using three examples:
Example 1 - The design height is above the top of the stake.
The design height is shown as 32.580m
The height of collimation is calculated at 30.713m
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Fig 8.4
From the design height, a table can now be made, showing the even half metre
intervals from the design height. From the height of collimation and the half metre
intervals, the staff readings can be calculated.
Design Ht
32.580
32.580
32.580
32.580
32.580
32.580
32.580
32.580
32.580

½m Interval
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
4.5

RL
32.080
31.580
31.080
30.580
30.080
29.580
29.080
28.580
28.050

Ht of Col
30.713
30.713
30.713
30.713
30.713
30.713
30.713
30.713
30.713

Staff Reading
-1.367
-0.867
-0.367
+0.133
+0.633
+1.133
+1.633
+2.133
+2.633

The RL in column 3 is calculated by subtracting the even half metre interval in
column 2 from the design height in column 1.
The staff reading in column 5 is calculated by subtracting the RL in column 3 from
the height of collimation in column 4.
Which staff reading is to be used will depend on how high the height of collimation is
above the top of the stake. Because the stake is about 900mm out of the ground,
there will usually be two staff readings where the base of the staff is on the stake.
To find out which staff reading should be used, place the staff on top of the stake
and then slide the staff down the stake until one of the readings in column 5 can be
seen through the level. When this is achieved, a line is marked on the stake level
with the bottom of the staff.
It is normal practice to continue to lower the staff until the next reading is achieved
and this is also marked on the stake.
To continue with the example:
The staff is placed on top of the stake and an approximate reading of +1.35m is
seen. The staff is then slid down the stake until a reading of +1.633 is seen through
the level. This is about 0.28m down from the top of the stake.
This would represent a level that is 3.5m below the level of the design height and
would be a level that would require 3.5m of fill to reach the height of the design
height. This information would need to be marked on the stake.
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Similarly, approximately 0.78m down from the top of the stake a staff reading of
2.133m would be read. A line is then drawn on the stake that would represent a fill of
4.0m. The stake would be marked as shown below.

Fig 8.5
Example 2 - The design height is below the bottom of the stake.
The design height is shown as 15.920m
The height of collimation is calculated at 18.438m

Fig 8.6
In the same way as when the design height was above the top of the stake, a table
can now be made, showing the even half metre intervals from the design height.
From the height of collimation and the half metre intervals, the staff readings can be
calculated.
Design Ht
15.920
15.920
15.920
15.920
15.920
15.920
15.920

½ m Interval
0.5
1.0
1.5
2.0
2.5
3.0
3.5

RL
16.420
16.920
17.420
17.920
18.420
18.920
19.420
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18.438
18.438
18.438
18.438
18.438
18.438
18.438

Staff Reading
2.018
1.518
1.018
0.518
0.018
-0.482
-0.982
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The RL in column 3 is calculated by adding the even half metre interval in column 2
to the design height in column 1.
The staff reading in column 5 is calculated by subtracting the RL in column 3 from
the height of collimation in column 4.
In this case, because the height of collimation is known to be above the top of the
stake, any RL above the height of collimation can be ignored.
The staff is now placed on the top of the stake and an approximate reading is taken.
The staff is then slid down the stake until one of the staff readings from column 5 is
read through the level. The level of the bottom of the staff is marked on the stake.
It is normal practice to continue to lower the staff until the next reading is achieved
and this is also marked on the stake.
To continue with the example:
The staff is placed on top of the stake and an approximate reading of +0.624m is
seen. The staff is then slid down the stake until a reading of +1.018 is seen through
the level. This is about 0.40m down from the top of the stake.
This would represent a level that is 1.5m above the level of the design height and
would be a level that would require 1.5m of cut to reach the height of the design
height. This information would need to be marked on the stake.
Similarly approximately 0.90m down from the top of the stake a staff reading of
1.518m would be read. A line is then drawn on the stake that would represent a cut
of 1.0m. The stake would be marked as shown below.

Fig 8.7
Example 3 - The design height is on the stake.
This is the simplest of the three examples. In this example the design height is
subtracted from the height of collimation. This then represents the staff reading. The
staff is slid down the stake until the reading is seen through the level. The stake is
marked level at the bottom of the staff.
Because this is the design height, it is the only line to be marked on the stake.
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The design height is shown as 8.650m
The height of collimation is calculated at 9.175m
The staff reading is equal to 9.175 – 8.650 = 0.525

Fig 8.8
The staff is slid down the stake until a reading of 0.525 is seen by the level. The
stake is marked as shown below.

Fig 8.9

Static Staff Method
The reference height above or below the design height can be determined using the
Static Staff Method.
This method is very similar to the moving staff method, except, instead of the height
of collimation being used for the calculation, the height of the top of the stake is
used. Again, a series of RLs are calculated at even, half metre intervals from the
design height. The RL that is just below the height of the top of the stake is used as
the required RL.
This height is subtracted from the height of the top of the stake. This then gives you
the distance down the stake to a level that is an even half metre from the design
height.
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This is again best illustrated by using examples of the three possibilities.
Example 1 - The design height is above the top of the stake.
The design height is shown as 32.580m
The height of the top of the stake is calculated at 29.363m

Fig 8.10
A table can now be made, showing the even half metre intervals from the design
height. From the height of the top of the stake and the half metre intervals, the
distance down from the top of the stake can be calculated.
Design Ht
32.580
32.580
32.580
32.580
32.580
32.580
32.580
32.580
32.580

½ m Interval
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
4.5

RL
32.080
31.580
31.080
30.580
30.080
29.580
29.080
28.580
28.050

Ht of top of stake
29.363
29.363
29.363
29.363
29.363
29.363
29.363
29.363
29.363

Dist from top of stake
-2.717
-2.217
-1.717
-1.217
-0.717
-0.217
+0.283
+0.783
+1.283

The RL in column 3 is calculated by subtracting the even half metre interval in
column 2 from the design height in column 1.
The distance from the top of the stake in column 5 is calculated by subtracting the
RL in column 3 from the height of top of the stake in column 4.
The negative distances in column 5 for half metre intervals of 0.5m to 3.0m indicate
a distance ABOVE the top of the stake, and must therefore be disregarded.
Again, because the stake is usually about 900mm out of the ground, there are
usually two distances that will fall on the stake. From the table, the 2 distances that
would fall on the stake would be the half metre interval of 3.5m and 4.0m, because
the distances down the stake are less than 900mm.
A tape measure would be used to measure down the stake a distance of 0.283m
and a distance of 0.783m. Both of these distances would be marked on the stake in
the same way as with the moving staff method.
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Fig 8.11
Example 2 - The design height is below the bottom of the stake.
The design height is shown as 15.920m
The height of the top of the stake is calculated at 17.814m
Height of the top of the stake = 17.814m

Fig 8.12
In the same way as when the design height was above the top of the stake, a table
can now be made, showing the even half metre intervals from the design height.
From the height of collimation and the half metre intervals, the staff readings can be
calculated.
Design Ht
15.920
15.920
15.920
15.920
15.920
15.920
15.920

½ m Interval
0.5
1.0
1.5
2.0
2.5
3.0
3.5

RL
16.420
16.920
17.420
17.920
18.420
18.920
19.420

Ht of top of stake
17.814
17.814
17.814
17.814
17.814
17.814
17.814

Dist from top of stake
1.394
+0.894
+0.394
-0.106
-0.606
-1.106
-1.606

The RL in column 3 is calculated by adding the even half metre interval in column 2
to the design height in column 1.
The distance from the top of the stake in column 5 is calculated by subtracting the
RL in column 3 from the Height of the top of the stake in column 4.
The negative distances in column 5 for half metre intervals of 2.0m to 3.5m indicate
a distance ABOVE the top of the stake, and must therefore be disregarded.
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Again, because the stake is usually about 900mm out of the ground, there are
usually two distances that will fall on the stake. From the table, the 2 distances that
would fall on the stake would be the half metre interval of 1.0m and 1.50m, because
the distances down the stake are less than 900mm.

CUT 1.5m

A tape measure would be used to measure down the stake a distance of 0.394m
and a distance of 0.894m. Both of these distances would be marked on the stake in
the same way as with the moving staff method.

Fig 8.13
Example 3 - The design height is on the stake.
This is the simplest of the three examples. In this example, the design height is
subtracted from the height of the top of the stake. This then represents the distance
that needs to be measured down the stake.
Because this is the design height, it is the only line to be marked on the stake.

Fig 8.14
The design height is shown as 8.650m
The height of the top of the stake is calculated at 9.175m
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Design Height

The distance down the stake is equal to 9.175 – 8.650 = 0.525

Fig 8.15
Because the stakes placed down the centre of a road are the first control to be lost, it is
normal practice to locate recovery stakes offset from the centre line a set distance, usually
about 1m – 2m away from the top or the bottom of the batters, whichever is the furthest from
the centre line.
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Chapter 9

Errors in Levelling
9.1

Errors in Levelling

‘Errors’ in levelling will always occur, and may be minor to the point of being
insignificant or significant enough to warrant adjustment.
Errors in levelling come from three main sources:
• instrumental
• personal
• environmental.
Common errors are listed below, under these headings

Instrumental Errors
Instrument not adjusted
Staff not vertical
Staff not standardised - worn at the base or at the joins
Tripod legs loose

Personal Errors
Incorrect readings
Incorrect bookings
Incorrect addition - the 3 checks not applied
Bubble not centred before each reading
Parallax not eliminated
Staff not vertical
Staff not fully extended
Poor change point - staff settles into ground
Poor instrument station - tripod settles into the ground

Environmental Errors
Wind - strong wind causes the instrument to vibrate and makes the staff
unsteady.
Temperature - heat may cause a shimmering effect at ground level near base of
staff and make accurate sightings difficult.
These types of errors may be categorised under the headings ‘gross, systematic
or random’.
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Gross Errors
These are often caused by the observer or staff-person and are due to
carelessness, inexperience or fatigue. They are shown listed under the heading
`Personal Errors'.

Systematic Errors
These are often due to the instrumental defects listed under `Instrumental Errors'.
The most important of these is the collimation error where the whole error for a
single shot (intermediate) is carried over into the staff reading. As previously
noted, equalising the lengths of backsights and foresights eliminates the error. In
situations where a large number of intermediate sights are made, for example
building sites, then the two peg test should be regularly carried out.
The non-verticality of the staff will also cause incorrect readings. Any circular
bubble used in conjunction with the staff should be checked periodically against a
plumbline and adjusted if necessary.

Random Errors
These are due mainly to environmental conditions with resulting small errors
which tend to be compensatory. Extreme wind or temperature can cause errors.
In windy weather shelter the instrument, if possible, and keep sights and the staff
short. In hot sun reduce the length of the sights, keeping them at least 0.5 m
above ground level to minimise the effects of refraction.

9.2

Sources of Error

1. The main source of error is the residual collimation error of the instrument.
From the two peg test it should be apparent that this error would be eliminated
by equalising the lengths of the backsight and foresight distances.
2. The staff not held vertical. Fitting a staff bubble to the staff, or by swaying the
staff backwards and forwards in the direction of the level until a minimum
reading is obtained eliminates this error.
3. An error in reading the staff. This is minimised by reducing the length of sight so
that the readings are easily defined.
4. The staff moving off the position at a change point when it is turned to face the
new instrument setting. Using a change plate on soft ground or clearly marking
the change point on hard ground eliminates this error.
5. The instrument settling in soft ground. Setting up on firm ground, pushing the
tripod legs well into the ground and avoiding excessive movement about the
instrument, eliminates this error.
6. Errors due to refraction from warm layers of air at ground level. This is
minimised by keeping readings at least 1m above the ground.
7. Errors due to the staff not being fully extended. This may be due either to
carelessness on the staff man’s part or to wear on the joints or retaining spring.
8. Finally, it is important to eliminate parallax in the instrument by bringing the
cross hairs into sharp focus using the eye-piece focusing screw. The procedure
should always be carried out before commencing any reading to a staff.
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Chapter 10

Traditional Distance
Measurement
10.1

Introduction

In surveying, the basic measurement is that of distance. This text has already
examined the measurement of vertical distance. In this chapter and the next chapter
we will now examine the measurement of distance along the ground.
Distance can be measured by many methods, including:
a.
b.
c.
d.
e.
f.
g.

pacing
odometer readings
optical range finders
tacheometry
subtense bar
taping or chaining
electronic distance measurement.

Only taping and electronic distance measurement will be dealt with in this text.
Although the use of survey chains for measuring distance is now practically
obsolete, the term ‘chaining’ is still widely used to indicate the measurement of
distance. The term ‘taping’ is also commonly used to describe the measurement
process carried out with a graduated steel band or tape.
Electronic distance measurement devices have, in recent years, replaced the steel
band (and survey chain) for measuring tasks, as it can measure distances up to
several kilometres directly. For short distances, the 50m fibreglass or cloth tape are
adequate.

10.2 Horizontal Distance
The primary purpose for measuring any distance is to place that distance onto a
plan. When a distance is measured, it is measured along the ground, and will
therefore assume the same slope as the ground.
This distance must be converted to a horizontal distance before it can be shown
on a plan, as a plan is a vertical view of the ground, and if a slope distance is not
converted to a horizontal distance, it will distort the plan.
The diagram below shows a survey line measured between two stations ie the slope
distance. Trigonometrically, the slope distance is the hypotenuse of a right-angled
triangle.
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Fig 10.1
From ∆ABC:
AC
= cos θ
AB

where ‘θ’ is the slope angle

∴ HorizontalDist = cos θ
SlopeDist

and

Horizontal Dist = Slope Dist x cos θ

ie. Plan Length = Slope Dist x cos θ
The slope angle is measured in the field using simple hand-held instruments, such
as the Abney level or clinometer, or more commonly by survey instruments such as
the theodolite or total station.

10.3 Step Taping
An alternative method of obtaining horizontal measurements without using anglemeasuring instruments is that known as step taping. This is a field method where
the horizontal distances are obtained directly.
The tape must be held horizontally and considerable tension is required to straighten
the tape and avoid sagging. A plumb bob or plumbed ranging rod may be used to
transfer the horizontal distance to the ground.
The length of steps that can be adopted is limited by the gradient. At no time should
the tape be above eye level, because plumbing becomes very difficult. As the
gradient increases the length of step must therefore decrease.

Fig 10.2
When the length of the first step has been recorded, the second and third steps are
measured and the procedure repeated until the whole line has been measured. The
summation of the steps will produce the required horizontal distance.
ie

Dist Stn 1 to Stn 2 = D1 + D2 + D3

Step chaining can also be performed when measuring uphill. In this case, the rear
person has to hold the end of the tape above the mark left by the front person, by
using a plumb bob.
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10.4 Distance Measurement Equipment
The more common pieces of equipment needed to measure distances by traditional
methods are described below:
a.
b.
c.
d.
e.
f.
g.
h.

Steel Tape
Fibreglass or Cloth Tape
Chaining Arrow
Range Pole
Abney Level
Clinometer
Plumb-bob
Optical Square

Steel Tape
The steel tape is made from hardened and tempered black enamelled or galvanised
steel, usually 50 metres or 100 metres in length.
The steel band is usually 3.2 mm wide, 0.5 mm thick and weighs 0.013 kg/m.
Each metre length along the chain is precisely marked with a brass sleeve attached
to the chain. Attached to the front end of the chain is a 3m or 5m long reader that is
graduated in millimetres. The reader is like a normal tape made of fibreglass.

Fibreglass or Cloth Tape
Fibreglass and cloth tapes, used for measuring offsets, come in a variety of lengths,
from 10m to 50m. Most surveyors will carry several different tapes as part of their
equipment. Most of these tapes are contained in plastic, leather or metal cases.
Offset tapes are usually graduated in millimetres, with every 10mm marked by a
number.

Chaining Arrow
Chaining Arrows are long metal spikes that are useful as they can easily be pushed
into the ground. This allows the easy measurement of distances because time does
not have to be wasted by hammering pegs into the ground.

Fig 10.3 Chaining Arrow
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Range Pole
Range Poles are a pole made of either wood or metal that is 1.85 − 2m long and
about 25mm in diameter, with 200mm to 300mm wide bands painted red and white.
Range Poles are commonly used to highlight the ends of survey lines, so that line of
sight can be easily seen for extending lines or setting right angles with an optical
square.

Fig 10.4 Range Pole

Abney Level
An Abney Level is a simple hand-held instrument used to manually measure the
slope of the ground in the field. It consists of a sighting tube, a spirit level and a
graduated scale.

Fig 10.5 Abney Level
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Clinometer
The clinometer is also a hand-held instrument used to manually measure the slope
of the ground in the field. It consists of a weighted disc in a container filled with liquid
(like a vertical compass) that usually has both degrees and percentage rise and fall
marked on a scale on the disc edge.

Fig 10.6 Clinometer

Plumb Bob
A plumb bob is a pointed weight suspended on a string, such that the point of the
weight is in a direct vertical line with the string. It is used to measure a vertical line
from below a survey instrument or from a tape.
Plumb bobs come in a variety of shapes, sizes and weights, as can be seen from
the diagram below.

Fig 10.7 Plumb Bobs

59

CHAPTER 10 – TRADITIONAL DISTANCE MEASUREMENT

Optical Square
The Optical Square is a small hand-held instrument used to set out a right angle. It
can also be used to place the user on line between two points.
Usually an optical square consists of two prisms, with a clear lens separating them
in a vertical stack. The prisms are such that the light entering the prism through one
face emerges through another at 90° to its original path.

Fig 10.8 Double Prism Optical Square
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Chapter 11

Electronic Distance
Measurement
11.1 Electronic Distance Measurement (EDM)
Electronic Distance Measuring (EDM) equipment has developed since the first
EDM apparatus was used in 1957. This instrument (called a Tellurometer) was
able to measure distances up to 80 km, day or night. Although there is a very
wide range of EDMs available, the basic principle of operation remains
unchanged. The major improvements have arisen due to the development of
integrated circuits (electronics).
The resultant reduction in size of the
instruments, ease of operation and relative decrease in cost has enabled almost
every survey party to be equipped with some form of EDM.
The current range of EDM equipment available today varies from theodolite
mounted units to EDM units fully integrated into the theodolite. These fully
integrated units are termed total station instruments. Depending upon the type of
EDM and ancillary equipment, the range of measurement may vary from a
maximum of 500 metres to 100 kilometres.

11.2 Classification of EDM Instruments
EDM instruments are commonly classified according to the following:
•
•

wavelength of transmitted electromagnetic energy
maximum distance measured.

Wavelength of Transmitted Electromagnetic Energy
1. Electro-optical instruments that transmit either modulated laser or infra-red
light, having wavelengths within or slightly beyond the visible region of the
spectrum.
2. Microwave equipment, which transmits microwaves with wavelengths of 1.0 to
8.6 mm.

Maximum Distance Measured
The boundaries of this classification system vary depending on the reference
quoted; therefore, the following figures may be considered approximate.
1. Short range group includes instruments with a maximum range of
approximately 5 km. Most of these instruments are of the electro-optical type
that employ infra-red light.
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2. Medium range instruments have measuring capabilities extending to about
100 km and are either the electro-optical (using laser light) or microwave type.
Although frequently used in precise geodetic work, they are also suitable for
land and engineering surveys.
3. Long range instruments are available that can measure lines longer than 100
km, and are not generally used in engineering surveying work. Most operate
by transmitting long radio waves or microwaves. They are primarily employed
in oceanographic and hydrographic surveying, and navigation.
In the short range category, where engineering, cadastral and topographic
surveying is most evident, technological advances have been the most
significant. Because of smallness in size, portability and ease of use, these
instruments are now used by practically all surveyors.
Because of the acceptance of EDM the variety of instruments has increased quite
substantially, and competition between manufacturers is keen. It is in this
category that the market is greatest because of the relatively low cost of the
instruments and because more and more surveyors are accepting EDM as a tool
that can return its purchase price in a very short time in certain applications.
Down time on most models of infra-red EDM is now a matter of days per year
rather than weeks per year.
The range of instruments is wide and this is reflected in the variety of features on
them as indicated below:
•
•
•
•
•
•
•
•
•
•

•

dial-in meteorological correction
dial-in instrument and prism constants
signal strength indicators of various types (audio, visual meter, visual light,
etc)
tracking facility
slope distance reduction
vertical angle sensoring
service contracts
arithmetic mean of measurements made
horizontal angle reading
field data storage units (data recorder or electronic field book) where the
electronic angles and distance are stored automatically in the field book,
resulting in a saving of time and reduction of errors
on board programs for most surveying applications.

The most popular models in the short-range category seem to be those that can
be mounted on any type of theodolite of a certain manufacturer; however, this is
probably due to cost, as the combined function of an electronic theodolite and
EDM (a total station) instruments tend to be more expensive.

11.3 Principles of EDM Operation
EDM instruments operate by the instrument transmitting electromagnetic energy
to another instrument or reflector and then receiving the return signal. A common
misconception is that the duration of travel is measured, and the distance thus
deduced. In fact, a method of `phase comparison' is utilised to derive the
measured distance.
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Using `phase comparison', the EDM instrument uses a range of wavelengths to
precisely determine the total length of the line. The techniques utilised by the
EDM instrument are complex, and only a generalised procedure is shown below.

Fig 11.1 Generalised EDM procedure
The electromagnetic waves travel from the transmitter to the reflector and then
back to the receiver. Because the transmitter and receiver are combined, the
measurement represents double the distance or transit line between transmitting.

