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CHAPTER 1 

Basics of Surveying 
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Historical Surveying 

What is Surveying? 

The art of making measurements of the relative positions of natural and 
man-made features on the Earth’s surface, and the presentation of this 
information either graphically or numerically. 

Since when? 

The first surveying works date back to the antiquity, the Greek provided 
the first account of surveying techniques. 

Euclid founded the theoretical background for surveying by the 
development of his geometry. 
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Stonehenge, Wiltshire –England 
 
Ca. 2500 BC 



Historical Surveying 

Eratosthenes (ca. 
250 BC) 
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Surveying - Science and Profession 

The art of making measurements of the relative positions of natural and 
man-made features on the Earth’s surface, and the presentation of this 
information either graphically or numerically. 

Surveying: 

Geodesy: 

Geodesy is the discipline that deals with the measurements and 
representation of the Earth, including its gravity field, in a three-
dimensional time varying space. 

Geodesy focus on the Earth and neglect any man-made features on it (e.g. 
buildings, public utilities, etc.), while surveying use the results of geodesy 
for positioning and mapping of these features. 
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How to achieve this? 

Recall the definition of Surveying: 

The art of making measurements of the relative positions of natural 
and man-made features on the Earth’s surface, and the 
presentation of this information either graphically or numerically. 

Let’s determine the position (XP, YP) of point P! 

Absolute vs Relative positioning 
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Y
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(XA,YA) 

(XB,YB) 
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XP 

YP 

dBP 

dAP 

Control points 
(known coords; 
marked on the field) 

Basic principles of Surveying 
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Let’s determine the position of a third, unknown point. 

We have two unknowns: XP, YP 

We need two measurements: 

• two distances 

• one distance and an angle 

• two angles  
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Basic principles of Surveying 

a 
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Types of Surveys 

According to the space involved: 

• relatively small areas 

• surface of earth can supposed to be flat 

• measurements plotted represent a horizontal 
projection of the actual field measurements 

Note: The two radii can supposed to be 
parallel, when the l(A,B) is small. 
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•  All distances and directions are horizontal; 
 
•  The direction of the plumb line is same at all points within the limits of the 
survey; 
 
•  All angles (both horizontal and vertical) are plane angles; 
 
•  Elevations are with reference to a datum. 

Fundamental assumptions in Plane surveying 
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• large areas 

• surface of the Earth can not supposed to be flat 

• the curvature of the Earth is taken into account 

Mostly used for  establishing control networks,  determining the size and shape of the Earth and  
determining the gravity field of the Earth. 
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In order to use the relative positioning, a proper number of control points are needed. 
These points: 
• are coordinated points; 
• are marked. 

How to create a countrywide coordinate system? 
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Control Networks 

Why is it necessary to have a common countrywide coordinate system? 
 
Many engineering tasks cover a large area (highways, bridges, tunnels, channels, 
land registry, etc.), where the common coordinate system (reference system) 
should be available. 
 
The Control Network provide us with control points given in the same refence 
system (coordinate system). 
 
Thus measuring the relative positions of unknown points using these control 
points, the coordinates of the new points can be computed in the same reference 
system. 
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The role of Surveying in Civil Engineering Practice 

Surveyors are needed: 
 
• to maintain the geometric order during the construction process 

Laying them in the appropriate geometry, outstanding structures 
can be created! Wrong geometry – the structure is not functional! 

• to provide fundamental data for the design and planning process 

• to provide quantity control during the construction process (for example: 
earthwork quantities) 

• to monitor the structure after the construction (subsidence, 
deformations, etc.) 
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Surveying activities during the construction process 

Before Construction Under construction After construction 

Planning and 
data collection 

Observations 
in the field 

Processing the 
observations 

(office) 

Drawing maps,  
plans or providing 

numerical data 

Presenting 
documentation  

to the client 

Setting out on each 
phase  

of construction 

Field checks of 
construction 

Providing data 
and services to 

the client 

Final (as-built) 
plan or map  

on the construction 

Presenting  
documentation  

to the client 

The role of Surveying in Civil Engineering Practice 

Deformation  
Monitoring/ 
Load Tests 
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Classes of surveys: 

1. The preliminary survey: (data gathering) 

 

•Collection of distances,  

•angles, and  

•difference in elevation data to locate physical features so 

data can be plotted to scale on a map. 

2. Layout surveys: 

 

Marking on the ground the features shown on a design plan (using 

wood stakes, iron bars, aluminum and concrete monuments, nails, 

etc.) 

 

3. Control surveys: 

 

To reference preliminary and layout surveys, 
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Definitions 

•  Topographic surveys : To prepare a plan/ map of a region which 

includes natural as well as man-made features including elevation. 

Preliminary survey 

 

• Hydrographic surveys: used to tie in underwater features to surface 

control points. Usually shorelines, marine features, and water depths are 

shown on the hydrographic map Preliminary surveys 

 

• Route surveys: they range over a narrow but long strip of land. Like 

highways, railroads, …etc.  preliminary+ layout+ control surveys 

 

• Property surveys (cadastral or land surveys): determining boundary 

locations or laying out new property boundaries  preliminary+ layout+ 

control surveys 
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• Final (“as built”) surveys: similar to preliminary surveys. Final 

surveys tie in features that have been constructed to provide a final 

record of the construction and to check that the construction has 

proceeded according to the design plans. 

 

• Aerial surveys: preliminary and final surveys that use both 

traditional aerial photography and aerial imagery.  

 

•  Construction surveys : Surveys which are required for 

establishment of points, lines, grades, and for staking out engineering 

works (after the plans have been prepared and the structural design 

has been done) layout surveys 
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Surveying Instrumentations: 

1. Chain and Tape 
 
Chains or tapes are used to measure distances on the field. 
A chain is made up of connected steel segments, or links, which each measure 20 cm. 
Usually, a chain has a total length of 20 metres (66 ft), including one handle at each end 
(100 links). 
 
 
 
 
 
 
 
 
 
Measuring tapes: are made of steel, coated linen, or synthetic material. They are 
available in lengths of 20, 30 and 50 m. Centimetres, decimetres and metres are usually 
indicated on the tape. 
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2. Measuring Rod (level staff or graduated rod) 
 
A measuring rod is a straight lath with a length varying from 2 m to 5 m. The rod is 
usually marked in the same way as a measuring tape, indicating centimetres, 
decimetres and metres. 

Dr. Randa Oqab Mujalli 



3. Plumb Bob 
 
A plumb bob is used to check if objects are vertical. A plumb bob consists of a piece of 
metal (called a bob) pointing downwards, which is attached to a cord. When the plumb 
bob is hanging free and not moving, the cord is vertical. 
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4. Hand Level 
 
A hand level is used to check if objects are horizontal or vertical. Within a hand level 
there are one or more curved glass tubes, called level tubes. 
 
Each tube is sealed and partially filled with a liquid (water, oil or paraffin). The 
remaining space is air, visible as a bubble. On the glass tube there are two marks. Only 
when the hand level is horizontal (or vertical) is the air bubble exactly between these 
two marks. 
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5 Ranging Poles 
 
Ranging poles are used to mark areas and to set out straight lines on the field. They are 
also used to mark points which must be seen from a distance, in which case a flag may 
be attached to improve the visibility. 
 
Ranging poles are straight round stalks, 3 to 4 cm thick and about 2 m long. They are 
made of wood or metal.  
 
REMEMBER: Ranging poles may never be curved. 
 
Ranging poles are usually painted with alternate red-white or black-white bands.  
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6 Pegs: 
 
Pegs are used when certain points on the field require more permanent marking. 
Pegs are generally made of wood; sometimes pieces of tree-branches, properly 
sharpened, are good enough. The size of the pegs (40 to 60 cm) depends on the 
type of survey work they are used for and the type of soil they have to be driven in. 
The pegs should be driven vertically into the soil and the top should be clearly 
visible. 
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7 Electronic distance measurement (EDM): 
 
These devices measure lengths by indirectly determining the number of full and 
partial waves of transmitted electromagnetic energy required in traveling between 
the two ends of a line. 
 
In practice, the energy is transmitted from one end of the line to the other and 
returned to the starting point; thus, it travels the double path distance.  
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8 Levels: 
 
Levels are used to determine elevations in a wide variety of surveying, mapping, 
and engineering applications 
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9 Theodolites: 
 
Theodolites (sometimes called transits) are used in measuring horizontal and 
vertical angles and for establishing linear and curved alignments in the field. 
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10 Total stations: 
 
Total stations combine EDM with an electronic theodolite. In addition, it is equipped 
with a central processor, which enables the computation of horizontal and vertical 
distances. The central processor also monitors instrument status and executes 
software programs that enables the surveyor to perform a wide variety of surveying 
applications.  
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11 Global Navigation Satellite System (GNSS): 
 
Is a term used world-wide to describe the various satellite positioning systems now 
in use. Global positioning system (GPS) is the term used to describe the U.S. 
NAVSTAR positioning system, which was the original fully-operational GNSS. 
GLONASS the Russian GNSS, Galileo the European GNSS, Beidou  China’s 
GNSS 
 
A satellite positioning receiver captures signals transmitted by four or more 
positioning satellites in order to determine position coordinates (e.g. northing, 
easting, and elevation) of a survey station.   
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Survey Geographic Reference: 

 

Surveying includes measuring the location of physical land features 

relative to one another and relative to a defined reference on the surface 

of the earth. 

 

The earth’s reference system is composed of the surface divisions  

denoted by geographic latitudes and longitudes 

 

Latitude lines run east/west and are parallel to the equator.  

 

The latitude lines are formed by projecting the latitude angle out from  

the center of the earth to its surface.  

 

The latitude angle itself is measured (90 degrees maximum) at the  

earth’s center, north or south from the equatorial plane. 
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Survey Geographic Reference: 

 

Longitude lines run north/south, converging at the poles.  

 

The line of longitudes (meridians) are formed by projecting the 

Longitude angle at the equator out to the surface of the earth .  

 

The longitude angle itself is measured at the earth’s center, 

East or west (180 degrees maximum) from 0° longitude, which 

has been arbitrarily placed through Greenwich, England. 

 

 

 

 

 

 

Dr. Randa Oqab Mujalli 

Markings of the prime meridian at the Royal Observatory, 
Greenwich. 
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http://modernsurvivalblog.com/survival-skills/basic-map-reading-latitude-longitude/ 
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http://modernsurvivalblog.com/survival-skills/basic-map-reading-latitude-longitude/ 
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http://kaffee.50webs.com/Science/activities/Astro/Activity-Latitude.Longitude.htm 



Survey Grid Reference: 

 

•     Grid references define locations on maps using Cartesian 
coordinates.  

 

•     Grid lines on maps define the coordinate system, and are numbered 
to provide a unique reference to features. 

 

•     Grid systems vary, but the most common is a square grid with grid 
lines intersecting each other at right angles and numbered 
sequentially from the origin at the bottom left of the map.  

 

•     The grid numbers on the east-west (horizontal) axis are called 
Eastings, and the grid numbers on the north-south (vertical) axis are 
called Northings. 