Fig 11.2 Phase Comparison
In Figure 11.1 the instrument at Station A records the moment the initial point of
the wave is transmitted and compares this with the position on the wave when
reflected back from B and received at A. This difference is a portion of one
wavelength and this represents the decimal part of the double transit time.
Because only a fractional time is recorded, the instrument must send out a series
of signals of different wavelengths.
The final transit time is calculated by combining the readings at each wavelength,
corresponding to different units of time. This is done automatically and converted
into distance units.
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Reflectors
The reflectors are made up of specifically designed prisms of glass, such that the
signal from the EDM will be reflected directly back to the instrument.

Fig 11.3 EDM reflector

Errors Affecting EDM Operations
Sources of errors in EDM instrument work may be personal, instrumental, or
natural.
1. Personal errors include misreading, improperly setting over stations, and
incorrectly measuring meteorological factors, instrument heights and slope
angles.
2. Instrumental errors for a carefully adjusted and precisely calibrated EDM
should be extremely small. Instrument errors are generally considered to be
within a manufacturer's specified precision.
eg

± (5 mm + 5 ppm) short range EDM

All EDM instruments must be checked against known baselines at frequent
intervals in order to verify their calibration.
3. Natural errors result primarily from atmospheric variations in temperature,
pressure and humidity that modify the wavelength of electromagnetic energy.
Most instruments provide tables for the correction for non-standard
temperature and pressure values. These corrections are input into the EDM
instrument at the time of measurement.
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11.4 Total Station Instruments
Total station instruments combine an EDM instrument, electronic digital theodolite
and data recorder in one unit. The total station measures and displays horizontal
and vertical angles, and measures distance by EDM.

Fig 11.4 Total Station
Using keyboard commands, horizontal distances and differences in height are
computed and displayed. If coordinates of the occupied station and a reference
bearing are input to the total station, coordinates of the point occupied by the
prisms are immediately obtained.

Fig 11.5 Total Station
All of the above data can be stored in the data recorder for later processing on a
computer. This has obvious applications in detail surveying where a radiation
technique is used. The theodolite is set up in a central position where all points in
the survey are visible.
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Readings are taken to each point in succession, stored in the data recorder, down
loaded onto a computer, from which a final plan is produced and printed. The
data recorders have a large capacity and can record the information of hundreds
of points.
Most modern Total Stations have extensive on-board software, enabling the
instrument to perform many complicated surveying tasks with ease and simplicity.
There are new innovations being developed in the fields of Total Stations
continually. Recently, Total Stations that do not require a prism to reflect the
signal back to the instrument have been developed and Remote Positioning Total
Stations have come onto the market.
Remote positioning instruments have the control panel on the prism pole. This
means that the surveyor controls the instrument and all the readings from the
prism, making this a one-man operation.
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Chapter 12

The Theodolite
12.1 Introduction
The theodolite is an angular measuring instrument that can read both horizontal
and vertical angles. Theodolites are generally classified by the precision of the
angle that they will read directly off their measuring scales or micrometers. Most
theodolites in use today are 20-second, 6 second or 1 second instruments.
Theodolites (and other survey instruments) used in Australia are of European or
Japanese manufacture.
The main purpose of a theodolite is to observe angles in the horizontal and
vertical planes.
Thus, a pointing to an elevated or depressed point is the equivalent of a pointing
to the vertical deposition of that point on the vertical plane that passes through
the instrument.
When the angle is turned and measured between two points the angle recorded
is the angle in the horizontal plane of the instrument.
The vertical circle registers the altitude of the point above or below the horizontal
plane of the instrument.
Horizontal and vertical angles may be required in traversing, setting out works,
triangulation surveys and astronomical observations.

12.2 Theodolite Construction
These notes will describe mainly 20" type theodolite construction; that is, those
used by students in elementary levels of surveying practice.
The theodolite consists of the following main parts:
•
•
•

a fixed base with tribrach
a movable upper part and
a telescope.
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Fig 12.1 Essential features of a theodolite
The base, with the tribrach, is screwed securely to the tripod head and is
levelled up by means of its three foot-screws.
In simple theodolites of older construction the horizontal circle is fixed
rigidly to this base. In modern instruments the circle can be rotated
independently, by means of a milled knob or some other device.
On the upper part (the alidade), that is rotatable about the standing
(vertical) axis, the two standards for the tilting (horizontal) axis are fixed,
bearing the telescope (with the sighting axis) and the vertical circle. The
alidade also contains the reading index for the horizontal circle.
For rough levelling-up the base has a circular bubble fitted but, for more
accurate levelling-up, the more sensitive alidade tubular level (the plate
level) is used.
The instrument is centred over the station point by means of a plumb bob
or a built-in optical plummet.
The vertical circle usually has an index level so that it can be oriented
correctly, in relation to the horizontal, before a vertical angle is read.
Some theodolites have an automatic index.
The telescope may be aimed in any desired direction in space, by means
of rotations about its standing and tilting axes. Fine pointing to a
particular target is achieved accurately by means of clamping and slow
motion (drive) screws.
In a Repetition Theodolite the horizontal circle can be rotated
independently about the standing axis, which, as a result, is made as a
double axis. In this way, when sighting to a target, any required reading
can be set on the circle, eg the initial reading to the RO (Reference
Object) can be made zero.
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Optical Plummet
The optical plummet is either incorporated within the tribrach or the instrument
lower plate. When the theodolite is set up and levelled, the observer is able to
view the ground station through the eyepiece of the optical plummet. It is a great
aid in precisely centring the theodolite over the ground mark, particularly on windy
days.

Fig 12.2 Optical Plummet

12.3 Theodolite Classifications
Theodolites may be classified by their methods of circle reading. Two methods
are commonly employed today:
•
•

Optical Scale and Micrometer
Digital or Electronic.

Just as the scale and micrometer reading methods replaced an earlier vernier
method of reading the circle, so the recent electronic and digital instruments are
replacing the scale and micrometer theodolites.
The majority of theodolites sold today are the electronic type.

Optical Micrometer Theodolite
In the optical micrometer theodolite, a small section of both the vertical and the
horizontal circles are enlarged by two internal microscopes. These images are
projected through a series of prisms and lenses to a small eyepiece that is usually
alongside the main telescope

Fig 12.3
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The view through the eyepiece will usually show three scales. There is a
horizontal scale and vertical scale, each giving the whole degrees and tens of
minutes for both the horizontal angle and the vertical angles. There is also a
common micrometer that will show the units of minutes and the seconds. This
micrometer must be set separately for both the horizontal angle and the vertical
angle.

Electronic Theodolite
The electronic theodolite is controlled by a microprocessor in the instrument. The
operator views the circle readings from the liquid crystal display screen. This type
of theodolite gives a direct reading for both the vertical and horizontal angles on
the screen.

Fig 12.4

12.4 Temporary Theodolite Adjustments
Temporary adjustments are those adjustments that always have to be made
when using an instrument − for example, levelling, focussing, sighting targets,
setting micrometers and so on.
Every time a theodolite is `set up' to read an angle, a procedure of temporary
adjustments must be undertaken. These include:
-

placing the theodolite on the tripod
attaching the plumb-bob
levelling the instrument
centring the instrument
eliminating parallax
zeroing the horizontal circle
pointing to the target and focussing.

Levelling and centring the instrument are shown as individual adjustments,
although in practice neither is a completely individual temporary adjustment since
each is performed in conjunction with the other.
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Placing the Theodolite on the Tripod
•

Unclamp and extend the tripod legs. Open them and place the
tripod firmly on the ground with the top nearly level, and at a
convenient height.

•

Remove the theodolite from its case, after noting how it has been
secured so that it can be easily replaced, and secure it to the top
of the tripod.

Fig 12.5

Attaching the Plumb-bob
The theodolite and tripod legs are positioned over the ground station using the
plumb bob and/or optical plummet.
(Note: the theodolite must be `levelled' before the optical plummet can be used
accurately.)

Fig 12.6
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For a plumb bob to be used accurately it is important that the string from the
tripod to the plumb bob is kept straight. This can be achieved by tying a simple
slipknot in the string, as shown below.

Fig 12.7

Levelling & Centring the Instrument
There are a number of different routines for setting the theodolite exactly over a
station point. The one described below is reasonable for beginners. An alternative
method is also given.
•

The theodolite and tripod are set over the point as well as judgement allows.
Adjust one leg only of the tripod by moving it sideways and pushing in and out
until the instrument base below the footscrews is as level as may be achieved
by examination.

•

Attach the plumb-bob to the hook or eye under the instrument and note the
distance and direction of the plumb from the station point. Carefully move
each leg in turn the same distance and in the same direction so that the
plumb is almost over the mark.

•

Tread each leg firmly into the ground for stability, taking the opportunity to set
the plumb-bob directly over the station point (or within 5 mm) by varying the
amount each leg is pushed into the ground.

•

Level the instrument as shown in the following:
1.

Rotate the theodolite so that the plate bubble
is astride two levelling screws.

2.

Turn both screws together in or out, until the
bubble is central in its run.

3.

Rotate the theodolite through 90°.

4.

Turn the remaining footscrew until the bubble is
central in its run.

5.

Repeat procedure (2) and (4) as a check.

Fig 12.8
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Note:
The bubble should remain in the centre of its run at any position of rotation, after
levelling up. If the bubble `wanders' the instrument is out of adjustment. Plate
bubble adjustment is covered under Permanent Adjustments later in the chapter.
•

Set the instrument accurately over the point by loosening the clamp under the
tripod and sliding the instrument across. If using the optical plummet the
plumb bob would need to be removed.

Alternative Method of Levelling and Centring
1. The theodolite is secured to the tripod and then is placed approximately over
a ground station. The legs of the tripod are firmly pushed into the ground.

Fig 12.9
2. The footscrews are adjusted until the optical plummet appears to be ‘over’
the ground station.

Fig 12.10
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3. Individual legs are adjusted till the plate bubble is centred in any position.
Use of the circular bubble is employed. Once the bubble is centred a check
via the optical plummet should reveal the instrument over the ground station.
Note:

The feet of the tripod legs must not be moved at any time
throughout.

Fig 12.11

Eliminating Parallax
Screwing the eyepiece in or out focuses the image of the diaphragm crosshairs
on the retina of the observer's eye.
The telescope focussing screw focuses the image of the target sighted onto the
diaphragm and, hence, to the retina of the eye through the eyepiece which has
already been focussed.
When focussing is adequate, a sharp image of the target and the crosshairs is
obtained, with both focussed onto the crosshairs.
When focussing is not adequate the image of the target does not fall on the plane
of the diaphragm, and when the eye is moved across or up and down there will
appear to be relative movement between the target and the crosshair.
This is parallax and accurate observations and results are not possible when it is
present. This is the same as discussed in the chapter on levelling.
The adjustment procedure to eliminate parallax is the same as for a level:
1. Maintain even illumination of the object lens either by holding your hand in
front of the telescope or pointing the telescope towards the sky.
2. Adjust the eyepiece focus, at the rear of the telescope, until the crosshairs are
in sharp focus.
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A check on this adjustment is carried out as follows:
1. Sight to a target and, using the image focussing screw, bring the image into
sharp coincidence while your eye is fixed on the crosshairs.
2. Move your head up and down, while still looking through the telescope. If the
instrument has been correctly adjusted, there will be no relative movement
between the image and the crosshairs. If there is movement, repeat the above
procedure.
Note:
(a)

To be safe, this check for relative movement of image against crosshairs
by moving your eye from side to side should be carried out with each
pointing.

(b)

Generally, there is no need for parallax adjustment at each set up when
all the sightings are over relatively long distances.

(c)

Targets that lie close to the theodolite may require parallax adjustment
with each pointing, especially as the eye tires.

12.5 Targets
The most common form of target used in angular measurement is the tripod
mounted target incorporating a reflector prism associated with EDM.
Other targets commonly used in plane surveying include:
•
•
•
•

range poles
plumb bob string line
sighting tripod
waddy / survey stake.

The last term, waddy, refers to a survey stake. It is driven into the ground using a
hammer or an axe.
The top of the stake is plumbed over the line or station mark, and used as a
target in sighting. In addition, a red-and-white target of thin cardboard is used to
aid in the sighting. A spring head nail is poked through the red-and-white target
and hammered into the top of the stake.

Fig. 12.12 Waddy with a red-and-white target
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Stakes are often used with spring-head nails and red-and-white targets.
For short sights, a plumb-bob string line held over the ground mark is preferred to
a stake or range pole because the smaller diameter enables more accurate
centring. If the ground point can be seen directly then the sight should be taken
to the actual point. Showing the ground point by using the plumb bob as a pointer
can be an aid.
Accurate plumbing of waddies is essential.

12.6 Errors in Angular Measurement
As in levelling and linear measurements, angular measurements are subject to
the same three sources of error.

Sources of errors
Instrumental Errors
These are cumulative in effect and are caused by defects in the instrument, such
as poor design or construction, or the instrument being out of adjustment.

Personal Errors
These errors in adjusting, readings, handling and sighting the theodolite, are due
to human limitations and are unavoidable.
They are, on the whole,
compensating, and their effect may be reduced by increasing the number of
angular observations and by adopting a mean value.
There is no excuse, however, for gross carelessness due to:
•
•
•
•

instrument not being set exactly over the station mark
level bubbles not perfectly centred
poor focusing
careless plumbing of a target causing the sighted point not to be over the
mark.

Environmental Errors
These arise from variations in the following:
•

Wind, that can vibrate the theodolite or deflect a plumb bob.

•

Temperature, if extreme hot or cold, may cause unequal expansion of
different parts of a theodolite.

•

Refraction is the bending of the line of sight as it passes through different air
densities. This does not apply to short sights. The effect is to cause an
apparent shimmering for the observed target. A sight to a target on a very hot
day is likely to produce this effect.

•

Settling of the tripod in soft ground such as sand or a swamp.

Errors may be categorised under the headings `gross', `systematic' or `random'.
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Types of errors
Gross Errors
These are mistakes on the part of the observer, due to carelessness,
inexperience or fatigue. They are shown listed previously under the heading
`Personal Errors'.

Systematic Errors
Errors of this type are often due to the instrumental defects as noted previously
under the heading `Instrumental Errors'.

Random Errors
Small random errors cannot be avoided. They are due mainly to environmental
conditions but may also be due to normal differences and imperfections between
individual observers with regard to their sight and touch (eg reading scales and
pointing to targets).
The resulting small errors tend to be compensatory. Extreme wind or temperature
can cause errors. In windy weather, shelter the instrument as much as possible.
Choose a favourable observation time so as to avoid heat haze that can make
accurate sighting difficult.
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Chapter 13

Control Traverse
13.1 Introduction
A traverse is a series of related points or stations which, when connected
together with angular and linear values, form a framework.

Types of Traverse
Traverses are classified as either closed or open.

The Closed Traverse
If a traverse proceeds from one coordinated (fixed) point to another, it is known
as a closed traverse. Note that a closed traverse may either close back to its
starting point or to any other coordinated point. It is, therefore, able to be
checked and adjusted to fit accurately between these known points.

∆

Known Station

• New Station
Fig 13.1 Examples of closed traverses

The Open Traverse
An open traverse does not close on to a known point. The end of the traverse,
point F, is left ‘swinging’ with no accurate means of checking angular or linear
errors that may have occurred between A and F. The only check would be to
repeat the whole traverse, or resurvey in the opposite direction.

Fig 13.2 Examples of an open traverse
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13.2 A Control Traverse
Traversing is employed to extend coordinates from one point to another. This is
achieved by starting the observations at a control point of known coordinates and
with a known bearing, measured from another control point, carry forward the
coordinated along a traverse by measuring a series of angles and distances or a
series of bearings and distances and then closing onto a final control point.

Fig 13.3 A control traverse
The normal practice in surveying is to measure the clockwise angles along a
traverse using a theodolite, or total station. With a known initial bearing and a
series of clockwise angles, the bearings between each of the points can be
calculated.
By closing onto a known bearing (in Figure 13.3, the line GY) it is possible to
adjust for any errors in observing the angles or bearings.
Distances can be measured by either the traditional method with a steel tape or
with an Electronic Distance Measuring device.
From the bearings and distances, the differences in coordinates can be
calculated and from them, the coordinates of each of the points along the traverse
can be calculated.

13.3 The Purpose of Traversing
Traversing may be employed in the following:
•

Control

-

establishing a system of horizontal control for setting
out and surveying detail of engineering or mining
projects

•

Setting out

-

the position of design features such as roads,
buildings, sewerage and drainage lines

•

Surveying detail -

pick-up of natural and artificial features in relation to
control
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•

Cadastral

-

establishment of original boundaries and subdivision
into parcels of land

•

Geodetic

-

traversing to provide major control for mapping large
areas.

13.4 Traverse Accuracy
The accuracy of a traverse is dependent on the type of equipment used and the
measuring technique employed, which in turn is dependent on the purpose of the
survey. It is also dependent on the accuracy of the original control that is used as
the basis of the traverse.
For general engineering and site work the range of accuracy could vary between
1:5 000 to 1:20 000 depending on the individual specifications for the job, with,
perhaps, 1:10 000 being a fairly common traverse accuracy.

13.5 Field Work Procedures
Reconnaissance
The initial part of all survey traverses is the reconnaissance. In its simplest form,
the reconnaissance may only be a ‘walk around’ the job; or it may become
involved to the stage where aerial photography of the area is studied in
conjunction with associated maps.
Essentially the site is examined to determine the most suitable position to place
traverse stations in the form of posts, pegs, concrete blocks, iron spikes or rock
marks.
This examination should consider the following factors.

Application
Survey traverses are run for many reasons. For example:
•
•
•
•

topographical
engineering
cadastral and
geodetic surveys.

During the reconnaissance we must look for any existing survey marks so that the
traverse connects to these marks.
Existing surveys should also provide start and finish bearings.

General Survey Requirements
Line length
Lines should be sufficiently long to minimise sighting (random) errors in the
angular work.
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Lines of Sight
There should be clear visibility between stations. Because of the effects of
refraction, causing shimmer, traverse lines should be well above ground level,
and clear of buildings and large trees (0.5 - 1 metre clearance).
Durability of Station Positions
Traverse stations should be located in positions of good accessibility but also
where they are least likely to be disturbed.

Equipment Requirements
Even though a theodolite and EDM, or a total station, would normally be used, the
normal tapes and accessories would be required for short measurements and
referencing of marks. Additional tribrachs may be required for use in forced
centring (see chapter 14).
Two-way radios may also be needed for
communication between stations.

Types of Survey Marks
The type of survey mark that is used for each control point will depend on such
factors as how long the marks will remain for, what the control is being
established for, the accuracy required and the density of the control.
The types of marks that could be used could include wooden pegs, wooden
stakes, brass plaques in concrete, star pickets or rock marks. In the metropolitan
area it is common to use galvanised clouts nailed into the road, or chips made in
concrete, as discussed in chapter 2.

Reference Marks (sometimes referred to as recovery marks).
All major traverse stations should be referenced. This is done by measuring
reference distances to `monuments', such as corners of brick walls, brick or stone
fences, or to reference marks such as iron spikes sunk into the ground or driven
flush into a paved surface. Nails in trees are also used. Thus, should any
traverse station become buried, disturbed or lost in any way, its original position
can be re-established.

Fig 13.4
Typical station referencing
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13.6 Plotting a Traverse to Scale
Plotting may be carried out by angle and distance, or bearing and distance using
a suitable protractor and scale. But the preferred method of plotting a traverse is
by coordinates. Generally the most westerly point is selected as the starting point
for the calculations and the plot, and measurements for each line taken from this
point. The traverse from Figure 13.5 is lettered ABCD to illustrate the plot.
Illustrated below is a page of typical field notes for a control traverse.

Fig 13.5 Typical field notes for the control traverse
From the field notes, the observations at each angle are averaged out and the
distances for each leg of the traverse are averaged out to produce the results
below.

Fig 13.6 Angles and distances have been measured as shown
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From the diagram above, a table can be made up showing the bearings and
distances and the calculated differences in Northings and Eastings and the final
coordinates for each of the points in the traverse. In this example, assumed
coordinates are given to station A.
Station

θ

Dist

Unadjusted
∆N

Adjusted

∆E

∆N

∆E

A
53°40’

366.23

216.98

295.03

216.78

287.27

266.63

106.92

266.48

512.06

− 4 82.69

170.93

− 4 82.96

569.82

0.00

− 5 69.95

− 0 .30

A

100.00

100.00

316.78

394.41

583.26

500.85

100.30

670.92

100.00

100.00

170.07

D
270°00’

E

106.44

C
160°50’

N

294.41

B
21°51’

Adjusted

− 5 70.92

Table 13.1
The most westerly point is given the coordinates of N = 100.00 and E = 100.00 in
this case station A, and the calculated coordinates for each point are plotted from
this assumed origin. From the coordinates, an accurate plot can be drawn for the
traverse, for any set scale. There are several methods that can be used to adjust
the misclose in a traverse.

Fig 13.7
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Fig 13.8
Note
Bearings are based on adjusted angles and have been rounded to the nearest
minute.
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Chapter 14

Miscellaneous Theodolite Skills
There are several techniques in theodolite usage that are relevant to traverse
surveying:

14.1 To Set an Instrument Point on Line Between
Two Points
Often it is necessary to place a survey station exactly on a traverse line. This may
be necessary for a number of reasons, including establishing a setting out point
for future survey work or because a survey station is inaccessible. It is often more
convenient to establish a new point on a line than having to occupy one of the
terminal points of the line.