 

  

 

 
Dr. Randa Oqab Mujalli 



Survey Grid Reference: 

 

• Numerical grid references consist of an even number of digits. 

Eastings are written before Northings. Thus in a 6 digit grid reference 

123456, the Easting component is 123 and the Northing component is 

456. 

 

• The grid is limited in area e.g. 1 squared. Km, no serious errors 

resulting from ignoring curvature 

 

• Ease of calculations (plane geometry and trigonometry)  

 

• Translation to geographic coordinates could be accomplished 
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Survey Grid Reference: 
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http://www.walkhighlands.co.uk/safety/symbols.shtml 



Survey Vertical Reference: 

 

    In addition to the X and Y dimensions of any feature, a vertical 

dimension can be referenced to any datum, usually MSL. 
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Accuracy and Precision: 

 

• Accuracy: is the relationship between the value of a measurement and 

the ―true‖ value of the dimension being measured 

 

• Precision: describes the refinement of the measuring process and the 

ability to repeat the same measurement with consistently small 

variations in the measurements 

 

• Ex: a wall known to be 157.22 ft long is measured using two tapes; 

types 
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“True” 
Distance (ft) 

Measured 
distance (ft) 

Error (ft) 

Fiberglass tape 157.22 157.3 0.08 

Steel tape 157.22 157.23 0.01 



Accuracy Ratio: 

 

• Accuracy ratio: is the ratio of error of closure to the distance measured 

 

• The error of closure: is the difference between the measured location 

and the theoretical correct location 

 

• Ex: a distance was measured and found to be 250.56 ft. the distance 

was previously known to be 250.50 ft. the error is 0.06 ft in a distance 

of 250.50 ft. 

 

• Accuracy ratio (AR)= 0.06/ 250.50 

                           = 1/ 4175       1/4200 

 

• AR is expressed as a fraction whose numerator is unity and whose 

denominator is rounded to closest 100 units 
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Errors: 

 

1. Systematic errors: errors whose magnitude and algebraic sign can be 

determined.  

  

    surveyor can eliminate them to improve the accuracy 

    Example: effect of temperature on steel tape 

  

2. Random error (accidental error): Occurs in every surveying 

measurement and is beyond the control of the surveyor. It is due to the 

nature of human being.  

 

• If surveyor is skilled and careful, random error will not be 

significant. 
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Mistakes: 

 

Mistakes are blunders made by a survey personnel. 

 

Ex:  

 

– transposing figures (recording a tape value of 68 as 86) 

 

– Measuring from and to the wrong point 

 

• They should be discovered and eliminated, by verification (repeating 

the measurement, or geometric or trigonometric analysis). 
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Stationing: 

 

• Distances along baseline are called:  Stations or Chainage. 

 

• Measurements at right angles to baseline are called: Offsets. 
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Stationing: 

 

 

  

 Full station   100 m    or 100 ft 

  

 Half station  --             50’ 

  

 Partial station           20 m  -- 
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Many highway agencies use 1000 unit station 1+000 
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 Significant Figures (SF) 

• Known digits in number . 

• For example :- 

 

• 92013 

• 92.031 

• 0.0032 

 

 

 

5 S.F 

5 S.F 

2 S.F 
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 32.700 

 

 

 

 

 

 

 72300 

 

It can be written as: 

 

1-  72.3 * 10^3 

 

2-  72.30* 10^3 

 

3-72.300 * 10^3 

5 S.F 

By chance comes zero 

3 or 4 or 5 

3 S.F 

4 S.F 

5 S.F 
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Rounding off 

 

• 72.32 

 

• 72.37 

 

• 72.35 

 

• 72.45 

4 S.F 3 S.F 72.3 

3 S.F 72.4 

 3 S.F 72.4 Odd case 

3 S.F 72.4 Even case 



Chapter 3 

Tape Measurements 
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Distance Measuring Techniques 

1. Pacing: 

 

• Imprecise 

• Medium ( neither long or short )  . 

• Pace length depends  on legs opening. 

• Accuracy ratios 1:100 

 

 

 

   Note:- One pace = perimeter in m/ perimeter in pace 
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2.  Gunter’s Chain: 

 

The Gunter’s chain used to survey North America was 66 ft long and 

composed of 100 links (chain=100 link) 

 

 

Dr. Randa Oqab Mujalli 

http://www.lewis-clark.org/content/content-article.asp?ArticleID=1492


3. Odometer: 

 

• Fence lines abutting a road 

• Distance to a traffic accident scene 

• One rev =2Πr 

Then, n rev = d    

then  d =  2Π r n 
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4. Tape: 
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 Traditional method of measuring distance. 

 

 Usually 30 m lengths. 

 

 Available in steel and cloth. 

http://en.wikipedia.org/wiki/Image:Tape_measure.jpg
http://en.wikipedia.org/wiki/Image:Tape_measure.JPG


5. Stadia (Tacheometry): 
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Distance by stadia 

requires an 

instrument with 

stadia cross hairs. 

The distance between the stadia 

crosshairs is designed so that the 

divergence of the sights across the two 

stadia crosshairs is 1.0 feet when the 

instrument is 100 feet from the rod.  

(Assuming an instrument stadia factor 

of 100.) 
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When the top or bottom stadia hair 
rod reading is obscured, a process 
called 1/2 stadia can be used. 

When 1/2 stadia is used the 
elevation crosshair, and which ever 
stadia crosshair that can be read, is 
used. 

Because this stadia interval is 1/2 of 
the standard interval, it is 
multiplied by two. 

  

 

Horizontal Distance = TSR - Elev  x 2  x 100
= 7.34 - 6.21  x 2  x 100
= 226 ft  
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6. Electronic Distance Measuring (EDM): 

  The term EDM is used to 

describe a category of 

instruments that measure 

distance using an electronic 

signal.  

 The instrument broadcasts 

a focused signal that is 

returned by a prism or 

reflection from the object. 



Taping Errors: 
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Systematic Random 

Slope Slope 

Erroneous Length Temperature 

Temperature Tension and sag 

Tension and Sag Alignment 

Marking and plumbing 



Tape standard Conditions 

Foot System (100 ft) steel tape Metric system (30 m) steel tape 

temperature= 68 F Temperature= 20 C 

Tape fully supported Tape fully supported 

Tape under a tension of 10 lbs Tape under a tension of 50N 
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Systematic Slope Corrections 

• In some situations, distances are deliberately measured on a slope 

and then converted to their horizontal equivalents. 

 

• Using either the slope angle or the vertical distance 

 

• Slope might be expressed as a gradient  or rate of grade 
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• Example: 

 

A road centerline gradient falls from station 0+00, elevation = 564.22 ft, 

to station 1+50 at a rate of -2.5%. What is the centerline elevation at 

station 1+50? 

 

 

Dr. Randa Oqab Mujalli 

564.22 

1+50 0+00 

Diff. in elev. =150 (2.5/100) = -3.75 

 

Elev. At 1+50= 564.22-3.75= 560.477 ft 



• A slope distance between two points is 78.22 ft and the slope angle 

is 1°20’. What is the corresponding horizontal distance? 

 

 

 

Dr. Randa Oqab Mujalli 

Angle= 1°20’  

H= S*cos angle 

H= 78.22 cos 1°20’ 

H= 78.20 ft 



Chapter 2 
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Leveling: determining differences in elevation between two points 

 

Elevation: vertical distance above or below a reference datum (MSL) 

(Mean Sea Level) 

 

Level surface: A curved surface that at every point is perpendicular to 

the local plumb line (the direction in which gravity acts). Level surfaces 

are approximately spheroid in shape. 

 

Level line: A line in a level surface—therefore, a curved line.  

 

Horizontal line: line in a horizontal plane. 
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Types of Leveling Errors:  

 

1.    Curvature error, due to earth curvature. 

 

 (R + C)2 = R2 + KA2 

 R2 + 2 R C + C2 = R2 + KA2 

 C (2R + C) = KA2 
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2.    Refraction error:  

  

·       Sight lines are refracted down by earth atmosphere 

·       One seventh of curvature error 

·       In the opposite direction of curvature error 

Taking refractor error = 1/7 of curvature error 

and C = 0.0785 KA2 

Then C + r = 6/7 C 
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– C = .000206’ at 100’ 

– C = .00185’ at 200’ 

– C = .0206’ at 1000’ 

• Shots less than 300’ – C is negligible 
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3.    Parallax Error; occurs if telescope focus and/or eyepiece lens 
focus are/is not correct. 

·   Will lead to cross hair not showing correctly on the rod resulting 
in errors in the readings. 

  

4. Rod not held vertically straight.   

 

5. Foresights and corresponding back-sights on turning points not 
equally distant from the instrument.   

 

6. Poor turning point selected.   

 

7. Settlement of the tripod when set over soft ground.   

 

8. Bubble not in middle of tube at instant of sighting.   

 

9. Clump of dirt stuck on the bottom of the rod.  

 

Dr. Randa Oqab Mujalli 

di 
a 



The diaphragm (cross-hairs) 

To provide visible horizontal and vertical reference lines in the telescope. 

Line of collimation 

With adjustment screws the diaphragm can be moved in the telescope 
to adjust the line of collimation. 



Definitions 

• Benchmark (BM): A relatively permanent object, natural or artificial, 

having a marked point whose elevation above or below a reference 

datum is known or assumed. 

 

• Temporary Benchmark (TBM): is a semi-permanent point of known 

elevation. 

 

• Turning point (TP): is a point temporarily used to transfer an 

elevation. 

 

• Backsight (BS): is a rod reading taken on a point of known elevation 

to establish the elevation of the instrument line of sight. 
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Definitions 

• Height of instrument (HI): is the elevation of the line of sight through 

the level (i.e. elev. Of BM + BS = HI) 

 

• Foresight (FS): is a rod reading taken on a turning point, benchmark, 

or temporary benchmark to determine its elevation; that is, HI –FS = 

elev. Of TP (or BM or TBM) 

 

• Intermediate sight (IS): is a rod reading taken at any other point 

where the elevation is required; that is HI – IS = elev. 



Types of Leveling  

1. Differential Leveling:  

 

is the conventional method of determining the differences in height 

between survey control  

marks. 
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1. BS + Elevation  = HI 
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2. HI - FS = Elevation 
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12.64 112.64 

3.11 109.53 

BS 
10.88 

10.88 120.41 

FS 
2.56 

TP2 

2.56 TP2 117.85 

BS 
9.72 

9.72 127.57 

BM2 

FS 
3.10 

BM2 3.10 124.47 

100.00 



3. Change in elevation- summation of the backsight and the foresight then 
subtract 

+33.24 -8.77 

Change in elevation = 33.24 -8.77 =24.47 

Point 

BM1 

TP1 

Elevation BS HI FS 

12.64 112.64 

3.11 109.53 10.88 120.41 

2.56 TP2 117.85 9.72 127.57 

BM2 3.10 124.47 

100.00 



4. The initial backsight (BS) is taken to a point of known elevation 

5. The backsight reading is added to the elevation of the known point to 
compute the height of the instrument (HI) 

6. The level may be moved to a temporary point called a turning point 
(TP) 
 

7. The elevation of a point is the height of the instrument (HI) minus 
the foresight (FS) 
 



Example: 
 Prepare a set of level notes for the survey illustrated below.  What are 

the elevations of points TP1 and TP2? 