C

Y
Distance X

A

Z
Distance W

B

Fig 14.1
Point C is located approximately on line between points A and B, a set distance
from point B. Set up the theodolite or total station at C and sight to B. Transit the
instrument and sight to A. Measure the distance Y, which is the error in setting
the point C on line.
Point C needs to be moved distance Z to be on line. Distance Z can be calculated
using the following formula:

Z=

(Y × W)
(X + W)

The distance W, X and Y can be either measured correctly, which will mean that
the correction to the position of C will only need to be done once, or the three
distances can be estimated and then the correction to C may need to be done
several times.
Two trials should bring the instrument to within the range of the centring
movement on its tripod.

14.2 Prolonging a Line with a Theodolite
Another useful skill is to be able to prolong, or extend, a line in a traverse.
With the theodolite or total station set up at point B, sight to the target at point A
on face left and transit to place a peg C1.
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Fig 14.2
Unclamp the horizontal movement and sight to point A on face right. Transit the
instrument and place a peg at C2.
If the instrument is in good adjustment, the marks C1 and C2 will practically
coincide. Otherwise C, the mid point of the line C1 C2, will be the true
prolongation of the line AB.
If the distance BC is 100 m, for example, a length of C1 C2 in excess of about
30mm would indicate a serious misadjustment, and the instrument should be
checked.

14.3 Finding the Point of Intersection of Two Lines
This technique is used when the traverse crosses an existing boundary and it is
necessary to mark the intersection point.

Fig 14.3
It is required to find the point E where the lines AB and CD intersect. With the
theodolite or total station at B, the line AB is prolonged. Place two pegs, at
positions E1 and E2, one point either side of the line CD prolonged and on the line
of AB prolonged.
Points E1 and E2 will now be accurately lined in by the theodolite at B, the points
being on either side of the true line CD produced. In practice, the distance E1 E2
would seldom need to exceed 500mm.
Move the instrument to point D and prolong the line CD to where it intersects the
line E1 − E2 . This is the required point E.
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14.4

Forced Centring

In most theodolites the upper part of the instrument is able to be detached from
the tribrach. A target can then be centred in the exact position previously
occupied by the theodolite. If three tripods (and three tribrachs) are used in this
manner for reading angles and distance measurements, centring (plumbing)
errors are kept to a minimum.
This technique, called forced centring or the three-tripod method, is also useful
in situations where short sides have to be included in the traverse. With short
sides, any centring errors inevitably lead to further pointing errors. Also, these
short traverse legs can occur just where the highest accuracy is needed - in
construction site surveys, or in the setting out of mines and tunnels etc.
With forced centring, a tripod with a target is set up on the initial RO of the
traverse. The instrument is set up on the first control point of the traverse and a
tripod with a target is set up on the second station of the traverse.
After the angle and distances have been measured from the first point, a leap frog
system is used to set up for the observations at the second point.
Firstly, the target and the tribrach set up on the RO are moved to the third point in
the traverse. The top of the instrument is removed from the tribrach and is moved
to the second point while the target on the second point is removed from the
tribrach and moved to the first point.

Fig 14.4 Movement after the observations at point 1
By using this method, only once in each movement does either a target or the
instrument have to be plumbed. By leaving the tribrach still plumbed at two points
each time, there is less possibility of a plumbing error occurring at any of the
points. This in turn reduces errors in the traverse and subsequently would
increase the accuracy of the traverse.
After the observations have been completed at point 2 the target and tribrach at
point 1 are moved to point 4. The instrument, without the tribrach, is moved from
point 2 to point 3 while the target, without the tribrach, at point 3 is moved to point
2. The instrument is now ready to complete the observations at point 3.
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Fig 14.5 Movement after the observations at point 2
This leapfrog method would then continue throughout the traverse, until the
instrument would finally reach the last point.
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Chapter 15

Detail Surveys
15.1 Introduction
Detail surveys are made to obtain the positions of features on an area of land so that
a general plan of that area can be produced. This might be for redevelopment
purposes or just so that details within that area of land are known.
All features, man-made or natural, must be located and shown on the plans.
Various survey methods are available for obtaining these positions; some are
manual, traditional methods, while others are state of the art, electronic methods.
The survey method selected will depend on:
•
•
•
•

the size of the survey, including extent and complexity
type of detail to be surveyed, whether mainly buildings or isolated point features
instruments available
plotting facilities available.

Whichever method is used, it will require full checks during the survey to ensure the
reliability of the information gathered.
Generally required, to locate points for plotting, will be horizontal and vertical angles,
and distances, although with digital data collected from a total station, the data is
down loaded into a computer and the required plan is plotted using a computer
program such as Autocad, Civilcad or the specialist surveying program, Surpac.

15.2 Position Fixing Using Three Dimensions
Two of the most common surveying tasks are:
• the determination of horizontal position
•

the determination of relative heights.

Horizontal surveying operations are in two dimensions for representation of features
in plan form, ie the x-axis and y-axis represent the survey convention E & N.

Fig 15.1
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Vertical surveying (levelling) operations are in the third dimension: z-axis, for
ascertaining relative altitudes (heights) on the earth’s surface. These heights relative
to a common datum are referred to as Reduced Levels (RLs).

Principles of Horizontal Position Fixing
In the following examples let C be a point whose position has to be determined
relative to two already surveyed and plotted points A and B.
The following techniques may be employed to establish the position at C.

Trilateration
Trilateration is the determination of position by the measurement of lines.

Measure AC and BC.
Point C may be plotted.

Fig 15.2

By Constructing and Measuring Perpendiculars
By this method, a distance is measured to the feature at a right angle from the base
line.

Construct perpendicular from C
meet AB and D.
Measure AD, DB and CD.
C may now be plotted.

Fig 15.3

Triangulation
This method involves the measurement of a baseline and angles to determine the
position of a point.

Measure angles at A, B and C.
C may now be plotted.

Fig 15.4
Since points A and B have been previously surveyed, length AB is known or can be
computed.
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Traversing
This method involves the measurement of a distance and an angle to determine the
location of a position.

As in triangulation, length AB is known.
Measure AC and angle at A. C may
now be plotted.

Fig 15.5

Intersection (where the position of point c has not been established)
This method involves the measurement of a single base distance and two angles to
determine the position of a point.

Distance AB is known.
Measure angles at A and B.
The lines forming the angles intersect at C,
thus establishing the position of C.
Fig 15.6

15.3 Principles of Linear Measurement for Small
Surveys
Working from the Whole to the Part
This is a fundamental principle for all surveying. Treat the area as a whole, then
break it down into several triangles rather than the reverse.

Form Well-Conditioned Triangles
Form angles preferably between 30° and 120°. Aim for equilateral figures, based on
at least one long backbone line.

Fig. 15.7
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Economy of Lines
Use as few measured lines as is necessary, while avoiding obstacles and steep
slopes, but using sufficient check lines to minimise errors (see Figure 15.7).

Station Selection
Permanent stations should be placed in suitable positions that will not be disturbed.
Referring of Stations to permanent features (fence post, brick wall etc.) is desirable
where the stations have to be used again. Referencing should consist of at least two
measurements to form a well-conditioned triangle.

Fig 15.8

Offsets and Ties to Detail
Selection of main survey lines should be such that offsets to detail (property
improvements, features etc) are kept as short as possible - less than 10 m. Offsets
are at right angles to the chainage lines.
For detail in excess of 10 m from the survey line, ties should be used. Usually two
ties are taken, from positions that will form a well-conditioned triangle with the feature
point.

Fig 15.9
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15.4 Setting out a Right Angle
To record information off the line, offsets are measured at right angles to the line and
the chainage recorded. The perpendicular to the line may be set out in a number of
ways, depending on the accuracy required.

Fig 15.10

Approximate Methods
1.

By eye, using method of outstretched arms. This technique is widely used for
setting out a right angle where less accuracy is required. Arms are outstretched
along the line, and then brought to front.

Fig 15.11
2. By using the tape. The leader holds the tape ring at the point of detail. The
follower pulls the tape taut across the chain line and judges the right angle by
moving the tape in an arc, the shortest arc which will just touch the chain on line
(at 90°) giving the offset length, and the correct chainage to the offset.

More Accurate Methods
3. To place E on line AB perpendicular to X:
•

Swing arc from X, cutting line AB at C & D.

•

Set E midway between C & D.

•

The perpendicular point, E, is the shortest distance from X.

Fig 15.12
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4. To place C on line perpendicular to X:
•

Set a point D on line AB approximately equal to distance XC.

•

Set O midway and on line between X & D.

•

From O swing an arc of radius OX.

•

C will be the required point where the arc intersects the line AB.

Fig 15.13

Setting out from a point on the line
5. To set out from B:
•

BX and BY are equal distances set out from B.

•

From X and Y arcs XZ and YZ are intersected to define Z.

Fig 15.14
6. To set out from B, using ratios 3, 4, 5 or 6, 8, 10 etc:
•

Mark point C 6 m from B.

•

Hold the zero end of the cloth tape at B and the 18m mark at C.

•

Pull the 8m mark of the cloth tape until triangle BDC is formed as shown.

•

D is now perpendicular to BA.

Fig 15.15

94

INTRODUCTION TO SURVEYING – SECOND EDITION

Setting out using an optical square
7. The optical square is a small hand-held instrument used to set out a right angle.
When the eye is placed at the aperture, rays from C go through the unsilvered
portion of B to the eye and rays from D are reflected from mirror A to mirror B,
then to the eye. The angles of the mirrors are such that the angle between B and
C is a right angle.

Fig 15.16
The mirrors can be replaced by a prism.

Fig 15.17
To set out a line from P at right angles to a line AC, hold the optical square over
P and sight on a range pole at C. A chainman in the direction of the offset is
waved on line, so that the image of a range pole at D coincides with the image at
C.

Fig 15.18
To find a point P on the line AC such that the line from D is at right angles, the
observer moves along the line with the optical square until range poles at C and
D appear to coincide.
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The most commonly used optical square has a double prism and can also be
used as a line ranger. Two prisms are placed on top of one another so that a
right angle could be set out on both sides of a survey line at the same time. This
would be achieved by obtaining coincidence of the two images from either side
with the direct view.

Fig 15.19 The double-prism optical square
It follows then that, when images of range poles on either side of a point are in
coincidence, the point will be on the straight line between them. Thus, the optical
square can be used as a rangefinder. By walking across a survey line the
terminals of which are marked, this point will be ranged on that line when the
images of the terminal rods are coincident across both prisms.

15.5 Detail Surveys - Traditional Methods
Taping
Three methods in common use, involving only tape or tape and optical square, are:
•
•
•

tape only − producing building lines to boundaries
tape only − intersecting distances from boundary points
tape and optical square − right angle offsets from boundaries to points to
be located.

In all cases, boundary information is available from the Land Titles Office. Existing
fences must be checked for agreement with given boundary measurements.

Tape Only − Producing Building Lines to Boundaries

Fig 15.20
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•

The minimum to plot a building is one building side produced (each way) to
a boundary, provided the line of sight is clear from one boundary to
opposite boundary.

•

Produce AB to a’ and b’; measure these distances.

•

Plot the boundary from Land Title Office plans, then plot the measured
distances from the boundary corners along the boundaries to points such
as a’, a” etc. and from the boundary to the building.

•

Measure and plot Pa’, a’A, Bb’ and b’Q.

•

Measure around the building and check that opposite sides agree.

•

Produce as many sides as required to fix the building securely.

•

For safety always have extra lines for checks when plotting.

•

This method is not suitable for positioning point features.

Tape Only − Intersecting Distances from Boundary Points

Fig 15.21
•

Two distances into each point to be located are necessary.
For example, from P and a into building corner A;
from Q and a into building corner B.

•

Measure distances along the boundaries so that intermediate points may
be plotted.
For example, Pa and aQ.

•

For safety always have extra check lines for plotting.
For example, SD and RC.

•

Measure around the building and check that opposite sides agree.

•

This method is suitable for locating point features.
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Tape and Optical Square − Right Angle Distances to Selected Features

Fig 15.22
•

With the optical square, from the boundary intersect selected features at
right angles.
For example, at a’ to corner A, to c’ to corner C etc.

•

Measure the boundary distances and offset distances in to those features.
For example, boundary distance Pa’, offset distance a’A.

•

For safety always have extra check lines for plotting.
For example, check connection is to corner B or C.

•

Measure around the building and check that opposite sides agree.

•

This method is suitable for locating all features, both point and otherwise.

Note:
For all these types of surveys, levels may also be required at positions such as:
•
•
•
•
•
•
•

lot corners
building corners
building floor levels
positions along boundaries where changes of grade occur
at obvious high or low points within the lot
on road centre-lines (on production of boundary lines)
inverse levels of drains.

Theodolite and Tape
Radiations, involving theodolite and tape, are also commonly used. From an
instrument position, horizontal and vertical angles and distances are taken to each
point to be located.
The instrument position is selected so as to give good coverage within the lot under
survey, and may be an arbitrary position or coordinated, such as a lot corner.
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Levels may also be required - for some situations the theodolite may be used to read
the staff, especially on flat areas. On more hilly areas, use a level and staff.
A protractor and scale are necessary to plot these positions.
Many detail surveys in the past were undertaken by the method of stadia
tacheometry, where points of detail were located by the radiation method. This
traditional method has been more or less replaced by modern EDM instruments.

15.6 Detail Surveys - Modern Methods
Modern methods for detail surveys involve radiations with either optical or electronic
theodolite and EDM or perhaps a ‘total station’ type of instrument; that is, electronic
theodolite with built-in EDM. With optical or electronic theodolites and EDMs, the
basic information required for plotting each point will still be horizontal and vertical
angles and distances.
In the case of Total Station type instruments, coordinates are recorded and either
manually plotted or down loaded as digital data and plotted using a computer
program.
Survey data is recorded either:
• manually in field books, or
• electronically in data recorders (electronic ‘capture’).
With electronic capture of data, all survey information can be transferred to an office
computer for processing and later plotting using a Computer Aided Drafting (CAD)
program. This is much faster and more precise than manual drafting.
It should be noted that for many types of small surveys, ‘traditional’ survey methods
may be more convenient and faster than ‘modern’ methods.
Any control figure must be closed to ensure accuracy.
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In the example below, a detail survey is to be conducted over a selected area. Two survey
stations are initially set up, such that from Survey Station K to Survey Station L has a bearing
of 145° and a distance of 176m.
From Station K, the following observations were made:
Point No

Bearing

Distance

Comments

1

70° 10’

102.5

Building 1

2

87° 45’

96.7

Building 1

3

96°

85

Building 1

4

110°

90

Building 1

5

84° 30’

39.5

Tree diameter 0.2m

6

336° 45’

45.5

Building 2

7

311°

31.8

Building 2

8

304° 30’

41

Building 2

9

287°

39.4

Building 2

10

245° 30’

36.5

East side Road

11

217° 45’

38.5

East side Road

12

205° 30’

49.2

East side Road

13

176° 30’

44.5

North East car park

14

228°

52.5

West side of Road

From Station L, the following observations were made:
Point No

Bearing

Distance

Comments

15

7° 10’

116

Building 1

16

11°

80

Building 1

17

18°

82.7

Building 1

18

22° 30’

65.3

Building 1

19

226° 45’

32

Tree diameter 0.3

20

275° 45’

106.4

North – tennis court

21

263°

91

East – tennis court

22

258° 50’

106

South – tennis court

23

270° 15’

119.6

West – tennis court

24

278°

79.8

Tree diameter 0.3

25

293°

105.2

SE car park

26

288° 30’

131.3

East side road

27

279°

133.8

East side road

28

287°

145.5

West side road

29

281° 30’

145

West side road

Note:

In the car parking, there are 6 bays, equally spaced.
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The first step is to set up a grid at a suitable scale, making sure that it is big enough to be
able to plot all points.
After the grid has been set up, plot the control points and then plot each of the observations
made at each control point. This would result in the final plan similar to that below.
A......................................

B ................................. C ..............

E ......................................

F ................

D ..........................

N

1:1 000

6

8

0° 0' 0"

H
7

1
°1
70

0'

9
°1
θ 70

K

L=
0'

.5m
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5

2
3

10

G

4

11

15

14
12

13

16

17

I
18

28

25

26

29
27
20

24

23

L

J
21
19

22
G = Building 1
J = Tennis Court

H = Building 2
K = Survey Station 1
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15.7 Use of Field Books in Detail Surveys
•

Draw neat sketches of the features on the lot under survey, to show true shapes,
as far as possible.

•

Maintain true relationships between positions of features, as far as possible.

•

Each point radiated should have a point number shown both on the sketch and in
the tabulations - this allows easy crosschecking when plotting, especially if an
error has occurred.

•

For each radiated point show:
Point No.

Description

Horizontal Angle

Vertical Angle

Distance

For typical suburban detail surveys, field notes should show:
•
•
•
•
•
•
•
•
•
•
•
•

15.8

buildings − construction, types and use
adjoining land use
boundary (fence) distances
measurements along all sides of buildings
distances between buildings
distances between fences and buildings
fencing type and height
lengths and widths of paths and driveways
distances from front boundary corners to road centre-lines
positions of sumps − stormwater and sewerage
approximate height and diameter of trees
overhead obstructions − power and telephone lines, overhanging trees etc.

Detail Surveys - Procedural Summary

1. Purpose of Survey - Plot and/or Coordinate Listing for:
-

design for construction/demolition
extensions to existing works
volumes
landscaping

2. Selection of Equipment
-

level and tape
theodolite and staff
electronic - theodolite EDM (manual booking)
total station (data recorder)

3. Datums (horizontal and vertical)
-

Australian Map Grid (AMG) / Australian Height Datum (AHD)
Map Grid of Australia (MGA) / Australian Height Datum (AHD)
Cadastral/Australian Height Datum (AHD)
Local/Australian Height Datum (AHD)
Project Grid/Australian Height Datum (AHD)
Arbitrary
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4. Control
-

selection and placement

5. Booking (Manual or Automatic)
-

format
point description
selection of detail eg
natural surface/change of grade (ø)
vegetation (spread and species)
building and construction materials
floor levels
underground and overhead services
manholes
kerb and road centre-line
cadastral boundaries
footpaths

6. Checks
-

control figure closure
look for ‘holes’ in data to ensure a complete coverage
field check the plot.
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Chapter 16

Level Sections
16.1 Introduction
Plans for the design of roads and other linear features consist basically of a plan
view, a longitudinal section and cross-sections.
A locality sketch may be included in the drawings. Drainage, sewerage and water
supply plans do not require the cross-section. It should be noted that the plan,
longitudinal section and various subsidiary diagrams and information are shown
on one sheet, while the cross-sections are drawn separately on as many sheets
as may be required to cover the length of the traverse.

Plan View, Longitudinal Section and Cross-section
As an example, for a road design the three basic drawings contain the following
information:

The Plan View
The plan view is the one obtained when the road is viewed from above. It is
usually drawn to a scale of between 1:1,000 and 1:2,500 and plotted with the
chainages running from left to right across the sheet.

Fig 16.1
In an engineering survey, the base or `datum' line is the centre-line and it is
usually not as precise as a cadastral survey. Features such as boundary fences
are shown in the position they occupy, which may not be the correct one. The
location of the true road boundaries, for instance, may not be indicated if this
information is not readily available without a special survey, but surveyors will
always tie to SSMs or other available survey marks.
The plan shows, to scale, all information recorded by a surveyor in relation to the
centre-line of the proposed road. Fences, waterways, existing road boundaries,
existing pavements, existing structures such as bridges and culverts, buildings,
public utilities etc are shown.
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The type of land - eg cultivated, timbered, grazing etc - and any other physical
feature which may affect the road design - eg rock outcrops and swamps - are
indicated.
Angles and distances along the pegged centre-line are written on the plan. Other
bearings and distances such as those relating to fences or property boundaries
are not shown. Connections to SSMs and BMs, along with their RLs are
tabulated.
Before plotting a plan view, examine the Field Book and note the shape of the
pegged centre-line. The centre-line consists of a series of straights or tangents
jointed by horizontal curves. If the curves did not exist, a tangent could be
produced or extended to intersect with the adjoining tangent at a point that is
known as the IP or intersection point.

Running Chainages
Engineering plans differ from other survey plans in that, although intermediate
distance are measured, each bend or mark on straights is identified by a
chainage from the starting point.

Fig 16.2
Each mark placed on the survey then is shown on the plan by its running
chainage.

Longitudinal Sections
Plotting Profiles or Longitudinal Sections from Level Sheets
Where a clear and accurate portrayal of the configuration of the earth's surface is
required for any purpose, the advantages of the longitudinal section are obvious.
It shows in profile the land along the line of survey. The information to produce a
longitudinal section is obtained from the reduced levels of points along a line of
survey and the measured distances between them.
The accuracy of the longitudinal section is determined by the selection and the
frequency of the number of points levelled along the line. The nature of the
particular work in hand is taken into consideration by the surveyor.
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Longitudinal sections for rural roads are usually drawn to a scale which gives a 10
times exaggeration; that is, if the horizontal scale is 1:2,500 the vertical scale will
be 1:250.
This exaggerated scale is necessary in order that small differences in vertical
height between the natural surface and the grade line may be easily
distinguished.
For example, a difference in level of 10m would be
indistinguishable at a vertical scale of 1:2,500 whereas at a scale of 1:250 the
difference would be quite apparent to the eye.
The height that the finished drawing will occupy can be determined by referring to
the surveyor's level book and, over the range of chainages to be plotted, finding
the maximum and minimum reduced levels at the road centre-line. The
difference in height between these two levels can be converted to so many
metres of height at the vertical scale.

Example
Maximum RL on centre-line
Minimum RL on centre-line
Difference in level

197.70 m
118.50 m
79.20 m

Space occupied by road profile

79.2 m

350mm at 1:250
Therefore, the maximum height of the longitudinal section would be 350mm, plus
50mm for RL chainage, fill etc, 400mm in total.

Cross-sections
Cross-sections are sections of the earth's surface taken at an angle to the
surveyed line of route. They are used for many purposes, chiefly in connection
with engineering survey construction work such as roads, water channels, sites
for bridges etc. These sections are run at right angles to the surveyed line; if not,
an angle or bearing is given to indicate the direction.
Where cross-sections are required, the level book will indicate this in columns
provided for the purpose, and in addition to the usual information, the location and
extent of the cross-section will be shown. The columns are marked `left' and
‘right’ and the figures shown refer to distances left or right of the line in the
direction in which it is run - that is, looking along the line of survey from the lowest
chainage upwards. Reduced levels at these distances are given in the
appropriate column.
The chainages of the points along the surveyed line at which cross-sections are
taken are also clearly indicated in the level book. Each group of figures relating
to a cross-section is sometimes bracketed and the chainage of the point is shown
against it in the remarks column. Also, sometimes the surveyor numbers the
cross-sections in order from the point of commencement as CS1, CS2, etc. At a
bend or angle in the line where a cross-section is required, the direction is usually
on the half angle unless otherwise stated.
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In plotting cross-sections they should be arranged on the sheet to form a wellbalanced group, but not close enough for the work to become confused. They
may be drawn to a ‘natural scale’ that may range between 1:50 and 1:250,
according to the particular requirements of the work in hand. The base line
extends each side of zero, the longitudinal line survey, and at the points indicated
by the left and right distances. Vertical lines are set at these points on which the
reduced levels are scaled. By connecting these plotted levels we obtain a
representation of the earth's surface.
Cross-sections are necessary for several purposes, the most important being:
1.

to enable earthwork quantities to be calculated

2.

to enable the full width occupied by the road formation to be measured and
so ensure that a sufficiently wide road reserve is provided

3.

to enable the length of drainage structures to be measured

4.

to enable the limits of the batters in cutting and filling to be fixed on the
ground for construction purposes.

Fig 16.3
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Fig 16.5

16.2 Formation Level
The plan, longitudinal sections and cross-sections are supplied to the design
engineer who designs the actual profile of the sections. The balancing of areas of
cut and fill has obvious economic advantages and is taken into account along
with other design criteria. Design RLs for the formation level are calculated for
points along the sections, preparatory to staking of the points and earthworks.

16.3 Grade Line
The grade or gradient of the line connecting two points may be defined as the
rate of change of height with respect to the horizontal distance along this line.
Grades may be expressed in three ways. For example, a grade of 1m vertical to
20m horizontal can be stated as:
1. a Ratio

1 in 20 = 1:20

2. a Percentage

1 in 20 = 5 in 100 = 5%

1
= 20 51' 45"
20
The sketch below illustrates these different methods of expressing grades.

3. an angle

1 in 20 = Tan

Fig 16.6
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For most road construction purposes grades are expressed as percentages or as
a ratio. It is sometimes necessary to calculate grades between two points of
known RL, for example between a right shoulder and a centre-line.
4.

Given:

The RLA
Distance AB
Grade AB

=
=
=

10.00
20 m
+3%

Calculate the RLB.
∆HAB = 3% of 20 m or
RL B = RL AB + ∆H AB

3

x

20

= 0.60 m
100
1
= 10.00 + 0.60 = 10.60

Note:
The slope of the grade (+ or –) is shown in the direction of the chainage. For
example, in the longitudinal section in Figure 16.4 the:
Formation RL at chainage 00
Formation RL at chainage 100
The grade is, therefore, RL100 – RL00
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=
=
=
=
=

18.902
16.402
16.402 – 18.902
–2.5 in 100
–2.5%
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Chapter 17

Pegging and Levelling a
Section of Road
17.1 Introduction
Prior to the commencement of the construction work on a road, there is
considerable work required by the surveyor.
Once the initial decision has been made to construct a road, the surveyor will visit
the area and make a detailed map of where the road will be constructed. From this
map the tentative location of the centreline of the road is determined.
After the location of the road has been decided on, the surveyor will again visit the
area and commence pegging the centreline of the road.

17.2 Pegging a Road
The initial stage of pegging the road is to peg the location along the route where the
road will change direction.
The surveyor will also determine the direction and distance between each of these
points.

Fig 17.1
Having determined the location for the centreline, the surveyor then designs the
curves to connect the straight portions into the final road.

Fig 17.2
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The surveyor must now place pegs along the entire length of the centreline of the
road.

Chainage Pegs
The surveyor will start placing pegs along the centreline of the road at even
intervals, starting at the first point of the road and continue for the entire length,
including around the curves. These pegs are called chainage pegs.
The most common interval for chainage pegs is 20m although 25m is also used.
Each peg is referenced as a distance from the start, with the start point being
chainage 00m. This means that each peg along the length of the centreline of the
road will have a unique reference.

Fig 17.3
The normal peg used for a chainage peg to indicate the centreline is a 25mm x
25mm wooden peg, painted white on the top half. These pegs are not permanent,
but rather will be removed once the construction work starts. Each peg would be
protected by placing a survey stake next to it, with flagging, so that they can
easily be seen.

Offset Pegs
Once the centreline pegs have been positioned, the surveyor will then position two
pegs each side of each centreline peg. These pegs are placed at right angles from
the centreline pegs and at an even interval from the centreline.
The distance from the centreline will depend on the type of road being constructed,
but the more common distances are 10m and 20m or 20m and 40m out.

Fig 17.4
The offset pegs are best positioned using an optical square, tape and range pole.
There is no need to place a survey stake next to each peg, as they can easily be
replaced and only an approximate position for each is necessary.
Like the chainage pegs, the offset pegs are usually 25mm x 25mm survey pegs,
painted white at the top.
From these pegs the surveyor will be able to draw a very detailed contour plan.
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17.3 Determining the Reduced Levels of the Pegs
along a Road
After all the chainage pegs and offset pegs have been placed in their correct
positions, the surveyor will then conduct a level traverse along the entire length of
the road, obtaining the ground height next to every peg.
From these heights, the surveyor will draw a detailed contour plan, on which the final
road design can be draw.

Fig 17.5
Under the plan the surveyor will draw a series of longitudinal sections along the
length of the road. These sections will also include the final position of the road,
together with the grade, to show the final formation heights of the road.
From the centreline heights and the heights from the offset pegs, a cross section for
each chainage peg is drawn together with the final road formation. From these cross
sections, the surveyor can calculate the area of the road formation at each cross
section and then the volumes.
These volumes will allow the determination of the cut and fills along the road.
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Chapter 18

Road Construction
18.1 Introduction
All roads consist of a carriageway and a drainage system. Set out below is a cross
section of a typical road.

Fig 18.1

18.2 Parts of a Road
Batter
A batter is the artificial side slope of the road formation from the road to the natural
surface. From the natural surface it can be upward for an area of fill or downward for
an area of cut.

Fig 18.2
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Traffic Lanes
The traffic lanes are that part of a road where vehicles would normally drive. This will
vary in width, depending on the number of lanes to the road. A lane is the portion of
road that is allocated for the use of a single line of vehicles moving in the same
direction.

Fig 18.3

Shoulders
The shoulders of a road are the widths of carriageway between the outer edges of
the traffic lanes and the verge. The primary purpose of the shoulders is to provide
stability to the roads, and to act as a safety strip or emergency stopping space for
vehicles. See Figure 18.3 above.

Pavement
The pavement is the portion of the road, excluding the shoulders, placed above the
sub-grade to support and form a running surface for vehicles. The pavement is
made up of the sub-base, the base and the surface course. The pavement is
designed to distribute the weight of vehicles and to provide a durable wearing
surface.

Fig 18.4

Carriageway
The carriageway is the portion of the road intended for use by vehicles, and includes
the shoulders. It can be of single, double or multi-lane construction.

Formation Width
The formation width is that part of the road bounded by the batters on either side. It
includes the traffic lanes, shoulders and the verges on both sides of the road.
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Fig 18.5

Verge
The verge is that portion of the road that is between the shoulders and the batters. It
is unpaved and forms the transition between the roadway and the batter.

Fig 18.6

Embankments
An embankment is a section of road that has been built up above the natural surface
of the surrounding area. This requires soil being brought in to increase the height of
the road formation.

Fig 18.7
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Cuttings
A cutting is a section of road that has been cut out of the ground so that the road is
below the natural surface of the surrounding area. This requires soil to be removed
to decrease the height of the road formation.

Fig 18.8

18.3 Road Drainage
A road will be damaged unless the moisture content of the soil is adequately
controlled. The removal of water from a road is important so that the movement of
traffic along the road during periods of rain is not impeded. To achieve this a wide
variety of systems is used.

Camber
Camber is the convexity of a road, meaning that the centre, or crown, of the road is
higher than the sides. This means that water will drain from the centre to either side
of the road.

Fig 18.9

Crossfall
Crossfall is the straight slope of the road from one side to the other. Normal practice
is for crossfall to be used on single lane roads, side hill roads and where it is
necessary to drain water to one side only.

117

CHAPTER 18 – ROAD CONSTRUCTION

Fig 18.10

Table Drain
Table drains comprise part of the road formation. They run parallel to the shoulders
and collect water from the carriage on one or both sides of the road. Their grade is
usually the same as the carriageway

Fig 18.11

Catch Drain
A catch drain is a drain constructed along the high side of a road or embankment
outside the batter to intercept surface water. The drain should be as near as
possible to the top of the cutting, and channel the water into culverts or natural water
courses wherever possible.

Fig 18.12
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Culverts
Culverts are pipes or enclosed channels used to convey water from one side of the
road to the other side, under the formation level. Drains are designed to run into a
culvert on the uphill side of the road and away from the road on the down hill side of
the road.

Fig 18.13

Fig 18.14

Floodways
Floodways are low-lying sections of a road that are specially designed to resist the
effects of flooding. They are usually constructed of erosion-resistant material, such
as concrete.
Floodways are designed to channel flood water from one side of the road to the
other at a specified point and then away from the vicinity of the road.
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Chapter 19

Areas of Regular and Irregular
Figures
Introduction
The calculation of areas is a fundamental calculation required to be determined
by a surveyor, whether it be the calculation of the areas of a parcel of land, or of a
lake or a wooded area, or an area to be paved or a construction area.
In the metric system, area is measured in square metres (m2) or in hectares (ha).
One hectare = 10,000m2
There are two types of areas that a surveyor is required to determine – areas of
regular figures, such as rectangles and triangles, and the areas of irregular
figures such as lakes or properties bounded by features such as rivers.
This chapter describes various methods of calculating areas of plane figures, both
regular and irregular.

19.1 Areas of Regular Figures
The Square and Rectangle
Area = AB × BC

Fig 19.1
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The Triangle
(i)

Area = ½ base × perpendicular height

Fig 19.2
Area = ½BC × AB

Area = ½BC × AD

(ii)

Fig 19.3

Area

=

a.b.sinC
2
a
b
=
sinA sinB
a.sinB
b =
sinA

Therefore:
a.a.sinB.sinC
Area =
2.sinA
2
a .sinB.sinC
=
2.sinA
Area

=

s (s − a )(s − b )(s − c )
Where s =
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The Parallelogram
A parallelogram is a quadrilateral with pairs of opposite sides parallel.

Fig 19.4
Area = a × b × sin A.
Area =½ AC × BD × sin ∠BOC

The Trapezium
A trapezium has two parallel sides and all sides may be unequal.
(i)

Fig 19.5
Although a trapezium has two parallel sides and all sides unequal,
∠A + ∠B = 180° and ∠C + ∠D = 180°
Area = ½Σ parallel sides × perpendicular height
Area =

(AD + BC)
2

xh
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(ii)

Fig 19.6
If EF is parallel to AD and BC, and midway between them:
then

EF =

AD + BC
2

and

Area = EF x h

Areas by Coordinates
Once coordinates have been determined, they can be used to calculate the area
of any polygon by substituting into the following sequence:
(NA × EB) + (NB × EC) +......etc – (EA × NB) – (EB × NC) –......etc as shown below.
The resultant calculation gives twice the area.

Fig 19.7
((NA x EB) + (NB x EC) + (NC x ED) + (ND x EE) + (DE x EA)) – (EA x NB) +
(EB x NC) + (EC x ND) + (ED x NE) + (EE x NA))
Using this equation, if you travel around the figure in a clockwise direction, the
result will be a positive; if you travel around the figure in an anti-clockwise
direction there will be a negative result. Both ways the absolute value will be
correct (ie disregard the negative).
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This will only produce a correct result if the first control point is also the last
control point. You can see from the above formulae that it starts with the northing
of pt A and finishes with the easting of pt A
The mathematics is best done by setting up a table, similar to the one below.
Pt
A

Northing
674.345

Easting
364.392

B

715.825

526.937

C

562.826

682.910

D

328.426

561.039

E

351.813

385.491

A

674.345

NxE

ExN

NA x EB = 355,337.331

EA x NB = 260,840.903

NB x EC = 488,844.051

EB x NC = 296,573.844

NC x ED = 315,767.336

EC x ND = 224,285.400

ND x EE = 126,605.267

ED x NE = 197,380.814

NE x EA = 128,197.843

EE x NA = 259,953.928

364.392
∑= 1,414,751.828

∑= 1,239,034.889

(N x E) - (E x N) = 1,414,751.828 – 1,239,034.889 = 175,716.939
Area = ½ ((N x E) - (E x N)) = ½ (175,716.939) = 87,858.469 m2

19.2 Areas of Irregular Figures
Calculation of areas usually involves figures composed of straight lines, or regular
figures. Triangle solutions or Coordinates are the approaches taken for solution.
In some cases, however, survey boundaries include irregular figures. This
section essentially considers solution of areas in irregular figures.

Survey Practice
When confronted with an irregular boundary, general survey practice is to locate
the boundary by a series of offsets.

Fig 19.8
The selected interval (B) between offsets is chosen such that the length of the
boundary between offsets is assumed straight, and the area is divided into a
series of trapezoids.
Area of Trapezoid (1) = (A1 + A2) x B
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2
Area of Trapezoid (2) =

(A2 + A3)
2

x B

Area of Trapezoid (3) =

(A3 + A4)
2

x B

Area of Trapezoid (4) =

(A4 + A5)
2

x B

Area of Trapezoid (5) =

(A5 + A6)
2

x B

Area of Trapezoid (6) =

(A6 + A7)
2

x B

Summing, we get
Area = ½ x B(A1 + 2A2 + 2A3 + 2A4 + 2A5 + 2A6 + A7)
This can be simplified to
Area = B (½A1 + A2 + A3 +..+ An-1 + ½An)
Or
Area = Interval (½[first + last] + Σ intermediates)

Example

Fig 19.9
In calculating the area of the figure above, first calculate the area of the regular
figure.
Area of regular figure = 40 x 60 = 2400m2
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The second step is to calculate the irregular area:
Interval = 10m
First offset = 53 – 40 = 13m
Last offset = 49 – 40 = 9m
Intermediate offsets = 12, 10, 11, 12 and 8
Σ of Intermediate offsets = 12 + 10 + 11 + 12 + 8 = 53m
Area = Interval (½[first + last] + Σ intermediates)
= 10 (½ [13 + 9] + 53)
= 10(11 + 53)
= 10(64)
= 640m2
Total Area = Area of regular figure + area of irregular figure
= 2400 + 640
= 3040m2
Usually when this method is used to calculate the area of an irregular figure, the
last trapezoid has an uneven interval. When this occurs the last trapezoid is
calculated separately, as seen in the following example.

Example

Fig 19.10
Step 1

Calculate the area of the regular figure
Area1 = 21 x 56.580
= 1,188.180m2

Step 2

Calculate the area of the regular trapezoids
Area = Interval (½[first + last] + Σ intermediates)
Area 2 = 10(½[8.56 + 9.10] + [9.29 + 8.93 + 8.74 + 8.14 ])
= 439.300m2
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Step 3

Calculate the area of the odd trapezoid
Area3 = ½(AB + DC) x interval
= ½(9.10 + 8.95) x 6.580
= 59.385m2

Step 4

Calculate the total area
Total Area = Area1 + Area2 + Area3
= 1,188.180 + 439.300 + 59.385
= 1,686.865m2

This formula is known as the Trapezoid or End Area rule. The theory of this
method is that the irregular boundary approximates a straight line and usually
little accuracy is lost if the interval between offsets is kept short.
Another formula, known as Simpson's Rule, is also used to compute areas of
irregular figures. Simpson's Rule, which usually gives greater accuracy, assumes
that the irregular boundary is composed of a series of parabolic arcs. If the
irregular boundary closely approximates a straight line, then the trapezoid rule is
more accurate than Simpson’s rule.
It is essential that the figure under consideration be divided into an even number
of equal strips; ie there must be an uneven number of offsets.
Simpson's Rule states that the area enclosed by a curvilinear figure divided into
an even number of strips is equal to one third the width of the strips multiplied by
the sum of the two extreme offsets plus twice the sum of the remaining odd
offsets and four times the sum of the even offsets.
Area =

D
3

(Offset1 + Offsetn + 4Σeven offsets + 2Σodd offsets)

Note:
Simpson's Rule assumes the boundary to be defined by a parabolic curve and
calculates the area of the trapezoid and segment.

Fig 19.11
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Example

Fig 19.12
Step 1

Calculate the area of the regular figure

Step 2

Area = 43.00 x 92.10
= 3960.30m2
Calculate the area of the irregular figure
Area =

D (Offset1 + Offsetn + 4Σeven offsets + 2Σodd offsets
3
= 15.35 / 3 (6.16 + 5.27 + 4(6.45 + 4.32 + 5.02) + 2(6.54 + 3.94))
= 15.35 / 3 (11.43 + 63.16 + 20.96)
= 488.90m2

Step 3

Calculate the Total Area
Total Area = 3960.30 + 488.90
= 4449.20m2

19.3 Alternative Methods of Solution of Area of
Irregular Figures
Graphical Methods
The area of any complex figure, whether it has straight lines or curved
boundaries, can be calculated by estimating how many squares of a dot or
square aid would be equivalent to it. The simplest method is to place over the
area to be measured a grid of known dimensions (eg 5 mm grid squares) on
tracing paper, estimate by eye, the number of squares and part squares covered
by the area and then use that information to calculate the area.
Figure 19.13 below shows a lake on a map at 1:50 000 with a 5 mm grid overlaid.
To measure the area of the lake, it is necessary only to count the total number of
squares and part squares covered by the lake, then knowing the area of each
square, use the scale of the map.
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1:50 000
Fig 19.13

Example:
In Figure 19.13, by counting the whole squares and adding the part squares, it
may be calculated that the lake is equivalent to 233½ grid squares.
Each square is 5 mm by 5 mm,
ie 25 mm2.
Therefore, the lake is (233.5 × 25) mm2 in area on the map.
But the map is at scale 1:50 000
Area of the lake

= 233.5 x 25 x 50,0002 mm2
= 1.459375 x 1013 mm2
1m2 = 10002 mm2
= 1 x 106 mm2

Area of the lake

= 1.459375 x 107m2
1 ha = 10,000m2
= 1 x 104m2

Area of the lake

= 1.459375 x 103 ha
= 1459.375 ha

The accuracy of the result produced by this method is obviously dependent not
only on the care with which the grid squares are estimated, but also on the size of
the grid. The finer the grid used, the more accurate the result is likely to be.
However, if a very fine grid is used, the counting can be time-consuming and
tedious and this aspect must be balanced against the desired accuracy.
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Digitising
Use is made of a device called a digitiser for converting point locations on a
graphic image (irregular figure) to plane (x, y) coordinates for digital processing.
This process enables irregular area to be rapidly and precisely computed.
The digitiser is used in conjunction with a digitising table, command menu, visual
display screen and computer. The digitising table is a device used to determine
and communicate to a computer the coordinates of points designated by the
digitiser. Locations are sensed electronically by the digitiser and a table bed.
The digitiser can also be used to select commands from the command menu.
The surface `bedding' in the digitising table consists of thousands of fine wires at
right angles to one another - in essence an electronic grid.
The figure to be digitised is placed on the digitising table, and any preliminaries
carried out, for example creation of design file, setting window area and any other
software requirement.
A start point or datum is selected on the irregular figure and, using the digitiser,
the figure is traced. The (x, y) E, N coordinates are recorded with the digitiser by
manually positioning the intersection of the crosshairs on the cursor over the
intended point and pressing the record button. With an irregular figure, the
digitiser is operated in continuous mode and points are recorded at constant
intervals in distance or time and fed into the computer. On return to the start
point, the computer provides the area. The computation takes a millisecond,
using software based on solutions not dissimilar to the calculation of areas by
coordinates, referred to previously.