BS 
1.27 

FS 
4.91 

TP1 

BM 

BS 
2.33 

FS 
6.17 

TP2 

Elevation 356.68 



Differential Leveling 

Computation of Elevations 

BS 
1.27 

FS 
4.91 

TP1 

BM 

BS 
2.33 

FS 
6.17 

TP2 

Elevation 356.68 

1.27 357.95 

4.91 353.04 2.33 355.37 

6.17 

Point 

BM1 

TP1 

Elevation BS HI FS 

TP2 349.20 

356.68 

+3.60 -11.08 -7.48 



Differential Leveling 

Common Mistakes 
1. Misreading the rod - reading 3.54 instead of 

3.45 

2. Moving the turning point - use a well–defined 
TP 

3. Field note mistakes - work within your group to 
check you records 
 

4. Mistakes with extended rod - make sure the 
leveling rod is fully extended 



Common Mistakes 

5. Level rod not vertical 

6. Settling of leveling rod 

7. Leveling rod not fully extended or incorrect 
length 

8. Level instrument not level 

9. Instrument out of adjustment 

10. Environment - wind and heat 



Suggestions for Good Leveling 

1. Anchor tripod legs firmly 

2. Check the bubble level before and after each reading 

3. Take as little time as possible between BS and FS 

4. Try to keep the distance to the BS and the FS equal 

5. Provide the rodperson with a level for the rod 

 



Types of Leveling  

1. Differential Leveling:  

 

It is important in differential leveling to run closed circuits 

so that the accuracy of the work can be checked, as will be discussed 

later. 
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leveling should always be checked by running closed circuits or loops. 

 

This can be done either by returning to the starting benchmark, as demonstrated with 
the field notes.      Or 

 

by ending the circuit at another benchmark of equal or higher reliability. 

 

The final elevation should agree with the starting elevation if returning to the initial 
benchmark. The amount by which they differ is the loop misclosure. 

 

If closure is made to another benchmark, the section misclosure is the difference 
between the closing benchmark’s given elevation and its elevation obtained after 
leveling through the section. 
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The Federal Geodetic Control Subcommittee (FGCS) recommends the following 
formula to compute allowable misclosures: 

Dr. Randa Oqab Mujalli 

where C is the allowable loop or section misclosure, in millimeters; 
 
m: is a constant; and  
K: the total length leveled, in kilometers.  
 
For “loops” (circuits that begin and end on the same benchmark), K is the total perimeter 
distance, and the FGCS specifies constants of 4, 5, 6, 8, and 12 mm for the five classes of 
leveling, designated, respectively, as (1) first-order class I, (2) first-order class II, (3) 
second-order class I, (4) second-order class II, and (5) third-order. 



If the allowable misclosure is exceeded, one or more additional runs must be made. 

 

When acceptable misclosure is achieved, final elevations are obtained by making an 
adjustment. 
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Example: 

A differential leveling loop is run from an established BM A to a point 3.2 km away 

and back, with a misclosure of 17 mm. What order leveling does this represent? 
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7.6
2*2.3

17


K

C
m

This leveling meets the allowable 8-mm tolerance level for second-order class II 
work, but does not quite meet the 6-mm level for second-order class I 

Since distance leveled is proportional to number of instrument setups, the 
misclosure criteria can be specified using that variable. 



ADJUSTMENTS OF SIMPLE LEVEL CIRCUITS 
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Profile leveling consists simply of differential leveling with the addition of 
intermediate minus sights (foresights) taken at required points along the reference 
line. 

 

–Whether the stationing is in feet or meters, intermediate sights are usually taken 
at all full stations.  

 

–If stationing is in feet and the survey area is in rugged terrain or in an urban area, 
the specifications may require that readings also be taken at half- or even quarter-
stations. If stationing is in meters, depending on conditions, intermediate sights 
may be taken at 40-, 30-, 20-, or 10-m increments. 

 

–In any case, sights are also taken at high and low points along the alignment, as 
well as at changes in slope. 

 

–Intermediate sights should always be taken on “critical” points such as railroad 
tracks, highway centerlines, gutters, and drainage ditches. 
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2.   Profile Leveling:  



As in differential leveling, the page check should be made for each left-hand sheet. 
However in profile leveling, intermediate minus sights play no part in this 
computation. 

 

The page check is made by adding the algebraic sum of the column of plus sights and 
the column of minus sights to the beginning elevation. This should equal the last 
elevation tabulated on the page for either a turning point or the ending benchmark if 
that is the case 

 

In the adjustment process, HIs are adjusted, because they will affect computed profile 
elevations. The adjustment is made progressively in proportion to the total number of 
HIs in the circuit. 

 

After adjusting the HIs, profile elevations are computed by subtracting intermediate 
minus sights from their corresponding adjusted HIs. 
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0+20 2+60 3+90 

4+35 

5+54 

5+94 
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361.27 

Unadj. elev. 

361.83 

364.13 

366.33 

366.93 

363.53 

358.93 

359.43 

361.13 

355.42 

355.84 

355.44 

355.98 

Adj. 
elev. 
361.26 
360.82 
 
364.12 
366.32 
366.92 
 
363.52 
358.92 
359.42 
361.12 
 
359.15 
358.08 
 
355.40 
355.82 
355.42 
 
356.0 
362.08 
361.22 
361.57 
 
358.87 
359.27 
358.17 
 
360.57 
362.01 
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Example: 
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Field Notes 

Page Check 
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3. GRID, CROSS-SECTION, OR BORROW-PIT LEVELING 

Grid leveling is a method for locating contours. 

 

It is accomplished by staking an area in squares of 10, 20, 50, 100, or more 

feet (5, 10, 20, or 40 m) and determining the corner elevations by differential 

leveling. 

 

The grid size chosen depends on the project extent, ground roughness, 

and accuracy required. 

 

In plotting contours by the grid method, a widely spaced grid can be used for 

gently sloping areas, but it must be made denser for areas where the relief is 

rolling or rugged. 

 

Contours are interpolated between the corner elevations (along the 

sides of the blocks) by estimation or by calculated proportional distances. 
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The same process, termed borrow-pit leveling, is employed on 

construction jobs to ascertain quantities of earth, gravel, rock, or other 

material to be excavated or filled. 
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Grid Leveling 
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Example: 
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4. THREE-WIRE LEVELING 

Three-wire leveling consists in making rod readings on the upper, 

middle, and lower crosshairs. 

 

The method has the advantages of: 

 

(1) providing checks against rod reading blunders,  

(2) Producing greater accuracy because averages of three readings 

are available, and  

(3) Furnishing stadia measurements of sight lengths to assist in 

balancing backsight and foresight distances. 

 

 

In the three-wire procedure the difference between the upper and 

middle readings is compared with that between the middle and lower 

values. 

 

An average of the three readings is used as a computational check 

against the middle wire. 



Dr. Randa Oqab Mujalli 



Dr. Randa Oqab Mujalli 

5. Rise & fall method 

• Start at a BM with known elevation (reduced level, RL) 
   
• To get RL of next station: add rise to previous RL, or subtract fall from previous RL 
 
• Repeat for all subsequent stations  

Reduced Level "RL" refers to reducing (or equating) levels (elevations) to a common 
datum. 



Example:  Rise & fall method:   
                    

CP2 
B 

CP1 

BM 

4.212 0.718 

3.729 2.518 

0.556 4.153 

 Station BS FS Rise Fall RL Remarks 

 BM 4.212    23.918  

 CP1 4.153 0.718 3.494  27.412  

 CP2 2.518 0.556 3.597  31.009  

 B  3.729  1.211 29.798  

Total =  10.883 5.003 7.091 1.211 29.798  

minus  5.003  1.211  23.918  

=  5.880  5.880  5.880  
 

subtract 



 
allall

FSBS

= Total rise – total fall = Last RL – first RL 

i. check equalities in last row.  

ii. discrepancy -> arithmetic mistake(s) (unrelated to accuracy 

of measurements). 



Example   

0.595 

3.132 2.587 1.522 1.334 2.234 1.985 

2.002 TBM 
58.331m 

above MSL A 
B 

C 
D 

BS IS FS Remarks  

0.595   TBM 58.331 m  

2.587  3.132 A (CP)  

 1.565  A-I1  

 1.911  A-I2  

 0.376  A-I3  

2.234  1.522 B (CP)  

 3.771  B-I1  

1.334  1.985 C (CP)  

 0.601  C-I1  

  2.002 D (BM 56.460 m)  
 



 
allall

FSBS = Total rise – total fall = Last RL – first RL,  no arithmetic mistake. 

Station BS IS FS h Rise Fall RL 

TBM 0.595      58.331 

A 2.587  3.132 -2.537  2.537 55.794 

A-I1  1.565  1.022 1.022  56.816 

A-I2  1.911  -0.346  0.346 56.47 

A-I3  0.376  1.535 1.535  58.005 

B 2.234  1.522 -1.146  1.146 56.859 

B-I1  3.771  -1.537  1.537 55.322 

C 1.334  1.985 1.786 1.786  57.108 

C-I1  0.601  0.733 0.733  57.841 

D     2.002 -1.401  1.401 56.440 

 6.75  8.641  5.076 6.967  

        

 

        S  

- FS = -1.891   

   Last RL  

– First RL = -1.891  

        

 

      Rise  

- Fall = -1.891      
 

subtract 



 



PID d BS FS Rise Fall H 

A 12 14 103.455 

1 20 08 33 14 58 0.244 

2 19 14 74 13 99 0.566 

3 15 08 69 09 13 0.561 

B 13 11 25 0.256 

B 12 03 

1 11 10 01 09 11 0.292 

2 13 13 53 15 19 -0.518 

3 18 15 22 09 41 0.412 

A 22 11 97 0.325 

two-way (the Rise&Fall Method) 

HAB=Rise-Fall=-0.505 m 

HBA=Rise-Fall=+0.511m 

Let’s compute the mean height difference: 

m
HH

H BAAB
AB 508.0

2

511.0505.0

2






 HB=103.455-0.508=102.947m 



6. Reciprocal leveling 

Sometimes in leveling across topographic features such as rivers, lakes, and 

canyons, it is difficult or impossible to keep plus and minus sights short and equal. 

Reciprocal leveling may be utilized at such locations. 



 



7. Cross-Section Leveling 

Cross section: shows the end view of a section at a certain station, and is at 

right angles to the center line. 



 

video 

../extra/Autodesk InfraWorks- Roads & Highways Module- Editing Roads.mp4


Station 
BS 

(m) 

IS 

(m) 

FS 

(m) 

HI 

(m) 

Elevation 

(m) 
Remarks 

BM 2.011 178.218 176.207 Away from cross-sections 

10 m left of 

CL 
0.81 177.41 Station 2+60 

2.7 m left of 

CL 
1.48 176.74 Station 2+60 

CL 1.22 177.00 Station 2+60 

8.2m right of 

CL 
0.87 177.35 Station 2+60 

10 m right of 

CL 
0.21 178.01 Station 2+60 

10 m left of 

CL 
1.02 177.20 Station 4+00 

2.7 m left of 

CL 
1.64 176.58 Station 4+00 

CL 1.51 176.71 Station 4+00 

8.2m right of 

CL 
1.10 177.12 Station 4+00 

10 m right of 

CL 
0.43 177.79 Station 4+00 

 

 



8. Collimation (Peg) Test 

Collimation error occurs when the collimation axis is not truly 

horizontal when the instrument is level.  

where the collimation axis is tilted with respect to the horizontal by 

an angle α 



 



In this particular example, the effect is to read too high on the staff.  

 

For a typical collimation error of 20", over a sight length of 50m the effect is 

5mm.  

 

If the sight lengths for backsight and foresight are equal, the linear effect is the 

same for both readings.  

 

When the height difference is calculated, this effect cancels: 

 

δh   =   (b + s.α)  -  (f + s.α)   =   b  -  f 

 

That is, the effect of the collimation error is eliminated if sight lengths are kept 

equal. 

 

 



DETERMINATION OF COLLIMATION ERROR 

 

Collimation error is much more significant than the other errors. It should be 

kept as small as possible so that one need not be too precise in ensuring that 

fore- and backsights are of equal length (these are usually paced out). It is 

possible to determine the collimation error and reduce its size using the so-

called Two-peg test.  

 



Two-peg test: 

 

There are three steps involved in this procedure: 

 

1. Set out and mark on the ground (with wooden pegs driven into the earth, 

two point some 30m apart. Set up the level exactly mid-way (within 0.5m) 

between them: 

 

Take measurements of backsight and foresight for this first setup. The 

height difference δh1 will be free of the effects of collimation error: 

δh1   =   b1 - f1   =   (b + sb.α)  -  (f + sf.α) 

 =   b  -  f   + α.(sb  -  sf) 

 =   b  -  f                            (because sb  =  sf ) 



2. Next, move the level to a position just beyond the fore staff position (about 

5m): 

 

Then repeat the readings. In this case, sb = 35m and sf = 5m. Then: 

δh2   =   b2 - f2   =   (b + sb.α)  -  (f + sf.α) 

 =   b  -  f   +  α.(sb  -  sf) 

    b  -  f                          (because sb    sf) 

 

Obviously, this height difference is burdened with the effect of a collimation error 

over 30m. 



3. The difference δh2 - δh1 can be used to calculate what the true backsight 

reading would be for the second setup, if collimation error were not present: 

 

   12212

b

b
2 h - .

30

35
   -   b      h - .

s

s
   -   b      dddd hh

s
b

f






The entire process should be repeated as a check. It is practically 

impossible to adjust the instrument so that no collimation error exists - the 

purpose of the adjustment is to reduce the size of this error. If the 

discrepancy  dh2 - dh1 can be reduced to around 2mm this is perfectly 

adequate, provided sight lengths are thereafter kept reasonably similar. 



9. Trigonometric leveling 

The Theodolite (angles measuring equipment) can also be used to calculate 

differences in elevations. 

 

There are three cases for the target point position: 

 

1.    Target point is higher than the Theodolite 

 V = S sin α 

 Elevation of B (Rod position) = Elevation of A (Theodolite position) 

                                           + hi + V - RR 



2.    Target point is lower than the Theodolite: 

 V = S sin a 

Elevation of B (Rod position)= Elevation of A (Theodolite position) 

                                           + hi - V - RR 



3.    Target point is at the same level of the Theodolite (α = 0.000) 

In this case the Theodolite is handled similar to the level because now it is 

horizontal. 

 

V = S sin a = 0 

Elevation of B (Rod position) = Elevation of A (Theodolite position) 

                                           + hi - RR 



CHAPTER 4 

ANGLES AND DIRECTIONS 



Determining the locations of points and orientations of lines frequently depends 

on the observation of angles and directions. 

 

Angles measured in surveying are classified as either horizontal or vertical, 
depending on the plane in which they are observed.  

 

Horizontal angles are the basic observations needed for determining bearings 
and azimuths.  

 

Vertical angles are used in trigonometric leveling, stadia, and for reducing slope 
distances to horizontal 

 

Angles are most often directly observed in the field with total station 
instruments, although in the past transits, theodolites, and compasses have 
been used. 
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Three basic requirements determine an angle are: 

 

(1) reference or starting line,  

(2) direction of turning, and  

(3) angular distance (value of the angle). 
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KINDS OF HORIZONTAL ANGLES 

The kinds of horizontal angles most commonly observed in surveying are: 

 

(1) Interior angles,  

(2) Angles to the right, and  

(3) Deflection angles. 
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sum of all interior angles in any 
polygon must equal: (n-2)*180°,   n: no. of 
angle 



Exterior angles, located outside a closed polygon, are explements of interior 

angles. 

 

The advantage to be gained by observing them is their use as another check, 

since the sum of the interior and exterior angles at any station must total 360° 
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Angles to the right are measured clockwise from the rear to the forward 

station. 

Most data collectors require that angles to the right be observed in the field.  

 
Angles to the left, turned counterclockwise from the rear station 



Angles to the right can be either interior or exterior angles of a closed polygon 

traverse. 

 

Whether the angle is an interior or exterior angle depends on the direction the 

instrument proceeds around the traverse.  

 

If the direction around the traverse is counterclockwise, then the angles to the 

right will be interior angles.  

 

However, if the instrument proceeds clockwise around the traverse, then 

exterior angles will be observed.  

 

If this is the case, the sum of the exterior angles for a closed-polygon traverse 

will be (n+2)* 180° Analysis of a simple sketch should make these observations 

clear. 
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Deflection angles are observed from an extension of the back line 

to the forward station. They are used principally on the long linear alignments of 

route surveys. 
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• Deflection angles may be observed to the 

right (clockwise) or to the left (counterclockwise) 

depending on the direction of 

the route.  

 

• Clockwise angles are considered plus, and 

counterclockwise ones minus, as shown in the figure.  

 

• Deflection angles are always smaller than 180° and 

appending an R or L to the numerical value identifies 

the direction of turning. 



DIRECTION OF A LINE 

The direction of a line is defined by the horizontal angle between the line and 

an arbitrarily chosen reference line called a meridian. 

 

Different meridians are used for specifying directions including: 

 

(a) geodetic (also often called true),  

(b) astronomic, 

(c) magnetic,  

(d) grid,  

(e) record, and  

(f) assumed. 
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• The geodetic meridian is the north-south reference line that passes 

through a mean position of the Earth’s geographic poles 

 

• Wobbling of the Earth’s rotational axis, causes the position of the Earth’s 

geographic poles to vary with time. 

 

• Astronomic meridian is the north-south reference line that passes through 

the instantaneous position of the Earth’s geographic poles. 

 

• Geodetic and astronomic meridians are very nearly the same, and the 

former can be computed from the latter by making small corrections 

 

• A magnetic meridian is defined by a freely suspended magnetic needle 

that is only influenced by the Earth’s magnetic field. 

 

• Surveys based on a state or other plane coordinate system employ a grid 

meridian for reference. Grid north is the direction of geodetic north for a 

selected central meridian and held parallel to it over the entire area covered 

by a plane coordinate system 
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• In boundary surveys, the term record meridian refers to directional 

references quoted in the recorded documents from a previous survey of a 

particular parcel of land. 

 

• An assumed meridian can be established by merely assigning any 

arbitrary direction—for example, taking a certain street line to be north. The 

directions of all other lines are then found in relation to it. 
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AZIMUTHS 

• Azimuths are horizontal angles observed clockwise from any reference 

meridian. In plane surveying, azimuths are generally observed from north 

 

• A line’s forward direction can be given by its forward azimuth, and its 

reverse direction by its back azimuth. In plane surveying, forward azimuths 

are converted to back azimuths, and vice versa, by adding or subtracting 

180°. 
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For example,  

 

if the azimuth of OA is 70°, the azimuth of 

AO is 70°+ 180°=250° 

 

If the azimuth of OC is 235°, the azimuth 

of CO is 235° - 180° = 55°. 



BEARINGS 

Bearings are another system for designating directions of lines.  

 

The bearing of a line is defined as the acute horizontal angle between a 

reference meridian and the line. 

 

The angle is observed from either the north or south toward the east or west, 

to give a reading smaller than 90°. 

 

The letter N or S preceding the angle, and E or W following it shows the proper 

quadrant. 
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An example is N80°E all 

bearings in quadrant NOE are 

measured clockwise from the 

meridian. 

 

Thus the bearing of line OA is 

N70°E. 

 

All bearings in quadrant SOE 
are counterclockwise 

from the meridian, so OB is 

S35°E. Similarly, the bearing of 

OC is S55°W 

and that of OD, N30°W 

When lines are in the cardinal directions, the bearings 

should be listed as ―Due North,‖ ―Due East,‖ ―Due South,‖ or ―Due West.‖ 

Back bearings should have the same numerical values as forward 

bearings but opposite letters. Thus if bearing AB is N44°E, bearing BA is S44°W. 
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COMPUTING AZIMUTHS 

Most types of surveys, but especially those that employ traversing, require 
computation of azimuths (or bearings). 

 

A traverse is a series of connected lines whose lengths and angles at the 
junction points have been observed. 

 

Traverses have many uses:  

 

1. To survey the boundary lines of a piece of property, for example, a ―closed-
polygon‖ type traverse would normally be used. 

 

2. A highway survey from one city to another would usually involve a traverse 

 

Regardless of the type used, it is necessary to compute the directions of its 
lines. 
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• Many surveyors prefer azimuths to bearings for directions of lines because 

they are easier to work with, especially when calculating traverses with 

computers. 

 

• Also sines and cosines of azimuth angles provide correct algebraic signs for 

departures and latitudes 

 

Azimuth calculations are best made with the aid of a sketch 

 

• Traverse angles must be adjusted to the proper geometric total before 

azimuths are computed. 
– in a closed-polygon traverse, the sum of interior angles equals 180(n-2) 

– If the traverse angles fail to close, it should be adjusted prior to computing azimuths 
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Azimuth Computation 

• When computations are to proceed around the traverse in a clockwise 

direction, SUBTRACT the interior angle from the back azimuth of the 

previous course.  