130

INTRODUCTION TO SURVEYING – SECOND EDITION

Chapter 20

Cross-Section Areas
The calculation of the area of cross-sections along a road is a fundamental task
performed by a surveyor. It is used primarily in the calculation of volumes during
road construction.
Cross-sections can have a variety of structures. Apart from cut or fill requirements
there are a number of other configurations with regard to the natural surface and
formation levels. Four different types will be considered.

20.1 One Level Section
Let us consider the simplest case. The ground is level, the RL of the ground at
the centreline is known (52.50), as is the proposed formation level (47.50),
formation width (10m), and batter slopes (1:2). This is known as a one level
section, the natural surface and formation levels being parallel and horizontal.

Fig 20.1

Fig 20.2
From the above diagram FE = 52.50 – 47.50
= 5.00m (difference in height from formation level to
ground level)
CD = GH = 10m (CD = formation width)
Batter slope = 1:2 (1 vertical for 2 horizontal)
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If EF = 5.0m then HB = AG = 5.0 x 2 = 10m
Therefore AB = 10 + 10 + 10 = 30m
ABCD forms a trapezium
Area ABCD = ½ (AB + CD) x EF
= ½ (30 + 10) x 5
2
= 100m
This is the easiest of the possible problems with cross-section areas.

20.2

Two Level Section

A more typical cross-section is shown below where a cutting is involved.
The natural surface is on a gradient (1:8) and the formation level is horizontal;
hence, the term `2 level section'.

Fig 20.3
Figure 20.3 is a typical two-level cross-section, where the height of the ground at
the centreline is known, the formation height is known, the formation width is
known, the slope of the ground is known and the batter slopes are known. To be
able to calculate the area of the cross-section, several regular figures need to be
constructed.
Draw a line parallel to the formation (RT) through A, the centreline at ground
level, until it meets each of the batter slopes. These will then form three regular
figures – triangles AEM and ABP and trapezoid BTRE. By calculating the area of
each of these you can calculate the area of the cross-section MPTR
Area MPTR = Area BTRE + Area ABP – Area AEM

Fig 20.4
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1.

Calculate the area of BTRE
To calculate the area of BTRE, you need to calculate the distance EB. This
can be determined in the same way as in the previous example.
AE = NR + 2AN
= 4.0 + 2(11.76 – 9.80)
= 7.92
AB = AE
EB = AB + AE = 15.84m

Area BTRE =

(EB + RT)
2

x AN

Area BTRE =

(15.84 + 8.0)
2
2
= 23.36m

2.

x 1.96

Calculate the area of AEM
Area of ∆ = ½ Base x Vert Ht

Fig 20.5
To determine DM (the vertical height):
AM = 1:8 (1 vertical unit to 8 horizontal units)
If DM = y then AD = 8y
Similarly
EM = 1:2 (1 vertical unit to 2 horizontal units)
If DM = y then ED = 2y
EA = ED + DM = 7.92
∴ED + DM = 8y + 2y = 7.92
10y = 7.92
y = 0.792

3.

Area AEM = ½ Base x Vert Ht
= ½ AE . y
= ½ 7.92 . 0.792
= 3.136m2
Calculate the area of AEM
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Area of ∆ = ½ Base x Vert Ht

Fig 20.6
AP = 1:8
∴If PC = x then AC = 8x
BP = 1:2
∴ PC = x then BC = 2x
AB = AC – BC
= 8x – 2x
6x = 7.92
x = 1.32
Area APB =
=
=
=
4.

½ Base x Vert Ht
½ AB . x
½ 7.92 . 1.32
5.227m2

Calculate area of MPTR
Area MPTR = Area BTRE + Area ABP – Area AEM
= 23.36 + 5.227 – 3.136
= 25.451m2

In this example, the area of fill is to be calculated (DABCF).

Fig 20.7
FE = FL = 9.00m
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In ∆FED
FH – HE

= 9

In ∆FCL
FK + KL = 9

5y – 1½y

= 9

5x + 1½x = 9

3½y = 9

6½x = 9

y

= 2.57

x = 1.38

Area = ½. FE.y

Area = ½. FL. x

= ½. 9.0.2.57
= 11.57m

= ½.9.0.1.38

2

= 6.21m

Area ABCD =

AB + HL
× FG
2

Area ABCD =

6.0 + 18.0
× 4.0
2

2

= 48.0M2
Total Area = Area ABCD + DEF - CFL
= 48.0 + 11.57 - 6.21
= 53.35m2

20.3 Three Level Section
In this example, grades differ on either side of the centreline.

Fig 20.8
BK = BI + IK = 16

BH = BG – HG = 16

10y + 2y = 16

12x – 2x = 16

12y = 16

10x = 16

y = 1.3

x = 1.6

Area ABK = ½BK.y

Area BCH = ½BH . x

= ½. 16. 1.3
= 10.4 m

= ½ . 16 . 1.6

2

= 12.8 m2
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Area DFHK =

=

(DF + HK)
2

x BE

(32.0 + 16.0)
2

x 4.0

= 96.0m2
Total Area = Area DFHK + BCH - ABK
= 96.0 + 12.8 – 10.4
= 98.4 m2

20.4 Cross-sections Involving Both Cut and Fill
In some instances, the cross-section is such that both cut and fill are required.

Fig 20.9
The areas of each of the triangles need to be calculated separately.
Triangle HFG

Fig 20.10
Area = ½FG . x
= ½ . 4.6 . 1.3
= 3.0 m2

FG = FL – GL = 4.6
FL = 4x
GL = 2x
4x – 2x = 4.6
2x = 4.6
x = 1.3
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Fig 20.11
FC = FT – CT = 7.4
FT = 4y
CT = 2x
4x – 2x = 7.4
2x = 7.4
x = 3.7
Area = ½FC . y
= ½ . 7.4 . 3.7
= 13.7 m2

Point H will have an RL of 98.7 m.
Point R will have an RL of 103.7 m.

20.5 Heights obtained in the Field
There are two other methods of obtaining cross section areas that are currently in
common practice in the survey industry.
The first method is where the height of the point where the batter and the natural
surface coincides, is determined in the field. With this method, the surveyor would
estimate or calculate where points A, B and C are and then level to these points.
By knowing the heights, the values for x and y can be calculated.

Fig 20.12
X = 15.89 – 15.23 = 0.66

y = 16.34 – 15.89 = 0.45
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Once these values are known, the area of the cross-section can be calculated in
the normal way.

20.6 Graphical Method
The second method that is in common practice is to draw the cross-section and
then use the graphical method to determine the cross-section area.

Fig 20.13
By knowing the scale of the cross-section and the dimensions of the grid, it is
possible to fairly accurately calculate the area of the cross-section.
It is important when using this method that there is no vertical exaggeration in the
cross-section, otherwise the area calculated will be inaccurate.
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Chapter 21

Volumes
21.1 Introduction
The excavation, removal and dumping of earth is a frequent operation in building
or civil engineering projects. In the construction of a sewer, for example, a trench
of sufficient width is excavated to given depths and gradients, the earth being
stored in some convenient place (usually alongside the trench) and then returned
to the trench after the pipe is laid. Any material left over must be carted away and
disposed of. In roadworks the existing sand base is usually excavated and taken
away, and replaced by limestone or other prepared road base material.
In each case, however, payment will have to be made for labour, plant, etc, and
this is done on the basis of the calculated volume of material handled. It is
essential, then, that surveyors have a grasp of the principles in estimating
volumes for earthworks. There are three general methods of calculating
earthworks:
1.
2.
3.

by cross-sections
by contours
by spot heights.

21.2 Allowance for Consolidation and Bulking
When certain softer types of material such as ordinary earth or loam are
excavated from a cutting, they can be compacted by rolling or other means into a
smaller volume than when lying in their natural state. This is known as
consolidation.
Rock, on the other hand, is a solid mass before excavation and, when broken into
smaller pieces, cannot be compacted into the same volume it was originally
because of the number of voids or hollows which occur between the small pieces
of rock. This is known as bulking.
In calculating earthwork quantities, therefore, allowance must be made for
consolidation or bulking by adjusting the computed quantity of filling in
accordance with the following table:
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Adjust computed volume of fill as follows

Material to be excavated
1
2
3
4
5
6

Light surface formation
Ordinary earth
Equal parts rock and earth
Sand
Soft rock
Hard rock

Add 20%
Add 15%
Add 5%
No variation
Subtract 5%
Subtract 20 to 30%
Table 21.1

This means that, for every cubic metre of consolidated filling required in an
embankment composed of ordinary earth, it would be necessary to excavate 1.15
cubic metres from the cutting. On the other hand, if an embankment is composed
of rock it would only be necessary to excavate from 0.7 to 0.8 cubic metres from a
rock cutting to supply 1 cubic metre of rock fill.

21.3 Volumes from Cross-sections
In this method cross-sections are taken at right angles to the (usual) centreline
running longitudinally through the earthworks. It is most frequently used on long
narrow projects such as roads, railways, pipe excavations, embankments, etc.
The volume of earth between successive cross-sections is calculated from a
consideration of the cross-sectional areas, which, in turn, are measured or
calculated by planimeter, digitiser, triangles, etc.

Fig 21.1
In long construction projects such as roads, pipelines etc, which have a constant
formation width and batters, it is possible to simplify the computation by taking all
end areas together.
Consider this introductory example:
The volume of concrete is required to be calculated to cast this object.

140

INTRODUCTION TO SURVEYING – SECOND EDITION

Fig 21.2
By dividing the object into a number of sections, like slices of bread in a loaf, and
calculating the area of each cross-section, the volume can be easily obtained.
Area cross-sectional area
1 = 4 ×5
2 = 5 ×5
3 = 6 ×5
4 = 8 ×5
5 = 11 × 5
6 = 15 × 5
7 = 20 × 5

=
=
=
=
=
=
=

20 m2
25 m2
30 m2
40 m2
55 m2
75 m2
100 m2

The End Areas rule can be used for volumes; that is
Volume = D

A1 + A2
2

for each section

Where A1 = Area of one end
A2 = Area at other end
D = Distance between them
The expression is correct as long as the section midway between A1 and A2 is the
mean of the two. In general there exist irregularities in ground surfaces between
cross-sections, and also problems of bulking and settlement.
The End Areas formula, though used extensively for estimating volumes, could be
considered the least rigorous because of the inaccuracies in assuming a
geometric shape between cross-sections and the bulking and settlement earth fill.
These two facts outweigh the mathematical assumptions in the formula.
Returning to the problem,
Combine all the sections to calculate the total volume:
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 A + An

V=D  1
+ A 2 + A 3 +..+ A n -1
2


 20 + 100

V=2 
+ 25 +30 + 40 + 55 +75 
2


V = 570m3

Similarly, the problem could be solved using Simpson's Rule for volumes.
Note:
Odd number of sections required.
D
( A1 + A n + 2 ∑ odds Areas + 4 ∑ even Areas )
3
2
V =
( 20 + 100 + 2 ( 30 + 55 ) + 4 ( 25 + 40 + 75 ) )
3
2
V =
(120 + 170 + 560 )
3
V = 567m3
V =

Example
Cross-sections were drawn from a level survey at 25m intervals along a proposed
road. From station 1 at chainage 00m to station 9 at chainage 200m, the crosssection areas of cut were found to be:
00 m = 30 m2
25 m = 35 m2
50 m = 42 m2

75 m = 48 m2
100 m = 53 m2
125 m = 42 m2

150 m = 31 m2
175 m = 26 m2
200 m = 18 m2

Calculate the volume of cut in cubic metres.
Solution
There are two possible methods that could be used to calculate the volume.
Simpson's Rule
As there is an odd number of sections, Simpson's Rule can be used.
V = D(first + last + (2Σodd) + (4Σeven))Simpson's Rule.
D = 25m between sections.
First = area of first section = 30 m2.
Last = area of last section = 18 m2.
4 × Σ even = four times the sum of the areas of the even numbered
sections
= 4 (35 + 48 + 42 + 26)
2 × Σ odd = twice the sum of the areas of the odd numbered sections
= 2 (42 + 53 + 31).
Thus V = 25 (30 + 18 + 2(42 + 53 + 31) + 4(35 + 48 + 42 + 26))
= 7533m3
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End Areas Rule (Trapezoid Rule)
Volume = D (½ First + ½ Last + Σ intermediates)
D = 25m between sections.
First = area of first section = 30 m2.
Last = area of last section = 18 m2.
Σ Intermediate = sum of the remaining areas
= (35 + 42 + 48 + 53 + 42 + 31 + 26)
Any number of sections, odd or even, may be used, although the
sections must be spaced at equal intervals.
V = 25(½ (30) + ½(18) + (35 + 42 + 48 + 53 + 42 + 31 + 26))
= 7525m3
The volume by Simpson's Rule would generally be considered the better
although, as previously commented, in practice this method is more often used.
Volumes are rounded off to an appropriate estimated volume = 7 530 m3.
If there had been an even number of sections then the recommended procedure
would be to calculate the volume of the last section by the end area method,
leaving an odd number of sections by Simpson’s Rule.

21.4

The Prismoid

A prismoid is a solid made up of two end faces which must be parallel plane
figures, and the faces between them, ie sides, must be formed by straight
continuous lines.

Fig 21.3
The two shaded surfaces are parallel.
If the volume of earth between two successive cross-sections is considered a
prismoid, then a more precise formula, the prismoid formula, may be used. It is
generally considered, all things being equal, that use of this formula gives the
most accurate estimate of volume. It is derived directly from Simpson's Rule.
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Fig 21.4
With reference to Figure 21.4 the volume by Simpson's Rule, where M is the midsection, and A1 and A2 are the end sections, is
1 D
Volume = ×
(A1 + A 2 + 2Σodd + 4Σeven)
3 2
Volume =

D
(A1 + A 2 + 2(0) + 4(A m ))
6

Volume =

D
(A1 + A 2 + 4A m )
6

where A1 and A2 are the two parallel faces distant D apart, and Am is the area of
the section midway between. It is not the mean of A1 and A2.

21.5 Volumes from Contours
As an alternative to the determination of volumes from cross-sections, it is
possible to calculate volumes using the horizontal areas contained by contour
lines. Due to the high cost of accurately contouring large areas (other than
photogrammetically) the method is of limited use. Where contours exist, as, for
instance, at a dam site, they may be conveniently used. The areas are best
taken off the plans using a planimeter, or digitiser; then the volume calculated by
either End Area or Simpson's Rule.
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Example 1:
The areas within contour lines at the site of a reservoir and along the face of the
proposed dam are as follows.

Fig 21.5
Contour

Area m2

300
298
296
294
292
290
288
286
284

738 780
708 870
693 900
506 880
241 500
98 480
50 010
31 680
400

Volume by End Area Rule
 (A1 + A n )

V=D 
+ Σ Intermediates 
2


 (738780 + 400)

V=2 
+ 2331320 
2


V = 5401820m3

Volume by Simpson's Rule
V=

D
(A1 + A n + 2Σodds Areas + 4Σeven Areas)
3

V=

2
(738780 + 400 + 1970820 + 5385640)
3

V = 5395760m3
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21.6 Volumes from Spot Heights
This is the method by which the earthworks involved in the construction of large
tanks, borrow pits, even large recreation areas such as ovals, can be calculated
by calculating the amount of cut or fill and the mean height (where cut equals fill).
Having located the outline of the area on the ground, the surveyor divides the
area into squares; that is, a grid is placed over the area.
The smaller the grid interval, the more precise the results, as the grade between
grid intersections is considered constant. A 10m × 10m grid will generally provide
a good estimation of volume on most projects.

Fig 21.6
Field practice then involves traversing by level to establish the RL of each grid
intersection.

Calculation
The volume of each individual grid square is computed by averaging the height
above (or below) the proposed cut/fill RL of the four corners of each grid and
multiplying it by the grid area.
For the following figure the volumes are:

Fig 21.7
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Volume1 =

A +B+F+E
4

Volume2 =

B+C+D+E
× area of grid
4

Volume3 =

F+G+H+E
× area of grid
4

Volume 4 =

H+I+D+E
4

× area of grid

× area of grid

Total Volume = Volume1 + Volume2 + Volume3 + Volume4
= Area of Grid x ¼ (A+B+F+E+B+C+D+E+F+G+H+E+H+I+D+E)
= Area of Grid x ¼ (A+2B+C+2D+4E+2F+G+2H+I)
This gives us the general formula of:
V = ¼ Area (Σh1 + Σh2 + Σh3 + Σh4)
Where:

Area = Area of one grid square
h1 = heights that are used once
h2 = heights that are used twice
h3 = heights that are used three times
h4 = heights that are used four times

The conventional method for indicating the RL of the spot height is to write the
value diagonally across the intersection of the two lines, with the whole metre
values on the left hand side and the decimals of a metre on the right hand side.

Fig 21.8
In the figure above, the height of the intersection is 15.45m. It is normal for
heights used in calculating volumes to be accurate to two decimal places.

Example 1: A 10 metre grid was set out over an excavation site and levels
taken. Formation RL is to be 12 metres. Compute the volume of
earth to be removed.
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Fig 21.9
Volume = ¼ Area (Σh1 + Σh2 + Σh3 + Σh4)
h1
15.95 – 12.00 = 3.95
15.56 – 12.00 = 3.56
15.00 – 12.00 = 3.00
14.45 – 12.00 = 2.45
Σ = 12.96
x1
12.96

h2
15.86 – 12.00 = 3.86
14.48 – 12.00 = 2.48
14.95 – 12.00 = 2.95
15.10 – 12.00 = 3.10
Σ = 12.39
x2
24.78

h3
0

h4
14.85 – 12.00 = 2.85

Σ=0
x3
0

Σ = 2.85
x4
11.40

V = ¼ . 100 (12.96 + 24.78 + 0 + 11.40)
= 1229m3

Example 2: A level grid was placed over a house lot, as shown below.
Calculate the volume of fill required to level the lot to a RL of 15.00
metres.

Fig 21.10

Volume = ¼ Area (Σh1 + Σh2 + Σh3 + Σh4)

148

INTRODUCTION TO SURVEYING – SECOND EDITION

h1

h2

h3

h4

15.00 – 13.60 = 1.40

15.00 – 14.10 = 0.90

15.00 – 15.00 = 0.00

15.00 – 14.80 = 0.20

15.00 – 14.90 = 0.10

15.00 – 14.10 = 0.90

15.00 – 14.20 = 0.80

15.00 – 13.10 = 1.90

15.00 – 13.00 = 2.00

15.00 – 14.20 = 0.80

0

15.00 – 14.40 = 0.60

15.00 – 14.70 = 0.30
15.00 – 14.60 = 0.40
15.00 – 13.80 = 1.20
15.00 – 13.30 = 1.70
Σ = 4.30
x1
4.30

Σ = 6.30
x2
12.60

Σ=0
x3
0

Σ = 2.60
x4
10.40

V = ¼ . 100 (4.30 + 12.60 + 0 + 10.40)
= 683m3

21.7 Mean Height
Using the previous formula, an expression to determine the mean height over an
area can be derived.

Fig 21.11
For grid square 1, the mean height =

A+B+E+F
4

For grid square 2, the mean height =

B+C+D+E
4

For grid square 3, the mean height =

H+I+D+E
4

For grid square 4, the mean height =

H+G+F+E
4

Total Mean Height =

A+B+E+F+B+C+D+E+H+I+D+E+H+G+F+E
4x4
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This can be reduced to:
Mean Height =

(Σh1 + 2Σh2 + 3Σh3 + 4Σh4)
4n

Where n = the number of grid squares
Disregarding consolidation, bulking and batters, mean height should be such that
`cut' equals `fill'.

Example:
The car park is to be levelled. A surveyor pegged the car park and obtained the
following RLs. At what RL will cut equal fill?

Fig 21.12

Mean Height =

( ∑ h1 + 2 ∑ h2 + 3 ∑ h3 + 4 ∑ h4 )
4n

h1

h2

h3

h4

12.56

11.98

11.83

12.65

12.62

12.07

11.04

12.89

11.42

13.43
Σ = 11.83
x3
35.49

Σ = 12.65
x4
50.60

13.84
Σ = 61.48
x1
61.48

Σ = 50.37
x2
100.74

Mean Height =

61.48 + 100.74 + 35.49 + 50.60
4x5

Mean Height = 12.42m

150

INTRODUCTION TO SURVEYING – SECOND EDITION

Chapter 22

Setting Out Distances
22.1 Introduction
Surveying has been defined as ‘the science or art of taking measurements’.
These measurements may be required for one of the following purposes:
1. To determine the size, shape or location of features (natural or man-made) as
they exist. In other words, measurement between known points.
2. To place marks which will allow the siting of a proposed feature in its required
position. That is, the setting out of points from known stations.
In this chapter our attention is turned to the second purpose. We are required to
place new marks in their correct position instead of simply measuring between
existing marks to determine their relative positions.
Examples where such new marks are placed would include:
•

the allotment corners in a subdivision

•

the corners of a proposed building or structure

•

the centre-line of a proposed road, railway, pipeline, etc.