 

 

• When computations are to proceed around the traverse in a counter-

clockwise direction, ADD the interior angle to the back azimuth of the 

previous course. 
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N 
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Given: 
All interior angles 
Az AB=330 degree 



Course Azimuth 

AE Az AE= Az AB – interior angle @ A 
          = 330°    - 87° 05’ = 242° 55’ 00’’ 

EA Az EA= Az AE -180° = 62° 55’ 00’’ (back Az more than 180°) 
To enable subtraction of interior angle, add 360°  
Az EA= 62° 55’00’’+360°= 422°55’00’’ 

ED Az ED= Az EA – Angle @ E 
          =422°55’00’’-108°28’00’’ 
          =314°27’00’’ 

DE Az DE= Az ED -180° = 134°27’00’’ 

DC Az DC= Az DE-Angle @ D 
           =134°27’00’’-105°22’00’’=29°05’00’’ 

CD Az CD= Az DC+180°= 209°05’00’’ 

CB Az CB= Az DC-Angle @ C 
          =209°05’00’’- 118°37’00’’=90°28’00’’ 

BC Az BC= Az CB+180°=270°28°00’’ 

BA Az BA= Az BC-Angle @B 
           =270°28’00’’-120°28’00’’ 
           =150°00’’00’’ 

AB Az AB= Az BA+180°= 330°00’00’’ (Check) 
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Bearing Computations 

• The solution can proceed in CW or CCW manner 

 

• There is no systematic method of directly computing bearings, each 

bearing computation will be regarded as a separate problem, 

 

 Prepare a sketch showing the two traverse lines involved, with the 
meridian drawn  through the angle station. 

 

 On the sketch, show the interior angle, the bearing angle and the 
required angle. 
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N 

Bearing of course BA= S30°00’00’’E 
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Sketch for bearing Computation 



Magnetic Direction 

• The North Magnetic Pole is the point on the surface of Earth's Northern 
Hemisphere at which the planet's magnetic field points vertically downwards 
(in other words, if a magnetic compass needle is allowed to rotate about a 
horizontal axis, it will point straight down).  

 

• The North Magnetic Pole moves over time due to magnetic changes in the 
Earth's core. 

 

• Its southern hemisphere counterpart is the South Magnetic Pole. Since the 
Earth's magnetic field is not exactly symmetrical, the North and South 
Magnetic Poles are not antipodal: i.e., a line drawn from one to the other 
does not pass through the geometric Center of the Earth. 

 

• The direction of magnetic field lines are defined to emerge from the 
magnet's north pole and enter the magnet's south pole. 
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• True north (geodetic north) is the direction along the earth's surface 

towards the geographic North Pole. 

 

• True geodetic north differs from magnetic north. 
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Magnetic north and magnetic declination 

 

• The compass aligns itself to the local geomagnetic field, which varies in a 
complex manner over the Earth's surface, as well as over time.  

 

• The local angular difference between magnetic north and true north is called 
the magnetic declination. 

 

• Most map coordinate systems are based on true north, and magnetic 
declination is often shown on map legends so that the direction of true north 
can be determined from north as indicated by a compass. 

 

• Many countries issue isogonic charts, usually every 5-10 years, on which 
lines are drawn (isogonic lines) that join points on the earth’s surface that 
are experiencing equal annual changes in magnetic declination. 

 

• Due to uncertainties of determining magnetic declination, magnetic 
directions are not employed for any but the lowest order of surveys. 
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Magnetic declination for North America – 2000 epoch 
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Magnetic declination for USA –  
2010 epoch 



Example 

• A magnetic bearing was originally recorded for a specific lot line (AB) in 

Seattle as N 10°30’00’’ E. 

 

• The magnetic declination at that time was 15°30’00’’E. 

 

• You must retrace the survey from the original notes during the first week of 

September 2001. 

 

a. What compass bearing will be used for the same lot line during the 

retracement survey? 

b. What will be the geographic bearing for the same survey line in the 

retracement survey? 
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• Using the isogonic chart, the following data are interpolated for the Seattle area: 

 

• Declination (2000)= 18°50’00’’E 

• Annual change= 00°08’00’’W 

 

• Declination September 2001: 

                                                          =18°50’00’’-(00°08’00’’*1.75) 

                                                          =18°36’00’’E 

 

• Declination during original survey= 15°30’00’’E 

 

• Difference in declination= 18°36’00’’E- 15°30’00’’E= 3°06’00’’ 
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Retracement Survey 

Geographic bearing= 10°30’00’’+15°30’00’’=N26°00’00’’E 
 
Magnetic bearing, September 2001= 10°30’00’’-3°06’00’’=N 07°24’00’’E 
 
Or 
 
Magnetic bearing, September 2001= 26°00’00’’-18°36’00’’=N 07°24’00’’E 
 
 



Chapter 6 

Traverse Surveys 
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Background 

Traverse: is a control survey which is a series of established stations that are 

tied together by angles and distances. 

 

 

Uses:      

1. Locate topographic detail 

2. Layout engineering work 

3. Processing earth work. 
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Traverse Computations 

Traverse computations include the following: 

 

1. Balancing field angles 

2. Compute latitudes and departures 

3. Compute traverse error 

4. Balance latitudes and departures 

5. Adjust original distances and directions 

6. Compute coordinates of the traverse stations 

7. Compute area enclosed by a closed traverse 

 

In modern practice these computations are routinely performed on computers 

and on total stations 
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Open Traverse 

Open traverse is a series of measured lines (and angles) that do not 

geometrically close. 

 

This means that there is no geometric verification possible with respect to the 

actual positioning of the traverse stations. 

 

Accordingly, the measuring process must be refined for field verification. 

 

At a minimum, distances are measured twice (sometimes, once in each 

direction and angles are doubled 

 

In route survey, open traverse stations can be verified by tying in the initial and 

terminal stations of a route survey to coordinate grid monuments whose 

positions are known 

 

In this case, the route survey becomes a closed traverse and is subject to 

geometric verification and analysis 
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Closed Traverse 

• A closed Traverse: is either begins and ends at the same point or one that 

begins and ends at points whose positions have been previously 

determined 

 

• In both cases the angles can be closed geometrically, and the position 

closure can be determined mathematically. 

 

• Closed traverses that begin and end at the same point is known as a loop 

traverse 
– Distances are measured from one station to the next and verified 

– Loop distances and angles can be obtained by proceeding consecutively around the loop in 

a clockwise or counterclockwise manner 
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Closed Traverse Computations 

 

1. Balancing Angles 

• Sometimes, and due to systematic and random errors associated with 

setting the instrument over a point, the sum of interior angles may not equal 

(n-2)*180 

 

• The angles can be balanced by: 
 

– Distributing the angular error equally to each angle, or 

– One or more angles can be adjusted to force the closure, if one of the traverse stations had 

been in a particularly suspect location (e.g., swamp), a larger portion of the angle correction 

could be assigned to that one station 

– The acceptable total error of angular closure is usually small (i.e., <30’): otherwise the 

fieldwork will have to be repeated 
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zZ 
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2. Compute the bearings (azimuths) 
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3. Compute the latitudes and the departures 
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Location of a Point 

Location of a point, (a) Polar ties. (b) Rectangular ties 

(a) Point A is located, with 
respect to point D,  
by direction (bearing) and 
distance, 

(b) Point A is located, with 
respect to point D,  
by a distance north (Δy) and 
a distance east (Δx). 



By definition, latitude is the north/south rectangular component of a line, north 

is considered plus, south is considered minus 

 

Departure is the east/west rectangular component of a line, east is considered 

plus, west is considered minus 

 

When working with azimuths, the plus/minus designation is directly given by the 

appropriate trigonometric function:  
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 Latitude (ΔY) = distance(H) cos α 

 

 Departure (ΔX) = distance(H) sin α 

 

(α) is the bearing or azimuth of the traverse course,  

(H) Is the horizontal distance of the traverse course 

 

 

 



• Latitudes and departures can be used to calculate the precision of a 

traverse by noting the plus/minus closure of both latitudes and departures 

 

• If the survey has been perfectly performed (angles and distances), the sum 

of the plus latitudes will equal the sum of the minus latitudes, and the sum 

of plus departures will equal the sum of the minus departures. 
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• The error of closure (linear error of closure):  is the net accumulation of the random 

errors associated with the measurement of traverse angles and traverse distances.   

 

• The error of closure is compared to the perimeter of the traverse to determine the 

precision ratio 

 

• The fraction E/P is always expressed so that the numerator is 1, and the denominator is 

rounded to the closest 100 units. 

 

• Usually E/P: 1/3000-1/10000 for engineering surveys 

 

• If E/P is not within the permissible limits: 

 

– Double-check all computations 

– Double-check all field entries 

– Compute the bearing of the linear error of closure and check to see if it is similar to the course 

bearing (±5°) 

– Re-measure the sides of the traverse, beginning with a course having a bearing similar to the 

linear error of closure bearing (if there is one) 

– When a correction is found for a measured side, try that value in the latitude-departure 

computation to determine the new  level of precision.  
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Traverse Precision and accuracy 

• For consistency the survey should be designed so that the maximum allowable 
error in angle (Ea) should roughly equal to the maximum allowable error in 
distance (Ed). 

 

• Ex: if Ed= 1/5000 Ea should be consistent: 1/5000=tanθ  θ= 0°00’41’’ 

 

• Thus, the overall angular error in an n-angled closed traverse would be: 

 

𝑬𝒂 𝒏 

 

 

• Ex: for n=5, and Ed= 1/3000 maximum angular misclosure error would be: 

tan−1 1 3000 5 = 0°2′33.47′′ ≈ 0°02′00′′(to the closest arc minute). 

• Ex: for n=5, and Ed= 1/5000 maximum angular misclosure error would be: 

tan−1 1 5000 5 = 0°1′32.24′′ ≈ 0°01′00′′(to the closest 30’’). 
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4. Compass Rule Adjustment  

• The compass rule is used to distribute the errors in latitudes and departures. 

 

• It distributes the error in latitude and departure for each traverse course in the same 
proportion as the course distance is the traverse perimeter: 

 

 

 

 

 

 

 

 

Where, Clat AB= correction in latitude AB 

                      P= perimeter of traverse 

Dr. Randa Oqab Mujalli 

C lat AB= AB 

       Σ lat       P 

 

   C dep AB  = AB 

      Σ dep          P 
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• Once the latitudes and departures have been adjusted, the original polar 

coordinates (distance and direction) will no longer be valid 

 

• The distances and directions should be corrected 

 

 

𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 =  𝑙𝑎𝑡2 + 𝑑𝑒𝑝2 

tan 𝑏𝑒𝑎𝑟𝑖𝑛𝑔 =
𝑑𝑒𝑝

𝑙𝑎𝑡
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Rectangular coordinates of traverse stations 

• Rectangular coordinates define the position of a point with respect to two 

perpendicular axes. 

 

• In surveys where a coordinate grid system is not available, assume the X & 

Y axes in a position to have positive coordinates of all stations (all in NE 

quadrant). 

 

•  Start the coordinates computation by assuming a large value for the 

starting station, (i.e., 1000.00, 1000.00). 

 

• In your tabulation, start and end with the starting station. 

 

• Check that you have got the calculated coordinates of the starting station 

equal to the assumed ones.  
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Omitted Measurements 
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Geometry of Rectangular Coordinates 
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Equation of line P1P2: 

Length of line P1P2 =  

2

12

2

12 )()( yyxx 

Slope of line P1P2 =  

12

12

xx

yy




 = Cot a  

         

 = 1/tan a  m   

…1 

…2 

…3 

…4 

From (1) & (4) 

= Cot  a…5
 
  

y - y1 = Cot a (x - x1) 

Line  to line of eqn. 6: 

y - y1 = - tan a (x - x1)…7   

…6 



Equation of Circular Curve: 
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(x - H)2 + (y - K)2 = r2 

where, 
r  radius 
H, K  coordinate of the center 

Equation of Circular Curve If center 
at origin: 
 
x2 + y2 = r2  
   
   



For the following figure and stations' coordinates find the following: 

• Find the coordinates of points K1, K2 & K3. 