22.2 Basic Procedures for Distance Set-out
We shall consider the procedures to be followed in order to place a new mark at a
point `B' when we know the bearing and distance from an identified starting point
`A'. The following is carried out (see Figure 22.1):

Fig 22.1
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Distance Set-Out With a Theodolite and Tape
Using precalculated bearing and distance information:
1. Position the theodolite over A, set the known bearing to C and then turn the
required bearing towards B. Clamp the instrument in this direction.
2. Extend the tape in this direction, a distance approximately equal to that
required; that is, AB. Set the tape on the line of sight. The surveyor holds the
zero end of the tape.
3. Read the zenith angle (vertical scale reading) to calculate the set out slope
distance by observing directly to the ground by measuring from the trunnion
axis.
In most cases, reading the zenith angle to the nearest minute is sufficient for
slope distance reductions.
Slope Distance =

Horizontal Dist
Sin Ф

Where Ф = the zenith angle
4. Place the peg according to the calculated slope distance and bearing.
5. As a check on distance, carefully measure the distance from the theodolite to
the final mark and apply the necessary corrections. The resulting distance
should be equal to the given distance AB.

Distance Set-Out with a Total Station
Using precalculated bearing and distance information:
1. Position the total station over A. Set the known bearing to C and then turn the
required bearing towards B. Clamp the instrument in that direction.
2.

Survey assistant paces out the distance and is positioned on line.

3. Observe a horizontal distance to the prism pole, and adjust to within a metre
of the true position.
4. Compare observed distance with the precalculated distance to be set-out, and
adjust using an offset tape.
5. Place a peg at this point and re-observe the distance. Adjust the distance if it
is required.
6. Recheck the distance and alignment. Repeat the above process until both the
distance and the alignment are correct.
7.

If accurate positioning is required, the prism should be carefully plumbed over
the peg on a tripod and then check the distance and the alignment. If there is
any error in either the distance or the alignment, the tripod and prism must be
moved to adjust for the error.
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Chapter 23

Set-Out Surveys
23.1 Stages in Setting Out
Any surveying set-out work associated with general building construction or
engineering projects such as dams, bridges, roads, railways, stormwater and
sewerage lines, natural gas pipelines, power transmission lines, etc, requires a
certain order of stages. This will vary, depending on particular requirements for
the job, and there will inevitably be some overlap between stages, but a broad
classification is as follows:
•

reconnaissance

•

approximate location of site/route

•

establishment of suitable control (both horizontal and vertical)

•

investigation survey to collect data for final design

•

complete design of project and preparation of working drawings

•

on-site set-out for construction from the design drawings

•

check of the work as executed after construction has taken place

•

Real Property surveys to connect the engineering work with the cadastral
system; that is, easements for access, resumptions, etc.

Some of these stages are dealt with below.

Reconnaissance and Trial Route/Site Location
The first stage on any engineering project is to collect all the existing survey
information, plans, aerial photographs, etc, for the region involved. Most preliminary work is presently carried out using information taken from aerial
photographs. If suitable up-to-date aerial photos are not available, then it may
well prove worthwhile to undertake photography specifically for the project.
Using this collected material, particularly the aerial photographs, trial locations are
selected. In making these selections the surveying point of view is essentially a
topographical one; that is, arranging the project in its best relationship to existing
surface features. Things to be considered would include surface slopes, drainage
patterns, major topographical features (rivers, cliffs, ravines, etc), existing
property boundaries and land ownership, and other development (dwellings, farm
paddocks, dams, access tracks, etc).
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Other points of view must also be considered. These would include those of the
geologist (soil and rock types, stability of surface and sub-surface formations) and
the environmentalist (the location that would cause least damage).
Using the aerial photographs in stereo pairs, GPS or satellite imagery, it is
possible to obtain relatively accurate information (both horizontally and vertically)
by the methods of photogrammetry. Alternative locations can be compared, and
the associated earthworks volumes for cutting or filling and the approximate
gradients calculated.
These calculations can be done quickly using plotting machines and associated
computers. The most desirable location can usually be determined in the office
with very little actual field surveying being required. On most projects the majority
of the location work can be done quickly and confidently in this way, leaving a few
critical problem areas for closer examination on site.

Establishment of Control
In topographical surveying the main reason for a control survey is to prevent
errors from accumulating. It is the principle of `working from the whole to the part'.
In engineering work this rule still applies, but further reasons can be given for
establishing an accurate control.
1. Many different surveys (involving different survey personnel) are usually
carried out in conjunction with an engineering project. Unnecessary
duplication and problems with discrepancies between surveys will be greatly
reduced if all are based on a common, accurate control survey.
2. The same control survey that was used to control the investigation surveys on
which the design is based can be used to control the setting out surveys
during construction. This will ensure that the structure is placed at the correct
designed location.
The exact nature of the control will vary depending on the purposes for which it is
required. This is governed mainly by the nature and extent of the engineering
project.
The general principles to be adopted are:
1. Control marks should cover the entire area of the project, be intervisible to
each other, and be placed close enough together so that later survey work
can be carried out anywhere on the project to a sufficient accuracy.
2. Measurements for the control survey should be made to a uniformly high
standard of accuracy.
3. Control marks must be as stable as possible, preferably anchored firmly to
bedrock, and located where the risk of damage (for example, during
construction) is minimised. The erection of a framework around the mark is
often done for `protection' (see chapter 2).
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Fig 23.1 Protecting Survey Control
4.

Control marks should be positioned on high ground, if possible, with regard to
their possible future use (for example, the collection of topographical
information, setting out during construction, making check measurements
upon completion of the project).

5. Control marks are referenced to aid `recovery' of the point should it be
disturbed.

Final Survey to Collect Data for Design
The second stage in the engineering project is to carry out a survey to collect final
data for the project in hand. In many cases this survey will be used to provide the
framework for the construction of the project, and in all cases the precision
required for this survey will determine the techniques and equipment to be used.
Wherever possible the control survey marks previously established should be
used, either to obtain further detailed topographical information or to set out the
centre-lines (or working offset lines) required for the particular project. In most
cases this type of survey can be successfully completed using standard
traversing equipment; that is, theodolite and tape or total station.

23.2 Set-out Surveys
Roads - Collection of Data for Final Design
The final survey in the case of a road, generally takes the form of locating the
centre-line (or some suitable offset line) and placing marks along this line at
convenient intervals. The purpose of this survey is:
1. To provide a framework of marks for the determination of the shape of the
profile along the centre-line. This will be plotted as the longitudinal section
and will be used to design grading, determination of sight distance and
calculation of earthwork quantities.
2. To provide profiles or cross-sections at right angles to the centre-line at the
marked intervals.
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3. To provide a framework of marks that can be used to set line and level for
construction pegs and stakes at a later stage.
The road survey is usually carried out with total station or theodolite and EDM.
The terminal points of the road are located from whatever control marks are
nearby, and the intervals between these terminal points are marked on line and at
the appropriate interval. The current accepted practice with regard to centre-line
intervals is as follows:
Rural Roads
On Straights
Terrain
Flat
Undulating
Mountains

On Curves

Interval

Radius
Less than 150 m
150 m to 1 000 m
Over 1 000 m

20 m
20 m
10 m

Interval
10 m
20 m
20 m

Urban Roads
On Straights
On Curves

20 m interval
20 m interval

It is customary for the pegged intervals to be identified in terms of the measured
distance from the accepted point of origin. This is called running chainage and it
may start at chainage Zero or, if the project is an extension of an existing road,
then the chainage of the point at which the extension starts will generally be
adopted (see Figure 23.2):
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Fig 23.2

Example
To set out the centre-line marking of Leicester Way for new roads within the
subdivision (see Figure 23.3):
Step 1 Calculate radiations to terminal points as follows:
(a)
(b)
(c)
(d)
(e)
(f)

Station 108 to Ch. 00 in Coonawarra Drive
Station 108 to Ch. 20.805 (TP) Leicester Way
Station 107A to Ch. 86.1 (CTP) Leicester Way
Station 107A to Ch. 70.965 intersection of new road
Station 107 to Ch. 115.975 (TP) Leicester Way
Station 107 to Ch. 129.64 Leicester Way; that is, intersection
with Merino Court.

Radiation - that is, the setting out of distance and direction of various points from
a control station - is based on the control figure coordinates and the road centreline design coordinates. From these rectangular values, bearings and distances
are calculated for the set-out.
For example, to set out the 00 chainage at
Drive the following calculations are made.
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Fig 23.3

∆N = 2156.596 – 2163.290 = –6.694
∆E = 2160.244 – 2168.797 = –8.553
(Note: For correct direction use ‘end point minus initial point’ i.e. Nch.00 –Nstn.108)
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 - 8.553 
ο
θ = Tan-1 
 = 231 53' 11"
6.694


L=

( −6.694)2 + ( −8.553)2 = 10.862m

Step 2 Set out carefully the above-mentioned radiations and mark the terminal
points. Mark the intermediate chainages between the terminal points
taking care to check final distances and bearings to the terminal points
previously laid in by radiation. In this way, both calculations and field
work will be verified.
Step 3 The procedure should be continued for each of the stations, setting out
the terminal points at the ends of the straights and pegging between
them and applying suitable checks where necessary.
Although high precision is not required, it is essential that the survey proceed
from the whole to the part. This means that the surveyor needs to set up on other
control points to check the position of points, by checking the distances between
them.
Suitable checks should be carried out to ensure that no gross errors have
occurred and that cumulative errors have been kept within the limits of
engineering accuracy for this type of work (say, between 1:5 000 and 1:10 000).
Recovery or reference marks are generally placed at suitable intervals along the
road to control the angles and tangent points of the curves. These marks must
be solid, durable and well clear of the path of construction machinery. They
should also be staked with indicators or protected by fencing to ensure that they
will remain for the duration of the job. The nature and position of these marks
must be recorded in the drawings, so that the centre-line marking can be reestablished from these recoveries with a minimum of difficulty after the original
centre-line marks have disappeared during excavation.
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Note: All recoveries are pegs unless otherwise indicated

Fig 23.4
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Chapter 24

Setting Out Batter Stakes
24.1

BATTER PEGGING

The following steps are designed as a basic guide to batter pegging using a level
and tape. This approach requires the road centre-line or offset pegs to be placed
and marked with cut/fill data prior to batter pegging.
It should be appreciated that this `trial and error' technique is only one of many
used for batter pegging, and may require some modification depending on the
needs of a particular job.
The sketch below represents a typical cross-section involved in batter pegging:

Fig 24.1
The task of setting batter pegs in the field involves finding the point at which the
batter slope meets the natural surface (that is, points P1 and P2 in the above
sketch).
The field procedure generally involves:
1.
2.
3.

the selection of a trial distance 'd'
level staff readings at the trial point and at the centreline or offset peg
the solution of a simple equation that satisfies all situations of cut and
fill.

The general equation is:
d = h x s + b/2
where:
d
h

= the trial distance from the centreline or offset peg
= the difference in level between the trial point and the proposed
formation level
s = the horizontal component of the batter slope - 1:s
b/2 = half the formation width (not required if formation offset pegs are
used)
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If the left hand side of the equation `d' does not equal the right hand side of the
equation (h.s + b/2) then a new value for `d' must be chosen.
In practice, unless the terrain is steeply sloping or very irregular, the value of `d'
will closely approximate the right hand side obtained from the first trial calculation.
Once the final value for `d' has been deduced, the top of the cutting (P1) and the
toe of the embankment (P2) are pegged.
Summary of Basic Steps
Step 1
Position the level instrument to ensure that the entire cross-section is visible.
Step 2
The base of the staff is held adjacent to the ink mark that denotes cut/fill on the
stake, and the staff intercept is recorded.
Step 3
Calculate the height difference between the instrument axis and the formation
level (X in figure 24.2) and store this value in your calculator for subsequent trials.
(Store positive value.)
Step 4
Hold the staff at the base of the stake and record the reading. Add or subtract the
estimated height difference to the first trial point, depending on whether the
formation is in cut or fill (Y).
For example, falling ground will increase the trial distance in a fill situation,
whereas falling ground in a cut situation will shorten the trial distance.
Step 5
If the instrument axis is below the formation level: h = Y + X

Fig 24.2
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If the instrument axis is above the formation level: h = Y – X

Fig 24.3
Note: The absolute value of ‘h’ is required.
Step 6
Substitute the value of ‘h’ from Step 5 into the general equation to calculate the
trial distance and observe a staff reading at this point.
Step 7
Recompute ‘h’ and compare the calculated trial distance with the actual staff
position. If the actual and calculated positions of ‘d’ are not the same, adjust the
staff position accordingly.
Step 8
Repeat steps 4 − 7 for the opposite batter.

Example
A surveyor has pegged the centre line for a road. At Ch120m the RL of the centre
line has been determined to be 25.870m. The formation height at this chainage
has been designed to be 26.730m. The batters are designed with a slope of 1:3
and the formation width = 10.00m.
Given the following information, calculate the approximate distance that will
establish the batter point.
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Fig 24.4
The Height of Collimation = 25.870 + 1.875 = 27.745
From Figure 24.4,
x = 27.745 – 26.730 = 1.015
y = 2.760
h=y–x
= 2.760 – 1.015
= 1.745
d = h.s + b/2
= 1.745 . 3 + 10/2
= 10.235m. This is the horizontal distance from the centre line.
If the staff is 9.870m from the centre line, the staff would be moved approximately
0.365m away from the centre line and the procedure would be repeated, until the
measured distance and the calculated distance is the same.
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Chapter 25

Setting Out During
Construction
25.1 Roads − Set-out During Construction Phase
Surveys in this section are for the purpose of controlling the road construction and
the location of drainage structures. The first requirement is for the controlling of
excavation and filling operations.
Some construction supervisors prefer to maintain a survey team on the site
during the period that earth-moving machinery is in operation. In this way
continual supervision of line and level can be maintained, using either the centreline pegs or recovery pegs for datum purposes. This would almost certainly be
the method used on large projects.
For smaller construction jobs it is often possible to set out a series of construction
stakes with level marks on them, and the plant operators can proceed with the
earth movement, maintaining the correct level by visual checks on the stakes. In
this way, a survey team may only need to visit the site at the start of construction
and then later when earthworks are completed.
The marking pattern adopted will need to be relatively simple and easy to
interpret. Offset marks should be placed at the nearest half metre interval, and
level marks should, as far as possible, define the finished level. This will avoid
misinterpretation by the plant operators. A number of commercial laser devices
are available for the controlling of line and level during excavation.
A further problem, especially in highway construction, is the control of road
batters. In many projects this can be achieved by using fixed profile boards set at
the slope of the batter.

Fig 25.1 Batter profiles in cut
One advantage of this method is the simplicity of checking the slope of the
constructed batter.
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The batter profile can be set at the required slope and placed in position clear of
the construction area, but near enough to the top (or toe) of the slope to be able
to be related to the level of the top (or toe). Where possible the boning rod
interval should be kept to an even half metre.

Fig 25.2 Batter profile in fill
Profiles and boning rods can be used in a similar manner for controlling the
finished excavation or formation level, provided the depth of cut or fill is not too
great.

Fig 25.3 Providing depth of fill

Fig 25.4 Providing depth with cut
In some cases, however, where very deep cuttings or embankments occur during
highway construction in rugged terrain, it will be necessary to locate the top of the
cut or the toe of the batter before construction commences. Owing to the depth of
the cutting or the height of the embankment, the batter must be correctly
constructed as the job proceeds, since no trimming will be possible at a later
stage
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25.2 Set-out for Kerb and Gutter
The control of line and level for kerb-laying is often done with level pegs placed
0.50 m behind the face of the proposed kerb and driven into the ground until the
top of the peg is at the reduced level of the top of the kerb. If this is not possible,
the correct level can be chalked on the peg.
Pegs should not be more than 15m apart on straights or horizontal curves, and
not more than 8m apart on vertical curves. If the laying is to be carried out with a
`kerb and gutter' machine, some provision for the offset string line should be
made in setting out.
Kerb `returns' at the intersection of streets need special attention; the intervals
between pegs should be reduced so that the correct profile of the kerb return is
constructed and no false low points occur. Visual checks of the formwork before
pouring is one method of avoiding this problem.

25.3 Sewerage and Drainage Lines
In sewerage reticulation the design of grades for pipes is critical, as too high a
grade will result in liquid waste running down the pipe and leaving suspended
solids behind. If the sewer grade is too low, the liquid waste will not carry the
solids with it. Both examples will result in solids eventually blocking the sewer
line. Most domestic sewer connections are laid at a grade of approximately 1:100.

Fig 25.5
In any description of pipe reticulation the term invert level is used, be it a surveyor
setting out, or the actual construction of the pipe network. The invert is the RL of
the inside diameter of a pipe at its lowest point. Naturally for any pipe length laid
at a grade, there will be an inlet invert and an outlet invert level. The invert level is
sometimes termed the flow line.
In any engineering project which includes drainage or sewerage reticulation,
invert levels of the Water Corporation drainage and sewerage services must be
ascertained so that building foundations and drainage will be facilitated by having
a fall to the Water Corporation outlet connections.
In setting out for construction of sewerage or drainage lines the same principles
apply as in road construction; that is, centre-line pegs are used to provide a
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regular profile along the length of the project, and after design is completed the
pegs are used to provide offset marking to control line and level for the
construction of the pipeline.
The intervals adopted for sewerage and drainage lines are seldom the same as in
road construction. As a general rule, pegs need only be placed at angle points in
the line or at the location of structures such as manholes or pits.
Where long lengths of straight pipeline occur, some intermediate marks will be
required at the discretion of the supervising surveyor. The pegs are generally
driven flush with the ground together with an indicator or a stake for easy location.
The distance between these pegs should be less than 25m, making easy sighting
distances.
For construction purposes the centre-line pegs should be offset by recovery
marks well clear of the excavation area. During excavation, checks on line and
level can be made either directly, using a level and staff, or by using boning rods
from profile boards.
Care should be exercised in determining the level of `the bottom of the trench'
from the given design invert level. Allowance must be made for the thickness of
the pipe collar and for the pipe to be laid in sand bedding.
A taut string line, or a laser, can be used as a substitute for the timber crossmember of the profile board. The profile string must be at right angles to the
centre-line and vertically above the point to which it refers.
When excavation is completed, pipe-laying may be controlled by boning rods
from profile boards if these are available, or by the use of level and staff from
recovery pegs.
There are a number of choices of method that could be adopted. The technique
chosen will depend to a large extent on the pipe-laying method in use, the
machinery available and the needs of the pipe-laying foreman. The figures below
show one of the techniques available using profiles and boning rods to control the
depth of the trench.

Fig 25.6
The profile uprights are first hammered firmly into the ground. Levels are taken
from a nearby TBM and RLs are calculated to the tops of the uprights. With the
proposed depth of the excavation known, a suitable boning rod is chosen. These
vary in height (even metre or half-metre lengths are common for rods between
1m and 4m in length). Alternatively a staff may be used. The difference between
the level at which the top edge of the cross-member of the profile is to be set and
the top of each upright is calculated. As pipes are laid, bedding is added so that
the bottom edge of the boning rod sets the pipe invert level.
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Fig 25.7

25.4 Building Set-outs
A wide range of circumstances and requirements make it difficult to state
standard rules for building set-outs. Each particular job should be treated on its
merits, and a technique adopted that will give the required results with the least
difficulty.
On large projects it is imperative to consult with the site manager so as to
become familiar with the expected stages of development, the building
techniques that will be used, and the obstacles that can be expected to impede
survey work (for example, location of building materials, formwork, cranes etc).
Then, by careful planning, the survey work can often proceed with a minimum of
interruption. The content of this section will be confined to the setting out of small
buildings.

Site Works
When placing the sand pad or, in fact, when doing any site preparation,
consideration must be given to the finished floor level. The finished floor level
and a datum reference can usually be found on the block plan along with any
other notations and contour lines giving information regarding the shape and
slope of the site.
Datums are arbitrary reference points to which heights can be referred. They
should be permanent objects not subject to movement or damage. For example:
•
crowns or roads
•
sewer manhole covers
•
kerbside stormwater grates
•
existing buildings.
Reference is usually made that the finished floor level will be so many millimetres
above or below the arbitrary datum.
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Fig 25.8

Setting Out
Often the builder himself will attend to the setting out work if the building is simple
in shape and the site small and level. Depending on the circumstances, however,
it is often the surveyor's task to locate the building on the site, mark the corners
and provide recoveries. In this way, time is saved and the builder is released to
attend to the ordering of materials etc.
Generally these buildings are located relative to boundary and street alignments
from information shown on the building drawings. For this reason, it is important
that the allotment should have been recently surveyed by a registered or licensed
Land Surveyor. It is unwise to adopt pegs or other survey marks or fences as
being correct if their origin is not known.
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Fig 25.9
Once the corner marks are established, it is a simple matter to locate the corners
of the building in the correct relationship to the boundaries. The corners are
generally marked (albeit temporarily), and recovery marks placed on nearby
fences or walls so the corners can be easily re-established after the footings have
been completed. The figure below shows the extent of the marking often used to
assist a builder in setting out footings for foundation walls and finally the walls
themselves.
Note:

1.

Diagonals of the overall residence site (18.735 × 15.560) would
normally be checked for square.

2.

In some instances a practical solution for setting out a right
angle is to construct a large 3-4-5 triangle.

3.

Angles set out with a theodolite are always checked on both
faces, and a mean position adopted.

Marks may be set at the exact building corner or offset as in Figure 25.9. In any
case, the corner will be excavated for footings etc, and so prior to this the building
supervisor would need to transfer the corner points to sets of profile boards
erected for each side of the building.
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Setting of Profiles
This is normally carried out by the builder but is included for information.
Profiles are erected at each corner of the building, and set at floor level. String
lines are run between the profiles, as shown in the figures below.