• Find K2D & K2E distances. 
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Station North (y) East (x) 
A 1000.00 1000.00 
B 1250.73 1313.61 
C 1302.9 1692.14 
D 934.77 1684.54 
E 688.69 1160.27 

1. Coordinates of points K1, K2 & K3: 

𝑦 − 688.69 =
1302.96 − 688.69

1692.14 − 1160.27
𝑥 − 1160.27  

To get coordinates of k1: 

The equation for EC is: 
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𝑦 − 934.77 =
1250.73 − 934.77

1313.61 − 1684.54
𝑥 − 1684.54  

The equation for DB is: 

Simplifying these equations: 

EC: y=1.154925x-651.3355 

DB: -0.8518049x+2369.669 

 

3.0067299x=3021.004 

X=1505.436 

 

Substituting the value of x in eqn. of DB and check in eqn. EC: 

 

Y=1087.331 

 

Therefore, the coordinates of point of intersection k1 are: (1087.33N, 1505.44E) 
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To get coordinates of k2: 

 

 

The point of intersection of line ED and a line perpendicular 

to ED running through station B: 

 

ED:  

 
𝑦 − 688.69

934.77 − 688.69
=
𝑥 − 1160.27

1684.54 − 1160.27
 

 

𝑦 − 688.69 =
242.08

524.27
𝑥 − 1160.27  

 

BK2 eqn. is:  

 

𝑦 − 1250.73 =
524.27

246.08
𝑥 − 1313.61  

Simplifying these eqns.:  

 

ED: 0.46938 x-y= 144.09 

Bk2: 2.13049 x+y=4049.36 

2.59987x=3905.27 x=1502.102 , y=849.15 coordinates of k2 are  

(849.15 N, 1502.10 E) 



To get coordinates of k3: 

 

CB:   
𝑦−1302.96

1250.73−1302.96
=

𝑥−1692.14

1313.61−1692.14
 

             

𝑦 − 1302.96 =
−52.23

−378.53
𝑥 − 1692.14  

 

𝑠𝑙𝑜𝑝𝑒 (cot 𝛼) 𝑜𝑓 𝐶𝐵 =
52.23

378.53
 

 

Since Dk3 is parallel to BC: 

 

𝑠𝑙𝑜𝑝𝑒 (cot 𝛼) 𝑜𝑓 𝐷𝑘3 =
52.23

378.53
 

DK3: 𝑦 − 934.77 =
52.23

378.53
𝑥 − 1684.54  

 

The equation of EA: 

 
𝑦 − 688.96

1000 − 688.69
=
𝑥 − 1160.17

1000 − 1160.27
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 Dk3: 0.13798x-y=702.34 

 EA: 1.94241x-y=-702.34 

 

X=1076.7547 

Y= 850.91 

 

Coordinates of k3 are  

(850.91 N, 1076.75 E) 



2. To get coordinates of  length k2D and k2E: 

 

𝑙𝑒𝑛𝑔𝑡𝑕 𝐾2𝐷 = 85.622 + 182.442 = 201.53 

 

𝑙𝑒𝑛𝑔𝑡𝑕 𝐾2𝐸 = 160.462 + 341.832 

 

K2D+K2E=ED= 579.15 
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From the information shown in the following 
figure, calculate the coordinates of the point of 
intersection (L) of the centerlines of the 
straight and circular road sections. 
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Area 
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METHODS OF MEASURING AREA 

Both field and map measurements are used to determine area.  

 

Field measurement methods are the more accurate and include: 

1. division of the tract into simple figures (triangles, rectangles, and 

trapezoids), 

2. coordinates, and  

3. double-meridian distances. 

4. offsets from a straight line, 

 

Methods of determining area from map measurements include:  

1. Counting coordinate squares,  

2. dividing the area into triangles, rectangles, or other regular geometric 

shapes,  

3. digitizing coordinates, and  

4. running a planimeter over the enclosing lines. 
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1. AREA BY DIVISION INTO SIMPLE FIGURES 

A tract can usually be divided into simple geometric figures such as triangles, 

rectangles, or trapezoids. The sides and angles of these figures can be 

observed in the field and their individual areas calculated and totaled. 

 

• An example of a parcel subdivided into triangles is shown in the Figure below: 
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Formulas for computing areas of rectangles and trapezoids are well known. 

 

The area of a triangle whose lengths of sides are known can be computed by the 

Formula:   Heron's Formula 

 

𝑎𝑟𝑒𝑎 = 𝑠(𝑠 − 𝑎)(𝑠 − 𝑏)(𝑠 − 𝑐) 

where a, b, and c are the lengths of sides of the triangle and 𝑠 =
1

2
(𝑎 + 𝑏 + 𝑐) 

 

Another formula for the area of a triangle is:  

 

𝑎𝑒𝑟𝑎 =
1

2
𝑎𝑏 sin 𝐶 

where C is the angle included between sides a and b. 

 

The choice of whether to use the appropriate Equation will depend on the 

triangle parts that are most conveniently determined; a decision ordinarily dictated 

by the nature of the area and the type of equipment available. 
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Area of a closed traverse by the coordinate method 
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= 

Area 2= area of trapezoid 4’433’+ 
               area of trapezoid 3’322’ 

Area 1= area of trapezoid 4’411’+ 
               area of trapezoid 1’122’ 
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Area 2= area of trapezoid 4’433’+ 
               area of trapezoid 3’322’ 
 
           = ½ (X4+X3)(Y4-Y3) + 
              ½ (X3+X2)(Y3-Y2) 

Area 1= area of trapezoid 4’411’+ 
               area of trapezoid 1’122’ 
 
            = ½ (X4+X1)(Y4-Y1) +  
               ½ (X1+X2)(Y1-Y2) 

Area =  [½ (X4+X3)(Y4-Y3) + ½ (X3+X2)(Y3-Y2)]  -  [½ (X4+X1)(Y4-Y1) + ½ (X1+X2)(Y1-Y2)] 
 
Multiplying both sides by 2: 
2 Area =  [(X4+X3)(Y4-Y3) + (X3+X2)(Y3-Y2)]  -  [(X4+X1)(Y4-Y1) + (X1+X2)(Y1-Y2)] 
 
 
  
  



Expanding the expression and collecting the remaining terms: 

 

2 Area =  [(X4+X3)(Y4-Y3) + (X3+X2)(Y3-Y2)]  -  [(X4+X1)(Y4-Y1) + (X1+X2)(Y1-Y2)] 

 

 

2 Area= X4Y4-X4Y3+X3Y4-X3Y3+X3Y3-X3Y2+X2Y3-X2Y2 

 

     -       [X4Y4-X4Y1+X1Y4-X1Y1+X1Y1-X1Y2+X2Y1-X2Y2] 

 

 2 Area =  X1(Y2-Y4)+X2(Y3-Y1)+X3(Y4-Y2)+X4(Y1-Y3) 

 

Simply, the double area of a closed traverse is the algebraic sum of each x 
coordinate multiplied by the difference between the y coordinates of the adjacent 
stations. 

 

The final area can result in a positive or a negative number, reflecting only the 
direction of computation (CW or CCW). The physical area is, of course, positive. 
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Example: 

Station North East 

A 1000.00 ft 1000.00 ft 

B 1250.73 1313.61 

C 1302.96 1692.14 

D 934.77 1684.54 

E 688.69 1160.27 
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A 

B C 

D 

E 

Calculate the area of the closed traverse ABCDEA 
Using the area by coordinates method? 
 
XA(YB-YE)= 1000(1250.73-688.96)=+562040 
XB(YC-YA)= 1313.61(1302.96-1000)=+397971 
XC(YD-YB)= 1692.14(934.77-1250.73)=-534649 
XD(YE-YC)= 1684.54(688.69-1302.96_=-1034762 
XE(YA-YD)= 1160.27(1000-934.77)=+75684 
 
                                                        CW   -533716 ft2 

                                                           2A= 533716 ft2 

 
                   Area= 266858 ft2 

 



Equation can be reduced to an easily remembered form by listing the X and Y 
coordinates of each point in succession in two columns, with coordinates of the 
starting point repeated at the end.  

The products noted by diagonal arrows are ascertained with dashed arrows 

considered plus and solid ones minus. The algebraic summation of all products 
is computed and its absolute value divided by 2 to get the area. 
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X1 Y1 

X2 Y2 

X3 Y3 

X4 Y4 

X1 Y1 

2AREA = X1Y2+X2Y3+X3Y4+X4Y1 

               -X2Y1-X3Y2-X4Y3-X1Y4 



Example: 
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AREA BY DOUBLE-MERIDIAN DISTANCE METHOD 

The area within a closed figure can also be computed by the double-meridian 

distance (DMD) method.  

 

This procedure requires balanced departures and latitudes of the tract’s 

boundary lines, which are normally obtained in traverse computations.  

 

The DMD method is not as commonly used as the coordinate method because 

it is not as convenient, but given the data from an adjusted traverse, it will yield 

the same answer.  

 

The DMD method is useful for checking answers obtained by the coordinate 

method when performing hand computations. 
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• the meridian distance of a traverse course is the perpendicular distance 

from the midpoint of the course to the reference meridian.  

 

• Meridian distance of any point in a traverse is the distance of that point to 

the reference meridian, measured at right angle to the meridian. 

 

• The meridian distance sometimes called as the longitude.   

 

• To ease the problem of signs, a reference meridian usually is placed 

through the most westerly traverse station. 

 

Dr. Randa Oqab Mujalli 



1 

2 

3 
4 

A 

B 

C 

D 

Mid points 
Meridian distance 
of points (d1, d2, d3, 
d4) 

d1/2 d1/2 d2/2 d2/2 

d3/2 d3/2 d4/2 d4/2 

m1 

m2 

m3 

m4 
d 

c 

b 

L3
 

L2
 L1

 
L4

 



• Meridian distances of survey line: 

– m1=d1/2 

– m2= m1+d1/2+d2/2 

– m3=m2+d2/2-d3/2 

– m4=m3-d3/2-d4/2 

 

• Area by latitude and meridian distance 

 

– Area of ABCD=area of trapezium CcdD + area of trapezium CcbB – 

area of triangle AbB – area of triangle AdD 

– = m3*L3+ m2*L2-1/2*2*m4*L4-1/2*2*m1*L1 

– =m3*L3+m2*L2-m4*L4-m1*L1 

 



• Double meridian distance: 

– M1= meridian distance of point A + meridian distance of point B 

– M1=0+d1 

– M2=meridian distance of point B + meridian distance of point C 

– =d1+(d1+d2) 

– =M1+(d1+d2) 

–  M3=(d1+d2)+(d1+d2-d3)+ 

– M4= [d1+d2-d3]+[d1+d2-d3-d4] 

 

• Area of the traverse ABCD = M3*L3+M2*L2-M1*L1-M4*L4 

 



Based on the considerations described, the following general rule can be 

applied in calculating DMDs: The DMD for any traverse course is equal to the 
DMD of the preceding course, plus the departure of the preceding course, plus 
the departure of the course itself.  