Fig 25.10

Fig 25.11
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Fig 25.12 Profile boards for a simple building

Fig 25.13 String lines
Example of a Simple Building Set-out
Given:
•

The 4 corners of the lot have been accurately pegged previously.

•

The floor level is 1100mm above the sewerage manhole datum.

•

Corner C is to be set back 9m from street frontage (R) on a line DCR. (This
will enable the distance ZX to be accurately calculated.)
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Fig 25.14

A Setting Out Method
1. Position pegs Z, Y and X in a straight line separated by the calculated design
lengths.
2. Centre and level the theodolite over peg Z and set out the horizontal angle
84° 28′ 20″.
3. Position peg R at the calculated length from Z.
4. Centre and level the theodolite over peg X, sight to Z, and set out the
horizontal angle of 90° to position pegs A and D.
5.

(a) Centre and level the theodolite over peg Y and set out the horizontal
angle of 90° to position peg B and C. Check measure DC.
OR
(b) Use the calculated diagonals and known sides to position pegs B and C
and check them.

6. To check the positioning of the building on the lot, measure the length CR; it
should be equal to 9m, with DCR a straight line.
7. Position the profile boards and string lines.
8. Use the height of collimation method to define the floor level.
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25.5 Laser Applications
The two types mentioned below are used extensively for setting-out in
construction work, for the control of line and level.

Single Beam Laser
This is also termed an `alignment' laser. The use of this system eliminates to a
large degree the need for profiles and boning rods. For pipelaying (sewerage or
drainage) the laser is placed in a pipe. Most units will self-level if rough levelled
to within ±5°.
It is aligned along the direction the pipes are to be laid and the gradient set on the
laser's grade indicator. To correctly position the vent pipe a target is placed in the
open end of the pipe that is moved horizontally and vertically until the beam from
the laser hits the centre of the target.
After carefully bedding the pipe in that position, the target is removed and the
operation repeated.
The laser unit can be tripod-mounted for use in tunnel alignment or in mining
operations where the beam of light shows the intended line on the earth or rock
face to be excavated.
The laser beam may also be used to control verticality in tall buildings or tunnel
shafts. One difficulty with this application is ensuring that the beam is truly
vertical, and constant monitoring of the equipment is required to achieve correct
adjustment.

Rotating Head Laser
The person holding the staff moves the laser detector that is attached to the staff
up or down until the laser plane is intercepted, and then records the resultant
level reading.
The laser is often set up near the centre of a construction site, where its use can
be optimised. Levelling on open and reasonably level sites is economically
achieved using laser techniques.
The rotating head laser is also used in sewerage and drainage works when
working with deep trenches.
If used for setting out a concrete slab, the detector can be set at the required
reading and the staff used as a form of boning rod, with the laser reference plane
sweeping out along the plane of the sight rails similar to the detail in the figure
below.
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Fig 25.15 Setting out with rotating head laser level
Only a limited number of applications have been described in this short section on
laser setting out. Most of the available laser devices have automatic levelling and
can be set on tripods or attached to walls or beams.
They can also be used in conjunction with conventional surveying equipment in
the gathering of information as well as in setting out.
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Chapter 26

As Constructed Surveys
26.1 ‘As Constructed’ Surveys
Surveys in this category are those carried out to determine the extent and
accuracy of construction works, either at the completion of construction or at
specified stages during construction.
The purpose of these surveys is usually for certification as to completion or part
completion prior to payment. Surveys that might also be included in this category
are for the determination of quantities of materials stockpiled or available in situ,
the results of which are used for assessing the amount of royalties to be paid.
The extent of the survey is determined by the purpose and by the accuracy
required. In some cases, it may be possible to give the required certification as a
result of a site inspection with a few simple measurements from existing offset
marks.
In other cases, the extent of the survey may be greater and require a more
detailed use of instruments to determine position and levels of buildings, roads,
pipelines etc. Some examples of these surveys are described in the following
paragraphs.

Roads
Surveys are generally required to determine that the roads are constructed
substantially to line and level as specified in the original working drawings. In
these cases, it will generally be necessary to re-establish centre-line chainages
so that cross-sections may be located in the correct position and levelled.
The information thus obtained can be superimposed on a copy of the working
drawings in a distinctive colour, giving an immediate comparison between ‘design’
and ‘construction’ for both line and level.

Drainage Lines and Sewerage Lines
These may not need to have the complete centre-line re-established, but at least
the principal structures and angles in lines will need to be checked for position
and level.
The information can once again be superimposed in a different colour on a copy
of the original working drawings so that direct comparison between ‘design’ and
‘as constructed’ can be made.
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Buildings and Engineering Structures
Surveys for checking purposes may be required at different stages and for
different purposes, and are generally concerned with the location and level of the
building or structure.
For this reason, particular attention will need to be given to the preliminary
checking of ground-level construction (for example, footings for basement walls,
centre-lines of piers and columns and their respective levels).
The type of certificate required at this stage will need to be specified by the
supervising architect or engineer, but will once again be a comparison of ‘design’
and ‘as constructed’ for both line and level.
It is usually only the principal points that require this certification (for example,
external corners, ‘load bearing’ walls etc).
The methods used to obtain this information will vary according to the job, but will
generally be basic measuring and levelling techniques using offset marks placed
in the original set-out.
The importance of the accurate location and stability of these marks will now be
better appreciated. There can be few things so disheartening as the discovery
that these recovery marks have been obliterated or disturbed during construction,
and are not available to simplify the check survey.

26.2 Vertical Alignment
In its simplest form verticality is measured by using a plumbline (a string line with
a weight attached). For short structures, plumbing of modest accuracy can be
achieved using a good quality 1m spirit level, but as the height and/or need for
precision increase other methods must be used.

Fig 26.1 Plumbing a column by using a spirit level

178

INTRODUCTION TO SURVEYING – SECOND EDITION

Plumb-bob Methods
A simple example of plumbing is shown below where a wall is checked for
verticality after a concrete pour. The plumb-bob is suspended from a length of
timber nailed to the top of the formwork, and protected from the wind or immersed
in a drum of oil or water.
Offset measurements are taken at the top and bottom of the formwork, and
allowance made for any steps or tapers in the wall. A push-pull prop is used to
make any adjustments.

Fig 26.2
In multistorey structures plumb-bobs, usually weighing 3kg and suspended on
adjustable reels of piano wire, are used.
The lift well is often a good site for a permanently suspended plumb-bob, since it
can be placed to one side of the well and suspended in a drum of heavy oil at
ground level.
In this way, it will be available for checking at floor level, and can be simply
extended as the building rises. At least two plumb-bobs are required in order to
provide a reference line from which the upper floors are controlled.
A reference mark is placed on the ground floor slab and the suspended plumbbob moved until it is centred over the mark. Small holes must be left in the floor
at each level so that the plumb lines can be extended as the building progresses,
or used to check offsets for verticality as required.

Fig 26.3 Centring frame
A centring frame is necessary to cover the opening and to enable the exact point
to be fixed. The method is time-consuming and wind currents can be a problem.

179

CHAPTER 26 – AS CONSTRUCTED SURVEYS

Theodolite or Total Station Method
During construction the vertical columns of any structure must be truly vertical. If
the building is more than one story, this will usually be achieved by observations
from a theodolite or total station.
Special marks are placed on each face of the column at the top and near the
base such that, when the column is truly vertical each set of marks will fall in a
vertical plain.

Fig 26.4 Plumbing the centre line of a column
The example below shows the formwork for a tall column form being plumbed.
The theodolite is set up on a parallel offset to one face, and sighted to offset
marks at the top. Both edges are observed to check on twist.

Fig 26.5 Theodolite observations by offsets
Similar observations are made on the bottom of the form. The mean of face left
and face right observations is used. Any discrepancy in verticality is read at the
bottom for convenience and the adjustment made to the column form accordingly.
The complete process is then repeated for the adjustment column face. A
diagonal eyepiece for the theodolite may be used for the sighting of steep angles.
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Fig 26.6 Diagonal eyepiece
For accuracy, the theodolite should be at some distance from the column,
although this may be difficult on a cramped site.
The same principles apply in the case of a large multi-storeyed structure where
control needs to be transferred to the various floors. The theodolite is set up on
each alignment of the original control references marked on the ground floor slab
- eight separate set-ups, as shown in the figure below.

Fig 26.7
A sighting is made face left onto the line being transferred and the telescope
elevated to the required floor and a point marked on the face of that floor. The
procedure is repeated on face right. If the theodolite is in good adjustment the
two marks will coincide. If not, the mean position is adopted. After transfer of all
eight marks, a check is obtained by joining and measuring between them.
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Optical Plumbing Methods
The auto-plumb or optical plummet is a specially designed survey instrument that
allows plumbing upwards from a ground mark or downwards from a point
overhead.

Fig 26.8 Upwards plumbing

Fig 26.9 Upwards plumbing
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Holes and openings must be provided in the floors to allow line of sight, and a
centring frame (perspex target) used to establish exact positions.
The usual procedure in using the optical plummet is as follows:
•

Set up and level the instrument over the ground station.

•

Sight down and centre over the ground station.

•

Sight up onto the target and mark a defined point.

•

Rotate the instrument through 90°, 180° and 270° horizontally to define three
additional points.
The intersection of the diagonals joining the four points lies on the vertical line
through the ground point.

•

Optical plumbing is particularly useful for lift shafts, where the plumbing is a
particularly critical operation because the installation tolerances are small. In the
example below the use of an optical plumbing instrument in a lift shaft is shown,
with at least three ground stations being used to check for possible twisting.

Fig 26.10 Downwards plumbing
A laser eyepiece can be attached to an optical plummet, with the beam being
projected vertically onto the perspex target.
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Chapter 27

Curves
27.1 Introduction
Where the fieldwork is composed of straight lines, setting out is comparatively
straight forward. With roads, railways and pipelines, two straights will normally be
connected by a curve where there is a change of direction.
`Curves' to a surveyor includes types of circular, transition and vertical curves. As
this is only an introduction to curves, transition and vertical curves will not be
covered.
This chapter deals only with circular or simple curves.

27.2 Elements of Curves
The point at which two straights meet is known as the intersection point, and is
signified by I or IP.

Fig 27.1
The two straights deviate by the angle delta (∆), which in some texts is referred to
as the deviation angle, the deflection angle or the intersection angle. In this text
the term deflection angle will be used.
Let PC =
PT =
IP =
∆ =
R =
O =

point of curvature = start of the curve = TP1 (back tangent point)
point of tangency = finish of the curve = TP2 (forward tangent point)
point of intersection of the two tangents
deflection angle of the two tangents
radius of the circular arc
centre of the circle of the curve
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As the radius is tangent to the curve, the angle at PC (TP1) = 90°
Similarly the angle at PT (TP2) = 90°
Deflection angle = ∆
∴ Internal angle at IP = 180° - ∆
Sum of the internal angles of a 4 sided figure = 360°
∴Internal angle at O = 360 –(90 + 90 + 180 – ∆)
= ∆ (the deflection angle)

27.3 Arc Lengths and Circular Measure of Angles
In circular measure of angles, the magnitude of an angle is expressed in radians.
An angle expressed in radians is defined as the ratio of the arc subtended by that
angle at the centre of a circle, to the radius of that circle.

Fig 27.2
Angle at the centre (in Radians) =

Arc Length
Radius
When the arc length is equal to the radius, the ratio =

1
1

therefore the angle at the centre contains 1 radian.
Therefore

1 radian
R
(Arc distance)
ie.
=
2π R
(circumference of the circle)
360ο

or 1 radian =
=

360ο
2π
180ο

π

= 57.2957795ο
= 57ο 17' 44.806"
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27.4 Calculations with Curves

Fig 27.3
Tangent distance (TD) = R tan




Crown secant = R  sec




∆
2

Mid- ordinate = R  1 − cos

∆
2




− 1
∆



2

Arc = R ∆ (in radians)
Long chord= 2 R sin

∆
2

Note:

π

1.

To convert from degrees to radians multiply x° by

2.

To convert from radians to degrees multiply x radians by

180
180

π

Chainages of Tangent Points
If the chainage of the intersection point is known, the chainage of the tangent
points may be calculated.
If the chainage of IP is 2742.60 then the chainage at TP1 and TP2 is as follows:
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Fig 27.4
IP–TP1 = TD=R tan

∆
2

= 500 tan 60°
= 866.03m
Chainage at TP1 = 2742.60 – 866.03
= 1876.57m
Chainage at TP2 is not chainage at IP + TD, but the chainage TP1 + length
around the curve.
Arc = R∆ (in radians)
= 500 × 2.0944
= 1047.20m
Chainage TP2 = 1876.57 + 1047.20
= 2923.77m
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Chapter 28

Setting Out Curves
28.1 Introduction
Curves must be set out on the ground so that construction can follow the line of
pegs. All curves are set out as a series of ground points around the curve,
generally by a series of chords. Various setting out methods exist. Where a
curve is long and is of a large radius (over 100 m) a theodolite or total station
must be used to obtain the desired accuracy. Small curves can be set out quickly
and accurately using tapes only.

28.2 Small Radius Curves
For small radius curves, usually with a radius less than 100m, it is easiest to set
the curve out with just a tape or survey band. Outlined below are four simple
methods of setting out small radius curves.

Set-out from the Centre (Tape Only)
Where it is possible to locate the centre of the curve, the best method is to simply
hold the end of the tape or survey band at the centre of the curve and swing the
tape around the curve, pegging the curve as you go.
This method is common where kerbs have to be laid out at roadway junctions and
the radius is less than 30 metres.

Fig 28.1
1.

Locate the intersection point (IP) of the two straights, usually off the plan.

2.

Measure the deflection angle (∆) off the plan, and peg both of the
straights.
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3.

Calculate the Tangent Distances (TD), and peg each of the Tangent
Points (TP1 and TP2).

4.

Locate the centre (O) by intersecting arcs of the radius from the Tangent
Points or by using two tapes, and holding the end of each tape at one of
the Tangent Points and extending the tapes until the value of the radius
on each of the tapes intersect at a common point. This will be the centre
of the curve.

5.

Holding the end of the tape at the centre of the curve, swing the radius
and mark points on the curve sufficient to peg the kerb.

Offset from the Tangent Method (Tape Only)
If the deflection angle is less than 50°, the length of the curve short and the
centre (O) inaccessible, the curve can be set out by offsets from the tangent.
Similar to the first method:
1.

Locate the intersection point (IP) of the two straights, usually off the plan.

2.

Measure the deflection angle (∆) off the plan, and peg both of the
straights.

3.

Calculate the Tangent Distances (TD), and peg each of the Tangent
Points (TP1 and TP2).

4.

Calculate the offset y
y

2

(offset)

=R − R − x

2

where x = distance along the tangent from
the TP.

5. The offset is measured at a right angle from the tangent.

Fig 28.2
Because the curve is symmetrical, for a set distance along either tangent, the
offset will be the same from the Tangent Point towards the Intersection Point.
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Example:
Adopting a 5 m interval along the tangent, calculate the offset lengths, given a
deflection angle of 50° and a radius of 60m.
∆
TD = R Tan
2
= 60 tan 25°
= 27.98 m

offset at 5m = 60 − 60 2 − 5 2 = 0.21m
10m = 60 − 60 2 − 10 2 = 0.84m
15m = 60 − 60 2 − 15 2 = 1.91m
20m = 60 − 60 2 − 20 2 = 3.43m
25m = 60 − 60 2 − 25 2 = 5.46m
27.98m = 60 − 60 2 − 27.98 2 = 6.92m

Set out pegs at 5m intervals between TP1 and IP, or TP2 and IP.
At each peg set out the respective offset (y) using an optical square.
Mark the position on the curve with a peg.

Offset from Long Chord (Tape Only)
The curve is established by measuring offsets (y) at right angles to the long chord
at selected distances from the centre of the Chord.
To be able to use this method, you must have complete access to the Tangent
Points, the Intersection Point and all of the area between the Long Chord and the
curve.
Similarly to the first two methods:
1.

Locate the intersection point (IP) of the two straights, usually off the plan.

2.

Measure the deflection angle (∆) off the plan, and peg both of the
straights.

3.

Calculate the Tangent Distances (TD), and peg each of the Tangent
Points (TP1 and TP2).

4.

Peg the Long Chord, particularly marking the centre of the Long Chord.
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Fig 28.3
k = R 2 − x 2 = k = R2 −

(L 2)

2

where L = length of long cord
any offset (y) = (R2 − x 2 ) − k

where x is any distance along the long chord either side of C.
The major offset, at the centre of the Chord = R – k
Again, because the curve is symmetrical, the offsets are the same either side
of the centre point of the Long Chord.

Example:
Calculate the offset from the long chord at 10m intervals, given a radius of 50m
and a deflection angle of 97° 11’ 00”.
∆
long chord = 2 Rsin
2
= 100 sin 48°35’30"
L = 75.00m

(L 2) = 37.5
k = 502 − 37.52
= 33.07m
major offset = R − k
= 50 − 33.07
= 16.93 m = mid-ordinate

Offsets 10 m either side of C = 502 − 102 − k
= 15.92m
Offsets 20 m either side of C = 502 − 202 − k
= 12.76 m
The curve could be set out with tape and optical square as follows.
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Offsets from the Chord Extended
In this method, the chord length chosen should be such that the difference
between chord and arc length is as small as possible. The method is fairly
accurate and is not restricted to setting out curves of small radius.
It is especially useful in heavy country as the only clearing necessary is, in fact,
around the curve. It is suggested that, whatever the circumstances, the chord
R
should not exceed 20
.
As is normal for the pegging of any road, the pegs are placed at an even interval
along the length of the road. This means that the first chord from TP1 will usually
be an odd length, and the last chord to TP2 will also be an odd amount.
The method for setting out this curve starts in the same way as each of the
others:
1.

Locate the intersection point (IP) of the two straights, usually off the plan.

2.

Measure the deflection angle (∆) off the plan, and peg both of the
straights, if possible.

3.

Calculate the Tangent Distances (TD), and peg each of the Tangent
Points (TP1 and TP2).

4.

Calculate the chainage of each of the Tangent Points.

5.

Determine the chord lengths and calculate the offset distances.

Fig 28.4
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First Offset

=

C12
2R

Second Offset =

C2 (C2 + C1 )
2R

Third Offset

=

C3 (C3 + C2 )
2R

=

Cn (Cn + Cn-1 )
2R

In General
Offsetn

6.

Measure the first chord from TP1 towards the IP.

7.

Swing the tape 90° and measure the offset. You are at A (in Figure
28.4).

8.

Extend the line TP1-A a further distance equal to the required chord.

9.

Swing the tape 90° and measure the offset. You are at B (in Figure
28.4).

10.

Extend the line A-B a further distance equal to the required chord.
Swing the tape through 90° and measure the offset.

11.

Continue this until you arrive and close onto TP2.

Example:
The centre line of a road is to be pegged around a curve that starts at chainage
1238.57m at TP1 and ends at chainage 1889.92m at TP2
The pegs are to be 25m apart, and the curve has a radius of 650m.
The first peg will be at chainage 1250m; therefore, the first chord will be
1250.00m – 1238.57m = 11.43m
Because the curve is to be pegged at 25m intervals and 25m is less then
25m chords would be the chosen length.
C12
11.432
=
2R
2 × 650
= 0.10m
C2 (C2 + C1 )
25(25 + 11.43)
Second Offset =
=
2R
2 × 650
= 0.70m
C (C + C2 )
25(25 + 25)
Third Offset = 3 3
=
2R
2 × 650

First Offset

=

= 0.96m
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This offset would be the same for all chords of 25m until the last chord before
TP2. The last chord = 1889.92m – 1875.00m = 14.92m
CL(CL + CL-1)
2R
= 0.46m

Last Offset =

=

14.92(14.92 + 25)
2 x 650

28.3 Large Radius Curves
There are several different methods that can be used to set out a large radius
curve. This text will look at three methods − although, with the use of total stations
within the survey industry now, almost all curves are set out using the first
method, set out by coordinates.

Set-out from an External Coordinated Station
With the introduction of EDM and computer generated coordinates, set out
techniques have changed from an angle and distance/offset approach to
radiations from a coordinated control network.
One significant advantage of this approach in circular curve set out is that points
can be placed without the surveyor having to occupy the curve. This has obvious
benefits in an environment where heavy earth-moving machinery is in use.
The usual data that is known for any curve, prior to commencing to set it out,
would be:
1.

the bearings of the two straights tangential to the curve (difference
between the bearings is equal to the deflection angle)

2.

the coordinates of the Intersection Point

3.

the design radius of the curve

Fig 28.5
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The computations required for determining the set out data can be divided into
two stages:
1.
2.

the calculation of coordinates for all points on the curve
the calculation of bearing and distance from the control station to all
points on the curve.

Coordinate Calculations

1.

Calculate the coordinates of the centre of the circle.
a. Using the deflection angle and the radius, calculate the tangent
distance.
b. Using the TD and θ1 calculate the coordinates of TP1.
c. Calculate the bearing from TP1 to the centre of the circle.
Bearing = θ1 ± 90°
d. Using the Radius and the bearing TP1 to O, calculate the
coordinates of the centre of the circle.
e. The next step is to calculate the bearing from the centre of the circle
to each of the points to be pegged along the curve. To do this, the
angle subtended by each arc at the centre of the circle needs to be
calculated.
Arc = R.∆ (radians)
Therefore:

∆ =

Arc

x

180

π

R

Fig 28.6
f.

It is best practice when calculating the angle subtended at the centre
of the circle to commence measuring each arc from the tangent
point, as seen in Figure 28.6, rather than calculate each small arc
and accumulate the angle subtended at the centre. This will ensure
that there is not an accumulation of rounding errors or that a mathematical error is not carried forward.
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g. Using the Bearing from TP1 to O and each of the angles subtended
at the centre of the circle, calculate the bearings from the centre of
the circle to each of the points on the curve.
h. Using each of the bearings just calculated and the radius, calculate
the coordinates of each of the points on the curve.
i. Tabulate the computed data under the following headings:
Chainage

Arc

E

N

Calculation of Set Out Data

Given the coordinates for each of the points around the curve to be pegged,
and the coordinates of each of the control points in the vicinity of the curve,
calculate the bearings and distances from the control points to the points
around the curve.
For large radius curves, it is not unusual to have several control points
around the curve so that the set out remains manageable. It would also mean
that clearing for the set out and construction could be kept to a minimum.

Fig 28.7

List your results under the following headings:
Chainage

Bearing

Distance

Note:
Once the set-out of the curve is complete, sufficient checks must be made to
ensure detection of errors.

1.
2.

Check the distance between each peg on the curve.
Check the long chord distance between tangent points.

Example 1
A circular curve of radius 200m has been designed to fit between two straights
that intersect at a chainage of 505.75m. Given the information below, calculate
the set-out data from Stn101 to lay in the curve at 20m intervals.
Bearing TP1 – IP = 65°29′44″
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Bearing IP – TP2 = 124°02′56″
Coords IP:
N 1749.112
E 5217.635

Coords Stn 101: N 1619.674
E 5275.431

Fig 28.8
∆ = 124°02′56″ – 65°29′44″
= 58°33′12″
TD = R tan

∆
2

Arc

= 112.128 m

= R . ∆ (rad)
= 204.390 m

ch TP1 = 505.75 – 112.13
= 393.62 m

ETP1 = 5115.606
NTP1 = 1702.605

ch T2 = 393.62 + 204.39
= 598.01 m

ETP2 = 5310.540
NTP2 = 1686.332

Eo = 5198.559
No = 1520.620
Bearing O – TP1 = 335° 29’ 44”

∆° =

Arc

x

R

180

π

Point Co-ords
Chainage

393.62 (TP1)
400
420
440
460
480
500

Arc

E

6.38
26.38
46.38
66.38
86.38
106.38

5115.606
5121.453
5140.261
5159.652
5179.432
5199.403
5219.365

197

N

1702.605
1705.158
1711.934
1716.799
1719.703
1720.618
1719.534
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126.38
146.38
166.38
186.38
204.39

520
540
560
580
598.01 (TP2)

5239.119
5258.468
5277.219
5295.184
5310.540

1716.464
1711.436
1704.502
1695.730
1686.331

Set-out Data

from Stn 101:

N 1619.674
E 5275.431

Chainage

393.62 (TP1)
400
420
440
460
480
500
520
540
560
580
598.01 (TP2)

Bearing

Distance

297°25′27″
299°02′16″
304°18′55″
309°59′34″
316°10′40″
323°00′51″
330°41′17″
339°26′09″
349°31′36″
1°12′27″
14°33′32″
27°46′35″

180.060 m
176.116 m
163.655 m
151.123 m
138.642 m
126.372 m
114.523 m
103.377 m
93.317 m
84.847 m
78.579 m
75.338 m

Checks

1.

Distance between pegs
For a 20m arc
∆° = Arc x
R

180

=

π

20

x

200

Long Chord (for 20m arc) = 2R sin

180

= 5° 43’ 46”

π
∆

2
= 19.991m
2.

Distance Between Tangent Points
For small distances, or where there is easy line of sight between the
tangent points, this distance can be physically measured, but for long
curves it is usually more practical to use a GPS to determine the
distance.
LC =

2R sin

∆
2

= 195.61m

Deflection Angle Method (Theodolite and Tape)
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The deflection angle method requires a theodolite to turn off successive deflection
angles and a tape to measure the chords.
The curve is set out as a series of chords. It is recommended that the selected
chord length approximates the length of the corresponding arc. This is possible
R
.
by ensuring that the chords are kept below 20
Most curves would be set out with pegs at intervals of 20m or 25m. The distance
between pegs does not matter generally, but if the length of the chord is above
R
20 , then you need to be careful with the method used to peg the curve.

Fig 28.9
The theodolite is set up over the tangent point and the IP is the initial RO.
The deflection angle δ is the angle at the TP from the tangent to the chord.
The deflection angle for any arc length is:
δ (radians) =

Arc
2R

The deflection angle for any chord length is (provided chord does not exceed
Sin δ =

R
20

):

Chord
2R

ie, sin δ = δ radians (only if δ is small)
By keeping the length of the chord to less than

R
20

, the difference between the arc

and the chord is kept to an acceptable difference.
Radius

Arc

Chord

Diff

100m
200m
400m
500m
1000m
2000m
3000m

5.000m
10.000m
20.000m
25.000m
50.000m
100.000m
150.000m

4.9995m
9.9990m
19.9979m
24.9974m
49.9948m
99.9896m
149.9844m

0.5mm
1.0mm
2.1mm
2.6mm
5.2mm
10.4mm
15.6mm

∆ (The angle subtended at
the centre of the circle)

2° 51’ 53”
2° 51’ 53”
2° 51’ 53”
2° 51’ 53”
2° 51’ 53”
2° 51’ 53”
2° 51’ 53”

As can be seen from the table above, the error between the arc and the chord is
R
.
kept to about 0.01% by keeping the chord length to less than 20
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Arc - chord correction
If a chord length that is greater than

R
20

is required, it is possible to calculate the

correct length of the chord.
A chord will always be shorter than its arc. The length of the chord is found by
the formula:
Chord Length = Arc Length -

Arc3
24R2

By calculating the length of the chord, it is possible to check the distance between
pegs around a curve that has been set out by coordinates.
The method of setting out a curve using the Deflection Angle method:

1.

Determine the chord lengths. Remember that the first and last chords will
be different from the rest of the chords, because roads are pegged at an
even metre interval. The first chord will go from the TP to the next even
interval, while the last chord will go from the last even interval to the TP.

2.

Calculate the Deflection Angles. There are two methods for determining the
deflection angles:
a. With the first method, the first and last deflection angles are
calculated and the deflection angle for one of the other chords is
calculated. This will be the same for all chords that are the same
length.

Fig 28.10
This method is the easiest to calculate, as usually only three angles
need to be calculated, and then the deflection angle from the tangent
is accumulated, by adding the individual angles.
From Figure 28.10, the first angle calculated would be δ1 and then
δ2. The deflection angle from the tangent to point B would equal
δ1+δ2. Similarly, the deflection angle to point C would be equal to
δ1+δ2+δ2, and so on.
The drawback with this method is that if an error is made, all points
will be incorrect or if any of the angles have been rounded, then this
error is magnified as the angles continue to accumulate.
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b.

The second method is that the deflection angle for all chords, with the
cords starting at the tangent point each time, is calculated
independently.

Fig 28.11
This will mean that any error in a calculation will only affect a single
point and not be carried on to any other point.
The draw back with this method is the number of calculations that are
required to be completed; however, with modern calculators, this is
only a minor consideration.
3.

Set out each of the pegs from the data calculated above.
a.
b.

c.

The theodolite is set up over TP1 and RO on the IP, setting 0° 00’ 00”
on the horizontal circle.
Swing the first deflection angle, while, with the tape measure out the
chord. Use the theodolite to keep the tape on line. Place the first peg
at the distance of the chord along the tape.
Swing the theodolite so that the next deflection angle is read on the
horizontal circle. Place the end of the tape on the first peg and swing
the tape so that the point on the tape that reads the chord length
intersects the line of sight from the theodolite.

Fig 28.12

d.

This is the position of the second peg.
Repeat this process for each of the pegs, measuring the deflection
angle with the theodolite and using the tape to measure the length of
the chord from the previous peg.
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Example:
Two straights with a deviation angle of 30°, are to be connected by a curve of
300 metre radius. The chainage at the IP is 872.485 m. Calculate the set-out
data adopting a 20 metre standard chord.

Fig 28.13
tangent length

= 300 tan 15°
= 80.385 m

chainage at TP1 = 792.100 m
Arc Distance

= 300. ∆ (radians)
= 157.080 m

chainage at TP2 = 949.180 m
Number of Chords Required

1.
2.
3.

Initial sub-chord (800 – 792.1)
7 chords of 20 m
Final sub-chord (949.180 – 940)

=
=
=

Pre-calc Deflection Angles

1.

For the initial chord
δ=

2.

=

7.90
600

= 0° 45’ 16”

For the 20m chords
δ=

3.

Arc
2R

Arc
2R

20
600

= 1° 54’ 35”

9.18
600

= 0° 52’ 36”

=

For the final chord
δ=

Arc
2R

=
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Setting Out Tables
Chord No.

1
2
3
4
5
6
7
8

Length
792.10
7.9
20
20
20
20
20
20
20

9

9.18

Chainage

δ

Running δ

800
820
840
860
880
900
920
940

0°45′16″
1°54′35″
1°54′35″
1°54′35″
1°54′35″
1°54′35″
1°54′35″
1°54′35″

0°45′16″
2°39′51″
4°34′26″
6°29′01″
8°23′36″
10°18′11″
12°12′46″
14°07′21″

949.18

0°52′36″

14°59′57″ =

∆
2

To set-out the curve as tabulated:
1. Set the theodolite on the IP, sight to A, measure 80.385m (tangent distance)
towards A to set in TP1. Turn an anti-clockwise angle of 150°. Measure
80.385m towards B to set in TP2.
If a check on the mid-point of the curve is required then turn an angle of 75°
from B towards A and measure the crown secant,
Crown Secant = R(Sec ∆2 – 1) = 10.583m
on the line and set in the mid point of the curve.
2. Set the theodolite on TP1, sight 0°00′00″ on the horizontal circle to the IP,
turn 0°45′16″ and measure 7.90 m along the ray. This is the position of the
first peg at chainage 800m.
3. Set 1° 54′ 35″ on the scale, measure 20 m along the ray from the 800 m peg
just placed and set in the 820 m peg. Repeat this using the chord distances
and deflection angles calculated to complete the curve.
Note:

•

The angle at the forward tangent point should equal one half of the deflection
angle at IP.
This value is found and checked against the angle calculated in the tabulation
(15°00′00″ compared with 14°59′57″ in the setting out table). It is normal to
ignore discrepancies too small to affect the setting out.

•

Arc - chord correction.
A chord will always be shorter than its arc. The difference is found by the
formula:
Arc3
24R2

=

203
24(300)2

= 0.0037m
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There are 7 major chords. Therefore, the difference is 0.026 m for the full
curve, or 0.004 m for each 20 m arc. In most cases the discrepancy can be
ignored. For precise work chords of 19.996 m would be set-out.

Deflection Angle Method (Total Station)
The use of EDM equipment reduces the field party size from 3 to 2 and provides
a far more efficient method compared with taping. Deflection angles are
calculated and set out as previously described, but the chords are set-out
electronically from TP1.
The chord is calculated using the formula:
chord = 2R sin δ

where δ is the running δ.

The person operating the instrument ‘puts’ the person with the reflector ‘on line’.
The reflector is moved back or forward until the correct chord distance is gained,
and the point marked with a peg.
To check that the pegs have been put in correctly, measure the distance between
them using a tape.

Example 2

Fig 28.14
Given the above circular curve data, calculate:
1.
2.
3.
4.

chainage at tangent points TP1 and TP2
the bearing and distance required to set-out the mid-point of the
curve from tangent point TP1
the bearing and distance required to set-out Ch 200 m and
Ch 350 m from Stn X
the chord distances between the pegs as a check on the set-out.
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Calculations

1.

∆ = 114° 11’ 29” – 50° 24’ 47” = 63° 46’ 42”
2.
TD = R Tan

∆

Arc = R∆ (radians)

2
= 130.658m

= 233.760m

3.
Ch TP1 = Ch IP - TD
Ch TP1 = 300.61 – 130.658 = 169.95m
4.
Ch TP2 = ChTP1 + Arc Dist
Ch TP2 = 169.95 + 233.760 = 403.71m
5.
Ch Mid Pt = Ch TP1 +

Arc Dist
2
Ch Mid Pt = 169.95 +
233.760
2
= 169.95 + 116.88
= 286.83m

6.

Calculate the Bearing and Distance from TP1 to Mid Pt.

Fig 28.15

δ° =

Arc

x

180

=

116.88

x

180

= 15° 56’ 41”

420
2R
π
π
Bearing TP1 to Mid Pt = 114° 11’ 29” – 15° 56’ 41”
= 98° 14’ 48”

Arc to Mid Pt = 116.88m

∆° =

Arc
R

x

180

=

π

116.88
210

Long Chord = 2R sin

∆

2
= 115.377m
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Bearing from TP1 to Mid Pt = 98° 14’ 48”
Distance from TP1 to Mid Pt = 115.377m
7.

Calculate the coordinates of points at Ch 200 and Ch 350
a.

Calculate the coordinates of TP1
Coordinates IP = N 1015.543
E 492.117
Bearing IP to TP1 = 294° 11’ 29”
Distance IP to TP1 = TD = 130.658m
Coordinates of TP1 = N 1069.085
E 372.933

b.

Calculate the coordinates of the centre of the circle
Coordinates of TP1 = N 1069.085
E 372.933
Bearing TP1 to O = 294° 11’ 29” + 90° = 24° 11’ 29”
Distance TP1 to O = R = 210.000m
Coordinates of O =N 1260.643
E 458.988

c.

Calculate coordinates of Ch 200
Arc TP1 to Ch 200 = 200 - 169.95 = 30.05m

∆° =

Arc
R

x

180

π

=

30.05
210

x

180

= 8° 11’ 56”

π

Bearing O to Ch 200 = 24° 11’ 29” + 180° - 8° 11’ 56”
= 195° 59’ 33”
Coordinates of O =N 1260.643
E 458.988
Bearing O to Ch 200 = 195° 59’ 33”
Dist O to Ch 200 = R = 210m
Coordinates of Ch 200 = N 1058.770
E 401.131
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d.

Calculate coordinates of Ch 350
Arc TP1 to Ch 350 = 350 –169.95 = 180.05m

∆° =

Arc

x

180

=

180.05

x

180

= 49° 07’ 28”

210
R
π
π
Bearing O to Ch 350 = 24° 11’ 29” + 180° - 49° 07’ 28”
= 155° 04’ 01”
Coordinates of O = N 1260.643
E 458.988
Bearing O to Ch 350 = 155° 04’ 01”
Dist O to Ch 350 = R = 210m
Coordinates of Ch 350 =N 1070.215
E 547.515
8.

Calculate the Bearings and Distances from Stn X to Ch 200 and Stn X
to Ch 350
a.

Calculate the Bearing and Distance From Stn X to Ch 200
Coordinates of Stn X = N 945.351
E 338.462
Coordinates of Ch 200 = N 1058.770
E 401.131
Bearing Stn X to Ch 200 = 28° 55’ 21”
Distance Stn X to Ch 200 = 129.581m

b.

Calculate the Bearing and Distance From Stn X to Ch 350
Coordinates of Stn X = N 945.351
E 338.462
Coordinates of Ch 350 = N 1070.215
E 547.515
Bearing Stn X to Ch 350 = 59° 09’ 03”
Distance Stn X to Ch 350 = 243.504m
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9.

Calculate the chord distances between pegs as a check on the set out
a.

Calculate the chord TP1 to Ch 200
Arc TP1 to Ch 200 = 200.000 - 169.95 = 30.05m

∆° =

Arc

x

180

=

π

R

30.05

x

180

= 8° 11’ 56”

π

210

∆

Long Chord = 2R sin

2
= 30.025m

b.

Calculate the chord Ch 200 to Mid Pt
Arc Ch 200 to Mid Pt = 286.83 - 200.000 = 86.83m

∆° =

Arc

x

180

=

π

R

86.83

x

180

= 23° 41’ 26”

π

210

∆

Long Chord = 2R sin

2
= 86.213m
c.

Calculate the chord Mid Pt to Ch 350
Arc Mid Pt to Ch 350 = 350 - 286.83 = 63.17

∆° =

Arc

x

180

=

π

R

63.17

x

180

= 17° 14’ 06”

π

210

∆

Long Chord = 2R sin

2
= 62.932m
d.

Calculate the chord Ch 350 to TP2
Arc Ch 350 to TP2 = 403.71 - 350 = 53.71

∆° =

Arc
R

x

180

=

π

Long Chord = 2R sin

210

∆
2

= 53.564m
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Chapter 29

Global Positioning Systems
(GPS)
29.1 Introduction
Global Positioning Systems (GPS) is a system of determining position on
the earth’s surface by the use of satellites orbiting above the earth.
The first generation of satellite systems used in surveying was the US
Navy's TRANSIT satellites, operating on the Doppler principle. In this
system, receivers located at ground stations measured the changes in
frequencies of radio signals transmitted from satellites orbiting in polar orbits
at an altitude of about 1075 km.
In 1973, the US Department of Defence began a concept validation program
to investigate the viability of a proposed new satellite system to replace
TRANSIT and NAVSTAR GPS was born. (Navigation Satellite Timing and
Ranging Global Positioning System.) The first satellite was launched in
1978.
This system is an all-weather radio navigation system which provides 3
dimensional positional information anywhere on the globe, 24 hours per day,
from any position. It provides this information faster, more accurately and at
lower cost than TRANSIT and has superseded all previous long range
navigation systems.
Although this was designed as a navigation system, GPS is having a
tremendous impact on surveying and is being used more and more as a
means of determining position in surveying.
GPS is a military navigation system and civilian users are tolerated. GPS is
a major navigation technology that has been modified to provide surveying
accuracy without downgrading its navigation capabilities, and without the
need for elaborate data processing and long observation periods.

29.2

Description of the System

There are currently 24 satellites in 6 orbital planes (4 in each), each at a
distance of 20,200 km above the earth. The satellites have a 12 hr orbit
period and a circular orbit at 55°E to equatorial plane, and spaced 60° apart.
The system has worked continuously since 1991 and is capable of
centimetre accuracy. There is a 30 second fix resolution which is updated
every 6.5 seconds
There are two types of receivers, single frequency receivers and dual
frequency receivers (dual frequency is faster and more accurate).
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Fig 29.1 Constellation GPS NAVSTAR Satellites

29.3 The System Consists of Three Main
Segments
The space segment:
This is essentially the 24 satellites in orbit.
The user segment:
It receives the satellite signals and calculates the positions or position
differences, obtaining real-time kinematic positions or more accurate
static position fixes.
The control segment:
This has as its main function the control and synchronisation of the
highly accurate clocks in the satellites, the determination of the satellite
orbits and the injection of such data into the satellites for re-transmission
as Broadcast Ephemeris.

29.4 The Principle of GPS
GPS procedures for determining precise point positions consist
fundamentally in measuring distances from points of unknown location to
satellites whose positions are known at the instant the distance is
measured. From these distances, a precise position can be determined
similar to conventional resections.
GPS is a uni-directional method of distance measurement that depends
upon accurate time measurement, facilitated by precise synchronization of
clocks in both the satellites and the receivers.
The distance is determined by calculating the time taken for the carrier wave
to travel from the satellite to the receiver. The time is determined by
comparing the signal received by the receivers with a constant reference
signal being generated in the receiver.
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Fig 29.2 Code matching concept for measuring distances from GPS
receivers to satellites

29.5 Relative Positioning or Differential
Positioning
There are two basic methods of using GPS.

Fig 29.3
The first is to obtain a position by using just a single receiver. When this
method is used, there is no check to determine any error in the machine.
The coordinates that are calculated must be accepted as being correct.

Fig 29.4
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Far more accurate and quicker results are obtained, however, if two
receivers are used.
This is known as relative or differential positioning. When using this method,
one receiver remains on a known fixed survey control point, with known
coordinates, whilst the other visits the unknown points.
Since the errors due to clock errors and refraction errors are the same at
each receiver, the error at the known control points can be applied to the
coordinates obtained from the unknown points and thus virtually eliminated,
producing more accurate results.

29.6 Advantages of GPS
1. Co-ordinates can be brought into remote areas where the cost of
conventional methods would be prohibitive.
2. The system can be used 24 hours a day regardless of weather
conditions.
3. Intervisibility between points is not necessary. Therefore no expensive
and time-consuming line clearing is required.
4. The method is relatively quick and accurate and field techniques are
easy to master.

29.7 Disadvantages of GPS
1. The full differential positioning equipment is still reasonably expensive,
although prices are reducing all the time.
2. In heavily forested areas, GPS surveys are not as effective since
satellite visibility is inhibited.
3. The GPS system is controlled and owned by the US Department of
Defence and thus the ultimate control of the whole system lies with
them.
NOTE: The GPS receivers obtain coordinates based on an earth
centred World Geodetic Datum and these coordinates must
then be converted to the AMG, although World Geodetic Datum
Coordinates (WGS81) are almost identical to GDA96
coordinates.
Care must be taken when using a map for coordinates, to
check which spheroid has been used to calculate the
coordinates.
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