 

 

Signs of the departures must be considered. When the reference meridian is 

taken through the most westerly station of a closed traverse and calculations of 

the DMDs are started with a course through that station, the DMD of the first 
course is its departure. 
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• Using the balanced departures and latitudes listed in Table 10.4 for the 

traverse of Figure below, compute the DMDs of all courses. 
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AREA BY OFFSETS FROM STRAIGHT LINES 

• Irregular tracts can be reduced to a series of trapezoids by observing right-

angle offsets from points along a reference line. 

 

• The spacing between offsets may be either regular or irregular, depending 

on the conditions. 
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1. Mid ordinates rule 
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To find the area of ABCD of the Figure above, the base is divided into 

number of equal strips width d.  

 

As with the trapezoidal rule, the greater the number of intervals used the 

more accurate the result.  

 

If each strip assumed to be a rectangular (see AA'D'D in figure above) 

and area of it is equal to base multiplied by mid-ordinate yi.  

a. Regularly spaced offsets 
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Hence, the approximate area of ABCD is equal to: 

Area =y1d + y2d + y3d + . . . + ynd 

where 

esmidordinatofnumber

DCoflength
d 

 Area = d*[y1 + y2 + y3 + . . . + yn]
  

Where, 
n: is the number of strips 



Example 

• The values of the y ordinates of a curve and their distance x from the origin 

are given below. Plot the graph and find the area under the curve by 

mid-ordinate rule. 

 

• x = 0, 1, 2, 3, 4, 5, and 6 

• y = 2, 5, 8, 11, 14, 17, and 20  
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Area = d* [y1 + y2 + y3 + . . .+ yn] and  

2

1 nn yy
ordinatemid


 

Using 6 intervals of width 1 the 

mid-ordinates of the 6 strips are measured.  

 

Each mid-ordinate is equal to average 

value between yi and yi+1 ordinates.  

 

The area under the curve is given by: 

= 1[3.5 + 6.5 + 9.5 + 12.5 + 15.5 + 18.5] = 

66 square units. 



2. Average ordinate rule. 
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b. Irregularly Spaced Offsets 

• For irregularly curved boundaries like that in the Figure below, the spacing 

of offsets along the reference line varies.  

 

• Spacing should be selected so that the curved boundary is accurately 

defined when adjacent offset points on it are connected by straight lines. 
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• A formula for calculating area for this case is:  
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• Compute the area of the tract shown in the following Figure: 
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Simpson's rule 
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To find the area ABCD of the Figure, the 

base DC must be divided into an even 

number of strips of equal width d, thus 

producing an odd number of ordinates.  

 

The length of each ordinate, y1, y2, y3 and yn 

are accurately measured.  

 

Simpson's rule states that the area of the 

irregular figure ABCD is given by: 

Area = 1/3d[(y1 + y9) +4(y2 + y4 + y6 +y8) +2(y3 + 
y5 + y7)]    

More generally, the area under curve any irregular figure is given by: 

𝐴𝑟𝑒𝑎 =
1

3
𝑑  𝑓𝑖𝑟𝑠𝑡 𝑎𝑛𝑑 𝑙𝑎𝑠𝑡 𝑜𝑟𝑑𝑖𝑛𝑎𝑡𝑒𝑠 + 4 ∗ 𝑒𝑣𝑒𝑛 𝑜𝑟𝑑𝑖𝑛𝑎𝑡𝑒𝑠 + 2 ∗  𝑜𝑑𝑑 𝑜𝑟𝑑𝑖𝑛𝑎𝑡𝑒𝑠  

Area =1/3 d[(y1 + yn) +4(y2 + y4 + . . . + yn-1) +2(y3 + y5 + . . . + yn-2)] 

When estimating areas of irregular figures Simpson's rule is generally regarded as the most 
accurate of the approximate methods available.  



Example: Sketch a semicircle of radius 10 cm. Erect ordinates at intervals of 2 

cm and determine the lengths of ordinates. Determine the area of the 

semicircle by using of Simpson's rule. Calculate the percentage inaccuracy, 

correct to two decimal places in respect of calculated from the formula. The 

semicircle is shown below with the lengths of the ordinates.  

Note: The first and the last ordinates are equal to 0  
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Area =2/3[(0 + 0)+4(6 + 9.17 + 10 + 9.17 + 6)+2(8 + 9.80 + 9.80 + 8)]  
 
= 2/3[161.36 + 71.21] = 155.04cm2 

The true area: 

𝜋𝑟2

2
=
𝜋 ∗ 102

2
= 157.08 𝑐𝑚2 

𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑒𝑟𝑟𝑜𝑟 =
155.04 − 157.08

157.08
∗ 100 

=-1.29% 

9
.1

7
 

9
.1

7
 



AREA OF PARCELS WITH CIRCULAR BOUNDARIES 

• The area of a tract that has a circular curve for one boundary can be found 

by dividing it into two parts: 
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polygon ABCDEGFA and 

sector EGF. 

To obtain the tract’s total area, the 

sector area is added to area ABCDEGFA 

found by either the coordinate or 

DMD method. 
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we are using radians for the angles. 

Area of Sector = ½ × θ × r2   (when θ is in radians) 
Area of Sector = ½ × (θ × π/180) × r2   (when θ is in degrees) 

The Area of a Segment is the area of a sector minus the triangular 
piece (shown in light blue here). 

Area of Segment = ½ × (θ - sin θ) × r2   (when θ is in radians) 
 
Area of Segment = ½ × ( (θ × π/180) - sin θ) × r2   (when θ is in degrees) 

Remember:  
 
Sin x Cos y=1/2[sin (x+y) + sin(x-y)]  



AREA BY MEASUREMENTS FROM MAPS 

• To determine the area of a tract of land from map measurements its 

boundaries must first be identified on an existing map or a plot of the parcel 

drawn from survey data.  

 

• Then one of several available methods can be used to determine its area. 

 

• Even with good-quality maps, areas measured from them will not normally 

be as accurate as those computed directly from survey data.  

 

• Map scale and the device used to extract map measurements are major 

factors affecting the resulting area accuracy. 
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1. Area by Counting Coordinate Squares 

• A simple method for determining areas consists in overlaying the mapped 

parcel with a transparency having a superimposed grid.  

 

• The number of grid squares included within the tract is then counted, with 

partial squares estimated and added to the total.  

 

• Area is the product of the total number of squares times the area 

represented by each square. 

 

• As an example, if the grids are 0.20 in. on a side, and a map at a scale of 

200 ft/in. is overlaid, each square is equivalent to (0.20 * 200)2 = 1600 ft2. 
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2. Area by Scaled Lengths 

• If the boundaries of a parcel are identified on a map, the tract can be 

divided into triangles, rectangles, or other regular figures, the sides 

measured, and the areas computed using standard formulas and totaled. 
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3. Area by Digitizing Coordinates 

• A mapped parcel can be placed on a digitizing table which is interfaced with 

a computer, and the coordinates of its corner points quickly and 

conveniently recorded. 

 

• From the file of coordinates, the area can be computed (DMD or by 

coordinates). 

 

• It must be remembered, however, that even though coordinates may be 

digitized to the nearest 0.001 in., their actual accuracy can be no better than 

the map from which the data were extracted. 

 

• Area determination by digitizing existing maps is now being practiced 

extensively in creating databases of geographic information systems. 
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4. Area by Planimeter 

• A planimeter measures the area contained within any closed figure that is 

circumscribed by its tracer.  

 

• There are two types of planimeters: mechanical and electronic. 
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The precision obtained in using a 

planimeter depends on operator 

skill, accuracy of the plotted map, 

type of paper, and other factors. 

Results correct to within 

1/2% to 1% can be obtained by 

careful work. 



Volumes 
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• Persons engaged in surveying (geomatics) are often called on to determine 

volumes of various types of material. 

 

• The most common unit of volume is a cube having edges of unit length. 

Cubic feet, cubic yards, and cubic meters are used in surveying 

calculations, with cubic yards and cubic meters being most common for 

earthwork. 

 

• (note: 1yd3= 27 ft3, 1m3= 35.3144 ft3) 

 

• The acre-foot (the volume equivalent to an acre of area, 1-ft deep) is 

commonly used for large quantities of water, while cubic feet per second 

(ft3/sec) and cubic meters per second (m3/sec) are the usual units for water 

flow measurement. 
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METHODS OF VOLUME MEASUREMENT 

• Direct measurement of volumes is rarely made in surveying, since it is 

difficult to actually apply a unit of measure to the material involved.  

 

• Instead, indirect measurements are obtained by measuring lines and areas 

that have a relationship to the volume desired. 

 

• Three principal systems are used:  

 

1. the cross-section method,  

2. the unit area (or borrow-pit) method, and  

3. the contour-area method. 
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1. THE CROSS-SECTION METHOD 

• The cross-section method is employed almost exclusively for computing 

volumes on linear construction projects such as highways, railroads, and 

canals.  

 

• In this procedure, after the centerline has been staked, ground profiles 

called cross sections are taken (at right angles to the centerline), usually at 

intervals of full or half stations if the English system of units is being used, 

or at perhaps 10, 20, 30, or 40 m if the metric system is being employed. 

 

• Cross-sectioning consists of observing ground elevations and their 

corresponding distances left and right perpendicular to the centerline. 
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• Readings must be taken at the: 

 

– centerline,  

– at high and low points, and  

– at locations where slope changes occur to determine the ground profile 

accurately.  

 

• This can be done in the field using a level, level rod, and tape. 

 

• After cross sections have been taken and plotted, design templates 
(outlines of base widths and side slopes of the planned excavation (cut) or 

embankment(fill)) are superimposed on each plot to define the excavation 

or embankment to be constructed at each cross-section location. Areas of 

these sections, called end areas, are obtained by computation or by 

planimeter. 

 

• Nowadays, using computers, end areas are calculated directly from field 

cross-section data and design information. 
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Fill  

Transition from 
fill to 
excavation, 
or cut, 

Cut 

The width of base b, the finished roadway, is fixed by project requirements. 



TYPES OF CROSS SECTIONS 

• The types of cross sections commonly used on route surveys are shown as 

follows: 
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a) In flat terrain the level section (a) is suitable. 

b) The three-level section is generally used where ordinary ground 

conditions prevail. 

The side slope s [the horizontal dimension required for a 
unit vertical rise] depends on the type of soil encountered.  
 
Side slopes in fills usually are flatter than those in cuts 
where the soil remains in its natural state. 
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c) Rough topography may require a five-level section 

d) more practical than (c) an irregular section. 
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e) A transition section occur when passing from cut to fill 
and on side-hill locations. 

f) A side-hill section occur when passing from cut to fill 
and on side-hill locations. 

transition sections occur at stations 11+21 
And 11+64 

while a side-hill section exists at 11+40 



AVERAGE-END-AREA FORMULA 
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In the figure, A1 and A2 are end areas at two stations separated by a horizontal 

distance L.  

 

The volume between the two stations is equal to the average of the end areas 

multiplied by the horizontal distance L between them. 

𝑉𝑒 =
𝐴1 + 𝐴2
2
×
𝐿

27
 (𝑦𝑑3) 𝑉𝑒 =

𝐴1 + 𝐴2
2
× 𝐿 (𝑚3) or 

In English Eqn. Ve is the average-end-area volume in cubic yards, A1 and A2 are in square 
feet, and L is in feet.  
In metric Eqn.  A1 and A2 are in m2, L is in m, and Ve is in m3 



Example: 
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DETERMINING END AREAS 

1. End Areas by Simple Figures 
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In the notes, Lt indicates that the 

readings were started on the left side 

of the reference line as viewed 

facing in the direction of increasing 

stationing. 

In this excerpt of field notes, the top 
numbers are elevations (in ft) obtained 
by subtracting rod readings (middle 
numbers) from the leveling instrument’s HI. 

Bottom numbers are distances from 

centerline (in ft), beginning from the 

left. 



• Assume the design calls for a level roadbed of 30-ft width, cut slopes of     

1-1/2:1, and a subgrade elevation at station 24+00 of 858.9 ft. 

 

• Subtracting the subgrade elevation from cross-section elevations at C, D, 

and E yields the ordinates of cut required at those locations.  

 

• Elevations and distances out from centerline to the slope intercepts at L and 

R must be either scaled from the plot or computed.  

 

• the following tabulation of distances from centerline and required cut 

ordinates at each point to subgrade elevation was made: 
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• Numbers above the lines in the fractions (preceded by the letter C) are cut 

ordinates in feet; those below the lines are corresponding distances out 

from the centerline.  

 

• Fills are denoted by the letter F. Using C instead of plus for cut and F 

instead of minus for fill eliminates confusion.  

 

• From the cut ordinates and distances from centerline, the area of the cross 

section is computed by summing the individual areas of triangles and 

trapezoids 
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COMPUTING SLOPE INTERCEPTS 

• The elevations and distances out from the centerline to the slope intercepts 

can be calculated using cross-section data and the cut or fill slope values. 
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intercept R occurs between 

ground profile point E 
(distance 12 ft right and 

elevation 869.0)  

 

and point F (distance 50 ft 

right and elevation 872.8). 

 

The cut slope is 1-1/2:1, or 

0.67 ft/ft. 

Elev. = 869 

Elev. = 872.8 

50’ 
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The slope along ground line EF is 

(872.8-869)/(50-12)=0.10 

The elevation of G’ (point vertically 
above G) is (869+ 0.10*(15-12))=869.3 
 
Ordinate GG’ is (8693.-858.9)= 10.4 ft 

E 
G’ 

R 

F 

G 

Slope=0.67 

Slope=0.10 

10.4’ 
Y 

X 

0.10= (Y-10.4)/X …… (1) 
 
0.67= Y/X …..(2) 
 
Y= 0.67X 
 
SUBST. IN (1) 
 
X=18.3 ft 

Finally, to obtain the elevation of R, the increase in 

elevation from E to R is added to the elevation of E, or 

0.10(18.3+ (15-12)) + 869.0 = 871.1 



Point X Y Plus  Minus 

O 0 0 0 

H -15 0 0 0 

L -33.2 12.5 -187.5 -250 

C -20 15.8 -534.04 0 

D 0 18 -360 216 

E 12 10.1 0 336.33 

R 33.3 12.2 146.4 183 

G 15 0 0 0 

O 0 0 0 

SUM -935.14 485.33 

DOUBLE AREA (ft2) -935.14-485.33=-1420.47 (CW) 

AREA (ft2) 710.24 (ft2 ) 
Dr. Randa Oqab Mujalli 



PRISMOIDAL FORMULA 

• The prismoidal formula applies to volumes of all geometric solids that can 

be considered prismoids. 
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A prismoid, illustrated in Figure 26.6, is a 

solid having ends that are parallel but not 

congruent and trapezoidal sides that are 

also not congruent. 

 

Most earthwork solids obtained from cross-

section data fit this classification. 



• However, from a practical standpoint, the differences in volumes computed 

by the average-end-area method and the prismoidal formula are usually so 

small as to be negligible.  

 

• Where extreme accuracy is needed, such as in expensive rock cuts, the 

prismoidal method can be used. 

 

• One arrangement of the prismoidal formula is: 
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The prismoidal formula generally gives a volume smaller than that found 

by the average-end-area formula. 



• Compute the volume using the prismoidal formula and by average end 

areas for the following three-level sections of a roadbed having a base of 24 

ft and side slopes of 1.5:1. 
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(23.0 , 7.4) 

(12.0, 0. 0) (12.0 , 0.0) (0.0 , 0.0) 

(23.7 , 7.8) 

(0.0 , 5.3) 

St. 12+00 

(23.2 , 7.5) 

(12.0, 0. 0) (12.0 , 0.0) (0.0 , 0.0) 

(21.8 , 6.5) 
(0.0 , 6.0) 

St. 12+50 

(23.5 , 7.0) 

(12.0, 0. 0) (12.0 , 0.0) (0.0 , 0.0) 

(24.8 , 5.8) 

(0.0 , 6.6) 

St. 13+00 



• End area of x-section @ st. 12+00: 

 

 

 

 

• End area of x-section @ st. 12+50: 

 
1

2
∗ 12 + 23.2 ∗ 7.5 −

1

2
∗ 23.2 ∗ 7.5 − 6 + 

1

2
12 + 21.8 ∗ 6.5 −

1

2
∗ 21.8

∗ 6.5 − 6 = 219 𝑓𝑡2 

 

• End area of x-section @ st. 13+00: 

 
1

2
∗ 12 + 23.5 ∗ 7 −

1

2
∗ 23.5 ∗ 7 − 6.6 + 

1

2
12 + 24.8 ∗ 5.8 +

1

2
∗ 24.8

∗ 6.6 − 5.8 = 236.2 𝑓𝑡2 
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1

2
∗ 12 + 23 ∗ 7.4 −

1

2
∗ 23 ∗ 7.4 − 5.3 + 

1

2
12 + 23.7 ∗ 7.8 −

1

2
∗ 23.7

∗ 7.8 − 5.3 = 215 𝑓𝑡2 
  



• Using volume by end area.:  

 

              Ve= 

 

 

• Using prismoidal eqn.:  

 

            Vp= 

 

 

• Note that the difference between the volume computed by the prismoidal 

formula and the average end area is only 1.9%. 
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VOLUME COMPUTATIONS 
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2616 

35 

2970 

3270 

46 

18 

-3270 

-3508 

-3542 

-3481 

-2928 

+ 42 

There is a cut volume excess of 42 between 
stations 10+00 and 13+00 

surplus of excavation 



• In highway and railroad construction, excavation or cut material is used to 
build embankments or fill sections.  

 

• Unless there are other controlling factors, a well-designed grade line should 
nearly balance total cut volume against total fill volume. 

 

• To accomplish a balance, either fill volumes must be expanded or cut 
volumes shrunk (Expansion of fill volumes is generally preferred). 

 

• This is necessary because, except for rock cuts, embankments are 
compacted to a density greater than that of material excavated from its 
natural state, and to balance earthwork this must be considered. 

 

• The rate of expansion depends on the type of material and can never be 
estimated exactly.  

 

• However, samples and records of past projects in the immediate area are 
helpful in assigning reasonable factors. 
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• To investigate whether or not an earthwork balance is achieved, cumulative 
volumes are computed.  

 

• This involves adding cut and expanded fill volumes algebraically from 

project beginning to end, with cuts considered positive and fills negative. 
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Mass haul diagram 

• To analyze the movement of earthwork quantities on large projects, mass 
diagrams are constructed.  

 

• These are plots of cumulative volumes for each station as the ordinate 

versus the stations on the abscissa.  

 

• Horizontal (balance) lines on the mass diagram then determine the limit of 

economic haul and the direction of movement of material. 
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• Uphill line indicates cut 

 

• Downhill line indicates fill 

 

• Flat line indicates cut and fill are equal 

 

• Balance point is where the diagram intersects the baseline and indicates 

where the cut and fill have balanced out. 

 

• Haul: is the sum of the product of each volume of material and the distance 

through which it is moved. On the mass-haul diagram, it is the area 

contained between n the curve and the balance line 
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2. UNIT-AREA, OR BORROW-PIT, METHOD 

• On many projects, except long linear route constructions, the quantity of 

earth, gravel, rock, or other material excavated or filled can often best be 

determined by the borrow-pit method.  

 

• The quantities computed form the basis for payment to the contractor or 

supplier of materials. 
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• As an example, assume the area shown in the figure below is to be graded 

to an elevation of 358.0 ft for a building site. 
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• The area to be covered in this example is staked in squares of 20 ft, 

although 10, 50, 100, or more feet could be used, with the choice depending 

on project size and accuracy desired 

 

• After the area is laid out in squares, elevations are determined at all grid 

intersection points. 

 

• For each square, then, the average height of the four corners of each prism 

of cut or fill is determined and multiplied by the base area, 20*20= 400 ft2 

 

• To get the volume, the total volume is found by adding the individual values 

for each block and dividing by 27 to obtain the result in cubic yards. 
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• To simplify calculations, the cut at each corner multiplied by the number of 

times it enters the volume computation can be shown in a separate column.  

 

• The column sum is divided by 4 and multiplied by the base area of one 

block to get the volume. In equation form, this procedure is given as 
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3. CONTOUR-AREA METHOD 

• Volumes based on contours can be obtained from contour maps by using a 

planimeter to determine the area enclosed by each contour. Alternatively, 

CAD software can be used to determine these areas. 

 

• Then the average area of the adjacent contours is obtained using Equation  

                             and the volume obtained by multiplying by the contour 

 

 spacing (i.e., contour interval).      

 

• Use of the prismoidal formula is seldom, if ever, justified in this type of 

computation.           
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• Instead of determining areas enclosed within contours by planimeter, they 

can be obtained using the coordinate formula. In this procedure a tablet 

digitizer is first used to measure the coordinates along each contour at 

enough points to define its configuration satisfactorily. 

 

• The contour-area method is suitable for determining volumes over large 

areas, for example, computing the amounts and locations of cut and fill in 

the grading for a proposed airport runway to be constructed at a given 

elevation. 

 

• Another useful application of the contour-area method is in determining the 

volume of water that will be impounded in the reservoir created by a 

proposed dam. 
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• Compute the volume of water impounded by the proposed dam illustrated in 

the figure below. Map scale is 500 ft/in. and the proposed spillway elevation 

940 ft. 
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contour Area (in2) Area 
(acres) 

Volume 
(acre-ft) 

910 1.683 9.659 - 

920 5.208 29.889 197.7 

930 11.256 64.598 472.4 

940 19.210 110.246 874.2 

Sum= 1544.3 

Scale: 

  

(1 inch)2= (500 ft)2  

 

1 acre= 43560 ft2 

 

1 inch2 =(500)2/43560= 5.739 

acres 


